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SECTION 4B: SYSTEMS ASPECTS - PERFORMANCE AND AVAILABILITY 
- SUSCEPTIBILITY TO INTERFERENCE

4B1 : SYSTEMS ASPECTS

REPORT 552-4

USE OF FREQUENCY BANDS ABOVE 10 GHz IN THE 
FIXED-SATELLITE SERVICE

(Study Programme 27C /4)
(1974-1978-1982-1986-1990)

1. Introduction

This Report makes a preliminary examination o f  some o f  the technical factors which should be considered  
in the design o f  systems o f  the fixed-satellite service which are intended for use in frequency bands above about 
10 GHz. Since the allocated bandwidth is generally wider at frequencies above about 10 GHz, the use o f  these 
frequencies would facilitate the design o f  high-capacity systems. The use o f the 3 0 /2 0  GH z bands, would facilitate 
the design o f  very high capacity systems em ploying spot beam antennas.

The factors considered in this Report are:

- analogue system performance,
— system configuration strategies,
-  frequency sharing with terrestrial systems,
— design considerations for systems in the fixed-satellite service.

2. Analogue system performance

CCITT Recommendation G.222 (see sections 1.2.1, 1.2.2 and 1.2.3) states
the required design objective for an analogue telephony HRC of 2,500 km as:

- 10,000 pWOp for 20% of any month
- 50,000 pWOp for 0.1% of any month
- 1 x 10^ pWO for 0.01% of any month.

Reference to satellite systems is made by citation of Recommendation 353 of the 
CCIR which is:

” that the noise power, at a point o f zero relative level in any telephone channel in the hypothetical 
reference circuit as defined in Recommendation 352 should not exceed the provisional values given below:

1.1 10 000 pWOp psophometrically-weighted one-minute mean power for more than 20% o f any month:

1.2 50 000 pWOp psophometrically-weighted one-minute mean power for more than 0.3% o f any month;

1.3 1 000 000 pWO unweighted (with an integrating time of 5 ms), for more than 0.01% o f any year; 11

CCIR Recommendation 353 has been developed to be in compliance with the 
requirements of the CCITT, although there are some small differences. However, 
the concept of availability is not contained in the current version of the 
Recommendation and the following analysis shows the impact of its inclusion.
The analysis is limited to 14/11 GHz systems since the performance of 6/4 GHz 
systems is not generally affected by propagation fades.
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The 10,000 pWOp requirement for 20% of any month is interpreted as 
applying to the worst month*, i.e., for the poorest propagation month. The same 
interpretation is applied to the 50,000 pWOp clause.

A standard link concept is used for the analysis to correspond to the
current practice of other terrestrial systems of allowing 1 pWOp/km for design,
or a link of 10,000 km. The operational locations for such links are typically 
at 40 degrees latitude and 25 degrees elevation angle. The climates for these 
latitudes exhibit rain rates, for 0.01% of the time, between 30 and 60 mm/hour.
A value of 50 mm is chosen for the analysis. Calculations of the rain
attenuation are then made in accordance with the methods of Study Group 5.

Propagation availability factor (as defined in Report 997) is taken as 
10% of the duration of fade which results in reaching the system threshold.
Two cases are shown in Figure 1, one at 50,000 pWOp and one at 100,000 pWOp.
The margin in the first case is 7 dB and is 10 dB for the second.

The performance for the path expressed in terms of the available time 
will meet all of the G.222 performance objectives for the climate and latitudes 
assumed in this study. For low antenna elevation angles and higher rain rates, it 
may be more difficult to meet G.222. Further studies are required for such 
cases.

* The definition of the worst month is provided in Recommendation 581.
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3 # System configuration strategies

Scatter and absorption by cloud and precipitation increase rapidly at frequencies above about 10 GHz, 
and this adds considerably to the problems of designing such systems. Without the use of special techniques it 
may be quite impracticable to provide the large rain margins necessary to meet the required standards of 
performance.

Four possible ways in which the severe effects of precipitation at the higher frequencies can be overcome
are:
(a) the use of site diversity;
(b) the use of a lower alternative frequency band to that normally used, and which is much less affected by 

precipitation;
(c) the use of adaptive systems which alter the transmission parameters during changing propagation conditions;
(d) the use of multiple narrow beam on-board antennas with possible extension to the single station per beam 

(SSPB) concept.
In the first approach referred to in (a) above advantage can be taken from the fact that for earth stations 

spaced a suitable distance apart (i.e. 10 to 30 km) the correlation of precipitation between them is almost 
negligible and the probability that both stations will be affected simultaneously by heavy rain is likely to be very 
small. The technique is to connect the two earth stations providing the diversity, by a transmission line free from 
the effects of precipitation, and select for operational use the earth station which is least affected. Diversity 
operation is discussed in detail in Annex I.

In the second approach referred to in (b) above, the assumption is that a number of earth stations within a 
system normally operate at frequencies which can be severely affected by precipitation, i.e. above about 10 GHz. 
However, since the probability of more than one station at a time being affected is likely to be small, the 
technique of switching into use a lower frequency band at the earth station badly affected by precipitation, can be 
employed (Mori et al., 1978]. To make a better utilization of the normally unused lower alternative frequency 
band, it may be possible to normally carry the traffic in the lower frequency band and interchange the operating 
frequency bands between stations operating in the lower frequency and those operating in the higher frequencies 
under adverse weather conditions [Kosaka, 1978]. Based on this concept, an experimental system using 30/20 GHz 
and 6/4 GHz bands was constructed [Kosaka et al., 1982].

In the third approach, referred to in (c) above, system performance of digital systems may be improved by 
reducing the information rate transmitted or increasing the transmitted power (up-link power control) during poor 
propagation conditions. Examples of this approach are given in Annexes II, III and IV.

Adaptive fade countermeasure (FCM) techniques give selective enhance­
ment to carriers undergoing fading. Some FCM methods require that the user is 
prepared to accept a lower data rate during fading, as in Annex II, but other 
methods allocate part of a shared resource overhead (eg. power, frequency, time) 
to any fading carriers within the network, and thus maintain the user rate (see 
Annex III and IV) . Adaptive methods use the shared resource efficiently by 
apportioning resource to carriers according to the depth of fading.

In the 30/20 GHz frequency range, even in temperate zones, fade depths 
for significant portions of time are too great for simple fixed fade margins to 
be a practical solution, so some FCM is essential if the bands are to be 
exploited. For applications requiring high availability in the wetter climatic 
zones, stations will suffer even more frequent and severe fading, and there is a 
practical limit to the fade depth which can be countered by an adaptive system, 
the deeper fades requiring unacceptable high levels of shared resource.
Although further propagation studies are required, indications are that it is 
practical to operate a shared resource adaptive scheme for an availability 
corresponding to Recommendation 522 in climatic zone E, but for greater 
availability in the wetter regions, the diversity methods, which are not 
adaptive and may be expensive in the earth sector, seem the only suitable option 
for trunk satellite services.

In the fourth approach referred to in (d) above, the objective is to avoid complications of design and 
operation of earth stations, even at the expense of making the satellite more complicated due to the use of 
complex multiple beam on-board antennas with several narrow beams which however provide for both high 
satellite e.i.r.p. and high satellite G / T to compensate for the propagation effects.

Examples of various existing and planned system implementations in the 30/20 GHz 
frequency bands are given in Annex V .
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4.. Frequency sharing with terrestrial systems

At frequencies above about 10 GH z variations in the level o f  the wanted and unwanted signals due to  
precipitation, and the effects o f scatter, have a greater influence on the minimum separation distance obtainable 
between earth stations o f the fixed-satellite service, and terrestrial stations o f  the fixed service.

The effect o f scatter can be overcome by careful site selection to avoid beam intersection o f the two 
systems, and by using cross-polarization in the case of linearly polarized waves and, since the basic transmission 
loss over a given path increases with frequency, the separation distance between stations o f the two systems can be 
less at the higher frequencies. By arranging that the separation angle between an earth station and terrestrial 
stations is more than about 20 to 30 degrees, the minimum separation distance can be reduced to a few kilometres 
and the effect o f the fluctuation o f the wanted apd unwanted signals caused by differential rain attenuation of the 
two systems can be avoided to some extent.

5 .  Design aspects of systems in the fixed-satellite service at frequencies above 10 GHz

For systems in the fixed-satellite service which use frequency bands above 10 GHz, the effects o f  
hydrometeors, especially rainfall, are particularly important and must be taken into account when the systems are 
designed. The most reliable calculation o f  the effects o f hydrometeors may be made on the basis o f  experimental 
distributions o f attenuation due to hydrometeors against time. This distribution varies with the frequency and the 
time o f  the year and depends on climatic conditions at the site o f  the earth station and the angle at which the 
satellite is visible.

It should also be borne in mind that the correlation between attenuations on the paths o f  the satellite link 
declines with the distance between earth stations and increased intensiveness o f  precipitations. A further 
de-correlating factor is the frequency difference between the up-link and the down-link.

The relevant data on propagation can be found in Reports 564 and 565. In addition to that, since 1969, 
continuous rain attenuation experiments on earth-satellite paths have been carried out at various locations in the 
United States o f America. The measurement frequencies include 11.7, 13.6, 15.5, 17.8, 19 and 28.5 GHz. Interim 
results o f  the 10 year (1969-1978) experiments have been published in various technical journals and conference 
proceedings. [Lin, et al., 1980] summarizes new results and the previously published results and discusses radio 
com m unication systems. The summary includes the geographic dependence, the frequency dependence, the 
diurnal, monthly, and yearly variations o f  rain attenuation statistics, the diversity improvement factors, the fade 
duration distributions, the dynamic rain attenuation behaviour, the long-term (20 years) rain rate distribution for 
United State o f  America locations and a simple empirical model for rain attenuation.

The data indicate that the 28.5 GHz earth-satellite radio link, assum ing 20 dB fade margin, will require 
site-diversity protection for most United States o f  America locations to meet the conventional long-haul reliability 
objective. Operation in this or higher frequency bands would, therefore, probably require new network operation 
procedures.

On the other hand, the site-diversity protection may be avoidable for frequencies at or below 14 GHz 
where the antenna elevation angle is relatively high.

The earth-station satellite link at 19 GHz may or may not require site-diversity protection, depending on 
earth-station location and satellite orbital position. Other major findings are:

— Rain-induced outages on earth-satellite radio links have higher service im pact than multipath-fading-induced
outages on terrestrial (6 /4  GHz) radio relays even if the two systems are engineered for equal total outage
time. This is because multipath fading occurs mostly during the early morning hours o f  low telephone 
activity. Furthermore, multipath fading is frequency selective and interrupts only a fraction o f the frequency 
band at a time. By contrast, about 35% o f  rain outages will occur during telephone busy hours, and the 
outage will interrupt all traffic on an earth-satellite radio link at the same time.

— Site-diversity protection can reduce the rain outage time by at least one ord er.of magnitude if site separation
exceeds 20 km. Orbital diversity protection, although effective against sun-transit outages, reduces rain outage 
time by less than 20%.
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However, at present, there exists little measured propagation data in 
most parts of the world. In many places data from radiometer measurements is 
also available, but since satellite beacons at 20 and 30 GHz have not been 
generally available there are few results which are reliable enough for system 
design purposes.

Examples of the magnitude of this problem are shown in Figure 2.
The attenuation axis is indicative pf the rain margins which would be necessary 
to limit service unavailability to percentages of time corresponding to the 
probability axis.

In deriving link power budgets account shall be made of up-link and down-link noise, external 
interference and internal impairments, such as intermodulation, co-channel and adjacent channel interference, in 
the same way as for systems working below 10 GHz. However the relative importance of these contributions may 
be different and will usually vary significantly with the propagation conditions. The parameters of systems 
intended for international transmission should be defined according to CCIR Recommendations 353 and 522. 
These Recommendations specify transmission performance for three percentages of time. Link budgets should be 
calculated for these three percentages of time. For each earth station in the network the resulting parameters 
should be such as to satisfy the most stringent condition. Whereas at frequencies below 10 GHz the longer term 
condition is usually the governing one, at frequency above 10 GHz any of the three may be the most stringent 
depending on system requirements and on local climatic conditions. For this reason some of the earth station 
parameters usually have more than one specification to take into account the propagation phenomena. In this 
respect Annex VI gives a method of deriving an earth station antenna diameter from a G / T specification.

It should be noted however, that the choice of antenna diameter utilized in practice can depend on many 
factors, including up-link e.i.r.p. requirements, desired fade margins, cost, etc. It is possible in the design of a 
satellite system to minimize the cost of the earth station by optimization of the combined costs of the antenna, 
HPA, LNA, etc.

6. 30/20 GHz Band Technologies

The 30/20 GHz bands have yet to be exploited widely in the FSS even 
though they represent 3.5 GHz of available bandwidth for satellite communication 
applications. The principal technical problems are associated with severe rain 
attenuation of RF transmissions in this band. Table I summarizes some advantages 
and disadvantages of 30/20 GHz systems based on current technology.
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Probability that ordinate is exceeded (%)
(worst month)

FIGURE 2

Rain attenuation versus probability that ordinate is exceeded*

N rain climatic zone N
M rain climatic zone M
K rain climatic zone K
F rain climatic zone F
E rain climatic zone E

Frequency : 30 GHz

  elevation angle of 30 deg.
(latitude 52.57 deg.)

-----  elevation angle of 60 deg.
(latitude 25.66 deg.)

The longitude of the earth station is assumed the same as that of a 
geostationary satellite.

Calculation based on Table I of Report 563, equations (8), (9) and (21) of 
Report 564, and Table I and equations (1), (2) and (3) of Report 721 in 
CCIR Volume V, 1986.
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TABLE I
Merits and Demerits of the 30/20 GHz 
TtarH rrmrnmication Systems
conpared with lower frecuercy bards

MERITS DEMERITS
1. Wide bandwidth, high 

transmission capacities
2. Narrow beanwidth and 

large antenna gain.
3. Narrow required 

satellite orbital 
spacing between 
satellite antenna 
beazwidth (Large ranter 
of satellites cn the 
GSO), easy coordinaticn 
between satellites.

4. Parts of the spectrum 
are exclusive to satel­
lite services.

5. Easy introduction of 
multiple beam systems 
which increase system 
availability performance.

1. Higher rain attenuations 
carpared to lcwer frequency 
bands, i.e., large rain 
margins to guarantee the 
available time. Need for 
fade counter measures.

2. Relatively ccuplex 
hardware characteristics 
(e.g. high output pcwer 
and low noise figure).

3. Relatively high cost of 
equipment at this early 
state of equipment develop­
ment.

4. Relatively limited 
experience of 
frequency reuse.

Hardware technologies such as antennas, high power anplifiers (HPA), lew 
noise amplifiers (INA), and other cn-board sub-systems have substantial effects 
cn system design. Same Joey elements are summarized below.

Antennas at 30/20 GHz can achieve high gains in small physical sizes, 
compared with lower frequencies. However, surface roughness is more sericus, 
perhaps resulting in seme degradation in gain cr side lobe characteristics.

High power amplifiers at 30/20 GHz will continue to improve over the next 
few years. She output pcwer from solid-state (FET) amplifiers, and the 
efficiency and size of travelling-vave-tube (TWT) amplifiers, will continue to 
lrprove.

lew noise anplifiers are also continuing to improve. Ihe noise 
temperatures of both FET (field effect transistor) and HEMT (hi^i electron 
mobility transistor) amplifiers should acntinue to improve significantly over 
the next five to seven years.

Other spaoe-segment sub-systems requiring improvement include satellite 
switching, and very small and light weight transponders. An cn-board switch, if 
inplemented, is necessary to connect signals frrn different beams in a TTm’i-HHo*™ 
system. Ch-board switching can be performed both at baseband and microwave 
level. In case of baseband processing, cn-board regeneration also needs to be 
implemented, which in turn improves the link budget performance. MICs and 
monolithic MICS will be used in transmitters and receivers to reduce size and 
weight. On-board switch control equipment will be realized by adopting very 
large scale integration (VLSI). These technologies are now under development, 
and some experimental systems will use these technologies in the 30/20 GHz 
bands.
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By utilizing an optimum satellite arrangement to match the geographical 
distributicn of service areas, introducing multiple beam satellite antennas, 
using improved sideldbe mall earth station antennas and up-link pcwer control 
techniques, a large number of satellites with high cccnnunicatian capacities can 
be realized at 30/20 Giz. If it is practicable for new services, a moderate 
availability value should be selected far system design, cwing to the strong 
Hppprripnnp of system capacity cn its value at these frequencies.
7. Frequency reuse in the 30/20 GHz frequency bands

In the context of the exploitation of frequency bands above 10 GHz, 
particular attention must be paid when considering the practical use of the 
30/20 GHz frequency bands especially if compared to the case of 14/12/11 GHz 
frequency bands. In fact, because the propagation losses in heavy rainfall 
conditions are considerably greater (even of the order of 5-6 times in decibels) 
at 30/20 GHz than at 14/12/11 GHz, they may become the ultimate limiting factor 
for the efficient exploitation, in a cost effective way, of the 30/20 GHz 
frequency bands, in many geographical regions.

Primarily important in this respect is the extent to which extensive 
frequency reuse of the 3.5 GHz available bandwidth can be feasible at such 
frequency bands, for the provision of high capacity regional and domestic 
satellite systems.

Preliminary indications, deriving from initial system analysis [CCIR,
1986-90] carried out using typical up-link attenuation values for the "K" 
climatic zone are as follows:

a) satellite antennas with a single coverage beam operating with 
frequency reuse by orthogonal polarizations and earth stations 
transmitting both cross-polarized signals, can provide 
satisfactory performance with state of the art values of 
polarization discrimination of on-board and earth station
antennas, with and without up path power control (UPC) (see Report 710);

b) frequency reuse by orthogonal polarization in the same single 
coverage beam from the satellite and different earth stations 
transmitting cross-polarized signals, assuming no rain . 
correlation between sites, is marginally feasible depending on 
the system configuration. In particular, it seems that frequency 
reuse is possible when UPC is used at all earth stations. If UPC 
is not applied, the possibility of frequency reuse is strictly 
dependent on specific climatic conditions and earth station 
operational elevation^angles;

c) frequency reuse by orthogonally polarized signals from the same 
earth stations operating with a multi-beam satellite antenna is 
possible in adjacent beams if:

spatial satellite antenna discrimination equal to or greater 
than 30 dB is used which in turn is achievable with an inter­
beam distance of about 3 times the 3 dB beamwidth from beam 
centre to beam centre;

by using UPC such inter-beam distance may be reduced to 
about 2 beamwidths;

d) frequency reuse by orthogonally polarized signals from different 
earth stations operating with a multi-beam satellite antenna is 
possible in adjacent beams only if:

UPC is used. If full UPC is used, less than 20 dB of 
spatial satellite antenna discrimination may be provided, 
but in any case an inter-beam distance of about 2 
beamwidths will be necessary.
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However, other possible configurations can be foreseen in the 
practical exploitation of the 30/20 GHz frequency bands which could be of 
interest in the context of frequency reuse under severe rain attenuation 
conditions and further studies would then be required.

8 . Conclusions

At frequencies above about 10 GHz, scatter and absorption caused by cloud and precipitation have much 
greater significance. Moreover, there may be an appreciable difference between the up-link and down-link 
frequencies and careful design is needed to ensure that the necessary performance objectives are met in a balanced 
way.

Certain techniques, such as site diversity, the use of an alternative 
frequency band or the use of adaptive systems, could overcome the problems met 
due to large attenuation from precipitation for small percentages of time. At 
the 30/20 GHz frequency range a 99.95% availability may be achievable in the 
drier climatic regions by using one of the adaptive techniques; a composite 
adaptive system could also be considered. However, for greater availability in 
the wetter climatic zones, the only practical option for trunk satellite 
services at 30/20 GHz would seem to be one of the diversity schemes. Plans.exist 
to test fade mitigation techniques using both the Olympus and ACTS satellites.

The use of frequency bands around 30 and 20 GHz, where 3.5 GHz of bandwidth is available, would 
make possible the provision of very high capacity regional and domestic systems using spot beam antennas, and 
should make it possible for the earth stations of such systems to be located very close to traffic centres.

In the 14/11 GHz frequency range several satellite communication systems have already been in service 
for some time. They have demonstrated that reliable operation can readily be achieved at these frequencies.

Concerning the 30/20 GHz frequency range substantial results have been obtained through the communi­
cation experiments with Japan’s communications satellite (the medium capacity communications satellite for 
experimental purposes). As a result of these experiments, the design techniques of the 30/20 GHz band satellite 
and earth station hardware have been established. The prospects for practical use of a 30/20 GHz satellite 
communication system may be extremely good, provided that the minimum elevation angle is adequate according 
to the local climatic conditions [Hatsuda, et al., 1980]. In February and August, 1983, Japan’s operational 
communication satellites of CS-2a and CS-2b using the 6/4 GHz and 30/20 GHz bands were launched success­
fully. These satellites put the new 30/20 GHz frequency band into practical use for the first time in the world 
[Hayashizaki, 1983].

In the design and planning of systems in the fixed-satellite service using frequencies above about 10 GHz, 
there are a number of areas which require further study. These are, for example, the determination of earth 
station G/T, and the allowance to be made for propagation, including the effect on cross-polarization discrimina­
tion.
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A N N E X  I 

SITE D IV ER SIT Y  O PE R A T IO N

1. General design considerations

The performance required for the diversity earth stations is decided not only by the rain climate but also 
by the diversity configuration. The first kind of configuration is balanced diversity (diversity by two earth stations 
with equal performance). The other configuration is unbalanced diversity. In this configuration, the performance 
o f  one earth station (main station) is made sufficiently high, so that the performance requirements o f  the other 
station (sub-station) may be considerably alleviated. Such an unbalanced diversity configuration is expected when 
the main station antenna is equipped with a multiple-frequency band feed such as 6 /4  G H z  and 14/11 GHz, 
a n d /o r  when the sub-station has to be simplified for technical and operational reasons.

TableU  summarizes the results o f  sample calculations of the an tenna d iameter and the maximum transmit 
power required for the balanced diversity links with low elevation angles. Estimates are given for two assumed 
diversity links. (A) Yamaguchi-Hofu (diversity distance =  20 km) and (B) Y am aguchi-Ham ada (100 km); both in 
Japan.

It is seen from this Table that the antenna diameters required for the 14/11 G H z FM link (14 G H z for 
up-link and 11 G H z for down-link) are about 28 m and 19 m for cases (A) and  (B), respectively. When the 
diameter o f  the main station can be made larger than those values, the required diameter for the sub-station 
becomes smaller. Values shown in this Table are derived using many o f  the link parameters established for 
Intelsat-V satellites, so that they are subject to change when the link parameters are different from those used here.

The calculation methods o f  the required performances (antenna diam eter and e.i.r.p.) for the diversity earth 
stations are different depending on the diversity configurations. In the design o f  the balanced diversity link, 
calculations have to be based upon the joint probabili ty distribution o f  the rain attenuation at both locations, 
while in the case o f  the unbalanced diversity configuration, the cumulative time distribution of the rain 
attenuation and the conditional probabili ty  of the attenuation are required.

The conditional probabili ty P (L " / L ')  is the probabili ty with which the rain attenuation at the site o f  the 
sub-station exceeds L "  under the condition that the rain attenuation at the main site exceeds L ' [CCIR, 1978-82].

In order to perform reliable estimates o f  the earth station requirements, reliable statistics on the basis of 
the long-term propagation measurements are needed.

2. Site diversity switch-over operation

To implement diversity earth stations, care should be exercised on the switch-over operation, because, in 
the event of switch-over, short duration o f  signal loss or overlap may occur due to the difference in path length of 
diversity routes or carrier phase discontinuity.
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TABLE JX - Sample calculations o f  the required performances fo r  balanced diversity links 
with low elevation angles (14/11 GHz)

Location (A) Yamaguchi - Hofu (B) Yamaguchi - Hamada

Elevation angle (degrees) 9.1 9.1 9.1 8.4

Diversity distance (km) 20 100

F M

Required antenna diameter (m) 28 /  32 1 9 /2 2
Required transmit power(i) (W)
(maximum value) 730 510

TD M A  (2)

Required antenna diameter (m) 17 /  19 11 /  12
Required transm it power (W)
(maximum value) 530 400

(1) Values for 792 channel FDM-FM carrier (25 MHz).

(2) Values for 4-phase CPSK at 120 M bit/s with forward error-correction.

Assum ptions:
Frequency: 14.5 (up link )/11.7 (downlink) GHz 

O rbital position of satellite: 63°E, 0°N  

Satellite e .i.r .p .: 41.1 dBW

Antenna diameters are estimated for two cases, namely:
Ts = 50 K and Ts = 150 K
Ts : System noise temperature of earth-station antenna 

Efficiency o f the earth-station antenna: 65%

Estimates are based on the rain-rate statistics obtained for those locations.

In analogue transmissions such as FM -FD M A , switch-over in transmitting will necessarily cause disconti­
nuity o f  carrier phase which will result in signal hit at the demodula tor ou tput in the receiving earth stations. 
Signal hit due to switch-over at the receive earth station may be avoided by carefully adjusting the electrical path 
length o f  each diversity link measured from the switch-over equipment to the satellite.

In digital transmissions it is possible to avoid signal hit even in the event of switch-over at the transmit 
earth station by providing dummy intervals in the transmitting signal sequence and  making the switch-over during 
the dum m y interval. In the receiving earth stations the dum m y intervals should be discarded no matter whether or 
not switch-over took place.

The hitless switch-over both in the transmitting and receiving o f  the diversity system may most 
conveniently be achieved in T D M A  transmission [Watanabe, et al., 1978]. The dummy intervals are built-in 
because T D M A  transmission occupies only a part o f  the T D M A  frame. Furthermore, T D M A  demodulators are 
capable  o f  receiving burst mode carriers o f  incoherent phase. Therefore, phase incoherency o f  T D M A  carriers 
does not cause any difficulty. The only possible problem o f  site diversity opera tion  o f  T D M A  transmission would 
be the necessity o f  very precise transmit timing control even for the initial transmission from the stand-by station. 
This may be solved either by continuously transmitting a dumm y burst from the stand-by station or by obtaining 
sufficiently accurate ranging data of the satellite which is possible when the T D M A  system employs open loop 
synchronization. In T D M A  transmission, the path lengths o f  diversity routes can be equalized using the reception 
timing o f  frame synchronization signals. The reception timing o f  signals from both diversity routes can be 
automatically equalized by controlling the variable delay line inserted in one of the diversity routes. An 
experimental system and the results o f  experiments using the dumm y burst technique are described in [Fugono 
et al., 1979; Suzuki et al., 1983].

For route selection in diversity operation, it is necessary to measure the transmission quality of diversity 
routes. Because the diversity effect may degrade depending on the choice o f  the measuring method of link quality, 
care should be taken on selecting the measuring time duration  and achievable accuracy [Suzuki et al., 1983].
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3. Diversity interconnect link

A factor which must be considered is that the C C IR  hypothetical reference circuit contained in 
Recommendation 352 and the C C IR  hypothetical reference digital path conta ined  in Recom m endation  521 include 
the Diversity Interconnection Links (DIL) to the diversity switching poin t a nd  any addit ional m od u la t io n /dem o d-  
ulation equipm ent required. This would mean that system noise budgets must include all the effects o f  the DIL.

3 .1 Basic configuration

3.1.1 Physical aspects

There are a num ber o f  different specific configurations which can be considered and  there could be 
reasons for preferring one o f  these. Two o f  these are identified and  described in this Annex as (see Fig. 3):

— a main site which contains the diversity switch and  the terrestrial interface. The diversity site is 
connected by a tw o-hop microwave D IL  using either an active, or passive, repeater. (A repeater site is 
assumed, since the likelihood o f  mutual visibility o f  the diversity sites is small.)

— dual diversity sites and  a separate control site with the interface and  diversity switch; single 
microwave hops for each site to the control site.

It may also be possible to employ cable or waveguide links for the DIL. When both FD M -FM  and 
T D M  (F D M A  or T D M A ) are used at an earth station, two parallel links w ould usually be required.

3.1.2 M odulation requirements

When F D M -FM  is used, because the satellite link m odula tion  and  baseband  configurations are 
usually different from those conventionally used for terrestrial systems, rem odulation  will be required. The 
main difference is associated with the channel packaging. The terrestrial system will usually combine the 
channels in one or more basebands in each direction and  will use a relatively low m odula tion  index. The 
earth-station will break these basebands down into multiple, multi-destination, transmit basebands; 
different from those on the terrestrial system and using a different m odula tion  index. The receive 
basebands are even more numerous and may only consist o f  a few channels and  these must be 
re-combined into the terrestrial basebands. This process requires m o du la t io n /d em o d u la to n  equipment at 
the main earth station site and at the diversity site where conventional design o f  the D IL  is used. All 
configurations can be implemented using the remodulation technique at the expense o f  providing duplicate 
equipm ent at the diversity site.

An alternative technique is to use the same modulation arrangements  on the terrestrial system as 
used on the satellite system. Such a technique would appear to be technically feasible although not 
conventional. The incentive is to save the cost o f  remodulation equ ipm ent at perhaps some added cost to 
the terrestrial system, although savings may also result for this element as well. The use of such a 
technique is only applicable to the second configuration o f  Fig. 3 . W hen T D M  is used (F D M A  or TDM A), 
either technique could be employed. In the case of T D M A , diversity switching is performed between bursts 
(see Annex I, § 2). The same modulation could be used on the D IL  as used on the satellite system 
although the data rates would not normally be those of a conventional terrestrial digital radio system.

3.2 Technical factors

3.2.1 Frequency selection

Frequency selection for a microwave DIL requires careful study to ensure that the required overall 
performance is obtained. Information on terrestrial microwave propagation  is shown in C C IR  Reports 338 
and  720.

3.2.2 Bandwidth requirements

The bandwidth  required to implement the DIL can be related to the earth station bandw idth  by a 
factor which may be unity or less, depending upon whether re-modula tion is used or not. If only 
frequency translation is used then bandwidth requirements must be M H z for MHz. By re-modulating, a 
greater channel density can be achieved by using smaller FM modula tion  indices at the expense of a 
substantial multiplex interface.
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Terrestrial interconnect

FIGURE 3  -  Diversity configurations

A: Main site 
B : Diversity sites 
C : Control site

3.2.3 Rain attenuation

A further factor is related to rain attenuation and site diversity characteristics as related to rainfall 
phenom enon. A dry climate is preferred. Diversity action is a function o f  the site spacing. -It is expected 
that about 16 km spacing is the nominal required. The best orientation o f  a line connecting the sites may 
be  assumed to be perpendicular to the direction of predom inant weather patterns since the most severe 
attenuation condition would not be expected to affect both sites simultaneously and maximum diversity 
action would be obtained, [Gray, 1973; Hall and Allnut, 1975; Davis and  Croom, 1974]. The weather 
effects on the microwave D IL  must be accounted for if the higher frequencies are used for these links, 
■although this should be a secondary consideration.

3.2.4 Variations in transmission delay due to diversity switching

Another element o f  importance is associated with the differential transmission delay between the 
diversity signals as they arrive at the switching point. Variations in transmission delay due to diversity 

.switching are considered in Report 383.

3.3 *General considerations

Two particular aspects o f  the DIL are important:

— the contribution to the overall system noise budgets, and
— the contribution to system outage.

These subjects are studied here to develop the effects of the im portant parameters and the interrelationship 
with the satellite link parts of the system.

The diversity link design can be made on two bases. If a re-moduiation system is selected, then 
conventional radio-relay designs can be used. If a translation system is selected, then the design can follow a 
different pattern and will be very similar to the satellite system transmission design. Fading margins and noise 
con tr ibutions must be accounted for in overall performance. In the special case where the same frequencies are 
used .for the DIL as for the satellite system, then interference noise allowances must also be made.
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3.3.1 Noise budgets fo r  FDM -FM

The contributions o f  the D IL  to the overall noise o f  the hypothetical reference circuit have to be 
made reasonably small in order to maintain the system performance in accordance with R ecom m enda­
tion 353 o f  the CCIR.

It seems reasonable to assume that the DIL noise contribution w ould be considered as part o f  the 
earth station budget (usually 1500 pWOp), as the DIL actually provides part  o f  the norm al earth station 
function. It only needs to be determined that such a contr ibution can be kept sufficiently small so that the 
total o f  1500 pWOp is not exceeded. The fading o f  the DIL will contr ibute  to the overall short-term noise 
budget o f  the link.

The noise contribution from the DIL would have a num ber o f  com ponents  depending upon the 
implementation configuration and  the frequency bands used. The com ponents  are:

(a) Thermal noise

Conventional C C IR  designs for radio-relay are 1 to 3 pWOp per km or less, and  can be held to 
10 pWOp or less, for a single hop. Special designs also achieve small contributions. The time varying 
components  due to multipath fading and rain attenuation are relatively large, but for short hops can be 
controlled to reasonable values. The thermal noise is dB for dB related to the fading from either 
mechanism.

(b) Basic intrinsic noise

This is baseband noise and is applicable only to re-modulating configurations. Noise levels o f  50 to 
100 pWOp are usual for back-to-back basebands. The normal earth station noise budget provides for one 
such contribution while a re-modulation configuration would add a second contribution.

(c) Interference

A very small interference contribution would be present from other microwave systems operating 
in the same frequency bands in some cases. This contr ibution can be considered to be negligible. For the 
special case o f  using the same frequency re-use design, up-link and dow n-link  contributions of interference 
at the earth station can be expected. Values of the order of 10 to 100 pWOp are estimated for normal 
operation. In addition, certain fading situations may be accompanied by increases in this noise for very 
short time periods along with the thermal noise. This configuration does not require re-modulation, so all 
extra noise associated with item (b) is eliminated.

(d) Interm odulation

A re-modulating design will have an extra mod-demod pair  plus IF amplifiers, while the 
translation design is all conventional earth station equipment and therefore contributes very little IM noise.

The following table illustrates a possible noise budget:

TABLE H I

Sample budgets -  Free space conditions

Re-modulation Frequency translation
(2 hops) (1 hop)

Low High Low High
(pWOp) (pWOp) (pWOp) (pWOp)

Thermal 2 20 1 10
Baseband intermodulation 50 100 - -

Interference - - 10 100
Interm odulation (RF) 100 200 20 50

Total (pWOp) 152 320 31 160
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3.3.2 Error budget fo r  TDM A

The contributions o f  the DIL to the overall error rate o f  the hypothetical digital reference path 
have to be made reasonably small in order to maintain the system performance in accordance with 
Recommendation 522.

It should be noted that in the case o f  the re-modulating D IL  the errors will be additive whereas in 
the case o f  frequency translation the noise effects will be additive.

3.3.3 Frequency considerations

The fading characteristics as a function o f  frequency, climate and path length for rainfall can be 
derived from conventional microwave designs. Rain attenuation and multipath fading are independent 
events — in fact they are almost mutually exclusive.

Since the expected spacing o f  a diversity pair o f  earth stations is o f  the order o f  16 to 24 km and 
since it is also expected that either a repeater or a common site will be needed, the individual path lengths 
o f  the D IL will probably not exceed 16 km. The margins for such a path length can normally be made 
sufficiently high to accom modate short-term outages as low as 0 .0 0 1 % o f  the time.
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ANNEX II

VARIABLE INFORMATION TRANSMISSION RATE SYSTEMS

1. Introduction

System performance of digital satellite communication systems can be 
improved by reducing adaptively the information transmission rate during poor 
propagation conditions. Variable parameters (clock rate and number of phase 
states) of PSK modulation and the variable coding rate of FEC (forward error 
correction) can be used for variable information transmission rate. A
synchronization sum method for a demodulated PSK signal has also been applied to
a variable transmission rate TDMA system.

It should be noted that public services may not be able to be subjected
to reduction in information rate, and that other fade countermeasures may be
necessary in these cases.

2. Variable parameter system of PSK modulation

Various kinds of general purposes PSK modems have been developed using 
LSI type digital signal processors. These modems have two modes of operation, 
BPSK and QPSK, and their transmission clock rates are continuously variable.
They are suitable for a variable transmission rate system although high 
transmission rates are not achievable because of the limitation on operational 
speed of the digital signal processor. For example, a modem with a maximum 
transmission rate of 400 kbauds has been developed [Suzuki et al., 1987]. This 
modem can be applied to a burst mode signal. In another example, a modem with a 
maximum transmission rate of 6 Mbauds has been developed [Iwasaki et al.. 1988]. 
This transmission rate is variable, but it takes a significant amount of time to 
reach a stable state after resetting the parameters.

When the reduction ratio of the transmission rate is 7 , improvement of 
C/N is given by:

A(C/N) = -10 log 7 dB.

3. Variable coding rate system

Convolutional encoders and Viterbi decoders are suitable for a variable 
coding rate system because these codecs are expected to be constructed 
economically in the form of LSI and their coding gains are high. For example,
LSI type codecs of constraint length = 4 or 7, coding rate = 1/2 or 2/3 or 3/4
or 7/8, and maximum transmission rates = 20 to 25 MHz have been developed
[Suzuki et al., 1988], [Kubota et al., 1987]. One of these is a general purpose
codec with a selectable coding rate.
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C/N improvement, when a codec is applied to the variable information 
transmission rate system, is given as:

A(C/N) = 10 log R0 /Ra + Ga - G0 dB, 

where R0 : coding rate;

Gc : coding gain at operation in clear sky conditions;

Ra , Ga : same as above for operation in rain conditions.

4. Variable transmission rate system using spread spectrum and
synchronization sum techniques

There is another method in the variable information transmission rate 
system [Yamamoto et al., 1986]. A baseband data bit stream (information bit or 
error corrected bit) is scrambled by a constant clock rate PN code and then 
PSK modulated. The transmission rate can be varied by changing the ratio of the 
data bit rate and the clock of the PN code. The selected ratio must be 1/n where 
n is a positive integer. In a receiver, the scrambled signal is PSK demodulated 
at the clock of the PN code and descrambled by the PN code. The data bit is 
detected after synchronizing the sum over the length of the data bit at the rate 
of the PN code clock.

This technique has been applied to a variable transmission rate TDMA 
system in which the transmission rate is adaptively variable at each TDMA burst. 
It has been confirmed by experiments that the degradation of bit error rate
performance, compared with theoretical performance in a gaussian channel, is
less than 2 dB when the TDMA system operates at a rate of 8/n Mbit/s (n = 1, 2, 
4, 8 , 16, 32).

This technique may be considered as modulation and demodulation capable 
of varying transmission rates using a constant clock or a variable coding rate 
with a coding gain of 0 dB.

5.. • Conclusion

Three kinds of variable information transmission rate techniques are 
discussed as methods of maintaining the signal quality of a digital satellite 
communication system during poor propagation conditions.

The variable coding rate technique using a convolutional encoder and a 
Viterbi decoder is suitable for a simple communication system with relatively 
economic and/or simple earth station equipment.

The other techniques are to be used in combination with a forward error 
correction technique. In the variable parameter system, however, an adaptively 
variable transmission rate modem with a maximum rate of more than 400 kbauds 
has not been developed. The variable transmission rate technique using the 
synchronizing sum fits a TDMA system rather than an SCPC system.



Rep. 552-4 21

References

SUZUKI H. et al.(1987)
. MODEM and FEC LSIs for COMPACT EARTH STATION.
GLOBECOM 1987, 8.3.

IWASAKI M. et al (1988)
Development of Variable Rate Digital Modem for Satellite 
Communications, in Japanese.
1988 AUTUMN NATINAL CONVENTION RECORD, EIC, SB-2-1, JAPAN.

SUZUKI H. et al. (1987)
On LSI-Implementation of Error Correcting Techniques, in Japanese. 
1987 JOINT CONVENTION RECORD OF INSTITUTES OF ELECTRICAL AND 
INFORMATION ENGINEERS, 26-6, JAPAN.

KUBOTA S. et al.(1987).
A proposal of universal-coding-rate Viterbi decoder.
ICC 1987, 24.3.1-24.3.6.

YAMAMOTO M. et al.(1986).
Variable Transmission Rate TDMA Communication System for Small 
Earth Stations Network, in Japanese.
NATIONAL CONVENTION RECORD, 1986., IEICE, JAPAN, S25-1.

A N N E X  III 

U P -L IN K  T R A N S M IT T IN G  PO W ER C O N T R O L

1. Introduction

Up-link power control (UPC) can be used as a means of reducing the effect o f  up-link attenuation in the 
higher frequency bands (for example 14/11 and 30 /20  G H z bands) satellite comm unication systems. This 
technique could be used to achieve efficient operation o f  a satellite com m unicat ion  system and to decrease 
interference to other satellite and terrestrial links by reducing clear-sky e.i.r.p.

2. Implementation of UPC

There are various methods o f  achieving UPC. The most commonly used methods are as follows.

2.1 Open-loop UPC m ethod

Open-loop UPC is a method whereby a beacon signal from the satellite is used to measure the down-link 
rain attenuation. Owing to the correlation between the up-link and down-link rain a ttenuation, this measurement 
is used to estimate the up-link rain attenuation level and  hence the UPC control values. Most predicted 
attenuation values coincide with actual values; however, some values differ because o f  such environmental 
conditions as wind velocity or rain drop-size distribution. Table IV shows an ^example o f  potential errors in 
estimating up-link (14 GHz) attenuation from a down-link (11 GHz) measurement.
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TABLE IV -  Example o f  potential errors in estimating up-link (14 GHz) attenuation 
fro m  a down-link (11 GHz) measurement is tabulated below

a) Up-link attenuation o f  less than 1.0 dB

Elevation angle: 5° 15° 25°

Equipment error(i) 0.725 0.725 0.725
Ice attenuation 0.05 0.05 0.05
W ater vapour/diffusive 0.20 0.10 0.05
Clear-sky level 0.10 0.10 0.10

Maximum up-link error (dB) ± 1.075 ±0.975 ±0.925

b) Up-link attenuation o f  between I and 6 dB

Elevation angle: 5° 15° 25°

Equipment error(i) 0.725 0.725 0.725
Ice attenuation 0.05 0.05 0.05
Raindrop-size distribution 0.10 0.075 0.05
W ater vapour/diffusive 0.20 0.10 0.05
Clear-sky level 0.10 0.10 0.10
Polarization error 0.10 0.075 0.05
P ath  length error 0.20 0.10 0.05
Melting layer 0.05 0.05 0.05

Maximum up-link error (dB) ±1.525 ±1.275 ± 1.125

c) Up-link attenuation in excess o f  6 dB

Elevation angle: 5° 15° 25°

Equipment error(i) 0.725 0.725 0.725
Ice attenuation 0.05 0.05 0.05
Raindrop-size distribution 0.20 0.15 0.10
W ater vapour/diffusive 0.10 0.075 0.05
Clear-sky level 0.10 0.10 0.10
Polarization error 0.20 0.15 0.10
Path length error 0.40 0.25 0.15
Melting layer 0.05 0.05 0.05

Maximum up-link error (dB) ±1.825 ±1.550 ±1.325

(i) The equipment error o f ±0.725 dB assumed above is estimated on the basis o f a ± 0 .5  dB error being encountered at 11.7 GH z (on the 
down-link) and assuming a. 1.45 scaling factor between 11.7 GHz and 14 GHz. The ± 0 .5  dB error was obtained using available data 
and needs further verification by additional measurements.



Rep. 552-4 23

Some potential error sources have been excluded as being too small to  estimate (e.g., an tenna  tracking 
error,  satellite antenna  pointing error, pre-emphasis error,  an tenna gain degradat ion , refractive effect at low 
elevation angles, rapid rainfall rate fluctuation). Also excluded are error sources o f  a very rare type (e.g., large 
accumulations of wet snow on the antenna, failure in the control or measurem ent circuits). Various combinations 
of these additional error sources could, potentially, make the cumulative up-link power level error larger.

2 .2  Closed-loop UPC m ethod

Closed-loop UPC is a method whereby the beacon signal from the satellite is com pared  with the loop-back 
C /N  or S / N  o f  a pilot signal or special channel signal. In this way the up-link rain attenuation and the UPC 
control value can be determined with high accuracy. A disadvantage o f  the approach ,  however, is that separate 
control channels in addition to the communication channel are necessary.

3. Up-link power control (U PC) experiment

An open-loop UPC experiment was conducted using the 30/20 G H z  band  [Isobe et al., 1982], with the 
result shown in Fig. 4 . In this experiment, the UPC values were determined from the values of down-link 
attenuation. Figure 4 a shows the beacon level, Fig. 4 ^  the H PA transmitting pow er level, and  Fig. 4 c  the satellite 
receiving level. As shown, the variation in total C / N  values can be kept within 1 dB (peak-to-peak) except in the 
period in which the required transmitting power exceeds the maximum transmitt ing  power.

A closed-loop UPC experiment was also conducted using the 3 0 /20  G H z  b and  with the result shown in 
Fig. 5. The control error was kept within 0.3 dB (peak-to-peak).

a) Beacon level

b) Earth-station 
transmitting 
power

c) Satellite receiving 
signal level

20:00 22:00 00:00 02:00 04:00 06:00

Local time (Lhr)

FIGURE 4 -  Experimental results o f  open-loop UPC
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FIGURE 5- Experimental result o f  closed-loop UPC

4. Open-loop UPC using a radiometer

Uplink power control can be achieved by using a radiometer to measure 
the energy emitted by rain along the propagation path to the satellite. No 
beacon or pilot signal is required. Errors introduced by beacon receivers, such 
as the variation of gain with LNA temperature, etc., are eliminated.

The relationship between,slant-path precipitation attenuation and 
antenna temperature has been examined by several investigators 
['Strickland, 1974]. Path attenuations calculated from measurements of the 
antenna temperature are generally accurate to better than 0.5 dB for 
attenuations less than 6 dB (at-12 GHz, in Canada). In a practical system, the 
uplink power will not likely be increased appreciably more than 6 dB. Thus, the 
radiometer can be used to compute path attenuations over the entire range of 
practical interest.

Sun transits will occur for a few days near the equinoxes when the 
declination of the sun is approximately that of the satellite. To distinguish 
between these increases in antenna temperature and those due to rain attenuation 
at other times, the satellite and solar look angles are calculated frequently. 
When the angular separation between the radiometer antenna axis and the sun is 
less than a chosen angle, the increase in antenna temperature is assumed to be 
due to the sun and uplink power control is inhibited.

An uplink power control system has been developed for the 14/12 GHz 
band in which a radiometer measures the antenna temperature in a band of 
frequencies below the uplink band, calculates the path attenuation at the 
desired uplink frequency and controls the signal strength applied at IF to the
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up—converter. The antenna temperature is measured by a new type of radiometer.
The principle of operation differs fundamentally from that of the conventional 
Dicke radiometer and results in a very stable measurement of antenna 
temperature. The entire radiometer is contained within a cylinder mounted at the 
prime focus of a parabolic reflector. The radiometer frequency must differ from 
the uplink frequency so that transmitted energy which is backscattered from rain 
along the path is not detected by the radiometer, a radiometer frequency of
13.3 GHz is used.

In an experiment using the system described above, the loopback signal 
strength was compared with the received signal strength of the satellite beacon.
The signal strengths were well correlated, indicating that the uplink signal 
strength as received at the satellite was almost constant, independent of rain 
attenuation. Additional operational experience will be gained with the 
two uplink power control systems currently being installed in Canada.

5 . Conclusion

UPC is one o f  the most important techniques for establishing higher frequency band satellite comm unica­
tions systems. By using UPC for the higher frequency bands, interference between neighbouring satellite systems 
and terrestrial networks can be reduced. As a result, efficient utilization o f  the geostationary-satellite orbit and 
efficient system operations can be achieved.

Detailed studies will be necessary for more accurate UPC methods.
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ANNEX IV

FADE COUNTERMEASURES USING TIME-DIVISION-MULTIPLE-ACCESS TECHNIQUES (FCM-TDMA)

1. Introduction

FCM-TDMA is a method of countering the severe effects of precipitation 
at the higher frequencies; it is an adaptive system which allocates an 
additional time resource to fading carriers in a TDMA network to thus provide an 
acceptable error rate in the .degraded C/N environment which occurs during 
fading.

A FCM-TDMA system has a portion of the frame designated as a shared 
resource, which is made available to fading carriers. This means that the frame 
efficiency, and therefore capacity, of a FCM-TDMA system is less than that of an
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equivalent conventional TDMA system under clear-sky conditions. The frame period 
is not normally a variable but any bursts suffering fading are expanded in time 
within the frame. This means that a burst retains the same number of information 
(user) bits when expanded, therefore the information rate is not changed. The 
technique is therefore particularly suited to public switched services/networks, 
where variable information rate techniques (see Annex II) may not be 
appropriate.

Each burst need only be expanded to the degree necessary to counter the 
fading experienced on a particular routing, be it on the up-link or down-link,
or both to maximize the efficiency of the system.

2. Methods of using an expanded burst to provide a level of noise
immunity

There are several ways of using the additional time provided by an 
extended time slot to give a greater degree of noise immunity, the following are 
examples:

a) FEC

Differing rates of FEC overhead can be introduced in stages with 
increase in fade depth, the time slot being extended as necessary.

b) Reduction in transmitted data rate

The transmitted data rate can be reduced and the same information rate
conveyed by increasing the burst length. If the transmitted data rate is ' 
reduced, the noise bandwidth at the receiver can also be reduced, giving 
increased noise immunity.

c) Replication of the user data within the burst

A burst suffering fading can be repeated (replicated) a number of 
times, and a sophisticated demodulator employed to interpret the received signal 
by taking a mean value for each symbol.

The above techniques all have implications on the modem design and care 
must be taken to ensure clock and carrier synchronization is retained during a 
fade. Furthermore, if the symbol rate is changed (resulting in a variation of 
spectra and power flux-density between bursts), there may also be interference 
implications.

The depth of fade which can be countered varies according to the method 
employed and the degree of sophistication which can be built into the modem. In 
practice, a composite FCM-TDMA system may be preferable; for example, adaptive 
FEC could be used together with any of the other methods outlined, and there is 
a case for using permanent FEC with method (c).

3. Svstem control

FCM-TDMA systems will need robust protocols and control mechanisms to 
identify the onset and level of fading on any routing, to determine which bursts 
need to be expanded and by how much, and to implement such expansions together 
with any time-plan revision.
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4. Conclusions

An FCM-TDMA system must be tailored to need. There are many system 
parameters which must be determined, for example, the maximum expansion which is 
to be given to any particular burst, the expansion step size, the implementation 
or reaction time to onset of fading, the percentage of the frame to be allocated 
as the shared resource, etc. The sizing of these parameters will depend on the 
nature of the network, the climatic region, the maximum depth of fade to be 
countered, and on the number and data rate mix of carriers.

It may also be possible to combine FCM-TDMA with other fade 
countermeasures systems; for example, the FCM-TDMA protocols could be developed 
to incorporate up~link power control, or FCM-TDMA could be combined with a 
frequency"diversity system whereby bursts subject to severe fading are 
transmitted in an alternative TDMA frame at a lower frequency.

ANNEX V 

SYSTEM EXAMPLES AT 30/20 GHz

1 - Introduction

In the following, a brief description of existing and on-going 
development of 30/20 GHz systems- is presented.

2 . Japanese communication satellite (CS)

The medium capacity communication satellite for experimental purposes 
(CS) was launched in 1977. Through the CS experiment, valuable data were 
obtained.

Two communication satellites (CS-2a and 2b) were launched in 1983 for 
commercial use. The CS-2 satellite communication system was introduced mainly 
for maintaining important communication links in case of disasters, providing 
communication links for remote islands and setting up temporary links.

Two communication satellites (CS-3a and 3b) were launched in February 
and September, 1988, respectively from Tanegashima using a Japanese H-I rocket, 
as successors to CS-2a and 2b. Public organizations and private companies, a 
total number of 14, use CS-3a and 3b. They are employed for satellite 
communication systems to provide telephone network services, dedicated/user 
oriented communication services, and private communication circuits. 113 earth 
stations were in operation at the end of 1988 for commercial services. For the 
telephone network, dynamic channel assigning and routing satellite aided, digital 
networks (DYANET) have been newly introduced that combine satellite and 
terrestrial circuits to reduce network cost and enhance network reliability.
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Four major types of systems were brought into commercial service:

trunk transmission system utilizing earth stations with 11.5 m 
diameter antennas and PA-TDMA equipment and those with 4.2 m 
diameter dual-beam antennas and DA-TDMA equipment;
back-up communication system for local telephone links utilizing 
small earth stations with 4.2 m diameter antenna and 20 Mbit/s 
TDMA equipment;

temporary transmission system for TV and telephone utilizing 
transportable earth stations with 2.7 m diameter antenna and FM 
modulation equipment;

dedicated/user oriented communication system utilizing small 
earth stations with 4.2 m diameter antenna and 20 Mbps TDMA 
equipment.

3. Olympus

The Olympus-1 satellite, which was launched on 11 July, 1989 to its 
orbital location at 19°W, is a three-axis stabilized satellite capable of 
carrying a variety of payloads. It has a rectangular 2.1 x 1.75 x 5.3 metre body 
with a flexible solar array which can provide up to 3.5 kW of electrical power 
at the end of life with an expansion capability up to 7.0 kW for future
satellites. The launch mass of Olympus-1 is 2,600 kg; however, the structure has
been designed to handle a lift-off mass of up to 3,500 kg.

The Olympus-1 payload consisis of the following four packages:

• a two-channcl high power (63 dBW) TV broadcast
payload operating in the 11.7-12.5 GHz band for 
dircct-to-home transmission in Europe;

• a four-channel 12/14 GHz SS/TDMA payload for specialized 
or business services in Europe;

• a 30/20 GHz communications payload; and

• a propagation beacon payload operating at 
12.5, 20 and 30 GHz.

The 30/20 GHz payload consists of a transponder which provides two 40 M H z  
narrow band channels and one 700 M H z  wide band channel via two independently 
steerable linearly polarized transmit/receive spot beam antennas • with a 0.6° 
nominal coverage. The propagation payload consists of three unmodulated C W  
beacons which transmit via individual hom antennas at 12.5, 20 and 30 GHz.

The experimental program to be carried out through the 30/20 GHz payload 
consists mainly of data transmission tests for typical business, tele-education and 
tele-medicine applications performed using earth stations with antennas of 2 - 3 m  
diameter. The beacons will be used to collect comprehensive statistics on 
attenuation and depolarization from rain at 12.5, 20 and 30 GHz from numerous 
locations throughout Europe and eastern North America.

4. ITALSAT

In 1990; the launch of the ITALSAT pre-operational geostationary 
satellite is planned.
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This system is a forerunner of the future telecommunication domestic 
satellite, foreseen to be operative within the end of the century in the context 
of the Italian terrestrial ISDN.

The satellite system incorporates both real-time demand assignment to 
achieve increased efficiency and traffic rearrangement (non real-time) for 
reallocating the satellite capacity between traffic stations to match diurnal, 
weekly, seasonal and unforeseeable variations in traffic demand.

The ITALSAT satellite will carry three different payloads:

a 30/20 GHz multibeam regenerative payload with on-board baseband 
switching for the provision of digital telephony and data 
circuits;

a 30/20 GHz domestic coverage transparent payload for digital 
business services;

a 40 and 50 GHz package for propagation experiments.

The multi-beam payload will adopt a 147.5 Mbit/s "SS-TDMA" access
technique with DSI to increase the satellite capacity. The domestic coverage 
payload will provide business services, by using a 25 Mbit/s TDMA system.

The ground segment will consist of 3.5 m circular antennas and 
3.5 x 7 m elliptical antennas depending on the climatic zones. The selected
antenna configuration is a multireflector off-set type with shaped
subreflectors and with provision of frequency selective surface.

5. Kopernikus (DFS)

In December 1983^ the Deutsche Bundespost awarded a contract for the 
establishment of a national communication satellite network to a consortium of 
German firms. The project is called "Deutscher Fernmeldesatellit Kopernikus 
(DFS)". The DFS Kopernikus was launched on 6 June 1989 to its orbital location 
at 23.5°E.

The principal mission in 30/20 GHz band will be experimental and subsequent 
commercial use of the 30/20 GHz range for TV broadcasting with the aid of large 
and small mobile earth stations.

In the process, 19.73 - 19.83 GHz signals,with horizontal polarization, 
will be received and 29.53 - 29.63 GHz signals, with vertical polarization, 
transmitted.

Two large earth stations with 11 m antennas at Usingen and in Berlin 
(West) are ready for operation.

Additionally, it is intended to put into operation transportable 
stations with antennas 2.5 m in diameter.

After a two-year pre-operational trial phase, the 30/20 GHz system will 
go into commercial service.

6. Advanced Cfacminicatian Technology Satellite (ACTS)
ACTS is an experimental 30/20 GHz satellite ccmmunicaticns system cinder 
develcposnt by the National Aeronautics and Space Administration (NASA) of the 
United States. This system, ■which is expected to be launched in 1992, will 
include the following features:
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(a) STEERAELE ANTENNA - A mechanically steerable antenna with a 1 degree half­
power beamwidth and 1 degree per minute slew rate.
(b) MJIHTEZAM ANTENNA (MBA) - Rapidly reocnfigurable pattern of helping beams
and fixed spot with 0.3 degrees half-pcwer beamwidth.
(c) CK-BQARD S’lURED BASEBAND SWITCHED TEKA (QSBS/TEMA) - A high speed digital 
base—band pmnp^gnr (EBP) on board the satellite viiich stores, regenerates and 
routes individual, circuit-switchert,messages.
(d) SAIEIHTE SWITCHED TEMA (SS/TCMA) - A dynamic reccnfigurable intermediate 
frrar-jivrryy microwave switch matrix (MSM) which routes high volume point-to-point 
traffic and point-to-nnltipoint traffic.
(e) RF CCMKNENIS - Flight and ground segment hardware at 20 and 30 <3iz,

(f) NETWORK CCNTRDL - Advanced algorithms to provide flexible, efficient 
Demand Assignment Multiple Access cxjirnunicaticns.
(g) ADAPTIVE CCKFENSAITCN FOR SIGNAL LEVEL CHANGES DDE TO RAIN - Techniques 
such as Forward Error Correction and uplink power control (increased pcwer, 
reduced burst rate) to automatically adjust far fades.

The apace segment of the ACTS system makes use of tvro systems, a remodulating 
on-board processor that provides demand assigned time division multiple access (TEMA) 
cx'iiuiuTnicaticns, and a microwave switch ratrix (MSM) that enables high burst rate 
satellite switched TEMA oa m n mi cations. Both of these systems mate use of spot 
antenna beams, hopping spot beams far the demand assigned TEMA system and fixed spot 
beams far the satellite switched TEMA system. The ground segment of the ACTS system 
is made up of the master control staticryTCF terminal, located near Cleveland, Ohio 
and various experimental terminals, located throughout the United States.

In the baseband processing (BBP) mode, ground terminals can use 2.4-meter,
3-meter or 5-meter disb antennas and must use Serial Minimum Shift Keying (SMSK) 
modulation. Data are uplinked at burst rates of 27.5 mega symbol per second 
(M synfool/s) or 110 M symbol/s depending on terminal capacity requirements, and 
are downlinked at 110 M symbol/s. The BBP mode network is designed to 
accommodate 15 dB or uplink fade and 6 dB of downlink fade and still achieve 
end-to-end bit error rate (BER) of 1 x 10*6 . Fade compensation is implemented 
automatically by reducing the symbol rate by a factor of 2 and using a rate 1 / 2  
convolutional FEC code to produce a 10 dB gain in performance.

In the MSM network, the NASA Link Evaluation Terminal (IET) uses a 4.72 meter
dish antenna and SM3K modulation though other modulation schemes may be used in the
MSM mode of operation. Data are uplinked and downlinked at 110 or 220 m symboi/s. The mem 
network is designed to accommodate 12 dB of uplink fade to maintain a BER of 1 x 106. 
Fade compensation is implemented automatically by increasing the uplink pcwer by 8 
dB. Pfcdes are sensed by monitoring beaocn signals transmitted fxan the spacecraft, 
one in the up-link band and two in the cbwn-lirik band.

Figure 6 shews a diagram of the principal cxxrpcnents and functions of the ACTS
space station, earth stations and ground facilities.
The technical features of the ACTS system support unique network architectures with 
the following advantages:

a. Efficient use of satellite capacity - Adaptive control of beeping beam 
dwell time in any one geographical location, allows the capacity of the 
satellite to be efficiently matched to the instantaneous demand far traffic;
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b. individual voice circuit switching - Stare-end-farward in oaribinaticn with 
baseband processing allows both time and space switching. This capability 
allows switching at individual voice circuits cn-board the satellite, thus 
avoiding double heps and the attendant delay. Shis is particularly advanta­
geous when ground stations with low to medium traffic are employed, as in the 
case of networks employing custraiRr premises terminals;

c. Efficient use of spectrum, and smaller ground terminals - Satellites that 
produce multiple narrow spot beams with relatively low side lobes levels allows 
frequency band reuse among the beams over a relatively mull geographical area, 
and the use of smaller, lower-cost ground terminals.

6c
H ig h  B u r s t  R a te  (H B R ) 
E a r t h  T e r m i n a l s

F i g u r e  6  - ACTS f u n c t i o n a l  o v e r v ie w  b l o c k  d i a g r a m
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ANNEX V I

M E T H O D  O F  D E T E R M IN IN G  EA RTH  STA T IO N  A N T E N N A  C H A R A C T E R IS T IC S  

AT F R E Q U E N C IE S  ABO VE 10 G H z

1. Introduction

In communication-satelli te  systems operating at frequencies above 10 G H z, the specifications o f  the earth 
stations, in particular the figure o f  merit must take account o f G / T  losses due to atmospheric effects and 
precipitation. These losses are generally specified for a percentage o f  time determ ined by the desired quality o f  the 
system.

The specification o f  the G / T  must take account o f  losses:

— in the first place directly, since they lead to an increase in the required G / T \
— in the second place indirectly, since they entail an increase in the noise tem perature  T.

The formulae given below are designed to standardize the methods used in determining the antenna
characteristics from the standpoint o f  losses. Information on the general characteristics o f  earth station antennas is 
given in Reports 390 and  8 6 8 .

2. Specification of the figure of merit

The general formula used to specify the G / T  o f  earth station an tenn as  at frequencies above 10 G H z is 
usually written as follows:

|  -  L, >  ( k ,, +  20 log T j  d B ( K - ‘) (U

in the receiving band o f  the frequencies F  for at least (100 — P,-)% o f  the time.

Li, expressed in dB, is the additional loss on the down-link caused by the climatic conditions specific to
the site o f  the earth station concerned referred to nominal clear sky conditions.

The following examples may be cited:

(a) The following dual specification for earth stations belonging to the E uropean  network ECS:

d B (K _1) for at least 90% o f  the worst month.

d B (K -1 ) for at least 99.99% o f  the year.

(b) The following dual'specification for IN TELSA T standard  C earth stations:

« +  20 log

j r  ~  L 2 *  (32.5 +  20 log T J

j r  -  L ,  >  (29.5 +  20 log 2 L )

Note. — The different values for each region for the small percentage of time recognizes the different propagation 
conditions which exist in the two areas, while at the same time allowing the use o f  reasonably similar antenna 
design. Values for other regions are still under study.

to be met by all earth stations for at least 90% of  the 
dB(K" M year

to be met by earth  stations in Europe for at least
dB(K ) 99.983% of  the vear.

j rw i r -  H to be met by earth  stations in N orth America for at 
least 99.983% o f  the vear.

- L, > (39 + 20 log 2 L )

T2- L̂ { 31 + 20,0̂ )
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3. Calculation model

It is proposed to establish a relation D =  f (L,, TR) which may be used to determine the circular
r*

aperture  diameter D for the an tenna of an earth station with a — specified according to formula (1) and taking
* i

account o f  the receiving equipm ent noise temperature TR.

T aking into account the expression for antenna  gain G :

G = 10 log
kD F \2

M — )

formula ( 1) may be expressed as follows:

20 log D > (Li + Ki) dB +  10 log 7; -  10 log r\ + 20 log — (2)

where:

D : an tenna  d iameter (m),

c :  speed o f  light: 3 x  1 0 s m /s ,

F0 : frequency (GHz),

r) : an tenna  efficiency at receiving port at frequency F0,

L , : atmospheric a ttenuation factor (referred to clear sky conditions) expressed in dB,

K j : value specified for clear sky figure o f  merit at frequency F0, expressed in d B (K -1),

T j : noise temperature o f the earth station, referred to the receiving port , expressed in kelvins.

The earth station noise tem perature  7) is fairly accurately represented by the formula:

Tc + Ts + ( a — 1) Tphys + Tr K (3)

where:

Tc :

Ts : 

Talm:

Tphys '•

Tk :

a  > \ : 

L\ ̂  1

antenna  noise temperature due to clear sky,

an tenna  noise temperature due to ground,

physical temperature o f  atmosphere and precipitations,

physical tem perature  o f  the non-radiating elements o f  the an tenna  feed,

receiving equipm ent noise temperature,

resistive losses due to non-radiating elements o f  the an tenna  feed, 

losses due to atmospheric effects and precipitation ratio.

where:

L 'j  =  1 0 io where L, is expressed in dB.

Form ula (3) may conveniently be expressed as follows:

Tj = TA +  (A Ta ) +  Tr

Ta : an tenna  noise temperature in clear sky conditions (L, =  0 dB)

Tc + Ts , a - 1 t

(4)

P1'.VS (5)

( A Ta ) =  additional an tenna  noise temperature caused by atmospheric and precipitation losses.

(A TA) = l̂ - ( T alm- T c)a L, (6)
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Inserting relation (3) o r  relation (4) into relation (2), we can solve

D =  f (L „  K„ Tr )

using additional da ta  relating to the typical characteristics o f  earth station an ten nas  opera t ing  in the frequency 
band  considered [ESA, 1976; H a n s s o n ,  1 9 8 1 1 .

4. Sample calculation

In the following example the diameter D o f  an IN TELSA T s tandard  C sta tion  an ten na  meeting the dual 
specification o f  parag raph  2(b) is calculated.

4.1 A ssum ptions

— the calculations are made at F0 =  11.2 G H z for an elevation angle o f  ab ou t  30° above the horizon

— the an tenna performances at receiving port at the frequency F0 are:

T] =  0.67

Te =  15 K (typical values o f  contribution to an tenna noise tem pera ture  at an elevation angle o f  30°)
Ts =  10 K at F0 =  11.2 G H z

Tam -  270 K

Tphys= 290 K

a  =  1.122 (resistive losses =  0.5 dB)

— the specifications are;

K x =  39 dB ,

K2 =  32.5 dB

4.2 Calculation results

Figure 7 shows two series o f  curves 

D =  f  (Lj)

parametered according to the dual specification for the clear sky figure o f  merit ( K t) and  according to three 
receiving equipm ent noise temperature values TR (130 K. — 160 K — 190 K).

In the case o f  the example given above, if 77? =  160 K and if we wish to install a station at a site where 
the propagation  data  are such that:

L) <  1 dB for 90% of  the year,

L 2 <  6 dB for 99.983% of  the year,

we obtain the following two values for the an tenna diameter:

D\ = 16.80 m,

D2 =  17.20 m,

so that we must select D > 17.20 m.



36 Rep. 552-4

1 2 3 4 5 6 7 8 9 10

A ttenuation L , (dB)

FIG URE 7 -  Variation in antenna diam eter D  as a func tio n  o f  a ttenuation L j

For two Figures o f merit at 11.2 GHz:
(a): G /7 i =  39 dB(K->)
(b): G /T 2 = 32.5 dB (K -])

and for three receiving equipm ent noise tem perature values TR:
A : Tr =  130 K 
B : Tr  = 160 K 
C : Tr = 190 K

R E F E R E N C E S

E SA 'JJanuary , 1976] A tm ospheric a tten u a tio n  and  noise in satellite system s at 11-14 G H z. Doc. T E C /9 0 3 9 /S E D /S A , Rev. 2.

HANSSON L .I8 -1 0  A pril, 1981] C orre la ting  OTS beacon m easurem ents with rad iom eter an d  rain fall data: IEE  In ternational 
C onference on  Results o f  Tests and  Experim ents with the E uropean  OTS Satellite, L ondon , UK.
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REPORT 1139

GENERAL SYSTEM AND PERFORMANCE ASPECTS OF DIGITAL 
TRANSMISSION IN THE FIXED-SATELLITE SERVICE 
(Question 29/4 and Study Programme 29A/4)

(1990)

1. Introduction

As the world-wide evolution of digital telecommunications systems 
continues, an increasing amount of different types of digital services are 
being carried by satellites as part of the evolving digital network. An example 
of this trend is the integrated services digital network or ISDN. This report 
presents material on system and performance aspects of other digital 
transmission systems in the FSS, in general, and, in addition, for systems 
carrying ISDN traffic but operating at rates greater than 64 kbit/s. Performance 
factors affecting ISDN transmission, that is connections operating at 64 kbit/s 
and designed to meet CCITT Recommendation G.821 are treated in Report 997.

2. Performance considerations

This section presents the effects of coding on the performance of a 
digital satellite link describing, as an example, the effects of burst errors on 
performance of a 64 kbit/s channel.

All of the aspects of a satellite digital transmission system can have 
an effect on the performance realized by the customer or end user. The 
performance of satellite digital transmission systems has traditionally been 
characterized by bit error ratio or bit error probability. Average bit error 
ratio represents a good measure of system performance but the system designer 
must be aware of the effects of other system aspects, such as "burst errors", on 
the performance as realized by the end user. Note that a "burst error" does not 
necessarily denote a group of consecutive errors, but more generally refers to 
an error event where the errors occur in a cluster.
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2.1 Error performance at transmission rates greater than 64 kbit/s

The error performance objectives currently specified by CCITT and 
CCIR relate to the 64 kbit/s channel level and it is necessary to consider 
how these objectives can be applied to higher transmission rates. When con­
sidering this question it is important to distinguish between systems carrying 
separately identifiable 64 kbit/s channels and those carrying wideband 
services (e.g. at 2.048 or 1.544 Mbit/s). The sensitivity of particular coding 
schemes and frame structures must also be taken into account.

In this section, we report a generalization of performance objectives 
of other bit rates.

The methods described in section 2 of Report 997 for the 64 kbit/s rate 
can be easily generalized to accommodate other bit rates. We show below how the 
probability P (< E) of obtaining E errors or less during a time T, when 
transmitting at a rate R is given by:

P «E) = 1 - P (2RT x BEP, 2E + 2) (1)

where.BEP is the Bit Error Probability of the system and the number of
errors is simply given by E = RT x BER. J? (X , v) is known as the
cumulative chi-squared (X^) distribution function with v degrees of 
freedom. In this formalism the calculation of BEP can easily be
achieved by looking at tables of percentage points of the X^
distribution which are readily available in the literature.

This approach shows that the relevant parameter is neither the 
transmission rate, R, nor the time interval considered, T, but rather 
the product of the two. RT refers to the total number of bits transmitted in 
the interval considered, and this block of data is the effective parameter 
when taking measurements. It is therefore natural to consider a constant 
block size when defining a recommendation, so that such a recommendation 
will be independent of the transmission rate and of the time interval considered. 
Thus, Recommendation 614 dealing with EFS at 64 kbit/s can be generalized to 
read:

i) P-̂ % of the transmitted blocks (RT bits) must be error free, 

and the recommendation on BER is generalized to:

ii) P2% of the transmitted blocks (RT'bits) should have a BER<B.

with the parameters in both recommendations being related by the value
of BE?.

The 64 kbit/s EFS recommendation is simply a particular case of 
i) with R = 64000 and T = 1 second. The degraded minutes recommendation 
is a particular case of ii) with T' = 60 seconds and B = 10“ ,̂ while the 
SES recommendation refers to ii) with T' = 1 second and B = 10“ .̂

The error free interval defined on equal size blocks of data provides 
a universal measure of performance which can be applied to any transmission 
rate. In general it will be natural to select as the blocks of data those 
commensurate with the protocol used by the system of interest. This will 
undoubtly avoid the problems associated with locking error performance recom­
mendations to a particular rate or time interval. However, given the present 
predilection for, and the widespread use of, EFS as a determinant of the 
quality of a digital transmission system, the level of performance must be 
selected to conform to expectations for the particular block that corresponds 
to one second for the transmission rate of the system.
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One immediate application of these results is the performance 
recommendation at the Primary Rates (1.544 Mbit/s and 2.048 Mbit/s). The 
error free block performance corresponding to an acceptable EFS level of 
the Primary Rates may be different from that selected for 64 kbit/s. The
specific EFS level for the Primary Rates must be based on specific ISDN appli­
cations and customer needs, as well as on practical technical limitations and 
costs of satellite systems. Other parameters can then be derived using the 
appropriate statistical and propagation models. Again the specific additional 
parameters must be selected based on Primary Rate applications. For example, 
customers transmitting video teleconferring signals may desire 10 minute inter­
val specifications.

An immediate consequence of the approach stated above is that the 
knowledge of the BEP of the system allows the calculation of the probability 
of obtaining any given number of errors in any given time interval at any 
given transmission rate. BEP is the parameter that determines the performance 
of the system. This, in turn, provides for a simple way to relate recommendations 
between two different rates. All we need to do is to calculate the value 
of the BEP by using equation (1) with the known values of the parameter at 
one rate, and recalculate the performance objectives at the new rate by means 
of the same equation and the same BEP, with the low rate parameters.

The Poisson statistical distribution, as a limiting case, has provided
illuminating results. However, it is necessary to reexamine this assumption 
by looking at more bursty distributions of errors and study how the results 
chanqe from the ones quoted above. See Annex IV of Report 997 for a treatment of 
the effects of bursty errors on 64 kbit/s ISDN connections.

In Annex I of Report 997 a Poisson distribution formula is presented 
that is used to generate the graphs that apply to the specific case of the 
64 kbit/s rate. The formulae given below are generalized to accommodate any 
transmission rate.

If we denote, by R the transmission rate of the system and by T the 
time interval under consideration, the total number of transmitted bits is 
given by N=RT. The probability of having E errors or less, when transmitting 
these N bits is given by:

P«E) (RT X BEP) - RT x BEP (2)
n=o ; r r “ e

where BEP is the Bit Error Probability of the system and the number 
of errors E=N x BER.

Equation (2) can be transformed into a form more amenable to 
analytical inversion. Calculating the derivative of the sum with respect to 
BEP, and expressing it in terms of the original sum, one can find a differential 
equation that can be easily integrated to obtain:

P«E) = 1 -P(2RT x BEP, 2E+2 ) (3)

* O pwhere P(X ,v) is the cumulative chi-squared (X ) distribution 
function with v degrees of freedom, and it is defined in terms of the 
integral:

1 r  X 2/£ v. -i
p^ ) = — ); j  ** — at (4)
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Since what is needed is the variable BEP as a function of R for a 
fixed value of the cumulative function, one only needs to look at tabulations 
of the percentage points of the x distribution, which are widely available. 
Notice that the transmission rate also appears in the variable E; for a given 
value of R , one can easily obtain v (2E + 2) and read the x^ value from the 
statistical tables without the need for further extrapolation. That is, from 
the value of x̂  the Bit Error Probability is readily obtained.

BEP = x2/*2 R T) '

This method avoids the need for inverse extrapolation techniques and 
for numerically calculating the probability function. It can be used more 
effectively and permits simple generalization to any transmission rate.

For the purpose of evaluating error performance objectives normalized 
to 64 kbit/s on the basis of measurement results obtained at the bit rate of a 
primary digital system or higher order systems, the following method may be 
used:

an error substream corresponding to the 64 kbit/s channel is 
formed by selective demultiplexing from the error stream 
extracted from the signal transmitted over the system;

the 64 kbit/s channel error signal thus obtained is processed in 
accordance with the algorithm given in Annex B to CCITT 
Recommendation G.821.

The error stream selective demultiplexing method can also be used to 
evaluate the performance objectives of various services with bit rates exceeding 
64 kbit/s (e.g. sound broadcasting or television) which are component parts of a 
high bit rate signal.

Error characteristic measurements are also considered in Report 613.

2.2 Burst error events

As mentioned previously, average bit error ratio or probability gives 
a good measure of the long term performance of a digital transmission system and 
forms the basis for system design. The performance as realized by the end user 
can be greatly affected by the distribution of the errors. Systems using 
multiplexed 64 kbit/s channels experiencing "burst errors" may demonstrate 
degraded performance on some channels and acceptable performance on others when 
using octet interleaved multiplexing. Systems using bit interleaved 
multiplexing, will experience equal degradation of all channels. Channels with 
bursty error statistics may also cause problems in end to end signalling.

The systems that are connected to the transmission system may 
also be affected by the statistics of the bit errors. Digital television 
coder/decoders (codecs) that use bandwidth compression techniques to improve the 
efficiency of digital television transmission can exhibit picture degradation 
and loss of codec synchronization due to "bursty" errors. Digital circuit 
multiplication equipment (DCME) can also experience the loss of system 
synchronization due to "bursty" errors. The degree of degradation is of course 
dependent upon the specific equipment architecture which is connected to the 
transmission system. Source coding used at the terminal equipment may improve or 
degrade the sensitivity to "bursty" errors.
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2.3 Loss of frame-synchronization

Loss of synchronization (for example loss of multiplex frame alignment) 
can happen when a long error burst is encountered. The garbled output during 
the re-framing time may not be detected upstream, and performance monitoring 
at the higher bit rate may then not represent the performance at the end- 
user bit rate. System designers should ensure that the frame synchronization 
structure be sufficiently robust to minimize this problem. Any increase in 
margin in the performance recommendation to cover de-synchronization will 
require further study.

3. Synchronous Digital Hierarchy

CCITT Recommendations G. 707,708, and 709 relate to the Synchronous 
Digital Hierarchy (SDH).

One of the major features of this hierarchy is the new bit rates 
which transmission media will have to accomodate. Specifically, the lowest 
transport rate is 155 Mbit/s and so the -implications of this on the design of 
satellite networks need to be considered.

If a satellite transmission network has to support the full 155 Mbit/s 
signal, new transmission equipment will have to be developed and it may also be 
necessary to increase the bandwidth above the typical 72 MHz currently in use.

Alternatives could be developed to interface between the SDH and 
existing transmission rates, as well as a sub 155 Mbit/s rate of appoximately 50 
or 40 Mbit/s. It this case some of the features of the SDH, particularly those 
relating to network monitoring and control, would be lost/reduced.

4. Broadband Integrated Service Digital Network (B-ISDN)

The Broadband Integrated Service Digital Network (B-ISDN) is a network 
concept that is developing from the Narrowband (64 kbit/s) ISDN (N-ISDN) and 
will be a network that will provide broadband services such as large data base 
enquiries, broadcast TV distribution, High definition TV, and video telephone,as 
well as those services currently being provided by the N-ISDN standard. These 
are expected to be implemented in the 1990's and it can be expected that 
connections in the B-ISDN will involve satellite radio connections particularly 
for intercontinental connection.

Transmission bit rate is a primary factor in determining how 
efficiently service such as B-ISDN can be transmitted via satellite.

This section examines existing and planned satellite systems that are 
scheduled for installation in the 1990's, and based on this examination, system
bit rates that would allow efficient satellite transmission are identified.
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4.1 B-ISDN Transmission Rates

CCITT Broadband Task Group (BBTG), at its January 1989 meeting, 
established the Asynchronous Transfer Mode (ATM) as its target mode for 
Broadband ISDN. The broadband chanel rates which must be supported, per CCITT 
Recommendation I. 121, are: H21 (32.768 Mbit/s), H22 (43 - 45 Mbit/s), H4 (132 - 
138.240 Mbit/s). The user-network interface would be at 150 Mbit/s, and 
possibly 600 Mbit/s. ATM can be supported by the Synchronous Digital Hierarchy 
(SDH) described in section 3.

4.1.1 Digital Transmission of Television Signals

Broadband Integrated Services Digital Networks (B-ISDN) are currently 
being defined by the CCITT. One application of B-ISDN will certainly be the 
distribution of television signal. Due to the point-to-multipoint nature of 
communications satellite systems, and the need to distribute television signal 
over wide areas, satellites are uniquely suited to the distribution of digital 
television signal. By careful application of image coding and channel coding 
techniques, where necessary, digital television transmission rate requirements 
can be made compatible with communications satellite transmission capabilities.

4.1.2 Satellite Transmission Rates

As described above, a variety of channel rates have been specified in 
B-ISDN Recommendation 1.121. These rates will however be supported by both the 
existing and new digital hierarchies.

For the existing hierarchy, a common standard exits at 139.264 Mbit/s 
and is in use on a wide variety of transmission systems (eg TAT 8 ).
Multiplexing schemes are specified so that the various rates of both the North 
American and European hierarchies can be accommodated.

For the SDH, the comparable rate is 155.52 Mbit/s.

It seems logical that from the discussion above the transmission rate 
used for B-ISDN would be between 140 to 160 Mbit/s. A rate within this range 
would be compatible with both existing and currently planned communication 
satellites. Satellite transmission at 140 Mbit/s through a 72 MHz transponder 
has already been demonstrated. In order to accommodate transmission rates of up 
to 160 Mbit/s, a coding rate of 8/9, as opposed to the presently tested coding 
rate of 7/9, could be used. This increase in coding rate implies a decrease in 
coding gain and hence the necessity to make up this loss somewhere in the 
satellite transmission path.

4.2 Satellite Capabilities

4.2.1 Satellite Transponders

The transmission capacity of satellite transponders is basically 
charaterized by the available output power and the usable bandwidth. The Table I shows 
the transponder bandwidths and powers to the INTELSAT satellites that are 
already in service or are planned for service in the 1990's. The earth coverage
regions of these transponders are also shown.

Carriers bearing B-ISDN traffic would most likely require full 
transponder bandwidth and, for reasons of efficiency, these carriers would 
operate close to the saturated transponder EIRP. As an example of current 
transmission systems, the INTELSAT TDMA system operates at a transmission rate 
of 120 Mbit/s in a 72 MHz bandwidth transponder at an EIRP of 27 dBW. Tests 
have demonstrated satisfactory performance of a Coded Octal Phase Shift Keyed
(COPSK) system operating at an information rate of 140 Mbit/s and channel rate
of 180 Mbit/s in a 72 MHz bandwidth transponder at an EIRP of 28.5 dBU.
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4.2.2 Use of Spot Beam Antennas

The use of spot beams owing to its high satellite antenna gain will 
enable satellite to handle higher bit rate digital signals in proportion to the
number of beams to cover a certain service area. In Japan, an experimental
multibeam communication satellite, ETS-VI, will be launched in 1993 which covers 
the Japanese main islands by 13 spot beams. At the present, a single beam 
system carries 20 Mbit/s digital signal by using a 4.2m diameter earth station 
antenna, it is possible to transmit as high as 250 Mbit/s digital signal by 
using the same RF facility. Experimental applications of satellite 
communication to the B-ISDN are planned to be carried out using the ETS-VI.

As the rates that seem probable for B-ISDN have been indicated and it
has been shown that both existing and currently planned telecommunications 
satellites are capable of accommodating these transmission rates, satellites 
will be able to form integral parts of B-ISDN connections.

4.3 Asynchronous Transfer Mode

A B-ISDN is a network that can support a wide range of audio, video 
and data applications, such as video telephony, video surveillance, television 
(standard, enhanced and high definition), file transfer, high speed data, etc, 
in addition to the traditional ISDN services. In order to be able to handle
such a wide variety of signals represented by various bit rates, the CCITT has
established the Asynchronous Transfer Mode (ATM) as the target transfer mode 
solution for implementing B-ISDN.

ATM is a packet-oriented switched network in which multiplexed 
information is organized in fixed-size blocks called cells. A cell consists of 
a user information field and a header. The primary role of the header is to 
identify cells belonging to the same virtual channel - i.e. the same
connection. At its June 1989 meeting, CCITT Study Group XVIII established a cell
size of 53 8 -bit bytes (or octets), consisting of an information field of 
48 octets and a header field of 5 octets.

The header contains only the information required to transfer the 
information field through the ATM. The following are some of the functions of 
the header:

Virtual channel identification (VCI), to identify the cells 
belonging to the same virtual channel 
Virtual path identification (VPI)
Access Control Field (ACF)
Priority and congestion control (PR)
Header error control (HEC)
Payload identification (PI), which indicates whether the 
information field contains network or customer data.

The HEC can correct single errors in the header field and can detect
multiple (2 or 3) errors. There is no check of the information bits. As a
result, the primary types of errors are:

detected but corrected errors
detected but uncorrected errors, which could result in erroneous 
addresses and thus loss,
undetected errors, resulting in delivery to the wrong address.
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Information is needed on the acceptability of the various kinds of 
errors, and also of errors in the information fields. Till now most of the 
activity has concentrated upon the structure of the ATM. It is necessary to 
address the question of ATM performance specification, i.e. signal impairment 
levels which correspond to acceptable quality of services. These specifications
may then be related to the contributions, if any, expected from the satellite
portion of any connection.

For example, in the cases of video services, user-perceived criteria
could be:

events affecting 1 or 2 TV lines
events affecting 2 fields,
events affecting multiple fields

These could be affected by individual and burst errors, short 
interruptions, information losses and delay, resulting in cell losses, cell 
transfer delay and information errors.

Cell losses may be due to header error as discussed above and to 
buffer over-flows;

Cell delay may be due to queueing delays in ATM and to propagation;

Information errors may be due to a variety of causes.

The need for standards on these should be further studied in the CCIR 
as paced by decisions in the CCITT.

TABLE I - Equivalent isotropicallv radiated power and usable
bandwidth of existing or planned international communications 
satellites

Satellite
Designation

Usable
Transponder
Bandwidth

Minimum
Transponder

EIRP*

Antenna
Beam
Earth

Coverage

36 MHz 23.5 dBW Global
INTELSAT V 41 MHz 23.5 dBW Global
(currently 72 MHz 29.0,29.0,41.1 dBW Hemi ,Zone,Spot
.in-service) 77 MHz 29.0,29.0,41.1 dBW Hemi,Zone,Spot

241 MHz 41.1 dBW Spot

36 MHz 26.5,28.0 dBW Gobal,Zone
INTELSAT VI 41 MHz 26.5 dBW Global

<( initial launch 72 MHz 31.0,31.0,41.7 dBW Hemi,Zone,Spot
1989) 77 MHz 41.7 dBW Spot

150 MHz 44.7 dBW Spot

36 MHz 26.5,33.0.33.0 dBW Global,Hemi,Zone
INTELSAT VII 41 MHz 29.0 dBW Global
(planned 72 MHz 33.0,33.0,42.0 dBW Hemi,Zone,Spot
launched 1993) 77 MHz 33.0,33.0,42.0 dBW Hemi,Zone,Spot

112 MHz 42.0 dBW Spot

* Saturated EIRP
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5. Interference and sharing constraints

In designing a digital satellite circuit to meet the ISDN performance
objectives in CCITT recommendation G.821, the system designer must include in 
his link budget some allowance for interference. One possible method of 
determining the permissible level of interference received from fixed-satellite 
services and terrestrial services would be to assume the interfering system will 
be accomodated on the basis of Recommendations 523 and 558. However, because of 
the improved performance (relative to recommendation 522) and the unique 
requirements of ISDN digital connections interference should be considered on a 
different basis, especially, systems operating in the 14/11-12 GHz bands.

Studies have shown that 14/11-12 GHz ISDN satellite connections,
operating in moderate rain climatic regions (e.g. CCIR rain climatic zone 'K') 
will be generally limited by the short term performance objective, (BER < 1 x 
10" 3 for 0.03% of any month). In such cases the clear sky operating point may
be much better than 1 x 10" 7 BER long term requirement as stated in
Recommendation 614. Therefore an interference budget similar to Recommendation 
523, based on the 10" 7 performance objective would not be related to the clear 
sky or the degraded operating conditions, nor the availability objectives.

Another consideration in developing an interference criteria for ISDN 
connections is the effect of interference on systems utilizing FEC. Most 
digital systems are utilizing some forms of FEC coding as a means of lowering
the required C/N to achieve a given performance objective. However, by
utilizing FEC a system becomes more sensitive to changes in the C/N. In one 
example it was found a 25% increase in system noise due to interference could 
degrade a systems BER with FEC about 6 times more than a system without FEC.

Figure 1 gives an example of the INTELSAT 2.048 Mbit/s service 
operating at 14/12 GHz in a fading environment. It is assumed that the up link 
is fading in this example and more information can be found in section 4 of CCIR 
Report 710 on the assumptions that are made.

The network is designed with a C/I of 16.7 dB, to meet the CCIR 
proposed allocation of interference noise for 10% of any month. With fading, this 
C/I will be reduced to 10.3 dB which is only 3.6 dB above the C/N required to 
meet CCIR Recommendation 614 for a BER of 1 0~ 3 at 0.2% of the worst month. In 
other words, the effect of this interference has become a significant factor, 
in terms of C/I, at the operating point of 1 0-3 BER.

Figure 1 also shows that the system performance is controlled by the
short term performance requirement at 0.2% of the month. The carrier level was
chosen just to meet this short-term performance, i.e. the unfaded carrier level 
had to be increased to take account of fading due to rain in order to meet the 
0 .2 % point.

The effect of increasing the carrier level could have an impact on 
orbit efficiency. However, if some form of fade compensation, such as up link 
power control, is used the carrier during clear weather can be reduced back to 
its nominal level and thereby not affect the utilization of the orbit. Up link 
power control can also be used to improve the short performance in order to
reduce the total noise as well as the interference noise at the 0 .2% of the
month point. Figure 1 shows how using 4 dB up link power control can improve the 
performance at 1 0 "  ̂BER.

Table II summarizes the amount of up link power control that may be 
needed for a moderate climate. It also shows the difference between a system 
with and without FEC. The system without FEC is not used by INTELSAT and is only
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shown for a comparison. It also shows the sharp roll-off for the FEC performance 
between a BER of 10 and 10'^. A more complicated case, that of two mutually 
interfering systems, both using UPC, requires further study.

These considerations show that existing systems interference criteria, 
when applied to ISDN connections, do not reflect the unique requirements of ISDN 
connections and other approaches may be needed. One approach would be to base 
the interference on a percentage of the system noise, thereby eliminating the 
referencing of interference to any specific BER performance objective or to the 
use or non-use of FEC. Another approach would be to base the interference on 
the additional percentage of time the system can be degraded.

A similar consideration of the interference from terrestrial systems 
is also required.

It is considered that urgent and intensive study is required to 
develop an appropriate interference recommendation for an ISDN Satellite 
connection. This study might also have to take into account the need to 
maintain existing orbital efficiences while still making ISDN connections cost 
effective. Annex I is a possible form of such a Recommendation.
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CCHfe 40446—1.DWG

Percent of any month (%)
FIGURE 1 - 2.048 Mbit/s C/N with fading, region K with FEC at 14/12 GHz

A CCIR INTERFERENCE ALLOWABLE,
(C/I) Rec. 523

^  HDRP PERFORMANCE, (C/N) Rec. 614

* NOTE: EQUIVALENT C/I AND C/N IMPROVEMENT CAN BE ACHIEVED BY
INCREASING THE UNFADED UPLINK POWER BY 4 dB OR OTHER MEANS
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With .FEC W i t h o u t FEC

Fa d i n g  D e p t h  
at 0.2% of the month 
w i t h  r e spect to 
10% of the month

6.4 dB 6.4 dB

D i f f e r e n c e  in C/N 
b e t w e e n  BER 1 0 " 7 & 1 0 ' 3 
in D e m o d u l a t o r *

-3.0 dB -4.6 dB

A d v a n t a g e  due to.operating 
in the n o n - l i n e a r  region 
of power ampli f i e r  at 
s a turat ion

-0.0 dB

I

r O o
1

dB

A m o u n t  of Fade Com p e n s a t i o n  
R e q u i r e d * * 3.4 dB 1.8 dB

As m e a s u r e d  over the entire system

** R e q u i r e d  in order to not impinge on the satellite 
s p a c i n g  set by the long term interference allowance, 
at 10% of the month

6 . Other Applications of Satellite Links in the ISDN

There are various ways to apply satellite links within the ISDN which 
can lead to different system performance objectives. This section gives some 
considerations on the applications of satellite links within the ISDN.

Such applications of satellite links as a part of the ISDN can be 
classified into two basic forms as follows:

(1 ) applied to one or more sections of the digital path in place of 
terrestrial systems;

(2 ) applied to one or more sections of the digital path in parallel with 
terrestrial systems.

Figure 2 shows an example of the first form while Fig. 3 shows an 
^example of the second form.

6 .1 Performance Objectives

6.1.1 Error Performance

When a satellite link is applied to one or more sections of the 
.'digital path in place of terrestrial systems, overall end-to-end error 
■performance requirements can be met if the performance objective of the 
^satellite link equals the sum of the error performance objectives allocated to 
‘the corresponding section of HRX as given in Report 997. Figure 4 shows several 
.examples of error performance objective allotments for a satellite link used in 
;.this way.
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6.1.2 Availability

The unavailability objectives of a satellite HRDP due to equipment and 
propagation are given in Recommendation 579 and would be applicable to satellite 
links used in any of the above situations.

In satellite communication systems using frequency bands above 10 GHz, 
site diversity technology is an effective countermeasure against severe rain 
attenuation. In satellite links which are applied in parallel with terrestrial 
systems, earth stations are not required to process the site diversity function 
because of its dynamic routing capability. If the terminating earth station 
nearest to the destination subscriber encounters heavy rain attenuation, a 
satellite channel is assigned to the unaffected earth station second nearest to 
the destination subscriber.

Local Medium High grade Medium Local
grade grade >. ✓ grade grade
------ O ------------- V ------------- O --------- O -------- C

T LE '  '  L E T
Satel l i te l i nk

( a ) A s a t e l l i t e  l i nk  appl i ed to medium grade and high grade por t i on

Local Medium High grade Medium Local
grade grade \ , grade grade

o  ; j------ V — --------------- o -------- o -------o
T /  x  L E T

Satel l i te l i nk
( b )  A s a t e l l i t e  l i nk  app lied  to  lo c a l  grade, medium grade and high grade p o rtio n  

using user premise earth stations

FIGURE 2 -  Configuration examples of sa te l l i t e  l in k s  app lied  to  one o r se v e ra l se c tio n s  of 
the digi tal  path as substitution for ter res t r ia l  systems

Local Medium High grade Medium Local
grade grade grade grade

O --------- O -------------O --------------------C -----------O ------- — O
T______ L E ________________ |_____________ | L E T

Satel l i te l in k
( a ) A s a t e l l i t e  lin k  anp lied  to  high grade p o r tio n  in  p a r a l le l  w ith 

t e r r e s t r i a l  systems 
Local Medium High grade Medium Local
grade grade grade grade

O -------O --------- O---------------O -------- O -------O
T L E , L E T

Satel l i te l in k
( b ) A s a t e l l i t e  l in k  ap p lied  to  medium grade and high grade p o rtio n  

in  p a ra l le l  w ith t e r r e s t r i a l  systems

FIGURE 3 -  C onfiguration  examples of s a t e l l i t e  l in k s  a p p lied  to  one or se v era l 
sec tio n s  of the d ig i t a l  pa th  in  p a r a l le l  w ith t e r r e s t r i a l  systems
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Local  Medium High g r a de  Medium Local
gr ade  gr ade  \  /  gr ade  gr ade-------- o -------- o -------o-x -T L E  L E  ' T

Satellite link
 ̂ 15% ;_____________ 553  ̂ 15% 153 |

( 1 ) A satellite link applied to medium grade and high grade portion

Local Medium High grade Medium Local
grade grade \  ✓ grade grade

o ------- j---------- | - V ------------c -------- o -------o
/  \  L E T

Satellite link
_̂__________________70S ^ 153 15S j

( 2 ) A s a t e l l i t e  l in k  ap p lied  to  lo c a l  grade, medium grade and high grade 
port ion

FIGURE A -  Exampl es  of e r r o r  pe r f o r ma nc e  o b j e c t i v e  a l l o t m e n t s  f o r  t he HRDP u s i n g  
s a t e l l i t e  l i n k s

6 .2 An example of satellite communication systems applied to parts
of the ISDN with terrestrial systems

In Japan, a satellite transit network with dynamic channel assignment . 
and routing capability has been introduced to the public switched telephone 
network since October 1988. This system combines terrestrial-based circuits 
and satellite circuits.

Figure 5 shows the system configuration and Table mshows major 
parameters of this system. It uses the Japanese domestic communication 
satellite CS-3. The frequency band used in this system is 30/20 GHz band. This 
system consists of a number of traffic earth stations and one control earth 
station. The control earth station transmits and receives call control signals 
to/from terrestrial switches, and selects the destination traffic earth station 
and switch.

In this system, the satellite circuit group can be used commonly in 
units of 64 kbit/s circuit when the terrestrial circuit group is fully occupied. 
This can be realized by demand assigned TDMA techniques.

The earth station has a 4.2 m diameter dual-beam offset type antenna 
with torus-type reflector, and can access two satellites; CS-3a and 3b, 
simultaneously. As multiple transponders are used for many small traffic earth 
stations in this system, it is necessary for each station to access multiple 
transponders to connect with each other. Therefore, transponder hopping 
technology, one of the schemes available to them with a single set of TDMA 
equipment, transmitter and receiver, is effectively applied to the system in 
order to economize on earth station cost.
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FIGURE 5 -

CS : C o m m u n ic a t io n  Satelli te  
ES : Earth S ta t ion  E q u ip m e n t  
TES: Traffic Earth Stat ion 
CES: C en tra l ized  Control  Earth S ta t ion  
SCU: Satel l i te  ch a n n e l  Contro l  Unit 
SXU: Satelli te c o m m u n ic a t io n  t r a n s i t  E x ch an g e  Unit

S y s t e m  c o n f i g u r a t i o n  of trunk t r a n s m i s s i o n  s y s t e m  c o m b i n e d  s a t e l l i t e  s y s t e m s  
and te r r e s t r i a l  sv st ems

IS : Local S w i tc h  
TS : Toll S w i tc h

 : T ra f f ic  c h a n n e l

—  : C o n t r o l  c h a n n e l

TABLE III - Major parameters of satellite trunk transmission svstem

Item Content

Frequency 30/20 GHz bands

Multiple access TDMA

Earth stations Reference stations; 2
Traffic terminals ;30/transponder

Modem QPSK-Coherent demodulation

FEC Rate 1/2 convolutional encoding 
Viterbi decoding (constraint length: 4)

Clock rate 25.024 MHz

Transmission capacity 160ch/transponder (in 64 kbit/s channels)

TDMA-Terrestrial 
network interface

8.192 Mbit/s

Channel assignment Demand assignment

U .I .T .
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7. Conclusions

This report has presented the general system and performance aspects of 
satellite digital transmission, and specifically, for systems carrying ISDN 
traffic operating at rates greater than 64 kbit/s.

Performance considerations have been discussed, noting that bit error 
ratio is still the preferred method of specifying digital system performance in 
the fixed-satellite service. System designers are cautioned to be aware of the 
effects on the performance of an end-to-end connection and end user equipment 
that can be caused by statistically non-random error distributions.

The application of satellites in the developing framework of digital 
transmission by the synchronous digital hierarchy (SDH) and in the broadband 
ISDN (B-ISDN) have also been considered.

Specific attention has been given to the effects of interference on 
ISDN performance, primarily for narrow-band ISDN (N-ISDN). It is anticipated 
that this information will be developed into a Recommendation providing 
guidelines on interference into satellite portions ISDN connections.

Finally, the applications of satellite links, other than those 
specifically covered by the hypothetical reference digital path (HRDP) given in 
CCITT Recommendation G.821, in the ISDN have been considered. It was shown that, 
when satellites are applied to digital sections normally carried by terrestrial 
means, more of the error performance allotment can be apportioned to the 
satellite part of the connection.

It is hoped that this report will serve as the basis for the 
development of new or improved Recommendations on digital transmission in the 
fixed-satellite service.

Some areas that require further study are:

effects of bursty errors on equipment and systems that use 
bandwidth compression techniques;

effects of interference on systems that use UPC;

performance studies on packet-oriented switched networks.
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ANNEX I

Elements for the preparation of a possible New Recommendation 
for consideration during the next Study Period

MAXIMUM PERMISSIBLE LEVELS OF INTERFERENCE IN A 
GEOSTATIONARY-SATELLITE NETWORK FOR A HYPOTHETICAL REFERENCE 
DIGITAL PATH WHEN FORMING PART OF THE INTEGRATED SERVICES 
DIGITAL NETWORK IN THE FIXED-SATELLITE SERVICE CAUSED BY 

OTHER NETWORKS OF THIS SERVICE BELOW 15 GHz

(Study Programme 28C-1/4)

The C C IR ,

C O N S ID E R IN G

(a) that geostationary-satellite networks in the fixed-satellite service operate  in the same frequency bands:

(b) that interference between networks in the fixed-satellite service degrades the e r r o r  p e r f o r m a n c e  
relative to its value in the absence o f  frequency sharing;

(c) tha t it is desirable that the i n t e r f e r e n c e  in networks in the fixed-satellite service caused by transmitters of 
different networks in that service should be such, as to give a reasonable orbit utilization efficiency;

(d) that the overall perform ance o f  a network should essentially be under  the contro l o f  the system designer;

(e) that it is necessary to protect a network in the fixed-satellite service from interference by other such 
networks;

( f )  tha t it is necessary to determine the maximum permissible interfering rad io  frequency pow er in a satellite 
system to establish space station and  earth station characteristics such as required  protection ratios and  minimum 
orbital spacing;

(g) tha t networks in the fixed-satellite service may receive interference bo th  into the space station receiver and 
into the earth station receiver;

(h) tha t  it is desirable that the increase in ----------------------------------  in terference from o ther satellite networks
should be a contro lled  fraction o f  the total n o i s e  t h a t  w o u l d  g i v e  r i s e  t o  a  b i t  e r r o r  r a t i o ,
a s  s e t  o u t  i n  R e c o m m e n d a t i o n  6 1 4 ;

j  ) that the levels o f  interference between geostationary-satell ite networks in the fixed-satellite service below 
10 G H z  are  not expected to exhibit a large variation with time, and under these condit ions it is preferable to 
define the permissible interference limit as a fraction o f  the pre-demodulator noise power, as this allows multiple 
interference entries to be superimposed on each other on the basis o f  RF power add it ion ;

k )  that in frequency bands between 10 and  15 G H z  where very high p ropaga t ion  a ttenuation  may occur for
short periods o f  time, it would generally be desirable for systems to make use o f  ------------------------------------------------
s o m e  f o r m  o f  f a d e  c o m p e n s a t i o n  ---------- to counteract signal fading and  tha t  under  these circumstances
the levels o f  interference from other satellite systems would also not undergo a large variation with time.
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R E C O M M E N D S

1. that networks in the fixed-satellite service operating in the same frequency bands below 15 G H z, and using
geostationary satellites be designed and operated  in such a m anner  that the total interference to a  64  k b i t / s  ISDN 
c o n n e c t i o n  in the fixed-satellite service caused by the earth station and space station transmitters o f  all other 
networks, should conform  provisionally to the following limits:

1.1 in frequency bands in which the network does not practise frequency re-use, the interference power level,
s h o u l d  n o t  e x c e e d ,  f o r  m o r e  t h a n  10% o f  a n y  m o n t h  a s  r e f e r r e d  t o  RECOMMENDS 1 .1
o f  R e c o m m e n d a t i o n  6 1 4 ,  25% o f  t h e  t o t a l  n o i s e  p o w e r  l e v e l  a t  t h e  i n p u t  t o  t h e
d e m o d u l a t o r  w h i c h  w o u l d  g i v e  r i s e  t o  a  b i t  e r r o r  r a t i o  o f  1 i n  1 0 ^ ;

1.2 in frequency bands in which the network practises frequency re-use, the interference power level,

s h o u l d  n o t  e x c e e d ,  f o r  m o r e  t h a n  10% o f  a n y  m o n t h  a s  r e f e r r e d  t o  RECOMMENDS 1 .1  
o f  R e c o m m e n d a t i o n  6 1 4 ,  20% o f  t h e  t o t a l  n o i s e  p o w e r  l e v e l  a t  t h e  i n p u t  t o  t h e
d e m o d u l a t o r  w h i c h  w o u l d  g i v e  r i s e  t o  a  b i t  e r r o r  r a t i o  o f  1 i n  1 0 ^ ;

2. that the m axim um  level o f  interference power in any 64 k b i t / s  ISDN c o n n e c t i o n  caused by the
transmitters o f  ano ther  fixed-satellite network, s h o u l d  n o t  e x c e e d ,  f o r  m o r e  t h a n  1 0 % o f  a n y  m o n t h  
a s  r e f e r r e d  t o  RECOMMENDS 1 .1  o f  R e c o m m e n d a t i o n  6 1 4 ,  6 % o n  a  p r o v i s i o n a l  b a s i s
o f  t h e  t o t a l  n o i s e  p o w e r  l e v e l  a t  t h e  i n p u t  t o  t h e  d e m o d u l a t o r  w h i c h  w o u l d  g i v e  
r i s e  t o  a  b i t  e r r o r  r a t i o  o f  1 i n  1 0 ^ ;

3. that the m aximum level o f  interference noise power caused to that network should be calculated on the 
basis o f  the following values for the receiving earth station an tenna  gain, in a direction at an angle ip (in degrees) 
referred to the main beam direction:

G =  32 — 25 log cp dBi for 1° <  <p <  48°
G =  - 1 0  dBi for 48° <  <p <  180°

except when the actual gain is known and is less than the above value, in which case the actual value should be 
used ;

4. that the following notes should be regarded as part o f  this Recommendation:

Note 1. — For the calculation o f  the limits quoted in §§ 1.1, 1.2 and 2 it should be assumed that the total noise
power at the input to the dem odula to r  is o f  thermal nature.

Note 2. — It is assumed in this R ecomm endation  that the interference from other satellite networks is o f  a 
c o n t i n u o u s  n a t u r e  a t  f r e q u e n c i e s  b e l o w  10 GHz: f u r t h e r  s t u d y  i s  r e q u i r e d  w i t h  
r e s p e c t  t o  c a s e s  w h e r e  i n t e r f e r e n c e  i s  n o t  o f  a  c o n t i n u o u s  n a t u r e  a b o v e  10  GHz.

N o t e  3 :  F o r  e x i s t i n g  n e t w o r k s  u s i n g  8 - b i t  PCM e n c o d e d  t e l e p h o n y ;  s e e  N o t e  3 o f  R e c .  523.

Note 4. — In some cases it may be necessary to limit the single entry interference value to less than the value 
quoted in § 2 above in o rder that the total value recommended in § 1 may not be exceeded. In other cases, 
particularly  in congested arcs o f  the geostationary-satellite orbit,  administrations may agree bilaterally to use 
higher single entry interference values than those quoted in § 2 above, but any interference noise power in excess
o f  the value recommended in § 2 should be disregarded in calculating whether the total value recommended in § 1
is exceeded.

Note 5. — The provisional single-entry value o f  6 % in § 2 has b e e n  p r o v i s i o n a l l y  t a k e n  p e n d i n g  t h e  
results o f  studies to determine the most appropriate value, taking into account the increase in the effective number 
o f  interferences contributing to the aggregate interferers because of the increasing use o f  spot beam antennas at 
space stations. Study of the relationship between the single-entry interference value quoted in § 2 above and the 
aggregate interference values quoted in § 1 is required as a matter o f  urgency.
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Note 6. — There is an urgent need for study o f  the acceptability of an increase in the m axim um  total interference 
noise values recom mended in § 1 and more particularly those given in § 1.2 for satellite networks in which 
frequency re-use is practised.

Note 7. — In segments o f  the geostationary-satellite orbit not likely to be crowded, interference allowances less 
than those recom mended in § 1 above, may be utilized, allowing a corresponding increase in other noise 
con tr ibutions within total acceptable noise limits. However, § 1.1 and 1.2 above should normally be evaluated with 
the assum ption that the total power noise level present is that which produces the specified bit error ratio under 
unfaded conditions of the received signal.

Note 8. — Although this R ecom m endation has ------------------------------ upper  frequency limit o f  15 GHz, in the
frequency range from 10 to 15 G H z  short term propagation data are not available uniformly throughout the world 
and there is a continuing need to examine such data to confirm the appropriateness  o f  the interference noise 
allowances.

Note 9. — There is a need for urgent study to be given to the interference noise allowances appropria te  to 
systems operating  at frequencies above 15 GHz.

N ote 10. — The interference power levels indicated in § 1 and 2 above apply only 
to the transmission of digital services (see CCIR Recommendation 614 and CCITT 
Recommendation G.821). Further study by CCIR Study Group 4 is required regarding 
the performance objectives appropriate to the transmission of digital services 
other than 64 kb/s digital transmission forming part of a ISDN connection, as 
information on the performance requirements of such services becomes available 
to the CCIR.
Mote 11 - The principles of this Recommendation may also be applied to satellite networks providing long-term 
performance objectives different from those in Recommendation 61t. This is a subject of further'study.
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REPORT 1 1 34

DIGITAL SATELLITE DEDICATED NETWORKS 

(Study Programme 29C/4)

( 1 9 9 0 )

1. Introduction

Satellite communication systems are characterized by their flexibility 
to provide various network configurations such as, distribution and multi-access, 
as well as direct network access using relatively small earth stations. Based 
on these features, Digital Satellite Dedicated Networks (DSDN) are established 
to offer a class of digital services to dedicated user points, by , 
allocating a specific portion of the satellite capacity.

Often the term "business" is associated with the definition of these 
networks because most applications are for business purpose. Nevertheless 
Dedicated Networks may be established either in a standardized manner which may 
or may not be compatible with the public switched network and the ISDN, or in ‘a 
non standardized manner which is usually not interconnected with the public 
switched network and is designed to meet specific customer requirements.

2. User requirements

For networks not interconnected with the public switched network, user 
requirements may vary widely in speed, message length, traffic variation, delay 
tolerance, etc. These requirements are restricted by cost and 
network hardware/software constraints. *

3. Network topology

Basic network topology is categorized into the following:

point-to-point

point-to-multipoint

multipoint-to-point

multipoint-to-multipoint

The implementation of these topologies can be achieved by various 
network architectures (e.g. direct link, star network, mesh network).
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4 . Link and network management schemes

Link control schemes closely relate to multiple access schemes.
Multiple access schemes are primarily categorized into pre-assignment, demand 
assignment, random access and so on.

Network management schemes must be determined based on the throughput 
and delay characteristics of the multiple access schemes and the constraints 
imposed by the services offered.

5. User/network interface

For the non standardized networks, user/network interfaces for digital 
satellite communication systems for establishing dedicated networks, and 
direct-to-user's circuits, must be determined from the economical and technical 
standpoint based on the following factors:

adaptability to satellite link characteristics such as delay, 
quality and availability

compatibility with general use terminals

- efficient utilization of satellite resources, such as spectrum and
orbit, allocated to the fixed-satellite service.

6 . System performance objectives

There may be different quality performance requirements in dedicated 
satellite networks depending on the application.

6 .1 Error performance objectives

The types of Digital Satellite Dedicated Networks cover a wide 
variety of applications which are characterized by different error performance 
requirements and design objectives often related to the type of services carried 
in these Networks.

Annex I gives examples of existing systems and illustrates how broad 
the range of applications can be. This can be observed by comparing the 
following three categories of networks which can all be defined as DSDN:

Standardized SCPC connections via INTELSAT IBS or EUTELSAT SMS.

Independent TDMA networks, as the Japanese SDCS system or the French 
TELECOM 1, which offer well structured forms of digital access for business 
users.

Non-standardized connections on INTELSAT IBS or EUTELSAT SMS, such as VSAT based 
networks, designed Co meet specific service requirements or users' 
requests.

Reference error performance objectives are specified in some 
cases, such as the "open network" applications in the INTELSAT IBS or 
the EUTELSAT SMS systems (see sections 3.2 and 4.0 of Annex I) which 
offer two well defined "grades of service", but often the error
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performance objectives are fixed by the end user on a case by case basis. It 
can be observed from the examples in Annex I that "closed network" 
applications for unidirectional transmission of press or financial data (e.g. 
distribution of news photographs, texts, stock exchange data) usually require a 
much higher error performance quality than the standard quality of the "open 
network", and that closed network applications for bidirectional services in 
VSAT based networks (using TDM outbound from hub ter VSATs, and TDMA inbound from 
VSATs to hub) are often designed to objectives slightly more stringent than 
those of open network applications.

It is therefore rather difficult to provide forms of unified 
description or guidelines for the error performance requirements of digital 
satellite networks in dedicated applications.

There are however two cases of possible utilization of these networks 
which may be better characterized from the error performance viewpoint if 
further studies are performed.

These are given in the following subsections.

6.1.1 Interconnection of satellite dedicated networks with the ISDN

Digital Satellite Dedicated Networks can provide interconnection 
between points external to the ISDN and the point of access to the ISDN. In this 
case,the satellite path forms part of the subscriber terminations which ard 
external to the ISDN HRX -according to the definition given in CCITT 
Recommendation G.821. The quality of service experienced by the end users may 
be affected by the error performance and availability objectives of these links, 
thus end user requirements should be given due consideration in link design.

6.1.2 Digital satellite dedicated networks providing ISDN equivalent
performance

There could be a requirement for the establishement of Dedicated 
Networks offering end-to-end performance equivalent to the ISDN, namely the 
overall G.821 error performance objectives.

Such networks, fully external and independent from the ISDN, could' 
interconnect terminals designed for the ISDN and provide services of ISDN type 
to a closed group of users before the switched network is ready.

The overall link between the terminal equipments would be represented 
by a Hypothetical Connection (See Fig. 1) comprising one satellite portion and15- 
terrestrial tails at both ends.,

In this case the apportionment of the overall objectives to the 
satellite path would depend on the length and the performance of the terrestrial 
tails. As an example, Figure 2 presents three ways of making the apportionment.

Figure 2c represents the worst case condition for the satellite portion 
in an ISDN-based business system. Nevertheless, this apportionment is a 
relaxation of the objectives set for a satellite link in the public ISDN.

Figure 3 illustrates this relaxation by comparing BEP model b from 
Report 997 with two BEP models (1 and 2) which are examples based on the 
apportionment of Figure 2c [CCIR, 1986-90]. Using the method described in Report 
997, these BEP models can be translated to the corresponding G.821 parameters - 
see Table I. It is worth noting that, although these calculations are based on a 
Poisson distribution of errors, the SES (Severely Errored Seconds) calculation 
results in a significant margin when compared with the G.821 based objective and 
this margin offers protection against the effects of error bursts.
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EFS (%) DM (%) SES (%)

Model 1 97,70 4,53 0,03
Model 2 96,78 4,88 0,005

possible allowance 
(G.821)

> 96 < 5 < 0.06

G.821 error performance

« ------- M — 1------------------------------- > - < ----- ►
terrestrial , ...... , . . terrestrial-_ ., satellite link _ .,tail tail

TE : Terminal Equipment

FIGURE 1 - Hypothetical connection includine a satellite link
which offers ISDN equivalent quality (e.g. end-to-end 
error performance objectives of Rec. G.821)
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99.2%* 93.6% EFS* 99.2%*
te p-i” — ,--------------- a --------------- t * * — □ TE

1 0% **  I 80% **  I 1 0 Z **

satellite link
a) earth station at the subscribers premises

98.8%* 99.2%* 94.8% EFS* 99.2%*
j EFS ,--------------- » --------------- — d t e

15%** 10%** 65%** 10%**

b) one "remote" subscriber

2°/. *1 99 2% 3C,0?. EFS 93,1°/.
€FS EFS . FFS EFS

1 i z P ----------------- *■_  isy.** -to v. v ~  4sy*
1 ^  So% LE t

c) two "remote" subsribers

T : reference point 
TE: terminal equipment 
LE: local exchange
* Percentage of time
** Percentage of End-to-End (Recommendation G.821) HRX performance

FIGURE 2 - Examples of apportionment of the Rec. G.821 error
performance objectives in a point-to-point connection 
including a satellite business system"
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4tamp117
0,2

Percentage of the Worst Month Total Time
FIGURE 3

BEP performance models for DSDN which meet
CCITT Recommendation G.821
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6 .2 Availability

A business satellite network is a communications system where one 
customer's premises is directly connected to another customer's premises with 
dedicated facilities. These networks are alternatives to using the switched 
network and are generally constructed, or entered into, for economic reasons i.e. 
communication via a business satellite network is less expensive than 
communications via the switched network. Since these systems are being utilized 
by businesses, the period of heaviest use is during the business day and 24 hour 
a day availability may not be absolutely necessary.

~From a practical viewpoint, most business satellite networks are being 
implemented at 14/11 GHz Band rather than 6/4 GHz Band with relatively small and 
therefore inexpensive antennas. Propagation conditions at these higher frequencies 
are generally more difficult than they are at 6/4 GHz Band. In the light of these 
facts, it is logical to expect that the availability of a business satellite network 
may be less than that of a switched network connection and thus a relaxed availability 
objective may be appropriate for business satellite networks.

The service is considered available if a given BER is not exceeded.
The customer fixes a percentage of time for availability and does not care what
happens during the remainder of the time.

The way business customers put requests to service providers is often 
different from what CCIR definitions and methods would suggest. For instance in 
certain cases only interruptions exceeding given durations (e.g. 2 hours, or 
10 min) are considered unacceptable. These aspects are strictly related to the 
nature of each service and require further investigation.

It should be noted that some customers lease capacity on business
satellite networks in order to overcome service availability problems associated
with the public switched network (especially during "busy hour" periods). These 
customers are not generally prepared to relax their requirements and indeed may 
require a higher level of service availability than that which applies to links 
in the public network.

7. Earth stations

Implementation of economical earth stations is essential to expand the 
satellite communication applications. Optimization for earth station parameters, 
frequency bands and applied technologies such as modulation, coding and multiple 
access protocols must be achieved under the interference constraints to other 
satellite and terrestrial systems. The likely use of very small aperture 
terminals in the earth segment with poor side-lobe gain, may require careful 
analysis of the interference environment and appropriate provisions for 
coordination purposes.

References 

CCIR Documents

[1986-90]: 4/362 (Federal Republic of Germany)
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AMEX I

Examples of existing systems used in dedicated network applications

1. The Japanese SDCS system

The Satellite Digital Communication Service (SDCS), one of the new 
application services designed expressly for high-speed digital transmission, has 
been brought into commercial service using CS-2 and CS-3, Japan's communications 
satellites, in early 1985. The SDCS system is referred to as an example of 
digital satellite communication systems.

The SDCS system configuration is shown in Figure 4 and the major 
system parameters in Table II. a SDCS satellite channel is connected with 
digital terrestrial circuits which form access circuits. Data bit rates offered 
to subscribers range from 64 to 6144 kbit/s. Signals from each subscriber are 
conveyed to the SLT (Subscriber Line Terminal) by radio-subscriber lines or by 
metallic or optical fibre cables at speeds of 1544 or 6312 kbit/s. These signals 
are then multiplexed into 2048 or 8192 kbit/s signals and sent to the TDMA 
equipment.

Figure 5 shows the SDCS channel assignment scheme called the 
Multi-Access Closed Network (MAC-Net). The MAC-Net has three principal

The satellite channel is allocated to each user group using 
pre-assignment mode.

The "S" bit in service information channel controls signal 
transmission, differing from the conventional pre-assignment 
channel allocation scheme. No satellite channel signals (bursts) 
are transmitted if the "S" bit is OFF. That is the TDMA equipment 
transmits subscriber signals only when the "S" bit is ON.

No burst collision control for bursts in the pre-assigned channel 
is provided by the network.

The frame at the user/network interface consists of four components: 
information channel, signalling channel D, frame alignment signal F and service 
information channel with four indicators of DNR, UNR, S and SEND. The indicators 
of DNR, UNR, S and SEND indicate: circuit failures, unassigned satellite 
circuit, transmit demand and failures at DTE, or DSU to DTE, respectively.

It is easy to communicate in the following three ways using the
MAC-Net:

a) point-to-point,

b) multipoint-to-point, and

c) half-duplex, in which transmitting points change alternately.

Regarding the application, there are circuit switched services and 
multi-point TV conference as well as pre-assignment (PA) services in which users 
directly control the "S" bit.

features:

1 )

2)

3)
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TABLE II 
Major system parameters

Frequency band
1

30/20 GHz

Multiple access TDMA

Modem QPSK coherent demodulation

FEC R—1/2 Convolutional encoding

Viterbi decoder

Clock 24.556 MHz

Transmission capacity 320 ch/transponder

No. of stations per 
transponder

Reference stations - 2 

Traffic stations - 50

Bearer rate 64, 192, 384, 768, 1536, 
6144 kbit/s
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cs 3

User/Network 
interface point

t

Subscriber radio system

.TA DSU— (J

— rS
Ts nL — MT A

L-J
Optical fiber or Metallic cable

Telephone Itelephon
office office
Relay Relay
station station

DIE

Subscriber radio system
 ̂ r— -i DIF

  î-jcsu|-[ [.R4\
Cptical fiber or Metallic cable

Access circuit (High-speed Satellite circuit Access circuit (High-speed
digital transmission systen (multi-access, uni-directional) digital transnission system,

bi-directionnal)
FIGURE 4

bi-directionnal)

SDCS circuit configuration

DSU: Digital Subscriber Unit 
TA: Terminal Adaptor 
DIE: Digital terminal Equipment 
SLT: Subscriber Line Terminal

FIGURE 5

Multi-Access Closed Network (MAC-Net) configuration
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2 . The French business system TELECOM 1

A fully digital system using the French TELECOM 1 satellites and 
specially designed for multi-service corporate communications is in operation 
in France and Europe.

This system enables business, industrial, governmental, etc. 
organizations or companies to establish direct multi-purpose data links between 
their various premises. All types of data link, either bidirectional 
(symmetrical or unsymmetrical duplex) or unidirectional (with multi-user 
broadcast capability) are possible, ranging from low or medium bit rate 
(2.4 kbit/s to 64 kbit/s) to high bit rate (up to 2 Mbit/s) data transmission.

The system is entirely based on TDMA/DA transmission at 25 Mbit/s 
between a number of traffic stations forming the nodes of a mesh network. 
Synchronization and dynamic demand assignment (DA) management are carried out 
by a central station.

The Earth segment comprises of the central station located at Mulhouse 
(eastern France) and the traffic stations. In 1987, about 60 traffic stations 
were in operation, mainly in France but also in Danemark, Germany (FRG) , 
the Netherlands, the United Kingdom and Ireland.

The unattended traffic stations are composed of:

an outdoor radio, sub-system comprising a 3.5 m non-tracking 
antenna (including the LNA) and shelter-contained 
telecommunication equipment.

an indoor TDMA terminal comprising the modem, the common logical 
units and the interface modules.

The main system characteristics are summarized in Table III.

The TDMA terminal interfaces are provided at 2 Mbit/s, through the TDMA 
interface modules (TIM).

They are three types of TIM:

2 Mbit/s unstructured TIM used to transmit a data stream 
transparently at 2 Mbit/s.

2 Mbit/s framed or superframed TIM used to transmit voice 
channels, or data channels, at 64 kbit/s or 32 kbit/s (or 
combinations thereof) on a reserved basis (with subscriber line 
signalling transparency) or, on a call-to-call basis.

TIM-X 50: this type of TIM is used to transmit data from 2400,
4800, 9600 bit/s terminals in the TDMA frame.

Furthermore, a TIM/T1 at 1.5 Mbit/s is also available.

For more detailed system information, see CCIR Handbook on Satellite 
Communications - FSS (Second Edition, Geneva, 1988) § 5.6 .3.3, "A typical 
example of a medium bit rate terminal: Telecom 1 .
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TABLE III

Main characteristics of the French business svstem (TELECOM 11

Frequency bands down-link: 12.5 - 12.75 GHz 
up-link: 14 - 14.25 GHz

Multiple access TDMA

Frame duration 20 ms

Modem Phase modulation (2/4 PSK) with differential 
demodulation and differential encoding

Bit rate 24.576 Mbit/s

Number of transponders 6 transponders accessible through 
frequency hopping at receive side

User data bit rate 2.4, 4.8, 9.6 kbit/s 
32, 64 kbit/s 
n x 64 kbit/s
2 Mbit/s 91.5 Mbit/s optional)
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INTELSAT Business Services (IBS) Network
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INTELSAT Business Services (IBS) digital carriers utilize a Quadrature 
Phase-Shift-Keying (QPSK) modulation with Frequency Division Multiple Access 
(FDMA) technique. The service is designed for communication between INTELSAT 
Standard A, B, C, E and F earth stations and facilitates the use of national 
gateway, urban gateway, and customer-premise types of earth stations, but is not 
intended to be used for public switched telephony.

3.1 Grades of services (Basic and Super)

Two grades of service are offered: Basic and Super. Basic IBS is 
designed to maximize channel capacity in both 6/A GHz and 14/11 GHz Band 
transponders. As an option, Super IBS is offered to provide an availability at 
14/11 GHz Band equivalent to 6/4 GHz Band through an increase in uplink 
e.i.r.p. Super IBS has been designed to meet the requirements of CCIR 
Recommendation 614 and therefore offer ISDN equivalent quality. AQ comparison 
of Basic and Super IBS is shown below.

Comparison of Basic and Super IBS

Performance
Objective

6/4 GHz Band Uplinks 
(6/4 & 6/11-12 GHz)

14/11 GHz Band Uplinks 
(14/11-12 & 14/4 GHz)

Units

Service Basic Basic Super*

Unavailability 0.04 1 . 0 % 0.04* % per year

Minimum Clear 
Sky BER

O t 00 1 0 ’ 8

CO1O

Threshold BER 1 0 -3 (O1O 1 0 -3

System Margin 3.0 2.5 7.0 dB

3.2 Categories of svstem usage (closed and open networks)

There are two general categories of system usage for IBS: a closed 
network and an open network. Regardless of the category of IBS usage, the earth 
station antenna and RF characteristics are the same.

a) The closed network is intended to provide freedom to the user in selecting 
the digital system required for his particular needs. The performance 
characteristics for this type of service do not require specifications 
related to interconnection with other users and can be defined in terms of 
‘RF transmission characteristics. In general, the only mandatory 
requirements are those needed to ensure that one user's emissions will not 
interfere with others.

b) An open network requires a certain degree of common terminal features to be 
defined in order for one user's network to interface with another. Carrier 
parameters, e.i.r.p.'s and other requirements which are necessary to ensure 
the compatibility of equipment are thus mandatory.

* Basic IBS provides a BER of 10” 6 for 99% of the time; at 14/11 GHz Band
Super IBS provides a BER of 10" 6 for significantly greater than 99% of the 
;tlme.
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3.2.1 Closed network characteristics

Example transmission parameters for Rate 3/4 FEC are shown for closed 
network operation in Table IV. Although these types of FEC are common in the 
closed network, their use is not mandatory, no coding may be used in some 
circumstances. A wide range of bit rates is possible in addition to the 
examples shown.

3.2.2 Open network characteristics

Example Transmission Parameters

Example transmission parameters for open network operation are shown 
in Table V . A wide range of other bit rates are also possible.

Bit Error Rate Performance

In IF back-to-back mode, with FEC and data scrambling, the channel 
unit is required to meet the performance requirements given below. The effects 
of any carrier slips must be included.

BER better than Eb/N0 (dB)

1 0" 3 4.2
io-A 4.7
1 0 " 6 6 . 1
io-® 7.2

The Eb/N0 is referred to the modulated carrier power. The data rate 
equals the information rate plus overhead.

Forward Error Correction

Rate 1/2 convolutional encoding with Viterbi decoding is used by all 
carriers in the IBS Open Network. The constraint length of the coding is seven. 
The soft decision Viterbi (maximum likelihood) decoder must use adequate 
quantization to achieve the required BER performance.

Because of the fairly common use of Rate 3/4 FEC in the Closed 
Network, a particular coding process is recommended by INTELSAT which permits 
easy switching between Rates 1/2 and 3/4, if desired.

Scrambler

A 15-stage synchronous data scrambler of generator polynomial 1 + X'1A 
+ X~ 15 is employed to ensure adequate energy dispersal in accordance with 
Recommendation 358.

Satellite Link Encryption

The use of satellite link encryption is optional, and the encryption 
method and algorithm are subject to bilateral agreement.
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TABLE - Example IBS reference transmission parameters for
rate 3/4 FEC*
(Closed network, 10% overhead)

Information
Rate

(bit/s)

Transmission
Rate

(bit/s)

Occupied
Bandwidth

Unit
(Hertz)

Allocated 
Bandwidth 
Unit 
(Hertz)

C/T 
(dB(W/K))

C/N0 
(dB(W/Hz))

1 0 " 8 1 0 " 8

64 k 94 k 56 k 67.5 k -171.0 57.6

1.544 M 2.3 M 1.38 M 1.643 M -157.1 71.5

2.048 M 3.0 M 1.80 M 2.138 M -155.9 72.7

8.448 M 12.4 M 7.44 M 8.708 M -149.8 78.8

* Depending upon the actual transponder and link conditions, INTELSAT may
establish the clear sky setting of the link at a C/N better than or equal 
to 10.1 dB in order to ensure adequate margins. The C/T and C/N0 
values for 10" 3 and 10" 6 are 3.5 dB and 1.1 dB less than those shown for 
1 0 " 8 respectively.

Reference Unit = An integer multiple of the smallest carrier size 
(94 kbit/s x n) where n = 1 to 132. Example reference units are shown in 
this Table. In the case of 1.544 Mbit/s and 6.312 Mbit/s, which are not 
integer multiples, allocated bandwidth based on n = 25 and 99 respectively 
will be assigned.



TA B L E  V  - IBS o p e n  n e t w o r k  t r a n s m i s s i o n  p a r a m e t e r s *  
(O pe n n e t w o r k ,  1/15 ( a b o u t  6. 7 % )  o v e r h e a d )

I n f o r m a t i o n
R a t e

(k bi t/ s )

D a t a  R a te  
I n c I u d  i ng 
O v e r h e a d  
( k b i t / s )

T r a n s m i s s i o n
Ra t e

( k b i t / s )

Oc cu pi ed 
Ba nd wi dth 

Unit 
(H er tz)

A I I o c a t e d  
B a n d w i d t h  

U ni t  
( H er tz )

No. of 22.5 
kHz Sl o t s  
for A l l o c a t e d  
B a n d w i d t h

C/T 
(dB(W/K))

C / N 0 
(dB(W/Hz))

j 1 0 ' 8 1 0 ' 8

64 68.3 137

COCO 1 1 2 . 5 k 5 j -172.5 56.1
1 5 4 4  1 16 38 .4 32 77 1 .97 M 2 .3 1 8 M 103 j -158 .7 69 .9

2048 21 8 4 . 5 4 3 6 9 2 . 62  M 3 . 0 8 2  M I • 137 j -157.5 71 .2
1

______  1
I

„ 1  J
I

. 1
1
1 _ .1 __ J

D e p e n d i n g  u p on  the a c t u a l  t r a n s p o n d e r  and link c o n d i t i o n s ,  I N T E L S A T  ma y  e s t a b l i s h  the cl ea r sky s e t t i n g  of the link at
C/N b e t t e r  th an  or eq ua l to 6 . 8  dB in o r d e r  to e n s u r e  a d e q u a t e  m a r g i n s .  The C/T and C/No values for 1 0 ~ 3  and 1 0 ” 6
are 3.0 dB and 1.1 dB less t h a n  th o s e  s h o w n  for 10'®.

NOTES :
- ft1. The a s s u m e d  d a t a  r a te  ( i n c l u d i n g  o v e r h e a d )  E ^ / N q is 7.6 dB for a BER of 10 .

2. T r a n s m i s s i o n  R a te  = ( I n f o r m a t i o n  R a te  pl us  1/15 o v e r h e a d )  x 2.
3. The b a n d w i d t h  a l l o c a t e d  to the c a r r i e r  in the s a t e l l i t e  t r a n s p o n d e r  is a mu It i pie of 22.5 kHz.
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4. EUTELSAT Satellite Multiservice Svstem (SMS)

The EUTELSAT Single Channel Per Carrier (SCPC) Satellite Multiservice 
System (SMS) offer fully digital service for business and other applications 
using capacity on the EUTELSAT I satellites. The "open network" configuration 
offers standardized forms of access and error performance levels.

The customer bit rates can range from 2.4 kbit/s to 2048 kbit/s, while 
carrier information rates are of 64 kbit/s and multiples thereof up to 
2048 kbit/s.

Two grades of service are offered: standard grade with a BER lower 
than 10" 6 for 99% of the time and high grade giving Recommendation 614 quality.

Three types of earth stations are standardized with antenna diameters 
of 5.0 to 5.4 m, 3.7 and 2.4 m respectively. The main parameters and 
characteristics of the EUTELSAT SMS earth stations are provided in Table 5.XXX 
of Appendix 5-1, Chapter 5 of the CCIR Handbook on Satellite Communications 
FSS (Geneva 1988, Second Edition).

The SMS transponder can also be used for other network architectures 
tailored to customer requirements referred to as "closed networks". Table VI 
gives a list of existing SMS closed network applications, with the relevant BER 
and percentages of time used as design criteria. Figure 6 gives the 
representative points of all the various performance objectives on logarithmic 
coordinates of BER versus percentage of time. All percentages of the time have 
been expressed in terms of the worst month, by using the conversion formula from 
annual to worst month statistic given in Report 564.

For illustrative purpose the representative points are grouped into 
four classes which correspond to different service requirements. In particular 
class A comprises closed network applications for data distribution (news 
photographs, texts, stock exchange data etc.) and for computer to computer 
interconnection, while class B comprises closed network applications for bi­
directional services in VSAT based networks, e.g. using TDM outbound •(from hub 
to VSATs) and TDMA inbound (from VSATs to hub), as well as data collection and 
some data distribution applications.
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TABLE VI - Design objectives for non standard applications 
(closed networks') in the EUTELSAT SMS system. 
BER not to be exceeded for more than a given 
percentage of time

Type of network
Bit rate 
(kbit/s) BER

% of time 
y = year 

wm = worst month

Distribution, star point 
to multipoint, uni­
directional (financial 
data)

128
BPSK

io-9 90 y

Unidirectional, star 
(distribution of news 
text + photo)

19.2
BPSK

io-7 99.9 y

Unidirection, point to
multipoint
(stock exchange data
distribution)

64
BPSK

io-7 99.9 y

Unidirectional, point 
to multipoint (stock ex­
change data distribution)

19.2
BPSK

io-7 99.9 y

Point-to-point bi­
directional 
(computer inter­
connection)

64
QPSK

. io:6 99.0 wm

Bidirectional, star

(Registration and 
delivery of documents)

9.6
BPSK
64

QPSK

io-6 

io-6

99 y 

99.3 y

Interactive TDM 
(outbound)
TDMA (inbound)

512 
BPSK, TDM 

64
BPSK, TDMA

io-6 99 y

Bidirectional star 
(computer to terminals)

64
QPSK

1 0" 6 99 y

Unidirectional star point 
to multipoint (distri­
bution of documents)

64
QPSK

io-6 99 y

Interactive partly 
meshed (civil air 
traffic control)

9.6
BPSK

1 0" 6 99.5 y
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TABLE VI (cont'd)

Type of network
Bit rate 
(kbit/s) BER

% of time 
y = year 

wm = worst month

Interactive TDM/TDMA 
star
- collection of 

environmental data
- emergency 
communications

2048 
QPSK-SCPC 

512 TDM-64 TDMA 
BPSK

io-6 99.5 y

Interactive star TDM/ 
TDMA
(Terminal to central 
computer connection)

256
TDM-BPSK

56
TDMA-BPSK

1 0 " 6 99 y

Fully meshed TDMA 
(voice, data, video­
conference)

1544
QPSK

1 0 " 6 99.5 y

Interactive star TDM/ 
TDMA
(on trial)

512
BPSK-TDM

128
BPSK-TDMA

1 0 " 7 99 y

Unidirectional point to 
multipoint spread spec­
trum (Data distribution)

19.2
(2.4576 Mchip/s) 
BPSK SP. SP.

io-7 99 y

Unidirectional Point to 
multipoint
-(distribution of news) 
-(stock exch. data, 

reduced quality)

19.2
(2.4576 Mchip/s) 

BPSK SP. SP.
1 0 " 7 
io-7

99.9 y 
99 y

Unidirectional point to
multipoint
(experimental)

19.2
(2.4576 Mchip/s) 
BPSK SP. SP.

1 0 " 7 99 y

Interactive star TDM/ 
TDMA

256
BPSK-TDM

64
BPSK-TDMA

io-7 

io-7

99 y 

99.9 y

Unidirectional point to 
multipoint broadcast 
star (radio sound 
distribution)

1920
QPSK

io-6 99 y
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Percentage of the worst month

FIGURE 6 - Error performance objectives for
digital satellite dedicated networks 
in the EUTELSAT SMS svstem. The points 
given in the figure are used as design 
objectives for different applications

A: Very high quality closed network

B: High quality closed network

C: High grade open network

D: Standard grade open network
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R E P O R T  451-3

FACTORS AFFECTING THE SYSTEM  DESIGN AND THE SELECTION  
OF FREQUENCIES FOR INTER-SATELLITE LINKS 

OF THE FIXED-SATELLITE SERVICE

(Question 3 1 / 4 )

(1970-1974-1978-1982)

1. General

The use o f  radiocommunication links between space stations in the fixed-satellite service is a means of 
interconnecting space networks. It is an alternative to employing multiple earth station antenna systems or 
multiple-hop circuits. Several experiments using this technique have been successfully conducted.

In recognition o f  the potential usefulness o f  inter-satellite links, the 1971 W ARC-ST defined the inter-satel­
lite service. The WARC-79 allocated to this service frequencies above 22 GHz.

This Report considers, in b road  terms, some o f  the concepts involved in the development o f inter-satellite 
links and  the technical requirements o f  inter-satellite link operation.

Although the use o f  laser beams between spacecraft may be possible, their extremely narrow beamwidths 
and  o ther limitations tend thus far to favour the use o f  millimetre wave or other radio links, and only the 
frequency range o f  3 G H z  to 300 G H z  is considered in this Report.

2. Advantages and disadvantages of inter-satellite links

There are at least four broad benefits provided by inter-satellite connections, viz:

— a reduction in the number o f  earth stations a n d /o r  associated antennas needed;
— better circuit utilization o f  available capacity on paths between Earth and space may be obtained;
— the provision o f  extensive (global) connectivity for earth stations accessing satellites through spot beams;
— increased flexibility o f  network arrangements.

In order to illustrate these points consider the extreme hypothetical example o f  a system containing, for 
every earth station, a satellite fully dedicated to connecting with only one earth station (a “tethered” satellite). 
Circuit connections between earth stations in the system would be made through inter-satellite communication 
links in the orbital arc. In effect each satellite would be a very long extension o f  its associated earth station.

In this extreme example o f  tethered satellites, any inefficiencies in actual capacity utilization of available 
power and  bandwidth due to:

— circuit grouping,
— connection constraints,
— switching,
— multiplex, etc.,
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are removed from the earth-space links to the geostationary arc. Within the geostationary arc and  removed from 
the terrestrial links, the greatly increased available spectrum at submillimetre or optical wavelengths would be 
more tolerant o f inefficiencies in utilization generated by real system circuit connection constraints.

Furthermore, since there would be only one earth station for each satellite, the satellite an tenna coverage 
requirement would be minimized. Conceptually, this allows using a very narrow  beam earth oriented satellite 
an tenna  providing good off-axis rejection o f  received up-link interference signals from other earth stations, and 
minimizes generation o f  down-link interference to other earth stations. With a reduced level o f  interference flux 
density generated by low antenna sidelobes, closer inter-satellite spacings could be allowed. Also, with only one 
bothway connection to an earth station, additional capacity increases beyond that provided by narrow an tenna 
beams would be obtained from the single carrier per transponder mode o f  operation (i.e., reduced intermodulation 
and little o r no transponder back-off).

Such a system conceptually would allow maximization of the space to earth spectrum efficiency. With the 
greater spectrum availability at the higher frequencies for the inter-satellite links, it is reasonable to expect that 
orbital capacity would still be dominated  by the capacity achieved on the earth space links even in their most 
advantageous configuration. Consequently, the idealized model described, would appear  to offer an upper limit to 
achievable geostationary orbital capacity. Less advanced systems using inter-satellite links to connect satellites, 
each o f  which serves several earth stations, would give the benefits listed above to a lesser degree.

However, C C IT T  Recommendation G.114 specifies a limit o f  400 ms as an acceptable telephone channel 
signal propagation time. The signal delay in a link using a single geostationary satellite and including an 
allowance for the delay in the terrestrial end connections is generally about 290 ms. Hence the permissible signal 
delay in a telephone channel on an intersatellite link should not exceed a figure o f  the order o f  110 ms. The 
separation angle between the two geostationary satellites is defined by the formula:

t ' C0 ^ 2  arc s i n --------------
2 (R e + H)

where

t : permissible signal delay in a telephone channel on the satellite-to-satellite section,

C : speed o f  radiowave propagation,

R e : Earth’s radius,

H  : height o f  satellite above Earth’s surface.

To meet C C IT T  Recommendation G.114, the separation angle between two geostationary satellites in an 
inter-satellite link for telephony should not exceed a figure o f  the order o f  50°.

In the near term, with the object o f  economically augmenting existing capacity with minimum impact on 
existing systems, consideration must be given to more limited concepts o f  inter-satellite link facilities. Typically, 
such links might provide only limited inter-satellite circuit capacity. Then near-term systems would probably have 
the following characteristics:

— relatively short inter-satellite spacing,
— limited capacity,
— few systems in service,
— minimum impact on existing spacecraft technology: structure, poin ting /orien ta tion , and R F components.

3. Inter-satellite link design considerations

The elements which must be taken into account in the design of an inter-satellite link are the following:

— geocentric satellite spacing tp (degrees):
— frequency f  (MHz);
— antenna diameter D (metres) o f equivalent circular aperture of about 55% efficiency;
— receiving system noise temperature T  (K);
— available RF power p (watts);
— required bandwidth b (Hz).
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Based on these parameters,  the performance o f  an inter-satellite link may be expressed in terms o f  its 
predetection carr ier/noise  ratio which can be approximated by the equation:

C /N  =  3.72 pD7 * f 2 - IQ" 18 (1)
q? kT b

where k  =  1.38 x 10 -23 J / K  is Boltzmann’s constant.  This equation holds for small orbital separations. For 
<p >  1 0 °, the term <p2 should be replaced by the term 1.31 x 104 x sin2 ( tp/2 ).

In equation (1), the receiving system noise tem perature  is a function o f  frequency. Noise temperatures of 
about 1000 K are typical for frequencies around 6 G Hz, and  the following frequency dependence is postulated:

T { f)  =  31.6 ( / / 6 ) ,/2 K (2 )

In a real system design the parameters C /N  and  tp are usually system constraints; the former determined 
by the required system performance, the latter by inter-satellite interference considerations. It is of interest to 
establish the relationship between power requirements and antenna size in inter-satellite links.

Figure 1 shows relative available power per unit bandwidth ( p / b ) as a function o f  frequency with an tenna 
diam eter as a parameter, in dB against an arbitrary reference and for fixed values o f  <p and C /N .  Also shown in 
Fig. 1 are the beamwidths o f inter-satellite link antennas for the various com binations o f  D and f  Increasing the 
an tenna  diameter on inter-satellite links reduces power requirements in an inverse 4th power relationship. As 
an tenna  size increases, beamwidth decreases and mutual pointing requirements between the two satellites become 
increasingly more stringent.

Bands allocated to the 
inter-satelllte service

00 = 1°

Frequency (GHz)

FIGURE 1 — Relative power per unit bandwidth required for an inter-satellite link as a function o f  
frequency fo r  various antenna diameters: no pointing or tracking losses

D: A ntenna Diameter 
8q : Half-Power Beamwidth
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For example, with 20 watts o f  available power, at a satellite spacing o f  3 degrees, a 100 MHz wide 
inter-satellite link at 54 G H z  with a postulated carrier/noise  ratio o f 30 dB would require antennas o f  0.68 metre 
diameter. The beamwidth o f  such an tennas is about 0.56°, and pointing accuracies o f  about 1/10 o f  that, or about
0.06°, would be required to utilize the full antenna gain. The carr ier/noise  ratio o f  30 dB has been assumed on the 
basis that the inter-satellite link noise should not significantly affect total performance.

Hence, the use o f  reasonably sized antennas to minimize power at 54 G H z  or beyond  is likely to require 
mutual tracking between satellites with the present state o f  the art in spacecraft att itude stabilization and  orbital 
element matching. Tracking and beam steering technology is well developed up  to optical frequencies.

Nevertheless, to minimize spacecraft complexity and improve reliability it is attractive to consider, e.g., for 
IN T EL SA T  applications, inter-satellite links which can be maintained without m utual tracking.

4. Non-tracking inter-satellite links

When considering inter-satellite links the antennas o f  which do not track each other, two additional system 
constraints need to be taken into consideration:

— allowable signal level variation on the inter-satellite link, A C (dB ) ;
— an tenna  pointing error due to relative attitude tolerances o f  the spacecraft, 5 (degrees).

Typical in-plane and  plane-norm al pointing error budgets for nom inally  geostationary spacecraft are 
derived in Annex I. Within the state o f  the art net error angles between 0.5° an d  1° can be realized.

The main lobe gain degradation due to pointing offset, g (Q )/g o, for a  simple feed an tenna may be
approxim ated  by:

s  (0)/^o 3510_ 12 (0/0o)

where 0  is the angle o ff  boresight (in degrees) and 0 O the half-power beam w idth  (in degrees) which, in turn, is 
related to the aperture diameter D by:

0 O =  • 104 d eg rees  (4 )

where,

/  =  MHz
D =  metres.

Considering tha t the pointing uncertainty involves a boresight e rro r  o f  0 =  8  and  that two antennas are 
involved, each o f  which may go through gain variations between g 0 and  g(0), o ne  may combine equations (3) 
abd (4) to obtain:

20 log ( g /g o )  =  A C  *  5.24 ( 5 / D )2 10" 8 dB  (5)

Combining equations (1) and  (2), solving the new expression for m in im um  required power spectral 
density p /b ,  and inserting equation (5) as an additional attenuation due to poin t ing  errors, one obtains, in dB 
notation:

10 log ( p / b )  =  P0 =  C /N  +  20 log <p — 15 lo g /  — 40 log D +

+  5.24 (8f D ) 2 10- 8 -  43.2 d B (W /H z)  (6 )

Plots o f  P0 versus /  for 5 =  0.5° and 8  =  1° and  antenna diameters o f  0.25, 0.5,. 1 and  2 metres (Fig. 2) 
show that minimum power requirements may be realized at frequencies below 54 G Hz, the lowest frequency 
presently allocated to the inter-satellite service. Figure 2 uses an arbitrary reference for P0 and  considers C /N  and 
(p to be system constants. How close to the optimum (i.e., minimum P0) frequency an inter-satellite link can be
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operated  depends on the signal level tolerance A C  one is willing to accept. Limits for A C  =  1 dB and 2 dB are 
shown in Fig. 2. The effective optimum frequency is that at which the P0 and A C  curves intersect. Absolute 
m in im um  power requirements are realized for A C  o f  about 3.4 dB; hence, there is no advantage to be gained by 
allowing a greater level variation than about 3 dB.

6 = 1°

Frequency (GHz)

FIGURE 2 — Relative power requirements in a non-tracking inter-satellite link as a function offrequency 
with antenna diameter (D), net pointing error (8) and allowable level variation (AC) as parameters

  6 =  1°

 8 = 0.5°

These considerations indicate that for an tenna sizes greater than 0.25 metres the optimum frequencies for 
non-tracking inter-satellite links between closely spaced satellites may lie below 54 G Hz, the larger antenna sizes 
favouring the lower frequencies.

5. Frequency re-use among inter-satellite links with tracking antennas

Annex II to this Report presents the results and  conclusions of an analysis, based on certain assumptions, 
o f  the degree to which inter-satellite links between geostationary satellites can re-use the same frequencies.

6. Choice of frequencies for inter-satellite links

Two distinct categories o f  use can be envisaged for inter-satellite links operating  between geostationary 
comm unication satellites:

(a) Links between satellites separated quite widely in the geostationary satellite orbit (e.g. 60°) to extend the
geographical coverage o f  a system without relaying at an earth station.

(b) Links between satellites relatively close together (e.g. 3° to 5° orbit spacing) and  having virtually the same
coverage area, but serving different communit ies o f  earth stations.

The optimum technical parameters for these two types o f  link, which would normally be quite different,
are considered below.
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6.1 Long inter-satellite links

. In category (a) links, a high path loss will exist between the satellites, com parab le  with the path loss from 
a geostationary satellite to the Earth, and to keep the link transmitter power to a practicable value it would be 
necessary to use high gain transmitting and  receiving antennas. For a maximum an tenn a  d iam eter of, say, 1.2 m
governed by satellite launch vehicle shroud dimensions, this high gain would call for operation  at as high a
frequency as possible, typically in excess o f  20 GHz, and preferably in the inter-satellite band  already allocated at 
54.25 to 58.2 GHz. If station-keeping errors and orbital inclination are kept to small, but currently achievable
values, variations in the direction from one satellite to the other will be quite small at the wide separation
distances involved in these systems, allowing the use o f  narrow beam antennas even in the absence o f  an tenna 
tracking facilities.

6.2 Short inter-satellite links

For the short-hop type o f  link described in category (b) the relative proximity o f  the satellites results in 
large angular variations in the link path for quite small values o f orbital inclination. For example, the maximum 
angular variation in a link between satellites spaced 4° apart and each having orbit inclination tolerances 
o f  ±  0 .1° will be:

0.2
2 arc tan —  -  5.7 

4

This assumes a “ worst-case” situation where the latitudinal excursions o f  the two satellites are in complete  
antiphase. This condition would normally be avoided by suitable choice o f  orbital param eters and, as shown in 
Annex I, it should be possible to reduce the angular variation to ±  1°. If  an tenna  tracking were available, high 
gain antennas could be used for short-hop inter-satellite links. However, an tenna  tracking would involve rather 
sophisticated satellite devices, probably not currently achievable in a reliable, low-mass form. It is therefore 
necessary to use an tennas with beamwidths equal, in the example quoted above, to 2 .0 ° plus an  allowance of 
perhaps 0.15° for satellite att itude errors.

These results and  Fig. 2, indicate that non-tracking antennas one metre in d iam eter would be best served 
by frequencies of the order o f  10 GHz. If the angular variation could be reduced to a fraction o f  one degree by an 
an tenna  tracking system, the optim um  would be raised to somewhere in the region o f  20 to 30 GHz. The tracking 
problem could be relieved to some degree by the use o f  smaller antennas, but the transmitter  power requirement 
would be substantially increased.

Because o f  interference considerations it would not be possible to use fixed-satellite space-to-Earth or 
Earth-to-space bands for space-to-space links. However since link transmission paths will be directed well away 
from the Earth, there may be no problem in sharing with terrestrial services, and  this point is examined in 
Report 387.

6.3 Device technology

Today the 11/14 and 20 /30  G H z  technology is well-developed for space stations. It would be very 
desirable for this space-proved hardware or similar equipment to be made usable for inter-satellite links. 
Frequencies above 50 G H z  may be too high for early implementation.

6.4 Interference and  co-ordination problems

The following substantial problems have been identified:

— The inter-satellite service will need full duplex capability. Pairs o f bands o f  equal width separated by a gap in 
frequency, will therefore be necessary.

— The inter-satellite bands should be separated in frequency from the up and the down link bands. It is 
advisable to have gaps between any two o f  these bands to minimize the interference problems. An 
inter-satellite frequency is used on one satellite for transmission and  on another for reception. With up or 
down path frequencies very close to an inter-satellite frequency it would be possible to get very large level 
differences between a transmitter and  a receiver adjacent in frequency. This leads to very severe isolation 
requirements on board the satellite, so severe, in fact, that it would be necessary to leave part o f  the bands 
unused to create a gap between the transmitting and the receiving frequencies.

— In general the inter-satellite frequency bands should not be shared with other bands used by satellites. 
However, they can be shared with bands used for some terrestrial services. See Report 791.
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— The beams of all inter-satellite links would be aimed in the plane o f  the geostationary satellite orbit and the
angular  separation between the beams of inter-satellite links belonging to different systems may be no greater
th a n ' t h e  angular spacing between adjacent satellites. In order to achieve frequency re-use o f  the spectrum
allocated for inter-satellite links it will be necessary to design for very narrow beamwidths, low side-Iobe
levels and highly accurate antenna pointing capability in respect of inter-satellite link applications. It is also
clear that there is a need to devise techniques and criteria for the co-ordination o f  frequencies assigned to
inter-satellite links.

7. Conclusion

From the preceding discussion, it is reasonable to expect increasing interest in inter-satellite links. Some of 
the m ajor  technical issues identified as requiring further study are:

— design and specification of inter-satellite link transmission parameters, technology and design;
— inter-orbital trunking arrangements and switching concepts/technology;
— impact on spacecraft mechanical design requirements.

A possible dem and can be foreseen for “short-hop” inter-satellite links to provide interconnection facilities 
between communication-satelli te networks, and the optimum frequency o f  operation is found to be substantially 
below the lowest frequency allocated for the inter-satellite service, and preferably between 15 and 35 GHz.
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A N N E X  I

G E O M E T R Y  A N D  P O IN T IN G  ER R O R S FOR N O N -T R A C K IN G  

A N T E N N A S  IN AN  IN TE R -SA TE LL IT E  LIN K

The inter-satellite link antennas on each space station are assumed to be fixed to a de-spun platform and 
are initially aligned so that each space station is in the centre of the other space station antenna 's  beam pattern 
under nominal synchronous orbit conditions. The pointing errors caused by deviations from nominal conditions 
are separated into their in-plane and out-of-plane components in Tables I and II. The total error is the root o f  the 
sum o f  squares (RSS) o f  the two com ponent classes and affects each satellite independently.

TABLE I —  In-p lane poin ting  errors

Error source E rror m agnitude

I. Long-term  variation
Antenna thermal distortion - 0 .0 2 °
In-track position error ± 0 .0 5 °
Cross-track position e r ro r :

Nominal longitude separa tion :

2° ± 0 .4 7 °
3° ±  0.31
4° ± 0 .2 3 °*
5° ± 0 .1 9 °

2. Bias ± 0 .2 0 °
3. Short-term  variation

Despun platform  pointing ± 0 .2 5 °
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TABLE II —  O ut-of-p lane poin ting  errors

Error source E rror m agnitude

1. Long-term  variation

A ntenna therm al distortion ± 0 .0 4 °

A ttitude uncertainty ± 0 .0 1 °

A ttitude precession with respect to  orbit norm al < 0 .1 0 °

Out-of-plane position e r ro r :

Nominal longitude separation :

2° ± 0 .3 1 °

3° ± 0 .2 1 °

4° ± 0 .1 5 °

5° ± 0 .1 2 °
2. Bias

M echanical alignm ent ± 0 .2 0 °
3. Short-term  variation

Spin wobble and nutation ± 0 .0 6 °

The angular pointing errors contr ibuted by orbital motion are a function o f  the nominal longitude 
separation between satellites. The in-plane position error comprises an in-track error, caused by departures from 
nominal longitude separation, and a cross-track error caused by one or both satellites not being at their nominal 
altitude. The out-of-plane error arises from motion not taking place in the same plane. These errors are assumed 
to exist due to tolerances allowed in the orbital elements and not from statistical uncertainty in the individual 
satellite positions.

The in-track position error makes a relatively small contribution to the angu la r  pointing error since it is 
equal to half  the allowable error in satellite separation. A tolerance o f  ± 0 . 1 °  in the satellite separation can be 
maintained at a small additional expenditure o f  p ropellant beyond that required for norm al east-west station- 
keeping, if great care is taken. The tolerance is also large enough to allow flexible scheduling of individual 
manoeuvres.

The cross-track error arises because neither satellite can be maintained in a perfectly circular orbit without 
daily velocity corrections. Thus the altitude o f  each satellite will undergo a 24-hour variation about a mean value. 
The mean altitude o f  each satellite will be nearly the same as a consequence o f  the east-west motion being nearly 
in phase, but the individual variations will, in general, have different amplitudes and  phase.

The capability exists to control the amplitudes o f  the individual altitude variations, o r  alternatively, to 
control their phase, such that the cross-track position error never exceeds several kilometres.  To do so, however, 
would require additional velocity corrections in the presence of in-plane velocity coupling from north-south 
manoeuvres, and would require close co-ordination o f  the normal east-west manoeuvres performed on the two 
satellites. Without in troducing these additional complexities, it is estimated that the position error can be 
maintained within 12  km.

The out-of-plane pointing error arises if the two satellites do not move in exactly the same plane. It is 
estimated that the position error can be maintained within 8 km, which corresponds to an angle o f  approximately
0.01° between the individual orbit planes. This error reflects the expected uncertainty in the velocity corrections 
obtained during the individual north-south station-keeping manoeuvres performed on each satellite.

Each north-south station-keeping manoeuvre will alter the inertial orientation o f  each orbit plane by 0.2°. 
In order to keep the relative orientation nearly the same, the individual manoeuvres must be closely co-ordinated. 
For a longitude separation o f  3° between satellites, the manoeuvres must be performed within 12 minutes o f  each 
other (equal to 4 minutes for each degree o f  longitude separation).
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Pointing error

The various elements in the pointing error budget have been reduced to a single effective value by the 
following rule:

— All in-plane, long-term contributions are summed algebraically to give a single value. Likewise all cross-plane, 
long-term contr ibutions.

— The in-plane and  cross-plane long-term errors are added on an RSS basis to give a single long-term error 
value. Since the two contributors are equal and  assumed to be uncorrelated, the long-term RSS error is 
circular.

— The in-plane, short-term contributions are summed algebraically. Likewise the cross-plane, short-term contri­
butions.

— The in-plane and  cross-plane contributions and the RSS long-term error are summed on an RSS basis to give 
the total pointing error.

— Since each term o f  the total sum is individually a low probabili ty, nominally 3a, value, the total pointing 
error is likewise a low probabili ty , nominally 3a, value.

When the above rule is applied to the error budgets given above, the total error at various satellite-to-satel- 
lite spacings is found to be as given in Table III. These are the pointing errors that have been used to estimate 
transmission performance o f  the link.

TABLE III —  Pointing error versus satellite spacing

Spacing Effective pointing error

2° 1.01°

3° 0.833°

4° 0.739°

5° 0.693°

The total effective error is assumed to be circular, although this is not precisely true. The computational 
convenience of making the assumption outweighs the small error involved.

A N N E X  II

F R E Q U E N C Y  R E -U SE  A M O N G  G E O ST A T IO N A R Y  IN T E R -S A T E L L IT E  

L IN K S  U S IN G  T R A C K IN G  A N T E N N A S

1. Introduction

The major eventual development o f  the inter-satellite service will require the use o f  mutually tracking 
communications antennas on board  different linked space stations.

Stipulating widespread use o f  inter-satellite links between geostationary satellites, the questions arise as to 
how m a n y  such links could share the same frequencies and what factors affect the frequency re-use potential in 
the inter-satellite service.

2. Link definition

A geostationary inter-satellite link is characterized by two geostationary space stations at geocentric 
angular spacing 0 , with each space station having a high gain transmit and receive antenna (which may be the 
same antenna) point their main beams at the other space station. Pointing is maintained through tracking with 
negligible tracking error. East-west and west-east transmit frequency bands are assumed to be different but 
sufficiently close to each other so that antenna gains and path losses may be assumed to be the same for both, 
( | / i  — ./; | < / ) ■  The performance requirement { C / N )  in both directions is assumed to be the same, as is the 
required protection ratio (wanted-to-unwanted carrier ratio ( C / / ) )  against interference from emissions of other 
inter-satellite links.



Rep. 451-3 85

The an tenna patterns for both transmit and receive antennas are assumed to be identical and  are 
characterized by the pattern equation:

g i f )  =  6750 (p0 1 + 1  —
dPo

whichever is 
the greater (7)

g&) = o.i

where 2 <p0 is the half-power beamwidth o f  the transmit and receive an tenna and q is the angle o ff  the main beam 
axis (discrimination angle).

3. Interference between identical short inter-satellite links

We consider first the simple case o f  identical (homogeneous) short inter-satellite links. Two such links can
be arranged in four different ways as shown in Fig. 3 which also identifies the various possible interference paths.

3.1 Counter-directional frequency assignments

When considering two inter-satellite links, their frequencies may be assigned to be pair-wise counter-direc­
tional (Figs. 3 a) and  b)). For such configurations it can be shown by detailed analysis that their spacing in terms 
o f  the geocentric angle 0 ' between the two “left” satellites of either link may be quite small; for appropriate  
assumptions regarding orbit eccentricity, and  isolation o f  the order of 30 dB, it is generally less than 1° o f  arc. It 
can also be shown that, under the assumptions, a space station may originate an eastward and a westward link on 
the same frequencies.

Ai
a) Frequencies counter-directional; 

links separated in the orbit.
c) Frequencies co-directional; 

links separated.

B 2
b) Frequencies counter-directional; 

links interleaved.
d) Frequencies co-directional; 

links interleaved.

FIGURE 3 — Interference geometries between inter-satellite links

(Angles marked are antenna discrimination angles. 
Interference paths are shown in broken lines.)

When arranging more tha tf  two inter-satellite links with counter-directional frequency assignments along 
the orbit, every other link will, necessarily, have co-directional frequency assignments.
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3.2 Co-directional frequency assignm ents

These correspond to the arrangement illustrated in Figs. 3 c) and  d). When more than two links are so 
arranged it can be shown that the link separation angle 0 ' is a function o f  the link “ length” 0 , of  the inter-satellite 
link antenna beamwidth 2tp0, o f  the necessary isolation C /7 ,  and o f  the maximum radial deviation A h  o f  the 
space stations from the normal orbit alt itude (a function o f  orbit eccentricity and  the maximum east-west drift rate 
between station-keeping manoeuvres). Representative currently achievable values for A h  vary between 15 
and  1 0 0  km.

Detailed analysis shows that there is minimum link “ length” 0 which allows such links to be “ interleaved” : 
see Fig. 3d). Further,  the greater link length 0, the more identical inter-satellite links may originate within any 
given link’s occupied arc. Figure 4 shows the interleaving “cu t-o ff ’ link length, and the number of interleaved 
links n which may originate within a link arc.

Inter-satellite link “ length” , 6 (degrees)

FIGURE 4 — Num ber o f  interleaved links n per link “length” 6 as a function  o f  link ‘‘length’ 
f o r  various combinations o f  (p0, A h  and C /I

A: tp0 = 0.25°; 
B: <p0 = 0.25°; 
C : <p0 = 0.25°; 
D: <p0 = 0.125° 
E: <p0 = 0.5°;

A h  = 
A h  = 
A h  = 

\A h  = 
A h  =

40 km 
15 km 

100 km 
40 km 
40 km

A ': as A, but with C /I  = 25 dB

Non-interleaved co-directional links can be established end-to-end but require some non-zero spacing 
between adjacent satellites except for very small link lengths for which, with decreasing link length, this spacing 
must be increased.
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4. Orbit utilization by short identical links

Figure 5 shows the relationship between the num ber o f  links which can be accom m odated  along the entire 
geostationary orbit (right-hand ordinate) and link length, for various param eter assumptions. The left-hand 
ordinate  shows relative frequency re-use density (orbit utilization) against an  arbitrary reference. The curve 
sections to the left o f  the major vertical “steps” reflect non-interleaved links, those to the right increasingly greater 
link interleaving. The actual curves would be in the form o f  steps indicating the link-by-link addition, as shown 
for one example; for all other cases only the step envelopes are shown.

Inter-satellite link “ length” 9 (degrees)

FIGURE 5 — M axim um  relative frequency re-use density (orbit utilization) 
fo r  identical inter-satellite links as a function  o f  link  "length ” 0, 

fo r  various combinations o f  (p0 and  A/i

A: <p0 = 0.25°; 
B: <p0 = 0.25°; 
C: <p0 = 0.25°; 
D: <p0 = 0.125° 
E: <p0 = 0.5°;

A/i = 40 km 
A/i = 15 km 
A/i = 100 km 
A/i = 40 km 
A/i = 40 km
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5. Non-identical inter-satellite links

It can be shown that, to an existing array o f  short links, additional sets o f  links can be added as shown in 
Fig. 6 . This is achieved by making the links o f  the additional sets long enough to realize the necessary isolation 
against those of the original link set. Each additional link set will increase orbit utilization by that o f  the original 
“ short” link set, until link lengths are reached which would start to intercept the Earth (around 160° of arc).

FIGURE 6 — Geometry fo r  the interleaving o f  two link sets 
with link “lengths" 0 and  0 "

6 . Conclusions

A preliminary investigation o f  the geostationary frequency re-use potential o f  the inter-satellite service 
leads to the following tentative conclusions:

— The frequency re-use potential for geostationary inter-satellite links is high and  may allow on the order o f 
several hundred inter-satellite links to be accom modated  within acceptable interference bounds.

— M ajor factors which affect the frequency re-use potential are the an tenna  side-lobe discrimination and the
orbit ellipticity. It is found that high side-lobe discrimination (narrow an ten na  beams a n d /o r  steep side-lobe
decay exponents) improve the re-use potential and  that low orbit ellipticities (highly circular orbits), also 
improve the re-use potential.

— Specifically it was found that very short inter-satellite links with co-directional frequency assignments such as 
might be o f  particular interest to early users o f  the inter-satellite service canno t  overlap. The smallest length 
o f  similar inter-satellite links for which overlapping is possible, depends on an tenna  discrimination and on 
orbit ellipticity; the higher the former and  the lower the latter, the smaller is the link length for which 
overlapping is possible.

— The use of several inter-satellite link sets o f  sufficiently different link length allows frequency re-use to be
increased to a multiple o f  that achievable with a single set o f  short identical links.

No consideration was given to the problem o f  frequency re-use o f  inter-satellite links connecting space
stations in a “cluster” (i.e., contained within an earth station’s main beam). Frequency re-use within and between 
cluster links remains the subject o f  further study.
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SECTION 4B2: PERFORMANCE AND AVAILABILITY

REPORT 208-7

FORM OF THE HYPOTHETICAL REFERENCE CIRCUIT AND ALLOWABLE 
NOISE STANDARDS FOR FREQUENCY-DIVISION MULTIPLEX TELEPHONY 

AND TELEVISION IN THE FIXED-SATELLITE SERVICE

(Question 27/4)
(1963-1966-1970-1974-1978-1982-1986-1 990)

1. Form of the hypothetical reference circuit'

The concept of the hypothetical reference citcuit (HRC) has been used 
by the CCITT in developing the requirements for making international connections 
for telephony and television and has been typically associated with terrestrial 
systems. This topic is discussed in Recommendation G.222 of the CCITT along
with the associated standards of noise performance. The HRC applicable Lo LLe
fixed-satellite service (FSS) is given in Recommendation 352 which includes provisions 
for the possibility of the use of diversity at the higher frequency bands 
where rain attenuation is a factor in the performance.

The HRC is applicable to all types of analogue transmissions and generally 
comprises a single, geostationary orbit satellite link although a satellite-to-satellite 
link can be used.

With respect to television, the definition and characteristics of reference chains comprising one or more 
hypothetical reference circuits and corresponding to different services, have been studied by the CMTT and are 
reflected in Recommendations 354 and 567.

2. Allowable noise standards

2.1 General considerations

Allowable noise standards in the HRC for the FSS should be commensurate 
with those adopted for other long haul systems; the principles established by 
the Joint CCITT/CCIR Special Study Group CMBD on circuit noise for telephony, and 
by the CMTT for long distance television transmission are relevant.

The noise standards for international connections for analogue telephony 
services are established by the CCITT taking into account the need to provide 
a minimum quality for the longest connections considered reasonable and, from this 
minimum quality for the end-to-end connection, an allowance for each portion 
of the circuit can be determined.
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The current status of this work is the specifications that exist for the 
basic HRC which applies to terrestrial systems, the length being 2500 km and the 
total noise allowance being 10,000 pWOp including the multiplex. This specification 
was made in 1963 and it seemed appropriate at the time to consider the satellite 
link as the equivalent of a single HRC with a proviso that multiplex noise was 
excluded. This latter provision accounts for the fact that only a single 
multiplexing operation is a normal part of a satellite link.

Four such international connections were deemed to make up the longest 
connections, hence it was implicit that this part of a connection could 
have a total noise of 40,000 pWOp. Additionally, the local part of the circuit could 
be considered to add another 10,000 pWOp for an end-to-end total of 50,000 pWOp 
or -43 dBmOp. This level of noise has generally been accepted as the level where user 
difficulties begin to be of concern even though noise of twice this level is 
found to be acceptable by as many as half the users [Bell Telephone Laboratories, 1971]

The specifications of 1963 were made in consideration of the 
possibility of the use of low altitude satellite systems with the particular 
characteristics of' that type of system and also took into account the fact that 
there were many unknowns associated with the new technology. The current state 
of development of international telephony practice and the role which satellite 
systems using the geostationary-satellite orbit play in providing telephony 
services, leads to the conclusion that the concept of the satellite HRC and the
noise allocations need to be up-dated.

It is also necessary to take account of the existence of the new 
recommendations on circuit availability which did not exist in 1963. This too will 
serve to up-date recommendations on analogue systems.

2.2 Allowable noise in the HRC: frequency-division multiplex telephony

2.2.1 Factors influencing the allowable noise

The total noise of a typical HRC of 10,000 pWOp for terrestrial links 
is translated into a distance dependent factor of 3 pWOp/km, after making an 
allowance of 2500 pWOp for the multiplex and the specified length of 2500. km. The 
total of 4 such HRC's providing an international connection of 10,000 km was 
probably reasonable in 1963, however, such a length is not consistent with 
present practice. For example, the ISDN hypothetical reference connection is 
27,500 km and ISDN performance is based on that concept. At the same time, the practice 
of system designers of terrestrial systems has long been to use an objective 
of 1 pWOp/km instead of 3 pWOp/km. This objective allows for twice as many 
HRCs in a connection without exceeding the 40,000 pWOp limit for the long 
haul portion of the connection. This assumes that the multiplex contribution 
is maintained at 2500 pWOp for each HRC. The effect is to increase the length
of a connection which meets the overall requirement to be over 20,000 km
which is more representative of modern communications.

The use of satellites, with their distance independent performance, 
and their ability to provide connections of as much as 17,000 km with a single 
link makes it clear that such links having the noise level corresponding to a 
single HRC will procide for improved end-to-end performance in many cases.

During the time when satellite systems were severely power limited, 
a relaxation of the noise levels could have been translated into economic terms 
and great savings could have been made. However, this situation no longer exists, 
although power is still a factor, the overall benefit is much smaller than it 
would have been. Also, the satellite HRC has a short term noise limit that would 
also have to be adjusted so that margins would be still reasonable. This is quite 
feasible to do for the 6/4 GHz bands where the actual margin requirements are small 
(of the order of 3 dB or less). For this case then, the current short term 
allowance of 50,000 pWOp for 0.3% of the month is easily met as would be 
the 0.1% of the month specified in Recommendation G.222.
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For the 14/11 GHz bands this is not the case and the short term value 
will be affected depending upon the margin used. For example, on a link designed 
to a long term value of 10,000 pWOp with 10 dB of margin, the short term 
noise could reach a level of 100,000 pWOp, which while still a usable circuit 
for many users, exceeds the current limits. The CCITT itself preferred this 
value for the short term allowance in 1963 but thought it would be too 
difficult to measure, and therefore adopted the 50,000 pWOp number.

The subject of increased noise is also discussed in Annex I from a
slightly different point of view, however, the same general conclusions are reached.

2.2.2 The concept of satellite equivalent distance

For the purposes of ISDN, the distance independence of satellite links 
was recognized by the use of a satellite equivalent distance to permit the use 
of the same performance degradation/km applied to other transmission systems. In 
the long distance, high quality portion of the HRX for ISDN, half of the 
noise allocation was assigned to satellite HRDP's which can be translated to an 
equivalent distance of 12,500 km. Although application of this concept to the 
analogue case could result in an increased allocation of noise for a satellite HRC 
without violating the overall end-to-end performance of connections made using 
a satellite link, there are many situations using a satellite link where better 
performance is desirable.

2.2.3 Propagation availability

Recommendation 579 covers the subject of availability of the HRC and 
includes all outages which persist for longer than 10 seconds. In particular, 
propagation fades which are the major source of degradation to satellite circuits, 
have been studied to establish a relationship between fading level and the duration. 
For the fade levels which are typical for satellite system designs, a value 
of 0.1 has been determined to be appropriate for the ratio of available to 
unavailable time for propagation fades. This factor has more impact at the 
higher frequencies and Report 552 contains the results of analysis which 
includes this concept.

2.2.4 Use of syllabic compandors

The use of syllabic compandors has been largely confined to up-grading 
poor quality circuits on older cable systems where the economics rule out 
replacement of the system. Such compandors give a subjective improvement in a 
voice channel which can be as much as 18 dB, but suffer from various stability 
problems which ruled against their widespread use. The latter have been solved 
by digital implementation and in recent years they have been increasingly used 
on satellite circuits where the economics would not permit circuits without 
them.

The use of syllabic compandors on satellite circuits can improve the 
utilization of either or both, power and bandwidth. They have been shown to 
provide 10-12 dB of improvement in voice channel quality for speech-like 
signals [G.G. Szarvas & H.G. Suyderhoud, 1981]. However, the use of syllabic 
compandors on circuits where the signals are constant, such as data circuits, 
will not realize any improvement and care must be taken to ensure that the 
available satellite link signal-to-noise ratio is adequate for the data 
signals.

There has been increased usage in recent years with none of the 
problems of the early days and for many cases, syllabic compandors are a valid 
solution to providing circuits which meet the requirements of 
Recommendation G.222 of the CCITT.
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2.3 A llow able noise in the h yp o th e tica l re ference circuit: te levision

The majority of international television connections are likely to contain only one satellite link, although 
two such links will be needed for the longest worid-wide connections. Under these conditions, an entirely 
adequate performance for the continuous random noise at the end of the hypothetical reference circuit would be 
one which provisionally equals that for the terrestrial 2500 km hypothetical reference circuit — the precise values 
depending on the television standards involved (see Recommendation 567).

3. Video bandwidth in the hypothetical reference circuit

The following points have been taken into account in preparing Recommendation 354 on the nominal 
upper limit of the video-frequency band in a fixed-satellite system for television:

-  the video bandwidth should be adequate for acceptable transmission of television signals up to and including 
625-line standards:

-  the need, for economic reasons, to provide a video bandwidth no wider than is strictly necessary;
-  the desirability that the width of the baseband for television should be compatible with that for high-capacitv 

frequencv-division multiplex telephony.

Taking these factors into account, it is recommended that the video bandwidth in the hypothetical 
reference circuit for television should be compatible with the necessary band for the television system or systems 
in question.

4. Simultaneous transmission of a sound channel and a television picture

To avoid excessive differences in transmission delay between a television picture signal and the corres­
ponding sound signal, there are advantages in transmitting both over the same satellite imk. In this event, a wider 
baseband may be needed to accommodate the sound signal (e.g., on a separate sub-carrier in ihe baseband). 
Alternatively, the sound signal might be transmitted by time-division multiplex with the video signal, e.g.. using 
the synchronizing pulses or the blanking intervals, without the need for a wider baseband. Also, the sound may be 
transmitted by radio channel on the same satellite.

5. Transmission of television signals different from conventional signals

There are various systems, different from conventional television signals
such as NTSC, PAL or SECAM, for satellite television broadcasting, e.g. B-MAC,
C-MAC, D2-MAC, D-MAC that are described in Report 1073, and for high definition 
television satellite broadcasting and transmission.(see Report 1075).

Transmission tests have been carried out in Europe for the HD-MAC/packet 
system and in Japan for the MUSE system. It was demonstrated that there were no 
difficulties in transmitting these two systems on a conventional 
telecommunication satellite circuit with minor modification to the 
modulator/demodulator.

6 . Summary

The consideration of the factors which bear on the allowances made for 
the noise in the HRC for the FSS lead to the conclusions that, except for 
up-dating the provisions of Recommendation 353 to take account of the concept 
of propagation availability? use of syllabic companders and the need to account 
for rain attenuation at the higher frequencies, the current provisions are 
reasonable.
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A N N E X  1

N O ISE  P E R F O R M A N C E  O B JEC TIV ES FO R SA TE L LITE  

T E L E P H O N E  C IR C U IT S  -  R E LA TE D  TO U SER  P R E F E R E N C E S

1. I n t ro d u c t io n

In terrestrial telephone circuits and  channels, noise is substantially dependent on the circuit length, and  
this has led to an approach o f  specifying noise in terrestrial circuits as a function of the distance spanned  by the 
circuit plus a constant noise contribution that is independent o f distance due to those equipment and  interference 
characteristics that are not distance-dependent.

However, if one examines the philosophy underlying the method o f  arriving at terrestrial circuit noise 
s tandards the most im portant feature is the quality o f  service given to telephone users under average and extreme 
conditions within the network.

Whilst distances impose a major constraint on transmission perform ance in terrestrial circuits, satellite 
circuit noise and attenuation (or loss) are largely independent o f distance. Therefore it would seem more 
appropria te  to determine a value, or range of values, that will provide satisfactory connections irrespective o f  the 
distances spanned by the satellite circuits. In the light o f  these considerations it may be desirable to examine the 
feasibility o f  departing from the noise levels allowed By Recommendation 353, an d  the effects o f  such a departure 
on the quality of te lephone connections via satellite networks for a national service.

2. Possible practical solutions in providing satellite circuits

An analysis and  discussion submitted by Australia during the period 1974-1978 demonstrates that for 
certain classes o f  circuits used in a national traffic situation, the s tandards applied generally to international
telephone circuits via satellite can be modified to gain economic advantage yet provide an adequate service within
a country. It will not be possible to take advantage o f  this for all connections and  some special arrangements may 
be necessary to ensure conformity with international requirements when these “ national s tandard” satellite circuits 
are to be connected to an international circuit. There are, o f  course, national traffic situations where standards 
exceeding those in Recommendation 353 may have to be applied.

The analysis considered three types of link:

(a) conforming with Recommendation 353 (10 000 pWOp circuits),
(b) relaxation of 3 dB (20 000 pWOp circuits),
(c) relaxation o f  6  dB (40 000 pWOp circuits).

It would be feasible to provide separate transponders  for separate types or a mixed arrangement within 
one transponder. The possible changes in system capacities by departing from the 10 000 pWOp value depends on 
the system configuration considered, but can offer as much as 1 0 0% increase in the total num ber o f  channels per 
transponder in return for 6  dB relaxation from Recomm endation  353 [Feder, 1976].

It may also be desirable to provide some links with a very low noise contribution to enable very long 
terrestrial extensions to be permanently associated with them. Such links could perhaps conform to the 
Recommendation 353 standard. These could then be extended with about 6500 km o f  terrestrial transit circuits.
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Another possible arrangement is when all traffic to or from international sources is restricted to terrestrial 
trunks where possible, thus allowing the provision o f  only type (c) circuits with very few o f  the other types being 
necessary. This arrangement would have the advantage o f  simplifying the special international switching 
a rrangements  that would be necessary to avoid excessive tandem satellite connections.

Finally, if it is acceptable to use, say, 40 000 pWOp or 20 000 pWOp circuits, rather than the 10 000 pWOp 
circuit s tandard, then it will be desirable to re-examine both the total allowance o f  non-thermal noise (assumed to 
be constant at 6000 pWOp) and also, the interference com ponent o f  this non-thermal noise (assumed at 
2000 pWOp). Clearly, if  the interference and hence the non-thermal noise contribution could be increased at the 
expense o f  thermal noise, some economic benefits might occur in terms o f  relaxed co-ordination requirements of 
the satellite system.

3. Conclusion

Noise objectives in the terrestrial network must recognize the worst and average conditions that may be 
encountered  and which generally are due to the distance factor. Within the constraints of the overall noise 
standards currently recommended by the CCITT, s tandards for satellite circuits can be chosen that should provide 
equivalent or somewhat better performance than com parab le  long distance terrestrial connections. Essentially it is 
envisaged that the noise allowance for a satellite circuit should correspond to the noise allowance of the terrestrial 
systems it notionally replaces. Where special conditions require better circuits a special arrangement could be 
made to meet the requirements. It has been shown that this method o f  establishing the satellite circuit objectives 
rather than  the simple application o f  the Recomm endation  353 s tandard, leads to a possible increase in a given 
system’s capacity, leading to a reduction in cost per channel for a given system, or reduction in system costs for a 
given channel requirement.
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REPORT 997-1

CHARACTERISTICS OF A FIXED-SATELLITE SERVICE  
HYPOTHETICAL REFERENCE DIGITAL PATH FORM ING PART OF 

AN INTEGRATED SERVICES DIGITAL NETWORK

(Study Programme 29A/4)

(1986-1990)

1. Introduction

The traditional role of the fixed-satellite service (FSS) in the international te lecommunications network has 
been to provide a high quality and reliable international transmission facility between administrations. It is 
envisaged that the in ternational FSS hypothetical reference digital path (H R D P ) will fulfil a similar role within the 
integrated services digital network (ISDN).

This Report discusses the performance objectives that an FSS H R D P  will need to achieve when it forms 
part o f  a hypothetical reference connection (HRX) in an ISDN. The ISD N  H R X  for a 64 kb it /s  circuit switched 
connection is defined in C C IT T  Recommendation G.821 (CCITT Red Book 1984, Volume III.3) which uses three 
circuit classifications for performance quality definition: local, medium and high grade. International satellite 
circuits are considered part o f  the high grade performance section.

The apportionm ent of the overall ISDN H RX  performance objectives to the FSS and the impact of this 
apport ionm ent on the design o f  FSS systems are presented in the following sections o f  this Report.

System and performance aspects for connections operating at greater than 
64 kbit/s are treated in the Report 1139.

2• 64 kbit/s Satellite Channels Forming Part of the ISDN HRX

2-1 Performance requirements of the FSS HRDP

2.1.1 S a te llite  system  error perform ance objectives

The performance o f  satellite systems is generally given in terms of bit error probability while C C ITT
Recommendation G.821 identifies time intervals that must have a specified error ratio for certain time percentages.
These percentages are taken over a longer period, i.e. of  the order o f  one month. This section presents the method 

y i  that has been used for converting from the C C IT T  specification to the form o f  performance objective used for 
satellite systems, and gives the satellite H R D P  performance requirements that result from applying this method to 
the values quoted in Recommendation G.821.

A careful distinction between bit error probabili ty (BEP) and bit error ratio (BER) has been made in this 
Report. Bit error probabili ty, which is used extensively in the following sections, is an abstract quantity used to 
express the theoretical performance of data communications equipment. Bit error ratio is a quantity that is readily 
measurable (i.e. bit errors per bits transmitted). By making a sufficient num ber o f  measurements each lasting a 
sufficient time, the bit error probabili ty  can be estimated to within any desired accuracy.
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The approach adopted in this report is to assume that (at 64 kbit/s) 
the satellite system link performance is limited by mechanisms that are 
essentially random in nature and can be analyzed by using a Poisson or 
Binomial .approach to calculate the probability of experiencing a given 
number of errors in a given time interval, with a given bit error probability.
In practice, system designers must also be aware of bursts of errors which would 
not be picked up by this approach (some of the mechanisms which could give 
rise to such bursts are described in para 2 .2 ) and allow sufficient margins 
to cover these effects.

T he  b u r s t y  e r r o r s  d u e  t o  e r r o r  c o r r e c t i o n  t e c h n i q u e s  a r e  t r e a t e d  i n  
A nnex  I V .

2 . 1 . 2  C C IT T  Recommendation G.821 requirements

Table 1 summarizes the end-to-end performance objectives given in Recommendation G.821 and the 
satellite H R D P  objectives. For each performance classification the overall end-to-end requirement is given, along 
with the requirement on a satellite H R D P  assuming a satellite allocation o f  20% (performance classifications (a) 
and (c)) or 15% (performance classification (b»  of permitted overall degradation.

_It should be noted that Recommendation G.821 also contains a way by 
which the performance is to be measured. Input documents relating to this have 
been received [CCIR, 1986-90a,b] and the potential impact, if any, of this 
is left for further study.

TABLE I -  Overall end-to-end and satellite H R D P  error performance objectives fo r  international ISD N  connections

Performance classification
Overall end-to-end objective 

(Note 4)
Satellite HRD P objectives 

(Note 4)

(a)
(Degraded minutes) 

(Notes 1, 2)

Fewer than 10% of 1 min intervals to have a bit error 
ratio worse than 1 x  10~6 

(Note 3)

Fewer than 2% o f 1 min intervals to have a bit error 
ratio worse than  1 x 10" 6 

(Note 4)

(b)
(Severely errored 

seconds) 
(Note 1)

Fewer than 0.2% of 1 s intervals to have a bit error 
ratio worse than 1 x  10“ 3

Fewer than 0.03% of 1 s intervals to have a bit error 
ratio worse than 1 x 10 ~3

(c>
(Errored seconds) 

(Note 1)

Fewer than 8% of 1 s intervals 
to have any errors 

(equivalent to 92% error-free seconds)

Fewer than 1.6% of 1 s intervals 
to  have any errors 

(equivalent to 98.4% error-free seconds)

N ote 1. -  The terms “ degraded minutes” , “ severely errored seconds”  and “ errored seconds”  are used as a convenient and concise performance 
objective “ identifier” . Their usage is not intended to imply the acceptability, or otherwise, o f this level o f performance.
N ote 2. — The 1 min intervals mentioned above are derived by removing unavailable time and severely errored seconds from the total time and then 
consecutively grouping the remaining seconds into blocks of 60.
N ote 3. -  For practical reasons, at 64 kbit/s, a minute containing four errors (equivalent to an error ratio o f 1.04 x 10~6) is not considered 
degraded. However, this does not imply relaxation o f the error ratio objective of 1 x  10 ~6.
N ote 4. -  Overall end-to-end and satellite HRDP performance objectives are expressed in terms o f available time (see § 2 . 1 . 5 ) .
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2 . 1 . 3  Bit error probability models required to meet C C ITT  Recommendation G.821

Annex I outlines the method by which a given bit error probability versus percentage-of-time distribution 
can be analyzed in terms of the parameters given in Table I. Using this procedure, it has been possible to derive a 
number o f distributions, or models, based on the general characteristics of satellite systems, which meet or exceed 
the objectives given in Recommendation G.821.

Of the models studied in Annex I, one is summarized here. This model strikes a compromise between the 
requirements of propagation limited systems and those of interference limited systems, and can be met by 
high-capacity, state-of-the-art satellite systems.

The bit error probability requirements of this model a s  i n d i c a t e d  b y  t h e  b r e a k i n g  p o i n t s  o f  F ig u re  4  
o f  Annex 1 are as follows:

-  BEP =  1 x  10~ 7 for 90% o f  the worst month;
— BEP =  1 x  10 - 6  for 98% of  the worst month.

This model is identified in Annex I as model d).

The performance o f  the model is summarized in Table II in terms o f  degraded minutes, errored seconds 
and  severely errored seconds. The performance is listed in terms o f  both total time and  available time in o rder to 
show the relationship between system design calculations and  the objectives o f  R ecom m endation  G.821.

The short-term* breakpoint (i.e. BEP =  10-3) used in these models was 0.2% o f  the m onth  (total time) 
with a propagation availability factor o f  10% (see Annex I and § 2 . 1 . 5 ) .

TABLE II

Objectives
Performance

Total time (voj Available time (°7o)

Degraded minutes 2 . 0 5 1 . 8 7
Errored seconds 1 .7 4 1 . 5 6
Severely errored seconds 0 . 2 0 4 0 . 0 2 4

2 . 1 . 4  Satellite transmission considerations

The performance of a satellite digital transmission link is a function of various factors. One highly 
significant factor is the effect of propagation disturbances on transmission. Using methods developed by Study 
Group 5, the effects of propagation disturbances on digital transmission performance can be predicted.

Annex II gives the results of calculations comparing the performance of three different international digital 
satellite systems. These calculations are included to provide insight into the effects of propagation on the 
short-term bit error probability, as a function of time for practical systems. A comparison of the performance of 
the three example systems with the suggested bit error ratio models can be made by examining F i g s .  5 a n d  4*

It should be noted that the performance of a satellite digital transmission channel can be designed to meet 
virtually any performance specification. However, the use o f  forward e rror correction, power control and  site 
diversity which can significantly improve system performance has penalties o f  decreased capacity a n d /o r  increased 
cost. The use of such techniques therefore requires suitable justification.

Study Group 4 feels that further study is required on the effects of propagation d i s t u r b a n c e s  on  
s a t e l l i t e  d i g i t a l  c h a n n e l  p e r f o r m a n c e  a n d  w e lc o m e s  f u r t h e r  i n f o r m a t i o n  o n  t h i s  t o p i c .

* In this R eport the phrase “short te rm ” refers to the period o f time w hen the sa tellite  po rtio n  o f  the connection  is 
experiencing extrem ely degraded perfo rm ance (i.e. e rro r perform ance >  1 x  10~ 3). T he w ords “ long term ” refer to  the 
period o f time when the satellite po rtion  o f  the connection  is not experiencing  degraded  perform ance (i.e. e rro r  
perform ance <  1.0 x 10~6).
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2 . 1 . 5  Availability and severely errored seconds performance

In the derivation of the performance models to meet CCITT Recommendation G.821 described in 
Annex II, it was necessary to consider the proportion of time for which the link is declared available. The 
generally accepted definition for the unavailable time is:

A period of unavailable time begins when the BER in each second is worse than 1 x 10- 3  for a period of 
10 consecutive seconds. These 10 s are considered to be unavailable time. The period of unavailable time 
terminates when the BER in each second is better than 1 x 10- 3  for a period of 10 consecutive seconds. These 
10 s are considered to be available time and would contribute to the severely errored second performance 
objective. Excessive BER is only one of the factors contributing towards the total unavailable time. Definitions 
concerning availability can be found in CCITT Recommendation G.106.

The concept o f availability must be taken into account in the design of satellite transmission links which 
experience occasional periods of attenuation during precipitation which exceed the margins of the system. This is 
particularly true at frequencies above 10 GHz and the propagation studies in CCIR Report 706 illustrate this fact.

Most a ttenuation statistics include significant portions of unavailable time and  therefore are not app ro ­
priate for use in the determination o f  margin requirements to meet the severely errored seconds specification of 
Recommendation G.821. More appropria te  statistics would be those corresponding to propagation  attenuation 
which does not result in unavailable time.

A summary o f  propagation  measurements showing propagation attenuation events which do not result in 
unavailable time is given in Report 706. The conclusion o f  the Report indicates that o f  the total time when 
attenuation  levels likely to cause a BER worse than 10- 3  are experienced, only some 10% is made up of periods 
that would be defined as “available time” by the C C IT T  criteria. The remainder would be unavailable time.

An availability factor o f  10% leads to a short-term break point for the performance models of 
approximately 0.2% of  the month (total time). For the model concerned a much lower value o f  propagation 
availability factor, i.e. 1-2%, would only result in a marginal increase in the short-term break point. Higher 
percentage availability factors can be experienced (typically for 2-3 dB attenuation). However, in this case, the 
num ber o f  events (and thus unavailable time) is generally small.

The unavailability objectives o f  a satellite H R D P  due to equipment and propagat ion  are given in C C IR  
Recommendation 579. A provisional value of 0.2% o f  a year is assigned to the equipm ent unavailability objective, 
whilst a suggested value o f  0 .2 % of the worst month is proposed for the propagation  unavailability performance 
for an HRDP.

Report 706 provides measurement data on propagation availability performance which indicates that for 
low “availability factors” and various locations and climates, the percentage of unavailable time can exceed 0 .2 % 
o f  the month, for a ttenuation levels of interest. In any event, the total unavailable time allowance for propagation 
should not be less than the model short-term objective required to meet C C IT T  R ecom m endation  G.821, i.e. 0.2% 
of  the month. Consequently, it was recommended that this value be adopted  in Recomm endation 579 for 
frequencies less than 15 GHz.

Further propagation study is required, however, to confirm a representative percentage value for different 
frequency bands, elevation angles and  climatic zones.

Finally, regarding the availability o f  a transmission system (employing techniques such as TDM A), it 
should be noted that system availability can differ from propagation availability owing to the possible loss of 
synchronization when the carrier drops below some synchronization threshold (typically 1 0 ~2) for several seconds. 
Since it usually takes several round trip times for acquisit ion in the TDM A  system, synchronization cannot always 
follow momentary recoveries o f  the carrier level. As a consequence, there may be periods when the carrier will rise 
to a level corresponding to a BER better than 10~3, but due to synchronization delay the circuit may have a 
measured BER worse than 10~3. These periods may contribute to unavailable time as opposed to available time.

In some Operational TDMA systems the terminals make BER measurements on the 
unique word of each received traffic burst over successive periods of less than 
10 sec. This period has a duration of 4 sec (128 multi-frames) in the case of 
the EUTELSAT TDMA system. When a BER threshold of 10' 3 is exceeded during one 
measurement period a set of high BER maintenance alarms are exchanged between 
the transmit and receive TDMA terminals.

This causes the sending of particular signalling sequences (a and b bits 
set to 1 for all circuits concerned or alarm indication signal (AIS)) towards 
the ISC from each of the two terminals. These sequences may be interpreted as 
call release messages and may cause the interruption of the calls concerned.

Further study is required to determine the effect on the network 
availability as a result of high BER alarms.
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2 .2  Other error-causing mechanisms

Although the major error contributions in digital satellite systems will be due to p ropagat ion  and  
interference effects, other error mechanisms do occur. This section provides some information relating to the 
frequency and duration o f  such errors specifically with the objective of identifying them to the satellite system 
designer. In fact, during the design of a digital link a percentage allocation o f  the overall performance objectives 
may be assigned to these mechanisms. However, it is assumed that these errors will not cause the satellite link to 
be considered unavailable, i.e. those of 10 s duration or less. Further inform ation  on mechanisms causing 
unavailability is given in Report 706.

The following corresponding mechanisms have been identified as producing bursts o f errors:

— signal path switching in earth-station IF and RF equipment;
— signal path switching in earth-station baseband equipment;
— power supply transients at earth stations;
— signal path switching in the satellite.

Estimates for the frequency and duration of error bursts due to the above mechanisms are contained in 
Annex III. Typical results are summarized in Table III.

TABLE III — Typical examples o f  burst error mechanisms

Effect Frequency Duration

IF/RF switching 1.0/month 150 ms
Spurious switching 2.0/month 150 ms
Baseband switching 1.2/month 2-128 bits

From Table III the following deductions can be made:
— considering the effect on 64 kbit/s connection over a 1 min. integration period, it can be concluded that all 

the effects in Table III cause a 1 x 10- 6  per minute objective to be b ro k e n , meaning that some of the time 
for which 1 0 ~ 6 is permitted to be exceeded must be allocated to these effects:

— the total number of events in Table III is 4.2 per month, hence on average 0.0097% of I min. periods will be 
degraded;

— each of the events in Table III lasts less than 1 s and so on average only 4.2 s/month, i.e. 0.0002%, will 
contain errors as a result of these effects.

The h . 2  occurrences per month represent only 0.0l£ in degraded minutes- 
and 0.00016/S in SSS, whereas CCIR Rec. 6lU has a safety margin of 0.13% and
0.006% respectively. Therefore the mask of the present recommendation does 
not require modification to cater for the possible existence cf burst errors 
on a particular satellite system. If further study reveals the existence of 
other burst producing mechanisms, modification of the present BER requirements 
may be necessary.

3. Conclusions

This report provides some insight into the ISDN HRX requirements as 
specified in CCITT Recommendation G.821, and presents to the satellite system 
designer the necessary background information. Further studies should be 
conducted to confirm the effects of propagation on the short-term performance 
and availability assumptions used in this report, especially as it would relate 
to higher frequency bands (above 15 GHz) and for various elevation angles and 
climatic zones.

R E FER EN C ES

CCIR Documents

[1986-90]: a. 4/125 (Japan); b. 4/4 Att. 10 (Sweden).
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ANNEX I

ERRO R -PERFO RM A N C E CALCULATIONS A N D  M ODELS

1. Introduction

This Annex describes the method by which the performance of a link, expressed in terms of a BEP versus 
percentage of time distribution, can be assessed in terms of the parameters given in Table I, § 2.1.2 o f  this Report. 
The procedure for determining the performance is outlined in § 2 below, whilst § 3 develops a number of BEP 
versus percentage of time models which meet Recommendation G.821 based on the general characteristics of 
“real" systems.

2. Method of calculation

An important first assumption is that satellite system link performance is limited by mechanisms that are 
essentially random in nature. This enables a Poisson or binomial approach to be used to calculate the probability 
of experiencing a given number of errors in a given time interval with a given bit error probability ( w i t h i n
the numerical range of the parameters of interest, the binomial distribution 
converges to the Poisson distribution).

An example of the validity of this assumption is given in Figure 1 
which shows the results of field measurements which compare the distribution of 
Error Free Intervals (EFI, Error Free Seconds and Error Free Deciseconds) to 
a Poisson bit error distribution. The agreement between the measured data 
and the theoretical distribution is obvious. This data also shows that the 
agreement holds for systems corrupted by thermal noise and thermal noise plus 
interference. These measurements were conducted over a 120 Mbit/s looped satellite 
TDMA link, and were made on a 64 kbit/s sub-channel. The system was operated under 
various conditions of co-channel interference from a similar continuous 120 Mbit/s 
carrier.

Probability curves that result from applying a Poisson analysis 
are shown in Figures 2 and 3- (When certain types of FECs are used the 
distribution of errors may depart from the Poisson or binomial law. This is 
treated in Annex IV.)

The curves of Figures 2 and 3 can be applied to a satellite link 
assuming a constant BEP. However, in reality, such a link will generally 
exhibit a time varying BEP performance, as a result mainly of varying propagation 
conditions (see Annex II).

In order1 to assess the performance of the link it is necessary first 
to establish a model of the link in terms of the BEP versus percentage time 
distribution. Recommendation G.821 suggests that a time period of any one 
month is appropriate. The method of calculation then involves determining for 
each small element of percentage time in the month (assuming a constant BEP 
for the element) the probability of achieving the performance parameter under 
consideration. Studies have shown that the curves in Figures !2 and 3 - which 
define the probability of achieving the performance parameter under consideration 
are almost identical to probability curves expressed in terms of the percentage 
time in a month (with a confidence of 99.9%). The former curves have there­
fore been used in subseguent calculations.

To illustrate the method o f  calculation, the percentage o f  errored seconds (ES), severely errored seconds
(SES), arid degraded minutes (D M ) are determined as follows:

(a) divide the percentage of time axis o f  the model under consideration into m any sections such that the curve
may be represented by a ladder approximation . Each stepped interval then possesses a constant EE*?/'

(b) for the BEP value of each stepped section, determine from Figs 2 or 3 th e  p r o b a b i l i t y  o f  ES, SES, 
or DM as ap p ro p r ia te j

(c) this probability multiplied by the elemented percentage of time in the interval, gives the ES, SES, or DM 
contributed by this interval:

(d) the sum of all contributions gives the total percentage of ES, SES, or DM.
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Steps (a) to (d) can be summarized mathematically as follows:

Total o f  all contributions =  I  [(l — P(E, N, BEP)) AT]

where A T  is the time interval o f the stepped section and P(E, N, B EP) is the probability of the particular 
objective where E is the error threshold, N  is the number o f  bits in the time interval of the performance 
parameter under consideration and BEP  is the bit error probability.

(e) An additional term must be added to the total for severely errored seconds to include these contributed from 
the periods that have a BEP in excess of 10- 5  and which are also available (see § 2 . 1 . 5 ) ;

(f) finally the results may be expressed in terms of the percentage of available time. The results are then in the 
form of the performance objectives of Recommendation G.821 and may be compared with them.

3. Performance of models

By application of the conversion process outlined above, it is possible to identify a num ber o f  different 
satellite system performance models that will meet or exceed the objectives o f  Recom m endation  G.821. Four such 
models are shown in Fig. 4.

The long-term break points o f  these models (expressed in terms o f  the total time o f  the worst month) are 
as follows:

FIGURE 1
DISTRIBUTION OF ERROR-FREE BLOCKS: 64 kbit/s, NO FEC CODING 

O No Interference
O 21 dB carrier-to-Interference ratio
a  18 dB carrier-to-Interference ratio
D 15 dB carrier-to-Interference ratio
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— model a ) : BEP

— model b) : BEP
BEP

— model c ) : BEP

— model d ) : BEP
BEP

for 90% of the worst month.

In deriving model c) of Fig. 4 the aim was to produce a model in which performance was held at a low 
BEP (10- s ) for as short a time as possible (89% of the worst month). Such a model would be appropriate where 
performance is limited almost entirely by rain attenuation (i.e. above 10 GHz). The large fade margin required in 
this situation ensures that a good BEP is achieved for much of the time. In curve A (mode! a)) the aim was to 
assess the impact on the long-term BEP break point of adopting a BEP of 10“ 7. In this case a two break point 
mask was again adopted.

Model b) is intended to allow the highest possible long-term BEP. In this case an additional break point 
has been included at a BEP of 10~ 6 for 99.5% of the month to more closely model system performance at around 
these time percentages. This model will probably be appropriate in situations where there is little rain attenuation 
or where the svstem is inter- and intra-svstem interference-limited.

Model d) strikes a compromise between the requirements of propagation limited systems and those of 
interference limited systems. It is considered possible to meet this model in high capacity, state-of-the-art satellite 
systems without undue cost or capacity penalties.

A common feature of the four models is the (0.2%, 10-3) point and it is important to identify how this 
point enables the models to comply with the severely errored second objective b) o f  Recommendation G.821. This 
objective is 10~ 3 for 99.97% of available time in the worst month. In accordance with the definition in 
Recommendation G.821, a period of ten or more consecutive severely errored seconds (those with a BER worse 
than 10-?) is considered as unavailable time. Periods of nine or less consecutive seconds are included in available 
time. An indication of the proportion of time which is unavailable can be deduced from Report 706.

The performance of these four models, in Recommendation G.821 parameters, is given in Table IV, This 
table gives, for each parameter, percentages of the time interval in the available time in a month. Unavailable time 
has been subtracted from total time to obtain the results given in the table. Since Recommendation G.821 refers to 
percentages of available time, the form of this table is appropriate for comparing performance with G.821 
requirements.

The values shown in Table IV have been computed on the basis o f  a short-term break point 
(i.e. B ER =  1 x 10-3) o f 0.2% total time and a propagat ion  availability factor o f  10%.

TABLE IV

Objective
Performance (^o of available time)

Rec. G.821 Model a) Model b) Model c) Model d)

Degraded minutes 2.0 1 .9 7 0 .7 5 1 .9 7 1 .8 7

Errored seconds 1.6 1 .5 9 1 .6 0 1 .0 6 1 .5 6

Severely errored seconds 0.03 o . o a ^ 1 ) 0.022<» 0 .0 2 4 ( 1 ^ 0 .0 2 4 ( 1 )

0) Three decimal places have been given for these values to indicate the contribution to severely errored seconds from the integral of time with 
BER <1x10*3.

Note 1 — The values in the table are given for the purpose of demonstrating, for the particular models studied, 
compatibility with Recommendation G.821. Different values will be achieved using different models.

Note 2 — It should be noted that if  a satellite system designer were to base system calculation directly on one of 
the models of the type shown, the performance of that system would exceed that obtained from the above 
calculations. This is because the practical system BEP/% time characteristic must inevitably exceed the model in 
most places.
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A s ig n if ic a n t d iffe ren ce  b e tw een  m o d el b ) a n d  the  o th e r  m o d e ls  c an  be seen  fro m  T a b le  I V  in th a t 
m o d e ls  a), c) a n d  d) resu lt in n ea rly  a ll th e  p a ra m e te rs  eq u a lly  m ee tin g  th e  o b je c tiv e s  o f  R e c o m m e n d a tio n  G .821 , 
w h e re a s  w ith  m o d el b ) p e rfo rm a n c e  is d ic ta te d  q u ite  c lea rly  by  th e  e r ro re d  se c o n d  re q u ire m e n t.

It is c lea r  th a t any  sa te llite  sy s tem  design  ob jec tiv es co u ld  be  w ritte n  in te rm s o f  to ta l tim e  (as  has been  
a d o p te d  in th e  p as t) o r  o f  a v a ilab le  tim e . T h e  p r in c ip a l a d v a n ta g e  o f  a d o p t in g  th e  la t te r  a p p ro a c h  is th a t it is 
m o re  im m e d ia te ly  a p p a re n t  th a t the  o b jec tiv es a re  co n s is ten t w ith  R e c o m m e n d a tio n  G .821 s in c e  n o  a s su m p tio n s  
a b o u t  p e rc e n ta g e  u n a v a ila b le  tim e  h a v e  to  be m ad e . In  th e  ev en t th a t  a d e s ig n e r  d o e s  re q u ire  to ta l tim e  
p e rc e n ta g e s , he can  em p lo y  a c o n v e rs io n  fa c to r  a p p ro p r ia te  to  th e  fre q u e n c y  b a n d  a n d  c lim a tic  reg ion  being  
c o n s id e re d . T h is  co u ld  well lead , in m a n y  cases, to  o b jec tiv es th a t  a re  n o t q u ite  so  severe  as th o se  in a “ to ta l tim e"  
o b je c tiv e  sin c e  these  have  a “ p e rc e n ta g e  u n a v a ila b le  tim e"  a s su m p tio n  in c o rp o ra te d  in them .

Probability o f  £  or fewer errors in the  integration interval (% )

FIGURE 2
Curves A: probability o f error-free seconds, i.e. (1 -  probability o f errored 

seconds)
B: probability o f  4 errors or Iqss in a  minute, i.e. (1 -  probability o f  

degraded minutes)

10'*

I s 99 i %
Probability o f 64 or fewer errors in 1 s

FIGURE 3 Probability that the number o f errors is less or equal to 64 in 1 s 

Note. -  Probability o f 64 or fewer errors per second is equivalent to (1 -  probability o f severely errored seconds).
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The curves of Figures 1 and 2 have been calculated using the
following Poisson distribution formula:

P(E  or fewer errors) = V  <N ■ B E P f  ■
^  K\K-0

where:

N : number of bits in the desired integrating time interval, e.g. 64 000 x 60 for a 1 min interval;

E  : error threshold: and

B E P : bit error probability.

FIGURE 4 EEP performance models which meet C C ITT  
Recommendation G.821

A : model a) 

B : model b) 

C : model c) 

D : model d)
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ANNEX II

EXAMPLES O F TYPICAL SATELLITE LINK PER FO RM A N CE

This Annex provides results of calculations of digital performance for three different satellite digital 
transmission systems:

-  6 /4  GHz INTELSAT-V 120 Mbit/s  TDMA;
-  14/11 GHz EUTELSAT 120 Mbit/s TDMA;
-  14/11 GHz INTELSAT-V 120 Mbit/s TDMA (with up-link power control and site diversity).

The choice o f  these systems was made on the basis that they include existing, or soon to be operational, 
satellite systems in both 6 /4  GHz and 14/11 GHz bands. These systems could be used as guidelines for the design 
ol satellite portions of future ISDN connections. Different performance characteristics may occur depending upon 
factors such as elevation angle, rain climate and interference situations. The system designer is cautioned to gjve 
full consideration to factors of this type when carrying out the design of 3 satellite ISDN HRDP.

The results of the link budget calculations are curves of bit error probability as a function o f  percentage of 
total time in the worst month. Using these curves, insight can be gained into the implications of the ISDN 
performance objectives on the design of satellite systems.

This annex also contains (section 3) the results of measurements made 
between Bercenay en Othe (France) and Trou Biran (French Guyana) over a 
64 kbit/s service channel link. The measurements were conducted over more than 
one year with a monthly average of 445 hours' recording.

1. A tten u a tio n  m odel

The attenuation model used in this exercise for the INTELSAT-V system calculations is an application of 
the method provided by Study Group 5 in their Report 564 [CCIR, 1982-86]. Using this method, percentage of the 
year statistics of slant path rain attenuation at earth-station locations can be calculated. The statistics are derived 
using several parameters. These are:

-  rain climate — specifically, the point rainfall rate for 0 .0 1 % of an average year;
-  earth-station height above mean sea level;
— earth-station elevation angle to the satellite;
— earth-station latitude.

With these parameters, the attenuation due to rain that will be exceeded for 0.01% of a year is calculated. 
Attenuation values for other percentages of a year are determined using the following formula:

A p — b Aq q\ P °

where:

A p\ attenuation for the desired percentage of the year,

/4t,.oi : attenuation for 0 .0 1% of the year,

P : desired percentage of the year,

a and b : constants.

These yearly attenuation figures can be related to attenuation during a “worst month" by using the 
following relationship:

P, =  0.29 PJ

where:

Px: yearly percentage,

PK: worst month percentage.
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This method was used to arrive at the 1NTELSAT-V perform ance curves shown in Fig. 5. The 
INTELSAT-V 6 /4  GHz performance assumed transmission from the United States of America to Italy where both 
stations were located in rain climate “ K" and the United States earth station had an elevation angle of 25c and 
the Italian station had an elevation angle of 21°. In the 14/11 GHz INTELSAT case, the transmitting earth 
station was located in the United Kingdom, with an elevation angle o f 29° and the receiving earth station was 
again located in the United States with the same elevation angle. The United Kingdom earth station is located in 
rain climate “G ” and the United States earth station is again located in rain climate “K".

The INTELSAT-V, 6 /4  GHz link budgets took into account interference contributions due to terrestrial, 
other system, adjacent channel and co-channel interferers. Four-fold frequency re-use with polarization discrimina­
tion and spatial isolation was assumed. T ransponder output power variations due to operating point changes 
caused by up-link fading were included by making use of a non-linear transponder transfer characteristic.

For the INTELSAT 14/11 GHz system it was assumed for the purposes o f  this study that 10 dB of up-link 
power control is applied in a continuous manner. It was further assumed that site diversity with a site separation 
of 20 km was used at the receiving stations. Again transponder output power variations due to operating point 
changes caused by up-link fading were included. Neither o f the INTELSAT system curves assume the use of  any 
error correction coding. It should be noted that all INTELSAT TDM A term inals are equipped for the use of an 
optional forward error correction system using a rate 7 /8  BCH (128 : 112) block code which realizes a coding gain 
o f at least 3 dB for an input bit error ratio of 1 x 10~4.

The performance for the EUTELSAT system was derived using a similar method. The attenuation statistics 
used correspond to a typical European mainland climate and are based on measurem ents made with OTS. These 
statistics are similar to, but slightly more optimistic than, those labelled climate “ H ” in Report 723.

2. Propagation considerations relating to short-term objectives

In CCIR performance Recommendations certain short-term objectives are given in percentages o f the year. 
By contrast the long-term objectives are quoted in terms of percentages of worst month. The objectives o f CCITT 
Recommendation G.821 are also quoted as percentages of a period of time o f the order o f one month. These facts 
lead to the conclusion that in any future ISDN performance Recommendations for satellites, there may be a need 
to use monthly attenuation statistics.

The information for performing such a conversion is contained in Report 723. From this Report, it can be 
seen that the conversion factor varies with climate and time percentage. For 0.01% o f the year, a factor of 
between 4.5 and 6.5 is given, depending on climate.

With respect to the transmission impact of the attenuation expected at various frequencies, some general 
observations can be made.

These are:
-  for frequencies below 10 GHz, the long-term BEP becomes the controlling factor in the one 6 /4  GHz 

frequency re-use case which was examined:
-  for frequencies from 10-15 GHz. the short-term (10~?) BEP is the controlling factor if diversity is not used. 

Both diversity and non-diversity cases were analyzed:
-  for frequencies > 15 GHz, particularly at 30/20 GHz, the short-term (10~?) BEP is also likely to be the 

controlling factor. However, no analysis was carried out.

3. Results of measurements on the TELECOM 1 satellite

The link characteristics, similar to model a) in Figure 4 of Annex I, 
were as follows:

link budget calculated to give for 99.9% of the time an error 
rate better than 1 0 ”̂ , i.e., a clear-sky error rate of about 
10-7;

E/No - 14.000 dB;

transmitted bit rate = 8.768 Mbit/s without direct error 
correction;

transmission in the 6/4 GHz band.
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The test results are shown in figures 6 and 7 for DM and E S , 
respectively. The SES recorded were between 0.01% and 0.02%.

These results do not show the unavailability due to scintillation 
phenomena encountered in the equatorial zone where the Trou-Biran 
earth station is located.

During the measurements it was observed that solar interference 
caused an increase of unavailable time and an increase of the SES. 
(Recommendation 579 provides for 0.2% unavailability in any month 
for any phenomenon related to propagation conditions. )

FIGURE 5 - Bit error probability versus percentage of total 
time in a worst month

INTELSAT-V, 6 /4  GHz (without FEC)

EUTELSAT. 14/11 GHz

INTELSAT-V, 14/11 GHz with up-link power control and receive site 
diversity (without FEC)

: : : |  Model a) (Annex I)

\  Model b) (Annex I)

Model d) (Annex I)
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Degraded minutes(%)
Figure 6 : Distribution of Degraded Minutes (DM) on 

a monthly basis.
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3
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(1 .6%)
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Figure 7: Distribution of Errored Seconds (ES) on 
a monthly basis.



Rep. 997-1 111

A N N E X  III 

O T H E R  E R R O R  M EC H A N ISM S

This A nnex discusses briefly m echanism s o ther than noise and interference which will cause errors. Such 
errors will probably  be “bursty” in nature.

1. Switching at IF and RF

Errors are caused as a result o f IF and R F sw itching to bring  stand-by equ ipm en t in to  use because o f 
failures or routine m ain tenance requirem ents.

To determ ine the frequency o f switching events, it is necessary to look at the m ean tim e betw een failures 
(M TBF) for various com ponents. From this, the num ber o f switch-overs per m onth  can be deduced. An exam ple 
o f some typical M TBFs is given in Table V along with the resulting average sw itch-over frequency.

TABLE V -  Typical earth-station equipment failure rates

Device MTBF (h)
Average switch-over frequency 

(per m onth)

HPA 2 0 0 0 0.36
Up converter 4 000 0.18
Modem > 4 000 <  0.18
LNA 8000 0.09
Post LNA cabinet 50000 0 . 0 1

Down converter 4000 0.18

Total 1 . 0

The “to ta l” Figure given in Table V relates to a one-w ay link incorpora ting  one transm it and  one receive 
earth  station. It does not, o f  course, m ake any allow ance for the fact tha t statistically  som e m onths will be worse 
than this average. The possible need to allow  for this requires further study.

The dura tion  o f  each sw itch-over will be typically 150 ms including contro l circuit reaction  time.

2. Switching a t baseband

Because o f the lim ited app lication  o f digital baseband equipm ent to date , there is very little experience 
from which to derive failure rates. The only in form ation  available relates to T D M A  equipm ent w hich is expected 
to return overall M TBFs o f 3000 h for central term inal equipm ent and  2000 h for interface m odules. Taken 
together these will result in 0.6 failures per m onth, o r 1.2 per m onth total on a com plete link. This is a Figure 
which can be closely contro lled  by use o f good design practices.

The sw itch-over tim e when failures do occur is very short but the effect on tFafFic can last ra ther longer. 
The result can be anything from  2 o r 3 bit errors up to loss o f a m ulti-fram e, i.e. 128 bits on any one 64 k b it /s  
channel.

3. Power supply transients

This effect is very difFicult to quantify. The best evidence available is th a t w ithin the I F /R F  equipm ent, 
twice as m any switch-overs are, on average, the result o f these spurious effects as are  caused by actual equipm ent 
failures. Based on the ‘IF /R F  inform ation  given above, a figure of two sw itch-overs per m onth can  therefore be 
attributed  to this effect.

4. Signal path switching in the satellite

A lthough no data is currently  to hand on this effect, it is considered unlikely to be as frequent as 
earth-station path  switching. H owever, this may change as more complex satellites are  put into service, especially 
if on-board  sw itching or processing is em ployed, and the subject therefore requires fu rther study.
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5. Effects of Equipment Switch-overs on G.821 Parameters 

During tests conducted on TELECOM-1 between Bercenay-en-Othe and 
Trou-Biran, it was observed that earth station equipment switch­
overs produced the following effects on G.821 parameters;

SES ES DM
Parametric Amplifier 2 2 0
Modem 2 2 0

Further information is needed on this topic, particularly in regard to the 
effects caused by other IF/RF equipment.

ANNEX IV

IMPACT OF BURST ERRORS DUE TO FEC CODING ON THE 
SATELLITE LINK

1. Introduction

It has been shown that the major error contributions on digital 
satellite links are due to propagation and interference effects which can be 
described by the Poisson distribution. However, when forward error correction 
(FEC) (used in many digital satellite systems to improve performance) is applied 
to the digital channel, the errors arriving at the output of the decoder tend to 
occur in groups, and therefore are likely to depart from the Poisson law. This 
clustering effect is illustrated by the measurement of error free intervals 
given in Figure 8 . The degree of departure from the Poisson law will depend on 
the specific coding and multiplexing schemes used.

This annex provides examples of typical coding schemes, gives the 
results of measurements showing the impaqt of specific FEC schemes on the 
digital satellite link and introduces preliminary mathematical models that can 
be used to describe burstiness.
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2. Characteristics of typical FEC coding schemes

2.1 Rate 7/8 BCH coding

Rate 7/8 Bose-Chaudhuri-Hocquenghen (BCH) FEC coding is currently used 
on digital satellite systems, e.g. INTELSAT 120 Mbit/s TDMA systems. This block 
code corrects up to two errors in a block of 127 bits and can detect three 
errors, but in the latter case the decoder takes no action. Hence, the most 
probable number of errors contained in a BCH block is three at the decoder 
output. In this scheme, the bit stream, comprised of 128 bit blocks, is 
restructured into blocks of 112 information bits to which 15 redundant coding 
bits and 1 dummy bit are appended, thus retaining the overall 128 bit block 
length. Consequently, during the coding process, the 128 contiguous bits of a 
specific 64 kbit/s channel originally appearing in a sub-burst will be split up in 
one of seven ways:

a) 112:16 b) 96:32 c) 80:48 d) 64:64
e) 48:80 f) 32:96 g) 16:112

As a result, individual channels can exhibit four different degrees of 
burstiness with a) and g) being the most bursty and d) being the least.

2.2 Convolutional encoding-Viterbi decoding

The combination of convolutional coding and Viterbi decoding technigues 
is also a typical FEC scheme and being introduced into many satellite systems.

This method involves storing sequences of digits in memory and then 
comparing those sequences with the received digital stream to determine which 
one is most likely to be correct. Error, events at the output of the decoder are 
caused by the selection of an incorrect data sequence or path. This incorrect 
selection gives rise to errors at the output of the decoder, but these errors do
not necessarily occur consecutively. The length of the error event is a function
of the codec configuration, in particular the length of the path memory. In the 
case of Viterbi decoding, a rate .1/2, 64 state code with a constraint length of 
7, typically has a path memory length of about 37 bits. This path memory length 
is larger than any error event that occurs with significant probability.

Figure 8 shows typical experimental results on the error distribution 
without and with FEC decoding in terms of error free intervals.

There are great differences; the former has a peak which is typical of a 
random distribution, while the latter has two peaks. One peak (right-hand side) 
shows the distribution of the intervals between burst errors and implies their 
random occurrences. The other peak (left-hand side) shows the bit error 
distribution within a burst error.

Figure 9 presents experimental results on the distribution of the 
burst error length for both rates 1/2 and 3/4 at two values of BERs. The length 
of an error burst event is defined as the number of bits between the first error 
occurring in the burst and the last error occurring in the burst. Figure 10 
shows the relation between the average burst error length and bit error rate 
after decoding.
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It can be observed from these figures that, as the code rate and bit 
error ratio become larger, the duration of the error burst event grows longer. 
Generally speaking, the average length of error burst events is about five and 
ten bits for rate 1/2 and rate 3/4 codes, respectively. A few burst error 
events exceed 20 bits in length. It is important to note that not all of the 
bits in an error burst event are errors. The error ratio within an error burst 
event can be regarded as approximately 1/2 , that is, the average number of 
errors included in a burst error event is two or three for rate 1/2 codes and 
about five for rate 3/4 codes. The above experiments were carried out with an 
INTELSAT standard El earth station in a satellite loop-back mode using a 
64 kbit/s IBS carrier.

As the result of the above discussions, the BER after decoding is
given by:

L b / 2Pe (BER after decoding) = -----
Lb +  Lfb

where the average interval between burst errors Efb can be derived as:

Efb = (1/(2 Pe)- DLh ^  Lh/(2Pe)

and Lh is the average length of burst error.

Another effect which requires consideration is the dependence of the 
burst error structure on the multiplexing of 64 kbit/s channels to primary rates 
(2048 kbit/s) or higher; this is shown in' Figure 11 (a) and (b) for a BER of 
10"6 . In Fig. 1 1 (a) a histogram of the number of errors per burst is shown for 
a composite 1920 kbit/s (30 time slots) signal in a 2048 bit stream multiplexed 
in accord with Recommendation G.704. However, within an individual 64 kbit/s 
channel, the number of errors per burst tends to be smaller as seen in Figure 11
(b).
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Number of errors

FIGURE 11a)- Histogram of number of errors per burst 
BER = lO-6
FEC (Rate 1/2) applied at bit rate of 2048 kbit/s

. Number of errors

FIGURE lib) _ Histogram of number of errors per burst
in one 6 4 kbit/s channel within a multiplex 
at primary rate of 2 0 4 8  kbit/s (Rec. G.704).

BER = 1CT6

FEC (Rate 1/2) applied at primary rate
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3. Effects on DM. SES and ES

3.1 Qualitative discussion

Effects of burst errors caused by convolutional encoding FEC are as
follows:

Degraded minutes (DM)

One DM includes five errors or more. In the case of the rate 3/4 
Viterbi decoding which often causes burst errors with five errors or more, the 
probability of DM may increase compared with random errors even under the same 
average error rate. In the case of rate 1/2 Viterbi decoding, this increase 
might be smaller.

Severely errored seconds (SES)

One SES includes sixty-five errors or more. Since the number of 
errors in one burst error event induced by the said FEC is far less than sixty-
five, one SES will include several tens of burst errors. This may result in no
significant difference in the probability of SES between burst and random 
errors.

Errored seconds (ES)

When error bunching occurs, as is the case for a channel with FEC, 
the probability of ES will decrease compared with random errors for the same 
average error rate.

The influence of burst errors will be less because of the fact that 
most satellite links multiplex many channels and that burst errors are dispersed 
over these multiplex channels.

3.2 Measurements

3.2.1 BCH Coding

Measurements have been conducted on a EUTELSAT 120 Mbit/s TDMA traffic
terminal operated in burst mode and looped at IF where noise was added. A
64 kbit/s pseudo-random sequence was generated by a BER analyzer and percentage 
errored seconds, degraded minutes and severely errored seconds were measured in 
accordance with Recommendation G.821.

Measurements were carried out for the two time slots associated with 
cases a) and d) and it was found that a clear departure from the Poisson law 
could be observed for errored seconds and degraded minutes statistics 
(Fig. 12).

As concerns the severely errored seconds, a marginal shift could be
observed for the small percentages of time on the distribution when FEC is used
(Fig. 13). This shift is nevertheless quite small and not very significant when 
considering the flatness of the distribution, even if the computed confidence 
intervals prove that an actual shift has occurred.

These measurements were found to agree well with the theoretical 
prediction explained in section 4.2.
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mS-  M e a s u r e d  E r r o r e d  S e c o n d s  ( R a t e  7 / 8  BCH ) an d c o n f i d e n c e  i n t e r v a l s  \ t i m e  s l o t  ( a )
! y  , M e a s u r e d  D e g r a d e d  M i n ut e s  ( Rate 7 / 8  BCH) and confidence intervals f

x
Curve A 1 Errored Seconds ,  POISSON Law 
Curve B t De gr ad ed  Minutes,  POISSON Law

FIGURE 12 -  ERRORED S EC OND S  ANO DEGRADED MI NUTES  S T A T I S T I C S  
AT 6 4  k b i t / s

I
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FIGURE 13 - PROBABILITY OF SEVERELY E R R O R E D  S E C O N D S
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3.2.2 Convolutional Coding - Viterbi Decoding

For convolutional coding - Viterbi decoding, similar measurements have 
been made and are shown in Figs. 14 to 17. As is seen, results have been 
obtained for both rates 1/2 and 3/4 at 64 kbit/s and rate 3/4 for one 64 kbit/s 
channel in a 2048 kbit/s composite stream.

Percentage degraded minutes

FIGURE 14 - Percentage degraded minutes for a 64 kbit/s channel 
multiplexed (Rec. G.704-) in a 20^8 kbit/s bit stream 
(rate 3/4- FEC, self-synchronizing scrambler in 
accord with INTELSAT IDR specification)

I
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1CT ES

Percentage ES and EFS

FIGURE 15 - Percentage Errored and Error-Free Seconds 
for a 64- kbit/s channel multiplexed 
(Rec. G.704.) in a 204.8 kbit/s stream-and 
for the composite 204-8 kbit/s stream (rate 
3/4- FEC, self-synchronizing scrambler in 
accord with INTELSAT IDR specification)
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10- 5 p

10-<5

1 0 - 7

Probability of Errored Seconds and 
Degraded minutes (%)

FIGURE 16 - Errored seconds and degraded minutes statistics 
for a GU kbit/s bit stream. (No data scrambling 
or differential encoding.)

Probability of Severely Errored Seconds (%)

FIGURE 17 - Probability of severely errored seconds for a 
64. kbit/s bit stream
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3.3 Quantitative analysis

Figure 18 shows the probability of degraded minutes versus the BEP for 
three different cases-of error distribution, named a, £m and £w. Case a is the 
random case considered in report 997. Cases £m and £w assume that the errors 
are clustered but the bursts themselves occur at random. Case £m (m for 
moderate) assumes that there are systematically 3 errors per burst. Case £w 
(w for worst) assumes that there are systematically 5 errors per bursts. The 
formulas used to compute the curves are given in the Figure. They are in fact 
Poisson formulas applied to bursts.

The degraded minutes increase with burstiness in the low BEP region. 
Moreover, if the bursts have systematically more than 5 errors each, then any 
minute that receives a burst is counted as degraded the same way as if there 
were only 5 errors. But if there are more errors per burst then the bursts will 
be further separated., and more minutes will be burst-free. Thus £w is the worst 
case distribution as concerning this parameter [Pham, 1989] .

If the error distributions of Figures 9a and 9b (at BER = 10"5) are 
approximated as uniform and the error burst occurrences are considered as 
independent events, it is possible to calculate the degraded minutes and error- 
free seconds performance.

Table VI summarizes the calculation results. The case with double 
errors, typical for systems with differential coding is also included in the 
Table. The calculations have been performed under the assumption that from the 
BER point of view, circuit performances comply with model d) of Report 997, 
Figure 4. The values in Table VI show that error bursts can significantly 
affect the performances of a digital circuit in terms of requirements given in 
Recommendation G. 821. This analysis does not however, consider the effect of 
multiplex structure. Further study is needed in this area. Pending the results 
of such studies care should be exercised in the design of systems utilizing FEC 
in meeting DM objectives.

TABLE VI

Obj ective Performance (% of available time)

Rec. G.812 single
errors

double
errors

error 
bursts 

(1 / 2 code)

error 
bursts 

(3/4 code)

Degraded
minutes

2 . 0 1.87 2.67 6 . 2 6.7

Errored
seconds

1 . 6 1.56 1.4 1 . 2 1.16
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Case a
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Case Ew

- i  2 5 1 2 5 1 0  2  5 1 0 2 (%)

Probability of 5 errors or more in 384. x 10^ Bits 
(i.e. Probability of degraded minutes for 64. kbit/s)

FIGURE 18 - Probability of degraded minutes assuming 
constant bit error probability

Random Error Channel 

^ 2

DM(p) = l-(l+x+ -+ -+ -) e"x x= 384-10Ap
2 ! 3 ! 4 !

Moderately Bursty Channel (3 errors per burst)

DM(p) =1 - (1+x)e~x x= 384-lCTAp/3

Worst - Case Bursty Channel (5 errors per burst) 

DM(p)=l-e-x x= 384-10Ap/5

p = Bit Error probability
DM(p) = probability of degrated minutes
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4. Mathematical modelling

In order to demonstrate that a particular system meets 
Recommendation G.821 requirements, it is necessary to know:

i) BEP statistics with time percentage;

ii) mathematical model, through which ES, DM and SES are calculated, 
to describe the error distribution at the 64 kbit/s stage, taking 
into account the type of FEC applied and method of multiplexing 
used.

The following two models have been studied.

4.1 The Neyman-A contagious distribution

One statistical model which can be used to describe the clustering of 
probabilistic events is the Neyman-A contagious distribution. In particular, 
this distribution can describe the burstiness of error arrivals due to 
propagation and interference effects on digital satellite systems. Applying this 
model assures that error bursts are independent, i.e., arrive at random and that 
the duration of the bursts are random (though errors in some FEC schemes 
typically arrive in bursts of thiee or four at the decoder output, the actual
average number of errors on a given demultiplexed channel needs to be evaluated
from the knowledge of the system).

The Neyman-A contagious model is given by:

p(n) _ (BEP/A)n e - m  £  k" (NA)k e.kBEP/A
n ! k-o k !

where

occur in N transmitted bits, NA is the 
the mean value of errors per burst. Then 
and degraded minutes can be determined,

'kBEp/A( with N _ 64000 bits

4
P(DM) - 1 - £  P(n), with N - 3.84 Mbits 

n=*o

4.2 Analytical representation for a BCH code

Ivhen the transmission system is known (type of FEC used, multiplexing 
scheme, etc.), analytical formulae can be derived in place of measurements in 
order to predict the statistics of ES, DM and SES parameters with BEPs.

It has been shown [CCIR, 1986-90] that analytical expressions can be 
derived and that predictions could be obtained in the case of the BCH 7/8 FEC as 
used in the INTELSAT and EUTELSAT 120 Mbit/s TDMA systems (see TABLE VII).

P(n) is the probability that n errors 
average number of bursts and BEP/A is 
the probability of error free seconds 
respectively by:

. -AN ~ (NA)kP(o) - e y '   ___  e
k-o k !
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TABLE VII

Summary of formulae to compute the percentage errored seconds, 
degraded minutes and severely errored seconds

7/8 BCH

% E S P  =* 1 0 0  x  ( l - E x p ( - L ) }  x  u

L  -  B E P  x  4 2 3 3 3 . 3

u  *= 0 . 6 6 7  F o r  c a s e  ( a )  
u  =■ 0 . 8 8 1  F o r  c a . s e  ( d )

% DM P  -  1 0 0  x  { 1 - ( 1  +  L  +  L 1  / 2 !  x  ( 1  -  u 2 )  +  L 3 / 3 !  x  ( 1  -  u 3 )  

+  i A  / 4 !  x  ( l - u 4 )  )  x  E x p ( - L ) }

L  =  B E P  x  2 . 5 4 E + 6
u 2  »  0 . 2 2 7  u 3  = 0 . 5 0 6  u 4  =  0 . 7 0 2  F o r  c a s e  ( a )  
u 2  -  0 . 1 1 1  u 3  -  0 . 5 1 0  u 4  -  0 . 7 1 3  F o r  c a s e  ( d )

% S E S
.  3 f i  

P  -  1 0 0  x  ( 1 - ( 1  +  L  +  L . / 2 !  +  . . .  +  L  / 3 8 ! )  x  E x p ( - L ) )

L  -  B E P  x  4 2 3 3 3 . 3

5. Impact on system design in the 14/11 GHz band

For 14/11 GHz systems operating in European climatic zones, the 
constraining criterion of the mask specified in Recommendation 614 in the case 
of a non-coded satellite link is the "long term" BEP. This is because the 
difference in C/N required at the input of the earth station demodulator to 
achieve BEPs of 10" 7 and 10" 3 is larger than the corresponding expected fade 
levels difference between 1 0 % and 0 .2 % of the (total) worst month.

As an illustration, Fig. 19 (curves A and B) shows the performance of 
a system operating at 14/11 GHz band and whose characteristics are such that the 
long-term criterion at 10" 7 is exactly met. Curves A and B refer to the 
performance in terms of percentages of time, when the system is affected by 
propagation statistics typical of the European coastal climate (curve A) and of 
the Alpine/Mediterranean climate (curve B) .

In the case where FEC is used, the situation requires more careful 
analysis. On one hand, the difference in (C/N+I)s required at the input of the 
demodulator for the two levels of BER is smaller than in the non-coded case due 
to the coding gain and this tends to constrain the design on the short-term 
requirement; on the other hand, better performance than a BER of 10“ 7 is needed 
for 1 0 % of the worst month in order to compensate for the bursty nature of the 
error occurence, and this sets a high performance requirement under clear-sky 
conditions.
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PERCENTAGE OF WORST MONTH

^  Recommendation 614- 
BGH coding

FIGURE 19 - Performance of a system operating at lA/ll GHz band.
designed to .just meet the objectives of Rec. 614.

Curve A 
Curve B 
Curve C

No FEC European coastal climate
No FEC Alpine mediterranean climate
BCH 7/8 FEC Alpine mediterranean climate

1 4
PERCENTAGE OF WORST MONTH

fet. Recommendation 614- 
Convolutional coding

FIGURE 20 - Performance of a system operating at 14/11 GHz band,
designed to .just meet the Rec. 614- objectives

Curve A: 1/2 convolutional FEC Alpine mediterranean climate i
Curve B: 3/4- convolutional FEC Alpine mediterranean climate
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Figures 19 and 20 illustrate this: Fig. 19 (curve C) shows the 
performance of a satellite link with the BCH 7/8 block code and Fig. 20 (curves 
A and B) the performance of a link convolutionally encoded with FEC rate 1/2 
and 3/4 respectively, when the system is dimensioned in order to just meet the 
short-term criterion under propagation statistics of the Alpine/ Mediterranean 
climate, which is the worst for Europe.

6 . Conclusions

This annex discusses the error distribution characteristics in 
satellite communication systems employing several types of FEC as well as their 
effects on DM, SES and ES which are used to define Recommendation G.821 and 
which have been analyzed:

1) the FEC, both block coding and convolutional coding, causes errors to 
exhibit a bursty distribution;

2) the probability of DM in the FEC system might be greater than that in the 
non-FEC system under the condition of the same average BER;

3) there will be no substantial difference in the probability of SES for the 
same BER whether the FEC is used or not;

4) the probability of ES will be less in the FEC system than in the non-FEC 
system for the same BER;

5 ) the influence of burst errors may decrease when the satellite link 
multiplexes a number of channels;

6 ) error distribution can be modelled mathematically by expansion of the 
Poisson distribution. This item needs further study.

REFERENCES

PHAM H.N., AMADESI P.; DUTRONC J.; WELLER E. [1989] Performance Design Criteria 
for Digital Satellite Links in the ISDN. Proc. 8 th ICDSC, April.

CCIR Documents

[1986-90] 4/93 (EUTELSAT)



130 Rep. 706-2

R EPO R T  706-2

AVAILABILITY O F C IR C U IT S IN T H E  FIX ED -SA TELLITE SERV ICE

(Q uestion 24 /4 , Study Program m e 24A /4)

(1978-1982-1986)

1. Introduction

This Report discusses the concept o f  availability  as it applies to the hypothetical reference circuit 
(R ecom m endation 352) and the hypothetical reference digital path (R ecom m endation 521) in the fixed-satellite 
service.

It indicates the philosophy which has been applied  in deriving availability criteria, and provides 
in fo rm ation  on some o f  the param eters which affect them.

The concepts o f reliability and availability in respect to radio-relay systems for television and telephony as 
discussed in Report 445 have been noted with the objective of achieving consistency, insofar as is possible, 
betw een corresponding considerations for radio-relay systems and for the fixed-satellite service.

2. Definition of availability

In the context o f an end-to-end connection, availability  com prises a num ber o f com ponent parts, and these 
are discussed in C C IT T  R ecom m endation G.106. As applied  to the satellite H RC  and H R D P, availability is 
concerned only with equipm ent availability and p ropagation  availability.

A precise definition o f availability o f satellite circuits is given in R ecom m endation 579, which also gives 
availability  objectives.

Referring  to the term o f  "a n y  year", see N ote 11 o f R ecom m endation  353.
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3. General considerations

The availability  of a telephone or television circuit in the fixed-satellite service is determ ined by
interruptions. An in terrup tion  is a period in which there is com plete or partia l loss o f signal, excessive noise, o r a
discontinuity  or severe d istortion in the signal. Several aspects have been considered:

— a definition o f  tha t which constitutes an in terrup tion ;
— a description o f the time aspects, such as the length o f an in terrup tion , the period between successive

in terrup tions, etc.;
— a determ ination , for the purposes o f specifying availability  objectives, o f w hether all in terrup tions should be 

included within the objective, or if not, what specific types o f in terrup tion  should  be excluded.

In the case o f  telephony an in terruption  is taken into account in the determ ination  o f availability if it
would cause a call to  be disconnected making it necessary to re-establish the connection . Any in terruption  o f a
circuit o f  10  consecutive seconds or more is considered to make the circuit unavailable.

The H andbook on Satellite C om m unication (F ixed-Satellite Service), G eneva, 1985, contains an extensive 
discussion on availability. In particular, it discusses the im pact on availability  o f  factors such as the follow ing:

— mean time betw een interruptions. This is to ensure tha t in terrup tions o f  extended dura tion  do not occur too 
frequently;

— total in terrup tion  over a long period. This ensures a m axim um  value o f availability  for the system;
— mean duration  o f in terruption. This ensures that, if  an in terrup tion  occurs, it is no t too  long;
— the rate o f occurrence (e.g. measured on an hourly basis);
— the total in terrup tion  time over a period (e.g. o f any m onth or year);
— the statistically defined duration  o f in terruptions, which could be specified by several points on a statistical

d istribution.

4. Equipment availability

A num ber o f d ifferent causes o f interruption  are included under this heading. They are:

— satellite-related effects, including partial or com plete failure o f  any o f  the system s on board , plus eclipse 
outages;

— earth-station  related effects, including failure o f  any equipm ent as far as the terrestrial netw ork interface, 
outages caused by hum an error, sun transits and  the effects o f  natu ral disasters.

Substantial discussion o f m any o f these m echanism s, plus in fo rm ation  regarding availability  achieved in 
practice with operational satellites and earth stations is given in the H andbook  on Satellite C om m unications 
(Fixed-Satellite Service) referred to above.

5. Propagation availability

This heading covers in terruptions caused by interference and  p ropagation  effects. Lim ited inform ation is 
available at present on the im pact o f intra- and inter-system  (including rad io-relay) interference as they affect 
availability, and studies in this area are necessary.

Some studies have been carried out into the im pact o f p ropagation  on availability . In particular, it has 
been found necessary to distinguish between short breaks due to p ropagation  m echanism s o f less than  10 

consecutive seconds which are covered by perform ance recom m endations, and  those o f  10  consecutive seconds or 
more which contribute to unavailability. In this respect an “availability fac to r” has been used which can be 
defined as:

total time for which outages o f < 10 s duration occur  _
availability factor = -------------------------------— —  -----------------------------  x  100°7o

total time for which all outages occur

The m eaning o f “outages” depends on w hether an analogue or digital circuit is considered, and a precise 
definition in each case is given in R EC O M M E N D S 4 o f R ecom m endation 579.
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Attenuation (dB)

FIGURE 1 -  Graph o f  propagation availability fac tor versus attenuation
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6. Effect of propagation on availability

This section sum m arizes the inform ation available to date on the way propagation  effects contribute to 
unavailab le  time. M uch o f the inform ation  has been studied by Study G roup  5, who have analysed the data in 
term s o f  available tim e (with a ttenuation  events less than  10 s, corresponding to “ severely errored seconds") and 
unavailab le  time (with attenuation  events greater than 10  s), in accordance with the definition o f unavailable time 
given in R ecom m endation 579.

The limited inform ation  available is presented in Tables 1 and II as percentages o f worst month. Table I is 
derived from satellite beacon m easurem ents, Table II from radiom eter m easurem ents.
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TABLE I -  Percentage o f  the worst m onth fo r  which the indicated values o f  attenuation were exceeded

A division into available and unavailable time (see Recommends 4 o f Recom mendation 579) has been m ade at each attenuation  value.

Denmark 
Elevation 26.5°

Denmark 
Elevation 12.5°

UK
Elevation 29.9°

Japan 
Elevation 6 .6 °

Attenua­
tion level 11.8 GHz 14.5 GHz 11.4 GHz 11.8 GHz 14.5 GHz 11.5 GHz
exceeded

(dB)
Single site Site division Single site Single site Single site Single site Single site

(Vo o f month) (Vo o f  month) (Vo of month) (Vo o f month) (Vo o f  month) (Vo o f  month) (Vo o f month)

Available Unavailable Available Unavailable Available Unavailable Available Unavailable Available Unavailable Available U navailable Available Unavailable
time time tune time time time time time tim e time time time time time

2 0.0070 0 . 1 1 2 0 . 0 1 1 0 0.143 0.0165 0.213 0.0343 0 . 2 0 1 0.015 0.16 0.03 0.30
3 0.96 5.7
4 0.00053 0 . 0 2 2 2 0 0 0.0038 0.0462 0.00355 0.0215 0 . 0 0 2 2 0.035 0.009 0 . 1 0

6 0.00028 0.0106 0 0 0.00070 0.0138 0.00035 0.00305 0.0008 0.014 0 . 0 0 2 2 0.033 0.16 1.84
8 0.00047 0.0056 0 0 0.0013 0.0039 0 0.00131 0.0005 0.006 0.0009 0.016

1 0 0.000096 0.0033 0 0 0.00014 0.00070 0 0 0.027 0.52
15 0.00017 0.00054 0 0 0 0 0 0 0.008 0.17
2 0 0 0 0 0 0 0 0 0

TABLE II -  Percentage o f  the worst m onth fo r  which the indicated values 
o f  attenuation were exceeded in Canada

Attenuation
level

exceeded
(dB)

Climate K 
13 GHz

Climate E 
13 GH z

Site 1, 
elevation 2 0 °

Site 2, 
elevation 29° Elevation 31°

Available Unavailable Available Unavailable Available Unavailable
time time time time time time

2 0.017 1 . 1 0 0.0081 0.51 0.014 0 . 6 8

3 0.007 0.54 0.0042 0.31 0.0046 0 . 2 2

4 0.0039 0.36 0.0028 0 . 2 2 0.003 0 . 1 1

6 0 . 0 0 2 2 0.16 0.0017 0.16 0.0004 0.058
8 0 . 0 0 1 1 0.089 0.0017 0 . 1 2 0.0005 0.041

1 0 0.0007 0.056 0.0007 0.099 0.0004 0.031
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The follow ing general conclusions have been draw n from Table I:

— For elevation angles in the range 26°-30° and for attenuation  values o f  2-8 dB, the ratio o f a ttenuation time 
during  available tim e to that during total time was found to be betw een 3% and 10%. At greater values o f 
a ttenuation , this p roportion  tended to increase, since event du ra tion  w ould decrease as the attenuation  
approached  its m axim um  value.

— A t lower elevation angles, 6 °-12°, the ratio o f attenuation  time during  available time to that during total time 
was found to be about 14% at the 3 dB attenuation  value, decreasing to about 5% at values in the range 
10-15 dB. For even greater values o f attenuation , the above ratio is likely to increase again. Scintillations 
w ould be expected to make a greater contribution to the attenuation  tim e at the lower elevation angles than in 
the cases for the m easurem ents corresponding to the higher elevation angles.

The site diversity data are based only on attenuation  values o f 2 dB ; no sim ultaneous attenuation value o f 
4 dB was measured at both sites during the experim ent in D enm ark. The only data  supplied therefore correspond 
to the 2 dB value. The ratio o f attenuation  time during available tim e to tha t during  total time was found to be 
very close to that fo r a single site. However, for regions o f the world w ith higher rainfall rates, the ratio in the 
diversity  case may be greater than for a single site as a result o f  the increased im pact o f site diversity in such 
clim ates.

The data contained in Table II are based on radiom eter m easurem ents m ade in C anada at 13 GHz. 
P ropagation  data was collected at six sites where fades from 2-10 dB were recorded and the fade durations 
calculated  for those lasting shorter than  10 s and those lasting longer o r equal to 10 s. Results for two typical 
K clim ate sites and one E climate site have been presented. These results indicate that the availability would be in 
the range 1-4%. Using the availability factor definition given in section 5 above, these results reduce to less 
than  1%. The data  also indicate that for system design m argins in the 3-6 dB range, a total unavailable time o f  up 
to 0.54% o f the w orst m onth could be experienced.

Further in form ation was provided by A ustralia where propagation  m easurem ents [C C IR , 1982-86a] at 11 
and  14 G H z for three different locations, including both tropical and  m ore tem perate zones, show that the 
availability  factor is o f the order o f 4% or less.

From consideration  o f all the inform ation presented above, it is concluded that an availability factor o f 
10% is a conservative w orking value.

REFERENCES

CCIR Documents 
(1982-86): a. 4/297 (Australia).
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R EPO R T  214-4

T H E  EFFEC TS O F  D O PPL E R  FR EQ U EN C Y -SH IFTS AND S W IT C H IN G  
D IS C O N T IN U IT IE S  IN T H E  FIX ED -SA TELLITE SE R V IC E

(Q uestion 7 /4 )

(1963-1966-1974-1978-1986)

1. Introduction

In the fixed-satellite service system , the received signal will be subject to the fo llow ing phenom ena:

— D oppler frequency-shifts due to the relative velocities between satellite and earth  sta tions;

— discontinuities o f  transm ission delay and o f D oppler shift due respectively to  the d ifference in the lengths o f 
the radio paths and  in the d ifferent relative velocities, on switching from  one satellite to another.

This R eport considers the probable  m agnitude o f these phenom ena and  their effect on  various types o f 
com m unication  signal.

2. Doppler frequency-shifts (applicab le  to non-geostationary satellites)

The m agnitude o f the total D oppler frequency-shift between the term inals o f a system  in the fixed-satellite
service depends upon the w avelengths used and the relative velocities o f the satellite w ith respect to the earth
stations. The m ajor com ponen t o f the effect o f the D oppler shift, i.e. the shift o f the ca rrie r or a reference- 
frequencv o f the transm ission, can be rem oved in the receiver: however, it may be necessary also to com pensate 
for the differential shift across the radio-frequency spectrum  o f the signal tha t p roduces a frequency “stretch" or 
“shrinkage" o f the baseband  signal. D epending upon the relative locations o f the earth  sta tions and  the orb it, the 
D oppler shifts between transm itting  earth  station and satellite and also betw een satellite an d  receiving earth  
station can either add o r subtract. If 5000 km is taken as a probable m inim um  orb ita l height for a com m unication  
satellite, then the “stretch" o r “shrinkage” o f the baseband signal will not exceed 2 parts in 105. In most practical 
cases, the orbital height will be greater and  the D oppler shift would be considerab ly  less than  this, and in the 
particu lar case o f the geostationary  satellite, there would be no significant D opp ler shift.
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The m axim um  value o f  the D oppler shift, resulting from transm ission to, or from , a space station on a 
satellite  in a circular orb it, can be estim ated from the relationship :

A F  =  ±  1.54 x 10- 6  x F  x s  ( 1)

w here

A F: D oppler frequency-shift,

F : operating  frequency,

s : num ber o f  revolutions per day (24 hours) o f  the satellite with respect to a fixed poin t on the Earth.

This rela tionsh ip  may also be used for calculating the maxim um  differential D oppler frequency-shift over 
a frequency band. A few values o f  s fo r various circu lar equatorial orbit altitudes are p rovided below (Table I) to 
facilitate the calculations for individual cases.

TABLE I

Revolutions per day 
relative to the Earth, s

Altitude for circular 
equatorial orbits 

(km)
Period

(h)

0 35 600 24
1 20 240 12
2 13 940 8
3 10 390 6
4 8 080 4.8
5 6 420 4
6 5 170 3.4
7 4 190 3

In a frequency-division m ultiple-access (FD M A ) system, each partic ipating  station uses a portion  o f the 
frequency band o f the satellite repeater. Since the transm issions from each station  are independent in time, there is 
no adverse effect from  any relative time-shift. There will, however, be a D oppler frequency-shift in the 
transm ission from each station which varies with time.

For satellites em ployed to relay signals sim ultaneously from a num ber o f  earth stations, special considera­
tion  o f  D oppler shift may be necessary.

Table II shows the m axim um  possible D oppler frequency-shifts at the satellite at 6  G H z. The figures are 
based on equatorial orbits and assum e that the satellite moves in the sam e’d irection  as the surface o f the Earth.

Because o f various perturbing forces, the position o f a geostationary satellite varies. If  the satellite position 
is m ain tained  within ± 0 .1° o f longitude and  latitude, the m axim um  relative velocity o f  a satellite with respect to 
an earth  station is less than approxim ately  3.8 m /s , and  the m axim um  D oppler frequency-shift will not 
exceed 76 Hz at 6  G H z.

To prevent interference betw een adjacent radio-frequency channels caused by D oppler frequency-shifts, 
guard  bands can be used. D epending on the location o f  the stations, the signal transm itted  by one station may be 
shifted upw ard, while that from a station on an ad jacent channel may be shifted dow nw ard. A lternatively, the 
frequency shifts may be corrected by available techniques.

For example, allow ing a guard band equal to the maximum possible D oppler frequency-shift show n in 
T able II for a ten-channel system, the total guard bands would then be 18 times the figures shown (at 6  GHz).
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TABLE II — Maximum Doppler frequency-shift

Period (h) 6 8 12 24

Approximate altitude (km) 11 0 0 0 14 0 0 0 2 0 0 0 0 36000

Minimum elevation o f antenna: 5°
Maximum Doppler frequency-shift at 6 GHz (kHz) 27.7 18.5 9.3 0.0

In the tim e-division m ultiple-access (TD M A) system, all earth sta tions transm it on the sam e nom inal 
carrier frequency. T his requires that the transm itter carrier be on only during  tha t in terval o f  the fram e assigned to 
the sta tion . D uring transm ission , the carrier would probably be m odulated by phase-shift keying o r frequency-shift 
keying. Because o f  the D oppler frequency-shift. transm issions will arrive at the satellite and  be repeated at 
frequencies which vary above and below the nom inal carrier frequency. T o  accom m odate this shift, the 
earth -station  receivers m ust be capable o f adjusting to the sudden changes in carrier-frequency  which will occur. 
This m ay im pose the requirem ent for increased interburst guard  time an d  for m ore tim e w ithin the burst to be 
allow ed for carrier recovery and burst synchronization for satellites in a non-geosta tionary  o rb it [G abbard , 1968].

2.1 Telephony

W hen frequency-division m ultiplex telephony is used, it is necessary to lim it the bandw idth  o r the 
ap p aren t geocentric angu lar velocity o f the satellite to prevent unacceptable d ifferen tia l D opp ler frequency-shifts 
(unless corrections are applied  to com pensate for the D oppler effects).

A ccording to C C IT T  R ecom m endation G.225, the difference betw een an audio-frequency  applied  to one 
end o f  the circuit and  the frequency received at the o ther end should not exceed 2 Hz. T he question  o f erro r in 
reconstituted frequency is still under study in C C ITT  Study G roup  XV.

It may be noted that an error o f 2 Hz is not exceeded in a single satellite link, if  the p roduct o f  the 
baseband  (M H z) tim es the num ber o f revolutions per day o f the satellite relative to the E arth , s, does not 
exceed 0 .6 6 6 ; how ever, add itional error is likely to be in troduced by the m ultiplex equipm ent.

D oppler effects will also shift the pilot frequencies used in FDM  telephony  for satellites with such angu lar 
velocities. Possible m ethods which could be used for correction o f these shifts are:

— a suitable variable tim e-delav device;

— the carrier-frequencies used in the frequency-division m ultiplex equ ipm ent could  be au tom atically  contro lled
to com pensate for the effects o f D oppler shift and so reduce the overall frequency errors to acceptably sm all
values.

The first o f  these m ethods has the advantage o f effectively cancelling  the errors resulting from the 
m ovem ent o f the satellite, in a m anner sim ilar to that in which they are in troduced  (i.e. by change in transm ission 
delay during  the pass). This m ethod w ould, therefore, also elim inate all the effects o f D opp ler shift on the 
baseband  signals and by suitable arrangem ents, would avoid switching d iscon tinu ities when transferring  the 
in form ation  flow from  one satellite to the next in the orbital pattern. C on tro l o f  the variable delay could be 
perform ed, either by using predicted orbit inform ation or on a servo basis em ploying  a p ilo t signal transm itted  
from  the earth  station  to the satellite and back to the sam e earth station (loop  m ethod). The loop  m ethod has the 
follow ing advantages:

— it w ould ensure tha t only the correct frequencies were received at the satellite. This facility could be o f
particu lar im portance for certain systems, for exam ple, those using closely-spaced channels or blocks o f
channels with single-sideband m odulation in the Earth-to-satellite d irection ;

— D oppler frequency “stretch" might to some extent be obviated, e.g. by splitting  the receiving bandw idth  into 
appropria te ly  separated  portions and providing independent com pensations for the blocks o f  circuits arriv ing 
from  each o f the o ther earth stations.
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A lternatively, com pensation  fo r the variable delays could be applied  only at the receiving end and 
contro lled  by pilot signals orig inating  at the distant stations. In this case, the D oppler frequency “stretch” or 
“con trac tion” o f the baseband  w ould need to be accom m odated by adap ta tions o f  the frequency-division m ultiplex 
equipm ent at each earth  station. A dm inistrations are requested to subm it to the C C IT T  their recom m endations, or 
findings concerning such adap ta tions involving control o f  the earth-station  frequency-division m ultiplex equ ip­
m ent, either on a loop  basis, as is described under the first m ethod above, o r on a route-by-route basis.

D oppler-shift correction  m ay be necessary in any system in the fixed-satellite service using single-sideband 
am plitude m odulation .

2.2 Telegraphy a n d  data  transmissions

If telephone channels com ply with the requirem ent o f C C IT T  R ecom m endation G.225 this implies that, 
for telegraph and  d a ta  channels derived from such telephone channels, the effect o f  D oppler frequency-shift may 
be ignored o r has been adequately  com pensated  for (see § 2 .1).

2.3 Phototelegraphy

If  pho totelegraphy channels are derived from telephone channels com plying with the requirem ent o f 
C C IT T  R ecom m endation G.225, the effect o f D oppler frequency-shift may be ignored as being adequately 
com pensated for.

2.4 Wide-band data

It should be no ted  tha t D opp ler correction would need to be provided for carrier-derived phototelegraphy 
o r d a ta  channels requiring  w ider bandw idths than a single telephone channel (e.g. g roup o r supergroup 
bandw idths).

2.5 Television

The change in field frequency in troduced by D oppler frequency-shift is very sm all. In norm al m ono­
chrom e television practice, the accuracy o f  the field frequency at the program m e source is likely to be the limiting 
factor as far as d istu rbance to dom estic receivers is concerned and D oppler shift will not be o f  concern.

It may ultim ately be desirable to correct for the effects o f D oppler shift on colour television signals, but 
the initial tests m ade with the satellites have dem onstrated  that standard  co lour receivers and, in particular, those 
using crystal contro lled  sub-carrier oscillators, will operate satisfactorily, with the o rder o f  D oppler frequency-shift 
likely to  be encountered  in a practical system in the fixed-satellite service.

3. Switching discontinuities (app licab le  to non-geostationary satellites)

Satellites which rise and  set can be used by any two or more earth  sta tions only while m utually visible. 
These stations m ust then switch o r “hand-over" to ano ther m utually visible satellite, to m aintain  com m unication 
with som e orbit systems, or with excessively separated earth  stations; relatively long in terrup tions m ay occur when 
m utual visibility o f  the first satellite is lost before ano ther satellite has been acquired . Such in terrup tions can be 
avoided by the use o f  contro lled , equally  separated satellites o f sufficient num ber in orbits having a recurrent 
earth -track  [Dalgleish and  Jefferis, 1965]. Such satellite orbit systems are often referred to as systems o f  phased 
satellites. The phased circular equatorial o rbit system is the simplest and best-know n such system.

Even though such systems can prevent hand-over in terruptions, there will generally  be slight discontinuities 
o f  overlap  o f com m unication  betw een two stations at the instant o f  hand-over, depending  on w hether the 
propagation  path  via the new satellite is shorter or longer than that via the fo rm er satellite. The calculation o f 
these p ropagation  path  lengths or delay times, and their difference, is dependen t upon sim ple geom etric 
relationships which are explained in R eport 383 on the effects o f transm ission delays.

In the case o f  m ulti-hop connections, the sw itching discontinuities in the d ifferent hops will not often be 
coincident in time, so that the num ber o f  discontinuities per 24 hours will be approxim ately  n x  m, where n is the 
num ber o f  hops and m  the m ean num ber o f sw itching discontinuities per 24 hours per hop. With systems 
em ploying phased satellites, the tim e differences for som e pairs o f earth stations w ould not exceed 10 ms; whilst 
for o ther pairs o f  earth  stations, the tim e differences would be up to 20 ms o r even more. In unphased satellite 
systems, the time differences w ould have durations between 0 and 30 ms or m ore. It should be noted that these 
d iscontinuities are p redictable and that counter-m easures are possible. The use o f  variable delay devices could 
reduce these sw itching d iscontinuities to negligible proportions.
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Note. — An earth  station  using any satellite, non-geostationary  or geostationary , m ay have its circuits in terrup ted  
for predictable periods when the satellite in use has approxim ately  the sam e o rien ta tion  from  an earth  sta tion  as 
the Sun or ano ther satellite at the sam e frequency, or when the satellite uses a so lar pow er supply  w ithout 
batteries and is eclipsed by the Earth. To avoid in terrup tions o f these types, a lte rnate  rou ting  via surface circuits 
o r via a d ifferent satellite may be used during  periods o f  outage.

3.1 Telephony

Tim e differences, o f up to perhaps 20 ms during  transfer from  one satellite to  ano ther, should  n o t cause 
difficulty with te lephone conversations. H owever, a d iscontinu ity  in transm ission  o f  this d u ra tio n  can  cause errors 
in existing telephone M F signalling systems such as the In tercontinen tal C C IT T  N o. 5 and  TA SI. S ignalling 
techniques, (such as C C IT T  No. 6 ), tha t em ploy high-speed pulsing rates, m ay be m uch m ore susceptib le to  errors 
from  this source.

3.2 Telegraphy and  data transmissions

The effects o f  present interest are those due solely to differences in transm ission  tim e betw een one satellite
path  and  another, and  these are o f  two types:

— lengthening o r shortening o f  telegraph elem ents when the transm ission tim e differences are  relatively large,
i.e., exceeding a significant pa rt o f an elem ent;

— phase discontinuities o f voice-frequency tone, som etim es giving rise to telegraph  d is to rtion , w henever the 
transm ission tim e differences exceed a fraction o f  the tim e occupied by one  cycle o f  the highest baseband  
frequency utilized by a telegraph channel o f a b ro ad b an d  system carry ing  voice-frequency telegraphy  [Z uhrt, 
R eger and  V ollm eyer, 1959].

According to  prelim inary  in form ation  from  one source (see A nnex I), it appears  tha t, in an  unpro tected  
50-baud start-stop  telegraph channel the average num ber o f  character errors caused by d iscontinu ities o f  up  to 
abou t 7.5 ms may not exceed abou t 0.25 per discontinuity . The average num ber o f  charac te r errors increases 
probably  to about 1 .0  fo r d iscontinuities o f  du ra tion  about 10  to 12 ms, w hilst it m ay ap p ro ach  2 .0  o r m ore for 
d iscontinuities o f  du ra tion  up to 20 ms o r 30 ms.

Tim e dura tion  o f  the discontinuities likely to  be encountered  in non-geosta tionary  satellite  system s w ould 
cause character errors in synchronous telegraph system s and  in tim e-division m ultip lex  te legraph  systems. T im e 
discontinuities can falsify selection signals such as used in telex, causing incorrect rou ting  an d , particu larly  on 
au tom atic  systems, the possibility o f  incorrect charging m ight arise.

A utom atic error-correcting  (e.g. A RQ ) equipm ent is used on som e telegraph circuits, fo r exam ple w hen the 
traffic is extended over H F  radio links. It m ay be noted  tha t ARQ w ould no t only  p ro tect against errors arising  
from sw itching discontinuities, bu t also against errors arising from o ther causes. Justifica tion  fo n a n y  special 
treatm ent o f  circuits routed through systems in the fixed satellite service should  take in to  acco u n t the relative 
frequency o f erro r producing  d is turbances in the satellite links and in their terrestria l ex tensions as well as in 
in ternational circuits using o ther m eans. If, after account has been taken  o f  the various sources o f  e rro r in 
telegraph channels, it seems necessary to take special m easures to deal w ith errors caused by satellite  sw itching 
d iscontinuities, then it appears tha t consideration  m ight be given to the possibility o f  using som e device such as a 
buffer store. This m ight com m ence to store the telegraph signals on receipt o f  a “ satellite change” signal, and  
w ould retransm it at a slightly higher rate after the satellite sw itching operation .

A nother m ethod o f  reducing the num ber o f  errors due to satellite sw itching w ould be to  use a su itable 
variable delay device.

Switching d iscontinuities o f  up to perhaps 20 ms w ould affect d a ta  transm ission  by causing:

— errors to occur in one o r m ore blocks,
— loss o f block phase.

Provided the sw itching from  one satellite to an o th er is fairly infrequent, the errors o f  the first type w ould 
not be serious, and  w ould in fact be sim ilar to the effects o f  occasional sw itching o r noise d is tu rbances to  be 
expected on norm al line circuits. The loss o f  block phase results directly from  the tim e d iscon tinu ity  and  has no 
equivalent in line systems.

Block phase w ould thus need to  be re-established on data  circuits each tim e a sw itch from  one satellite to 
ano ther occurs, unless m eans are adop ted  to com pensate for the delay d iscontinuity . H ow ever, if  the sw itch-overs 
are not unduly frequent, and re-phasing o f  the data  transm ission system is arranged  to take  place au tom atically , 
the loss o f circuit tim e due to this cause w ould not be a serious disadvantage.
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3.3 Phototelegraphy

T he effect o f  these d iscontinuities would be an  im m ediate d isp lacem ent (either in an advance or a retard  
d irection) o f  any succeeding elem ents o f the picture, relative to the position before switching. For equipm ent 
conform ing  to C C IT T  standards and  using a drum  speed o f  60 r.p.m ., a delay d iscontinuity  o f 20 ms would 
p roduce a d isplacem ent o f  about 2% o f  the picture w idth, e.g. 0.5 cm displacem ent in a picture 25 cm wide. This 
d isp lacem ent would be a serious defect in m ost pictures o r in typescript, m eteorological charts, etc. W ith higher 
scann ing  rates, the d isplacem ent w ould increase in p roportion . The am oun t o f  such displacem ent that could  be 
accepted  as to lerable is, o f  course, a m atter to be decided in consu lta tion  with the CCITT. It seems likely, 
how ever, tha t sw itching discontinuities o f  the o rder o f  2 0  ms would p roduce unacceptable d istortion  in the 
m ajority  o f  cases, and  w ould, therefore, need to be avoided, either by suitable delay-com pensation techniques or 
by arrang ing  that the picture transm issions do not occur during sw itching times.

3.4 Television

Sw itching from  one non-geostationary  satellite to the next is very sim ilar to, and  will generally produce the 
sam e effects as, sw itching betw een “ non-synchronous” program m e sources, and  can result in tem porary  d is tu r­
bance to  the receiver field tim e-base. The actual tim e over which the d is tu rbance exists will vary in practice 
depend ing  upon the relative phase relationship  at the m om ent o f  sw itching, but will norm ally lie between 0.5 s 
and  2 .0  s.

The change in transm ission delay on sw itching may in troduce a sm all d iscontinuity  in the sound signal 
w hich, although noticeable, should no t be disturbing.

As sw itching in a system in the fixed satellite service will be infrequent, the effect on both vision and 
sound  signals would no t prove too serious.

4. Summary

The significance o f  D opp ler frequency-shift and  switching discontinuities in systems in the fixed-satellite 
service varies with the type o f  service o r signal transm itted , and with the characteristics o f the satellite orbit. In 
general, geostationary  satellites are  not expected to in troduce significant D opp ler frequency-shifts or sw itching 
d iscontinuities. N on-geostationary  satellite systems will in troduce greater D oppler frequency-shift and sw itching 
discontinuities.

The m ajor com ponent o f  the D opp ler frequency-shift can be rem oved in the radio-frequency receiver, but 
there will rem ain a “stretch” o r “ shrinkage” o f the baseband  spectrum  due to differential frequency shift. The 
effect on m onochrom e television will be insignificant an d  the effect on co lour television will probably be tolerable. 
In telephony , with the general use o f  b roadband  single-sideband frequency-division m ultiplexing techniques, the 
changes in baseband spectrum  (differential D oppler) will require com pensation  in the form o f transm ission delay 
equalization  o f the entire baseband  o r o f  autom atic  control o f the carrier frequencies used in the m ultiplex 
equipm ent. It is felt tha t such com pensation  is feasible. Telegraph, da ta  and  phototelegraphy channels, derived 
from  channels adequately  corrected fo r telephony, should  not require any further consideration  o f D oppler effects.

It appears tha t, unless special steps are taken , tim e discontinuities due to satellite sw itching may lead to 
e rro r rates on telegraph channels w hich, for certain  pairs o f earth stations w ith particu lar orbital configurations, 
cou ld  exceed the desirable lim it suggested in C C IT T  R ecom m endation R.54 o f  2 errors per 100 000 telegraph 
characters. Some discussion o f this m atter, and o f  possible m eans o f m itigating the effects on telegraph 
transm ission , is given in A nnex I.

The attention  o f  the C C IT T  and  the C M T T  is draw n to the problem s which may arise in systems in the 
fixed-satellite service due to D opp ler frequency-shifts and  switching discontinu ities; the C C IT T  with regard to 
te lephony , telegraphy and d a ta  transm ission and the C M TT for television transm ission, including the related 
sound  channel.
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A N N E X  1

1. C C ITT Recommendations

C C ITT  R ecom m endation R.57 calls for a m axim um  isochronous d is to rtion  over a single telegraph link not 
exceeding 10%.

C C ITT  R ecom m endation R.54 suggests, in the considerings, an erro r-ra te  no t exceeding 2 per 100 000 tele­
graph characters due to distortion  as a desirable overall transm ission objective.

2. Telegraph error-rates in 50-baud start-stop telegraph systems

In a prelim inary series o f experim ents, the relationship between the du ra tion  o f switching discontinuities 
and telegraph error-rate in 50-baud start-stop  telegraph systems has been explored . The error-rate is dependent, to 
a small extent, on the nature o f  the transm itted text. It appears that the erro r-ra te  may not vary greatly when the 
dura tion  o f the sw itching discontinuity  is varied between 0 and about 7.5 m s; the average num ber o f errors is then 
about 0.25 per sw itching operation . For durations exceeding about 7.5 ms, the error-rate  increases; this may be 
explained by the evident fact that, in these circum stances, the leng thening .or shortening o f the telegraph elem ents 
approaches or exceeds 50% of the du ra tion  o f the elem ents. The prelim inary experim ents suggest that the average 
num ber o f character errors per discontinuity  may be about 1.0 for d iscontinuities o f duration  o f about 10 
to 12 ms, whilst it may approach  2.0 o r more for discontinuities o f du ra tion  up to and exceeding 20 ms. These 
results, as stated above, apply to telegraph signals at a speed o f 50 bauds; the du ra tion  o f each elem ent is 20 ms 
and it is not unreasonable to find that, for discontinuities o f a duration up to abou t 30 ms, there may not be m ore 
than  two telegraph character errors.

3. Compensation by means of variable-delav correction devices

3.1 Compensation with moderate accuracy

It would be possible to greatly reduce character errors due to satellite sw itching if suitably controlled 
variable delay devices could be connected in tandem  with satellite links, so that the overall signal delay could be 
kept constant. C om pensation  to an accuracy o f the o rder of 200 us w ould deal with character errors due to the 
lengthening or shortening o f telegraph elements. The developm ent o f such b road b an d  delay devices would have 
the additional advantage o f substantially  elim inating differential D oppler-shift effects in the transm itted baseband; 
these w ould otherwise call for special control o f  supergroup and group translation  oscillators to preserve the 
centering o f voice-frequency telegraph signals in their appropriate  filter bandy/idths.

The effects o f phase jum ps at the instant o f satellite switching w ould rem ain, and while the character 
error-rate  would be less than that estim ated to occur w ithout com pensation, a reliable estim ate o f the probable 
error-rate  would require experim ental investigation.

3.2 Compensation with high accuracy

T o avoid character errors due to phase jum ps at the instant o f satellite switching, delay com pensation to 
an accuracy corresponding to ± 1 5 °  at the highest baseband frequency involved appears to be necessary. For 
telegraph channels carried in the highest frequency telephone channels o f a 1 2 0 0 -channel system with baseband 
frequencies up to 5 M Hz, an accuracy o f some 0.01 us would be required. The probable limit o f predicted satellite 
slant range, and therefore o f transm ission delay, is o f the order of 50 us. C onsequently , direct com pensation on a 
predicted basis in a single step to an accuracy sufficient to substantially rem ove telegraph errors is im practicable. 
C onsideration  might, however, be given to additional measures, for exam ple, an electronically controlled
variable-delav device, which has its delay changed until the baseband signals over the two satellite paths displayed
com plete correlation in time, the sw itch-over then taking place.

A nother possibility to which attention  might be draw n is the em ploym ent o f a relatively slow “fade-over" 
instead o f an abrupt switch-over. The m ajor effects of sudden phase changes m ight thereby be avoided and only a 
small p roportion  o f telegraph channels suffer from am plitude effects. FM voice-frequency telegraph systems can 
tolerate at least 15 dB reduction o f signal level and printed error-rates o f  the o rder o f one in 80 000 might be 
achieved, but this possibility requires theoretical and experim ental investigation. The effect o f such a “fade-over" 
on telephone, data and facsimile circuits would need to be assessed.

4. Summary of means of compensation

In  c o n s id e r in g  p o ss ib le  m e th o d s  o f  m itig a tin g  th e  e ffec ts  o f  s w itc h in g  d is c o n tin u i t ie s  o n  te le g ra p h  
p e r fo r m a n c e ,  it m u s t be  b o rn e  in m in d  th a t  in a n y  te le g ra p h  c h a n n e l th e re  m a y  b e  a n u m b e r  o f  ca u se s  o f  e r ro r .

T e le g ra p h  e r ro r s  d u e  to  s a te l li te - sw itc h in g  d is c o n tin u i t ie s  m ig h t b e  re d u c e d  in n u m b e r  b y :
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4.1 “ buffer sto re” systems, which would com m ence to store on receipt o f a “satellite change” signal 
transm itted  over the system and re-transm itted at a slightly higher rate after com pletion o f the change;

4.2 tim e d iscontinuity  correction o f  m oderate accuracy used in conjunction  with any o f the follow ing 
m easures:

4.2.1 placing o f the telegraph channels in the lower part o f  the baseband  spectrum ;
4.2.2 inter-satellite switching, which takes place at the point where the telegraph signals are d.c.;
4.2.3 in troducing slow “fade-over” devices to mitigate transients caused by rapid switching between 
satellites;
4.2.4 recoding o f the telegraph inform ation into special codes, such as those developed by H am m ing, 
which give correction facilities w ithout the necessity for retransm ission;

4.3 precise com pensation  of transm ission delays to minim ize the delay d iscontinu ity  at change-over.
In addition , it would be possible to use A RQ  or some equivalent system ; this would be particularly useful 

in the event that the satellite link is extended by an H F radio link or ano ther type o f link liable to in troduce a 
relatively large num ber o f telegraph errors.
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SECTION 4C: EARTH STATION AND BASEBAND CHARACTERISTICS - EARTH STATION ANTENNAS

- MAINTENANCE OF EARTH STATIONS

REPORT 391-6

RA D IA TION  DIAG RAM S O F  ANTENNAS FOR EARTH  ST A T IO N S IN TH E 
FIX ED -SA TELLITE SERV ICE FO R U SE IN IN T E R FE R E N C E  ST U D IE S 

AND FOR T H E  D ETER M IN A TIO N  O F  A D E SIG N  O B JE C T IV E

( Q u e s t i o n  1 / 4  a n d  S t u d y  P ro g ra m m e  1 A / 4 )

(1966-1970-1974-1978-1982-1986-1 9 9 0 )

1. Introduction

In the determ ination o f coord ination  distance or for the assessm ent o f  interference between earth stations 
and  radio-relay stations, and for coordination  studies between earth sta tions and space stations o f different 
satellite systems sharing the same frequency bands; it is required that the gain o f the earth-station  antenna be 
know n in the relevant direction. It is also desirable that radiation  characteristics in planes o ther than the principal 
planes be know n, particularly  in the case o f interference calculations betw een satellite systems.

In addition , as discussed in Report 390, it is necessary to assem ble data  on the side-lobe perform ance of 
new an tennas in o rder to establish an appropria te  design objective for side-lobe levels.

2. Characteristic radiation patterns of antennas

In calculating m utual interferences between radio-relay systems an d  satellite com m unication  systems, it is 
preferable th a t the statistical properties o f an tenna side-lobe levels, as well as those o f  side-lobe peaks, are know n. 
This is particularly  true when there is more than one interfering source. M easurem ents m ade on a num ber o f 
existing an tennas, also theoretical studies, have shown tha t the statistical d is tribu tion  o f  the an tenna  side-lobe 
am plitudes are approxim ately expressed by the Rayleigh d istribution function . The m edian (50%) value o f  the 
side-lobe peaks is about 2.0 dB higher than that o f the side-lobe level d is tribu tion .

U sing the above inform ation, reference curves for earth-station an ten n a  side-lobe characteristics have been 
com puted and  are show n in Fig. 1 [Shinji et al, 1976].

M easurem ents m ade on offset-fed parabolic antennas [Grace an d  M iller, 1966] and on G regorian-type 
asym m etric antennas have shown that the side-lobe peaks o f these types o f  an tennas follow  the log-norm al 
statistical d istribution . This is m aintained both in the angle dependent and  angle independent side-lobe regions 
and allow s the side-lobe characteristics to be described in term s o f the m ean value and s tandard  deviation o f 
side-lobe peak statistics.
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Angle between the axis of the main beam and the direction in question, 
95 (degrees)

FIGURE 1 -  Statistical side-lobe relationships fo r  typical earth station  
antennas

A = Median (50%) of side-lobe level distribution 
B = Median (50%) of side-lobe peak distribution 
C = Worst 10% of side-lobe peak distribution 
D = Worst side-lobe peak distribution value

2.1 R e p re s e n ta tio n  o f  m e a s u re d  d a ta  on  a n te n n a  o f  la rg e  d ia m e te r  to  w a v e le n g th  ra tio  ( D/ X  >  100) bv a 
re fe ren ce  ra d ia tio n  d ia g ra m

Data obtained in 1976 for earth station antennas of 26 to 32 m in diameter 
(D/A = 550 to 670) and the theoretical studies referenced above became the basis 
for adopting the formula

G = 32 - 25 log <p (dBi) (1)

where G is the gain relative to isotropic antenna and <p is the angle (in 
degrees) between the axis of the main beam and the direction in question.

The WARC-79 has agreed on a method for the evaluation of the radiation 
diagram as shown in Annex I. f

Analysis of test results on a substantial number of Standard A 
(G/T requirement prior to 1984) class antennas of the INTELSAT system whose D/A 
vary from approximately 400 to 700 are shown in Figures 2a and 2b for circularly 
co-polarized (in both senses of polarization) patterns .
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0,15 0,2 0,5 1 2 5 10 20 30

Angle between the axis of the main beam and 
the direction in question, <p (degrees)

FIGURE 2a -  Distribution o f  side-lobe levels in circularly polarized  
co-polar patterns fo r  IN T E L S A T  Standard A  Antennas  
Transm it side-lobe pattern analysis

^  sample width

-j- maximum value 

‘ ' worst 1 0 %

(► median value 

X best 1 0 %

minimum value 

58, number o f samples

Antenna data:

Type: INTELSAT Standard A (G/-j- requirement prior to 1984)
Diameter: approx. 30 m
Frequency: 5 9 9 0 -6 4 0 0  MHz
Polarization: Left and right hand co-polarization



146 Rep. 391-6

x dBi

FIGURE 2b - Statistical distribution of the value of x for 
INTELSAT Standard A antennas. which meet the 
requirement: Gain envelope = x - 25 log<p (dBi)

Figure 2c shows the levels exceeded by 10% of co-polarization side lobe 
peaks, as determined by the method described in Annex II, of three Cassegrain 
antennas designed to operate in the frequency bands above 10 GHz (D/A > 100) .
The method described in Annex II gives realistic statistics that take account of 
the slope of the pattern within the sample window.

M e a s u r e m e n ts  c o n d u c t e d  b y  INTELSAT o n  93  INTELSAT a n t e n n a s  i n s t a l l e d  b e t w e e n  1 9 7 7  a n d  1 9 8 4  d e m o n s t r a t e

side-lobe performance characteristics over the tested angular range of approximately 1° to 20° away from main 
beam centre, that meet (i.e. have at least 90% of their side-lobe peaks within) the existing recommendation of 
G = 32 — 25 log (p, and that approximately half of these antennas meet the proposed new reference radiation 
gain envelope of G = 29 — 25 log cp for that range of angles.



Rep. 391-6 147

Angle between the axis o f the main beam  
and the direction in question, <p (degrees)

FIGURE 2 c ~  Statistical data o f side-lobe peaks o f three Cassegrain antennas 
at the frequencies above 10 GHz (co-polarization)

Levels exceeded by 10% o f  the side-lobe peaks processed 
in accordance with Annex II 

o  14.25 GHz D A  = 618
•  12.126 G H z D A  = 526
a  14.22 G H z D A  = 379
a  11.92 GHz D A  = 318
□ 14.25 G H z D A  = 380
■ 11.58 GHz D A  = 309
I-  - I Sample width

Large antennas with improved side-lobe characteristics ( D/ X  > 100)

An offset-fed reflector an ten n a  has low side-lobe characteristics because there is no aperture  blockage. An 
exam ple o f side-lobe characteristics for this type o f an tenna is given in Fig. 3 c . This an tenna  has a shaped 
sub-reflector and  a beam  waveguide feed, while the m ain reflector is part o f  a parabo lo id  o f revolution. Further 
details about this type o f  an tenna  can be found in A nnex I o f Report 390.

Careful study to define the various an tenna com ponents may, how ever, im prove the characteristics, even in 
the case of a conventional C assegrain an tenna as show n in Figs. 3 a  a n d  3 b .

The rad iation  patterns o f  a 32 m C assegrain an tenna designed to cover the 875 M H z bandw idth  at 6  G H z 
and  the 800 M Hz bandw id th  at 4 G H z were ob tained  and processed in accordance with the m ethod described in 
A nnex II. Figure 3 b  shows the levels exceeded by 10% o f co-polarization  side-lobe peaks o f that antenna.

Measurements conducted on six EUTELSAT 14 GHz antennas ranging from
5.6 metres to 18.0 metres during the 1980s similarly demonstrate side-lobe 
performances in the angular range up to about 20 degrees off-axis, and again 
these results show that the gain envelope of G = 29 - 25 log <p dBi is met by at 
least 90% of the side-lobe peaks in the majority of cases. The measurement 
technique used included storage of the data and subsequent computer analysis to 
present the results automatically in the form described in Annex II, Figure 8 . 
The results were computed separately for side-lobe peaks of 2 dB, 3 dB 
and 10 dB, but the statistics were found to be similar for all three 
definitions.
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Angle between the axis o f the main beam and 
the direction in question, <p (degrees)

FIG URE 3 a  -  Statistical distribution o f  side-lobe peaks

34 m antenna 
3 990 MHz 
Co-polarization

Angle between the axis o f the main beam 
and the direction in question, <p (degrees)

F IG  URE 3 b -  Statistical data o f  side-lobe peaks o f  a 32 m Cassegrain antenna
(co-polarization)

Levels exceeded by 10% o f  the side-lobe peaks processed 
in accordance with Annex II 

o 6725 MHz DZk = 718
•  6150 MHz D/k  = 656
a 3950 MHz D /k  = 419
a  3400 MHz D /k = 363
H —H  Sample width
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Angle between the axis of main beam and 
the direction in question, <p (degrees)

FIGURE 3c -  Statistical distribution ofside-lobe peaks 
fo r  an o ffset Cassegrain antenna with 

D /k  = 1131 and f  = 29.5 GHz (azimuth cut)

2.3 Reference radiation pattern fo r  D/ X < 100

T heoretical considerations and  the available da ta  concerning radio-relay antennas (R eport 614) suggested 
that the reference diagram  given by the form ula (1  ) may lead to error if attem pts are m ade to apply it to 
antennas w ith D /X  <  100, and a new form ula for the reference rad iation  diagram  has been suggested. This is 
given by:

G =  52 -  10 log ( D/ X)  -  25 log <p d B i  (2)

However, offset antennas are capable of providing improved performance as noted 
in section 2.4.
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As an exam ple, results o f m easurem ents o f  the statistical d istribution  o f the side-lobe peaks for a small 
an tenna with a conventional sym m etrical parabolic  reflector o f 3.3 m diam eter ( D / X  = 6 6 ) are given in Fig. 4.
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72’

\
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V .
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N*
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3( •I 61. 74 (—i6 p 0
10c 20 ‘ 50' 100 ' 180'

Angle between the axis o f the main beam and 
the direction in question, ((> (degrees)

FIGURE 4 -  Statistical distribution o f  side-lobe peaks fo r  
a small compact Cassegrain antenna with 

D/X  = 66 and D  = 3.3 m  at f  = 6.0 GHz

Further details about the theoretical background  for such a form ula can be found in R eport 614. This 
form ula should not be used for D / X  > 100.

It should be noted that this form ula should be assum ed to apply only to the region beyond the first 
side-lobe peak, that is, at and beyond <p (degrees) =  100 X / D .  In addition , it should never be assum ed that the 
reference an tenna gain falls below  — 10 dB relative to isotropic.

In cases where D / X  is not given, it m ay be determ ined from the expression 20 log ( D/ X)  G0 — 7.7 
w here G0 is the main lobe an tenna gain in dB.

The performance of twelve models of axisymmetric antennas ranging in 
size from 2.8 to 7 . 0 m in diameter, which were manufactured from designs 
predating 1982, was measured in accordance with the methodology described in 
Annex II. This data is presented in Figure 9- The reference earth station 
antenna radiation pattern depicted in this figure is plotted as an envelope 
formed by the diameter-to-wavelength ratios (96 to 35) which apply. It can'be 
seen that, with the exception of side-lobes close to the main lobe or antenna 
axis, these older antennas conform to the reference radiation pattern for off- 
axis angles up to 20 degrees. It is evident that some redesign of the feed 
supports and the illumination distribution of these antennas, to reduce 
reflections and spill over of RF energy, could result in a performance which fully 
meets the reference.pattern requirements.



ANGLE FROM BORES1TE (deqrecs)

FIGURE 5

Statistical plot of side-lobe peak values for antennas with D/A < 100 
in the 3 700 - 4 200 MHz and 5 925 - 6 425 MHz frequency bands

2.4 Antennas with improved side-lobe characteristics (D/A < 100)

For some applications small earth station antennas with improved side-lobe 
characteristics may be necessary. Further details including offset shaped 
antennas can be found in Report 998.

2 .5 :  Polarization considerations

The reference radiation  d iagram  is that which is obtained in the principal p lane o f the an tenna  with a 
co-polarized test an tenna . M utual interference between stations, particularly  earth  sta tions and space stations in 
d ifferent systems, is directly dependent upon the d iscrim ination  obtained through the side lobes o f the respective 
an tenna system. For the co-polarized case (i.e. m atched polarization) the reference rad ia tion  d iagram  given in the 
form ula in § 2.1 is appropriatelv  used. W hen systems operate in o rthogonal po larizations, this discrim ination  is 
expected to be enhanced. Few data  are available at the present time and  it is not possible to develop a sim ilar 
reference diagram . The question o f polarization  is discussed in detail in R eport 555 <and R e p o r t  1 1 4 1 .
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3. Design objectives for future earth-station antennas

Based on the inform ation contained in this Report and the work carried out by Interim  W orking Party 4/1 
in re la tion  to the im portance o f  an tenna rad iation  pattern in the utilization o f  the geostationary  orbit, 
R ecom m endation  580, is concerned with the radiation  diagram s for use as design objectives for earth-station
an tennas. In o rder to review th i s   R ecom m endation at a later date, adm in is trations are invited to continue to
subm it d a ta  relating to patterns o f earth-station  antennas with im proved side-lobe characteristics.

R eport 998 outlines m easures which may be taken to reduce the side-lobe levels o f sm all antennas. It 
should  be noted that, in the past, there has been a tendency to design large axisym m etric an tennas with a 
un iform ly  illum inated aperture. R eport 998 considers the im pact o f the use o f tapered  illum ination , as has been 
p reviously  reported  for only asym m etric an tenna designs.

4. Conclusions

Because o f  the wide variety o f applications when sharing o f  frequency bands is involved, studies are 
needed, both for an tennas with D /X  <  100, and for antennas with D /X  > 100, so that the m ost useful and 
p rac tica l reference rad iation  d iagram  is available. R eports 390 and 998 give a useful discussion o f the characteris­
tics in the side-lobe regions.

T o ensure tha t the inform ation  contained in this R eport (as well as in the resulting R ecom m endations) be 
representative o f  curren t practice, adm inistrations are requested to subm it m easured an tenna pattern data, 
particu larly  in regard to peak side-lobe characteristics and polarization  pattern  characteristics. The side-lobe 
p a tte rn  gains should  be given relative to isotropic gain referred to the feed horn  flange. A dm inistrations are also 
requested  to  provide b rie f technical descriptions o f the antennas with particu lars o f  the  steps taken to ensure a low 
side-lobe perform ance. Preferably the peak side-lobe data  should be given as the statistical distribution o f the 
peaks w ithin suitable sam ple w idths o f the angle relative to the m ain beam  axis (see Fig. +3-)P A m ethod for 
evalua tion  o f side-lobe d a ta  taking account o f  the slope o f the an tenna side-lobe characteristics within an angular 
segm ent is given in A nnex II. A dm inistrations should preferably take accoun t o f  the slope o f  the antenna
side-lobe characteristics in preparing  statistical data  intended for this R ep o rt. ----------------------------------------------- —
------------------------------------------------------------- The inform ation  should be suitably an n o ta ted  with relevant data such as
an ten n a  d iam eter, frequency o f  operation , type o f an tenna, po larization , an d  if possible, including some 
ind ica tion  o f  site effects.
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A N N EX  1

R E F E R E N C E  PA TTER N  O F  T H E  W A R C-79

The reference pattern in Fig. 6 , as agreed to by the W ARC-79, is given by the follow ing extract from 
A ppendices 28 and 29 o f the R adio Regulations:

Off-axis angle, <p (degrees)

F IG U R E  6  -  Reference radiation pattern o f  an earth-station antenna 
(after the WARC-79)

A: main lobe 
B: first side lobe 
C: other side lobe 
D: residual gain
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Determination o f  the antenna gain

“The relationship  cp(a) may be used to derive a function for the horizon an tenna gain , G(dB) as a function 
o f the azim uth a , by using the actual earth station an tenna pattern , or a form ula giving a good approxim ation. 
For exam ple, in cases where the ratio  between the antenna d iam eter and the wavelength is not less than 100, the 
follow ing equation should be used:

G(«p) =  Gm, x - 2 .S  x I O - ^ y ( p j '  for 0 <  <p <  <p„, (39a)

G(<p) =  G, for (p,„ <  (p <  (p, (39b)

G (<p) =  3 2 -  25 log (p for <pr <  <p < 48° (39c)

G((p) =  -  10 for 48° <  <p <  180° (39d)

where:
D: antenna diameter
X : wavelength

expressed in the same unit

G |: gain o f the first sidelobe =  2 4- 15 log K

201
<Pm =  ^  JG™* - G \  (degrees)

<P, =  15.85 ( y l  (degrees)

When it is not possible, for an tennas with — o f less than 100, to use the above reference an tenna pattern
A,

and when neither m easured data  nor a relevant C C IR  R ecom m endation accepted by the adm inistrations 
concerned can be used instead, adm inistrations may use the reference diagram  as described below:

G(<P) =  C max- 2 . 5 x  1 0 - ^ y c p J for 0  <  <p <  (pIM (40a)

G(cp) =  G,
X

for (p„, <  cp <  100 — (40b)

G(<p) =  52 — 10 log — 25 log (p 
A

for 100-^ <  tp <  48° (40c)

C5 II 0 1 o o' 00 for 48° ^  cp <  180° (40d)

where:

|  expressed
D: antenna diam eter ,
, , f expressed in the same unit
X: wavelength

G, =  gain of the first sidelobe =  2 +  15 log —
A,

20X
<Pm =  - p  -  y /G ma% -  G i (degrees)

The above patterns may be m odified as appropria te  to achieve a better representation  o f the actual 
an tenna pattern.

In cases where — is not given, it may be estim ated from the expression 20 log — == Gmax — 7.7, where 
X • X

Gmax is the m ain lobe an tenna gain in dB.”

The equations quoted above include the evaluation o f an tenna radiation pattern  close to the axis of the 
main beam , which is not a part o f the radiation pattern currently quoted in the C C IR  and recent experim ental 
data  has indicated that it may be necessary to m odify the equation quoted above for the gain o f the first side lobe.
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M easurem ents m ade on a num ber o f  sym m etric Cassegrain an tennas have show n th a t the relative first 
side-lobe levels (generally <  — 14 dB) do not exhibit a clear dependence on D/ X.  Figure 7 show s the da ta  which 
has been converted into absolute first side-lobe levels from the know ledge o f  the peak gain o f  each an tenna . It can 
be seen that the above form ula for G\ under predicts the first side-lobe gain particu larly  for la rger an tennas. Based 
on these considerations, the follow ing equation  is considered to be a m ore ap p rop ria te  rep resen ta tion  o f the first 
side-lobe gain:

G, =  20 log ( D/ X)  -  7 dBi

W hereas this equation  represents an approxim ate mean o f the m easured da ta , it is evident th a t individual 
design features o f an an tenna , e.g. apertu re  illum ination efficiency, w ould produce varia tions in the first side-lobe 
levels as is indicated by the spread o f the data show n in Fig. 7 .

FIGURE 7 -  Measured absolute firs t side-lobe levels fo r  
symmetric Cassegrain antennas

UK Japan

o 3 m (11/14 GHz) A © 1 0 m (4 GHz) G A 13 m (6/4  GHz)

A 27.4 m (4/6  GHz) B • 6 m ( 6  GHz) H A 27.5 m (6/4  GHz)

• 19 m (11/14 GHz) C 13 m (12 GHz) 1 A 29.6 m (6/4  GHz)

D 13 m (19.5 GHz) J A 32 m (6/4 GHz)

E 0 2 m (19.5 GHz) K A 34 m (6/4 GHz)

F O 11.5 m (19.5/29.5 GHz)

For angles beyond 1° to 1.5°, however, the above equations sim plify to those now used in the C C IR  for 
an tenna o f D / X  > 100.

Furtherm ore, it is recom m ended that the com patibility of these form ulas with the search for an efficient 
utilization o f the geostationary  orbit should be studied.
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A N N E X  II

S TA T IST IC A L  P R O C E S S IN G  M E T H O D  O F S ID E -L O B E  PEA K S

The m easured d a ta  may be processed follow ing the guidelines given below :

In com piling statistical d a ta  it is necessary to exclude peaks tha t result from  experim ental erro r or are in 
other ways not significant.

The follow ing defin ition  o f  w hat constitutes a peak is suggested:

A peak is defined as an off-axis angle such that for both an increase and  a decrease in angle, a reduction
in level of at least 2 dB will occur before the level increases again by at least 2 dB.

The angu lar regions w ithin which the sam ples are taken shall be defined as those show n in Fig. 8 . A
side-lobe peak exactly on the bo rder o f two angular regions or w indow s is included in the low er w indow.

Angle befween axis of the main beam and the direction in question,^

Figure 8 - .  Example o f distribution of side-lobe peaks
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W ithin each o f  the above w indow s, the levels o f  each peak should be norm alized to the geom etric angular 
mean o f  the w indow  by taking in to  account the slope o f  the reference pattern  th a t relates to this w indow , thus:

/  J  <Pz • <P« \p . ,  = P _ m lo g ( V _ _ )

where:

P : m easured peak am plitude (dB),

P' i : norm alized peak am plitude (dB),

m  : slope o f  the reference pattern  (see N ote 2),

<Pl> <Ph - angu lar limits o f  sam ple w indow  /,

tp/>: off-axis angle o f  peak P(<Pl <  <p/> <  <p«)-

The statistical da ta  in specific angu lar regions is then draw n in the m iddle o f  the respective angular region.

Note I. — Further studies are required  in the defin ition  o f  a peak in o rder to have refined m ethods for 
processing side-lobe levels. The studies should consider actual side-lobe angu lar w idths accounting  for the total 
operating  frequency range and the D /X  o f  the antenna. Special attention is also required in the case where an 
insufficient num ber o f  side-lobe peaks (less than  10 ) is present in the specified angu lar regions.

When t h e  number o f  s i d e - l o b e  p e a k s  i s  l e s s  t h a n  10 i n  t h e  
s p e c i f i e d  a n g u l a r  r e g i o n s ,  s i d e - l o b e  l e v e l s  may be e v a l u a t e d  
f o l l o w i n g  t h e  method g i v e n  b e l o w .  As shown i n  F i g .  9 , t h e  r a t i o  
b e t w e e n  t h e  sum o f  a n g u l a r  widthd^Pi o c c u p i e d  by e a c h  s i d e - l o b e  peak  
e x c e e d i n g  t h e  r e f e r e n c e  d ia g r a m  and t h e  t o t a l  s a m p l e d  a n g u l a r  w i d t h  
i s  n o t  g r e a t e r  th a n  10%:

2 Acp± /  (p < 10%

Studies  are a l s o  required in  the adoption of  the f igures  such as 
10% and 10 s id e - lo b e  peaks used in  th is  method.

Note 2. -  Presently, the processing o f  the data  has used the slope o f - 2 5  log <p. I f  the slope changes in the 
future from this value (for exam ple, due to new technological developm ent) statistical d is tribu tion  process will 
have to change accordingly.
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9 degrees

Figure 9 Angular width of side-lobe peaks 
exceeding the reference diagram
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REPORT 3 9 0 - 6

EARTH-STATION ANTENNAS FOR THE FIXED-SATELLITE SERVICE

( Q u e s t i o n  1 / 4  -an d  S t u d y 'P r o g r a m m e  1 C / 4 )

(1966 -1970 -1974 -1978 -1982 -1986 -1990 )

1. Introduction

The desired characteristics for m ost earth-station  antennas are:

— high gain in the direction o f  w anted signals;
— low gain in the direction o f  unw anted  signals;
— high efficiency;
— low effective noise tem perature  fo r the entire receiving system;
— steerability over the expected range o f  satellite positions;
— continuous poin ting  tow ards the satellite with the required accuracy;
— m inim um  variation  in perform ance due to  local conditions o f w ind and  w eather;
— m inim um  variation  in illum ination  o f  the satellite by the earth sta tion ;
— high discrim ination  between o rthogonally  polarized signals.

For som e applications, m ulti-beam  a n d /o r  m ulti-band antennas will be advantageous.

2. Mechanical and structural aspects

2.1 Construction o f  reflectors and  associated support structures

The design o f  support structures m ust ensure tha t the shape, relative position  and  relative attitude o f  the 
various reflecting surfaces is very accurately m ain tained  in spite o f  changes in elevation angle, w ind velocity, 
am bien t tem perature, ice load  and  so lar heating.

2.2 Surface accuracy o f  reflectors

The shape o f  reflecting surfaces m ust be accurately set and m ain ta ined  un d er all opera ting  conditions to 
avoid  loss o f gain and  a consequent increase in side-lobe levels. This loss m ay be conservatively estim ated from  
[Ruze, 1966] by:

loss o f gain =  0.00761 c 2 f -  dB (1)

where,

e : surface r.m.s. error, in m m ;

/ :  frequency in GHz.

For exam ple, at 11 G H z, an erro r o f  only 1 mm m ay reduce the gain by as m uch as 1 dB.

At 4 /6  G H z, errors in the m ain reflector profile o f  approxim ately 1 m m  r.m .s., correlated  over distances o f  
abou t 1.5 m, m ake a m ajor con tribu tion  to side-lobe levels within about 2° o f  the axis; errors o f  0.5 mm r.m.s. 
w ithin individual reflector panels m ake a  significant contribution  to the side-lobe level betw een 2 ° and 1 0 ° o ff 
axis. Im provem ents in panel profile accuracy can therefore lead to a useful reduction  in overall side-lobe level, 
dependent on contributions from  o ther sources.
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2.3 Antenna pointing and tracking requirements

For m any systems, loss o f signal due to im perfect po in ting  m ust be held to a few tenths o f  a dB. For a 
30 m d iam eter an tenna operating  at 4 G H z, this w ould dictate a pointing  accuracy o f  about 0.01°. This can be 
accom plished either by autom atic  track ing  o f  a beacon signal or by com puter p rogram m e steering.

A utom atic tracking can have several m ethods o f  im plem entation. The m ost sophisticated type derives error 
signals from  the m isalignm ent o f  the an tenna beam  with the satellite direction. The sim plest system is the hill 
clim bing o r simple step tracking system which em ulates the m anual process o f  peaking up the received signal. A 
th ird  category is the sm oothed step track approach  which takes advantage o f  the fact tha t the o rbits o f  nom inally  
geostationary  satellites are highly predictable and  processes data  from  several well chosen step cycles to update  a 
m athem atical m odel o f  the track. The an tenna is then positioned on predictions from  the model and  will m aintain  
a very high pointing  accuracy since noise pertu rbations on the stepping data  are sm oothed out over a period o f 
tim e [Edw ards and Terrell, 1983].

A utom atic correction, o r autom atic  tracking, may be carried out no t only by m eans o f  satellite beacon 
signals bu t by also using w ideband w orking signals. The pointing  inaccuracy o f  an an tenna equipped with an 
au to track  system should be defined not only by the angular m isalignm ent betw een the equi-signal direction and 
the satellite direction, but also by the gain losses in the satellite direction as com pared  with the m axim um  gain.

For sm aller an tennas opera ting  with geostationary  satellites, m anual positioning at infrequent intervals 
m ight suffice.

If  the satellite position is m ain tained  w ithin a narrow  angular range, econom y may be effected by lim iting 
the operative pointing  angle o f the an tenna. Such a lim ited steerable configuration  is particularly  suitable fo r an 
offset type an tenna with an asym m etrical reflector. A polar-m ount type an tenna fed by a system o f  reflectors may 
be one o f  the various possibilities for a lim ited steerable antenna. A nother lim ited steerable an tenna is a 
beam -steerable an tenna which is capable  o f having access to m ultiple geostationary  satellites w ithout m oving the 
m ain reflector. Offset type beam -steerable an tennas using a torus reflector o r a spherical reflector m ay be useful 
fo r conserving the frequency spectrum  because o f  the ir low side-lobe perform ance, as well as reducing the cost o f  
earth  sta tions; these factors are discussed in A nnex V. It should however, be realized tha t lim ited steerability may 
im pose penalties on certain  opera tional features o f  the earth  station, e.g. with respect to m aintenance and testing 
using a rad io  star.

It should be noted tha t the possibility o f  using earth-station  antennas w ith sm all diam eter w ithout tracking 
and  therefore  o f low cost and  easy to  operate, is very dependent on the o rb ita l inclination  o f the geostationary 
satellite and  on the geographical location  o f  the earth  station relative to the sub-satellite point. O n the basis o f 
studies carried  ou t in Italy [Q uaglione and  G iovannon i, 1983] it was concluded tha t a difference in longitude 
betw een the earth  station and the sub-satellite po in t m ay significantly reduce the need for angu lar tracking. For 
exam ple, if  this difference in longitude is 50°, the an tenna d iam eter could be increased by about 20% for an earth  
sta tion  located at 30° latitude. It was further concluded tha t fo r the w orst case o f  an  earth  station  located on the 
sam e m erid ian  as the sub-satellite po in t, in which the latitude o f the earth  sta tion  does not have a significant 
im pact:

— fo r a m axim um  acceptable loss o f  gain o f 1.0 dB and  assum ing an orbital inclination  o f 0.1°, the earth-station  
an ten n a  gain m ust not exceed 52 dB (corresponding  to about 8 m d iam eter at 6  G H z, 3.5 m at 14 G H z and
1.6 m a t 30 G H z) if  tracking is to be avoided.

— fo r a m axim um  acceptable loss o f  gain o f  0.5 dB  and  again assum ing an orbital inclination  o f 0.1°, the 
an ten n a  gain m ust not exceed 48 dB (corresponding  to about 5 m d iam eter at 6  G H z, 2.2 m at 14 G H z and
1.0 m at 30 GHz).

2.4 W eather protection

The possibility o f ice form ation  on an tenna  surfaces and  the effects o f  frozen precip itation  such as snow ,
sleet and  freezing rain are add itional factors which affect the design o f an tennas fo r operation  in freezing climates.
Som e additional considerations in respect to these factors are:

— satisfactory operation  during  snow , sleet and  freezing rain can be ensured by heating the reflector surfaces 
and  critical portions o f  the suppo rt structure;

— the an tenna should be designed to w ithstand extrem e conditions o f com bined w ind and ice loading.
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The provision o f a radom e for w eather protection o f a steerable an tenna  is no longer thought necessary 
and has the serious d isadvantage o f degrading the system perform ance.

Rain on reflector surfaces o f Cassegrain an tennas causes d istortion o f the an tenna rad iation  patterns. Both 
the m ain-lobe direction and the tracking beam m inim um  are shifted but the effect is sm all and can be ignored in 
practice. M ore im portan t effects are the degradation  o f gain and increase o f  the m inim um  o f  the tracking lobe, 
and they can be significant at frequencies exceeding 10 G H z [M arincic and  Popovic, 1975].

3. Performance of earth-station antennas

3.1 Types o f  antennas

Several kinds o f earth-station  an tennas are now in use: parabolic reflectors w ith C assegrain, G regorian or 
focal poin t feeds; and horn reflectors.

Parabolic reflectors with Cassegrain feeds are the most com m on and  can be divided into several types: 
near field and point source feed, both  designed for high efficiency. M ulti-reflector feeds o f  the near field type are 
expected to come into com m on use.

3.2 Gain o f  the main lobe

The m axim um  gain achievable is largely a function o f the uniform ity o f  illum ination o f the an tenna
aperture and the accuracy o f the reflector surface. High efficiencies may be achieved by suitably shaping the m ain
and sub-reflectors, so that they no longer are truly parabolo idal or hyperboloidal respectively. Shaping results in 
an alm ost uniform  illum ination while still m aintain ing a plane wave front.

3.3 77je level o f  side and  back lobes

The side lobes of earth-station  an tennas have a direct influence on the level o f  inter-netw ork interference. 
This is particularly  im portan t for those an tenna side lobes that lie w ithin a few degrees o f the direction o f the 
geostationary orbit. Every effort should therefore be m ade to develop earth-sta tion  antennas with the lowest 
practicable side-lobe envelope gains.

The side and  back lobes o f an an tenna depend prim arily on the am ount o f  energy which spills over the
edges o f prim ary and secondary reflectors, the am oun t o f energy obstructed by and  reflected by various parts o f
the structure and the prim ary feed pattern ; these factors are discussed in detail in A nnex I.

In the case o f a small an tenna ( D /X  <  100), the side-lobe level in the angu lar region near the principal
axis is generally higher than tha t o f a large an tenna. An off-set dual reflector an tenna , such as an off-set
G regorian or off-set Cassegrain an tenna would how ever have superior side-lobe characteristics relative to the 
conventional sym m etrical reflector systems in the angular region quoted above viz., tha t region which is o f 
concern in systems using closely spaced satellites. This aspect is discussed further in R eport 998.

Existing earth-station  an tennas exhibit rad iation  patterns which generally follow the reference rad iation
diagram  expressed by the equation:

G =  32 — 25 log (p

indicated in R ecom m endation 465. Experim ental confirm ation o f the superior properties o f off-set antennas is 
given in Report 998, where a num ber o f antennas o f this type are described. This experim ental da ta  shows tha t 
earth-station  an tennas designed to achieve low side-lobe levels could satisfy a m ore stringent design objective than 
the one described by the present reference radiation  pattern.

Further da ta  are required to establish an appropria te  design objective. A dm inistrations are therefore 
encouraged to subm it m easured radiation  patterns o f  earth-station antennas as requested in R eport 391. It is 
particularly  necessary to obtain data  on antennas covering a wide range o f D /X  and  frequencies so that the range 
o f application  o f the design objective can be established.

3.4 Noise temperature

All side and back lobes o f  an antenna, as well as the main beam , contribu te  to its noise tem perature. For 
most purposes it is sufficient to assum e that side lobes at elevation less than -  1 0 ° “see” ground at a tem perature 
o f 290 K. Between —10° and 0° the tem perature may be taken to be 150 K; betw een 0° and 10° to be 50 K and 
between 10° and 90° to be 10 K. The pow er in the side lobes may be expressed as a percentage o f the total pow er 
and divided am ong these four regions.
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Noise tem perature contribu tions due to ex traterrestrial sources are discussed in m ore detail in Annex II to 
this R eport.

A typical breakdow n o f noise tem perature for a large C assegrain an tenna designed for a 4 G H z, and 
operating  at 5° angle o f elevation might be:

M ain b e a m     25 K
N ear s id e -lo b es ...................................................................................................................................................................  2 K
Sub-reflector s p i l l - o v e r .......................................................................................................   8  K
M ain reflector spill-over ...............................................................................................................................................  5 K

Sub-total 40 K

Typical cryogenically cooled pream plifiers have a noise tem perature o f  about 20 K, bringing the total 
system noise tem perature, including waveguide losses to about 70 K. If a non-cryogenically cooled (uncooled 
param etric) pream plifier were to be used, the system noise tem perature might be o f the o rder o f 80 to 12 0  K.

3.5 Figure o f  merit o f  the system

A very useful indication o f the perform ance o f  an earth  station is the figure o f m erit defined as:

a n te n n a  p o w er gain
G /T  =  10 log

sy stem  noise te m p e ra tu re  (K )
(2)

A ntenna pow er gain and system noise tem perature  are conveniently referred to the input o f  the low-noise 
receiver, noting that the noise contributions o f the receiver stages follow ing the reference poin t are included. Thus, 
in the case o f an an tenna o f 58.8 dB gain and a system tem perature o f  65 K, the value o f G / T  would be 
40.7 d B (K - ') .

The G / T  o f an an tenna may be m easured directly by the use o f a radio  star as a reference source. This 
procedure is outlined in Annex III.

A lternatively, the G / T  o f  an earth station m ay be determ ined by separate m easurem ent o f system noise 
tem perature  and o f an tenna gain, where the an tenna  gain is m easured by conventional techniques.

3.6 M ulti-band antennas

A dditional factors must be taken into accoun t if the an tenna is to be usable over a wide range o f 
frequencies w ithout appreciable degradation  o f its characteristics. Paraboloidal an tennas with focal poin t feeds are 
not suitable, for m ulti-band operation . H orn reflectors are suitable for m ulti-band use, but they present difficult 
construction  and structural problem s.

C assegrain antennas can be used for m ulti-band  operation  by optim izing the design o f the prim ary feed 
horn and  the sub-reflector system. Such an an tenna  has been designed and  built for operation  at 4, 6 , 20 
and  30 G H z [M ori, 1973]. This 12.8 m diam eter an ten n a  has a focused beam  feed, with the band separation 
equipm ent located in the fixed an tenna pedestal. A pertu re  efficiencies, excluding band  separation  system losses are 
betw een 50 and 62%. M edian values o f side-lobe peaks are alm ost always below  the value 32 — 25 log (p (dB) 
where cp is the angle between the axis o f the m ain beam  and the direction in question; noise tem peratures are 
48 K and  6 8  K at 4 and 18 G H z respectively, at an angle o f elevation o f 5°.

3.7 Polarization discrimination

In m any situations earth-station an tennas m ay be required to provide a high degree o f discrim ination 
betw een orthogonally  polarized signals, o f the order o f  30 to 35 dB; this is discussed further in R eport 555 
and  R e p o r t 1 "\A \
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3.8 W ideband characteristics o f  a large aperture antenna

To cope with increasing traffic requirem ents, it may be required  tha t earth -sta tion  an tennas utilize the 
add itional bandw idth  now  allocated to the fixed-satellite service. A C assegrain an tenna  capable o f  transm itting  in 
the frequency range 5850-6725 M H z (875 M Hz bandw idth) and  receiving in the range o f  3400-4200 M H z
(800 M H z bandw idth) was constructed recently in Japan . The m easured results o f  an tenna perform ance characte­
ristics showed that:

— side-lobe envelope is below the value o f 32-25 log <p (dBi);
— axial ratio is better than  0.34 dB in the 6  G H z band  and 0.41 dB in the 4 G H z band . M easured results o f

axial ratio  o f the an tenna system can be found in R eport 555.

4. Radiation hazards associated with earth-station antenna systems

The transm itter powers required at earth stations may be o f the o rder tha t will produce high pow er 
flux-densities in specific areas in the near and far field o f the an tenna system , which may be a hazard  to hum ans. 
A m ethod o f predicting the pow er flux-densities for a 30 m an tenna system is described in A nnex IV, which will 
be o f  assistance in determ ining w hether or not a safe rad iation  level will be exceeded.

5. Measurements of antenna patterns of earth stations

A ntenna patterns are usually m easured using a rem ote signal source which may be terrestrially  located 
(boresight) or located in a geostationary  satellite.

The boresight m ethod is som etim es difficult, expensive and inaccurate  due to effects o f  the surrounding  
terrain . Insufficient distance in a boresight facility gives errors in side-lobe levels due to phase errors caused by 
the near field effect; however, these errors can be rem oved by sub-reflector displacem ent in the case o f Cassegrain 
an tennas [C laydon, 1970; Teshirogi, 1978]. It was recently dem onstrated  tha t a 32 m an tenna m ain beam  gain and 
near in side lobes could be m easured with an accuracy o f better than  1 dB at 6 /4  G H z by using a boresight 
facility located about 5 km away from  the an tenna [C C IR , 1982-86].

In o rder to achieve adequate receiving sensitivity for the m easurem ent o f  side lobes d is tan t from the main 
beam  and  within the capability  o f current satellite transm itters, a narrow -band  receiver with a frequency sweep 
technique m ust be em ployed. For exam ple, a receiving bandw idth  o f  10 Hz has been used by the French 
A dm inistration  in con junction  with a frequency which is sweeping at the rate o f 10 H z/s. The extent o f the sweep 
frequency should m ore than cover the expected nom inal drift o f the satellite transm itter. The system as designed 
has enabled  the m easurem ent o f side-lobe levels dow n to 0 dBi to be achieved using a geostationary  satellite with 
an  e.i.r.p. o f  10 dBW.

If a second an tenna is available at the sam e site for transm itting  and  receiving a constan t reference signal, 
a coherent detection m ethod can also be used. This allows precise transm it and receive pattern  m easurem ents at 
opera tional elevation angles via a geostationary satellite dow n to —10 dBi or even lower. Several tests have been 
carried  out with two Intelsat S tandard-A  32 m an tennas at the sam e site, using Intelsat-V  satellites as a source. A 
reliable m easurem ent o f side lobes was possible dow n to —80 dB from beam  centre level.
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A N N E X  I

R A D IA T IO N  C H A R A C T E R IS T IC S  O F  A N T E N N A S  O F 

EA R TH  STA TIO N S O U T S ID E  T H E  M A IN  BEAM

In the p lann ing  and construction  o f earth-sta tion  an tennas, with respect to the m ost effective use o f the 
geostationary  orb it, it is necessary to have an understand ing  o f the factors con tribu ting  to the generation o f side 
lobes and  m ethods o f reducing these side lobes by special techniques or the use o f  d ifferent types o f antennas.

1. Factors which influence side-lobe levels

1:1 Influence o f  aperture illumination

Various techniques, such as tapered illum ination , can be used to ob tain  low side-lobe levels.

In the choice o f illum ination functions, a com prom ise has to be m ade betw een side-lobe suppression and 
apertu re  efficiency. If it is, for instance, desired to m inim ize side lobes near the m ain lobe, an  illum ination 
function  has to be chosen which leaves the edges o f  the feed and the reflectors practically  free o f current, resulting 
in low er apertu re  efficiency. The design objective is an illum ination which is as sym m etrical with respect to 
ro ta tion  as possible, so that the illum ination o f the H -plane o f the aperture  is equal to tha t o f  the E-plane; this 
sym m etrical illum ination  can be achieved by dual m ode excitation a n d /o r  hybrid m ode excitation o f the feed 
system.

1.2 Influence o f  spillover

To illum inate the sub-reflector o f a sym m etrical C assegrain an tenna , a feed rad iating  in the direction o f  
the m ain  beam  o f the an tenna is required. Hence, there are interfering rad ia tion  contribu tions in the forw ard 
direction  due to spillover o f the feed m ain lobe past the sub-reflector and to side lobes o f  the feed itself.

In large an tennas the influence o f spillover is considerably lower than  tha t o f other phenom ena for 
angu lar directions w ithin about 5° o f  the main beam  (see Fig. 1), but becomes increasingly significant beyond this 
an gu la r direction. O ne approach  to reducing this effect is by ensuring that the sub-reflector extends to at least the 
— 20 dB po in t o f the feed radiation  pattern.

F or som e large antennas, side lobes o f the feed dom inate the an tenna  side-lobe pattern  at angles 
betw een 20 and 80° from  the m ain lobe. This con tribu tion  to the an tenna side-lobe pattern  can only be avoided 
by the use o f  feeds with inherently low side lobes.

It is possible to direct spillover radiation  aw ay from  the main beam  by em ploying an offset type antenna. 
O ffset feeding also allow s the use o f a larger sub-reflector, which will in tercept a very high p roportion  of the feed 
m ain  lobe rad ia tion , w ithout incurring  the penalty o f high aperture  blockage:

1.3 Influence o f  blockage and diffraction

The feed o r sub-reflector placed in the aperture  o f  a reflector an tenna , together with its supports, have a 
serious effect on the an tenna side-lobe pattern  because, by blocking the an tenna  aperture, they alter the aperture 
illum ination  pattern  and  therefore the radiation  pattern  [Boithias and Behe, 1971; K reutel, 1976]. The effects o f 
this blockage can be reduced by decreasing the blocked area o f the aperture, or by using an tenna types which do 
no t have significant physical blockage, such as horns or offset-fed reflectors [M izuguchi et al., 1976].

M icrow ave energy can be d iffracted over wide angles by the edges o f the sub-reflector and main reflector, 
the m agnitude o f  this effect depending  on the edge illum ination level o f these reflectors. This effect may be 
reduced by attaching a microw ave absorber around  the edges o f the sub-reflector and m ain reflector with only a 
sm all effect on the an tenna noise tem perature.

1.4 Influence o f  scatter

A plane wave from the m ain reflector o f a sym m etrical an tenna is scattered by the feed or sub-reflector 
and  their supports, producing side lobes determ ined by the position and o rien tation  o f the supports. If the 
supports are attached within the main reflector, a spherical wave originating at the focus o f the main reflector is 
also scattered by the supports. It has been observed that circular and elliptical struts produce a sm aller num ber of 
side-lobe peaks than  solid polygons and periodic lattice struts [C laydon and D ang, 1982], The scatter may be 
reduced by surface treatm ent o f the struts to random ize the scatter, curving the struts or attaching microwave 
absorbers to them , although this latter action may tend to increase the an tenna noise tem perature.



Rep. 390-6 165

1.5 Influence o f  phase distortion on the fe e d  pattern

Phase d istortion  in the apertu re  illum ination o f a parabolic reflector results in an expansion  o f the m ain 
lobe and  an increase o f  the side-lobe levels. This phase d istortion may arise if  the feed system has no point shaped 
phase centre and thus no spherical phase front.

In C assegrain antennas, phase distortion arising in the feed horn  can be equalized by changing the shape
o f the m ain reflector. It should be noted that such phase distortion can result in beam  deflection in systems with
m ultiple reflector feed systems.

1.6  Influence o f  surface tolerances o f  the main reflector

Surface errors due to m anufacturing  tolerances, w ind, tem perature differences and gravity , result in an 
increase in the side-lobe levels.

D eform ation due to the weight o f the' upper and  lower halves o f the m ain reflector causes a cubical phase
erro r across the aperture. This phase error produces side-lobe asym metry in the elevation  plane.

1.7 Polarization

Some o f the above-nam ed contributors to the antennas side lobes in the p rincipal p lane o f polarization 
can also give rise to side-lobe levels in other polarization planes. Further in form ation  on po larization  in the side 
lobes is given in R eport 555.

2. Quantitative contributions of major contributors

The side-lobe levels at a given angle for a large Cassegrain type an ten n a  are a sum m ation o f  the field 
com ponents rad iated  from different parts o f the an tenna system sim ultaneously. Exam ples o f  the relative 
con tribu tions o f these parts are given in Fig. 1.

FIGURE 1 — Relative contribution o f  various parts o f600 X Cassegrain antenna 
to wide angle gain envelope

  Main annular aperture

  Struts In principal plane

 Feed (including diffraction around subreflector)

 Struts in plane normal to principal plane
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3. Comparison of earth-station antenna types

3.1 Comparison o f  types o f  antennas

In o rder to com pare relative side-lobe characteristics, radiation  patterns o f  practical an tennas were 
m easured in the U nited States o f  A m erica according to type, as follows:

— C assegrain antennas,
— prim e focus fed antennas,
— off-set reflector an tennas,
— horn  reflector with conical horn feed, or
— C assegrain feed (C asshorns).

For com parison purposes, Fig. 2 shows m easured patterns o f the d ifferen t an tennas listed above. The 
envelope o f  these patterns could be described by a general expression o f the form :

f o r 2 < n < 1 0 0  (3)
w

with G representing the m ain beam  gain o f the antenna. (For n =  2.5, this form ula shows the sam e rate o f 
decrease in side-lobe level as a function o f cp, the angle o f  the main beam  axis, as does the form ula o f the 
reference radiation  diagram , G (<p) =  32 — 25 log (p.) The patterns are norm alized in term s o f  ha lf beam w idths, 
i.e., <p/<po, where <p is the off-axis angle and 2 (p0 is the half-pow er beam w idth.

The im provem ent o f  the off-set fed reflector and  horn reflectors is basically  due to the fact tha t aperture 
b lockage is practically non-existent in these an tennas, and direct radiation  from  the feed is reduced in the forw ard 
sector relative to Cassegrain antennas. Design aspects o f  small earth-station an tennas are discussed further in 
R eport 998. V

Normalized angle off axis <p/<pQ 

FIGURE 2 — Measured patterns o f  various types o f  antenna

—  cw - M s ) T
—  Cassegrain antenna D = 600 A

—  Prime focus fed antenna D = 600 A

—  Off-set reflector antenna D -  100 \

—  Horn reflector with conical feed D  = 250 A

—  Horn reflector with Cassegrain feed D  = 128 A (Casshom )
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3.2 Reduction technique o f  side lobe due to scattered radiation by subreflector supports

Scattered rad iation  strongly appears at angles determ ined by the position  and  o rien tation  o f  supports, 
because the phase o f induced cu rren t on the supports coincides with the d irection  o f  those angles. Therefore, if  the 
incident wave to the supports is scattered random ly to all directions, side-lobe degradation  a t specified angles can 
be reduced [Ogawa et al., 1977 and  M atsunaka et al., 1981]. Figure 3 show s an exam ple o f the reduction  in side 
lobes attainable as a result o f reduced scattering from  supports with m icrow ave scattering  m aterial.

Azimuth angle (degrees)

FIG U RE 3 — Reduction effect o f  scattered radiation by corrugated metal

(Linear polarization, 29.5 GHz)

_ _ _ _  With specially curved metallic plates 

_  — _  — Without specially curved metallic plates

Figure 4 shows som e results o f an  experim ental investigation m ade on an  axisym m etric C assegrain m odel 
an tenna o f 3 m at 36.25 G H z. A suitable com bination  o f curved struts and  a p roperly  designed scattering structure 
on it, produced the best results.

4. Characteristics of antenna radiation fields of special interest

4.1 Radiation fie ld s close to earth-station antennas

There is special interest in the nature o f rad iation  fields in the back of, and  close to earth -sta tion  an tenna , 
to evaluate the possibility o f re-using earth  station frequencies for terrestrial systems.

Theoretical calculations o f such fields have been made, and patterns have been taken to confirm  them . 
Signal levels were m easured in the rear sector o f  a Cassegrain an tenna  having a ra tio  o f  d iam eter to 
w avelength D/ X,  o f the order o f 600. Figure 5 shows the gain o f the an tenna relative to iso tropic, taken on an  arc 
som e 30 m distant from  the rear o f the antenna. Figure 6  shows the apparen t gain  m easured a long  a straight line 
in the back o f the an tenna in 'th e  plane o f the axis o f the main beam . (A pparen t gain is ob ta ined  from  the 
m easured field corrected for free-space loss, and  is given in dB above an iso tropic antenna.)

These m easured values were o f the order o f  those indicated by both  the near-field  theoretical calculations, 
and by the far-field rad iation  patterns for such antennas.

4.2 Site shielding by obstacles in the near- or far-fields

The earth-station location may be selected so that it has a degree o f shielding from  unw anted rad iations by 
m eans o f obstacles in the an tenna near- or far-fields. The site shielding factor m ay be defined as the difference 
between path loss over the obstacle and path loss for the same distance with no obstacle, expressed in dB.
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a) S tra ig h t s tru ts

Iso trop ic
level

b) C urved s tru ts  w ith  special 
sca tte ring  surface

F IG U R E  4 -  Im provem ent in the side-lobe performance o f  a symmetrical antenna  
by using an optim ized support c o n f iguration

In one exam ple a pit was constructed to encircle a 10 m diam eter an tenna which could operate with 
satellites in. a segm ent o f the geostationary-satellite  orbit. M easurem ents o f the shielding properties o f the 
an tenna-p it com bination were m ade in the 4 and 6  G H z fixed satellite bands. Figure 7 shows a com posite o f 
m easurem ents taken in the 4 and  6  G H z bands for satellites at different locations in the o rbit segment. A 
reduction  o f  approxim ately 25 dB was m easured between the shielded an tenna data  po in ts and the unshielded 
pattern .
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Reflector edge Boreslte axis Reflector edge

F IG U R E  5 —  Ground level measurements on arc about 30 metres distant behind the
antenna

(b)

F IG U R E  6  —  Apparent antenna gain behind a 29.5 metre earth station antenna

A : Base of tow er B: Approximate Intersection of focal axis with ground, L = 30 m 

/ =  6403 M Hz
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FIGURK 7 -  Effective horizontal gain pattern fo r  d ifferen t satellite positions (4 and 6 GHz)

A: M aximum antenna gain for unshielded 10-metres antenna In the horizontal plane 
B : Measured and calculated gain values of antenna pit com bination (A calculated values)
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A m ethod o f  determ ining site shielding factor is by calculation o f  obstacle knife edge d iffraction  loss but 
this is inaccurate when it is applied  to obstacles w ithin the an tenna near-field . A com puter study based on 
fundam ental principles has therefore been carried out [Dalgleish, 1975; Streete an d  Shinn, 1974] on the effect o f 
knife edge d iffraction  in the near-field o f a large 4 G H z an tenna and  the results show  good agreem ent with 
practical tests scaled to 9 GHz.

It can further be shown that a simple m odification  o f the basic knife edge d iffraction  form ula m ay be 
m ade to take account o f the expected side-lobe response o f  the antenna. This m odification  perm its the calculation 
o f  site shielding factors due to nearby obstacles which, subject to certa in  constrain ts, (in particu lar tha t the 
obstacles are beyond the Rayleigh distance, defined as D 2/2X , where D =  an ten n a  d iam eter and  X =  w ave­
length), are w ithin 3 dB o f  the com puter m ethod.

T he calculated site shielding factor then becom es:

2 0 i o g ( w  j / f ) + 2 5 io g  (I - ! )  dB (4)

w here the o ther sym bols are given the m eaning show n in the legend to  Fig. 8 . The first p a rt o f  the expression 
determ ines the basic a ttenuation  o f  interference due to the knife edge ridge and the second pa rt is the correction 
for the change o f d irection o f arrival o f  the interference due to the obstacle.

FIGURE 8 -  Site shielding fo r earth station antennae

a: Elevation angle of antenna In degrees A: Antenna
0 : Diffraction angle in degrees R: Ridge
d : Distance between antenna and ridge In metres I : Interference

5 . Interference cancellers

The interference rejection characteristics o f an earth  station m ay be m odified  by electronic means (see 
R eport 875). Typically, the signal received by a reference an tenna is com bined with the signal received by the 
m ain an tenna in the p roper phase and am plitude to effectively cause the side-lobe gain to becom e zero in the 
d irection  o f an undesired signal. This effectively cancels the interfering signal.

These devices have been in lim ited use for som e tim e but have no t yet been perfected so tha t they can be 
relied on for operational use. T heir further developm ent should be encouraged in the interest o f  spectrum  
conservation .
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A N N E X  II

N O IS E  T E M P E R A T U R E  C O N T R IB U T IO N S  D U E  TO E X T R A T E R R E S T R IA L  S O U R C E S

1. Introduction

A t the frequencies o f  interest to the fixed-satellite service, the con tribu tion  to an tenna noise tem perature by 
the background  com ponen t o f cosm ic noise, m ay be neglected and  only the discrete sources need be considered. 
These discrete sources, such as the Sun, the M oon and som e o f  the m ore intense radio nebulae, such as 
C assiopeia  A, T aurus A, Cygnus A and  O rion A, are d istributed  over the celestial sphere, bu t have sm all angular 
d im ensions and  are only rarely intercepted by an earth  station receiving an tenna.

In practice, only the Sun and the M oon will give rise to a significant con tribu tion  to the an tenna noise 
tem pera tu re  o f an earth  station. In the case o f the Sun, its apparen t tem perature  (the an tenna  tem perature  depends 
on the apparen t so lar tem perature and  the fraction o f the an tenna beam  included) is very high, and  the noise 
received in the side-lobes o f the earth-station  an tenna may also be im portan t.

The apparen t noise tem perature o f the quiet Sun at 4 G H z varies from  23 000 K at sunspot m inim um  to 
90 000 K a t sunspot m axim um . The tem perature o f the quiet region is observed as 12 000 K. at 12 G H z and 
9200 K a t 18 G H z with a 13 m an tenna , respectively, and the apparen t d iam eter o f  the Sun is observed as 0.6°. 
T h e  varia tion  o f the average tem perature o f the solar disc is about 3 dB to  the quiet value at 9.4 G H z and less 
than  1 dB at 17 G H z at the m axim um  activity, show ing the inverse tendency to frequency.

In addition , so lar radio bursts may give rise to an increase in the noise tem perature. These occur most 
frequently  at sunspot m axim um , when for 1% o f the tim e the apparen t noise tem perature at 4 G H z will be 
abou t 50% greater than that o f the quiet Sun. For sm aller percentages o f  the tim e, the increase in apparen t noise 
tem pera tu re  will be considerably greater.

At m axim um , noise from the M oon can increase the system noise tem perature  by about 250 K at 4 GHz.

2. Occurrence of solar noise interference

A detailed study o f  the occurrence o f so lar interference in the receiving system o f  an earth  station antenna, 
in the case o f equatorial satellite orbits, has been carried out in the Federal R epublic o f G erm any [C C IR , 1963- 
66J.

A zone o f  interference is defined which depends on the angular w idth o f  the source, the an tenna radiation 
d iag ram , and  the perm issible increase in noise tem perature o f the earth-station  receiving an tenna , o f  the order o f 
15 dB. This zone is approxim ately  circular, and appears to be about 1.0° in angu lar d iam eter when received by 
typical 30 m an tennas at 4 GHz. Interference occurs when the radio sun enters the zone o f interference. The given 
an gu la r d iam eter was calculated for the case o f a quiet sun at sunspot m inim um  (26 000 K at 4 GHz). Sunspot 
activity would lead to an extension o f the zone o f interference.

For satellites in equatorial orbits at altitudes greater than , or equal to , 10 400 km, no earth  station is free 
from  so lar interference. For stations located in the northern  hem isphere, interference occurs only in the six-month 
period betw een the au tum nal and vernal equinoxes, and for stations in the southern  hem isphere it occurs only in 
the rem aining six m onths. At any station, there are two periods in the particu lar six-m onth interval in which 
in terference occurs; each o f these periods may include several consecutive days. For geostationary  satellites, 
in terference occurs once a day.
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The difference in tim e between the occurrence o f  interference a t tw o differen t earth  stations m ay be 
calcu lated  from  a know ledge o f  the satellite position and  the earth -sta tion  coordinates. The tim e difference in 
occurrence between earth  stations in the same hem isphere is approxim ately  35 m inutes at m axim um  and  shows 
little variation  with satellite longitude over a wide range o f  values.

The dura tion  o f  any individual occurrence o f interference can be deduced  from  the size o f  the zone o f 
in terference and the angular velocities o f the Sun and  satellite relative to the earth  station . The m axim um  dura tion  
o f interference for an  angular d iam eter o f  the zone o f interference o f  1.0 ° is abou t fou r m inutes for geostationary 
satellites.

The expected dura tion  per year o f  solar interference when operating  w ith synchronous satellites can be 
ob ta ined  by applying the follow ing procedures with reference to Figs. 9-11:

— use Fig. 9 to find the m axim um  increase in noise tem perature according to  the operating  frequency and  the 
d iam eter o f the earth-station  antenna. N ote tha t Fig. 9 is based on a quiet Sun noise tem perature  o f  26 000 K 
at 4 G H z. C orrection  w ould be needed if the actual Sun noise tem perature  exceeds this value;

— determ ine the allow able increase in system noise tem perature according to  the required quality  o f  signal;

— from  the ratio  o f  the allow able to the m axim um  increase in noise tem perature , use Fig. 10 to  deduce the size 
o f  the zone o f interference according to the D /X  o f the earth sta tion ;

— fo r the size o f the zone o f  interference found above, use Fig. 11 to find  the expected dura tion  per year o f  
so lar interference taking the latitude o f the earth  station into account.

FIGURE 9 -  M axim um  increase in noise temperature due to solar interference



An
gu

lar
 d

iam
ete

r 
of 

the
 z

on
e 

of 
in

te
rfe

re
nc

e

174 Rep. 390-6

Ratio of the allowable noise temperature to that at 
the maximum interference (Taiiowabie/Tmax)

FIGURE 10 -  Size o f zone o f  solar interference
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FIGURE 11 -  E xpected  duration o f  interference due to the Sun fo r  a satellite in 
the geostationary orbit
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R E F E R E N C E S

C C IR  Docum ents

[1963-66]: IV /223 (Federa l R epublic o f  G erm any).

A N N E X  III

M E A S U R E M E N T  O F T H E  RA TIO  G / T  W ITH  T H E  A ID  O F  R A D IO  STA R S

1. Introduction

It is desirable to  establish a practical m ethod o f  m easuring the ratio  G / T  with high accuracy, which will 
perm it com parison  o f  values m easured at various stations. This A nnex describes a m ethod for the direct 
m easurem ent .of the ratio  G / T  using radio stars. It should be noted how ever, th a t the rad io  star m ethod is not 
practical in certain  cases and  a possible alternative m ethod for the direct m easurem ent o f  G / T  is to use a carrier 
signal transm itted  from  a satellite as described in [Sion, 1981]. It could be a useful opera tional m ethod since it is 
less com plicated than  the rad io  sta r m ethod, bu t care should be taken not to  exceed the m axim um  perm issible 
pow er flux-density specified by the R adio R egulations whilst the m easurem ents are  being conducted . The m ethod 
should be verified in practice.

2. Method of measurement

By m easuring the ratio , r, o f  the noise pow ers at the receiver ou tpu t, the ra tio  G / T  can be determ ined 
using the form ula:

G  _  8 rc k  (r  — 1) ( 5 )
T  ~  X2 <D ( / )

where:

k : B oltzm ann’s constan t;

X : w avelength (m );

< D (/): rad ia tion  flux-density o f  the rad io  sta r at the frequency ( / )  a t m easurem ent (W m ' 2 H i - ’);

r — (Pn+ Ps,yPn\
P„ : noise pow er corresponding  to the system noise tem perature  T ;

Ps l : add itional noise pow er when the an tenna  is in exact alignm ent w ith the rad io  star.

G (an tenna gain) and  T (system noise tem perature) are referred to the receiver input.

In equation  (5), account is taken  o f the fact tha t the radiation  o f the sta r is generally  random ly  polarized 
and  only a po rtion  corresponding  to  the received polarization  is received. T he rad ia tion  flux-density O ( / )  is 
ob tained  by radio astronom ical m easurem ents.

This m ethod has a basic advantage when com pared with the calcu lation  o f  G / T  from  G and  T m easured 
separately ; instead o f  tw o absolu te m easurem ents, only one relative m easurem ent is necessary to  determ ine the 
ratio.

3. Suitable radio stars

The discrete rad io  sources C assiopeia A, Cygnus A and  T aurus A app ea r to  be the m ost app rop ria te  fo r 
m easurem ents o f G / T  by earth  stations. The flux-density o f Cygnus A, how ever, m ay no t be sufficient in every 
case.

The declination  o f  all these radio stars is such that they m ay no t be entirely  suitab le  sources for earth  
stations situated in som e southern latitudes.

Table I gives values o f the flux-density o f  the radio  stars indicated [Satoh an d  O gaw a, 1982].
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F or the m easurem ents a t frequencies above 10 G H z, the use o f the rad io  waves from  planets, Venus for 
exam ple, as well as above-m entioned radio  stars is advantageous. The rad io  waves from  p lanets have such 
advantages tha t flux-densities increase with frequency and their solid angle is very sm all giving rise to negligible 
correction  errors due to angu lar extension. The flux-density d>(/) is expressed by:

,  . 4n kTb  ( / )  , .

f  = — x 1 —  cos

where,

T b ( f )  : b rightness tem perature  o f  a p lanet (K),

V}/ : sem i-diam eter.

TABLE I — Flux-densities from radio sources

Radio Source Cassiopeia A Taurus A Cygnus A

<D(4)
Flux-density at 4 GHz 

(Wm-2 Hz-')

(«)
1 067 x 10-26 679 x 10"26 483 x 10-26

4>(/)
Flux-density 

at /G H z

O F )

) \ 4  J « < P 287  <!> • O ' 1’19*

(') Value for January 1965 (see §4.3).
(J) Where/is between 1 and 16 GHz. The formulae may be used provisionally up to 32 GHz.
(3) Where/is between 2 and 16 GHz.

The value o f  d>(/) derived from  equation  (6 ), is substituted in equation  (5) to ob ta in  the value o f G / T  o f  
an earth  station. T he value o f  vy can be found  elsewhere in A m erican E phem eris and  N autica l A lm anac 
(US G overnm ent P rin ting  Office, W ashington D C 20402). In the case o f the p lanet Venus, the values T b ( f )  are 
thought to be abou t 580 K and  506 K at 15.5 and  31.6 G H z, respectively [Yokoi et al., 1974]. Since the values o f 
T b ( f )  are  based on  a lim ited am o u n t o f m easured data  at the frequencies m en tioned , and  has not yet been 
determ ined for o ther frequencies, adm inistra tions are urged to m ake and con tribu te  studies o f  the value o f T b ( f) ,
as a function  o f  frequency over as w ide a range o f  frequencies as possible, to  confirm  an d  extend the results given
here.

4. Correction factors and assessment of errors

The corrected value o f G / T  is given by:

( G / T)c =  G / T  -t- C\ +  C2 +  C3 +  C4 (7)

where:

Ci : atm ospheric  ab so rp tion ;

C2 : correction  for angu lar extension o f rad io  stars;

C3 : change o f  flux with tim e;

C4 : change o f  flux with frequency.

All factors to  be given in decibels.

4.1 Atm ospheric absorption

A simple correction  for a tm ospheric abso rp tion  for angles o f  elevation above 5°, is given by:

C] =  A /s in  a  (8 )

where:

A is the one-w ay absorp tion  for a vertical path in dB,

a  is the angle o f  elevation.

At 4 G H z, A =  0.036 dB; the value at o ther frequencies is shown in Fig. 12.
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F IG U R E  12 — Theoretical one-way attenuation fo r vertical paths through the atmosphere 
(calculated using the United States’ standard atmosphere fo r July at 45° N latitude). Solid curves 
are fo r  a moderately humid atmosphere, dashed curves fo r  vertical attenuation represent the 

limits fo r 0 and 100% relative humidity

A: Limits of uncertainty V: Vertical

4.2 Angular extension o f  radio stars

If the angular extension o f  the radio star in the sky is significant com pared  with the an ten n a  beam w idth, a 
correction m ust be applied. This correction, C 2, is show n in Fig. 13.

The curve for C assiopeia A is calculated [K anda, 1976] by num erical convolu tion  o f  the observed 
brightness m ap [Rosenberg, 1970] w ith the an tenna pow er pattern, approx im ated  by a (sin x ) / x  function. The 
brightness d istribu tion  o f  C assiopeia A can be well m odelled by the an n u la r d istribu tion  shape o f  w hich the inner 
d iam eter is 0.044° and  the outer d iam eter is 0.071°, and the ratio o f inner-to -ou ter brightness is 0.391. Using this 
m odel, the correction factor can also be calculated easily by com bining two disc m odels fo r which the correction 
factor can be expressed by a conventional form ula. The results using this m odel agree with the detailed  calculation 
by K anda within the erro r o f 0.06 dB.



178 Rep. 390-6

H alf-pow er beam w idth o f  an tenna  

a) b)

FIG U R E  13 -  Correction fa c to r fo r  the angular extent o f  radio stars

C assiopeia A

 T aurus A

•  C ygnus A

The curves for T aurus A and  Cygnus A have been obtained by the sam e m ethod as tha t used for the curve 
for C assiopeia A. The calculations were based on the high resolution brightness d istribution  m aps observed at 
5 G H z fo r Taurus A [W ilson, 1972], and  observed at 5 G H z for Cygnus A [H argrave and Ryle, 1974],

The m easured brightness d istribu tion  for C ygnus A can be adequately described by the dual colum nar 
shape with 0 .0 2  min o f  arc in each co lum n’s d iam eter and  2.06 min o f arc in angu lar distance.

If the annu lar model for C assiopeia A and the dual colum nar m odel for Cygnus A are adopted , a 
convenient approx im ation  is available for the correction  factor. These m odels may also be useful to m easure the 
half-pow er beam w idth o f  an tennas by observing ha lf intensity width o f the drift curve. This also m eans tha t the 
correction factor for the angular extension o f  radio  stars can be determ ined from  the observed d rift curve itself 
w ithout the knowledge o f  the half-pow er beam w idth o f  the antenna.

4.3 Change o f  f lu x  with time

Cassiopeia A is subject to a frequency dependent reduction o f flux with time [D ent et al., 1974], The 
correction  may be obtained  from :

C 3 =  (0.042 -  0.0126 log f ) n  dB (9)

where:

n : num ber o f  years elapsed, with n — 0 in January  1965;

/  : frequency (G Hz).

4.4 Change o f  f lu x  with frequency

The variation o f flux with frequency is also show n in T able I.

4.5 Polarization effects

T aurus A is elliptically polarized and  it is necessary to use the m ean o f  two readings taken in two 
orthogonal directions. These precautions are not necessary for m easurem ents using C assiopeia A or Cygnus A.
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4.6 Assessm ent o f  errors

The m axim um  relative erro r is given by:

<D ( / )  r ( r  — 1)

where errors in 0 ( / )  and r are considered.

The relative erro r which results from  the m easurem ent o f the pow er ratio  r  is particularly  m arked when the 
star noise ( Psl) is insufficient in relation to the system noise (P„), because r / ( r  — 1) -*• oo w hen r->  1. The 
m easurem ent accuracy would be considerably reduced when r is less than 2 dB. This would occur at the follow ing 
values o f  G /  T :

C assiopeia A: 36 d B (K - ')
Taurus A: 37 d B (K _ l)
Cygnus A: 39 d B (K -1).
If  r  =  2.5 (4 dB), fo r exam ple, r  m ust be m easured to ±  0.01 (0.05 dB) if the error term  is no t to exceed

0.02 (approx. 0.1 dB).
The error con tribu tion  due to:

A <!>(/)

0  ( / )

is approxim ately  0.02. There is an additional uncertain ty  o f ±  0.01 in the corrections applied. Thus the total 
m axim um  error, fo r high elevation angles, is about 0.05 o r approxim ately  ±  0.2 dB.
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A N N E X  IV

S A F E T Y  A S P E C T S  O F  R A D IO -F R E Q U E N C Y  R A D IA T IO N  

F R O M  F IX E D  E A R T H -S T A T IO N  A N T E N N A  S Y S T E M S

This Annex provides in form ation  from which the m axim um  pow er flux-densities to be expected from  an 
earth-station  an tenna system using paraboloidal type an tennas may be calculated  with respect to the pow er 
radiated  at the an tenna  feed.

The m axim um  pow er flux-densities have been evaluated for the follow ing three zones:
— the far-field zone, defined as tha t extending from  infinity  to (2 D 2)/X  

where:
D : an tenna d iam eter in m etres,
X : w avelength in metres;
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— the near field zone, bounded  by the an tenna apertu re  and  (2 D 2)/X;
— the zone bounded  by the feed prim ary  (and secondary , if  any) reflectors and  the rad iating  aperture.

G round  reflections m ay have a significant effect on the pow er flux-density observed at certain locations, 
and  in com puting the expected flux-density it has been assum ed that the effective flux could increase by a factor 
o f  4 as com pared w ith the free space field. This m eans tha t the calculation should  produce conservative results.

In o rder to illustrate the use o f  the in form ation  given in this A nnex an  exam ple calculation has been 
perform ed in which a m axim um  pow er flux-density o f 10 m W /cm 2 has been assum ed. The resulting data are 
show n in Fig. 14, in which for a particu lar value o f  an tenna  diam eter, the m axim um  pow ers radiated  from the 
an ten n a  feed are show n for:
— the far field
— centre o f  aperture
— near-field  peak.

T he field in the zone bounded  by the feed an d  the rad iating  aperture  is not show n in Fig. 14. This field 
will be very high in certain  directions and is unlikely to be intercepted by hum ans in the norm al operation  o f  the 
earth  station.

A lthough 10 m W /cm 2 has been used in the above exam ple, o ther values o f  the safe pow er flux-density can 
be accom m odated in Fig. 14 by a sim ple m ovem ent o f  the o rd inate  scale. In this respect adm in istra tions should 
use the value o f  pow er flux-density they consider m ost appropriate .

Diameter of radiating aperture, D (m)

FIGURE 14 — Radio-frequency radiation hazards. Calculated levels of radiated power for the assumed 
maximum safe exposure limit o f  10 mW/cm' on axis o f radiated beam

A: Far-field boundary 
B : Centre of aperture plane 
C : Near-field peak

Note. — If a point is marked on the Figure to represent the antenna diameter and radiated power under 
consideration and this lies to the left of the curve or curves, the assumed maximum safe pfd 
(10 mW/cm2) could be exceeded in the zone(s) indicated by the tltle(s) of the curve(s) to the right of 
the point.
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A N N E X  V

F E A T U R E S O F  B EA M -STEER A B LE A N T E N N A  FO R  E A R T H  S TA T IO N S

A beam -steerable an tenna tha t can have access to geostationary  satellites w ithout m oving the main 
reflector has the follow ing features:

— fixed m ain reflector system w ithout heavy bearings and  drives;
— operative in a strong w ind;
— surface accuracy unchanged in spite o f the change in elevation angle o f an tenna  beam ;
— m ulti-beam  capability  for m ulti-satellite operation .

A beam -steerable earth-station  an tenna using a torus reflector has been constructed. Such a sim ple single 
reflector system m ight not be able to be used for a large-scale an tenna , because the reflector reduces an tenna gain 
and bandw idth  due to phase errors caused by spherical aberration  [K reutel, 1980], Furtherm ore, asym m etry due to 
the offset configuration  degrades cross-polarization characteristics.

A n offset spherical reflector an tenna with satisfactory electrical perform ance has ---------------------------------------
been developed [W atanabe et al., 1984]. The an tenna is com posed o f an offset type spherical m ain reflector, two 
sub-reflectors and a feed horn. Both spherical aberration  o f the m ain reflector and  asym m etry due to the offset 
configuration  are successfully cancelled by the use o f  specially shaped m ultip le sub-reflectors. An experim ental 
an tenna at 52/34, G H z. which i s  a sc a le d  model o f  a 20 m class an tenna in  th e  6 /4  G H z band , was 
constructed. Scanning angles o f  ±  8 ° in the azim uth direction a n d  ±1* i n  e l e v a t i o n  d i r e c t i o n  k e e p in g  t h e  a p e r t u r e  

e f f i c i e n c y  0 f  a b o u t  60% have been successfully dem onstrated . Furtherm ore, the side lobes are a b o u t 10 dB lower 
than the reference rad iation  diagram  o f R ecom m endation 580.

A 30/20 GHz dual-beam earth station antenna has been developed 
[Hori et al., 1989] for economical and reliable implementation of a satellite 
communication system via the Japanese communication satellites CS3-a and CS3-b. 
This antenna is simultaneously accessible to the two satellites, separated by 
4 degrees in the geostationary orbit, and achieves low side-lobe 
characteristics. The antenna is composed of six reflectors, in which two feed 
systems with dual auxiliary reflectors are separately employed for the two 
beams, while the double-torus sub- and main-reflectors are shared by both beams. 
The main reflector is 5.1 m wide and 4.7 m high. The "effective" D/A ratio of 
this antenna is 272 at an operating frequency of 19.45 GHz. The wide-angle 
radiation pattern satisfies the Recommendation 580 design objectives.
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PERFORMANCE OF SMALL EARTH-STATION ANTENNAS 
FOR THE F IX E D -SA T E L L IT E  SERVICE

( Q u e s t i o n  1 / 4  a n d  S t u d y  P ro g ra m m e  1A / 4 )

( 1 9 8 6 - 1 9 9 0 )

1. Introduction

Inter-netw ork interference due to radiation from  earth-station an tenna side lobes and reception through the 
side lobes is one. o f the dom inant factors which determ ines the m inim um  separation  between satellites. A reduction 
in the m inim um  required spacing could substantially  increase the num ber o f networks tha t could use the 
geostationary-satellite orbit.

T he radiation  diagram s o f large earth-station antennas have been studied extensively in the C C IR  (see 
R eport 391). The perform ance that can be obtained with careful design with an axisym m etrically fed C assegrain 
an tenna is now well understood and R ecom m endation 580 gives a side-lobe gain design objective. There are less 
da ta  for sm aller antennas and it is often assumed th a t their side-lobe perform ance is worse than tha t o f the larger 
antennas. However, this is not necessarily so; techniques for im proving side-lobe perform ance m ay be more easily 
im plem ented in the design o f  sm all antennas.

A t a tim e when the dem and for dom estic satellite com m unication is increasing rapidly, it is im portant that 
urgent consideration  be given to ways in which good side-lobe perform ance can be obtained from small antennas. 
The relevant factors which contribute to the side-lobe perform ance are itemized in this Report and special 
a tten tion  is draw n to the lim iting effect these factors have when the electrical size of the reflecting surfaces is 
sm all.

2. Axisymmetric antennas

2 . 1  D e p e n d e n c e  o f  s i d e  l o b e  l e v e l  o n  a p e r t u r e  i l l u m i n a t i o n

T here are a num ber o f  factors which affect the side-lobe perform ance o f  an antenna. These can be 
sum m arized as:
— apertu re  illum ination function,
— edge illum ination  o f m ain and  sub-reflector,
— edge d iffraction  o f  main and  sub-reflector,
— blockage effects,
— feed spill-over,
— phase errors.

The side-lobe envelope due to the aperture illum ination function provides the basis o f the com plete 
envelope for the antenna. If all o ther factors, such as spill-over, edge d iffraction  and aperture blockage, were 
effectively rem oved, then the illum ination function would determ ine the level o f side-lobe suppression.

As an exam ple, for a 100 w avelength d iam eter circular aperture with a tapered  illum ination function o f 
- 1 5  dB at its edge, the various practical aperture distributions produce d ifferent idealized radiation envelopes, 
viz:

Distribution Side-lobe envelope
Parabolic 25 — 36 log <p
Parabolic squared 17 — 24 log <p
G aussian  20 — 28 log <p
Inflected Bessel 17 — 22 log cp
H ansen one dim ensional 21 — 30 log (p

For reference, the side-lobe envelope with uniform  illum ination w ould be 31 — 30 log <p.
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The form s o f these apertu re  d istributions are shown in Fig. la . These results are supported  in [Rusch and 
Potter, 1970] which also shows tha t the wide angle radiation envelope is dependen t only on the illum ination taper 
at the edge o f  the aperture  while for close-in side lobes the slope factor also contributes.

These illumination distributions, of course, have an effect on the 
aperture efficiency of the antenna. If side-lobe suppression is required, this 
tends to conflict with a desire for high aperture efficiency. The shadowed areas in 
Figure lb indicate the theoretical relationship between the maximum aperture 
efficiency and the side-lobe level, which is defined as the maximum level of any 
side-lobes and may not be identical to the first side-lobe level [Goto and 
Watanabe, 1978]. However, the degradation in aperture efficiency is only a 
relatively slowly varying function. Curves in Figure lb illustrate the 
degradation of aperture efficiency with first side-lobe level for the various 
illumination distributions.

2.2 Effect of blockage

It w ould seem that by choosing the correct illum ination function, alm ost any practical rad ia tion  envelope 
could be accom m odated ; however, apertu re  blockage, which appears in axisym m etric systems, will be seen to be a 
lim iting factor;

Typically, for a sub-reflector o f d iam eter d  wavelengths and a m ain reflector o f  D w avelengths, a pattern  
is generated  w hose axial gain is given by [Rusch and Potter, 1970]:

Gb =  20 log ( f t  ' ) dBi

The pattern generated by this sub-reflector blockage is that of a 
uniformly illuminated aperture. Since, in general, sub-reflectors are much 
smaller than the main reflector, this blockage pattern is much wider than the 
main reflector pattern. The two patterns can thus combine in and out of phase, 
reinforcing and cancelling. Depending on the exact details of the system, this 
effect produces changes in envelope as shown in Figures 2a and 2b.

2.3 Predicted radiation patterns of Cassegrain antennas

The composite effect of limiting factors such as sub-reflector and 
horn blockage, sub-reflector spillover, diffraction, horn flange effect and 
vertex plate effect on the side-lobe performance of a small dual reflector 
axisymmetric antenna is presented in Figure 2c. The main aperture distribution 
used for this study had a high edge level of about -7 dB [Ghosh and Abud Filho, 
1987; Ekelman and Gilmore, 1986].

As shown in § 2.1, the side-lobe levels may be reduced by tapering the 
aperture distribution. In a dual-reflector (Cassegrain), this can be achieved by 
using shaped-reflector profiles. The reflector profiles can be defined by 
applying the geometric optics solution to achieve the nominal aperture 
distributions shown in Fig. 3 [James, 1980], The resultant sidelobes are 
computed by taking into account both the reflector current distribution, feed 
spillover (where the sub-reflector edge-illumination from the feed must be kept 
at least 20 dB below the on-axis value), and geometrical theory of diffraction 
taking into account both sub-reflector and main-reflector edge-diffraction 
contributions [James, 1980]. Calculations were carried out for four nominal 
aperture distributions: Case “A” is uniform giving maximum gain, and case “D” is the
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classical C assegrain with —15 dB edge taper. Two interm ediate distributions “ B” and “C ” are also shown. The 
effect o f  apertu re  illum ination  on the first side-lobe level is sum m arized in T able  I (see also [James, 1980]).
--------------------------    — -------- ---------------------------—-----  Also shown in this table is the increase in level due
to the central blockage for the axisym m etric antenna. N ote the rapid deterio ration  in side-lobe level as the 
blockage increases for the low side-lobe level design. O ther effects such as reflector surface error, feed spill-over 
and  the sub-reflector d iffractions will also affect the side-lobe level o f low side-lobe level designs. Figure 4 shows 
the first side-lobe level relative to isotropic for an axisymm etric antenna with d / D  — 0.1, for D /X  =  150, 75 
and  50 with apertu re  illum inations as indicated in Fig. 3 .

It is evident from  Fig. 4  tha t it will be necessary to taper the aperture illum ination  to ensure that the first 
side-lobe level is below the suggested specified curve.

Figure 5 shows the calculated side-lobe level for an axisymm etric an tenna w ith D /X  =  75, d / D  =  0.1 and 
apertu re  illum ination  “ B”. The pattern  is between the planes o f the struts and the surface error com ponent o f 
rad ia tion  has been neglected. The dots indicate the side-lobe peaks calculated from  the reflector currents. The 
d epartu re  from a gradual decrease in level for each consecutive side lobe is due to the central blockage. For 
(p >  550(X /D ), feed spill-over and  reflector edge diffraction effects predom inate (continuous curves). A com par­
ison o f the two curves shows tha t when the sub-reflector edge taper is reduced from  - 1 5 d B t o  - 2 0  dB, the 
overall level o f this contribu tion  is reduced by approxim ately 3 dB. However, the feed must be carefully designed 
to ensure that the phase rem ains essentially constant down to the —20 dB level.

For antennas designed to cover both receive and transmit bands, the 
approximate sub-reflector size d/D must be increased as D/A decreases to ensure 
that the feed spillover past the sub - reflector is maintained below the relevant 
side lobe specification [James, 1987]. This factor further increases the difficulty 
of meeting side lobe specifications as D/A decreases.

Although phase errors are also relevant to the radiation  perform ance o f  an tennas, the effect is not a 
lim iting factor in this consideration . D etailed analysis has been reported over m any years, for exam ple 
[H arris, 1978] and  the control o f phase errors is well understood. In principle there is little difference between the 
m echanism s at w ork in the larger an tenna field and those under consideration here.
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FIGURE lb - Variation o f  aperture efficiency fo r  d ifferent firs t side-lobe 
levels and various illumination functions

Curves A Hansen one-dimensional 

B Inflected Bessel 

C Parabolic squared 

D Gaussian 

E Parabolic

' T h e o r e t i c a l  r e l a t i o n s h i p  b e tw e e n  t h e  maximum a p e r t u r e  
e f f i c i e n c y  and  th e  maximum l e v e l  o f  s i d e - l o b e s

Angle <P (degrees )

FIGURE 2a - Theoretical radiation pattern calculated by simple field integration
in the main reflector aperture of the 4.5 m antenna, 
without considering diffraction effects ( D /X  = 67.5)

(A) 52 -10 log D/ X -25 log¥> ,

(B) 49 -10 log D/X -25 log <f .
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Angle <f

FIGURE 2b - Field Integration in the main reflector aperture of the 4.5 m antenna 
including sub-reflector blockage effects without considering 

diffraction (D/A *= 67.5: d/D = 0.14)

(A) 52 -10 log D / X -25 log <P,

(B) 49 -10 log D / X -25 log <P .

Angle «•**••« i

FIGURE 2c -Theoretical radiation pattern of a 4.5 in Cassegrain antenna calculated 
by Physical Optics including both horn and sub-reflector blockage effects, 
the sub-reflector spillover, the horn flange effect, and also the sub-reflector 
vertex plate effect (D/X = 67.5, d/D = 0.14, sub-reflector edge level = -15dB)

(A) 52 -10 log D/ X- 25 log <P,

(B) 49 -10 log D/ X -25 log <P .
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Normalized aperture radius

FIGURE 3 - Four t y p ic a l  d e s ig n  a p ertu re  d is t r ib u t io n s  fo r
a C a sseg ra in  antenna u s in g  shaped r e f l e c t o r  p r o f i l e s

Cases “ A” : uniform giving m axim um  gain
“B” and “C”  : in te rm e d ia te  d i s t r i b u t io n s

“ D” : classical Cassegrain

TA B LE I — Effect o f  aperture distribution on gain and  f i r s t  side-lobe level

D istribution  
(see Fig. 3 )

Relative
gain
(dB)

R equired  increase in reflector 
d im ensions to restore gain to 

u n ifo rm  case “A"

Relative level o f  first side lobe (dB)

S ub-reflector size ( d / D )

D iam eter Area 0 0.1 ( ') 0 .1 5 ( ')

“ A” (uniform ) 0 0 0 -1 7 .5 - 1 7 - 1 6

“ B" - 0 .4 5% 10% -2 0 .5 - 1 9 - 1 7 .5

“ C ” - 0 .6 7% 15% - 2 3 - 2 1 - 1 9

“ D ” (classical) - 1 .0 12% 25% - 2 9 - 2 4 - 2 1 .5

( ') ln  p lane o f  struts, first side-lobe level is increased  by approxim ately  1 dB for case “A ” and  2 dB fo r case “ D ".
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FIGURE 4 -  First side-lobe level relative to isotropic 
fo r  three antenna diameters, D /x  = 150, 75 and 50

 K  = 32

-----------------------  K  = 29

------------------------- K  = 49  -  10 log (D/X), D/X  = 75

X  X X- K  = 49 -  10 log (D/X), D/X = 50

•  Axisymmetric antenna with d/D  = 0.1. Each dot corresponds to the four 
aperture distributions “A”-“ D” (“A ” a t top) shown in Fig. 3 .
Also shown are possible side-lobe limits where K  is defined by G = K  -  25 log \p (dBi )
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Angle ip

FIGURE 5 -  Theoretical radiation diagram o f  an axisym m etric antenna 
D/X  = 75, d/D  = 0.1, and aperture distribution  “B "

Sub-reflector spill-over and reflector (sub and main) edge diffraction contribution:

   -15 dB sub-reflector edge illumination
_ _  —  . —20 dB sub-reflector edge illumination

• locations of near-in side lobes calculated from
reflector current integration

2.4 Measured radiation patterns of axisvmmetric antennas

As a practical example, Figure 6 presents typical measurement results 
obtained with a 4.5 m Cassegrain antenna developed in Brazil. A full 
consideration of measured results has indicated that antennas of this type 
(receive/transmit - dual reflector - axisymmetric) which are designed 
considering not only side-lobe performance but also VSWR, noise temperature and 
gain (in both transmit and receive bands) may have difficulty in satisfying the 
CCIR Recommendation 580-1 side-lobe template scheduled to come into force 
after 1991.
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Angle <p (degrees)

f - 6.315 GHz
FIGURE 6 - Measured radiation pattern of a 4.5 m Cassegrain antenna

in the azimuth plane

transmit: f = 6.315 GHz, G = 46.7 dBi, efficiency = 53%, D/A = 95

receive: f = 4.1 GHz, G = 44.5 dBi, efficiency = 75%, D/A =61.5

As described in § 2.3, the ratio between the size of the sub-reflector 
and main reflector d/D must be increased as D/A decreases. It implies that a 
prime focus feed configuration using an axisymmetric single parabolic reflector 
would be advantageous for small earth station antennas. Figure 7 shows a
measured radiation pattern of a 1.8 m diameter prime focus feed antenna at
14.25 GHz (D/A = 85.5) designed for 14/12 GHz receive-transmit operation. The 
near-axis side lobes are below 29-25 log<p(dBi). The aperture efficiency is above 
60% in both bands.
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18° 1 2 ° 6 ° 0 ° 6 ° 1 2 °

ANGLE

FIGURE 7 - Measured radiation pattern of a 1.8 m diameter prime focus
feed antenna at 14.25 GHz (D/A = 85.5)

Summarizing therefore, some kinds of axisymmetric small antennas can 
have low side-lobe characteristics such as 29-25 log (p dBi. In order to achieve 
significant improvement in the side-lobe envelope close to the boresight without 
degrading the antenna aperture efficiency it may be necessary to employ 
configurations which lead to an unblocked aperture. Such arrangements occur in 
offset reflector antennas and these are discussed below.

3. Asymm etric (offset) antennas

A lthough the geom etry o f  an asym m etric o r offset an tenna is less straigh tforw ard  than  that o f an 
axisym m etric reflector, the rem oval o f  all blockage effects brings about m ajo r im provem ents in the an tenna 
side-lobe perform ance in both  the near-in  and far-out angular regions. A fu rther advantage o f  the offset 
configuration  is tha t the reaction o f  the reflector upon the prim ary feed can be reduced to a very low order.

The offset configuration  has suffered from  cross-polarization problem s especially in front-fed  designs.
W hen illum inated by a linearly polarized prim e focus feed, the offset reflector generates a cross-polarized 
com ponen t in the rad iated  field. In the case o f  circular polarization , the phase rela tionsh ip  o f this effect causes a 
recom bination  o f  the radiated  linear fields into a circularly polarized com ponen t o f  the sam e hand . The effect 
results in a phase grad ien t across the apertu re  and hence a beam  squint on one side o r the o ther o f  the electrical 
boresight, depending  on the hand  o f circular polarization.

For these reasons, and  the problem  o f m echanical asym metry, and  also from  cost considerations., the offset 
an tenna  has been som ew hat neglected in the past. However, i t  i s  now common and w id e ly  used a t  sm all e a r th  s ta t io n s  
In the follow ing parag raphs the advantages o f  the configuration  are show n to  be explo itab le  and the periorm ance 
d isadvantages avoidable, in o rder to go beyond the lim itations o f axisym m etric system s at cm ailer diam eters.
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3.1 Types o f  offset antenna

Sim ilar to its axisym m etric counterpart, the offset parabolic reflector can be utilized as a single reflector 
fed from  the vicinity o f  its prim e focus or arranged in a dual reflector system where the m ain reflector is 
illum inated  by a com bination  o f  a prim ary feed and  sub-reflector. For both G regorian  and  C assegrain systems, 
two types o f an tenna design can be considered, one using conic section reflectors and  the o ther shaped reflectors.

3.2 Offset parabolic antennas

An offset parabolic antenna fed from the vicinity of the prime focus of 
the parabolic main reflector is the simplest offset antenna. The aperture 
distribution of an offset parabolic antenna mainly depends on the illumination 
pattern of the primary feed. If the feed has a rather narrow beam width, antenna 
side lobes in the near-in angular region can be reduced because of the low edge 
illumination level, and side lobes in the far-out region are also suppressed 
because of the low spill over level. However, the low side-lobe design causes 
low aperture efficiency. In general, the values of efficiency and side-lobe 
level of an offset parabolic antenna, which are frequency dependent, are usually 
spread from the receive band to the transmit band.

Figure 8-a shows a typical radiation pattern of a 1.8 m diameter offset 
parabolic antenna for 14/12 GHz bands (D/A = 70 - 90). The near-in side-lobes 
are below 29-25 log<P(dBi) in both receive and transmit bands. For 
cross-polarization discrimination, the antenna has at least 30 dB of on-axis 
isolation, and an isolation of at least 10 dB up to an off-axis angle of 
7 degrees.

9 8 7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9

ANGLE V3 (degrees)

FIGURE 8-a - Radiation pattern of a 1.8 m diameter offset parabolic antenna
for 14/12 GHz bands

Measured frequency is 14.25 GHz (D/A = 85.Ŝ

Low-side lobe performance of a very small offset parabolic antenna can 
be achieved in return for low aperture efficiency. For example, it was confirmed
by measurement that a 30 cm diameter antenna for 30/20 GHz band (D/A = 19 to 29)
satisfies the 49-10 log (D/A) - 25 log <P (dBi) template in both receive and
transmit bands. The aperture efficiency of the antenna is about 55%.
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The performance of modern receive only antennas operating for example 
in the 12/11 GHz band with D/A ratios down to 20 can meet the 29-25 log <p (<p > 3°) 
template in the near side-lobe region. Figure 8-b shows an example a measured 
radiation pattern of a 55 cm diameter offset parabolic antenna.

ANGLE <P (degrees)

FIGURE 8-b - Measured radiation pattern of a 55 cm diameter 
receive only antenna

(f = 12.0 GHz, G = 34.0 dBi, efficiency = 53%, D/A = 22)

As another example, the measured side-lobe envelopes of offset 
parabolic antennas with quasi-elliptic shaped edge reflector of 
D/A = 53, 32 (the aperture in the major axis: 4m, 2.4m) using the 3.95 GHz band 
are shown in Figure 9. [Inoue and Masamura, 1983]. They indicate better 
performance than G = 49 -10 log(D/A) -25 log <P for <P between (100 A/D)° to 40° 
measured in a plane containing the major axis of the reflector.
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A n g le  v5 ( d e g r e e s )

FIGURE 9 -  P eak  e n v e lo p e  p a t t e r n s  o f  o f f s e t  p a r a b o l i c  a n t e n n a s  

( F r e q u e n c y  -  3 .9 5  GHz)

______________  D /X  -  53

..............................  D /X  -  32

_______________ 1 -8 9 °  ^  < p ^  4 0 ° ;  D/X -  53  ( ( 1 0 0  \ / D ) °  <  <p <  4 0 ° )

3 . 3  O f f s e t  d u a l  r e f l e c t o r  a n t e n n a s

A dual offset reflector has been reported [Burdine and W ilkinson, 1 9 8 0 ] for opera tion  in the 
6 / 4  G H z bands. This has a main aperture  size o f 7 .6  m with a G regorian optical arrangem ent. The m ain reflector 
aperture d istribution  has a — 2 0  dB edge taper with absorber placed around  the sub-reflector. F igurelO show s the 
n e a r  side lobes. T he  s i d e - l o b e  e n v e lo p e  o f  t h i s  a n te n n a  i s  ap p ro x im a te ly  3 2  — 5 0  log <p out to 5° and 
3 2  -  4 0  log <p out to 16° in  b o th  r e c e iv e  and tr a n s m it  bands . At angles g reater than  4 0 °  from  boresight, the peak 
rad iation  side-lobe level is about — 25 dBi.
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G = 48dBi

Angle ip (degrees)

F IG U R E lQ — Near side-lobe patterns fo r  Gregorian dual o ffse t antenna  (receive band)
Curves A : predicted from aperture distribution 

B : measure

C : mean gain for side lobes generated by surface errors 3.5 mm 
r.m.s. in correlation interval

To reduce edge d iffraction and scatter which cause som e o f  the an tenna side-lobes, a m icrow ave absorber 
can be attached to the outer edges o f the reflectors and to the support structure. This technique can produce an 
appreciable im provem ent in side-lobe levels for off-axis angles in excess o f about 50°, and the increase in noise 
tem perature due to the absorber is estim ated to be less than 4 .4  °K  at all elevation angles. In [M izuguchi, et 
a ., 1976] the side-lobe envelope o f an  o f f s e t  G reg o rian  an ten n a  o f  D/A = 6 6  is expressed as being:

44 -  10 log (D /X ) -  33 log <p for 1.5° <  tp <  25°

and:

' . -  22 dBi for <p >  25°

These exam ples prove the advantages o f an unblocked system and  the follow ing sections describe the 
theoretical approaches which can be applied to circum vent the previously m entioned disadvantages and  im prove 
the radiation  patterns o f  the basic designs. i
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3.4 Shaped offset dual reflector antenna

It has been show n [W estcott and  Brickell, 1978] that not only can the reflector profiles be designed to
elim inate the cross-polarized com ponen t, but at the sam e tim e control over the apertu re  illum ination  distribution
in the offset plane o f the an tenna  can be exercised.

M ittra et al. [1982], W estcott and Brickell [1978] and B jontegaard and Pettersen [1983] have published
differing approaches. They all form ulate  the problem  in term s o f sim ultaneous non-linear partial differential 
equations. There are several paths to a solution from  this point. One m ethod uses num erical integration and 
assum es no general so lu tion  exists bu t produces good approxim ate solutions in im portan t cases. A nother method 
adop ts the exact so lu tion  approach  and  solves a non-linear second order differential equation  o f  the Monge- 
A m pere type. In general, the m ethods can lead to either offset Cassegrain or G regorian  designs from baseline 
conic sections.

The synthesis procedure fo r the design o f offset dual reflector antennas described by B jontegaard and 
Pettersen [1983] enables a prescribed aperture  illum ination  d istribution  to be produced whilst m aintaining 
ro tational sym metry o f phase fron ts, i.e., negligible cross-polarization. The procedure has been applied to the 
design and  m anufacture o f sm all earth-station  an tennas for the 11-12 G H z and  14 G H z bands. A ntennas with 
aperture  diam eters o f 1.8 m and 3.3 m are now available with high efficiency, low side lobes and high cross-polar 
d iscrim ination . A typical m easured azim uth pattern  is shown in Fig. 12.

Azimuth angle <P (degrees)

FIGURE 11 — Measured azimuth pattern o f a shaped 
offset Gregorian antenna ( f  = 12 GHz, D = 1.8 m 

D/X = 72)

Lee et al. [1979] and  W estcott and Brickell [1978] describe com putations which follow the above 
approaches with practical so lu tions in all cases.
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Using such optimization methods, it is possible to produce designs 
which give very good cross-polar performance while keeping excellent antenna 
efficiency and side lobes. This is illustrated in Figure 12 which correspond to 
actual measurements on an industrially produced antenna. [Begout et al., 1987]

Azimuth angle *P (degree)

FIGURE 12 - Measured azimuth pattern of a shaped offset Gregorian antenna
(f = 14.5 GHz. D = 1.8 m. D/A - 85)

Frequency bands: 14 - 14.5 GHz
10.7 - 12.75 GHz

Efficiency: 72% (Tx)
70% (Rx)

Cross polar discrimination: better than 30 dB
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In the above shaping techniques, geometrical optics (GO) approximation 
is generally used, when the GO shaping method is applied to small antennas, the 
difference between the desired or designed radiation pattern and that realized 
due to scattering effect becomes a problem. In particular, in the case of offset 
antenna, the effect causes the side-lobe characteristics to be asymmetrical and 
stands in the way of side-lobe suppression. One of the attractive techniques for 
overcoming this limit is a physical optics shaping method. Surfaces of 
reflectors are designed by a computer-aided optimization technique, rigorously 
taking into account the scattering phenomena of electromagnetic waves [Nomoto 
and Watanabe, 1988]. The measured radiation pattern of a 1.2 m shaped offset 
Gregorian antenna of 14/11 GHz band designed by this method is shown in 
Figure 13. Though the aperture diameter is about 50 wavelengths, the antenna 
produces extremely low side lobes, a high efficiency of more than 72%, and 
excellent polarization purity over a wide frequency range. The peak envelope of 
the antenna side lobe is below 25 - 25 log((P) dBi, which is superior to that of 
Recommendation 580 by 7 dB to 10 dB.

AZIMUTH ANGLE tp (degrees)

FIGURE 13 - Measured radiation patterns of 1.2 m shaped offset Gregorian
antenna (f = 14.5 GHz. D/A = 58)

3 .5  Polarization performance o f  conic section reflector designs

In an offset reflector an tenna the tilted field, however, will have a cross-polarized com ponent in the 
reflector coordinate system, although it has pure polarization  in the coordinate system orientated  to its own axis. 
It has been dem onstrated [Rudge and A datia, 1975; Jacobsen, 1977] that for a single reflector antenna, an 
im proved feed design can reduce or elim inate the undesirable cross-polarization com ponent as well as e lim inating 
the beam squint in a circular polarized offset antenna.

In the case o f the dual reflector system we have a further additional degree o f freedom in the geom etrical 
configuration. In their sim plest form , these have the axes o f the main reflector and sub-reflector co-linear. T hus, 
for a perfectly linear polarized feed in this arrangem ent it can be established by vector resolution  that the field 
lines in the feed aperture, map into a family o f curved lines in the antenna aperture with an im plied presence o f  
cross-polarized com ponents (see F igI4  ). This field curvature must therefore be elim inated to produce a purely  
polarized symmetric aperture field distribution.
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Mizuguchi et al. [1976] produced a geom etrical relationship  to allow a dual reflector system to be 
o p t i m i z e d  for low cross-polar perform ance. The relationsh ip  is given by:

(1 — B 2) sin a
cos v|/0 (degrees) .=

(1 +  B 2) cos a  — 2 B

where B is the inverse o f the eccentricity of the sub-reflector. The other param eters are show n in Fig. 15.

FIGURE 14

aj Offset parabolic reflector cross section
b) Projection o f concentric circles onto aperture plane
c) Aperture field lines for linearly polarized primary feed



200 Rep. 998-1

FIGURE 15 -  The dual o ffse t antenna geom etry and parameters

A : hyperbolic axis 
B : parabolic axis

4. Summ ary and conclusions

If side-lobe levels, especially those close to boresight,' are required 
to be significantly reduced below 32 - 25 log <p for antennas with a diameter 
less than 150 wavelengths, then the axisymmetric dual reflector configuration 
suffers severe limitations due to aperture blockage by the sub-reflector, 
primary feedhorn and support struts. Only very careful attention to design 
detail in these areas will permit satisfactory performance to be achieved by 
such antennas.

Although the geometry o f any asym m etric or offset dual reflector system is less straightforw ard than that 
o f  the form er system, the rem oval o f  all blockage effects brings about m ajo r im provem ents in side-lobe 
perform ance. M oreover, it is ap p aren t that design techniques exist tha t can circum vent the cross-polarization 
perform ance lim itations hitherto experienced with the offset configuration. Recent design studies and experim ental 
work on asym m etrical antennas have shown that the R ecom m endation 580 objective should be attainable by 
an tennas sm aller than 150 w avelengths, with a substantial m argin [C laydon et al., 1983;. B jontegaard and 
Pettersen, 1983].

In  the effort to  prom ote effective use o f the geostationary  orbit it is necessary to draw  the attention o f 
adm inistrations to the lim itations o f small antennas with respect to their side-lobe envelopes. In order to relieve 
the problem s o f frequency sharing and  coordination  with terrestrial systems, it is very desirable that adm in istra­
tions should encourage the developm ent o f antennas with im proved side-lobe perform ance.

A dm inistrations are invited to subm it da ta  on the perform ance o f sm all earth -sta tion  antennas.
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CONTRIBUTIONS TO THE NOISE TEMPERATURE OF AN 
EARTH-STATION RECEIVING ANTENNA

Antenna noise temperature measurements
(Question 13/4)

(1982-1986)

1. Introduction

The noise tem perature o f  an earth-station an tenna is one o f the factors contribu ting  to the system noise 
tem perature  o f  a receiving system, and it m ay include contributions associated with atm ospheric constituents such 
as w ater vapour, clouds and precip itation , in addition to noise orig inating  from  extra-terrestrial sources such as 
so lar and  cosm ic noise. The ground and  other features o f the an tenna environm ent, m an-m ade noise and 
unw anted  signals, and  therm al noise generated by the receiving system which m ay be referred back to the an tenna 
term inals, could also m ake a contribution  to the noise tem perature o f the earth -sta tion  an tenna. N um erous factors 
con tribu ting  to an tenna noise, particularly  those governed by m eteorological conditions, are not stable and the 
resulting noise will therefore exhibit some form o f statistical distribution with time. A know ledge o f these factors 
and  their predicted variation  would be a valuable aid to earth-station designers, and  there is therefore the need to 
gather inform ation on the an tenna noise characteristics o f existing earth  sta tions in a form which can best be 
in terpreted  for future use.

This R eport presents results o f an tenna noise m easurem ents m ade at 11.45 G H z, 11.75 G H z, 17.6 G H z,
18.4 G H z, 18.75 G H z and 31.65 G H z. From the results m easured at 17.6 G H z and 11.75 G H z, cum ulative 
distribu tions o f tem peratures have been derived together with the dependency o f  the clear sky noise tem perature 
on the elevation angle.

2. Measuring equipment

The an tenna noise tem perature m easurem ents have been perform ed in the N etherlands using a series o f 
radiom eters equipped with a 10 m Cassegrain an tenna fed by a corrugated horn . These m easurem ents have also 
been perform ed in Jap an  using noise adding type and Dicke type radiom eters equipped with 13 m and 10 m 
C assegrain antennas, and  an 11.5 m offset Cassegrain antenna.

Noise m easurem ents made in the Federal Republic o f G erm any were carried  out on a 18.3 m d iam eter 
an tenna  using the _y-factor m ethod, under clear sky conditions.

T his Report should  be brought to the attention  o f  Study G roup  5.
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Figure 1 shows the cum ulative time distribution o f the m easured an ten n a  noise tem perature  at 11.75 G H z 
and  17.6 G Hz. The noise tem perature shown in Fig. 1 is the value m easured a t the ou tpu t flange o f  the feedhorn.

The m ain con tribu tion  to the an tenna noise tem perature is caused by atm ospheric  attenuation . O ther 
contribu tions are caused by cosm ic effects and radiation from the ground.

The m easurem ents presented in Fig. 1 have been perform ed at an  angle o f  elevation o f  the an tenna o f 30°. 
The m easurem ent period was betw een A ugust 1975 and June 1977. The cond itions during  the m easuring period 
can be considered as being typical for the local rain conditions.

3. Results of measurements

FIGURE I -  Measured antenna temperature as a function o f  the percentage o f  time 
each level was exceeded

Curves A: 17,6 GHz, 7200 hours 
B: 11,75 GHz, 8100 hours

Angle of elevation: 30°

Figure 2 shows the elevation dependence o f the an tenna noise tem perature  at c lear sky conditions. The
value o f  an tenna noise tem perature o f Fig. 2 corresponds to those o f  Fig. 1 at the 50% tim e percentage. An
analysis o f  the m easurem ent results given in Fig. 2 showed that the an ten n a  noise tem perature  consists o f an 
elevation dependent part and a com ponent which is roughly constant.

This constan t p a rt is form ed by:
— cosm ic background  m icrow ave rad iation  having a value on the order o f  2.8 K [Penzias, 1968];
— noise resulting from  earth  rad iation . This contribution changes slightly with the angle o f  elevation o f  the

an tenna due to the side-lobe perform ance of the radiation  diagram . A value on the o rder o f 4 to 6  K is
expected from this source;

— a noise con tribu tion  due to ohm ic losses of the an tenna system which is o f the order o f  0.04 dB. This 
com ponent is expected to be 3 to 4 K.

The elevation dependent part o f  the antenna noise tem perature is caused by losses due to water and
oxygen in the atm osphere and in o rder to estimate this elevation dependent part the curves o f  m easured points in
Fig. 2 may be approxim ated  by the follow ing function (see R eport 720), and  is accurate to 1% for elevation angles 
greater than 15°:

TA = Tc + Tm (\ -  p„cosecct) K (1)

where:

77, : an tenna noise tem perature;

Tc : constant part o f the noise tem perature;

Tm : mean rad iating  tem perature  o f the absorbing m edium ;

: transm ission coefficient o f the atm osphere in the zenith direction;

a  : angle o f elevation o f the antenna.
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FIGURE 2 -  Antenna noise temperature (T4)  as a function o f  the angle o f  
elevation (a)[o f the antenna under clear sky conditions

N o te  1. -  Curves 1 to 6 are identified by reference to Table I.
N o te  2. -  Measurement conditions were as follows:

Characteristics . Tem perature
(K)

Relative
humidity

(%)

Absolute
humidity

(g/m 3)

Barometric
pressure
(mbar)

Curves 1 and 3 279 82 6 1016
Curve 2 

A: calculated 294 51 10 1018
B: measured 

Curve 4 
measured 296 50 10 1006
Curve 5 

•  : m easured 290 49 7 1013
Curve 6 

□ : measured ‘ 281.5 66 6 1017



In the range o f  angles o f elevation between 5 and 90°, the constan ts o f  the function  TA are as given in
Table I.

Rep. 868-1 205

TA BLE I

Reference
No.

(see Fig. 2)

Frequency
(G H z)

A ntenna
diam eter

(m)

T,
(K )

Po
M easuring
techn ique

Reference
sta tion

1 11.75 10 8.3 0.9858 R adiom eter 10 m OTS 
N etherlands

2 11.45 18.3 7.3 0.988 y- factor 18.3 m O T S/IS -V  
Federal R epublic 

o f  G erm any

3 17.6 10 8.3 0.9738 R ad iom eter 10 m OTS 
N etherlands

4 18.4 13 9.3 0.940 R adiom eter 13 m CS 
Ja p an

5 31.65 10 11.5 0.934 R adiom eter 10 m ECS 
Ja p an

6 18.75 11.5 4.5 0.970 R adiom eter 11.5 m CS 
Ja p an

Based on the  constants given in Table I and for a  = 90° in equation  (1), the second term in this 
expression leads to the value o f the zenith sky tem perature caused by atm ospheric  attenuation . The zenith 
brightness tem perature can be found  by the addition  o f the zenith sky tem perature and the cosm ic m icrow ave 
background  rad iation  tem perature. In this particular case, where atm ospheric losses are very low, sim ple add ition  
is allowed.

The zenith sky tem perature can also be calculated using the hum idity  at the earth  surface as input 
param eter (see R eport 720). The result o f such calculation and the value found by m easurem ents are sum m arized 
in Table II.

TA BLE 11

Frequency
(G H z)

Zenith sky tem perature Z enith  brightness 
tem pera tu re  

m easurem ents
(K )

C alculation
(K)

M easurem ents
(K)

11.75 3.2 3.9 6.7

17.6 7.8 7-2 10.0

18.4 14.7 16.7 19.5

31.65 14.3 18.3 21.1

Note. — A dm inistrations are invited to  subm it further data  on noise tem pera tu re  o f  earth-station  receiving 
an tennas in the form which will enable Q uestion 13/4 to be addressed.

R E F E R E N C E S

PENZ1AS. A. A. [Septem ber, 1968] M easurem ents o f cosm ic m icrowave background rad ia tion . I E E E  Trans. Microwave Theory 
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REPORT 8 7 5 -1

A SURVEY OF INTERFERENCE CANCELLERS 
FOR APPLICATION IN THE FIXED-SATELLITE SERVICE

(Study Program m e 3 2 B /4 )

(1 9 8 2 -1 9 9 0 )

1. Introduction

One o f  the principal lim itations in achieving greater utilization o f  the R F  spectrum  and geostationary orbit 
fo r the fixed-satellite service (FSS) is m utual interference am ong satellite netw orks serving the sam e or adjacent 
geographical areas. Primary attention has been focused on an tenna rad iation  characteristics o f earth stations as a 
m eans o f reducing satellite orbit spacings. O ther approaches for increasing com m unication capacity include 
frequency reuse techniques such as co-channel cross-polarization transm ission, im proved m odulation techniques, 
higher power satellite transm itters, and low er noise receivers, am ong others. The associated technical param eters 
have been identified in R eport 453.

Some o f these techniques increase the susceptibility o f satellite netw orks to  m utual interference, so their 
efficacy .must be measured by the overall perform ance o f  the system to be im proved. However, the deleterious 
effects o f  some o f these techniques may be reduced through the em ploym ent o f  interference cancellers. This 
technique has experienced a long period o f developm ent in related technologies associated with relatively costly 
equipm ent im plem entation, prim arily because the applications were associated with interference environm ents 
assum ed to be deliberate and hostile. However, this is not the case with dom estic o r in ternational com m ercial 
com m unications systems where the basic R F characteristics o f potentially  in terfering  systems are know n. Thus, the 
opportun ity  exists fo r the introduction o f  interference cancelling devices w hich are  cost effective. Some recent 
developm ents applicable to satellite com m unication systems are reviewed in the follow ing paragraphs.

2. General applications

There are two general sources of interference in which cancellers are being applied. O ne source is caused 
prim arily  by environm ental factors, such as heavy precip itation , which d is to rt the signal characteristics o f a system 
during  up-link and dow n-link transm issions. Systems using cross-polarized channels in the sam e frequency band , 
particularly  above 10 GHz, are susceptible to this type o f  intra-system interference. The distortions are in the form 
o f  attenuation and phase shift differences in the orthogonal com ponents o f  the signal which degrade the original 
polarization  isolation levels. Devices have been developed which correct the depolarization  effects and  essentially 
cancel the non-orthogonal elem ents in the affected channels. These techniques are  discussed in R eport 555 and 
[White et al., 1975; C hu, 1971; Persinger et al., 1981; N ouri and Braine, 1980; Pelchat and Baird, 1977].

The o ther m ore fam iliar source o f  interference is from  external systems operating  in the sam e frequency
ban d  w ithin the field o f view o f the desired system. Inter-satellite interference protection is prim arily  achieved by 
earth -station  an tenna discrim ination. However, o ther techniques can contribute to the reduction o f  interference or 
the effects o f interference.
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The basic principle of interference cancellers are to construct a replica of an interfering signal in both 
amplitude and phase, and subtract it from the wanted signal plus interference entering the receiver system (see 
Report 390, Annex 1). Analysis and experiments have been performed and evaluated with cancellation techniques 
at baseband. IF and RF levels (Pontano, 1980: Pontano and Fuenzalida, 1971; American Nucleonics C orpora­
tion, 1974; Horton, 1976; Shklarsky et al., 1979; White et al., 1 9 75 ; Kaitsuka and 
Inoue, 1 9 8 4 ) . The preferred techniques are affected by the characteristics of the 
wanted and interfering signals, the state-of-the-art in technology and the cost of 
implementation. The importance of cancellers will undoubtedly increase as the orbital 
arc becomes occupied with everincresing numbers of communication satellites.

3. Examples o f interference cancellers

A few exam ples o f these techniques recently reported  in the technical literature are described below. The 
results obtained by the various investigators were in the absence of any significant therm al noise.

3.1 Baseband interference cancellers

For angle-m odulated carriers, a m ethod o f interference cancellation at baseband  [Pontano, 1980] was 
achieved by m ixing w anted and interfering R F  signals in to  the experim ental system depicted in Fig. 1. It should 
be noted  that this approach  requires that the interference be received directly as the inpu t fo r the interfering 
channel. This can be achieved by having a separate an tenna directly facing the interference source. The 
interference signal is mixed with the w anted carrier a t R F  or IF. The low frequency com ponents resulting from  
this process were show n to be the replica o f  the baseband interference. C ancellation  was achieved by subtracting  
this replica from  the dem odulated  baseband signal plus interference. L aboratory  tests show ed this m ethod reduced 
interference by abou t 15 dB for a wide range o f  operating  param eters.

Wanted channel

FIGURE 1 — Block diagram o f test set-up
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In cases where a separate interfering signal is not available for purposes o f  control or reference, ano ther 
technique has been proposed for angle m odulation signals [Pontano and Fuenzalida, 1971]. In this approach , the 
inform ation  contained in the envelope waveform o f  the com bined w anted and  interfering carriers is used to 
reconstruct the baseband interference. For effective cancellation, the interference source should be separated from  
the w anted carrier by the sum o f  the highest m odulating frequencies. Analysis and  experim ents revealed that the 
detected envelope o f the desired carrier plus the interfering carrier is equal to the dem odulated  interference 
com ponent shifted by plus or m inus 90°. Once identified, the interference can be rem oved by subtraction. As 
m uch as 15 dB o f interference reduction was achieved for a range o f tested param eters (frequency separation , 
carrier-to-interference ratios, and m odulation indices). The best results .occurred at the lower m odulation indices 
and larger carrier frequency separations.

For frequency m odulation  (FM ) signals where the interfering signal is small and canno t be received 
separately, it is possible to detect the interference at baseband with a crystal detector. A pure FM  signal has a 
constan t envelope and the addition  o f interference results in am pliltude m odulation  which can be detected, and  
thus rem oved by subtraction. However, in laboratory tests, this technique was successful in cancelling only those 
interference com ponents which had not experienced spectral foldover. Since only the first order com ponent can be 
assured o f cancellation, the interference m ust be small com pared to the w anted FM signal.

The higher order term s becom e troublesom e if the interference pow er is significant. They lim it the degree 
o f interference cancellation which can be realized in a baseband cancellation technique since the phasing required 
to cancel the first order term is not the same as that required to cancel the higher order terms. A preferable 
approach  in these circum stances is to cancel interference at R F  or IF  prior to dem odulation , where all orders o f 
the baseband interference spectrum  are suppressed.

3.2 Cancellation at IF

A nother technique investigated for FM systems was to subtract the IF  or R F spectra o f an interfering 
signal p rio r to the receiver dem odulator as shown in the test set-up o f Fig. 2. It was assum ed in this case that the 
interfering signal was available separately. It should be em phasized that the auxiliary  channel (interference only) 
required “virtually identical” dow n conversion and filtering as the main channel (w anted signal plus interference). 
Also, the electric lengths for the interference signal in the two channels had to be nearly  identical in order that the 
m odulation  on the two signals a t the cancellation point was coherent. Phasing o f  the cancellation signal was 
refined with a variable phase shifter. Test results showed that the IF  interference spectrum  was reduced by 
approxim ately 25 to 30 dB across the IF  filter bandw idth. The advantages o f this technique were:
— sim plicity;
— first o rder and higher order term s are cancelled sim ultaneously;
— cancellation was possible with any value o f C /  / ;  and
— low er im pulse noise was experienced com pared to baseband cancellation m ethods.

3.3 Interference suppression bridge

A nother passive technique, dem onstrated in laboratory  tests, uses a bridge netw ork to suppress the 
interfering signal at the receiver with an auxiliary signal derived from an interference channel. A simplified block 
diagram  o f  this set-up is shown in Fig. 3. Ideally, the bridge circuit ou tpu t phase angle m ust rem ain at 180° and  
the pow er am plitude m ust rem ain equal to the interference across the desired frequency band and  continuously 
with time. The objective o f the test was to determ ine the perform ance o f  the system  for various phase angle and  
pow er am plitude errors generated by the bridge.

Tests were conducted using a signal tone at approxim ately 3807 M H z and interfering signals at 
3809 ±  4.5 M Hz and 3950 MHz. Suppression o f the interfering signals from 15 dB to 50 dB was achieved w ith 
this technique, the latter associated with relatively narrow  band interference signals under clear w eather 
conditions.
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3.4 Adaptive cancellation systems

Active or servo-controlled cancellation systems capable o f interference reductions on the order of 50 to 
60 dB have been developed and operated for many years from VLF (3 to 30 kHz) to SHF (3 to 30 GHz) 
frequencies [American Nucleonics Corporation, 1974). Applications have included collocated interference, where a 
nearby transm itter with known characteristics is the interference source, and remote interference where the source 
can be either casual or deliberate. For the remote case, an auxiliary antenna directed toward the interfering source 
is used to obtain a reference sample of the interference. In some applications, it is possible to obtain this signal 
from a side lobe of the main antenna. Different properties o f the desired and interfering signals (such as direction 
of arrival, amplitude, polarization, modulation, etc.) can be used for purposes o f discrimination. A functional 
block diagram o f an adaptive cancellation system is depicted in Fig. 4. The interference transmitter duplicates the 
interfering signal in amplitude but with reverse polarity. A closed-loop servo arrangement provides continuous 
autom atic adjustments of amplitude, time delay and phase to compensate for variations o f these properties due to 
propagation effects. A coupler samples the output signal to the receiver, and if cancellation is imperfect, an error 
signal is sent to the servos. The high gain servo loops adjust the signal controller parameters so as to drive the 
residual interference level toward zero. The synchronous detectors restrict the control loop response to signals 
which are coherent with the reference or interfering signal. The am ount o f cancellation attainable depends on the 
instantaneous bandwidth of the interfering signal. For narrow-band signals, 60 dB o f cancellation is obtainable.
For 5 or 6  MHz bandwidths, remote interference has been suppressed by 50 to 60 dB. For noise-like signals with 
instantaneous bandwidths of 500 MHz, approximately 20 dB o f cancellation has been claimed.

An adaptive co-channel interference suppression system (CISS) developed specifically for satellite commu­
nication applications, is depicted in Fig. 5 [Horton, 1976). An estimated replica o f the interfering signal is 
subtracted from the desired plus interfering signal in the power com biner following the low noise amplifier (LNA) 
of the receiver system. The signal output (error signal) has the desired signal plus the residue from the subtract
operation. An adaptive filter in the interference channel adjusts the am plitude and phase of the interfering signal
to provide this replica. The adaptation is accomplished using a least mean square algorithm. The quadrature 
correlator processes the error signal and the interference signal (auxiliary antenna) to provide the necessary 
correlation of amplitude and phase between these two signals. The outputs o f the correlator act as control voltages 
to drive the attenuators in the adaptive, filter.

Steady state is achieved when the correlation has reached a minimum. Laboratory tests revealed that as 
much as 20 to 30 dB interference suppression was achieved, depending on C / I  levels.

An early application of aoaptive cancelling techniques was that undertaken by the United Kingdom when
they experienced severe interference at the Goonhiliy earth station caused by a radio-relay station located some
300 km awav. An adaptive tuneable canceller operating at IF was developed and brought into operation early in 
1975 and was instrumental in reducing the effects of the interference to an acceptable level [White et a/., 1975).

An Orthogonal sensing interference cancellation system, which can be 
applied to any type of modulation even if desired and interference signals are 
co-channel, is depicted in Fig. 6 ^Kaitsuka and Inoue , 1984/. In the vector 
modulator, which adjusts the amplitude and the phase of the interference signal 
from the auxiliary antenna, the input signal is divided into orthogonal components. 
The amplitude of each component is controlled independently and subsequently combined.

Each control signal is a combination of the output of an integrator
and a low frequency sinusoidal signal, which are orthogonal to each other.
The output of the vector modulator changes sinusoidally, in terms of
amplitude and phase for sensing, and makes the envelope of the residue 
signal fluctuate. As this envelope fluctuation includes error information for 
control, the error voltages are taken out by envelope and phase detection using 
the two orthogonal low frequency signals.

As this system has only one frequency converter, its phase and gain 
changes have negligible effect on cancellation performance. But systems 
depicted in Fig. 4 and Fig. 5 need two converters. It is necessary for them 
to have RF/IF amplifiers of the same characteristics.
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Experimental results show that more than 40 dB cancellation was 
achieved over a 50 MHz bandwidth for CW, FM(TP,TV) and PSK signals. In the 
field test on a 45 km path, sufficient cancellation performance and response 
were obtained even during fading periods. Another field test using a small 
earth station with a 4.5 m diameter antenna, located close to an 
interference transmitter, was performed. In this test, both the satellite 
communication signal and the interference from terrestrial link were FM-TV. 
signals. Clear video pictures and sound were obtained after cancellation.

F o r  t h e  c a n c e l l a t i o n  o f  i n t e r f e r e n c e  f ro m  a  s a t e l l i t e  i n  a  n e i g h b o u r i n g  
s a t e l l i t e  s y s t e m ,  when t h e  d i r e c t i o n  t o  t h e  i n t e r f e r e n c e  s o u r c e  i s  known w i t h  an  
a c c u r a c y  d e t e r m i n e d  b y  t h e  s a t e l l i t e ' s  s t a t i o n - k e e p i n g  s y s t e m , i n  some c a s e s  i t  
i s  m ore  c o s t - e f f i c i e n t  t o  i n s t a l l  an  a d d i t i o n a l  f e e d  i n  t h e  p r i m a r y  a n t e n n a  o f  
t h e  r e c e i v i n g  e a r t h  s t a t i o n  t h a n  t o  u s e  a n  a u x i l i a r y  a n t e n n a .  The o f f s e t  o f  t h i s  
f e e d  f ro m  t h e  m a in  on e  w i l l  d ep e n d  on  t h e  a n g u l a r  s e p a r a t i o n  b e t w e e n  t h e  w a n te d  
a n d  i n t e r f e r i n g  s a t e l l i t e s .

The e f f i c i e n c y  o f  t h e  c a n c e l l e r  may b e  s i g n i f i c a n t l y  i n c r e a s e d  b y  u s i n g  
a  p r i o r i  p a r a m e t e r s  r e f e r r i n g  t o  t h e  w a n te d  an d  i n t e r f e r i n g  s i g n a l s  ( e . g .  
s p e c i a l l y  i n s e r t e d  p i l o t  s i g n a l s  i n  t h e  f r e e  p a r t s  o f  t h e  s p e c t r u m  o r  i n  f r e e  
t im e  s l o t s ,  e n e r g y  d i s p e r s a l  s i g n a l ,  e t c . ) .

I n  t h e  USSR s u c h  a  d u a l - f e e d  a n t e n n a  s y s t e m  w i t h  a  4 m d i s h  w as  u s e d  i n  
t h e  "M oskva G l o b a l n a y a "  s a t e l l i t e  s y s t e m  f o r  i n t e r f e r e n c e  c a n c e l l a t i o n  f ro m  t h e  
"M oskva" s a t e l l i t e  s y s t e m .  The a d d i t i o n a l  f e e d  ( a  p y r a m i d a l  h o r n )  was c o n n e c t e d  
t o  t h e  m a in  one v i a  a  d i r e c t i o n a l  c o u p l e r  a n d  a n  e l e c t r i c a l l y  c o n t r o l l a b l e  m ic r o w a v e  p h a s e  
s h i f t e r  a n d  a t t e n u a t o r .  The a n g u l a r  s e p a r a t i o n  b e t w e e n  t h e  w a n t e d  a n d  
i n t e r f e r i n g  s a t e l l i t e s  was 3 ° .  T h i s  a d a p t i v e  c a n c e l l a t i o n  s y s t e m  u s e d  t h e  
d i s t i n c t i o n  b e t w e e n  t h e  w a n te d  and  u n w a n te d  d i s p e r s a l  s i g n a l s  a n d  s e c u r e d  
a d d i t i o n a l  i n t e r f e r e n c e  s u p p r e s s i o n  up  t o  20 dB.

3.5 Adaptive filtering o f narrow-band interference

A technique for suppressing narrow-band interference where the frequency of the interferer is unknown 
(and may even vary in a slow manner) was applied to a wideband digital communication system [Shklarsky 
et al.. 1979], Implementation of this technique is depicted in the block diagram of Fig.7. The system tracks the 
centre frequency of an interferer and centres a notch filter around that frequency. It functions by making use of 
the real-time Fourier transformation properties of surface acoustic wave filters. The conditions required are:
— the interferer bandwidth is less than the bandwidth of the desired signal, and
— in the Fourier domain, the interferer amplitude is greater than that of the desired signal.

An automatic gain control (AGC) feature allows the system to handle a large dynamic range of input
signal. Substantial reductions in interference were obtained during system tests:

4. Conclusions

The examples of interference cancellers described in this Report are only a sample of the current literature 
on this subject. However, interference cancellers, as a means of reducing satellite inter-system interference, are still 
in an early stage of development. Up to the present, the method pursued by the ITU and recommended by the 
CCIR has been to impose limits on antenna side-lobe patterns and radiated power flux-densities in order to avoid 
excessive interference between systems. Interference cancellers have been used in relatively isolated situations 
where an existing or newly constructed earth station experienced unexpected interference from a nearby source.
The need for additional antennas and signal processing equipment is a burden that a communication network 
planner would prefer to avoid. More development is required to reduce equipment complexity and costs before 
interference cancellers are likely to have wide application in FSS systems. The r e s u l t s  o f  t h e  e x p e r i m e n t s  
c a r r i e d  o u t  i n  t h e  USSR show  t h a t  i t  i s  p o s s i b l e  t o  u s e  a n  a d d i t i o n a l  f e e d  i n  
t h e  p r i m a r y  a n t e n n a  f o r  t h e  c a n c e l l a t i o n  o f  i n t e r f e r e n c e  f r o m  a  n e i g h b o u r i n g  
s a t e l l i t e  w h en  t h e  d i r e c t i o n  t o  t h e  i n t e r f e r i n g  s o u r c e  i s  kn o w n .  T h i s  m e th o d  
s e e m s  t o  b e  i n  som e c a s e s  m ore  c o s t - e f f i c i e n t  c o m p a r e d  t o  t h e  u s e  
o f  a n  a u x i l i a r y  a n t e n n a .
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O n the o ther hand , a great deal o f interest has been evidenced [Chu, 1971; Persinger et al., 1981; N ouri 
and Braine, 1980; Pelchat and  Baird, 1977; M akino et al., 1980] in the developm ent o f  interference cancellers fo r 
intrasystem  applications associated with cross-polarization techniques. Since the in terfering  signal can be charac­
terized and  defined in ternally , the developm ents in this field are likely to result in p ractical, com m ercial 
equipm ent in the near future. The products o f this type o f interference canceller will likely benefit the 
developm ent o f inter-system  applications.

The C C IR  should con tinue to study this subject and report on its progress.

Interference
an tenna

R eceiver
an ten n a

T o  receiver

FIG U R E 4.—  Adaptive interference cancellation system

Main ant.

LNA

A daptive
filter

A m p. Q uad.
& correl.

low  p a s s  filter

Power
com biner

I___

FIG U R E 5 —  Block diagram o f  the co-channel interference suppression system



214 Rep. 875-1

Main ant.

Low freq. Oscillator 

FIG U R E .6 -Orthogonal sensing interference cancellation system

FIGURE 7— Block diagram of adaptive system

AGC: Automatic gain control 
FT: Fourier transform
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USE OF PRE-EM PHASIS IN FREQUENCY-M ODULATIO N SYSTEM S  
FOR FREQUENCY DIVISION MULTIPLEX TELEPHONY  
AND TELEVISION IN THE FIXED-SATELLITE SERVICE

(Study Programme 27A/4)
(1963-1966-1970-1974)

1. Introduction

The use o f pre-em phasis in systems in the fixed-satellite service for frequency-division multiplex telephony 
using frequency m odulation  results in a useful im provem ent in the signal-to-noise ratio in the higher frequency 
channels o f the system and thus enables the space-station transm itter pow er and  bandw idth  requirem ents to be 
reduced.

The use o f pre-em phasis for television modifies the energy d istribu tion  in the radio-frequency emission o f 
system s in the fixed-satellite service, in such a way as to reduce, substan tia lly  in some circum stances, the 
possibility  o f interference within and  between systems in the fixed-satellite service and between systems in the 
fixed-satellite service and radio-relay systems using the sam e frequency bands.

The use o f pre-em phasis for television may also enable the effective frequency deviation o f the system in 
the fixed-satellite service to be increased, thereby im proving the signal-to-noise ratio ; however, too large an 
increase in deviation could offset the reduction o f interference potential.

The deviation and  pre-em phasis used to obtain  the best possible transm ission  o f some television signal 
standards may differ appreciably from  those recom m ended for telephony.

The use by d ifferent adm in istra tions o f the facilities offered by active system s in the fixed-satellite service, 
including the shared use o f space-station repeaters, would be facilitated by the use o f agreed pre-em phasis 
characteristics for such systems em ploying frequency-m odulation.

At the present tim e it has not been found possible to recom m end a preferred  pre-em phasis characteristic 
fo r systems in the fixed-satellite service used for television. This m atter is a subject for further study, but some 
inform ation  which may be o f assistance in these studies is given in § 3 o f this R eport.

2. Telephony

The effect o f  pre-em phasis will be to im prove the signal-to-noise ratio  in the high frequency channels and 
to reduce it in the low frequency channels. This may in turn  affect the carrier-to-noise ratio at which the noise in 
the w orst channel reaches 50 000 pW p at a poin t o f  zero relative level. Each o f these effects will have 
repercussions on the satellite pow er and  bandw idth  required to meet the noise objectives o f Recom m endation 353. 
Furtherm ore the optim um  characteristic fo r a system operated  at or below  th reshold  for a considerable p roportion  
o f  the tim e may not be the same as tha t for systems which norm ally operate above threshold.

The threshold m argin o f present satellite systems is generally sufficient to prevent them from operating  
below  threshold for all but very sm all p roportions o f  the tim e and the sam e is expected to be true for future 
systems. For general use, therefore, a pre-em phasis characteristic with a relatively wide range o f attenuation  will 
be optim um .

M easurem ents o f  signal-to-noise ratios in an operational system have confirm ed that the network described 
in R ecom m endation 464 which has an 8 dB range o f a ttenuation , gives satisfactory  results in practice.

However, fo r systems operating  nearer to threshold, a narrow er range o f  a ttenuation  may be found to be 
optim um .

3. Television

In the transm ission '.of colour television signals, special attention  m ust be paid  to:

— noise in the video bandw idth ;
— distortion , especially that which may affect the chrom inance channel video frequencies (around 4.4 M Hz for 

625-line systems);
— subjective threshold o f 'th e  receiver.
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The insertion o f  a pre-em phasis netw ork has the goal of:

— im proving the signal-to-w eighted noise ratio;
— reducing distortion .

These goals must be attained with m inim um  im pairm ent o f the receiver subjective threshold.

For a given system bandw idth , the signal-to-w eighted noise ratio  can be im proved by m odifying the shape 
o f  the video noise spectrum , i.e., by m odifying the deviation that the various com ponents o f  the video signal 
p roduce on the radio-frequency carrier.

The criteria which influence the design o f an optim um  em phasis characteristic  m ay d iffer in d ifferent 
co lour television systems. In the follow ing sections the results o f studies m ade by som e adm inistra tions on the 
PAL and  SECAM  systems are given.

The optim ization  o f the pre-em phasis characteristic for colour television is closely dependent upon the 
form  o f the w eighting curve adopted  for noise m easurem ent. A lthough this is specified for 625-line system I in 
R ecom m endation 567, it has not been universally adopted  and thus it will be difficult to agree on a single new 
pre-em phasis characteristic. The work reported here indicates a possible app roach  to the problem .

3.1 625-line PAL system s B, G and H

Theoretical calculations have shown [C C IR , 1966-69a] that, for a given signal-to-unw eighted noise ratio, 
the m axim um  signal-to-w eighted noise ratio  is obtained when the de-em phasis characteristic  produces a spectrum  
of noise which is uniform  with frequency across the video band (0-5 MHz). A pplying this princip le to a particular 
noise weighting curve [CCIR, 1966-69b] a new pre-em phasis curve shown in Fig. 1 has been derived which can be 
show n to im prove the signal-to-noise ratio  by about 2 dB (assum ing a triangu lar noise d istribution). This 
com pares with an im provem ent o f about 1 dB using the pre-emphasis curve o f  R ecom m endation 405 (with the 
sam e noise weighting curve).

Experim ents m ade to investigate the influence o f a lim itation in the radio-frequency band  using the new 
pre-em phasis curve have shown that the differential distortions in the presence o f  em phasis were reduced by a 
factor o f between 5 and 15 depending on the form o f the m odulating signal, com pared with d istortions m easured 
w ithout em phasis. On the other hand, the lum inance-to-chrom inance ratio  was slightly increased. The overall 
picture quality m easured subjectively was essentially unchanged. O ther experim ents m ade with a receiver operating 
close to threshold , showed that in general the use o f pre-emphasis raised the level o f threshold assessed 
subjectively, for exam ple, by 1.5 to 2 dB for the em phasis of Fig. 1 o f this R eport, or Fig. 1 curve B of 
R ecom m endation 405 or certain o ther pre-em phasis curves.

O ther studies [Lari and Tom ati, 1972] also show that by a suitable selection o f a pre-em phasis curve, it is 
possible to achieve som e saving, either in satellite transm itter power or in the bandw idth  required, for the same 
values o f signal-to-w eighted noise ratio  and m argin above subjective threshold.

FIGURE 1 — Experimental pre-emphasis characteristics fo r  the PAL system
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In the SECA M  colour television system, in which the co lour in form ation  is transm itted by frequency 
m odu la tion  o f  a sub-carrier at 4.43 MHz, the dem odulation  o f the sub-carrier is subject to the well-known 
behav iour o f frequency dem odulators at threshold. Thus, when the noise in the chrom inance channel becomes 
significant, the picture deteriorates rapidly. It becomes necessary to determ ine the limits o f noise in both the 
lum inance and chrom inance channels.

These limits have been derived from subjective tests o f p ictures degraded by therm al noise [CCIR, 
1970-74a], For the degradation  o f  the chrom inance signal N 2, to be equal to the degradation o f the lum inance 
signal N | , the follow ing relationship should be satisfied:

N
8.5 dB <  10 log —  <  9.5 dB (1)

N i

3.2 625-line SE C  A M  system

w here N | is the pow er o f the weighted noise in the lum inance signal m easured at the ou tput o f the netw ork as 
described in R ecom m endation 567 and N 2 is the pow er o f the filtered noise in chrom inance signal measured at 
the o u tpu t of the band-pass filter as described in R ecom m endation 567.

The pre-em phasis network designed for black and white 625-line television systems, described in Recom ­
m endation  405, is now used for colour television. W hen so used, it produces the non-optim um  value o f 12 dB as 
show n in equation (2 ):

10 log —  *  12 dB (2)
N  i

Therefore, a new pre-em phasis network for SECAM  colour television seems desirable. The network and its 
transfer function are sim ilar to the one described in R ecom m endation 405:

1 1 +  jcotp

~y \ + j » ±v

(3)

where 20 log y  is the maximum attenuation  o f the netw ork in dB, and tp is the tim e-constant o f the netw ork in ns. 

Values proposed for this transfer function are: 

y  =  8 (instead o f y  =  5 as in R ecom m endation 405): 
xp = 227 ns (instead o f xp =  508 ns as in R ecom m endation 405).

These values are in conform ity with the limits given in relation (1).

Figure 2 shows this characteristic in relation to the one given by R ecom m endation 405 for 625-line 
television systems at equal overall im age im pairm ent. It is clear tha t the new curve is below the form er one in the 
greater part o f the video band; therefore, the radio-frequency spectrum  congestion will be less with a netw ork of 
this type than with the network presently recom m ended, and the non-linear video distortions due to the bandw idth 
lim itation will be reduced.

Further studies are necessary to ensure that satellite links using the new characteristic will conform  in all 
respects with the specification o f R ecom m endation 567 concerning the hypothetical reference circuit.

3.3 625-line PAL system  1

A study has been carried out [CCIR, 1970-74b] to check the validity o f the pre-em phasis characteristics 
show n in Figs. 1 and 2 for the case o f 625-line PAL system I. The subjective effect o f signal/no ise  degradation has 
been evaluated using the method o f “ im pairm ent units" (imps) [Lewis and A llnatt. 1968] and using the noise 
weighting networks specified in Recom m endation 567.

The noise was assumed to have a substantially triangular characteristic as will norm allv be the case when 
the system is operating  near the threshold. The results of this evaluation indicated that, for PAL system 1, the 
netw ork of R ecom m endation 405 gives better results than the other two networks. This may well be due to the fact 
that the latter have been derived for other television systems using either a different video bandw idth or different 
chrom inance sub-carrier m odulation and for different noise weighting networks. Whilst it may eventually be 
possible to find a new pre-em phasis characteristic which will show some im provem ent over that of R ecom m enda­
tion 405, there seems to be no justification for a change at present. Further study is required which should include 
the effect on various d istortions in addition to signal, noise ratio.
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A : Calculated pre-emphasis curve proposed for the SECAM system  
B : Pre-emphasis curve recommended in Recom m endation 405 
F : Reference frequency
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REPORT 384-6*

ENERGY D ISPERSA L IN  THE F IX E D -S A T E L L IT E  SERV ICE 

(Study Program m e 27A /4)

(1966-1970-1974-1978-1982-1986-1 9 9 0 )

1. Introduction

It is clear from  studies o f  frequency sharing betw een the fixed-satellite service and  terrestrial radio-relay 
system s and  betw een d ifferent fixed satellite netw orks that, to ensure tha t m utual interference between the systems 
is kept to a to lerable level, it will be essential in m ost cases to use energy dispersal techniques to reduce the 
spectral energy density  o f  the transm issions o f  the fixed-satellite service during  periods o f  light loading. The 
reduction  o f  the m axim um  energy density will also facilitate:

— efficient use o f  the geostationary  satellite o rb it by m inim izing the orbital separation  needed between satellites 
using the sam e frequency b an d ; and

— m ultip le-carrier operation  o f  b roadband  transponders.

The am ount o f energy dispersal required obviously depends on the characteristics o f the systems in each 
particu lar case and this question is app rop ria te  to studies o f frequency sharing  under Study Program m es 2 7 A /4 .
I t  i s  c l e a r ,  however, t h a t  i t  i s  d e s i r a b le  t h a t  th e  maximun energy d e n s i ty  under l i g h t  loading co n d i t io n s  
should be kept as close as possible to the value corresponding to the conditions of busy hour loading.

In this R eport, the results o f some theoretical and  experim ental studies o f  energy dispersal techniques, 
separately app licab le  to  analogue frequency-m odulation and to digital radiocom m unication-satellite  systems, are 
reported.

It is concluded tha t substantial energy dispersal can be obtained in m ost circum stances. However, there are 
som e possible lim itations on the efficiency o f the dispersal and these are m entioned  in the R eport.

2. Energy dispersal fo r analogue FM  systems

2.1 M ulti-channel telephony system s

Annex I exam ines a num ber o f m ethods o f m ain tain ing  a high degree o f  carrier energy dispersal in 
telephony systems, w ith particu lar reference to the dependence o f the ob ta inab le  dispersal on the com plexity o f 
the m eans o f  dispersal and the a ttendan t increase in occupied rad io-frequency bandw id th  as a function o f  
d isto rtion . The m ethods fall into one or o ther o f two general cases; one which adds a dispersal waveform  not 
necessarily o f constan t m agnitude to the input signal and the second which, in add ition , effectively controls the 
deviation  sensitivity o f the frequency m odulator. V arious arrangem ents o f these tw o m ethods are discussed in 
A nnex I and illustrated  in Fig. 1.

M ethod 1(a) is the sim plest; consisting o f  the add ition  o f  a dispersal w aveform  o f fixed m agnitude. The 
relative effectiveness o f this m ethod (i.e. the ratio  o f the m axim um  dispersed pow er per 4 kH z to the m axim um  
pow er per 4 kH z under full load conditions), using each o f four low -frequency dispersal w aveform s is shown in 
Fig. 2 fo r an assum ed 10% increase in occupied radio-frequency bandw idth . The four w aveform s are considered in 
g reater detail in A nnex I.

It is evident from  Fig. 2, tha t the low -frequency triangu lar w aveform  (C urve D) is the most effective o f 
these w aveform s, b u t it suffers from  the disadvantage o f p roducing a h igher level o f  interference into som e 
sing le-channel-per-carrier (SCPC) systems due to the long dwell time o f the d ispersed unw anted  signal within the 
bandw idth  o f the w anted signal. (O ther m ethods o f dispersal which cause less interference to SCPC transm issions 
are m entioned in § 4.) A part from  this, the only one that appears to offer possibilities for general application is 
tha t o f low -frequency noise (C urve C). D ispersal by low -frequency noise has the advantage that the frequency 
band  can be readily altered to suit w hatever sub-baseband range is available, and  that it does not depend for its 
effectiveness on a precisely specified waveform . H owever, it has been found in practice that it can be difficult to 
generate and apply.

* This Report should be brought to the attention of Joint Working 
Group 10-11S and the CMTT.
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a

V1

v2

A : Baseband signal im put
B : R.m.s. detector
C : Amplifier 1
D: Amplifier 2
E : R.m.s. detector
F : Output to frequency-m odulator
G : Dispersal waveform

Method

1 (a)

Kb)
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FIGURE 1 — Simplified block diagram 

(Possible filters, buffer-ampllfiers and gain-regulating pilots om itted)

Typical num ber of channels

Multi-channel r.m.s. deviation (MHz)

FIGURE 2
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On the other hand, for the triangular waveform , careful attention has to be paid to the linearity o f the 
w aveform  since departures from linearity will cause variations in the spectral density with consequent de terio ra­
tion in the dispersal efficiency. Removal o f the high order harm onics o f the triangu lar waveform  by m eans o f a 
filter will cause non-linearity  in the form o f rounding o f the peaks which will again reduce the effectiveness o f the 
dispersal. This reduction will be less serious however, if there are some pilot tones during  light-loading conditions. 
The decision on whether or not to em ploy such a filter in any particular case will need to take account o f the 
conflicting requirem ents to m inim ize interference with the low-frequency baseband channels on the one hand and 
the loss in dispersal efficiency on the other.

It would be useful to study the possibility o f using, instead o f noise, a know n pseudo-random  signal with 
uniform  spectrum in the low -frequency band. This would m ake it possible to suppress the signal at the receiver, 
thus avoiding certain disadvantages o f this method.

C onsidering now the m ethods o f  application  o f the dispersal w aveform , the use o f M ethod 1(a) would 
result in an undue increase in the occupied bandw idth if it were desired to approach  the busy-hour loading 
conditions. Hence, M ethod 1(b), which incorporates autom atic m eans o f adjusting the degree o f dispersal applied 
according to the state o f the loading o f the system, offers a much more attractive arrangem ent.

M ethod 2 is m ore com plicated than M ethod 1, but turns to advantage the need to provide energy dispersal 
by im proving system noise perform ance when the deviation sensitivity is increased under light loading conditions. 
The obvious disadvantage o f this m ethod is the need to provide overall gain regulation, while the extent o f the 
advantage which w ould accrue under conditions o f light loading is dependent on traffic loading outside the busy 
periods o f the day. O f the variants o f M ethod 2 discussed in Annex I, M ethod 2(a) w ould seem to be the most 
suitable for general application.

With any m ethod which requires the am ount o f added dispersal to be changed abruptly  as the loading 
varies, careful attention  must be paid to the choice o f delay time between the change in loading and the time o f 
sw itching the dispersal.

In considering the am ount o f dispersal which can be achieved in practice, it has to be borne in m ind that 
the fully loaded condition  will not necessarily provide the degree o f dispersal postulated by the G aussian 
d istribu tion  as in Annex I, § 1 (see R eport 792). It would be unwise to assum e that, in practice, this ideal 
condition  is attained, until there is som e convincing support for such an assum ption . It has been shown by 
practical m easurem ents using white noise loading that systems which apply a triangu lar dispersal waveform can 
m aintain  the dispersal o f carrier energy to within 2 dB o f the dispersal under sim ulated fully busy-hour loading 
conditions. It is not yet know n how closely this condition  will be approached with actual traffic loading but it 
seems unwise to assum e that the energy will be dispersed to within less than 3 dB o f  that applying with busy-hour 
load conditions, w ithout some increase in radio-frequency bandw idth.

2.2 Television systems

Annex II considers the general problem  o f energy-dispersal techniques for television systems and gives the 
results o f an experim ental study, to determ ine the subjective effects o f the add ition  o f various low -frequency 
w aveform s to 625-line/50 fields-per-second television signals. The results show tha t a “sym m etrical” triangular 
w aveform  is preferable to other w aveform s considered and that the subjective effect o f adding this w aveform , (of 
peak-to-peak am plitude up to 50% o f the peak-to-peak am plitude o f the video signal before pre-em phasis), is 
negligible, provided that:

— the dispersal waveform is locked in both phase and frequency to the field frequency;
— suitable simple m eans o f rem oving the added waveform  are used at the receiving earth sta tion ;
— the transm ission system does not introduce in term odulation  between the dispersal waveform  and the vision 

signal.

By a “sym m etrical” triangu lar waveform is m eant a wave in the form o f an isosceles triangle (i.e. with 
equal rise and fall times). Saw tooth waveform s, with either rise or fall tim es approach ing  zero were also 
considered (see A nnex II).

Studies have shown that when a TV signal m odulated by a dispersal w aveform  interferes with terrestrial 
and  satellite m ultichannel FDM  telephone systems, the spectral power density at the frequency detector ou tpu t 
acquires a predom inantly  discrete character. The spectral com ponents o f the interference are separated  from each 
o ther by a value equal to the dispersal w aveform  repeat frequency. At a dispersal waveform repeat frequency 
below 4 kHz, the interference com ponents are distributed over all the telephone channels, which in the group 
spectrum  are also 4 kH z apart. W hen the dispersal waveform frequency is increased to the half-line or line 
frequency, the interference com ponents fall within every second or fourth channel and the interference level in 
these channels rises by up to 3 or 6  dB respectively. The effect o f this additional im pairm ent would depend on the 
param eters o f the systems concerned.
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If only the television aspects o f  the problem  are taken into consideration , there is little to choose betw een 
the 12.5 and 25 Hz “sym m etrical” saw tooth waveform s. There is a slight instrum ental advantage to  be gained by 
using the latter and it is considered, therefore, that, for the energy dispersal o f  625-line/50 fields-per-second 
television signals, a synchronized 25 Hz “sym m etrical” triangu lar w aveform  should  be used and  it is no t expected 
that significantly different results w ould be ob tained by using a synchronized 30 Hz “sym m etrical” triangu lar 
w aveform  with 60 fields-per-second television systems.

To determ ine the dispersal effect produced by this m ethod, it will be assum ed, for the purpose o f exam ple, 
that the overall system perform ance restricts the perm issible peak-to-peak am plitude  o f  the dispersal w aveform  to 
30% o f the peak-to-peak am plitude o f  the video signal. C onsidering a 625-line system em ploying the norm al 
pre-em phasis netw ork (R ecom m endation 405), this peak-to-peak deviation  o f the dispersal w aveform  will be 9.4% 
o f  the peak-to-peak deviation o f  the video signal w ithout pre-em phasis. U sing the sym bol A F  in M H z for the 
peak-to-peak deviation o f the video signal, the dispersal obtained is approx im ately :

|Q /m a x im u m  en e rg y  p e r  4 k H z j =  a 0 0 4  =  _  (M +  |Q A F )  dB
\ to ta l e n e rg y  j B 0.094 A F

For com parison, the theoretical dispersal ob tained  in the telephony case, (assum ing a G aussian  spectral 
d istribu tion  and a peak-to-r.m .s. ratio  o f  12 dB as in A nnex I), is:

— ^28 +  10 log y - )  =  -  0 9  +  10 log A F )  dB

which m eans tha t the television case is likely to be only som e 5 dB below  optim um  for som e 10% increase in 
radio-frequency bandw idth.

In the interests o f bandw idth  econom y, it w ould be desirable to be able to control the deviation  on the 
lines o f M ethod 1(b) o f A nnex I. It is no t obvious th a t any sim ple m ethod is possible as it w ould presum ably be 
necessary to m onitor the energy concentration  in the radio-frequency spectrum .

In add ition  to the m ethods o f  energy dispersal discussed above, two o ther systems are described in § 5 
and 6  o f A nnex II. The first describes dispersal by video transfo rm ation , the second describes dispersal techniques 
used to im prove protection  to SC PC  telephony transm issions fo r which the dispersal signal has the frequency o f 
t h e  t e l e v i s i o n  l i n e  f r e q u e n c y .  S e c t i o n  6  o f  A n n e x  I I  a l s o  d e s c r i b e s  a  c o m p o s i t e  
e n e r g y  d i s p e r s a l  t e c h n i q u e  w h e r e  t h e  d i s p e r s a l  s i g n a l  c o n s i s t s  o f  a  t r i a n g u l a r  
w a v e f o r m  a t  f r a m e  r a t e  f r e q u e n c y  a n d  a  w a v e f o r m  e i t h e r  t r i a n g u l a r  o r  s i n u s o i d a l  
a t  h a l f - l i n e  r a t e  f r e q u e n c y .  T h i s  t e c h n i q u e  c a n  b e  u s e d  t o  r e d u c e  t h e  e f f e c t s  o f  
t h e  i n t e r f e r e n c e  c a u s e d  i n  b o t h  FDM t e l e p h o n e  s y s t e m s  a n d  SCPC c a r r i e r s .

Finally, it should be noted  tha t the use o f  any o f the above m entioned  m ethods o f energy dispersal for 
co lour television w ould dem and an  even higher degree o f system linearity  than  th a t required for m onochrom e 
transm ission.

3. Energy dispersal for digital modulation systems

A nnex III exam ines the need for energy dispersal in systems using digital m odulation  and  outlines two 
m ethods o f  baseband code conversion which ensure that the transm itted R F spectrum  is m aintained in a condition  
approxim ating  the ideal which w ould be achieved if the inform ation bit stream  was com pletely random .

D ispersal o f the spectra o f  transm issions in the fixed-satellite service em ploying digital m odulation  
m ethods is likely to be necessary in m any cases. The use o f a pseudo-random  num ber sequence to random ize the 
digital inform ation at the transm itter, follow ed by its rem oval at the receiver, provides a sim ple m ethod o f  
achieving a high degree o f dispersal.

It will not norm ally be necessary for bit rates o f a few tens o f m egabits per second and above, to apply 
the dispersal signal to the pream ble o f a T D M A  system, since the spectral density due to this part o f the 
transm ission will usually be com parab le  with tha t ob tained with ideal dispersal.
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The length o f the pseudo-random  num ber sequence chosen will depend on the degree o f dispersal required. 
H owever, it will not generally be necessary to use a sequence which is longer than  the fram e duration  in single 
access systems, or greater than the burst du ra tion  in T D M A  systems, and  frequently sequences o f shorter lengths 
than  these will be adequate.

4. Conclusions

It appears tha t the m ost prom ising m ethods o f  energy-dispersal are as follows:

— for frequency-m odulation  telephony systems: the addition  o f a signal below  the baseband, controlled 
according to the loading as in M ethod 1(b) o f Fig. 1. The controlled signal m ay be noise or a  “sym m etrical” 
tr iangu la r w aveform  but the actual im plem entation  is generally easier with the latter;

— for frequency m odulation  television systems: the add ition  o f a “sym m etrical” triangu lar w aveform , synchron­
ized to the picture frequency as in M ethod 1(a) o f Fig. 1;

— for digital m odulation  systems: code conversion by which the message bit stream  is m utliplied by a 
pseudo-random  pulse tra in , using m ethods sim ilar to those outlined in A nnex III.

C urrently  triangu lar dispersal w aveform s are applied  to frequency m odulated  carriers in m ost fixed 
satellite netw orks. The extent to which the theoretical advantage o f triangu lar dispersal waveform s is approached  
in practice depends on the linearity  o f the w aveform  used. The use o f  these m ethods could provide energy 
dispersal as great as tha t provided under full-load conditions, however, the excess o f  the dispersal pow er per 
4 kH z over that achieved under full-loading conditions (assum ing a G aussian  spectrum ), is unlikely in practice to 
be less than  3 dB for telephony and  5 dB for television. W ith this level o f  energy dispersal the addition  to the 
radio-frequency bandw idth  occupied, has not presented any difficulties.

The energy dispersal currently  being obtained from  triangular dispersal w aveform s is proving satisfactory 
in practice except when the w anted signal is a single-channel-per-carrier system. W ith the use o f low frequency 
( <  1 kH z) triangu lar dispersal w aveform  on m ulti-channel systems, a w anted single-channel-per-carrier system can 
be exposed to nearly the full pow er o f an interfering carrier for short periods. This problem  might be overcom e in 
frequency m odulated  television systems, by using video signal transfo rm ation  for dispersal, or by using a 
tr iangu la r dispersal waveform  at the television line frequency.

A N N E X  I

ENERGY DISPERSAL TECHNIQUES FOR USE WITH ANALOGUE FREQUENCY 
MODULATION TELEPHONY SIGNALS

1. General

In studying ways o f achieving high degrees o f  carrier energy dispersal, it is useful to know  w hat is the 
dispersing effect o f the fully-loaded baseband  signal, to have some reference value with which to com pare what 
can be obtained artificially. It is legitim ate, for the general class o f w ide-deviation frequency-m odulation systems 
under consideration , i.e. those in which the m ulti-channel r.m.s. deviation (5 F ) exceeds the highest baseband 
frequency, which in turn  greatly exceeds the lowest baseband  frequency; to assum e that the mean pow er spectrum  
under the conventional busy-hour loading conditions is o f G aussian form . Hence, the dispersing effect obtained 
under these conditions is:

. .  , /m ax im u m  e n e rg y  p e r 4 k H z \ , 0 .004 , D
10 l o g -------------------- , --------------------   10 log g ^ =  — (28 -h 10 log S F )  dB

& \ to ta l en e rg y  J B V 2 n  5 F  6

(6 F is expressed in MHz)

The dispersing effect when 6  F  is less than  the highest baseband frequency can be calculated using the 
in fo rm ation  contained  in R eport 792.

Possible arrangem ents fo r m ain tain ing  a high degree o f carrier energy under conditions o f reduced 
loading, by the m ethods discussed in this A nnex, are show n diagram m atically  in Fig. 1.
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2. Dispersal by added waveforms

2.1 M ethod 1(a)

The sim plest way o f b ringing about som e degree o f carrier energy dispersal is to add  to the baseband 
signal, a suitable low -frequency dispersing w aveform  of fixed m agnitude, as in M ethod 1(a) o f Fig. 1. O f a variety
o f dispersal w aveform s that have been proposed, the follow ing are exam ined in this R eport:

— a sinusoidal signal (C urve A o f Fig. 2),
— a sinusoidal signal plus 30% third harm onic added in suitable phase (C urve B o f  Fig. 2),
— a band o f low -frequency noise (C urve C of Fig. 2),
— a low-frequency triangular waveform  (C urve D o f Fig. 2).

To provide some basis for com paring  the efficiencies o f  these w aveform s, the m axim um  energy spectral 
density, which they produce w hen applied  to an unm odulated  carrier, has been calculated for an assum ed 10%
increase in occupied radio-frequency bandw idth. The results are plotted in Fig. 2, relative to that which would
occur under the conditions o f busy-hour loading; the curves o f Fig. 2 have been designated A-D as described 
above. Some approxim ation  occurs here, because difficult questions o f the relation between signal d istortion  and 
radio-frequency bandw idth  lim itation have been avoided by assuming:

— C arson bandw idth  occupancy (with peak-to-r.m .s. ratio of 12 dB) th roughout;

— that this bandw idth  form ula may also be applied  to the sum of the signal and  dispersed r.m.s. deviation when
the dispersal is by noise band ;

— in other cases, that the occupied radio-frequency bandw idth is increased by the peak-to-peak dispersal 
deviation.

The errors so incurred are not thought to be large, and in any case should be in the sam e sense for all
waveform s. As a further approx im ation , each type o f dispersing waveform is represented in Fig. 2 by a single
curve. The relation between the typical channel capacities and r.m.s. deviations im plied by the two abscissae scales
is based on the inform ation  given in the A nnex to R eport 708.

2.1.1 Sinusoidal dispersal

It is evident from  C urve A o f Fig. 2 that carrier energy dispersal by a sinusoidal signal is rather 
inefficient, while Curve B shows that a sinusoidal signal with 30% of th ird  harm onic is only about 2 dB 
better. For a typical 20-channel transm ission, the m aximum pow er density in either case, exceeds that 
which occurs under fu ll-loading conditions by about 10 dB. It is a feature o f both these types o f dispersal, 
that the am ount by which the dispersed pow er-density exceeds that at full loading increases, with the r.m.s. 
m ulti-channel deviation, and  hence, with channel capacity. For exam ple, the excess for 1200 channels is 
about 18 dB.

2.1.2 Triangular dispersal

The most effective way, for a given increase in occupied bandw id th , o f dispersing the energy 
present in a single spectral line is, at least theoretically, by the application  o f a triangular waveform. The 
dispersed pow er-density is inversely p roportional to the perm itted percentage increase in radio-frequency 
bandw idth and Curve D o f Fig. 2 shows that, if a 10% increase in occupied bandw idth  is perm itted, the 
dispersed pow er per 4 kH z exceeds that under full-loading conditions by only about 4.5 dB for most 
num bers o f channels.

With the use o f low -frequency (<  1 kHz) triangular dispersal w aveform  on m ulti-channel systems a 
wanted single-channel-per-carrier system can be exposed to nearly the full pow er o f an interfering carrier 
for significant periods o f time.

The triangular w aveform  evidently offers a simple and efficient m eans o f dispersing the energy 
present in isolated spectral lines o f telephony transm issions. It must be rem em bered, however, that its 
effectiveness depends upon  faithful preservation of the shape of the wave until it appears as frequency- 
m odulation, particularly  when a high degree o f dispersal is required. If 32 dB o f dispersal were required 
for a 1200-channel transm ission, for exam ple, flattening of the extrem ities o f the wave by only 0.25% 
might lead to a local doubling o f spectral energy density.
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The triangular signal may have to be filtered before being applied , to prevent the harm onics o f the 
fundam ental from disturbing the low er channels o f the telephone m ultiplex. For triangular waveform 
frequencies o f up to 150 Hz and for a low frequency m ulti-channel baseband o f 4 kHz, filtering causes 
deform ation at the angles o f the signal waveform  and thus at the energy density peaks at the extremities o f 
the m odulation spectrum  under light-loading conditions.

Table I below, shows m easured values for the increase in energy density at the extremities o f the 
spectrum  in relation to the density at the centre frequency o f the spectrum , for a 132-channel m ultiplex, as 
a function o f the frequency o f  the triangu lar waveform . D iscontinuous single step regulation was used for 
this system.

TABLE 1

Frequency of triangular 
waveform (Hz)

Increase in energy 
density (dB)

20 3
80 5

150 7

The low-pass filter used was a 7-pole C hebitchev-type filter with a cu t-off frequency o f 2.7 kH z and  
an attenuation  at 4 kHz equal to 34 dB.

It is, however, possible to take account o f the presence o f the continuity  pilot at the m odulator 
inpu t provided it is generated independently  o f the telephone m ultiplex. U nder the sam e m easurem ent 
conditions as indicated earlier, the application  o f  a pilot at a level o f  —20 dBmO makes it possible to 
reduce the energy density peaks at the extrem ities o f the band  from  7 to  3 dB.

2.1.3 Dispersal by a band o f  low-frequency noise

A form o f carrier energy dispersal tha t is not critical in its app lication  and shares with triangu lar 
dispersal the property o f  yielding a m axim um  energy spectral-density, inversely proportional to the 
am plitude o f  the w aveform , may be accom plished by adding a band  o f low -frequency noise to the 
m ulti-channel baseband. C urve C o f Fig. 2 shows that, for a 10% increase in occupied bandw idth , the 
m axim um  dispersed pow er per 4 kHz exceeds that under full-loading conditions by about 9.5 dB for all 
num bers o f channels.

Note. — W hen the level o f the dispersal signal is not fixed, the required am ount o f dispersion can be 
a ttained by the m ethods given in [C C IR , 1970-74],

2.2 M ethod 1(b)

An obvious variant o f M ethod 1(a), w ould incorporate  autom atic m eans for adjusting the degree o f  
artifical energy dispersal, applied  according to the state o f loading o f the system, as shown in M ethod 1(b) o f 
Fig. 1. It might, in fact, be possible in this way, using say, noiseband dispersal, to m aintain  the maxim um  energy 
spectral-density o f a transm ission quite close to its full-loading value w ithout any increase in occupied 
radio-frequency bandw idth. The perform ance tha t could be achieved in practice, would depend on the d istortion  
produced by the interaction (via radio-frequency bandw id th  lim itation and o ther transm ission characteristics) o f 
the dispersal waveform  and isolated tones and active telephone channels under light-loading conditions. It is 
p robable that the m atter can only be settled experim entally , since there is as yet no generally accepted way o f 
calculating the d istortion  that frequency-m odulation  signals undergo during transm ission, even for the sim plest 
case o f white-noise loading.

A particular m ethod which has been proposed for applying the variable degree o f dispersal to which the 
present sub-section relates, relies on filling a suitable p roportion  o f unoccupied telephone channels with sim ulated 
speech (i.e. band-lim ited noise). A lthough full dispersal could in this way be m aintained without increase o f 
bandw id th , the com plexity o f the appara tus likely to be required for the m ethod is a serious disadvantage, as is 
the probable necessity for applying it at the audio  sw itchboards from which the baseband originates.
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3. Dispersal by autom atic deviation control

3.1 General

It would clearly be possible to adjust the signal level entering the system frequency m odulator so as to 
m aintain  the r.m.s. (or peak) frequency deviation at som e constan t value. The desired level could be ob tained 
merely by subjecting w hatever the baseband content happens to be, to sufficient am plification , or by so 
am plify ing after the addition  o f  som e fixed or variable am ount o f  artificial dispersal. The overall baseband 
transm ission loss o f  the system w ould be kept sensibly constan t by a com pensating  adjustm ent o f the p ost­
dem odulation  gain through the m edium  o f a system pilot tone. The possibilities are discussed in the follow ing 
paragraphs.

3.2 M ethod 2(a)

The most general m ethod o f carrier energy dispersal considered in this R eport, o f which the others are in a 
sense degenerate form s, is M ethod 2(a) in Fig. 1. This consists in adding  to the baseband , before the application  
o f  au tom atic  deviation contro l, a source o f artificial energy dispersal w hose am plitude  is m ade to depend upon the 
loading conditions. The use o f this m ethod might add little or nothing to the occupied  radio-frequency bandw idth. 
Furtherm ore, if the application  o f artificial dispersal were delayed until the app roach  o f light-loading conditions, a 
valuable decrease in the sensitivity o f the system to therm al noise, d isto rtion  and  interference m ight result. The 
m agnitude o f  this decrease w ould depend upon what fraction o f the fully-loaded baseband  pow er was attributable 
to speech signals. As for M ethod 1(b), some determ ination  o f the baseband  d is to rtion  associated with this m ethod 
is desirable , a lthough, o ther things being equal, such distortion  w ould be less than  in the earlier m ethod, because 
the increased deviation-per-channel under light-loading conditions w ould render the system less sensitive to the 
radio-frequency disto rtion  com ponents produced.

W ith regard to the choice o f  a m eans o f artificial dispersal to be added  to the baseband , this might consist 
o f any o f  the low -frequency dispersal w aveform s considered in § 2. The no ise-band  w aveform  resem bling one o r 
m ore perpetually  active telephone channels is perhaps to be preferred, because it is m oderately efficient and 
because it has the sam e dispersing effect for a given r.m.s. deviation as the baseband  signal, it perm its accurate 
deviation  control by a sim ple r.m.s. detector and presents no difficulties o f  app lica tion  at large am plitudes.

3.3 M ethod 2(b)

As a trivial sim plification o f the foregoing m ethod, the am plitude o f  the added  dispersing w aveform  m ight 
be set at som e fixed value. There w ould be some increase in occupied radio-frequency  bandw id th , although not so 
much as in M ethod 1(a) for the sam e degree o f dispersal.

3.4 M ethod 2(c)

The com plete om ission o f  artificial dispersing w aveform s from  the m odulating  signal w ould reduce 
dispersal by au tom atic  deviation control to its sim plest form . The effectiveness o f  the m ethod would seem to 
depend on the baseband  spectrum  retaining some m oderate degree o f  com plexity  even under light-loading 
conditions. U nfortunately , it may not be possible to count upon this; in the com plete absence o f telephone 
channel activity, the system loading w ould degenerate to a num ber o f pilot tones, carrier leaks and the like. There 
might be enough o f these in a large system to yield som e sem blance o f  evenly d istribu ted  baseband power, but 
this is unlikely to be true o f low -capacity systems. In such systems, particularly  if  m any o f the carrier leaks were 
at an unusually  low level, the lowest levels o f loading might derive from  a very sm all num ber o f prom inent pilots.

It can readily be shown that, if the loading o f a system results from  only  one or two prom inent tones in 
the baseband , t h e . radio-frequency spectral-densities may exceed those ob ta ined  under full-load conditions by 
m any decibels. It w ould, therefore, be unwise to rely upon  the presence o f  a few tones to bring about, by 
application  o f au tom atic  deviation control alone, a sim ilar degree o f energy dispersal to that which results from 
full-loading.

R E F E R E N C E S

C C IR  Documents

[1970-74]: Doc. 4 /273  (U.S.S.R.).
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A N N EX  II

E N E R G Y  D ISPE R SA L  T E C H N IQ U E S  FOR USE W ITH  A N A L O G U E  FR E Q U E N C Y  
M O D U L A T IO N  T E L E V IS IO N  SIG N A L S

11. Introduction

In a television transm ission system using frequency-m odulation a large p roportion  o f  the radiated pow er 
m ay be concentrated  on o r near the radio carrier-frequency under certain m odulation  conditions, e.g. when a 
television picture with large areas o f  the sam e brightness is being transm itted . Energy dispersal can be achieved by 
add ing  a suitable low -frequency w aveform  to the video signal before m odulation .

To obtain  in form ation on the degree o f  degradation  which w ould be in troduced  when this type o f energy 
d ispersal technique is used, an experim ental study has been m ade to determ ine the subjective effects, on 625-line 
m onochrom e television signals, o f adding and rem oving, by several m ethods, various low -frequency waveform s 
w hich are suitable for energy dispersal purposes.

2. Dispersal waveform

The am plitude and  shape o f  the dispersal waveform  which is added to the video signal before m odulation , 
m ust p roduce the required am ount o f carrier energy dispersal w ithout in troducing  a significant degradation  in the 
transm ission  perform ance o f  the system. This latter requirem ent also depends upon  the efficiency o f the m ethod 
used to  rem ove the added w aveform  and  on the overall linearity  o f  the transm ission  system. Two form s of 
tr iangu la r waveform  (the “sym m etrical” triangu lar and the “saw tooth” w aveform ), having repetition frequencies 
centred  around  50, 25 and  12.5 Hz, have been considered in som e detail to determ ine which w aveform  is to be 
preferred.

It was thought tha t the m ost favourable result would be obtained by synchronizing the dispersal waveform 
to the field-frequency o f the television signal and  also, that the relative phasing o f  the synchronized signals might, 
in som e cases, give variations in p icture im pairm ent. These effects were exam ined by using both synchronized and 
unsynchronized dispersal w aveform s and , as far as im pairm ent to the received picture is concerned, the tests 
show ed tha t there is a considerable advantage to be gained by using a synchronized, ra ther than  an unsynchron­
ized waveform . As the generation o f w aveform s synchronized to the television field-frequency presents no 
p ractical problem s, the rem aining experim ents were confined to synchronized w aveform s.

The process o f  synchronization  should norm ally ensure correct phasing o f  the w aveform  with respect to 
the television field inform ation . W ith the 50, 25 and 12.5 Hz “saw tooth” and  the 25 and  12.5 Hz “sym m etrical” 
w aveform s, all points o f  inflection will occur during the field-blanking interval and  the d iscontinuities in the slope 
o f  the w aveform  will not appear as an im pairm ent to the picture. W ith the 50 Hz sym m etrical waveform , only 
a lternate  points o f inflection can coincide with the field-blanking interval and  the rem aining points occur at the 
m id -po in t in each television field (i.e. across the m iddle o f the picture).

It was thought likely that the peak-to-peak level o f w aveform  which w ould  be required for energy dispersal 
purposes, was between 10 and 50% o f  the peak-to-peak am plitude o f the video signal before pre-em phasis, and the 
tests were confined to this range o f levels.

A m ethod o f  increasing the level o f dispersal w ithout, at the sam e tim e, increasing the peak frequency 
deviation  is described by K um ysh [1970] and Shavdiya and  Ignatk in  [1974], In  th is m ethod it is proposed that the 
spikes form ed at the edges o f the video signal pulse as a result o f the norm al pre-em phasis netw ork, be subjected 
to non-linear processing p rio r to m odulation . This process decreases the peak-to-peak am plitude o f the video 
signal, thereby providing the possibility o f increased dispersal w ithin the original bandw idth  o f the system.

A further factor to be taken into account in the design o f dispersal system s is the likely presence o f 
“ n a tu ra l” dispersal resulting from  im perfections of system com ponents. For exam ple, systems involving up 
converters may in troduce a significant level o f dispersal as a result o f “jitte r” w ithin the oscillators included in 
these units. Further study is required to determ ine what contribu tion  “n a tu ra l” dispersal may make to the problem  
o f  co -o rd ination , w ithout at the sam e tim e in troducing unacceptable reduction  in system perform ance o f the 
dispersed system.

3. Linearity of the transmission channel

W hen there are non-linearities in the transm ission channel, in term odu la tion  phenom ena may appear 
betw een the dispersal waveform  and the video signal. In such cases, there m ay be serious defects in the television 
p icture , especially in colour pictures. For exam ple, tests m ade with the PAL system and a sym m etrical triangular 
dispersal waveform at 50 Hz (synchronized in the field scan) and about 0.5 V peak-to-peak am plitude, measured
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before pre-em phasis at a point where the video signal is at the nom inal reference level (see R ecom m endation 270), 
show ed that the subjective quality  index o f the picture was equal to 3 in the six-grade quality  scale (N ote 2 in 
R eport 405) under the follow ing conditions:

— differential p h a s e ..................................................................................................................................................  8 °
— differential g a i n ....................................................................................................................................................  10%
— short-term  non-linearity  .................................................................................................................  1 0%.

It w ould seem advisable to continue the study o f this subject, so as to  determ ine the perm issible limit o f 
non-linearity  for various television systems, in a satellite television link using energy dispersal.

4. Removal of dispersal waveform

At the receiving earth  sta tion , the dispersal waveform must be rem oved from  the baseband  signal, and the 
follow ing m ethods have been proposed:

4.1 Waveform cancellation

The dispersal waveform  can be rem oved from the baseband signal by “cancelling” it with a locally 
generated dispersal w aveform  which is added in anti-phase. It may be useful to transm it the dispersal waveform in 
a subsidiary channel as an alternative to regenerating the waveform locally.

Two m ethods o f cancellation  are possible. In the first m ethod the dispersal w aveform  may be added in 
an ti-phase, after dem odulation . In the second m ethod the local oscillator in the earth -station  receiver is frequency 
m odulated  by the anti-phase dispersal waveform . This has the advantage tha t, since the energy dispersal is 
cancelled before dem odulation  o f the frequency-m odulation signal, no increase in the IF  bandw id th  is necessary. 
Recent experim ents indicate that waveform cancellation followed by clam ping (as described in § 4.2) is an 
effective m ethod, and rem oves the dispersal waveform  m ore com pletely than one o r two stages o f  clam ping alone.

4.2 Black-level clamping

The effects o f  the dispersal waveform may be rem oved from the baseband  signal by using a well 
established television technique know n as “black-level clam ping”. The “c lam p” is a device which is norm ally used 
to rem ove low -frequency d istortion  from a television signal by m eans o f a sam pling  and  e rro r correcting process 
[Savage, 1962; D oba and Rieke, 1950].

The am ount by which a low-frequency error-signal may be reduced by “clam ping” is a function o f the 
frequency o f the error signal and  o f the level o f  random  noise present on the video signal. As initial satellite 
systems may have to handle video signals having a poor signal-to-noise ratio , the characteristics o f  the clam ps 
used in these experim ents were adjusted to be consistent with the optim um  perform ance which can be obtained 
with 625-line systems operating  under conditions o f poor signal-to-noise ratio . A typical characteristic for 
sinusoidal error-signals is given in Table II.

TABLE II

Error-signal frequency (Hz) (sine-wave) 50 25 12.5

Peak-to-peak error-signal output--------------------------------  (dn)
Peak-to-peak error-signal input

- 1 5 - 2 1 - 2 7

(It should be noted that as the frequency o f the error signal decreases, both  the efficiency o f  the clam p and 
the visibility o f flicker on a picture increase; on a subjective im pairm ent basis, therefore, these two effects tend to 
cancel each other out.)

The effect o f clam ping an error signal having a triangular shape, produces a result which is sim ilar to that 
which w ould be obtained if the error waveform were differentiated and with the levels which may be necessary in 
a practical energy-dispersal system, a single clam p o f the type described does not reduce to an acceptable level the 
im pairm ents in troduced by any o f the various w aveform s under consideration.
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At this point a m ajor difference between the “saw tooth" and “sym m etrical” w aveform s should be 
m entioned. Because the slope o f  the “saw tooth” waveform is constant during the “active” part o f each television 
field, the only im pairm ent which may be observed on a picture m onitor after the video signal has been clam ped, 
is a slight, and probably insignificant shading across the picture. However, the very high slope o f the dispersal 
waveform  during the field-blanking interval causes a serious d istortion  o f the w aveform  during  this period, the 
m agnitude o f  which is dependent upon the level o f dispersal waveform  being used. In practice, this d istortion is 
most undesirable, as it can interfere with both synchronizing and vertical interval test signals which occur during 
the field-blanking interval. It is also extremely difficult to rem ove this form o f  d isto rtion  once it has been 
in troduced into the video waveform .

W ith the “sym m etrical” w aveform , the residual im pairm ent left after a single clam ping operation  can be 
observed as a picture im pairm ent. W ith the 50 Hz w aveform , the im pairm ent appears as a d istu rbance across the 
m iddle o f  the picture. For the 25 and 12.5 Hz waveform s, a picture “ flicker” can be observed. This effect is also 
dependent on the level o f  dispersal waveform being used, but the application  o f a further clam p will reduce the 
flicker effect to a level where it is im perceptible, even with a dispersal w aveform  am plitude o f  50% o f the 
peak-to-peak am plitude o f the video waveform.

A lthough the characteristics o f the waveform  distortion left after twice clam ping  the signal are som ewhat 
d ifferent in character, the m agnitude o f the residual d istortion  when a “sym m etrical” dispersal w aveform  is used is 
som e 10 to 20 dB less than  when a “ saw tooth” waveform  is used.

4.3 Frequency feedback

The dispersal signal may be rem oved by the use o f narrow band  frequency feedback techniques applied  to 
the IF  stage o f  the receiver. This m ethod has the advantage that it allows the effective receiver bandw idth  to be 
reduced thereby im proving the noise threshold o f the receiver.

In a particu lar app lication  o f the above m entioned principle, a dispersal signal o f 2.5 Hz was selected. At 
the receiver the dispersal signal is rem oved by m eans o f a negative feedback circuit con ta in ing  a low frequency 
filter with a cut-off frequency low er than the lowest frequency o f the video signal. The frequency deviation caused 
by the dispersal signal is thereby reduced by a value dependent on the degree o f  feedback em ployed, and a 
reduction o f  15 dB is readily achievable; the am plitude o f the video signal being unaffected.

5. Dispersal by video signal transformation

W ith angular m odulation  o f the television signal, carrier energy dispersal can  be provided by reversing the 
polarity  o f  the video signal line by line and replacing line and fram e synchronizing  pulses by bursts o f sinusoidal 
oscillations. The period o f  each burst is equal to that o f the corresponding  synchronizing pulse, and  the 
peak-to-peak am plitude o f  the sinusoidal oscillation is equal to that o f  a video signal.

T he test results ob tained  by this carrier dispersal m ethod are given in [M ustafidi and Finogeev, 1976].

6. Line frequency energy dispersal waveform

The conventional television energy dispersal w aveform , a triangular wave at one-ha lf the field frequency, 
is ineffective in p roviding protection  for single-channel-per-carrier (SCPC) transm issions. This is because, with the 
resulting frequency sweep rate o f  about 1 M Hz per 1/50 s, the time spent by the television carrier within the 
SCPC receive passband is m uch greater than the response time o f the receiver IF  filter. As a result the 
dem odu la to r in the SCPC receiver is periodically exposed to the full television carrier power.

Studies in the U nited States [YAM, 1980], the USSR [Borodich, 1982; D orofeev, 1984] and France 
[G a y , 1 9 8 6 ]  indicate the possibilities o f using energy dispersal at the television line rate to reduce the 
protection  m argin needed for PCM -PSK  SCPC against FM TV carriers by about 9-10 dB in com parison with one 
half-field frequency dispersal. Figure 3a shows the protection ratio calculated as a function  o f the dispersal signal 
frequency ( f j )  with a 32 kH z bandw idth  SCPC channel and a dispersal signal dev iation  o f 1 M H z peak-to-peak 
(A F).  (Interference is regarded as perm issible if it increases the bit error probability  from  10~ 7 to 10~6.) Figure 3b 
shows by way o f exam ple the variations in the bit error ratio as a function o f  the dispersal signal frequency, 
m easured in an SCPC channel centred on the centre frequency o f the in terfering  signal. Figure 4 shows 
BER variations in a sim ulated SCPC link as a function of dispersal signal frequency and  for d ifferent frequency 
deviations o f a carrier m odulated  only with a triangular dispersal w aveform . The im provem ent o f the protection 
margin achieved by using half-line rate energy dispersal varies as a function o f the p icture conten t and television 
system. This im provem ent can be as small as 4 dB as shown in Figures. 5a, 5b and 5c.
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f d (  kHz)

FIGURE 3a -  Protection ratio (C /I) as a function  o f  the dispersal 
signal frequency (fa)

B  = 3 2  kHz 
A / = 1 MHz
C /I  w ithout dispersal = 18.4 dB 
O calculated points

fd  (kHz)

FIGURE 3b -  Bit error ratio (BER) as a function  o f  the  
dispersal signal frequency (fd)

B  = 32 kHz 
Af  = 1 MHz 
C /N  = 15 dB 
C /I  = OdB

a: *-BER fluctuations
b: error bursts and SCPC MODEM cut-off 
m: TV interfering signal cancellation precisely in the SCPC 

channel chosen
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FIGURE 4 -  Bit error ratio (BER) as a function  o f  dispersal signal frequency (fd) with peak-to-peak
deviation as parameter (Af)

Curves A: A / = 0.5 MHz 
B: A / = 1 MHz 
C: A / =  2 MHz 
D: A / =  5 MHz
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C /I, (dB)

FIGURE 5a -  BER as a function  o f  the level o f  an interfering T V  (I,) carrier modulated by a black picture fo r  
two different frequency dispersal wave fo rm s

BER = f (C/1,), C /N  = 15 dB

Curves A : SCPC channel at the centre o f the TV signal spectrum with energy dispersal at 1/2 frame rate 
A ': SCPC channel at the centre o f the TV signal spectrum with energy dispersal at 1/2 line rate 
B : SCPC channel at the edge o f the TV signal spectrum with energy dispersal at 1/2 frame rate 
B': SCPC channel at the edge of the TV signal spectrum with energy dispersal at 1/2 line rate
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FIGURE 5b -  BER as a function  o f  the level o f  an interfering T V  
carrier (It) m odulated by a colour bar picture in the SE C A M  system  

fo r  two different frequency dispersal w aveform s

BER = f {C/1,), CV7V=15dB

Energy dispersal:

—  1/2 frame rate

------------------ —  1/2 line rate
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C /I t (dB)

FIGURE 5c -  BER as a function  o f  the level o f  the T V  carrier (It) m odulated by a 
colour bar picture in the PAL system fo r  two different frequency dispersal wave

fo rm s

BER = f (C/1,), C /N  =  15 dB

Energy dispersal:

1/2 frame rate 

«__ _ _  _  1/2 line rate

The use of a line frequency dispersal waveform will result in a level 
of interference to satellite and terrestrial radio-relay circuits of low 
modulation index FDM/FM carriers higher than would be caused by a low-frequency 
dispersal signal (frame frequency or less) [Kantor et al., 1980;
Borodich, 1976]. The effect of this additional impairment would depend on the 
parameters of the systems concerned, and degradations of more than 7 dB can be 
observed [Albuquerque and Mukunda. 198A|.

In view o f the interfering potential o f  FM TV signals to SCPC systems an d  terrestrial radio-relay systems, 
it may be advantageous to use a com posite dispersal signal with slow (e.g. fram e frequency) am d fast (e.g. line 
frequency) com ponents. Figure 6  shows the protection ratio  o f  SCPC systems as a function  o f  the ratio  o f  the line 
frequency dispersal signal deviation  A/; to the total dispersal signal deviation  Af  This relation shows that the 
perm issible level o f  FM TV interference to SCPC systems can be increased considerably  by adding  a line 
frequency com ponent to the slow dispersal waveform .
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Figure 7 (based on results from [Albuquerque and Mukunda, 1984] and 
['Albuquerque et al. 1986]) shows the excess of interference, with respect to the 
amount which would be caused by a frame rate spreading waveform, as a function 
of the ratio Afc/Af. Carriers 1, 2 and 3 are, respectively, a low modulation 
index 1200 channel satellite carrier, a 300 channel terrestrial carrier and a 
2700 channel terrestrial carrier.

Figures 6 and 7 indicate that a mixed spreading waveform with Afe/Af 
around 0.75 offers an excellent compromise solution. Indeed, this is better than 
frame rate, as far as interference into low modulation index FDM/FM carriers is 
concerned, and, according to Figure 6, it degrades performance only slightly, 
with respect to line rate, when the interference into narrow-band carriers is 
considered.

Analytical studies [Henriques and Albuquerque, 1987] as well as recent 
measurements [Dutronc et al.. 1989] have shown that in fact a mixed spreading 
waveform could even lead to lower requirements in terms of C/I compared to those 
obtained with a line rate dispersal only.

Measurements carried out with both triangular and sinusoidal waveforms 
as the fast spreading component lead to the conclusion that a mixed spreading 
system based on either of the two waveforms would exhibit similar performance.

Figure 8 shows the minimum acceptable value of C/I which allows a 
given degradation of the C/N in a 64 kbit/s QPSK SCPC channel not to be 
exceeded. The curves given for two values of the degradation (0.5 and 1 dB) 
confirm that the use of a mixed spreading waveform with Af (half line 
rate)/Af(total) around 0.75 is a satisfactory solution. In Figure 8, the half 
line-rate component was either a triangular symmetrical waveform or a sinusoidal 
waveform. The two waveform?provide comparable results in terms of C/I 
requirements. This comes from the fact that the RF spectra in both cases (using 
a sinusoidal waveform or a triangular one) are very similar, and hence the 
interference created to the SPC channel is also similar.

The use of a sinusoidal waveform offers however advantages over that 
of a triangular waveform because the cancellation of the sinewave can be thought 
to be much easier than that of a triangular waveform. Hence, low values of 
residual energy dispersal waveform power can be expected, even with simple 
ciicuitry for home receivers, available on the market at low price, and the 
impairment on the quality of the television signal should be insignificant.

The adoption of a mixed energy dispersal modulation scheme consisting 
of a triangular component at Af(half-line rate)/Af (total) between 0.75 andr 1 
appears therefore a viable solution. Measurements have shown that the peak 
spectral density of the FM TV signal is not increased if this scheme is used in 
replacement to other energy dispersal schemes, and therefore in this way the 
modulated FM TV carriers can meet the power flux density limits of the Radio 
Regulations. Further work is however required to provide a quantitative 
evaluation of the additional complexity which would be introduced in the 
receivers and on the subjective assessment of the quality of the television 
signal after the removal of the composite energy dispersal waveform.

For illustrative purpose Figure 9 shows a method for the removal of the 
composite energy dispersal waveform, based on a conventional sample 
integrate/feedback type clamp to remove frame rate ED, supplemented by a 
sinusoidal half-line ED removal arrangement.
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The peaks of the half-line component are arranged to fall at the line 
synchronization pulse points. Sampling at these points is used to monitor both 
components of ED.

The half-line removal circuit generates a half line-rate sinewave from 
the synchronization pulses. Its amplitude is controlled in closed loop by 
processing samples of the output video signal so as to drive the residual 
half-line components to zero. A 180° phase ambiguity caused by the divide-by-two 
operation is removed by the bi-polar attenuator.

A // /A /

FIGURE 6 -  Protection ratio fo r  the case o f  a composite dispersal signal 

B = 32 kHz, A f  — 1 MHz, f ,  = 15 kHz
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•  C A R R IE R  2

*  C A R R I E R  3

FIGURE 7

^vces' cf Interference with Respect to the Use of a 
Frame Rate Spreading Waveform as a Function of the 
Relative Intensity of the Line Rate Component, fcr 
3 Different Interfered-With FDM/FM Carriers.
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■ Sinusoidal half-line rate 
Triangular half-line rate

A f( total )= 4 MHz

Figure 8 : Required C/I as a function of the relative intensity o f the half-line rate component

Interference from a TV carrier using mixed ( triangular frame rate /  half-line ra te ) 
energy dispersal into a QPSK SCPC earner at 64 kbit/s.
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Negative Peak

Positive Peak

INPUT 
( VIDEO + ED )

SYNCHRONIZATION 
PULSE 

SEPARATOR 
( line ra te)

Integrator
Frame Rate 

Hall Line *Rate

<

OUTPUT
(VIDEO)

r r

BI-POLAR
ATTENUATOR

Halt L ine-R ate 
Slnewave

Half Line • Rate 
Squaraw ave

ASSESSEMENT OF 
. THE AMPLITUDE 
AND PHASE OF THE 

RESIDUAL HALF-LINE 
ED COMPONENT

SAMPLING PULSE 
GENERATOR 

( line r a t e )

Figure 9 : EXAMPLE OF A METHOD FOR THE REMOVAL OF A COMPOSITE 
FRAME RATE/HALF LINE-RATE ENERGY DISPERSAL WAVEFORM
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A N N E X  Hi

ENERGY DISPERSAL TECHNIQUES FOR USE WITH DIGITAL SIGNALS

1. General

W hen the inform ation  pulse train  has a random  pattern , the energy o f the RF carrier is sufficiently 
dispersed to reduce the peaks o f the pow er flux-density at the surface o f the Earth produced by emission from the 
space station. If, however, the in form ation pulse train  includes a fixed pattern  having a periodic repetition rate, 
som e line com ponents appear in the spectrum  o f the R F carrier, and it follows that some o f the peaks o f the 
pow er flux-density at the surface o f the Earth may exceed the level recom m ended by the C C IR .

The purpose o f the energy dispersal techniques described here is to reduce the peaks o f the spectrum  by 
producing a transm ission pulse train  sim ilar to a random  pattern , irrespective o f any patterns in the inform ation 
pulse train . Two m ethods o f energy dispersal techniques are described in § 3.

2. Spectra of PSK digital signals

The power spectrum  o f a carrier m odulated by ideal phase reversals consists o f “ lines” which for a 
pseudo-random  sequence o f A sym bols o f / seconds per sym bol are separated by 1 / N t  Hz. The pow er spectrum  of 
these lines is given approxim ately  by the follow ing equation:

W  ( / )

where:

N  : length o f the pseudo-random  sequence (symbols)

t : symbol duration  (seconds)
n : integer

/  : RF carrier frequency (Hz)

5 : delta function.
The largest line is at n =  1.

As the sequence length approaches infinity, N  -► oo then N t - *  oo, and the “ line” separation  -*-0. In this 
case the pow er spectrum  becomes continuous and thus:

, f sin n  ( /  — f„ ) t  1 2 TT

" ( / )  =  ' I  « ( / - / / <  )  p e rH z  m

In this case, it is seen that the m axim um  spectral-density  occurs at the carrier frequency.
Equation (2) shows the m ean value o f the pow er spectrum  with the idealized situation  o f a random  pulse 

train. The actual m odulating sipnal may be far from random . For exam ple, in the case o f PCM telephony 
em ploying 8 bits per sam ple, there is likely to be considerable periodicity at one-eighth o f the bit rate, and during 
periods o f light traffic loading the situation could arise that the transm itted  signal consists alm ost entirely o f zeros. 
U nder these conditions the PSK spectrum  will have much o f its pow er concentrated  into one, or a few, spectral 
lines and the dispersal factor could approach  0 dB.

In addition to the non-random ness in the inform ation  part o f the signal there will also be repetitive 
patterns in the pream bles o f time division m ultiple access (TD M A ) transm issions.

Also, in a practical system, the spectrum  will be m odified by pulse phasing a n d /o r  post-m odulator 
filtering. However, this will have greatest effect tow ards the edges o f the spectrum  and the m axim um  spectral- 
density will not be greatly affected.

To ensure a desired degree o f dispersal a pseudo-random  sequence o f N t du ra tion  can be m odulo-2 added 
to the inform ation bit or symbol stream , as show n in Fig. 10.

For a reference bandw idth o f  4 kHz, an energy dispersal factor ( D ) may be defined as:

to ta l pow er
D =  10 log -------:----------------------------- 7 - r r r  (3)°  m ax im u m  pow er per 4 kH z

f - L - N t ( 1)
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W hen a pseudo-random  sequence is utilized for energy-dispersal the degree o f  dispersal can  be estim ated 
by equations (1) and  (3) when 1 / N t > 4 kH z and by equations (2) and  (3) when 1 /  N t <  4 kHz.

As it is indicated  by the preceding equations, the degree o f dispersal is p ropo rtiona l to N  as long as the
sequence dura tion  is less than  the reciprocal o f the reference bandw idth . There is little add itional dispersal to be
gained after the sequence dura tion  reaches 250 ps (4 kH z reference bandw idth).

3. Energy dispersal techniques

3.1 M ethod 1: Pseudo-random scrambler

This m ethod consists o f m ain tain ing  the transm ission pulse tra in  in a state sim ilar to tha t which it w ould 
have for a random  pattern , irrespective o f channel occupancy, by synthesizing a pseudo-random  sequence from  
the in form ation pulse train  generated in a pseudo-random  code generator using an exclusive O R  circuit (M odulo-2 
Adder). A schem atic d iagram  o f  an energy dispersal circuit o f the transm itting  un it is show n in Fig. 10a. In a 
receiving unit a pseudo-random  code generator, generating the sam e code pattern  as tha t in the transm itting  unit, 
recovers the orig inal in form ation  by synthesizing the pseudo-random  code sequence, generated by the p seudo­
random  code generator, with the transm ission pulse tra in  in an exclusive O R  circuit. Fig. 10bshow s a schem atic 
diagram  o f such a receiving unit.

O ne o f the m erits o f this technique is that the energy-dispersal can b ea c h ie v e d  w ithout any degradation  o f 
the quality o f  the inform ation  pulse train . On the o ther hand , a d isadvantage o f this technique is tha t it 
necessitates the synchronization  o f the pseudo-random  code generator in the receiving un it w ith the pseudo­
random  code genera to r in the transm itting  unit. H owever, in the case o f  T D M A  systems, the synchronization  
between both  pseudo-random  code generators can be effected by utilizing the bu rs t synchronization  signal already 
provided by the receiving unit, hence no add itional device will be needed for synchronization .

It should be noted that the sym bol (or “chip”) rate o f the pseudo-random  sequence need no t necessarily be 
equal to tha t o f the inform ation  pulse train.

E xperim ental digital television transm issions via satellite have been conducted  [H opkins et al., 1981] and  
the energy dispersal factor has been m easured. W ith a 60 M b it/s  4 PSK signal and  an  11 stage Pseudo-R andom  
scram bling sequence the m easured energy dispersal factor was 37 dB. The theoretical optim um  dispersal with this 
type o f signal w ould be 38.7 dB.

3.2 M ethod 2: S e l f  scrambler

In this energy dispersal technique, shift registers having a feedback loop  and  a feedforw ard  loop are 
installed in the transm itting  and receiving units, respectively. In the tran sm itting  un it a code conversion is 
perform ed for each bit o f  the in form ation  pulse tra in . At the receiver, each b it o f  the transm ission pulse tra in  is 
reconverted to recover the original in form ation pulse train . Typical circuit a rrangem ents o f such scram blers and  
descram blers are show n in Fig.11a and  l i b  respectively.

O ne o f the m erits o f this energy dispersal m ethod is that no synchronization  is needed between the 
scram bler and  the descram bler. On the o ther hand, there is a d isadvantage in that, if r is the num ber o f  the stages 
o f the shift register, the initial state o f this register affects the First r bits o f  the transm ission pulse tra in  and  
consequently a single bit e rror in the R F transm ission channel affects the r b its im m ediately follow ing the erro r 
bit. This m ethod, how ever, can be used together with e rro r detection and  co rrec tion ; and it may represent a 
suitable energy dispersal m ethod for use in PCM  data transm ission systems, especially those operating  in the 
continuous m ode as distinguished from  the TD M A  mode.
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Pseudo-random code generator

Input

Output
(b) Descrambler

FIGURE 10 An example of energy-dispersal circuits using method 1 
Note. —  /»,. h2. ,.h„ represent the shift register internal connections which determine the code sequence.
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(a) Scrambler

Input

FIGUREll- /In example of energy-dispersal circuits using method 2
Note. —  hv h2...h„ represent the shift register internal connections which determine the code

sequence.
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4. Energy dispersal factor for TDMA systems

The degree o f  dispersal ob tained  by M ethod 1 is directly p roportional to the length o f  the pseudo-random  
sequence. H owever, there is no po in t in using a sequence which is greater than 250 jxs in du ra tion  since the
spectral lines in the dispersed spectrum  would then be at less than 4 kH z separation . In a T D M A  system the
pseudo-random  signal generated at the receiver can be m ost readily synchronized with tha t at the transm itter, if 
the sequence starts again from the beginning in every TD M A  burst. This m eans tha t sequence lengths will usually 
be less th an  250 ps and tha t the ideal dispersal will not be achieved.

The energy-dispersal effects fo r a TD M A  signal depend on the length o f  the pseudo-random  sequence, the 
fram e length, the num ber o f the bursts, the length o f  each burst, the scram bler m ethods and  so on. If it is assum ed 
for the sake o f  sim plicity, that the length o f each burst is equal to, or less than , 250 ps, and tha t each burst is 
scram bled by the sam e pattern  o f  the pseudo-random  sequence in every fram e, the energy dispersal factor (D ) can 
be given approxim ately  by the follow ing equations:

D =  10 log A  +  10 log B -  K , when N  < M  (4)

D  =  10 log M  +  10 log B -  K , when N  > M  (5)

where:

N  : length o f the pseudo-random  sequence (symbols),

M  : length o f  the inform ation  sequence (symbols),

B : num ber o f the bursts in one fram e,

K  : m argin for the energy-dispersal effect.

In the above equations, K  is the statistical variation  term indicating the decreasing degree o f the energy 
d ispersal effects caused by:

— the effect o f the partial coincidence between an inform ation  sequence and  a pseudo-random  sequence;
— the effect o f  the difference betw een the length o f the inform ation sequence and  tha t o f  the pseudo-random  

sequence;
— the effect o f  the carrier phase coherency between the bursts.

A m ong these effects, the first can be evaluated as follows: when the in form ation  sequence has weak fram e 
co rrelation , the m argin due to partia l coincidence depends on the observation period o f the pow er spectrum . On 
the o ther hand , when the in form ation  sequence has strong fram e correlation , alm ost the sam e sequence pattern  
w ould be generated in every fram e, so that its m argin can be estim ated by regarding the fram e period as the 
observation  period m entioned above.

The second effect could be m ade negligibly sm all by properly choosing the degree and  the initial value o f 
the pseudo-random  sequence, if  the length o f the pseudo-random  sequence is less than several times that o f  the 
in fo rm ation  sequence.

The third effect is also negligibly small, since the carrier frequency o f  each burst is usually different by
m ore than  several hundred  Hz from  the adjacent bursts.

C learly, the com plexity o f  the system is greatly reduced if the pseudo-random  sequence is applied only to 
the inform ation  part o f  the signal and not to the pream ble o f a TD M A  burst. G enerally  the pream ble will consist, 
at least in part, o f  a sim ple repetitive pattern . In som e cases, it may even contain  a  period o f  unm odulated  carrier. 
The results presented in Table III, below, show that for a repeated 0011 pream ble pattern  in a 4-phase PSK 
system , the pream ble will not contribu te  significantly to the maximum spectral-density  except perhaps for low bit 
rate systems. O ther pream ble patterns having the same duration  as that assum ed for Table III would be no more 
than  3 dB worse.

To illustrate w hat dispersal factors might be achieved in practice, Table III shows the values for a TD M A
system in which the pream ble is not dispersed. C ertain assum ptions were m ade as follows:

— fram e length, 125 ps;
— m odulation , 4-phase PSK;
— pream ble signal, 40 bits o f a lternating  0011;
— carrier frequencies o f  all stations are within 4 kHz o f each other, but the sym bol tim ing o f different stations is 

not necessaril y in phase;
— pseudo-random  sequence generators are reset after every burst.

S tatistical variation  o f the pow er spectrum  is such that 1% o f the spectral lines will exceed the r.m.s. 
envelope by 6.5 dB.
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The calculation of maximum spectral power density determined by preambles 
in the 4 kHz band [CCIR, 1986-1990] shows that in some situations with 
a relatively high frame or packet preamble content and large earth station 
networks (for systems using variable-duration packets) the sync signal spectral 
power density may exceed the corresponding spectral power density of the 
information part of the signal. This phenomenon is more pronounced at low bit 
rates and long frame durations.

TABLE III — Illustrative energy-dispersal factors for a range o f pseudo-random sequence lengths

Single access

Dispersal
factors
(dB)

10 equal station access

Maximum power in a 4 kHz band 
(dB relative to total steady power)

(a) due to preambles (b) due to information

Resultant
dispersal
factors
(dB)

Bit rate (Mbit/s) 10 50 250 10 50 250 10 50 250 10 50 250

Random modulating signal
127 bit pseudo-random sequence 
511 bit pseudo-random sequence 

2 047 bit pseudo-random sequence 
32 767 bit pseudo-random sequence

31 38 45
12 12 12 -23 -37 -51
18 18 18 -2 3 -37 -51
24 24 24 -2 3 -3 7 -51
25 32 36 -2 3 -37 -51

- 2 0
-20

31 38 45
- 2 2 - 2 2 20 22 22

-2 8 -2 8 20 28 28
-2 9 -3 4 — 29 .34

— -3 6 — — 36

Typical fully loaded FM system occupy­
ing same bandwidth as the digital system 
(based on Gaussian spectrum and a ratio 
of RF bandwidth to baseband width 
equal to 15) 27 34 41

5. An example of energy dispersal applied to an experimental TDMA system

M ethod 1 energy-dispersal techniques were utilized in the 111 system , an  experim ental, 50 M bits/s 
TD M A  system developed in Jap an  for use in satellite radiocom m unications systems. In this system, only the 
inform ation bits are scram bled, yet it is found tha t the peak value o f the pow er spectrum  is suppressed by about 
20 dB.

It is noted th a t when energy dispersal using a pseudo-random  sequence is app lied  to a T D M A  system, the 
probability  o f  false detection o f  a given “unique w ord" may increase to an ex tent depend ing  on the m anner in 
which the burst is synchronized.

False detection  o f the unique w ord can be avoided by changing the in itia l state o f  the pseudo-random  
sequence for every frame.
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R E PO R T  553-3

OPERATION AND MAINTENANCE OF EARTH STATIONS  
IN THE FIXED-SATELLITE SERVICE

(Q uestion 20 /4)

(1974-1978-1982-1986)

1. Introduction

In ;add ition  to  an  ap p rop ria te  o rgan ization  responsible for the operation  and  m ain tenance o f  earth  stations 
form ing pa rt o f systems o f  the fixed-satellite service, som e technical facilities are  necessary fo r the line-up and 
m ain tenance  o f satellite radio  links and  com m unication  equipm ent installed at earth  stations.

To perform  the necessary m easurem ents over single or m ultiple destination  satellite rad io  links, close 
co-opera tion  is necessary betw een the earth  stations. C om prehensive end-to-end m easurem ents will have to be 
perform ed when the links are initially  placed into service and also during the operation  o f  the system.

The technical facilities referred to above consist o f measuring- and  test-instrum ents having perform ance 
characteristics which are based on the operational requirem ents and perform ance objectives specified for the 
system o f  the fixed-satellite service concerned.

For reasons o f  econom y, it m ay be desirable to design earth stations to operate unattended  by technical 
personnel for several hours each day o r fo r several m onths at a time. Such earth stations are  now  in operation  in 
regional networks.

2. Compatibility of equipment

In order to allow  the m easurem ents to be perform ed with the required accuracy and  perm it correct 
in terp re ta tion  and com parison , com patib le  test instrum ents are required at all earth stations o f  a com m on satellite 
system. Furtherm ore, under special circum stances, for exam ple when a carrier canno t be received on a looped 
back basis from  the satellite, a facility for an  “au tom atic report back” o f test results w ould be very helpful, and 
this also would require com patib ility  o f  m ethods and equipm ent.

T o obtain such com patib ility , the characteristics o f test instrum ents have in som e cases been included in
C C IR  and  C C ITT  R ecom m endations (fo r exam ple R ecom m endation 482). In ternational agreem ent has also been
ob ta ined  for other equipm ents, fo r exam ple, m icrow ave link analyzers as used in the IN T E L SA T  system. 
Furtherm ore, reference is m ade to I EC Publication 510 in which m easurem ent m ethods for satellite earth stations 
are defined.

It is im portan t that technical docum ents should be furnished by adm in istra tions so th a t the best possible 
specifications based on econom ic and  technical considerations can be prepared , e.g. A nnex I sets forth  the reasons 
fo r the specification o f Filters in R ecom m endation  482, and Annex 11 deals with the com patib ility  o f procedures 
and  equipm ent for m easurem ent o f  IF  an d  baseband transm ission param eters.

3. Equipment utilization

Procurem ent and storage o f  test instrum ents at earth stations would be sim plified if  it were possible to 
keep the num ber o f necessary instrum ents to a m inim um . Therefore, m ulti-purpose, m ulti-range instrum ents may 
be considered, taking into account the relevant reliability and availability aspects. As an exam ple, when 
considering  video test instrum ents fo r use in the in tercontinental links in the fixed-satellite service, it is desirable 
tha t these test instrum ents can be used for m easurem ents on 525/60 and 625/50 black-and-w hite and  
525/60  NTSC, 625/50 PAL or 625 /50  SECA M  colour television systems.

O ptim um  utilization o f  test instrum ents at earth  stations would be achieved if these instrum ents were 
purchased in accordance with uniform  specifications agreed upon at an in ternational level. This will avoid high 
investm ents for test equipm ent which m ight becom e obsolete after a short tim e o f use.

4. Automatic test equipment

W ith system grow th it can be expected that the large num ber o f m easurem ents necessary to facilitate 
system operation  will require test in strum ents which will:
— considerably shorten m easuring tim es;
— dim inish as much as possible, hum an  errors during m easurem ents;
— require a m inim um  o f m anual contro l.

C onsequently , autom atic test instrum ents will be o f increasing im portance at earth  sta tions, because such 
instrum ents are norm ally suited for both  au tom atic and m anual operation.
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It may be possible for a ttend ing  technicians to tran spo rt and utilize such test equipm ent when perform ing 
norm al m aintenance functions in unattended  earth stations. M odern test equipm ent fulfils the above conditions. 
This was proved in a field trial perform ed betw een.tw o earth  stations, which is dealt with in Annex III.

5. List of equipment

As far as FD M -FM -FD M A  m odulation systems are concerned, typical lists o f equipm ent have been 
prepared  for specific systems [IN TELSA T, 1971].

6 . Design of unattended earth stations

O ne approach  to the design o f unattended earth stations is to:
— design the equipm ent from the outset to comply with the nom inal characteristics during norm al w orking, 

w ithout a redundan t chain o f com ponents kept on passive standby;
— ensure that a breakdow n in any sub-system com ponent would no t result in the sub-assem bly ceasing to 

function com pletely, but only in a deterioration in its characteristics;
— define param eters to guarantee continuity  of service despite possible failures in certain sub-assem blies;
— reduce to a m inim um  the contro l and  com m and equipm ent and to design them to offer a much higher degree 

o f reliability than the routine com ponents in the station.

The am ount and type o f contro l and m onitor equipm ent to be incorporated  into an unattended  earth 
station should be determ ined by an analysis o f the earth  station availability  and the grade o f service required.

G uillarm e and  Penicaud [1975] and Lom bard and Viana [1972] suggest possible m odifications o f the 
transm ission param eters to enable service to be m aintained under degraded equipm ent conditions, while 
Plottin [1975] briefly reviews m ethods which may be used to detect faults, to form ulate com m ands and  to ensure 
rem ote supervision o f the essential transm ission characteristics.

If an unattended small earth  station lacks independent equ ipm ent for the transm ission o f m onitoring  
signals to and the reception o f central signals from a central station, the satellite link itself may be used for 
m onitoring  and rem ote control o f the station by m eans o f a voice channel activated from time to time. This is 
technically feasible w ithout m ajor problem s, but high availability requirem ents may involve the need for 
redundancy o f all essential functional units and autom atic switch-over in the event o f failures.

An exam ple o f a m onitoring and  control system is that designed for the internal network o f  earth  stations 
o f  the TELECOM -1 system. These earth  stations will be installed in the im m ediate vicinity o f  the user’s prem ises 
and  will be unm anned , with rem ote supervision from  regional centres. An earth  station includes a local 
m anagem ent device com prising a m icroprocessor backed by appropria te  m em ory units which enable the required 
m anagem ent param eters to be extracted and displayed locally or rem otely at a m anagem ent centre; for exam ple, 
input and output pow er o f high pow er am plifier (H PA ), alarm s, on -o ff status o f equipm ent, bit erro r ratio , etc. 
The m anagem ent centre is equipped with a m inicom puter which stores and processes the data on the status o f the 
stations it controls, and produces station logistic da ta  needed for the m aintenance and support o f  the station. 
These m anagem ent equipm ents perm it the installation o f  networks com prising  a large num ber o f  unm anned  earth  
stations, and im portan t savings in operational costs com pensate largely for the additional expense entailed  in 
providing them at the earth stations.

M odern m onitoring  systems based on m icrocom puter techniques offer the possibility o f  m onitoring  
perm anently  or tem porarily  unm anned  earth stations from  a central contro l station. Experience with RA IST1N G  4 
and 5 and U SIN G  EN 1 has show n that multi-level m icrocom puter-assisted m onitoring systems are particularly  
suitable for this purpose. The m odular design of, for instance, a 3-level system, ensures sufficient flexibility for 
adap ta tion  o f operational requirem ents and allows a reasonable division o f tasks between the centre and the 
associated earth stations.

The following functions may be fulfilled by the different levels:

First level is the equipm ent level. It issues alarm s and status reports, provides switch over and ad justm ent 
instructions and receives status enquiries.

Second level is the earth-station  level where m ore extensive status inform ation can be obtained  from 
reports o f individual units and evaluated. Alarms or changes in status referring to the equipm ent ar logged at this 
level by m eans of a printer.

The third level represents the central station for the remote contro l o f several associated earth stations. It is 
the task o f the central station to supervise the services (traffic relations) routed over satellite radio links and to 
carry out other activities such as service switching which are suitable for centralized treatm ent. E quipm ent 
sw itching or controlling instructions can also be carried out from this level.
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A N N EX  I

C H O IC E  O F  FIL T E R  C H A R A C T E R IS T IC S  FO R P E R F O R M A N C E  

M E A S U R E M E N T S  U SIN G  W H ITE  N O ISE  T EST  S IG N A L S

W hen considering  specifications for filters used for white noise perform ance m easurem ents, two m ain 
criteria have to be taken into account:
— centre frequency;
— bandw idth  characteristics.

1. W hen choosing the centre frequency it should be ascertained w hether a su itable frequency for the channel 
size in question has already come into w idespread use. (See Table II o f R ecom m endation 482-2).

W hen centre frequencies have to be chosen which are not yet specified the preferred frequencies should be 
those which can be used for as m any channel capacities as possible. If  a new upper m easuring frequency is 
needed and if there is no recom m ended frequency in the range between 0.9 and  0.965 o f  the effective cu t-off 
frequency, a m easuring frequency o f  approxim ately  0.95 o f the effective cu t-o ff frequency o f  the band-lim iting 
low -pass filter should be chosen.

2. W hen specifying the bandw idth  characteristics o f new filters, a choice has to be m ade between coil-capac­
itor-type o r crystal-type filters. For frequencies higher than 3886 kH z it seems desirable to use crystal-type filters.

Figure 1 shows the bandw idth ( ±  kHz) o f the various band-stop  filters tabu la ted  in T able II o f R ecom ­
m endation  482. These curves dem onstrate tha t a set o f generalized curves can  connect the various values, and  
consequently  any new filter specifications can be directly read o ff the diagram . As an  exam ple, d ropp ing  a vertical 
line from  the 185 kH z centre frequency filter produces intercepts — at the follow ing bandw idth  points: ±  17, 
±  5, ±  2.2, ±  1.8 and ±  1.5 kHz. R eading from right to left on Table II these figures are noted.



Centre frequencies of band-stop filters (kHz)

Frequency (kHz)

FIG U RE 1 — Bandwidth (in ~  kHz) o f  band-stop filters as contained in Table II  o f  Recommendation 482

A: Coil-capacitor-type filters 
B : Crystal-type filters

A N N E X  II

C O M P A T IB IL IT Y  O F  PR O C E D U R E S  A N D  E Q U IP M E N T  U S E D  FO R  M E A S U R IN G  O F 

IF A N D  B A SEB A N D  T R A N S M IS S IO N  PA R A M ET ER S IN T H E  F IX E D -S A T E L L IT E  SER V IC E

1. Introduction

It is necessary to m easure transm ission param eters or d istortions both  o f  single com ponents and  entire 
transm ission systems — the latter being a link m easurem ent with inclusion o f  one or several satellites. This m eans 
that the m easurem ent equipm ent used for this purpose and produced by d ifferent m anufacturers m ust be 
com patible with the m easurem ent procedures and im portan t param eters such as frequencies.

2. Compatibility of the measurement procedures

The I EC Sub-C om m ittee 12E has made efforts to standardize the m easurem ent procedures fo r all 
frequency levels involved: baseband , interm ediate and radio frequencies.

1EC Publication ^10 describes m ethods o f m easurem ent for radio equ ipm ent used in satellite earth stations, 
and 1EC Publication 487 is concerned with m ethods o f m easurem ent for equ ipm ent used in terrestrial radio  links. 
These publications define the sam e m easurem ent procedures for both user g roups, thus ensuring the com patibility  
o f the m easurem ent procedures.
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T he disto rtion  m easurem ent procedures m entioned above use a low sw eep frequency f s an d  several higher 
m odu la tion  frequencies f M. Link m easurem ents can only be carried out if  the transm itter and receiver are 
p rov ided  w ith the sam e sweep and m odulation  frequencies.

3.1 Existing standards

For the area covered by the IN T EL SA T  system , the com patibility  o f  m easurem ent equipm ent p roduced by 
d ifferen t m anufacturers was ensured by the follow ing defin itions shown in T able I.

3. Compatibility of the frequencies

TABLE I -  IN T E L S A T  frequencies

Frequency Value Tolerance Measured parameters

Sweep frequency 18 Hz ± 5 % -

M odulation 92.5926 kHz ± 2 0 x 1 0 -* Non-linearity and
frequency 277.778 kHz ± 2 0 x 1 0 -* group-delay distortion

Both chrom inance subcarrier frequencies com m only  in use have been accepted by IN TELSA T.
T he centre frequency used for m easurem ents at the IF  level is 70 M Hz.
In the course o f  several generations o f m easurem ent equipm ent for rad io  relay systems certain m easure­

m ent frequencies have been preferred and it would be advantageous to extend these frequencies to cover satellite 
com m unication  systems. The preferred frequencies are show n in Table II.

TABLE II -  M easurement frequencies used in terrestrial system s

Sweep frequency M odulation frequencies IF centre frequencies

70 Hz

83.333; 250; 500 kHz 
2.4; 5.6; 8.2; 12.39 MHz 
3.58 or 4.43 MHz 

(optional)

35; 70; 140 MHz

3.2 Extension o f  existing frequency standards

W hereas a sufficient num ber o f  m odulation  frequencies is available for terrestrial radio-relay systems, there 
are tw o additional frequency requirem ents for satellite systems, viz.:
— high m odulation  frequencies for m easurem ents o f  differential phase and  d ifferential gain ;
— a low m odulation  frequency, below  60 kH z, fo r m easurem ents o f non-linearity  and  group  delay d isto rtion  in 

the newly in troduced  systems with 12 channels.
T he preferred  values proposed for satellite system s are show n in T able III.

TABLE III -  Proposed frequencies fro m  the IN T E L S A T  system and additional frequencies fro m  Table II

Frequency Value Tolerance Measured parameters

Sweep frequency 18 Hz, 70 Hz ± 5 % -

M odulation 55.5556 kHz ± 2 0 x  10-* Non-linearity and
frequencies 92.5926 kHz ± 2 0 x  10-* group-delay distortion

277.778 kHz ± 2 0 x  10-*

O ptional 3.58 MHz ± 2 0 x  10-* Differential phase and
frequency 4.43 MHz ± 2 0 x 1 0 -* differential gain

8.2 MHz ± 2 0 x  10-*
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It is noted tha t for systems having very narrow  bands, it is convenien t to use integer fractions o f already 
defined m odulation  frequencies.

A higher interm ediate frequency may becom e necessary for tran sp o n d er bandw id ths exceeding 36 MHz. 
For this purpose, it seems convenient to use the frequency o f 140 M H z defined in R ecom m endation 403.

A N N E X  III

C O M P U T E R -A ID E D  L IN E -U P  O F  A SA TE L LITE  R A D IO  L IN K

A typical line-up m easurem ent is described in the IN TELSA T Satellite Systems O perations G uide (SSOG), 
Volum e II, § 7.

The tests to be perform ed between two earth stations (§ 7.2.2 to 7.2.9) are listed in Table IV.

TA BLE IV — Line-up tests and  equipment required

SSO G  (§) Title
T ype o f  

test eq u ipm en t ('.)
Rem arks

7.2.1 RF carrier frequency, ED F, e.i.r.p. and
( C / N )

In-station  test with 
m on ito r station

7.2.2 IF -to -IF  frequency response A radio link

7.2.3 IF -to -IF  g roup  delay response m easuring set 
(m icrow ave link 
analyzer =  M LA)

7.2.4 Test-tone deviation  and  baseband  level A level m easuring  set

7.2.5 60 kH z continu ity  p ilo t level

7.2.6 BB-to-BB non-linearity  response A radio link 
m easuring set 
(m icrow ave link 
analyzer =  M LA)

E arth sta tion  to earth 
sta tion  tests

7.2.7 BB-to-BB frequency response A level m easuring  set

7.2.8 BB-to-BB noise spectrum

7.2.9 W hite noise loading A white noise 
m easuring set

( ')  All equ ipm ent has to be rem ote-contro llable  via IEC 625 or IEEE  488 bus.

Set-up and procedure for the field trial conducted in July, 1984.

Figure 2 is a block diagram  show ing the identical test set-ups at both earth stations (Raisting, Federal 
R epublic o f G erm any and C eduna. Australia).
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or IEEE 488 
station A or station B

FIGURE 2 -  Test set-ups a t both earth stations (A and B)

At any tim e, one station acted as the m aster and  the other as slave or vice versa. The m aster station was 
alw ays the receiving station , the generating station was the slave station.

All initial settings o f the instrum ents in m aster and slave station were carried ou t by the com puter o f the 
m aster station.

The com plete system was operated  via an extensive dialogue in clear text with the com puter of the master 
station. On both com puters (m aster and  slave) there appeared  clear instructions as to which m anual operations 
were required by the opera to r at each particu lar stage o f the m easuring routine.

The com puters com m unicated with each other via a 1200 b it/s  da ta  link.

M anual m ethods were used and  will be used in future also to connect the m easuring system with the test 
poin ts o f the telecom m unications system and to switch the continuity pilot, pre- and de-em phasis and the energy 
dispersal function.

Besides a rem arkable gain o f tim e, a considerably better m easurem ent security was achieved, which is an 
add itional advantage. W rong settings becam e practically im possible because all settings were autom atically carried 
ou t according to d ialogue instructions and in critical cases also via control loop (back-to-back in the station) with 
acknow ledge signal to the master.
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REPORT 554-4

THE USE OF SMALL EARTH STATIONS FOR R E L IE F  OPERATION 
IN  THE EVENT OF NATURAL DISASTERS AND SIM IL A R  EMERGENCIES

(Study Programme 22A/4)

(1 9 7 4 -1 9 7 8 -1 9 8 2 -1 9 8 6 -1 9 9 0 )

1. Introduction

At the W orld A dm inistrative R adio  C onference for Space T elecom m unications, held in G eneva in 1971, 
R ecom m endation Spa2 -  13 o f the Final Acts was put forw ard to p lan  and  organize the use o f satellite 
te lecom m unications in natural d isaster areas. It is believed tha t the rap id  availab ility  o f  reliable com m unications 
im m ediately follow ing a natural d isaster would prove helpful in saving lives by virtue o f  im proved relief activity 
co-ord ination .

This R eport discusses the configuration  and characteristics o f  a ir tran sp o rtab le  a n d  v e h i c l e  e q u i p p e d  
earth  sta tions designed for use with geostationary satellites in the fixed-satellite service.

The discussion covers som e possible types o f m odulation , required  bandw id th , satellite e.i.r.p., earth-station  
e.i.r.p., low -noise receiver characteristics and high-pow er am plifier requ irem ents, as well as an tenna system 
param eters.

The param eters given below  generally assum e that the earth sta tions m ay need to  opera te  with a global 
beam  satellite transponder. If  a station  will be required to operate only w ithin a region covered by a shaped 
satellite beam , it may be possible to relax these param eters.

2. Basic consideration

In the event o f natural disasters, epidem ics and  fam ines, etc., the  m ost u rgent need is for a reliable 
com m unication  link for use in relief operations. To set up these com m unications by the fixed-satellite service, it is 
desirable tha t a tran spo rtab le  earth  station , with access to an existing satellite  system , should  be available for 
tran spo rta tion  to, and  installation  at, the disaster area.

To establish such a com m unication  service, any satellite system com patib le  with the technical characteris­
tics o f the tran spo rtab le  earth  station  can be used.

2.1 Required  s e r v i c e s  a n d  a s s o c i a t e d  channel capacity

The com m unication  link for the relief operation  connects the d isaster area  w ith designated  relief centres, 
and  the required  transm ission capacity  would be at m ost 6  telephony  circuits (including teletype) and  an 
engineering service channel.

I n  a d d i t i o n ,  b e c a u s e  a  r e a l  t i m e  a e r i a l  s i t e  s u r v e y  o f  t h e  d i s r u p t e d  
a r e a  i s  a l s o  c o n s i d e r e d  t o  b e  h i g h l y  d e s i r a b l e  t o  b e t t e r  c o o r d i n a t e  r e l i e f  
o p e r a t i o n s  ( p r i o r i t y  e v a l u a t i o n s ) , i n  so m e  i n s t a n c e s  a  o n e - w a y  2 .0 4 8  M b i t / s ,  
v i d e o - c o m p r e s s e d  c h a n n e l  c o u l d  a l s o  b e  n e e d e d .  F u r t h e r m o r e ,  a  n e t w o r k  o f  
u n a t t e n d e d  p l a t f o r m s  f o r  c o n t i n u o u s  m o n i t o r i n g  o f  m a i n  e n v i r o n m e n t a l  d a t a  
( 1 . 2  k b i t / s  a v e r a g e  t h r o u g h p u t )  o n  s p e c i f i c  r i s k  p a r a m e t e r s  c a n  u s e f u l l y  
i n t e g r a t e  t h e  e m e r g e n c y  c o m m u n i c a t i o n s  n e t w o r k  c o v e r i n g  t h e  w h o le  c o n c e r n e d  
t e r r i t o r y ,  i n  o r d e r  t o  h e l p  i n  t h e  t i m e l y  l o c a t i o n  o f  t h e  d i s a s t e r  a r e a  
[L em b o  a n d  Q u a g l i o n e ,  1 9 8 7 ] .
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2.2 Circuit quality

The quality o f  circuits fo r em ergency relief operations need not necessarily be o f  the high oualitv 
^ J llJended by the C C IR  fo r the fixed satellite service. An equivalent w eighted signal-to-noise ratio  o f about 

need fu rther Itudy Channe' W° U,d aPPCar ^  aCCeptab,e Voice intelligibility fo r this purpose, but this will

2.3 Selection o f  frequency band

G eostationary  satellite systems now  operate in the 4 and  6  G H z bands, and therefore it is desirable at 
p resent to  use these bands for the relief operation.

W here suitable satellites are  available, it is preferable that relief operations should be conducted in bands 
which are  not generally shared with terrestrial facilities. Bands such as 14/12 G H z and 30 /20  G H z may be 
suitable in some circum stances.

2.4 A ssociated earth station

The transportab le  earth term inal: could operate with any suitable existing earth  station provided it is 
suitably equipped. Suitable earth  stations would need to be identified so tha t they may be provided, in advance, 
w ith the additional equipm ent.

3. Preferred modulation methods

The choice o f the form o f  m odulation  best suited to a system using a transportab le  earth station must take 
accoun t o f  the pow er-lim ited condition  o f the down link together with the need for flexibility o f  access to the 
satellite system.

O f the several m odulation  m ethods described in R eports 509 . a station o f  this type might em ploy 
frequency division m ultiplex FM , or single-channel-per-carrier (SCPC), FM , P C M /P S K , delta-m odulated  PSK.

The single-channel-per-carrier P C M /P S K  has been in operation  already, for exam ple, in the SPA DE 
system ; bu t the o ther tw o single-channel-per-carrier systems are not in curren t use on a global basis. C om panded 
single-channel FM and  delta-m odulation  (D M /P S K ) systems, however, are m ore effective in a pow er-lim ited 
env ironm ent. System efficiency m ay be further im proved by use o f forw ard error-correction  coding techniques.

Exam ples o f  the required satellite e.i.r.p., the earth  station e.i.r.p. and  the bandw idth  required for these 
m odu la tion  m ethods are show n in Table I. Some o f the satellite e.i.r.p.’s show n in Table 1 may not be available in 
cu rren t satellite systems. It should also be noted that the subjective quality o f  transm ission o f each o f  the systems 
exam ined is not necessarily sim ilar. Further studies on this poin t are necessary.

4.  Characteristics of the transportable earth station

4.1 System  G /T  ratio

In the 4 G H z band , it will be reasonable to consider a system G / T  in the range o f 17.5 to 23.5 dB (K ~ ') as 
an  objective, but further study is necessary. A ssum ing an uncooled param etric  am plifier o f noise tem perature o f 
abou t 50 K and an an tenna elevation angle o f 10°, these values correspond  to an tenna diam eters in the range 
2.5 m to  5 m approxim ately.

In the 11 to 13 G H z bands, typical receiver noise tem peratures range from  100 K (param etric  am plifier) to 
400 K (F E T  am plifier). With an tennas having diam eters around  3 m, G / T  betw een 19 to 25 d B (K _1) could be 
achieved.

In the 20 G H z band , it will be reasonable to consider a system G / T  in the range o f 14.5 to 24.5 dB (K “ ') 
as an objective. Assum ing an FE T  am plifier o f noise tem perature o f  abou t 750 K, these values correspond to 
an ten n a  diam eters in the range o f 1 m to 3 m approxim ately.

4.2 Earth-station e.i.r.p.

T he earth-station  e.i.r.p. depends on the type o f m odulation , the transm itting  telephony capacity, and the
satellite characteristics.

H owever, in case o f m ulti-carrier operation , such as the SCPC transm ission, the m axim um  output power 
o f  the transm itter m ust take account o f a back-off level to reduce in term odulation  noise to an acceptable level. 
T able I shows typical e.i.r.p. required for the transportab le  earth station.
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5. C onfiguration of the transportable earth station

The earth station may be divided into the follow ing m ajor sub-systems:

— an tenna ,
— pow er am plifier,
— low -noise receiver,
— ground  com m unication  equipm ent,
— control and  m onitoring  equipm ent,
— term inal equipm ent, including teleprinters and telephones,

— support facilities.

TABLE I — E xam ples o f  transm ission system  param eters in 6 /4  G H z band

G /T  ratio  
dB (K “') 

(d iam ete r)
Type o f  m odulation

Bandwidth
per

carrier

Satellite 
e.i.r.p. 

per carrier

Earth station 
e.i.r.p. 

per carrier

E arth  sta tion  
transm it 

pow er 
per carrie r

C ircuit quality 
(clear sky condition)

17.5 
(2.5 m)

FD M -FM  (for 6 ch) 250 kHz 14 dBW 57.5 dBW 45 W S /N  30 dB

SCPC 64 kbit/s 
P C M -Q P S K

45 kHz 11 dBW * 54.5 dBW 22 W Bit error-rate: 10~4

SCPC 32 kbit/s 
A M -B PSK

45 kHz 5 dBW 48.5 dBW 5.6 W Bit error-rate: 10~3

SCPC com panded FM 30 kHz 1 dBW 44.5 dBW 2.2 W S /N  22 dB
(w ithout com pandor)

23.5 
(5 m)

FD M -FM  (for 6 ch) 250 kHz 8 dBW 57.5 dBW 11 W S /N  30 dB

SCPC 64 kbit/s 
P C M -Q P S K 45 kHz 5 dBW 54.4 dBW 5.6 W Bit error-rate: lO-4

SCPC 32 kbit/s 
A M -B PS K

45 kHz - 1  dBW 48.5 dBW 1.4 W Bit error-rate: 10-J

SCPC com panded FM 30 kHz - 5  dBW 44.5 dBW 0.6 W S /N  22 dB
(w ithout com pandor)

Note 1. -  In the FDM-FM and S.C.P. C. companded FM systems, the use of a threshold extension dem odulator is assumed.
Note 2. -  Values of satellite e.i.r.p . and earth station e.i.r.p . are for a small earth station with antenna elevation of 10° excluding any 
margin. Earth stations with which the small earth station is communicating have a G /T  of 40.7 dB(K~').
Note 3. -  Satellite transponder characteristics are similar to those of the INTELSAT-IVglobal beam transponder and the transponder gain 
is assumed such that the difference between earth station e.i.r.p. and the corresponding satellite e.i.r.p . is 65 dB.

5.1 Weight and  size

All the equipm ent, including shelters, should be capable o f being packaged into units o f  weight which can 
be handled  by a few persons. Furtherm ore, the total volum e and weight should  not be in excess o f  that which 
could be accom m odated in the luggage com partm ent o f a passenger jet aircraft such as a Boeing B707 (allow able 
weight 7000 kg) or a Douglas DC8-62 (allow able weight 10 000 kg). This is readily  atta inab le  with present-day 
technology.
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The form and d im ension o f an an tenna are determ ined by the required gain and noise tem perature. O ther 
factors such as clim atic conditions, the m axim um  weight and the ease o f satellite acquisition and tracking, should 
also be considered.

O ne o f the m ajor requirem ents for the an tenna is ease o f erection and transporta tion . For this purpose, the 
an tenna reflector could consist o f several panels m ade o f light m aterial such as fibre reinforced plastic or 
alum inium  alloy. The use o f an an tenna  o f a diam eter from 2.5 to 6  m is foreseen.

The main an tenna reflector may be illum inated by a front-fed horn or a feed which includes a 
sub-reflector. The latter type may have a slight advantage in G / T  perform ance, since the curvature o f both the 
sub-reflector and m ain reflector can be optim ized, but ease o f erection and alignm ent may take precedence over 
G / T  considerations.

A m anual or autom atic  po in ting  system may be provided com m ensurate with weight and pow er 
consum ption, by m onitoring a carrier signal from the satellite, having a steerable range o f approxim ately  ±  5°.

5.3 Power amplifier

Air-cooled K lystron and TW T (helix-type) am plifiers are both suitable for this application , but from the 
point o f view o f efficiency and ease o f m aintenance, the form er is to be preferred.

Although the instan taneous transm ission bandw idth is sm all, the ou tpu t am plifier may need to have the 
capability  of being tunable over a w ider bandw idth , e.g., 500 M Hz, since the available satellite channel may be 
anyw here within this bandw idth.

In the 30 G H z band , IM PA TT, TW T and K lystron are suitable for this application .

The ou tpu t pow ers required will be as given in the exam ples o f Table 1.

5.4 Low-noise receiver

Because the low -noise receiver must be sm all, light and be capable o f  easy handling  with little 
m aintenance, an uncooled param etric  am plifier is the most desirable.

The noise tem perature o f  this type o f receiver is being im proved year by year. A tem perature o f 50 K has 
been realized and even lower tem peratures are expected in the future in the 4 G H z band. An FE T  am plifier is 
more suitable from the poin t o f view o f size, weight and pow er consum ption than  a param etric am plifier, but the 
noise tem perature o f  the form er is higher than the latter. A noise tem perature o f 100 K in the 4 G H z band  and 
400 K in the 12 G H z band  has been realized by FET am plifiers. In the 20 G H z band , an FET am plifier with a 
noise tem perature o f 300 K or less at room  tem perature has been realized.

5.2 Antenna

6. Examples of small transportable earth stations

In the 6 /4  G H z band , a num ber o f transportab le  earth stations are operating  now with various an tenna 
diam eters. In the 14/12 G H z band , m ost o f the transportab le  stations have an tennas with around  3 m diam eters.

6.1 An exam ple o f  a sm all transportable earth station fo r  operation at 6 /4  GHz

An air-transportab le  earth  sta tion , which may also be carried by an 8 -ton truck, has been m anufactured  
using the principles outlined in § 5 above and satisfactory perform ance has been achieved [O kam oto et al., 1977],

The station has a 3-m etre d iam eter an tenna, a peak e.i.r.p. o f  about 6 6  dBW  and a G / T  o f  about 
20 dB (K _1). The total weight is 5.5 tons and the pow er requirem ent, including air conditioning, is 7.5 kVA. The 
reflector is divided into seven sections each weighing about 2 0  kg, the total setting up tim e being about 2 hours by 
three persons. The station uses FD M -FM  m odulation and can support 6 two-way channels using a transponder 
sim ilar to an Intelsat-IV-A  global beam  transponder, or 60 two-way channels using a shaped-beam  transponder
sim ilar to Japanese CSE (C om m unication  Satellite for Experim ental Purpose) transponder, with a channel
signal-to-noise ratio  o f about 43 dB.
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6 . 2  Example o f  an em ergency netw ork and a s s o c ia te d  e a r th  s t a t i o n s  in  th e
1 4 /1 2 .5  GHz band

An emergency satellite network has been designed for operation in the 
14/12.5 GHz frequency band via a EUTELSAT I transponder [Lembo and Quaglione, 
1987]. This dedicated network, which is based on the use of wholly digital 
techniques, provides emergency voice and data circuits and a time shared 
compressed video channel for relief operations and environmental data collection 
as well. The network architecture is based on a dual "sub-networking" star 
configuration, for the two services and makes use of a "TDM/BPSK" and a 
"FDMA/TDMA/BPSK" dynamic transmission scheme, respectively for the "outbound" 
and "inbound" channels. The ground segment, is composed of: a common hub station 
for the two star networks designated as "Master", which is a fixed earth station 
having a 9.0 m antenna and a 80 W transmitter; a small number of transportable 
earth stations, having antennas of 2.2 m and 110 U transmitters; a number of 
fixed data transmission platforms with 1.8 m dishes and 2 W solid state power 
amplifier (SSPA) transmitters. Such platforms have a receive capability (G/T of 
19 dB/K), in order to be remotely controlled by the master station, and their 
average transmit throughput is 1.2 kbit/s.

The transportable earth stations are mounted on a lorry, but when 
required, can also be loaded in a cargo helicopter for fast transportation. They 
have a G/T of 22.5 dB(K_1) and are equipped with two sets each of one 
16 kbit/s (vocoder) voice channel and one facsimile channel at 2.4 kbit/s. These 
earth stations which are also able to transmit a compressed video channel at 
2.048 Mbit/s in SCPC/BPSK, are remotely controlled by the master station. The 
major features of this ad hoc emergency network are summarized in Table II.

6 .3  Examples o f  a i r  tr a n sp o r ta b le  and v e h ic le  eq u ipped  sm a ll e a r th
s t a t io n s  in  th e  1 4 /1 2  GHz band

Various types of small earth station equipment are developed for the 
use of new satellite communication systems in the 14/12 GHz band in Japan. For 
implementing small earth stations, efforts of decreasing the size and improving 
the transportability for ease of general application have been undertaken. This 
allows the occasional or temporary use of these earth stations for relief 
operation elsewhere in the country or even world-wide. Such temporary earth 
stations are installed either in a vehicle or a portable type using a small 
antenna, and it is possible to use in an emergency.

The vehicule equipped earth station in which all necessary equipment 
are installed on the vehicle, such as a four-wheel drive van, permits to operate 
within ten minutes after arrival including all necessary works such as antenna 
direction adjustments.

A portable earth station is disassembled prior to transportation and 
re-assembled at the site within approximately 15 to 30 minutes. Size and weight 
of the equipment generally allow it to be carried by hand by one or two persons, 
and is within a limit of the IATA checked luggage regulations. Total weight of 
this type of earth station including power generator and antenna assembly is 
reported as low as 150 kg, but generally more than 200 kg. It is also possible 
to carry them by helicopters.

Examples of the small transportable earth stations under development 
for the Japanese communication satellites in 14/12 GHz band are shown in 
Table III.



TAI 1 I . E  I I  : E X A M P L E  O F  AH E M E R G E N C Y  S A T E L L I T E  C O M M U N I C A T I O N  N E T W O R K  O P E R A T I N G  AT  1 4  /  1 2 . 5  G i l *

S t a t ion 
Designation

Antenna 
d i amc ter 

(m)
Gt/T

dB(K_:1)

Tranami t ter 
power rating 

(W)

Primary power 
reqni rement
(kVA)

Tranamiosinn Scheme Servi ce Capabi1i ty

MASTER 9.0 34.0 OO 15.0
TX 51 2 kbit/s-TCM/BPSK 

(+ FEG 1/2)
12x16 kbit/s (vocoder) 

voice channels
12X2.4 kbi L/s 

facsimite channels
ILX "n"x64 kbit/s- FCMA/ 

TDMA/BPSK 
(+ FF.G 1/2)

PERIPHERALS 
(t ransportable)

UNATTENDED
PLATFORMS

2.2

1.8

22.5

19.0

110 2.0

TX

64 kbit/s-'lLMA/BPSK 
(«- FEC 1/2) 

and
2.048 Mait/s-9CPC/ 
QPSK
(+ FEC 1/2)

2x16 kbil./s (vtxxxler) 
voice channels

2X2.4 kbit/s 
facsimile channels

1x2.040 tbit/s > 
video channelRX

TX

512 kt'ji t/s-TTM/BPSK 
(+ FEC ]./2)

2 0.15
64 kbit/s-TLMA/nPSK 
(+ FEC 1/2)

1x1.2 kbit/s data 
transmission channel

RX 512 kbit/s-TLM/BPSK 
(+• FF.C 1/2)

Rep. 
554-
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TABLE III

Example of a small transportable earth station 
for the 14/12 GHz band

Example No. 1 2 3 4 5 6

Type of 
transportation

Vehicle equipped Air transportable

Antenna diameter 
(m)

2.6x2.4 1.8 1.2 1.8 1.4 1.2

e. i.r.p^
(dBW)

X2 70 62.5 70 64.9 62.5

RF bandwidth
(MHz)

24-27 20-30 30 20-30 30 30

Total weight 6.4t 6. Ot 2. 5t 275kg 250kg 200kg

Package 
Total'dimensions 
Total number 
Max. weight

- - - <2m
10
45kg

<2m
13
34kg

<2m
8
20kg

Capacity of engine 
generator (xVA)

7.5 10 5 3 0 .9-rl. 3 1.0

Required number 
of person

1-2 1-2 1-2 2-3 2-3 1-2
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6  .4  Examples o f  a sm alt transportable earth station fo r  operation at 3 0 /20  GHz

Two types o f  30 /20  G H z small transportab le  earth stations, which can be transported  by a truck or a 
helicopter, have been m anufactured  and operated satisfactorily [Saruwatari et al., 1978 and Egami et al., 1980].

Exam ples o f small transportab le  earth stations for operation  at 3 0 /2 0  GHz are shown in Table I V .

TA BLE IV  — Exam ples o f  sm all transportable earth stations

O perating Total
Power

requ ire­
ment

(kVA)

A ntenna
M axim um

G / T
< dB (K -'))

Type o f  m odulation
Total N orm al

frequency
(G H z)

weight
(tons) D iam eter

(m)
Type

e.i.r.p.
(dBW )

setting-up 
tim e (h)

location o f  
earth sta tion

5.8 12 2.7 Cassegrain 76 27

FM (C o lou r TV 
1 ch) ( ')  
or
FD M -FM  
(TP 132 ch)

1 On a truck

30 /20

9 3 Cassegrain (: ) 79.8 27.9

FM (C o lour TV
1 c h ) ( ')
and
A D PC M - 

BPSK -SCPC  
(TP 3 ch)

1
On the 
ground

1 K ') 2 C assegrain 56.3 20.4
A DM - 

2P S K -S C P C  
(TP 1 ch)

1.5
On the 
ground

0.7 3 1 C assegrain 59.9 15.2

FM -SCPC  
(TP 1 ch) 
or
DM - 

2  PSK -SC PC 
(TP 1 ch)

1 On a truck

( ')  One-w ay.

(: ) The reflector is d ivided into three sections. 

(J) E xcluding pow er for air conditioning.
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7. Conclusion

A transpo rtab le  earth  station  used with an existing satellite system can quickly establish a reliable 
telecom m unication  service, to assist in relief operations associated with natu ral d isaster and sim ilar em ergencies.

The follow ing points should be considered further in the final configu ra tion :
— the determ ination  o f acceptable values o f signal-to-noise ratios (analogue) o r equivalen t erro r-ra te  (digital) in

a te lephone channel, and the error-rate in a record channel;
— the technical im plications o f m utual interference betw een the transportab le  earth  sta tion  on the one hand , and

radio-relay  a n d /o r  o ther satellite systems, on the o ther hand ;
— the logistic aspects o f  transporta tion , installation and operation .
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REPORT 8 6 9 - 2

LOW CAPACITY EARTH STATIONS AND  
ASSOCIATED SATELLITE SYSTEM S IN THE  

FIXED-SATELLITE SERVICE

(Q uestion 23 / 4 )

(1982-1986-1 9 9 0 )

1. Introduction

In R esolution No. 18 the P lenipotentiary C onference o f the ITU , T orrem olinos, 1973, urged the C C IR  to 
study technical and operational questions relating to low capacity  earth stations and associated satellite systems to 
assist developing countries and various adm in istra tions in their use. The C C IR  subsequently adopted Q ues­
tion 2 3 /4  relating to this subject. D evelopm ents in satellite com m unications technology now em erging can provide 
developing countries with the m eans to im plem ent telecom m unications netw orks designed to meet their special 
needs.

The prim e need is for a system to cater to a large num ber o f sm all com m unities, widely scattered, each of 
which could be expected to generate only a small am oun t o f traffic. Each com m unity therefore needs an 
econom ical, easily installed and m aintained earth station , equipped for one or m ore telephone channels. The space 
segm ent m ust serve a relatively large num ber o f  such earth stations sim ultaneously at an appropria te  standard  of 
perform ance in term s o f  quality  and  reliability.

The above will be taken as a b road definition o f the kind o f low capacity  system considered in this
R eport. T he geographical area served by such a system may be national or regional, with facilities provided for
access to  existing national or in ternational telecom m unications networks.

This R eport discusses som e o f the technical and operational factors which m ust be taken into account, and 
gives som e exam ples in the A nnexes, o f possible system param eters, in response to Q uestion 23/4.

2. System requirements

Typical facilities required o f such a low capacity  system would include:
— a few voice circuits at most locations and up to twelve voice circuits at a few locations;
— circuit characteristics which are com patible with the requirem ents for telex, low-speed data , and other such 

services;
— ability  to provide conference-type circuits for health, education and o ther special needs;
— com patib ility  with existing netw orks with respect to:

— signalling betw een sw itching m achines, and
— noise perform ance;

— an acceptable level o f quality , reliability and availability  for the overall system, including the propagation 
path ;

— op tions for the reception o f sound and television program m es.

From  a design and operational point o f view, typical requirem ents fo r a low capacity system would
include:
— low cost, even at the expense o f some loss o f perform ance;
— ease o f  tran spo rta tion , installation  and m aintenance;
— low pow er consum ption o f earth-station  equipm ent;
— ability  to operate earth  stations in a wide range o f environm ental conditions;
— use o f  simple and  efficient m odulation  techniques;
— use o f simple and  efficient m ultiple access systems;
— high reliability o f  earth -sta tion  equipm ent.

The factors affecting the ways in which these system requirem ents can be achieved is discussed in the 
follow ing sections o f this Report.
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3. Frequency bands allocated to the fixed-satellite services

A num ber o f frequency bands have been allocated to the fixed-satellite service in the Final Acts o f the 
WARC-79. These include the 2.5 G H z band , the 4 G H z band , the 11 G H z band , the 12 G H z band , and  the
20 G H z band  in the space-to -E arth  direction , and the 2.5 G H z band, the 6  G H z band , the 12 to 13 G H z band , the
14 G H z band , and  the 30 G H z b an d  in the Earth-to-space direction.

In m aking a choice o f a frequency band the follow ing factors should be considered:
— sharing with o ther services;
— system econom ic considerations, including the most effective balance betw een space-portion  and Earth-

portion  costs;
— environm ental factors such as propagation  and wind loading.

3.1 The 2.5 G H z band

The 2.5 G H z band  is quite narrow : 190 M Hz wide in Region 2 and  only 35 M H z wide in Region 3, with 
no allocation  in Region 1. 35 M H z wide up-link frequency bands are also available at 2.5 G H z in Regions 2 
and 3. Because o f  this, the ultim ate system capacity o f such 2.5 G H z systems is very lim ited. Sharing with both  the 
b roadcasting-satellite  service and terrestrial fixed and m obile services is necessary. Power flux-density lim its are 
im posed to regulate such sharing. It may be difficult to obtain a cost-effective balance betw een space-portion  and 
E arth-portion  system costs if a large num ber o f earth stations are contem plated .

3.2 The 6 /4  G H z band

This is the m ost widely used frequency band to date, being used by bo th  in ternational and  dom estic 
systems for heavy-route and th in-rou te  telephony and data traffic and for rad io  and  television program m e 
distribution . Sharing with terrestrial, fixed and mobile services is necessary. Because o f this, pow er flux-density 
lim itations are im posed, and frequently coord ination  is necessary with existing m icrow ave radio  systems. Because 
the 6 /4  G H z band  is widely used, sub-systems are well developed and readily available.

Extensive use o f this band  in the fixed-satellite service will norm ally  require coord inaton  with o ther 
systems in the geostationary  orbit. In the long term , this may require system designs which im prove orbital 
utilization , particu larly  where the orbit is congested.

O peration  in heavy rainfall conditions is not a serious problem  at 6 /4  G H z (see R eports 382 and 7 2 4 )  .

3.3 The 14, 11, 12 and  13 G Hz bands

A llocation decisions m ade at the W ARC-79 in these frequency bands for space services are m ore com plex. 
The 10.7 to 11.7 G H z band  is allocated in the space-to-E arth d irection  on a w orld-w ide basis, with pow er 
flux-density restrictions im posed to allow  sharing with the fixed and  m obile services.

The 11.7 to 12.1 G H z band , and part o f the 12.1 to 12.3 G H z band , is allocated  to the FSS in Region 2 
with no pow er flux-density restrictions imposed. This lack o f pfd constra in ts facilitates the use o f sm all 
earth-station  antennas.

The 12.2 to 12.75 G H z band  in Region 3 and the 12.5 to 12.75 G H z band  in Region 1 are allocated to the 
FSS in the space-to-E arth  direction. There are pow er flux-density constrain ts im posed in these bands.

The Earth-to-space links for the above bands are likely to be the 12.75 to 13.25 G H z band  and the 14.0 
to 14.5 G H z band.

Sharing with the fixed and m obile services is necessary in these bands except in som e parts o f Region 2. 
H owever, the lack Of such systems in m any areas eases the problem s o f  coo rd ination  and m ay not require the 
m ajority  o f earth  stations to be inconveniently located.

P ropagation  attenuation  through heavy rain puts additional requirem ents on system designs in these 
frequency bands, especially in heavy rainfall areas (see Reports 382 and 7 2 4 ) .  T his can be com pensated  for by 
either earth  stations with higher G / T  values, space stations with higher e.i.r.p. values, or by designing the system 
to lower perform ance than is required for in ternational connections.

At these higher frequencies, antennas with sm aller diam eters may be used to obtain  G / T  values sim ilar to 
those achieved at the lower frequencies. This possible reduction in an tenna size can reduce procurem ent and 
installation costs.

E quipm ent in this band is less widely used than in the 6 /4  G H z band , but is becom ing m ore readily 
available at com petitive costs because o f the im plem entation o f several in ternational and dom estic satellite systems 
in the band.
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There are few operational systems (space and terrestrial) in this band  at present, although experim ental 
systems are being im plem ented. For this reason coord ination  with other space systems and with terrestrial fixed 
and m obile systems is not expected to be com plex, but, in contrast, p rocurem ent o f equipm ent in these bands is 
currently limited.

3.4 The 3 0 /2 0  G H z hand

Propagation losses in heavy rainfall conditions are higher at 30 /20  G H z than at 14/(11 and 12) G H z. Use 
o f either up-link pow er control or site diversity may be necessary for most transm ission systems.

3.5 Sum m ary o f  frequency hand selection considerations

At present, it appears that the most attractive frequency bands for the types o f systems under consideration 
are the 6 /4  G H z band  and the 14/(11 and 12) G H z bands. A more detailed know ledge o f system requirem ents 
and environm ent is necessary to m ake a final choice between these two alternatives.

4. Propagation

The effects o f rain on radio  propagation  are o f  particu lar im portance in the case o f satellite circuits 
because these effects begin to be noticeable as from about 4 G H z depending on the rainfall intensity and the 
length o f the p ropagation  path through the rain. The effects may be classified as follows:
— attenuation ,
— depolarization ,
— scattering.

Each o f these factors is o f considerable im portance in frequency planning  situations. The basic problem  
created by rain is usually that o f depolarization  in transm issions below 10 G H z and severe attenuation  in 
transm issions above 10 GHz. Thus in the 6 /4  G H z band where satellites em ploying frequency re-use by m eans o f 
orthogonal polarization  are becom ing the norm al m ode o f operation , the cross po larization  isolation can d rop  
from a nom inal figure o f 30 dB to perhaps as low as 12 to 15 dB during  heavy rainfall. P roper attention  to this 
factor must be paid during the system design stage. To give an idea o f the attenuation  that may be caused by 
intense rain , reference to R eport 721 shows that 60 m m /h  o f rain gives rise to an a ttenuation  o f 3 d B /k m  at
13.5 G H z and to an attenuation  o f  0.3 dB /km  at 6  GHz. Such intense rain is rare in m ost clim ates, .however, and 
usually occurs in rain cells o f lim ited horizontal dim ensions. This m eans, first, tha t the higher rainfall attenuation  
allow ance even in tropical rainfall clim ates is only necessary if  very high link availabilities are being considered, 
and second, that such high rainfall intensities are unlikely to affect m ore than  one o r a very few stations o f  a 
given netw ork at the sam e time.

Rainfall characteristics vary greatly in different parts o f the w orld, and reference should be m ade to 
R eport 563 for general inform ation on this. It should be noted however that local m easured d a ta  on rainfall is the 
best basis for systems p lanning because the w orld-wide da ta  in R eport 563 canno t take into account local 
variations.

It should not be thought that intense rain presents an unsurm ountab le  problem  to the use o f higher 
frequencies, for exam ple those above 10 G H z, but it should be realized that, for efficient p lanning  o f a satellite 
netw ork the rainfall characteristics o f the projected earth-station  locations should be very carefully exam ined. In 
this way those areas — norm ally lim ited — where rain could create difficulties m ay be clearly identified and 
p roper allow ance m ade in the p lanning o f the system. For exam ple, systems could be designed with availability 
values sim ilar to those for the existing terrestrial services in countries where low capacity  satellite systems are 
being considered. Lower link availability  requirem ents would allow  the use o f the frequency bands between 10 
and  15 G H z with m argins sim ilar to those required for the 6 /4  G H z bands.
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5. Modulation and multiple access methods

Low capacity earth  stations will generally have relatively low G / T  from  econom ic considerations. Satellite 
links for such stations will be pow er lim ited and the efficient use o f satellite rad ia ted  pow er per channel w ould be 
a m ajor factor in the choice o f the m odulation  m ethod for low capacity systems. M odulation  m ethods with low 
C/A'o ratio requirem ents are therefore  preferable. In add ition , channel capacity , efficient use o f the rad io  
spectrum , flexibility in in terconnection , interface with terrestrial netw ork, possible need for in terconnection  in to  
the in ternational netw ork, low investm ent costs and ease in Installation and  m ain tenance are o ther im portan t 
considerations with regard to the choice o f  a m odulation  m ethod for low capacity  systems.

O f the possible m od u la tio n /m u ltip le  access techniques for fixed-satellite service i t  a p p e a r s  t h a t  
the follow ing techniques are currently  m ost suitable for consideration in low capacity  systems:
— FD M -FM -FD M A ;
— SCPC : PC M -PSK  or D M -PSK  or syllabic com panded FM.

FD M -FM -FD M A  is the conventional technique com m only used in the fixed-satellite service. However, for 
a small num ber o f  channels it w ould operate  in a pre-assigned m ode and  satellite pow er and  bandw id th  are not 
efficiently used if calling rates are low.

For low -capacity systems, single channel per carrier (SCPC) opera tion  is attractive since it offers 
considerable flexibility and  econom y in term s o f satellite pow er and bandw idth . The m ain advantages o f SCPC 
systems are as follows:
— they perm it the use o f voice operated  carriers thus saving satellite pow er;
— the absence o f  m ultiplexing equ ipm ent where the earth  station  can be located at or near the local exchange;
— channels can be established in un it steps;
— flexibility in transm ission since each channel goes on a separate carrier;
— use o f dem and assignm ent is facilitated  with SCPC techniques.

The choice o f  m odulation  for SCPC systems will sometimesi favour frequency m odulation  with com pan ­
dors and  em phasis and  som etim es a digital system such as D elta m odulation  o r PCM . N o generalization  in favour 
of. one o r ano ther can be given at the present tim e and  the choice will depend  on particu lar factors apply ing  to 
the specific application  (e.g. equ ipm ent costs, m aintenance skills available, requirem ents for da ta  services, 
interference conditions, etc.).

The transm ission param eters o f  d ifferent m odulation  m ethods are show n in Table 1, from  w hich it may be 
concluded that 32 k b it/s  delta m odulation  and syllabic com panded FM SC PC  have advantages over the o ther 
alternatives.

TABLE I -  Sample transmission parameters fo r  different modulation methods

Type of modulation Circuit quality
Required

C/N0
(dB(Hz))

Noise
bandwidth

per
carrier

FDM -FM  (for 12 ch.) S /N  = 50 dB 74 1.15 MHz

SCPC 64 kbit/s 
PC M -Q PSK

Bit error ratio 10~s 61 38 kHz

SCPC 32 kbit/s 
DM- B P S K

Bit error ratio 1 0 '4 56 38 kHz

SCPC
companded FM

S /N  = 50 dB 
(with compandors)

55 25 kHz
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5.1 D em and assignm ent multiple access (D A M A )

Satellite circuits can be used to  establish te lephone connections am ong earth  stations in either o f  two basic 
ways: perm anent assignm ent and  dem and assignm ent m ultiple access. A perm anent assignm ent circuit
“perm anen tly” connects trunk  equipm ent at one earth  station  with sim ilar equipm ent a t another. In contrast, a 
D A M A  circuit is established betw een tw o earth  stations only when needed for a call from one o f  the stations to 
the other.

Any system that assigns satellite circuits on  dem and will use the circuits and the m odulation  access 
equ ipm ent m ore efficiently than if  the circuits were perm anently  assigned.

There are tw o types o f dem and assignm ent control. O ne is the d istributed  control, in which individual 
earth  stations have contro l equipm ents with equal com plexity. The SPA D E system em ploys this type o f dem and 
assignm ent control. The o ther one is the centralized contro l, in which dem and assignm ent control equipm ent 
com plexity  is confined to the central station to realize a sim ple low capacity  earth  station. In this case a two-way 
signalling channel fo r transm ission  and  reception o f  dem and assignm ent contro l signal is necessary. C om m on 
signalling channel can be provided by using a separate carrier with T D M A  or FD M A  operation . This 
configuration  achieves high flexibility o f contro l bu t the equipm ent becomes rather com plicated. By em ploying 
random  access m ethod such as random  packet transm ission, equipm ent can be sim plified.

6. Interference considerations

Systems in the fixed-satellite service generally share com m on frequency bands with terrestrial services as 
well as with other satellite netw orks, thus, band  sharing gives rise to two basic interference situations:
— interference from  and into terrestrial services;
— interference from  and  into o ther satellite netw orks.

To facilitate sharing with terrestrial services, the R adio R egulations lim it earth  station e.i.r.p. tow ards the 
horizon and  space station pow er flux-density (pfd) at the surface o f the Earth. These limits are given in Articles 27 
and  28.

To im prove orbit spectrum  utilization and  im prove sharing am ong netw orks o f the space services, 
A rticle 29 also includes restrictions on satellite station-keeping and an tenna beam  pointing  accuracy. Article 29 
also con tains a provision aim ed at m inim izing earth  station  e.i.r.p. transm itted  o ff axis in the direction o f the 
geostationary  o rb it and provisions to contro l interference to geostationary  fixed-satellite systems from any 
non-geostationary  space system.

6.1 Inter-network interference

R eport 455 identifies the m ajo r elem ents affecting frequency sharing betw een netw orks in the fixed-satellite
service.

The fundam ental elem ent which limits sharing  is interference. Interference causes a degradation  in system 
perform ance. The m easure o f  this degradation  depends on the m odulation  type. For exam ple, in analogue 
telephone links the degradation  is m easured in add itional picow atts o f noise in troduced into a telephone channel, 
and  in digital signals the degradation  is m easured in the increase in detector bit error ratio. In all cases, the 
im pact o f  interference on system design is to require larger system margins.

A general study o f in ter-netw ork  interference appears elsewhere in C C IR  texts (in particular in 
R ecom m endations 466, 483, 523 , 5 2 4  a n d  6 7 )  j a n d  R e p o r t s  4 5 3 ,  4 5 4 ,  4 5 5 ,  71 0 a n d  867) s o  
o n l y  t h e  f a c t o r s  s p e c i f i c  t o  l o w - c a p a c i t y  s y s t e m s  w i l l  b e  m e n t i o n e d  h e r e .

The high sensitivity and transfer gain o f  a satellite intended for com m unication  to a sm all coverage area 
perm its the use o f  reduced e.i.r.p. from  the associated earth  stations, which tends to reduce the level o f up-link 
interference into w ide-coverage satellites o f  o ther systems. The high gain o f  the satellite receive an tenna in such 
netw orks may m ake it m ore susceptible to interference from earth  stations o f o ther systems in the same coverage 
area, bu t the situation  is eased if the satellite an tenna gain is effectively reduced outside the coverage area.
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If a small earth-station  an tenna is used to transm it to a w ide-coverage satellite receiving an tenna, the
transm itter will need to have higher ou tpu t pow er to com pensate for low an tenna gain. C onsequently  the spectral
e.i.r.p. density in d irections tow ards o ther satellites will tend to be high and  this will tend to increase the m inim um  
perm issible orbital separation  betw een the w anted satellite and other satellites which cover the sam e territory. In 
this case, better transm it side-lobe perform ance m ay be necessary, or the use o f  a larger an tenna considered noting 
tha t the limits o f  R ecom m endation 524 are  applicable.

The inherently high e.i.r.p. in the dow n link o f a dom estic satellite netw ork tends to increase the 
interference into an in ternational service earth  station. Inter-netw ork interference o f  this kind tends to be a greater 
problem , the w ider is the disparity  betw een the coverage areas of the two system s; this problem  o f  interference 
between systems with considerable differences in system param eters (inhom ogeneity) is discussed in R eport 453. In 
this case, the limits o f R ecom m endation 358 on pfd apply.

In general, the sm aller is the ratio  D /X  o f the earth-station  an tenna the m ore difficult will be the
interference problem s vis-a-vis the ad jacent satellite w orking in the sam e frequency bands and coverage area. 
H owever, it may be possible to overcom e this problem  by reducing side-lobe levels o f the earth-station  an tenna 
and  by coordination .

6.2 Interference with terrestrial radio-relay system s

W hen operating  in the sam e frequency bands, satellite com m unications and terrestrial m icrow ave rad io ­
relay systems experience m utual interference problem s. But, in the type o f  netw orks under discussion in this 
R eport, this may no t be a very severe problem  as in the areas in which the sm all stations are to be located there 
m ay not be an extensive terrestrial radio-relay netw ork. However, in cases where the earth stations are located in 
the vicinity o f terrestrial radio-relay links the interference to and from these links needs to be considered.

The interference m echanism  is fourfold , but only two o f the m echanism s are pertinent to coord ination  with 
terrestrial systems. These are:
— earth station transm itter — terrestrial m icrowave receiver
— terrestrial m icrow ave transm itter ->■ earth  station receiver

The C C IR  states the to lerable am ount o f interference in its R ecom m endations 356, 558 and  357. In order 
to keep the actual am ount o f interference in the terrestrial netw orks below m axim um  tolerable values recom ­
m ended by the C C IR , Article 28 o f the R adio Regulations im poses limits to the earth  station em issions and to 
satellite emissions. M oreover, Article 27 o f the R adio Regulations im poses restrictions on the terrestrial station 
e.i.r.p. and transm itter pow er, in o rder to keep the interference to space netw orks below the limits recom m ended 
by the C C IR .

Several factors can be considered for reducing the level o f m utual interference betw een satellite and 
terrestrial networks. Some exam ples are the follow ing:

— Application o f  spot beam antennas

The use of spot beam  antennas in up and dow n links usually helps abate the earth  sta tion ’s interference with 
the terrestrial sta tion , because the required e.i.r.p. o f the earth station decreases due to the enhancem ent in 
satellite sensitivity.

— Application o f  earth-station antennas with low side lobes

The use o f earth-station  antennas with low side lobes in transm it and receive frequency bands reduces the 
m utual interference between the earth station and terrestrial radio stations.

— Application o f  topographical fea tures, buildings, etc.

Longer distances and the presence o f buildings, etc. that block the propagation  o f radio waves between 
systems offer the m ost basic m eans to abate interference with the terrestrial system. M ountains and hills are 
useful for the purpose. In respect to urban areas experim ent suggests that buildings standing in the way o f 
in-com ing interference waves can help reduce interference significantly (see R eports 390 and 382).
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— Miscellaneous

W hen geographical features o f the land, buildings and the like fail to contribute to the abatem ent of 
interference problem s, their im pact is reducible by putting  up in front o f a sm all an tenna itself an antenna 
shield made o f metal or wire netting and radio wave absorbing m aterials.

As discussed above, careful site selection and the adoption  o f app rop ria te  interference abatem ent measures 
will enable the dom estic satellite com m unications system consisting o f small earth stations to share the frequency 
band  with the terrestrial system for m utual benefit.

7. Earth-station characteristics

7.1 Background

The earth stations should be as sim ple as possible, should have the lowest possible prim ary pow er 
consum ption  and at the same tim e should have the sm allest possible an tenna consistent with the overall system 
design. Use o f available infrastructural facilities, such as locating the earth  term inal in an existing building 
(collocated with a rural telephone exchange for instance) w ould help in reducing the cost o f the earth station 
installation . Further, the elim ination o f the terrestrial connecting links if it is possible, will lead to a reduction in 
the system cost.

It is assum ed that most o f the areas that will be served by this type o f  system will not be electrified at all 
times. Thus low prim ary pow er consum ption is one o f the m ajor design considerations so tha t operation  can be 
based on the use o f a small battery charged by solar cells or some other available source.

7.2 The earth-station antenna

A ntenna size is to be decided as a com prom ise between the m echanical factors o f m ass, wind loading, 
po in ting  error loss, inter-system interference, system capacity  and  other factors such as lobe patterns and gain. 
C oncern ing  the factors due to m ass, wind loading and pointing  error loss, together with the need to standardize 
on a design that is stable but does not require too much expertise in the erection stages, a dim ension o f 3 to 6  m 
at 6 /4  G H z and around  2 to 4 m at 14/(11 and 12) G H z is thought to be ap p rop ria te  in the general sense. In this 
case, it is desirable that the side-lobe levels o f  the an tenna be reduced as much as possible relative to the reference 
rad ia tion  diagram  described in R eport 391, in o rder to overcom e the m utual interference problem s between the 
earth  station and terrestrial radio  stations and not to decrease the utilization efficiency o f the geostationary-satel­
lite orbit. Low side-lobe antennas that satisfy such a requirem ent have already been developed as described in 
§ 3.2 o f  R eport 998. Individual cases, where for exam ple larger rain a ttenuation  m argins m ay be thought 
necessary, could be equipped with larger antennas.

The utilization o f too small an earth-station  an tenna may, in some cases, require an extrem ely high pow er 
HPA and  low noise tem perature LNA, which in turn  can result in increased earth-station  cost. It is possible in the 
design o f a satellite system, however, to m inim ize these costs by optim ization  o f  the com bined costs o f the 
an tenna , HPA, LNA, etc.

In selecting an an tenna size, it should be rem em bered that the projected lifetim e, including traffic growth 
factors, be given careful consideration. The an tenna is essentially passive and  m aintenance free and will not 
becom e obsolete as quickly as o ther system elements.

7.3 Typical earth-station noise temperature

C urren t low noise am plifiers at 4 G H z o f reasonably low cost are m ostly based on G aA s FET devices. 
Typical uncooled LNAs available com m ercially have noise tem peratures o f 90 K to 150 K. at 4 G H z and 250 K. to 
530 K a t 11 GHz. A llowing about 40 K for an tenna noise tem perature at elevation angles not less than 30°, an 
achievable system noise tem perature might be 130 K at 4 G H z and 290 K at 11 G H z.

7.4 Earth-station transmitter

In m any rural areas the provision o f prim ary pow er presents a problem  and solar pow er and rechargeable 
batteries may be necessary. It is therefore necessary to keep the pow er consum ption  o f the earth  station  low and 
use the sm allest possible transm itter power. It is essential for the satellite to have a high sensitivity if  the earth 
sta tion  size is to be kept small. If the transm it pow er is kept sufficiently low it allows in the rural station the use 
o f entirely  solid-state transm itters, which are not only less expensive, but far m ore reliable than therm ionic 
devices.
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7.5 SC P C  equipment

SCPC equipm ent is in w idespread use for thin route applications. H ow ever the existing systems have a 
great deal o f operational flexibility tha t could be d iscarded in o rder to reduce costs. Use o f crystal oscillators in 
the up and dow n converters instead o f synthesizers will reduce the cost and  increase the reliability o f the earth  
station bu t consideration  should be given to the resulting satellite opera tional flexibility loss.

If dem and assignm ent m ultiple access is not used in the beginning, p rovisions should be m ade for future 
addition  o f this type o f equipm ent, preferably o f the centralized control type.

A signalling system com patib le with voice operated  carrier con tro l should be used.

8 . Space station characteristics

The characteristics o f  the space station or satellite play a crucial role in the design o f  the satellite netw ork, 
since they directly affect m any o f  the earth-station param eters. For opera tion  w ith sm all size earth  stations, the 
satellite (or the transponders tha t cater to the low capacity  systems) need to m eet certa in  d istinct requirem ents. 
These are:
— generation o f high e.i.r.p.s either by using spot beam s, high pow er o r som e com bination  o f  the two depending 

on the service area;
— accurate station keeping both  in the east-west and north-south d irections to elim inate the need for providing 

tracking facilities on the ground  term inals;
— increased sensitivity and higher transfer gain.

8.1 Coverage area and antenna size

The space station an tenna beam shape in the idealized situation is determ ined  by the coverage requirem ent, 
which in turn limits the an tenna  gain. Physical size constrain ts o f  the launch  vehicle place lim itations on the 
an tenna m ain reflector dim ensions, which, depending on the operating  frequency, m ay conflict w ith the desired 
optim ized coverage.

In general, beam w idths in the range o f 17° (E arth  coverage) to  0.6° and  17° to 2.5° are practical fo r the 
14/(11 and  12) G H z and  6 /4  G H z bands respectively.

Shaped beam  technology using large reflectors and  m ultiple feeds is being pursued as a m eans o f  
p roviding m ore optim um  beam  shapes and  for generating  m ultiple spo t beam s o f  d iffering  w idths for serving 
specific coverage areas. H owever, it m ay be noted tha t the nature o f  a low capacity  netw ork m ay not in m any 
cases perm it subdivision o f  a specific coverage area into sm aller zones fo r covering w ith m ultip le spo t beams.

8 .2  Space station e.i.r.p.

The total e.i.r.p. available from  a satellite depends on a num ber o f  factors includ ing :
— the am ount o f d.c. pow er available from  the satellite pow er system , p robab ly  aro u n d  800 W to  1 kW  for the

sm aller satellite designs;
— the efficiency o f the transm itting  devices, usually TW TAs, in converting  d.c. pow er to R F power. C urren t 

sm aller satellites usually p roduce 200 to 300 W o f R F  pow er;
— the transm it an tenna gain, which as noted in the previous section, depends on  coverage area and  the an tenna 

technology adopted.

The likely mass per tran sponder, the total m ass available to the pay load  an d  the range o f  ou tpu t pow ers 
available from space qualified transm itting  devices are im portan t factors in determ in ing  how  m any transponders 
will m ake up the payload, and therefore the per tran sponder R F pow er ou tpu t. Space proven TW TA s in the 10 
to 20 W range are available both in the 4 G H z and the (11 and  12) G H z band , w hile tubes with higher ratings are
being qualified or under developm ent, at least in the 11 to 12 G H z band .

The RF pow er ou tpu t per transponder and  transm it an ten n a  gain  (after allow ing losses betw een 
tran sponder and an tenna) finally determ ine the e.i.r.p. per transponder.
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8.3 Station  keeping and  antenna beam pointing

The possibility o f using sm all earth stations w ithout tracking is very m uch dependent on the station- 
keeping accuracy o f the satellite. The R adio R egulations (Article 29) specify the m inim um  east-west station- 
keeping accuracy, bu t depending  on the gain o f the g round station an tenna a good station-keeping accuracy in the 
north -sou th  d irection is also required. S tation-keeping accuracies o f  ±  0.1° in both  north-south  and east-west 
directions can be routinely achieved. In such a situation  the size o f the ground  sta tion  an tenna that could be used 
will depend  on the acceptable gain reduction due to resulting pointing  errors and  frequency o f  operation  (see 
R eport 390).

The satellite an tenna beam  poin ting  accuracy is equally im portan t. Beam poin ting  accuracy o f ±  0.3° is 
achievable with the present technology. Use o f  very narrow  beam s requiring  h igher poin ting  accuracies would 
com plicate  the a ttitude control system.

8.4 Transponder gain and  sensitivity

To operate with sm all earth  stations, the tran sponder gain needs to be high, and this is facilitated by a 
high transm it and  receive gain o f  the satellite an tenna consistent with coverage requirem ent. In the case o f satellite 
system s w orking with small stations a sa tu ration  flux-density o f the order o f  ^ 9 0  d B (W /m 2) may be required.

A high value o f satellite figure o f m erit ( G / T )  coupled with high tran sp o n d er gain w ould facilitate use o f 
low transm it pow er from  earth  stations.

8.5 Satellite positioning

Positioning the satellite in geostationary  o rb it east or west o f the w anted coverage area can offer im proved 
perform ance. In this situation , because it is viewed obliquely, the coverage area on  the earth ’s surface projects a 
sm aller solid angle at the satellite, th a t is the projection  o f the coverage area on to  the p lane perpendicu lar to the 
p ropaga tion  path  reduces. The satellite can thus use a narrow -beam , highef gain an tenna  which can m ore than  
offset the extra path  length involved, to give a net im provem ent in received signal level. This may also reduce the 
sensitivity  o f  the earth  stations to satellite station keeping. However, m oving the satellite aw ay from the coverage 
region m ay m ean low er elevation angles for the earth  stations with consequent im pact on the an tenna noise 
tem pera tu re  and rain attenuation  especially in the 14/(11 and 12) G H z and higher bands.

8 .6  Considerations in obtaining a space segm ent

The space segm ent o f the low capacity  system could be obtained  either by leasing transponders from  an 
a lready  existing system or by a dedicated  satellite which may be part o f  a regional o r national system. Leasing o f 
tran sp o n d ers  is attractive in tha t it is im m ediately available, is free from  such risks as a failure in orbiting the 
dedica ted  satellite, has no problem s o f  operating  the satellite, and  that the netw ork could  be realized quite quickly 
constra ined  only by the installation  tim e o f the g round  segment. On the o ther h an d , the dedicated  satellite offers 
m ore flexibility in system design. In som e cases a lease used initially follow ed by o ther arrangem ents in time 
m ight be the best course provided satellites with app rop ria te  characteristics are available.

9. Sum m ary

As the discussion in this R eport indicates, there are m any factors which need to be taken into account in 
p rov id ing  the best satellite system to  meet a given set o f  requirem ents. Some o f the factors discussed included:

— propagation ,,
— type and  perform ance o f  the m ultiple access m ethods,
— in terference betw een adjacen t radio  systems, both in space and on the g round ,
— earth -station  technology,
— space-station  technology.

N o conclusions have been draw n as to w hat are the preferred param eters o f  a system using low capacity 
earth  sta tions, as these depend so m uch on the particu lar requirem ents o f each application .

There is no doubt tha t the technology exists for the establishm ent o f  satellite com m unications systems 
m eeting the needs o f  developing countries and the needs o f various adm in istra tions for the use o f low capacity 
earth  stations. Systems o f  low capacity  earth stations for use in rem ote and rural areas are under consideration  by 
GAS-7.
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A N N E X  I

SA M PL E  L IN K  C A L C U L A T IO N S  FOR PO SSIB LE R U R A L  
D O M E ST IC  SA TE L LITE  SYSTEM S

1. Introduction

Satellite system technology is in a constant state o f  advancem ent. Hence, it is not ap p rop ria te  to quantify , 
in the main R eport, m any o f  the param eters which are relevant to the design o f  a system o f  low -capacity earth 
stations and associated satellites. Nevertheless, to obtain  a better understand ing  o f the com plex interactions o f 
these param eters, it is necessary, as a m inim um , to exam ine some sam ple link calculations. M uch m ore detailed 
analysis would be required in the developm ent of an actual system.

It would be necessary, for instance, to choose from am ong m any alternatives o f m ost o f the param eters 
when im plem enting any specific system. Detailed trade-off studies w ould have to be undertaken  to take into 
account som etim es conflicting requirem ents to m inim ize earth-system cost, achieve reasonable efficiency in the use 
o f  satellite and orbital resources and , at the same time, provide the service required. Ease o f  installa tion , operation  
and m aintenance m ust also be taken into account.

2. Earth station general characteristics

The earth station should be so specified as to favour its production  in m ass-produced kit form , and to 
involve the sim plest possible erection techniques.

M odular construction  using entirely solid-state com ponents would be desirable. The final design, consider­
ing norm al trade-off betw een low price and reliability, should provide for:
— adequate  stability  under all clim atological conditions for all com ponents which affect the transm ission 

param eters (gain, pow er ou tpu t, frequency stability, etc.);
— SCPC techniques using a channel bandw idth  between 20 and 40 kH z;
— a signalling system com patib le with the voice operated  carrier contro l used;
— the future addition  o f dem and assignm ent m ultiple access equipm ent.

3. System feasibility considerations

The follow ing exam ple system characteristics are intended to represent a wide spectrum  o f possibilities 
using curren t technology to provide a “ th in-rou te” satellite system.

The exam ples chosen here are indicative only. Extensive work, far m ore extensive than can possibly be 
represented here, w ould be essential to ensure that the final design im plem ented for any given set o f requirem ents 
is econom ic, technically sound and com patible with o ther space and terrestrial radio  systems.

Four satellite exam ples are included (see Table III) to illustrate service to tw o different sizes o f coverage
area at each o f the frequency band pairs o f 6 /4  and 14/(11 and 12) G H z. The larger coverage area is that
associated with a 3 ° satellite an tenna beam  which, when the satellite is overhead the centre poin t, covers a circular 
area on the Earth o f about 2000 km diam eter. O perating  down to an angle o f elevation o f 30° increases this 
d iam eter dim ension to about 4000 km. The sm aller coverage area, under the assum ption  o f  a 1° satellite an tenna 
beam , gives corresponding  coverage area diam eters o f 700 km increasing to 1400 km at 30° elevation angle. Four 
exam ples o f  small earth stations have also been chosen (see Table II) to illustrate the in teraction  between space 
and earth-station  perform ance.



274 R e p .  H i ) ' ) - ' ;

I Al ii  I II r \ t i /n / i l f  rm lli M illion i h iiu iilr iiM u s

A n te n n a  d i a m c t e i  ( m )

6 /4

1

i l l /

■1.X

14/1?
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1

1 la n sm i t  ga in  (d lt i) 41-1 ■16 X 47.? SO. 7

T n m s im l  I dll  b c a m w id th  (degrees) I 2 OX 0.7X 0 S

Rece ive  g am  (d ll ) 1 OK 41.1 4 VS 40 0

S y s t em  noise l e m p e i a l m e  / (K) 
10 log / ?l  I 7 11 24.6 ?4 6

l iguie  ol mer i t  ( / / / ' ( d l l ( K  ')) IX 7 2? 2 20 0 24.4

N ote. A n t c n i i ; i  cl l ic icncy  ol 60% is a s s u m e d

’ I' A111 Is III / ' .xd/n/i/c M ilill ilr  cliiiractciiM ics

A p p r o x im a te  b e a m w id th  o f  cove rage  area 
(d eg ree s)

;

f r e q u e n c y  b a n d  ( ( i l l / ) 6 /4 14/1? 6 / 4 14/12

Spncrir<(/l

A n te n a  d i a m e t e r  (m) 1.1 0.4 5 2.0 ( ' ) 1.25

R ec e iv e  b e a m w id th  ( d e g re e s )  ( 1) .1? .1.? 1.75 1.2

Peak rece iv e  gain (d ll ) 1 4 ? .14.? .10 4 42.7

R ece iv e  no ise  t e m p e r a t u r e  (K) XOO 1.100 XOO 1.100

Spacecra f t ( / / / ' a t .  .1 dll  c o n t o u r  (<IH(K ')) 2.2 0.1) 7 4 X.6

Peak  t r a n sm i t  gain  (d ll ) .10 6 .)?.<) .15.X 4 1 0

T W 'I A  p o w e r  (d l lW )  ( l ) 7 7 7 7

S a tu r a te d  e . i . r . p .  al .1 dll  co n to u r  
(d l lW )  ( in c lu d in g  2 dll  o u tp u t  loss) ( ') .12.6 .14.(1 •17.X 4.1.0

S a tu r a te d  po w er  11 n x - d en s i ty  of  t r a n s p o n d e r  
( d l l ( W / m ' ’)) 00 00 00 00

( 1) I n c lu d es  mi a l lo w ance  o f  I 0 .1° lor  b e a m  p o in t in g  accuracy. It al so  a s s u m e s  the  s a m e  a n t e n n a  lo r  t r a n sm i t  and  
rece iv e ,  th u s  the  m i n i m u m  h e a m w id lh  is d e t e r m i n e d  by the  rece iv in g  frequency .

( ; ) A ss u m e t l  m a x i m u m  a n t e n n a  re l le c tm  d ia m e te i

( ' )  The use  o f  a 5 W t r a n s p o n d e r  in th e  e x a m p le  d o es  not re pic  sen t the  limit ol capab i l i ty  in th e se  f r eq u e n c y  bam ls .

(4) As s ta t ed ,  t r a n sm i t  e . i . r .p .  is b a s ed  on  the  3 (lit ga in  co n tou i  in th is  e x a m p le  It s h o u ld  be  n o te d  tha t the 
speci f ied  cov e rage  will co m fo r tab ly  lie w i th in  th is  .1 dl l t r a n sm it  coverage .

Us in g  c o m p a n d e d  I M wi th vo i ce  act ivat ion,  it can he seen from Tabl e  IV that with the representat ive  
sys t em characteri s t i cs  c h o se n ,  the larger c o verage  s h o w s  a capae i ty  per t r a n sp on de r  at 6 / 4  ( i l l /  o f  be t ween  
about  500 to 1000 t e l e p ho ne  c h a nn e l s  ami  at 14/ (11 and 12) ( i l l /  o f  be t we e n  about  75 and 160 t e l epho ne  
c h an n e l s  d e pe n d i n g  o n the p e r f o rm a nc e  o f  the earth stat ion selected.  I or the smal l er  c o ve r a g e  area,  the  
c o r re s p o n d i ng  capac i t i es  are 1200 and  4 0 0  t e l ep ho ne  c ha nn e l s  at 6 / 4  ( i l l /  a nd  14/ (11 and 12) ( i l l /  respect ively,  
and  o f  course  these f igures  w o u l d  a l so  vary with the size o f  earth stat ion.

A s  m en t i on ed  at the b e g i n n i n g  o f  this sect ion it must  be r e membered  that these  e x a m p l e s  have  in no  wav
been o pt imi ze d  to better a c h i eve  (he object ives  o f  the smal l  earth sys tems  o ut l ined  in the mai n bo d y  o f  this
Report ,  l or e x a m p l e ,  s o m e  o f  the e x a m p l e s  given are unl ike ly  to be real izable us i ng  so l id  state earth stat ion
transmitters .  They  are of fered to  aid an u nde r s t and i ng  o f  the various  factors  i nv o l ve d  in d es i g n in g  a svstem.  
H o w e v e r ,  there is s c o p e  for further opt imi za t i on ,  t aking  into account  pract ical  sys tems  i mpl e m en ta t i on .
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TA B I.K  IV l ixa m /ile  lin k  hiulyets jo r  sm a ll te rm ina l to s m a ll te rm in a l S C I’C  tra n sm iss io n

A p p r o x im a te  b e a m w id lh  of  
cov c iag e  a rea  (d eg ree s) 3 1

T re q u en cy  han d  ( ( i l l / ) ( . 2 / 4 14.25/11.7 6 . 2 / 4 14.25/11.7

T.arlh s ta t ion  s i / e  ( m ) 3 4.5 2 3 3 2

Transponder  inpu t  hac k -o f f  (; ) ((IB) 3 5 2.5 2.5 9 3

I Ip- lm k e. i. r. p . / c a r r i e r  (dBW ) 46.8 42.2 56.4 53.1 37.4 48.7

O th e r  d eg rad a t io n s  (dB) o .s 0.5 1 1 0.5 1

Bath loss (dB) 200 200 207.3 207.3 200 207.3

Sate l l i te  (7/7 (dB(K ')) 2.2 2.2 0 0 7.4 8.6

l lp - l in k  C/N»  ( d B ( l l / ) ) 77.1 .72.5 76.7 73.4 72 .9 77.6

Tran spo n der  o u tp u t  back-olT  (J ) (dB) 2.3 3 2.1 2.1 5 2.3

D o w n - l in k  e. i. r . p . / c a r r i e r  (dB W ) 6.9 3.6 17.1 13.8 6.0 18.7

Rain  a t t e n u a t io n  (dB) 0 0 3 3 0 3

O t h e r  d eg rad a t io n s  (dB) 0.5 0.5 1 1 0.5 1

Bath ioss (dB) 196.2 196.2 205.5 205.5 196.2 205.5

l-iartIt s ta t ion  (»'/7’(dB(K  ')) 18.7 22.2 19.3 ( 1) 2 2 .« ( ' ) 18.7 I 9 .3 ( ‘)

D o w n - l in k  C /N {, (clB( 11 /.)) 57.5 57.7 55.5 55.7 56.6 57.1

In te r m o d u la t io n  C/N„  (dB(ll / . ) ) 58.6 57.8 66.8 63.4 60.4 59.5

Total C/N„  (dB ( l l z ) ) 55.0 54.8 5 5 .2 ( ’) 5 5 . 0 ( 1) 55.1 5 5 . 1(')

T ransm it te r  p o w e r / c a r r i e r  (W) 2.2 0.35 8.3 1.7 0.25 1.4

' t r a n s p o n d e r  capacity  ( c h a n n e l s )  
( a f t e r  40%  voice ac tiv i ty ) 550 1000 75 160 1200 400

') A s s u m e s  1.6 (IH loss in ( ' / / ' / 'du r in g  p e r iod s  of  3 (IB rain a t t e n u a t io n .

’) Refe rs  to in pu t or  old  pu t  hack  o f f  o f  th e  t r a n s p o n d e r  as  a whole .  The ex ac t  re la t io n sh ip  b e t w e e n  th e s e  tw o  (and  th e  a m o u n t  o f  i n t c r m o d u l a l i o n  
nois e  g en e ra te d  lot a g iven  ca rr ie r  lo ad in g )  d e p e n d s  on the  ac tua l  t r a n s p o n d e r  c h o s e n  for the  pay load .

') This v alue  c o r re s p o n d s  a p p r o x i m a t e ly  to  a 3 d l l  fade  in the  up  link or  do w n  link.
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A N N E X  II 

E X A M PL E  SY STEM S

Exam ple 1

O ne exam ple o f  the facilities typically  provided by a low capacity  satellite system is given by the A laskan 
Bush System, which is described briefly  below.

Rural telecom m unications are  provided prim arily  by a US dom estic satellite operating  in the 4 /6  G H z 
bands, although som e villages and  com m unities are served by Iine-of-sight radio relay systems, or V H F /U H F  
rad io , o r even cable (underground  o r sea).

The rural system, or Bush system , provides telephony service to each village with a popu lation  greater than 
twenty-five. This is accom plished w ith 150 earth stations, 100 o f which are called Bush earth stations having 4.5 m 
an tennas and are located in o r near the villages. The extension o f service to the rem aining villages is provided by 
som e o ther means, e.g., V H F radio. A Public H ealth Service (PHS) is provided to fifty-seven o f these Bush earth  
stations. The PHS consists o f  several dedicated voice channels between the villages and their regional hospital, o f 
which there are eight, to provide m edical instruction on patient care to the local health aid , and  in extrem e cases 
to arrange for the evacuation (frequently  by air) o f the severely ill to the hospital. In add ition , approxim ately  
th irty  o f  the Bush earth  stations are equipped to receive a single satellite TV transm ission.

The Bush earth  station electronics is installed, in m ost instances, in existing building space provided by the 
local com m unity. The Bush earth sta tions were typically initially equipped with two SCPC channels with at least 
one channel being used for public telephone service. At fifty-seven o f the Bush earth  stations, the second channel 
is dedicated to the Public H ealth  Service. W hile m ost Bush earth stations are equipped for two SCPC-FM  
channels, some have only one channel (no PHS), a few are equipped with up to seven channels, and one is 
equ ipped  with sixteen channels.

The characteristics o f the Bush netw ork channel modem s is given in Table V and  the Bush system 
perform ance ob jec ti/es are given in T able VI.

TABLE V -  Bush network channel modem characteristics

Bush channel end Gateway (Bartlett) 
channel end

Channel spacing: (kHz) 30.0 30.0

C/Vo (dB(Hz) 56.0 57.6

IF bandwidt(L(kHz) 25.7 25.7

C/N  (dB) 11.9 13.5

Peak deviation (Hz) 6505 6505

Emphasis improvement (dB) 4.9 4.9

Compandor improvement (dB) 12.3 12.3

Subjective signal-to-noise ratio (dB)
i

45.3 46.9

Example 2

A second exam ple o f interesl, o f  a satellite system designed in pa rt to p rovide im proved com m unication  
-apability  to ru tal and  rem ote areas, is the 14/12 G H z portion  o f the C anad ian  A N 1K ' B *ys*em ' J 1'  spa . 
portion  o f  the system consists o f a single satellite opera ting  in the 11.7-12.2 G H z and  '4 .0 -1 4 .5 G H z an ^ 
Signals with a m axim um  e.i.r.p. o f approx im ately  51 dBW  are provtded through  20 wat TW TA s to 4 "“ " " *  
beam s Four such beam s are used to  provide C anada-w ide coverage. Earth stations with an tenna  diam etres o 
1 2 m  1 8  m, 2.5 m and  3.0 m are used in rural and  rem ote areas. The system carries voice and  d a ta  transm issions 
in the SC PC  and T D M A  m odes o f opera tion , and also the transm ission o f  television program m es and  o ther vid 
signals. A pplications o f  this system  in the tele-health and  tele-education areas are being developed as an 
alternative to transporta tion  over large distances.
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TABLE VI -  Bush system performance objectives

Bush channel end Gateway (Bartlett) 
channel end

(a) 1-minute mean power for more than 20% of any month 18 000 pWp 13 000 pWp
(b) 1-minute mean power for more than 0.3% of any month 50000 pWp 50000 pWp
The noise is generally budgeted among the various sub-systems in the following 
manner:

Up-link thermal noise, down-link thermal noise, satellite intermodulation 
noise, earth station out-of-band intermodulation, adjacent and cross polarized 
transponder intermodulation: 16000 pWp 11 000 pWp
Earth station equipment noise: 500 pWp 500 pWp
Interference noise (includes interference from terrestrial and adjacent satellite 
sources): 1 500 pWp 1 500 pWp

Total noise budget 18 000 pWp 13 000 pWp

Example 3

A third example of a low capacity satellite system is one that would be 
used for Satellite News Gathering (SNG). This type of system is characterized by 
a number of highly transportable, small aperture, up-link stations that could be 
easily transported to the site of a breaking news story. The transportable 
stations -would be capable of up-linking a video programme with its associated 
sound channels and providing two-way communication for coordination purposes.

Due to the physical size requirements of the transportable station 
antenna (between 1 and 2 metre diameter), frequency bands between 10 and 50 GHz 
would be most appropriate for these systems. Currently allocated up-link bands 
of the FSS fall in this range at 14 and 30 GHz. In one example of an SNG terminal, 
operating at 14 GHz, an e.i.r.p. of 70 dBW was used with a transmit antenna of 
about 1.8m diameter.

SNG terminals require two way ancillary communications channels, in addition 
to vision and associated sound, to provide for communications capability with the 
satellite operator and the broadcaster’s headquarters. It is most desirable 
that the ancillary channels between the SNG terminal and the satellite 
operator be available at all times, thus an SCPC channel would be appropriate 
for this purpose. Other coordination channels may be SCPC or multiplexer channels 
on a common carrier. These channels can make use of 16 kbit/s digital techniques.
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Example 4

One appealing communication system using a satellite is a very low speed 
data transmission system that can be applied to such personal communication 
systems as low speed message terminals. When the communication system handles 
only low bit rate signals of less than several hundreds b it /s , th e  antenna can 
be made small enough to construct a transportable earth station.

A message terminal using a 30/20GHz band was developed for experimental 
purposes, and fie ld  t e s t s  w ere  con d ucted  using Japan's com m unication  
satellite. The terminal consists of  an offset parabola antenna 30 cm in 
diameter and a 300 bit/sPSK modem which transmits packet type signals.

If the main earth station, which acts as the center station in the 
network, is assumed to have an antenna 3m in diameter, a transmitting power of 
only 0.1 VV at the message terminal is sufficient to obtain a C/N of 15 dB 
under clear-sky conditions. Furthermore, if the transponder is assumed 
to provide maximum output power, 500 dual transmitting channels can 
be used.

Since frequency drift due to frequency conversion in a satellite  and an 
earth station is usually large in the 30/20GHz band, rapid signal acquisition 
i s  r e q u ir e d ,  e s p e c i a l l y  in  the ca se  o f  p a ck et  type communication sy stem s.
The developed message terminal employs a new rapid frequency detection 
technique which is performed by the combination of a wideband pre-filter 
and improvements in S/N using auto-correlation techniques. Field tests 
showed that the signal acquisition time was only 0.3 sec with a receiving 
frequency deviation of 15 kHz whose value is 50 times that of the information 
bandwidth.
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SECTION 4D : FREQUENCY SHARING BETWEEN NETWORKS OF. THE F IX E D -S  A T E L L I  T E  S E R V I C E  
-  E F F IC IE N T  USE OF THE SPECTRUM AND THE G EO STATIONARY-SATELITE ORBIT

4 D 1 : PE R M ISSIB L E  LEVELS OF INTERFERENCE

REPORT 4 5 5 - 5

FR EQ U EN C Y  SH A R IN G  BETW EEN N ET W O R K S 
O F  T H E  FIX ED -SA TELLITE SER V IC E

(Study Program m e 2 8 C /4 )

(1970 -1974 -1978-1982-1986-1990)

1. Introduction

The extent to which the sam e frequencies may be used by d ifferent satellite netw orks o f  the fixed-satellite
service, w ithout causing unacceptab le  interference, is a subject o f  considerable im portance; bearing as it does on
the efficient use o f  the frequency spectrum  and the geostationary-satellite orbit.

Frequency sharing may be affected by:
— the num ber o f  satellites sharing a given frequency band  channel;

— the orbits in which the satellites m ove;
— the radiation  pattern  o f the earth -station  and  space-station antennas;
— any difference in po larization  between w anted and interfering signals;

— the relative operating  pow er flux-densities o f the w anted and interfering signals, both at the satellites and  at
the earth  stations;

— the interference reduction factor between the input to the space-station, a n d /o r  earth-station  receiver, and  the 
dem odulated  ou tpu t at the earth  sta tion ;

— the portion  o f the to tal noise allow ance allocated to interference from o ther satellite netw orks.
The problem s o f frequency sharing  between satellite netw orks are reviewed in this R eport.

2. Calculation of interference levels

The extent to which satellite netw orks may share the same frequency b an d  is predicated  on  the m agnitude
o f the tolerable interfering-to-w anted carrier levels.

2.1 R atio  o f  wanted-to-interfering carrier levels

The ratio o f  dow n-link w anted-to-in terfering  carrier powers at an  earth  station can be expressed as 
follows:

( C / I ) D =  R + G4 -  G4(<p) +  Yd (1)

where:
( C / / ) D : the w anted-to-in terfering  carrier pow er ratio  at the input to the receiving system (dB);

R  : the ratio  o f  the pow er flux-density o f  the wanted signal to  the pow er flux-density o f the
interfering signal (dB);

G4 : the receiving gain o f  the earth-station  an tenna for the w anted satellite (dB);

G4(<p) : the receiving gain o f  the earth-station  an tenna for the in terfering  satellite (dB);

Yd : the polarization  d iscrim ination  o f the earth-station an tenna against the interfering carrier (dB).
A sim ilar expression can be used to determ ine the up-link w anted-to-in terfering  carrier ratio . A m ethod for 

calculating  these ratios for interference between geostationary-satellite netw orks is given in detail in Annex I.

2.2 Post-demodulation signal-to-interference noise ratio

In FD M -FM  telephone links, the ratio o f a 1 mW  test tone to the interference pow er in the w orst 
telephone channel can be expressed as follows:

1 mW  test tone
10  lo g -----------------------------------------------------------

Unweighted interference power in a
telephone channel of 3.1 kH z bandw idth
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where:

B . the interference reduction factor (dB) between the input to the space-station a n d /o r  earth-station 
receiver and the dem odulated  ou tpu t at the earth station (B  is som etimes called the “ receiver 
transfer factor”);

: the w anted-to-interfering carrier pow er ratio at the input to the receiving system (dB).

The value o f the interference-reduction factor, B, depends on the type o f m odulation  used on the various 
carriers. An expression sim ilar to (2) can be used for analogue signals in general if  the factor B can be 
m eaningfully applied. Reference should be m ade to R eport 388 for further inform ation.

The case o f digital transm ission presents a num ber o f difficulties, one o f the most im portan t being that the 
characteristics and perform ance o f  digital m odulation  systems, which may be used for future fixed-satellite 
netw orks, are not yet firmly established. A nother difficulty is that the nature o f digital detection m akes it 
im possible to define the interference perfo rm anceand the  therm al noise perform ance independently (in contrast to 
analogue signals above threshold). Reference should be m ade to R eport 388 which sets out the techniques for 
calculating interference noise in systems carry ing m ultichannel telephony, for the different m odulation  m ethods 
likely to be encountered on w anted and interfering transm issions.

For interference into frequency-m odulated television systems reference should be m ade to R eport 449.

2.3 Interm ittent exposure to interference

G enerally, in the case o f  two satellites near to one another (w hether they form  part o f a single system or
belong to independent systems), the extent o f any resulting interference depends upon  whether they both receive
signals from their corresponding earth  stations at the tim e o f proxim ity. If they do so, then the form  o f treatm ent
given in previous sections o f this R eport will apply. If not, i.e., if  one satellite is in tentionally  energized from  the 
ground  and the o ther only unin tentionally , then the effect o f any interference will be less m arked. This may occur, 
for exam ple, in an unphased satellite system when the separation  between adjacen t satellites is tem porarily  sm all, 
or in the case where an interfering satellite is in the vicinity o f a geostationary satellite. In these cases, off-beam  
an tenna gain reductions will apply  both to the illum ination  o f the interfering satellite and to the reception o f  its 
in terfering  emission. If the ou tpu t spectral pow er density o f the space-station repeater is a function  of the flux 
illum inating  the satellite, the pow er spectral density produced by the interfering satellite at the earth  station w ould 
be below  its norm al operating  value. Q uite sm all angular separations between satellites m ight be tolerable in such 
situations.

3. Permissible levels of interference between networks using geostationary satellites

Interference between netw orks which use geostationary satellites does not vary greatly w ith time, and it is 
feasible to coord inate  system characteristics so tha t the degradation  o f channel perform ance due to this 
interference does not exceed an acceptable level.

3.1 The significance o f  the level o f  interference

C onsiderable a ttention continues to be given to the question o f w hat constitutes an acceptable level o f 
interference. It is generally held tha t the opera to r o f a system should be in essential control o f his system’s 
perform ance and  that, therefore, interference should  not be a m ajor factor affecting tha t perform ance.

However, the gain o f earth  and  space station  an tennas usually decreases m onotonically  with increasing 
angle o ff  the direction o f m axim um  gain. These an tenna characteristics may be the only source o f isolation 
betw een the netw orks, in which case there is an inverse relationship  between the interference level and the 
separation  angles. Thus, the greater the perm issible interference between two netw orks serving m ore or less the 
sam e area on the earth  surface, the sm aller can be the orbital separation  betw een the space stations o f the two 
netw orks. Sim ilarly, the greater the perm issible interference between two netw orks w hose space stations are in the 
sam e, o r nearly the same, orbit location and  serve different areas on the earth  surface through narrow -beam  
an tennas; the closer can those service areas be to each other, and the greater can be the num ber o f  times that the 
frequency band is reused in d ifferent parts o f  the world.
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T hus, the greater the perm issible level o f interference, the higher will be the po ten tia l frequency re-use 
density between netw orks both on the geostationary-satellite orbit (sm aller inter-satellite spacing) and  on the earth  
surface (denser coverage). There is therefore, a conflict betw een the desire to bound , at relatively low levels, the 
interference betw een netw orks, to m aintain  reasonable design and operating  integrity  in a netw ork, and  the no less 
significant need to maxim ize frequency re-use and , thereby, orbit-spectrum  utilization .

Following this theme, during the Plenary period 1986-1990 a number of 
theoretical and practical studies have been carried out into ways of improving 
the efficiency of the geostationary orbit, i.e. of increasing the capacity in 
crowded parts of the orbital arc and spectrum. Some of these studies have shown 
that there is considerable scope for achieving this end by amending the 
aggregate and single-entry interference allowances in order to permit more 
satellites to co-exist in given parts of the arc and operating in the same 
frequency bands [CCIR, 1986-90], Further studies are encouraged on this topic, 
especially those which are based on actual populations of satellites in 
congested parts of the geostationary orbit, with a view to amending the 
recommended interference limits during the 1990-1994 Plenary period.

3.2 Permissible levels o f  interference in FD M -FM  telephony transmissions

It is generally agreed tha t the m axim um  level o f interference noise from  all o ther satellite netw orks which 
may be regarded as perm issible lies betw een 10% and  25% o f the total noise recom m ended  for the hypothetical 
reference circuit (H R C ) (R ecom m endation 353) a fu rther 10% being perm itted  fo r in terference from  terrestrial 
systems.

If  the low er inter-netw ork figure is taken , then the total interference entry  from  all sources does no t 
exceed 2 0 %; these levels allow the system opera to r good contro l over the perform ance o f  his system.

If  the higher inter-netw ork figure is taken , and  if it is assum ed tha t in terference from  all sources is 
additive, then it w ould seem tha t 35% o f the to tal noise budget is allocated to sources o f  noise outside the direct 
control o f  the system operator. T he practical situation  m ay not be quite as severe as this. Thus, at som e earth 
stations there may be far less than  the full 10% o f interference noise from  terrestrial sources, and  the m axim um  
entry o f  interference from  o ther netw orks may no t fall in the sam e channel as the m axim um  entry  o f  interference 
from  terrestrial sources. N evertheless, while such a high interference entry m ay increase the num ber o f  satellites 
tha t can be accom m odated in the orbit, it has the follow ing disadvantages:

— the loss by the system opera to r o f  control o f the perform ance o f his system is substan tia l;

— interference takes various form s and may lead to degradations o f  types not sim ply constra inab le  by a bound  
on  channel noise pow er; for exam ple im pulsive interference m ight develop;

— the capacity  o f  a satellite is reduced;

— the feasibility o f  a large m easure o f frequency re-use w ithin a  satellite netw ork, w hich is in itself a very 
pow erful m ethod o f  increasing the efficiency o f  use o f the orbit and  spectrum , is reduced by the presence o f 
so m uch external noise.

This is a general area needing further study.

A single entry o f interference entering an FD M -FM  w anted netw ork will affect som e o f  the carriers o f the 
w anted system m ore severely than  others. The effect o f the interference on the various channels o f  the w anted 
system is also non-uniform , channels high in the baseband  being affected m ore severely than  the others. Thus, the 
m axim um  value o f interference from  the single entry will be experienced by relatively few o f  the channels in the 
w anted netw ork. An entry from  ano ther netw ork will probably  have its most severe effect upon  d ifferent channels. 
Thus, the total interference received in any one channel will be less than  the sum  o f  the m axim um  single entry 
values.
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3.3 Permissible levels o f  interference in F M -T V  transmissions

F or video transm issions the perform ance specifications in the H R C  are given in R ecom m endations 354 
and  567 for the app rop ria te  TV standards. R ecom m endation 483 recom m ends th a t the inter-netw ork interference 
noise should  not exceed 10% o f  the total noise in the H RC. An increase in this percentage should be studied 
further.

First, TV-FM  transm issions are relatively insensitive high-pow er transm issions since they have to meet 
th resho ld  conditions for a relatively large bandw idth . O n the whole, a TV-FM  transm ission is not much more 
sensitive to interference than a 972-channel FD M -FM  telephony carrier and is thus not likely to constitute the 
lim iting case during coord ination  in which m ore sensitive carriers need to be protected. This would continue to 
hold true if  an interference criterion  were applied  which is based on carrier sensitivity as discussed in § 3.2. Thus, 
there m ay be no need to increase the interference allow ance for video in o rder to facilitate coordination .

Second, interference effects in an FM -TV transm ission are highly dependen t upon the character o f the 
in terference and it w ould be desirable for further study to be given to the relationsh ip  betw een baseband noise due 
to interference, the nature o f the interfering signal, and the subjective picture quality  which, as in the FD M -FM  
telephony case, is the ultim ate, although not quantifiab le , criterion. An increase o f  the allow able interference noise 
to  25% o f  the total baseband noise may well p roduce objectionable picture quality  fo r som e types o f  interference. 
The m atter is aggravated by the fact that, unlike the FD M -FM  telephony case, no trade-o ff between internal noise 
and  tha t due to external interference, is possible; a “ good” picture tends to be subjectively m ore sensitive to 
certain  types o f interference than  a poorer picture.

Thus, a m ove tow ards increasing the permissible interference for FM-TV, m ay on the one hand, 
not be necessary, and on the other, not be readily possible.

In Annex III, an impairment method to evaluate degradation due to 
interference is described. Based on a study carried out using NTSC television 
signals, in the general case it may not be desirable nor appropriate to simply 
add the different predetection signals on a power basis to attempt to evaluate 
the degradation of the television signal. However in the case of network quality 
NTSC signal (Recommendation 567), a close agreement has been shown between the 
two very different methods; the "objective" method of Report 449 and the
"subjective" method of Report 405 and Recommendations 500 and 600 of CCIR Volumes 
XI—1 and X/XI-2 in carrying out the calculations of Recommendation 483.

Further, in Annex III, results of experiments which related the C/I and
S/N resulting in "just perceptible interference" for a variety of carrier types 
are presented.

3.4 Permissible levels o f  interference in digital transmissions

In the case o f  digital transm issions, R ecom m endation 522 gives the perform ance criterion  in terms o f the
param eter m ost significant to the user; the bit e rror ratio . The long-term  perform ance criterion  stipulates tha t the 
bit e rro r ratio  should not exceed the provisional value o f  one part in 106, 1 0 -m inute m ean fo r m ore than 2 0 % o f 
any m onth.

To derive an interference criterion which, as before, should reflect a m oderate  im pact o f interference on 
total perform ance, one could rem ain  in the bit e rro r ratio  dom ain . H ow ever, unlike the analogue FD M -FM  
telephony case, there is no sim ple linear rela tionsh ip  betw een contribu tions to the bit e rro r ratio  due to internal 
noise and  tha t due to interference. As a consequence, one is obliged to relate the interference criterion to the 
actual perform ance criterion as a reference. Thus, one could choose as the interference criterion , that interference 
w hich w ould raise the bit error ra tio  from  1 0 ~6/ k  to 1 0 - 6  where k  is som e positive num ber which would constitute 
the allow able increase in bit erro r ra tio  due to interference. The m atter is discussed further in R epbrt 793.

However, since it is necessary to refer to the perform ance criterion, it has been found to be advantageous 
to express the interference criterion  in term s o f  a p redem odu la tion  param eter which is usually readily available. 
H aving the choice between the w anted-to-unw anted carrier ratio  (C /7 )  and  the external-to-in ternal noise 
ra tio  ( 7 / N ), the la tter is preferred , because it is largely independent o f specific equipm ent characteristics. The 
resulting  interference criterion is reflected in R ecom m endation 558. An allow ance is also to be made for 
interference from terrestrial systems where a band is shared with such services.
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This criterion  has the further advantage tha t the contribu tions from  various entries may be added in the 
pow er dom ain . In the digital case, as in the analogue FD M -FM  telephony case, a trade-o ff betw een internal and 
external noise is possible w ithin reason, and a large digital interference allow ance m ay be considered to facilitate 
coord ination . The effect o f  interference into digital systems is a function  o f  the am plitude and  phase d istribution  
o f the in terfering  carrier. C arrier offset o f an in terfering  signal thus has little effect, as long as the m ain p a rt o f 
the interference spectrum  falls w ithin the w anted channel.

For phase m odulated  systems using differential encoding and  coherent detection , the perm issible level o f  
interference can be calculated from  the form ula:

C „ /
-  ^  1 0 .8 ------------------
/  N ,otal

— 2 0  log
180°

+  A dB (3)

where:

C / I  : ratio  o f w anted signal pow er to interference pow er;

/ / N l(,iai: ratio  o f  the interference pow er under consideration  to the total noise pow er including all 
interference pow er;

I / N lolai : —7 dB (20%), —8.2 dB (15%) or —14 dB (4%) depending  on the circum stances o f the
interference as defined in R ecom m endation 523; 10.8 dB is the theoretical value ( C /  Nlotai) dB
required  for BER =  10~ 6 for a tw o-phase system;

m  : num ber o f  phase positions in the PM signal;

A : the estim ated im plem entation  loss. This will vary according to the dem odu la to r characteristics
and  the num ber o f  phase positions, m.

Typical values for A are:

2.5 +  0.5 log2m dB for FD M A  systems,

3.0 +  0.7 log2m dB for T D M A  systems.

The interference pow er w ould be m easured in the occupied bandw idth , which will approx im ate to the

N yquist bandw idth , B =
R

where R is the transm ission  rate in b it/s .
log2m

Further research is needed into the conditions under which R ecom m endation 523 is applicable, with regard 
to the frequency bandw id th  at which the interference level is m easured, the m odulation  characteristics and the 
perform ance o f the modem s.

The m ethod described above for calculating the perm issible interference level is based on the assum ption 
tha t interference has the character o f therm al noise. R eport 388 contains data  which may be used to assess the 
validity o f  this assum ption for PSK interference.

3 .5 Results of permissible level of carrier-to-interference ratio

The permissible level of interference has been calculated for various 
types of carrier combination taken from Table I of Annex III to Report 454.
The criteria used for various signal types are summarized in Table I.

The interference calculation has been based on the assumption that 
the carrier center frequency of the interferred-with carrier coincides with 
that of the interfering carrier. The spectra of FDM/FM carriers have been assumed 
to be Gaussian for the purpose of these calculations. Furthermore, due account 
is taken of the difference in the bandwidths of interferred-with and interfering
carriers. When the bandwidth of interferred-with carrier is larger than that 
of interfering carrier, multiple interference entries with different offsets 
are considered.
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Table II provides the required C/I matrix in which the element (i,j) 
implies the required C/I to protect the carrier i against the carrier j, in 
order that it meets a given single entry criterion. For networks published 
before 1987 the corresponding values would be 1.8 dB higher since the single 
entry criterion for them was more stringent.

It is to be noted that for the interference to companded FDM/FM carriers 
the acceptable C/I would be reduced by the amount corresponding to a companding 
gain.

3 . 6  Relationship between total allowable interference and individual entries

The recom m ended m axim um  total in terference value provides gu idance to system designers, who are 
expected to design their systems to accom m odate this level o f interference w ithout failing to achieve the required 
s tandards o f system perform ance. Thus, the problem  is to choose a value for the m axim um  single entry such that 
the m inim um  satellite angular separations will be suitable, and it will be feasible for all the necessary new satellite 
netw orks to be accom m odated in orbit, as well as ensuring  that the total in terference in a netw ork will not exceed 
the recom m ended value.

F or a num ber o f years the single interference entry was limited by C C IR  R ecom m endations to 4 /10  o f the 
total allow able. This ratio corresponds approxim ately  to the contribution  to the total o f each o f the two 
neighbour-satellite netw orks am ong a hom ogeneous equi-spaced population , the satellites o f which serve essen­
tially the sam e area on the Earth surface.

In practice, this single-valued bound has proven unsatisfactory because:

— it is not associated with any given spacing betw een co-coverage neighbour-satellites and  may be claimed for 
quite large spacings. This tends to be wasteful o f  o rb it; and

-  it is an  insufficient safeguard to ensure that actual cum ulative interference will not exceed the total allowable 
for which netw orks have been designed.

T o rem edy these shortcom ings, a strategy may be used which is aim ed at p roducing a reasonably high 
degree o f  hom ogeneity am ong all netw orks in a given fixed-satellite service band  by im posing emission and 
sensitivity constrain ts on the transm it and receive systems respectively, o f  the earth  and  space stations in all 
netw orks. These constrain ts w ould be chosen in such a way that they allow  “ reasonab le” im plem entation and 
transm ission param eters to be used for acceptable inter-satellite spacing betw een co-coverage netw orks (e.g. 4° to 
10° o f  arc). This strategy would be highly effective since it establishes an absolute interference between networks. 
At the sam e time, it w ould be relatively restrictive since the design and operating  ranges o f the technical 
param eters in all netw orks are necessarily bounded.

This strategy is designed to limit the total interference entering a netw ork when all the interfering netw orks 
have service areas that overlap with the service area o f the w anted network. This is a situation  which is typical, for 
exam ple, o f certain  arcs o f the geostationary-satellite orbit which are extensively used for global coverage 
satellites. There are additional risks o f large total interference levels when som e o f  the netw orks involved have 
service areas which do not overlap the service area o f the w anted netw ork, an d  the risks will increase as the orbit 
becom es crow ded with national-coverage satellites using high-perform ance an tennas.

W hen the satellite netw ork suffering inter-netw ork interference uses FD M -FM  emissions o f various 
bandw idths it is unlikely that the m axim um  interference entries within the netw ork o r from  o ther netw orks will all 
en ter the sam e w anted channel. T herefore, the total interference in the w orst-affected channel will be less than the 
arithm etic  sum o f  all the separate worst-case single entries o f interference. For this reason a ratio o f  about 1:3 
betw een the m axim um  perm issible single entry and the assum ed total level may be valid. R ecom m endation 466 
takes these principles into account in adopting a 2500 pWOp criteria for total inter-netw ork interference, and a 
800 pWOp criteria for single inter-netw ork interference entries.
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TABLE I
SINGLE ENTRY INTERFERENCE CRITERIA

FDM/FM - Reference: CCIR Recommendation 466-4 
800 pWOp

SCPC/FM - Reference: CCIR Recommendation AB/4 & others
- Noise-like interference: C/I* = C/N (operating)

+ 11.0 (dB)

- TV/FM interference: C/I** =13.5 + 2 log 6-3 log (i/10) (dB)
6 = bandwidth ratio of 

SCPC/FM carrier 
to TV/FM with energy 
dispersal only

i = Pre-demodulation interference 
power in the SCPC bandwidth 
expressed as a percentage of 
the total pre-demodulation 
noise power (10 i < 25)

SCPC/PSK - Reference: CCIR Recommendation AB/4 & others***
- Noise-like interference: C/I* = C/N (BER=10~6)

+ 12.2 (dB)

- TV/FM interference: C/I = C/N (BER=10“6) +6.4
+ 31og6-8 log (i/10) (dB)

6 = bandwidth ratio of 
SCPC/PSK carrier to 
TV/FM with energy 
dispersal only

i  = Pre-demodulation interference 
power in the SCPC bandwidth 
expressed as a percentage of 
the total pre-demodulation 
noise power (10 i ^ 25)

Digital - Reference: CCIR Recommendation 523-2 
C/I* = C/N (BER = 10~6 ) + 1 2 . 2  (dB)

TV/FM - Reference: CCIR Recommendation 483-1 
C/I* = C/N (operating) + 14 (dB)

Note - Assumed values of C/N are 10.0 dB for SCPC-FM, 15.7 dB for SCPC/PSK 
and digital carriers, 17.9 dB for TV/FM (17.5 MHz) and 16.0 dB for others. 

- Assumed value of i is 20%.

* * *

I is the interference power contained in the bandwidth of 
the desired carrier.
I is the total power of the interfering carrier.
The criteria for TV/FM to SCPC/PSK is currently under 
further study by c c i r.



T A B L E  IT
SIN G L E  ENTRY C A R R IE R -T O -IN T E R FE R E ,iM C E  R A T IO  ( C I R )  M ATRIX

I

«wM
K
%
C_>

raw
EH

I

__ w. I N T E R F E R I N G  C A R R I E R
1 2  3  4 0  

2 4 . 4  2 4 . 4  2 0 . 2  2 0 . 2  2 0 . 3  
i t  n  1 4 4  1 4 . 9  1 4 . 9  1 7 . 0

4
2 2 . 7
1 0 . 3

7
2 2 . 0
1 0 . 4

8
2 3 . 4
1 0 . 0

9
2 1 . 2
1 4 . 0

1 0
2 1 . 4
1 4 . 2

11 
21 . 0  
1 4 . 3

12  
2 0 .  1 
1 3 . 1

13
2 0 . 2
1 3 . 1

14
2 0 . 2
1 3 . 1

10
I B .  1 
1 1 . 2

14
1 6 . 0
1 1 . 4

1 7
1 4 . 7

9 . 6

18
1 7 . 3
1 0 . 3

19
1 4 . 0  

9 .  I

2 n  
1 4 . 3  

9 . 4
tL

2 4 . 4
3 4 . 4  
3 4 .  1
2 8 . 3
3 4 . 4  
41 . 0  
3 0  • 0

2 0 . 2 2 0 . 0 2 0 . 8 2 0 . 9 2 3 . 9 2 4 . 0 2 4 . 0 2 2 . 0 2 2 . 7 2 2 . 8 21  . 4 2 1 . 4 2 1 . 4 1 9 . 4 2 0 . 0 1 6 . 2 1 6 . 8 1 7 . 0 1 7 . 6J
A 3 3 . 4 3 3 . 9 3 3 . 9 3 4 . 0 3 2 . 0 3 2 . 4 3 3 . 0 31 . 3 3 1 . 0 3 1 . 4 3 0 . 4 3 0 . 4 3 0 . 4 2 8 . 0 2 8 . 9 2 7 .  » 2 7 . 7 2 4  . 4 2 4  . 7

3 0 . 4  
2 4 .  4

3 0 . 9 3 0 . 9 3 4 . 0 3 4 . 7 3 4 . 0 3 0 .  1 3 3 . 0 3 3 . 7 3 3 . 8 3 2 . 7 3 2 . 7 3 2 . 7 3 0 . 8 31 . 2 2 9 . 4 3(1.  0 2 b . ; 2 9 . 0
0
A 2 4 . 7 2 4 . 4 2 4 . 4 2 0 . 7 2 0 . 8 2 4 . 0 2 4 . 8 2 0 . 0 2 0 . 0 2 4 .  1 2 4 . ; 2 < . : 2 2 . 4 2 2  . 6 ? » . 1 7 1 . 4 2(1.  4 2 0 .  7
O
r 3 3 . 0 3 4 .  1 3 3 . 7 3 3 . 7 3 3 . 3 3 3 .  - Co , 7 3 7 . 8 3 2 . 9 3 2 . 2 3 2 . 2 3 2 . 2 3 0 . 7 3 1 . 0 2 9 . 0 3 0 .  0 2 6 . 8 2 V .  1•
e
9

3 7  . 2 3 7  . 4 3 4 . 4 3 4 . 0 3 7 . 1 3 7 .  5 . o 3 7  .. 1. y ?  . jc .vc 3 4 . 8 3 4 . 8 3 4 . 8 3 0 . 4 3 0 . 9 3 4 . 0 3 0 . 0 3 3 . 9 3 4 . 2

2 7  . 2 2 7 . 4 2 7 . 2 2 7 . 2 2 4 . 3 7 «■, 3 2 4 . 4 2 0 . 7 tro.e .  * 2 0 . 2 2 0 . 2 2 0 . 2 2 3 . 6 2 4  . 1 2 2 . 4 7 3 . 1 2 2  . 0 2 2 . 3

10 3 7  . 0 3 4 . 3 3 4 . 9 3 4 . 1 3 4 .  1 3 2 . 0 ^ 2 . 6 3 2 . 0 3 2 . 0 3 2 . 4 3 2 . 2 3 2 . 2 3 2 . 2 3 1 . 1 3 1 . 3 3 6 . 0 3 0 . 0 2 9 . 4 2 9 . 7

11 
12  
1 3

4 1 - 0 3 7  . 0 3 8 . 3 3 7 . 2 3 7 . 2 3 0 . 1 3 0 .  1 3 5 . 0 3 0 . 2 3 0 . 2 3 0 . 2 3 0 .  1 3 0 . 1 3 0 .  1 3 4 . 3 3 4 . 0 3 3 .  4 3 3 . 6 3 2 . 6 3 3 .  1

31 .  1 
3 0 . 3

2 0 . 2 2 0 . 4 2 8 .  1 2 0 .  1 2 4 . 0 2 4 . 0 2 4 . 4 2 4 .  1 2 4 . 1 2 4 . 2 2 0 . 7 2 0 . 7 2 0 . 7 2 4 . 4 2 4 . 8 2 3 . a 2 4 . 0 2 2  . 9 2 3  . 2
3 0 . 3 3 0 . 0 3 0 . 1 3 0 .  1 3 2 . 4 3 2 . 4 3 2 . 4 3 2 . 3 3 2 . 3 3 2 . 3 3 2 .  I 3 2 .  1 3 2 .  1 3 1 . 3 3 1 . 0 3 0 .  4 3 0 . 8 2 9 . 9 3 0 . 2

14  
10  
14  
17  
10  
1 9  
2 0  
21  
2 2

41 .  I 
3 4 .  i 
4 1 . 9

3 8 .  1 
31  . 2

3 0 . 7 3 7 . 9 3 7 . 9 3 4 . 7 3 4 . 4 3 4 . 2 3 4 . 3 3 4 . 3 3 4 . 3 3 4 . 2 3 4 . 3 3 4 . 3 3 3 . 6 3 3 . 9 3 3 . 0 3 3 . 4 32 . 4 3 2  . 6

31 . 7 31  .  1 3 1 . 1 2 0 . 4 2 0 . 2 2 8 . 2 2 7 . 0 2 7 . 4 2 7 . 4 2 7 . 2 2 7 . 2 2 7 . 2 2 4 . 4 2 4 . 7 2 0 . 9 2 4 . 2 2 5 . 4 2 0 . 4

3 9 . 0 3 9 . 0 3 0 . 9 3 0 . 9 3 4 . 1 3 0 . 3 3 0 . 2 3 4 . 1 3 3 . 9 3 3 . 7 3 3 . 7 3 3 . 7 3 3 . 7 3 3 . 4 3 3 . 7 3 3 . 2 3 3 . 4 32 . 6 3 3 . 0

3 0 . 2
4 3 . 0

3 0 . 3 3 0 . 0 3 0 . 2 3 0 . 2 3 2 . 7 3 2 . 2 3 2 . 1 3 0 . 9 3 0 . 0 3 0 . 3 3 0 . 0 2 9 . 8 2 9 . 7 2 9 . 4 2 9 . 4 2  9 . 0 2 9 .  1 2 6 .  7 2 6 . 6

4 1 . 0 41 . O 4 0 . 0 4 0 . 0 3 0 . 4 3 7 . 7 3 7 . 7 3 4 . 1 3 0 . 0 3 0 .  1 3 4 . 7 3 4 . 3 3 4 .  1 3 4 . 2 3 4 . 2 3 4 . 0 3 4 .  1 3 3 . 9 34 . 0

3 4 . 7 3 3 . 0 3 4  . 3 3 3 . 7 3 3 . 7 3 1 . 3 3 0 . 0 3 0 . 7 2 9 . 0 2 9 . 2 2 8 . 9 2 8 . 0 2 8 . 2 2 8 .  1 2 7 . 4 2 7 . 7 2 7 . 2 7 7  . 4 2 7 . 0 2 7 . 1

4 0 . 3  
4 0 .  7

4 2  . 4 4 2 . 9 4 2 . 3 4 2 . 3 3 9 . 0 3 9 . 3 3 9 . 2 3 7 . 9 3 7 . 4 3 7 . 0 3 4 . 4 3 0 . 0 3 0 . 2 3 4 . 4 3 4  . 4 3 4 . 0 3 4 . 0 34 . 4 3 4  . 4

4 0 .  8 4 4 . 3 4 0 . 7 4 0 . 7 4 3 . 3 4 2 . 0 4 2 . 0 41  . 0 4 0 . 8 4 0 . 3 3 9 . 4 3 6 . 0 3 7 . 4 3 4 . 4 3 4 .  1 3 4 . 6 3 4  .  4 3 7 . 0 3 4 . 9

4 3 . 0 4 0 .  I 4 0 . 4 4 0 . 0 4 0 . 0 3 7 . 0 3 7 . 0 3 4 . 9 3 0 . 8 3 0 . 4 3 0 . 2 3 4  . 7 3 4 . 2 3 3 . 9 3 2 . 3 3 2 .  1 3 1 . 2 3 1 . 3 .3.1 . 0 3 1 . 1

23 8.0 4.6 5.6 5.6 5.9 2.6 2.8 3.4 1.0 1.2 1.4 -0.1 0.0 0.0 -2.1 -1.7 -3.6 -5.0 -4.5 -3.9

24 9-0 5.5 6.6 6.6 6.8 3.6 3.8 4.4 2.0 2.2 2.3 0.9 0.9 1.0 -1.1 -0.7 -2.6 -2.0 -5.5 -3.0
25 9.8 6.3 7.4 7.4 7.6 4.4 4.5 5-2. 2.B l.Q 3,1 1.7 1.7 1.8 -0.3 0.1 -1.8 -1.2 -2.5 -2.2

26 14.5 11.1 12.2 12.1 12.4 9.2 9.3 9.9 7.5 7.8 7.9 6.5 6.5 6.5 4.4 4.9 3.0 5.5 2.5 2.6
27 17.5 14.1 15.2 15.2 15.4 12.2 12.3 12.9 10.5 10.8 10.9 9.5 9.5 9.5 7.4 7.9 6.0 6.6 5.5 5.6

2 0 1 7 . 7 1 4 . 3 1 0 . 3 1 0 . 3 1 0 . 0 1 2 . 3 1 2 . 0 1 3 .  1 1 0 . 7 1 0 . 9 11.1 9 . 4 9 . 7 9 . 7 7 . 4 6 . 0 4 .  1 4 . 7 0 . 4 0 . 7
2 9 1 0 . 9 1 0 . 0 1 4 . 0 1 4 . 0 1 4 . 7 1 3 . 0 1 3 . 7 1 4 . 3 1 1 . 9 1 2 . 1 1 2 . 2 1 0 . 8 1 0 . 9 1 0 . 9 6 . 8 9 . 2 7 . 3 7 . 9 4 . 4 4  . 9
3 0 2 3 . 7 2 0 . 2 21  . 3 2 1 . 3 2 1 . 0 1 0 . 3 1 0 . 4 1 9 .  1 1 4 . 4 1 4 . 9 1 7 . 0 1 0 . 4 1 0 . 4 1 0 . 4 1 3 . 4 1 4 . 0 1 2 . 1 1 2 . 7 1 1 . 4 1 1 . 7
31 2 4 . 7 2 3 . 2 2 4 . 3 2 4 . 3 2 4 . 0 2 1 . 3 2 1 . 4 2 2 . 1 1 9 . 7 1 9 . 9 2 0 . 0 1 8 . 4 1 8 . 4 1 8 . 7 1 4 . 4 1 7 . 0 1 0 .  1 1 0 . 7 1 4 . 4 1 4 . 7
3 2 2 9 . 7 2 4 . 2 2 7 . 3 2 7 . 3 2 7 . 0 2 4 . 3 2 4 . 0 2 0 .  1 2 2 . 7 2 2 . 9 2 3 . 0 2 1 . 4 2 1 . 7 21 . 7 1 9 . 4 2 0 . 0 1 6 . 1 1 6 . 7 1 7 . 4 i r . 7
3 3 2 9 . 0 2 7 . 7 2 7 . 9 2 7 . 9 2 7 . 9 2 7 . 0 2 7 . 1 2 7 . 4 2 0 . 9 2 4 . 1 2 4 . 2 2 0 . 1 2 0 .  1 2 0 .  1 2 3 . 2 2 3 . 4 21 . 6 2 2 . 4 2 1 . 1 2 1 . 0
3 4 3 0 . 0 2 7 . 9 2 7 . 9 2 7 . 9 2 7 . 9 2 7 . 0 2 7 . 0 2 7 . 7 2 4 . 7 2 4 . 8 2 4 . 9 2 0 . 9 2 0 . 9 2 4 . 0 2 4 . 2 2 4  . 4 2 2 . 9 2 3  . 4 2 2  . 2 2 2  . 0
3 0 3 0 . 9 2 0 . 0 2 8 . 0 2 7 . 9 2 7 . 9 2 7 . 7 2 7 . 0 2 7 . 0 2 7 . 1 2 7 . 3 2 7 . 3 2 4 . 0 2 4 . 4 2 4 . 4 2 0 . 0 2 0 . 3 2 3 . 7 7 4 . 2 2 3 . 0 2 3 . 3
3 4 3 4 . 4 31  . 0 3 2 . 0 3 1 . 4 31 . 4 2 0 . 9 2 0 . 4 2 6 . 3 2 7 . 9 2 7 . 9 2 7 . 9 2 7 . 8 2 7 . 8 2 7 . 8 2 7 . 3 2 7  . 0 2 4 . 0 2 4 . 9 2 4 . 0 2 4 . 3
3 7 3 4 . 4 31  . 0 3 2 . 0 3 1 . 4 31  . 4 * 2 0 . 9 2 0 . 4 2 0 . 3 2 7 . 9 2 7 . 9 2 7 . 9 . 2 7 . 8 2 7 . 8 2 7 . 0 2 7 . 3 2 7 . 0 2 4 . 0 2 4 . 9 2c. .  O 2 4 . 3
3 0 3 7 . 0 3 4 . 4 3 0 .  1 3 4 . 0 3 4 . 0 3 2 . 0 3 1 . 0 31 . 4 3 0 . 3 2 9 . 9 2 9 . 7 2 9 . 2 2 8 . 7 2 0 . 0 2 7 . 9 2 7 . 9 7 7 . 6 2 7 . 9 2 7 . 4 2 7 . 7

3 7 3 9 . 9 3 7 . 0 3 7 . 0 3 4 . 9 3 4 . 9 3 4 . 0 3 4 . 0 3 3 . 9 3 2 . 8 3 2 . 4 3 2 . 2 3 1 . 7 3 1 . 2 3 0 . 9 2 9 . 0 2 9 . 3 7 7 . 9 2 6 . 0 2 7 . 9 2 7 . 9

4 0 4 0 . 0 3 7 . 4 3 0 . 1 3 7 . 0 3 7 . 0 , 3 0 . 1 3 4 . 4 3 4 . 0 3 3 . 4 3 3 . 0 3 2 . 8 3 2 . 3 3 1 . 7 31 . 0 3 0 .  1 2 9 . 9 2 6 . 0 2 8 . 4 2 7 . 9 2 7 . 9
4 | 4 0 .  4 3 7 . 0 * 3 8 . 0 3 7 . 4 3 7 . 4  , 3 4 . 9 3 4 . 4 3 4 . 4 3 3 . 2 3 2 . 8 3 2 . 4 3 2 . 2 31 . 4 3 1 . 4 3 0 . 0 2 9 . 6 2 6 . 4 2 0 . 4 2 7 . 9 2 7 . 9
4 2 41 . 0 3 8 . 4 3 9 . 1 3 8 . 0 3 0 . 0 3 4 . 0 3 0 . 0 3 0 . 4 3 4 . 3 3 3 . 9 3 3 . 7 3 3 . 2 3 2 . 7 3 2 . 0 31 . 1 3 0 . 9 2 9 . 4 2 9 . 0 2 6 . 6 2 6 . 0

4 3 4 4 .  1 4 3 . 2 4 3 . 7 4 3 .  1 4 3 .  1 40. .  7 4 0 . 2 4 0 .  1 3 9 . 0 3 8 . 4 3 6 . 4 3 7 . 9 3 7 . 4 3 7 .  1 3 0 . 7 3 0 . 0 3 4 .  1 3 4 . 2 3 3 .  0 3 3 . 2

4 4 4 4 . 0 4 3 . 4 4 4 . 1 4 1 . 0 4 3 . 0 4 1 . 1 4 0 . 4 4 0 . 0 3 9 . 4 3 9 . 0 3 8 . 8 3 6 . 3 3 7 . 7 3 7 . 0 3 4 .  I 3 0 . 9 3 4  . 0 3 4  . 4 3 3.  V 3 3 . 0

4 0 4 7 . 8 4 4 . 9 4 0 . 4 4 1 . 0 4 4 . 0 4 2 . 3 4 1 . 6 4 1 . 0 4 0 . 4 4 0 . 3 4 0 . 0 3 9 . 4 3 9 . 0 3 6 . 8 3 7 . 4 3 7 . 2 3 0 . 6 3 0 . 8 3 0 . 2 34 . b
4 4 4 3 . 8 4 0 . 9 4 1 . 4 4 0 . 0 4 0 . 0 3 8 . 4 3 7 . 8 3 7 . 0 3 4 . 4 3 4 . 3 3 4 . 0 3 0 . 4 3 0 . 0 3 4 . 8 3 3 . 4 3 3 . 2 31 . 9 31 . 9 31 . V 3 I . V
47 4 2  . 0 3 9 . 4 4 0 .  1 3 9 . 0 3 9 . 0 3 7 . 0 3 4 . 0 3 4 . 0 3 0 . 3 3 4 . 9 3 4 . 7 3 4  . 3 3 3 . 7 3 3 . 0 3 2  . 1 31 . 9 3 0 . 0 30 . 0 3 0 . (i 3 0 . O

4 6 4 4 . 2 4 1 . 3 4 1 . 0 4 1 . 2 41 . 2 3 8 . 8 3 8 . 3 3 8 . 2 3 7 .  1 3 4 . 7 3 4 . 0 3 4  . 0 3 0 . 0 3 0 . 2 3 3 . 8 3 3 . 4 3 2 . 2 32 . 3 3 i . 4 31 . j

4 9 4 4 . 2 4 1 . 3 4 1 . 0 4 1 . 2 4 1 . 2 3 8 . 8 3 8 . 3 3 6 . 2 3 7 .  1 3 6 .  7 3 4 . 0 3 4  . 0 3 0 . 0 3 0 . 2 3 3 . 8 3 3 . 4 3 2  . 2 32 . 3 3 1 . 4 3 1 . 3

OO 4 4 . 0 4 1 . 4 4 2 .  1 4 1 . 0 4 1 . 0 3 9 .  1 3 8 . 4 3 6 . 0 3 7 . 4 3 7 . 0 3 4 . 6 3 4 . 3 3 0 . 8 3 0 . 0 3 4 .  1 3 3 .  9 3 2  . 0 32 . 4 3 1 . 9 3 1 . 4
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TABLE II (continued)

21 2 2 2 3 2 4 2 0
1 1 4 . 7 1 3 . 0 4  It . 0 4 1 . 0 4 0 . 7

>2 9 . 0 7 . 0 3 0 . 4 3 4 . 4 3 3 . 0
3 1 0 . 2 1 0 . 4 4 4 . 0 4 3 . 0 4 2 . 2
4 2 7 . 1 2 4 . 3 0 2 . 9 0 2 . 0 0 1  . 2
3 2 4 . 4 2 4 . 4 0 5 . 2 0 4 . 3 0 3 . 0
4 2 1 . 1 1 0 . 3 4 7 . 0 4 4 . 0 4 0 . 2
7 2 9 . 0 2 4 . 0 0 9 . 0 0 4 . 0 0 3 . 7
• 3 4 . 0 31 . 4 4 0 . 4 0 4 . 4 0 0 . 0
9 2 2 . 4 2 0 . 0 4 3 . 7 4 7 . 7 4 4 . 9

I O 3 0 . 0 2 7 . 0 0 4 . 3 0 0 . 3 0 4 . 0
t 1 3 3 . 4 3 0 . 4 0 4 . 0 0 0 . 0 0 0 . 0
12 2 3 . 0 21 . O 4 9 . 0 4 0 . 0 4 0 . 0
13 3 0 . 0 2 0 . 1 0 7 . 0 0 4 . 0 0 0 . 2
14 3 3 . 0 3 0 . 4 0 4 . 0 0 0 . 0 0 0 . 0
1 0 2 0 . 4 2 3 . 0 0 2 . 0 0 1 . 9 e i  . i
14 3 3 . 2 3 1 . 0 4 0 . 4 0 4 . 7 0 0 . 9
17 2 4 . 0 2 7 . 0 0 4 . 4 0 0 . 9 0 0 . 1
1 0 3 4 . 0 3 2 . 4 4 2 . 4 4 1 . 4 4 0 . 0
I * 2 7 . 2 2 0 . 4 s e . o 0 4 . 0 0 3 . 7
2 0 3 4 . 0 3 3 . 0 4 4 . 0 4 3 . 0 4 2 . 2
21 3 4 . 0 3 4 . 4 4 7 . 0 4 4 . 0 4 0 . 7
2 2 31 . 1 3 0 . 4 41 . 7 4 0 . 7 0 9 . 4
2 0 -3.5 -6.4 2 2 . 2 2 U Z 2 0 . 4
2 4 -2.6 -5.5 2 3 . 2 2 2 . 2 21  . 4
2 0 •1.8 -4.7 2 4 . 0 2 3 . 0 2 2 . 2
2 4 3.0 0.1 2 0 . 7 2 7 . 0 2 7 . 0
2 7 6.0 3.1 3 1 . 7 3 0 . 0 3 0 . 0
2 0 4 . 1 3 . 3 3 0 . 7 2 4 . 7 2 8 . 4
2 9 7 . 3 4 . 4 31 . 4 3 0 . 4 3 0 . 1
3 0 1 2 .  1 4 . 2 3 4 . 7 3 0 . 7 3 4 . 9
31 1 0 .  1 1 2 . 2 3 4 . 7 3 0 . 7 3 7 . 4
3 2 1 0 .  1 1 0 . 2 4 2 . 7 4 1 . 7 4 0 . 4
3 3 2 1 . 4 1 4 . 0 4 4 . 0 4 0 . 0 4 4 . 7
3 4 2 2 . 4 2 0 .  1 4 7 . 0 4 4 . 4 4 0 . 0
3 0 2 3 . 7 2 0 . 4 4 0  .M 4 7 . 4 4 4 . 7
3 4 2 4 . 0 2 4 . 2 0 1 . 4 0 0 . 4 0 0 . 1
3 7 2 4 . 5 2 4 . 2 01  . 4 0 0 . 4 0 0 . 1
3 0 2 7 . 0 2 4 . 7 0 0 . 0 0 4 . 0 0 3 . 2
3 4 2 7 . 4 2 7 . 7 , 0 7 . 4 0 4 . 0 0 0 . 7
4 0 2 7 . 4 2 7 . 0 0 0 . 0 0 7 . 1 0 4 . 3
41 2 7 . 4 2 7 . 0 0 7 . 9 0 4 . 9 0 4 .  1
4 2 2 0 . 0 2 7 . 4 0 4 . 0 0 0 . 0 0 7 . 2
4 3 3 2 . 7 3 1 . 1 4 3 . 4 4 2 . 7 4 1 . 9
4 4 3 3 . 1 31  . 0 4 4 . 0 4 3 . 1 4 2 . 3
4 0 3 4 . 3 3 2 . 0 4 0 . 3 4 4 . 3 4 3 . 0
4 4 3 1 . 4 3 1 . 7 4 1 . 3 4 0 . 4 0 9 . 4
4 7 3 0 . 0 2 4 . 4 4 0 . 0 0 0 . 0 0 0 . 2
4 0 3 0 . 0 3 0 . 0 4 1 . 0 4 0 . 0 4 0 . 0
4 4 3 0 . 0 3 0 . 0 4 1 . 0 4 0 . 0 4 0 . 0
0 0 31 . 1 3 0 . 0 4 2 . 0 4 1 . 1 4 0 . 3

2 4 2 7 2 0 2 9 3 0
3 0 . 4 37. .  9 3 9 . 7 3 0 . 0 3 3 . 7
2 9 . 1 2 4 .  1 3 2 . 0 31  . 4 2 4 . 9
3 7 . 0 3 4 . 0 4 1 . 2 4 0 . 0 3 0 . 3
4 4 . 4 4 3 . 4 0 0 .  1 4 9 . 0 4 4 . 2
4 0 . 7 4 M . 7 0 2 . 0 01  . 3 4 4 . 0
4 0 . 0 3 V . O 4 4 . 2 4 3 . 0 3 0 . 3
4 0 . 9 4 0 . V 0 2 . 7 O l  . 0 4 4 . 7
0 4 .  1 Ol. . 1 0 7 . 0 0 4 . 4 O l  . 9
4 2 . 2 3 4 . 2 4 0 . 4 4 4 . 7 3 9 . 9
4 9 . 7 4 4 . 7 0 3 . 0 0 2 . 3 4 7 . 0
0 3 . 2 0 0 . 2 0 7 . 0 0 0 . 0 0 1 . 0
4 3 . 2 4 0 . 2 4 7 . 0 4 0 . 0 41 . O
0 0 . 0 4 7 . 4 0 4 . 2 0 3 . 0 4 0 . 2
0 3 . 3 0 0 . 2 0 7 . 0 0 0 . 0 01  . O
4 4 . 3 4 3 . 3 0 0 . 0 4 0 . 9 4 4 .  1
0 4 . 1 0 1 . 1 0 7 . 9 0 4 . 7 01  . 9
0 0 . 4 4 7 . 4 0 4 .  1 0 2 . 9 4 0 . 2
0 4 . 0 0 3 . 0 0 9 . 0 0 0 . 4 0 3 . 0
4 0 . 9 4 0 . 9 0 2 . 7 0 1 . 0 4 4 . 7
0 7 . 0 0 4 . 4 4 1 . 2 4 0 . 0 0 0 . 2
4 0 . 9 0 7 . 4 4 4 . 7 4 3 . 0 0 0 . 7
0 0 . 2 0 2 . 1 0 0 . 9 0 7 . 7 0 2 . 9
1 0 . 7 1 2 . 7 1 9 . 4 1 0 . 2 1 3 . 4
1 4 . 4 1 3 . 4 2 0 . 4 1 9 . 2 1 4 . 4
1 7 . 4 1 4 . 4 2 1 . 2 2 0 . 0 1 0 . 2
2 2 . 2 1 4 . 2 2 0 . 9 2 4 . 0 2 0 . 0
2 0 . 2 2 2 . 2 2 9 . 0 2 7 . 0 2 3 . 0
2 4 . 2 2 1 . 1 2 7 . 9 2 4 . 7 2 1 . 9
2 0 . 3 2 2 . 3 2 9 . 1 2 7 . 9 2 3 .  1
3 0 . 1 2 7 . 1 3 3 . 9 3 2 . 7 2 7 . 9
3 3 . 1 3 0 . 1 3 4 . 9 3 0 . 7 3 0 . 9
3 4 . 1 3 3 . 1 3 9 . 9 3 0 . 7 3 3 . 9
3 4 . 4 3 4 . 9 4 3 . 7 4 2 . 0 3 7 . 7
41  . 0 3 0 . 0 4 4 . 0 4 3 . 4 3 0 . 0

1 4 1 . 9 3 0 . 4 4 0 . 4 4 4 . 4 3 9 . 7
4 0 . 3 4 2 . 3 4 9 . 1 4 7 . 9 4 3 . 1
4 0 . 3 4 2 . 3 4 9 . 1 4 7 . 9 4 3 . 1
4 0 . 4 4 0 . 4 0 2 . 2 0 1 . 0 4 4 . 2

1 0 0 . 4 4 7 . 4 0 4 . 7 0 3 . 0 4 0 . 7
0 1  . 0 4 0 . 0 0 0 . 2 0 4 . 0 4 9 . 3
0 1 . 4 4 0 . 4 0 0 . 1 0 3 . 9 4 9 .  1
0 2 . 4 4 9 . 4 0 4 . 2 0 0 . 0 0 0 . 2
0 7 . 1 0 4 . 1 4 0 . 9 0 9 . 7 6 4 . 9
0 7 . 0 0 4 . 0 4 1 . 2 4 0 . 0 0 0 . 3
0 0 . 0 0 0 . 0 4 2 . 0 4 1 . 3 0 4 . 4
0 4 . 0 0 1 . 0 0 0 . 0 0 7 . 3 0 2 . 4
0 3 . 0 0 0 . 0 0 7 . 2 0 4 . 0 0 1 . 2
0 0 . 2 0 2 . 2 0 9 . 0 0 7 . 0 0 3 . 0
0 0 . 2 0 2 . 2 0 9 . 0 0 7 . 8 0 3 . 0
0 0 . 0 0 2 . 0 0 9 . 3 0 0 . 1 0 3 . 3

31 3 2 3 3 3 4 3 0
3 0 . 7 2 9 . 2 2 3 . 9 2 2 . 0 2 1 . 9
2 3 . 0 2 0 . 0 1 6 . 0 1 0 . 9 1 0 .  1
3 2 . 3 2 9 . 3 2 0 . 4 2 4 . 4 2 3 . 0
4 1 . 2 3 0 . 0 3 4 . 2 3 3 . 3 3 2 . 4
4 3 . 0 4 0 . 3 3 6 . 4 3 0 . 6 3 4 . 7
3 0 . 2 3 2 . 2 2 8 . 4 2 7 . 4 2 6 . 2
4 3 . 7 4 0 . 7 3 6 . 9 3 0 . 0 3 4  . 3
4 0 . 0 4 0 . 0 4 2 . 0 41 . O 4 0 .  1
3 4 . 9 3 3 . 9 3 0 .  1 2 9 . 0 2 6 . 2
4 4 . 0 4 1 . 0 3 7 . 7 3 6 . 4 3 0 . 7
4 0 . 0 4 0 . 0 4 1 . 2 4 0 .  1 3 9 . 2
3 6 . 0 3 0 . 0 31 . 2 3 0 .  1 2 9 . 2
4 0 . 2 4 2 . 2 3 0 . 4 3 7 . 3 3 6 . 4
4 0 . 0 4 0 . 0 4 1 . 2 4 0 .  1 3 9 . 2
41  . 1 3 0 .  1 3 4 . 3 3 3 . 2 3 2 . 3
4 0 . 9 4 0 . 9 4 2 .  1 41 . 0 4 0 .  1
4 0 .  1 4 2 . 1 3 0 . 3 3 7 . 2 3 6 .  4
0 0 . 0 4 7 . 0 4 4 . 0 4 2 . 9 4 2 . 0
4 3 . 7 4 0 . 7 3 4 . 9 3 0 . 0 3 4 . 9
0 2 . 2 4 9 . 2 4 0 . 4 4 4 . 3 4 3 . 0
0 0 . 7 5 2 . 7 4 0 . 9 4 7 . 0 4 4 . 9
4 9 . 9 4 4 . 9 4 3 .  1 4 2 . 0 4 1 . 2
1 0 . 4 7 . 4 3 . 6 2 . 6 1 . 7
1 1 . 4 0 . 4 4 . 6 3 . 0 2 . 7
1 2 . 2 9 . 2 0 . 4 4 . 3 3 . 4
1 7 . 0 1 4 . 0 1 0 . 2 9 . 1 6 . 2
2 0 . 0 1 7 . 0 1 3 . 2 1 2 .  1 1 1 . 2
1 0 . 9 1 0 . 9 1 2 . 1 11 . 0 1 0 . 2
2 0 . 1 1 7 . 1 1 3 . 3 1 2 . 2 1 1 . 4
2 4 . 9 21 . 9 1 0 . 1 1 7 . 0 1 6 . 1
2 7 . 9 2 4 . 9 21 . 1 2 0 . 0 1 9 . 1
3 0 . 9 2 7 . 9 2 4 .  1 2 3 . 0 2 2 . 2
3 4 . 7 31 . 7 2 7 . 9 2 6 . 6 2 6 . 0
3 0 . 0 3 2 . 0 2 9 . 0 2 7 . 9 2 7 . 0
3 4 . 7 3 3 . 4 2 9 . 0 2 0 . 0 2 7 . 9
4 0 . 1 3 7 . 1 3 3 . 3 3 2 . 2 3 1 . 4
4 0 . 1 3 7 .  1 3 3 . 3 3 2 . 2 31 . 4
4 3 . 2 4 0 . 2 3 4 . 4 3 0 . 3 3 4 . 0
4 0 . 7 4 2 . 7 3 0 . 9 3 7 . 0 3 6 . 9
4 4 . 3 4 3 . 3 3 9 . 0 3 0 . 4 3 7 . 0
4 6 .  1 4 3 .  1 3 9 . 3 3 0 . 3 3 7 . 4
4 7 . 2 4 4 . 2 4 0 . 4 3 9 . 3 3 0 . 0
0 1 . 9 4 0 . 9 4 0 .  1 4 4 . 0 4 3 .  1
0 2 . 3 4 9 . 3 4 0 . 0 4 4 . 4 4 3 . 0
0 3 . 0 5 0 . 0 4 6 . 7 4 5 . 7 4 4 . 0
4 9 . 4 4 4 . 0 4 2 . 7 4 1 . 7 4 0 . 0
4 0 . 2 4 0 . 2 4 1 . 4 4 0 . 4 3 9 . 0
0 0 . 0 4 7 . 0 4 3 . 2 4 2 . 1 4 1 . 2

0 0 . 0 4 7 . 0 4 3 . 2 4 2 . 1 4 1 . 2
0 0 . 3 4 7 . 3 4 3 . 0 4 2 . 4 41 . 0

3 4 37 3 6 J9 4(1
1 6 . 0 1 6 . 0 1 0 . 4 1 2 . 9 1 2 . 3
1 1 . 6 1 1 . 6 6 . 0 6 . 1 6 . 0
2 0 . 0 2 0 . 0 1 6 . 9 1 4 . 0 1 1 . 9
2 0 . 9 2 8 . 9 2 0 . 0 2 - 1 . 4 27. . 8
3 1 . 3 3 1 . 3 2 6 . 2 2 5 .  7 2 0 .  1
2 3 . 0 2 3 . 0 1 v . 9 1 7 . 6 1 6 . 9
3 1 . 0 31 . 0 2 « . 4 2 0 . 9 2 0 .  J
i o .  6 3 6 . 6 1 3 . 0 l l  . t 1 0 . 0
2 4 . 7 2 4 . 7 2 1 . 4 1 9 . 1 1 6 . 4
3 2 . 2 3 2 . 2 2 9 . 2 2 6 . 7 2 6  . 1
i 0 . 7 3 0 . 7 1 2 . 7 10 .  2 2 9 . 6
2 0 . 7 2 0 .  7 2 2 . 7 2 0 . 2 1 9 . »
3 2 .  7 3 2 . 7 2 9 . 9 2 7 . 4 2 6 . 6
3 5 .  3 3 0 . 3 3 2 .  7 3 0 . 2 2 9 . 6
2 8 . 6 2 6 . 6 2 5 . 7 2 3 . 3 2 2 . 7
3 6 . 7 3 6 . 7 3 1 . 0 11 . 1 3 0 . 0
3 2 . 9 3 2 . 9 2 9 . 0 2 7 . 4 2 4 . 6
3 0 .  6 3 8 . 6 3 0 . 0 3 3 . 0 3 2 . 4
3 1 . 0 31 . 0 2 0 .  4 2 0 .  V 2 0 . 3
4 0 . 0 4 0 . 0 1 6 . 9 1 4 . 4 1 1 . 8
4 3 . 0 4 3 . 0 4 0 .  4 3 7 . 6 3 7 .  1
3 7 . 7 3 7 . 7 14 . 6 1 2 .  1 3 1 . 2
- 1 . 0 -  1 . 0 • 4 . 9 - 7 . 1 - 7 . 9
- 0 . 6 - 0 . 0 - 3 . 9 - 6 . 4 - 7 . 0

0 . 0 0 . 0 -  1 .  1 - 0 . 6 - 6 . 2
4 . 6 4 . 6 1 . 7 - 0 . 6 - 1 . 4
7 . 6 7 . 0 4 . 7 2 . 2 1 . 4
6 . 7 6 . 7 3 . 4 1 . I 0 . 6
7 . 9 7 . 9 4 . 6 2 . 3 1 . 6

1 2 . 7 1 2 . 7 9 . 4 7 .  1 4 . 0
1 0 . 7 1 0 . 7 1 2 . 4 1 0 .  1 9 . 0
1 6 . 7 1 6 .  7 1 0 . 4 1 3 . 1 1 2 . 0
2 2 . 0 2 2 . 0 1 9 . 4 1 6 . 9 1 4 . 3
2 3 . 6 2 3 . 6 2 0 . 0 1 6 . 0 1 7 . 4
2 4 . 4 2 4 . 4 2 1 . 3 1 6 . 9 1 0 . 3
2 7 . 9 2 7 . 9 2 4 . 6 2 2 . 3 21 . 6
2 7 . 9 2 7 . 9 2 4 . 6 2 2 . 3 2 1 . 6
3 1 . 0 31 . 0 2 7 . 9 2 0 . 4 2 4 . 0
3 3 . 0 3 3 . 0 3 0 . 4 2 7 . 9 2 7 . 3
3 4 . 0 3 4 . 0 3 1 . 0 2 6 . 0 2 7 . 9
3 3 . 9 3 3 . 9 3 0 . 0 2 8  . 4 2 7 . 6
3 0 . 0 3 0 . 0 31 . 9 2 9 . 4 2 6  . 6
1 9 . 7 3 9 .  7 3 6 . 6 1 4 .  1 1 3 . 0
4 0 . 0 4 0 . 0 1 7 . 0 1 4 . 0 3 1 . 9
4 1 . 3 4 1 . 3 3 6 . 2 3 0 .  6 3 0 . 2
3 7 . 3 3 7 . 3 3 4 . 2 1 1 . 0 11 . 2
3 6 . 0 3 6 . 0 3 2 . 9 3 0 . 6 2 V . 9
3 7 . 0 3 7 . 6 3 4 . 7 3 2 . 2 31 . 6
3 7 . 0 3 7  . 6 3 4 . 7 3 2 . 2 3 1 . 4
3 6 .  1 3 6 .  1 3 0 . 0 3 2 . 6 3 1 . 9
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TABLE II (continued)

41 4 2 4 3 4 4 4 0 4 4 4 7 4 8 4 7 0 0
1 1 2 . 0 1 1 . 4 4 . 7 4 . 3 0 . 1 2 2 . 0 2 2 . 0 1 7 . 4 1 7 . 4 2 2 . 0
2 0 . 4 4 . 0 - 0 . 1 - 0 . 0 - 1 . 8 1 0 . 4 1 0 . 4 1 2 . 4 1 2 . 4 1 0 . 4
3 1 4 . 0 1 2 . 7 8 . 3 7 . 7 4 . 4 2 4 . 0 2 4 . 0 2 1 . 0 2 1 . 0 2 4 . 0
A 2 2 .  9 2 1  . 7 1 7 . 2 1 4 . 8 1 0 . 0 3 2 . 7 3 2 . 7 2 7 . 7 2 7 . 7 3 2 . 7
0 2 5 . 2 2 4 . 2 1 7 . 0 1 7 . 1 1 7 . 8 3 0 . 2 3 0 . 2 3 2 . 2 3 2 . 2 3 0 . 2
6 1 7 . 0 1 0 . 7 1 1 . 3 1 0 . 7 7 . 4 2 4 . 4 2 4 . 4 2 4 . 0 2 4 . 0 2 4 . 4
7 2 0 . 0 2 4 . 4 1 7 . 7 1 7 . 3 1 6 . 0 3 4 . 0 3 4 . 0 3 2 . 4 3 2 . 4 3 4 . 0
e 3 0 . 4 2 7 . 0 2 4 . 7 2 4 . 0 2 3 . 2 3 8 . 8 3 8 . 8 3 7 . 4 3 7 . 4 3 6 . 6
7 1 8 . 7 1 7 . 4 1 3 . 0 1 2 . 4 1 1 . 3 2 7 . 3 2 7 . 3 2 0 . 4 2 0 . 4 2 7 . 3

1 0 2 4 . 2 2 0 . 2 2 0 . 0 2 0 . 1 1 8 . 8 3 4 . 0 3 4 . 0 3 3 . 0 3 3 . 0 3 4 . 0
1 1 2 7 . 8 2 8 . 7 2 4 . 0 2 3 . 4 2 2 . 3 3 4 . 0 3 4 . 0 3 4 . 3 3 4 . 3 3 4 . 0
12 1 7 .8 1 8 . 7 1 4 . 0 1 3 . 4 1 2 . 4 2 7 . 4 2 7 . 4 2 4 . 4 Z 4 . 4 2 7 . 4
13 2 7 . 0 2 0 . 7 2 1  . 2 2 0 . 8 1 7 . 4 3 3 . 4 3 3 . 4 3 3 .  1 3 3 . 1 3 3 . 4
14 2 7 . 8 2 8 . 7 2 4 . 0 2 3 . 4 2 2 . 4 3 0 . 0 3 0 . 0 3 0 . 4 3 0 . 4 3 0 . 0
10 2 2 . 8 2 1  . 8 1 7 . 1 1 4 . 7 1 0 . 4 2 8 . 7 2 8 . 7 2 8 . 2 2 8 . 2 2 8 . 7
1 A 3 0 . 4 2 7 . 4 2 4 . 7 2 4 . 0 2 3 . 2 3 4 . 7 3 4 . 7 3 0 . 0 3 0 . 0 3 4 . 7
17 2 4 . 7 2 0 . 0 21  . 2 2 0 . 8 1 7 . 0 3 0 . 7 3 0 . 7 3 0 . 8 3 0 . 6 3 0 . 9
19 3 2 . 4 3 1 . 0 2 4 . 8 2 4 . 4 2 0 . 2 3 0 . 2 3 0 . 2 3 0 . 4 3 0 . 4 3 0 . 2
19 2 0 . 4 2 4 . 4 1 7 . 7 1 7 . 3 1 8 . 0 2 7 . 2 2 7 . 2 2 7 . 0 2 7 . 0 2 9 . 2
20 3 4 . 0 3 2 . 7 2 8 . 2 2 7 . 0 2 4 . 4 3 0 . 3 3 0 . 3 3 0 . 0 3 5 . 0 3 0 . 3
21 3 7 . 4 3 4 . 4 31 . 7 31 . 3 3 0 . 0 3 4 . 4 3 4 . 4 3 7 . 0 3 7 . 0 3 4 . 4
2 2 31 . 3 3 0 . 0 2 0 . 7 2 0 . 0 2 4 . 3 3 2 . 4 3 2 . 4 3 2 . 4 3 2 . 4 3 2 . 4

2 3 - 7 . 0 - 8 . 7 - 1 3 . 0 - 1 3 . 7 - 1 0 . 2 8 . 6 8 . 6 8 8 8 . 6
2 4 - 4 . 0 - 7 . 7 - 1 2 . 4 - 1 3 . 0 - 1 4 . 2

0000 00 00 8 . 2 8 . 2 8 . 8
2 0 - 4 . 0 - 7 . 1 - 1 1  . 8 - 1 2 . 2 - 1 3 . 4 8 .9 8 .9 8 .3 8 .3 8 .9
26 - 1 . 3 - 2 . 3 - 7 . 0 - 7 . 4 - e . 7 9 .9 9 .9 9 .3 9 .3 9 .9
2 7 1 . 7 0 . 7 - 4 . 0 - 4 . 4 - 0 . 7 10.5 10 .5 9 .9 9 .9 10 .5
2 9 0 . 7 - 0 . 4 - 0 . 1 - 0 . 4 - 4 . 7 14.5 14 .5 13 .6 13 .6 14 .529 1 . 7 0 . 8 - 3 . 7 - 4 . 2 - 0 . 0 1 8 . 1 1 8 .  1 1 4 . 3 1 4 . 3 1 8 .  1
3 0 - 4 . 7 0 . 4 0 . 7 0 . 0 - 0 . 0 2 1 . 0 2 1 . 0 1 7 . 1 1 7 . 1 21  . 0
31 7 . 7 8 . 4 3 . 7 3 . 0 2 . 3 2 2 . 8 2 2 . 8 21  . 0 2 1 . 0 2 2 . 8
3 2 1 2 . 7 11 . 4 4 . 7 4 . 0 0 . 3 2 4 . 4 2 4 . 4 2 2 . 6 2 2 . 8 2 4 . 4
3 3 1 4 . 0 1 0 . 4 1 0 . 7 1 0 . 3 7 . 1 2 4 . 0 2 4 . 0 2 3 . 0 2 3 . 0 2 4 . 0
3 4 1 7 . 0 1 4 . 0 1 1 . 8 1 1 . 4 1 0 . 1 2 7 . 5 2 7 . 0 2 4 . 0 2 4 . 0 2 7 . 0
3 0 1 8 . 4 1 7 . 3 1 2 . 7 1 2 . 3 11 . 0 2 7 . 7 2 7 . 7 2 0 . 4 2 5 . 4 2 7 . 9
3 4 21 . 7 2 0 . 0 1 4 . 1 1 0 . 8 1 4 . 0 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 9
3 7 21 . 7 2 0 . 8 1 4 . 1 1 0 . 8 1 4 . 0 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 9
39 2 0 . 0 2 3 . 7 1 7 . 2 1 8 . 8 1 7 . 4 . 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 909 2 7 . 4 2 4 . 4 21  . 7 2 1 . 3 2 0 . 0  1' 2 8 . 0 2 7 . 7 2 7 . 7 2 7 . 7 2 7 . 9
4 0 2 8 . 0 2 7 . 0 2 2 . 3 2 1 . 7 2 0 . 4  ‘ 2 8 . 4 2 8 . 0 2 7 . 7 2 7 . 7 2 7 ;  9
41 2 7 . 7 2 4 . 8 2 2 . 2 2 1 . 8 2 0 . 0  ' 2 8 . 0 2 7 . 7 2 7 . 7 2 7 . 9 2 7 . 7
4 2 2 7 . 0 2 7 . 7 2 3 . 2 2 2 . 8 2 1 . 4 2 7 . 4 2 7 . 0 2 7 . 7 2 7 . 7 2 7 . 7
4 3 3 3 . 4 3 2 . 4 2 7 . 7 2 7 . 0 2 4 . 2 .  ‘ 3 4 . 2 3 3 . 4 31 . 7 3 1 . 7 31 . 4
44 3 4 . 0 3 3 . 0 2 8 . 3 2 7 . 7 2 4 . 4 3 4 . 4 3 4 . 0 3 2 . 3 3 2 . 3 3 2 . 0
4 0 3 0 . 3 3 4 . 2 2 7 . 4 2 7 . 2 2 7 . 7 3 0 . 7 3 0 . 3 3 3 . 0 3 3 . 0 3 3 . 3
4 4 3 1 . 3 3 0 . 2 2 0 . 4 2 0 . 2 2 3 . 7 3 1 . 7 3 1 . 7 31  . 7 3 1 . 7 3 1 . 9
4 7 3 0 . 0 2 0 . 7 2 4 . 3 2 3 . 7 2 2 . 4 3 0 . 4 3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0
4 8 3 1 . 8 3 0 . 7 2 4 . 0 2 0 . 4 2 4 . 4 3 2 . 3 3 1 . 8 3 0 . 0 3 0 . 0 3 0 . 0
4 f 31 . 8 3 0 . 7 2 4 . 0 2 0 . 4 2 4 . 4 3 2 . 3 3 1 . 0 3 0 . 0 3 0 . 0 3 0 . 0
0 0 3 2 . 0 3 1  . 0 2 4 . 3 2 0 . 7 2 4 . 4 3 2 . 4 3 2 . 0 3 0 . 3 3 0 . 3 3 0 . 0
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However, for w ide-band digital systems, all the various interference entries w ithin the p re-dem odula to r 
bandw idth  o f the w anted system will be added together on a pow er basis and  will affect all channels in the 
system ; there will be no random ization  o f  the incidence of interference betw een d ifferen t channels. In these 
circum stances it can be clearly foreseen that the to tal interference level will be substan tia lly  g reater and  a higher 
ratio between the m axim um  perm issible single entry and the recom m ended to tal interference level should  be 
assumed. Also, it appears to be necessary to d ifferentiate between the perm issible to tal in ter-netw ork  interference 
levels where frequency re-use is and  is not em ployed, but this is a subject for fu rther study. R ecom m endation 523 
for digital telephony adopts a low er value o f total inter-netw ork interference fo r frequency re-use in satellite 
netw orks because a given level o f  external interference will have m ore im pact on  the capacity  o f  such a netw ork 
than the sam e level w ould have on a netw ork tha t does no t use frequency re-use techniques. If  the single entry  
m axim um  app rop ria te  for the case where frequency re-use is not used were applied  also to the frequency re-use 
case, there is some possibility tha t the total level o f interference from  o ther satellite netw orks in som e o f the 
channels will exceed the applicable criteria. This m ight occur when the arc o f the o rb it close to the w anted satellite 
is heavily loaded. However, if d ifferent single entry m axim a were recom m ended in the tw o cases, the process o f 
frequency coord ination  would be m ade m ore com plex and for that reason the sam e value is used.

R ecom m endation 466 recom m ends a low er value o f total inter-netw ork in terference for frequency re-use 
satellite netw orks (2000 pWOp) because a given level o f external interference will have m ore im pact on the 
capacity  o f such a netw ork than  the sam e level w ould have on a netw ork th a t does no t use frequency re-use
techniques for which the allow ance is for 2500 pW O p.-------------———----—     -
If the single entry m axim um  app rop ria te  for the case where frequency re-use i s ----------------------------------------------- “
not used were applied  also to the frequency re-use case, there is som e possibility th a t the to tal level o f interference 
from o ther satellite netw orks in som e o f the channels will exceed 2000 pWOp w hen the arc  o f the o rb it close to the 
w anted satellite is heavily loaded. H owever, if d ifferent single entry m axim a were recom m ended in the two cases, 
the process o f frequency coord ination  w ould be m ade m ore com plex and for tha t reason the sam e value is used.

It is clear tha t any attem pts to  increase the cu rren t levels o f m axim um  in terference m ust be accom panied 
by safeguards which ensure th a t cum ulative actual interference does not exceed the increased to tal allow ance 
m aterially and continu ing  study is required.

A number o f  s tu d ie s  have been made w ith  r e sp e c t  to  th e  r a t io  o f  
aggregate in te r fe r e n c e  to  s in g le -e n tr y  in te r fe r e n c e . A d e s c r ip t io n  o f  these  
s tu d ie s  and th e r e s u l t s  ob ta ined  are g iv en  in  Annex iv

Finally, there are certain  transm issions which are quite incom patib le  with each o ther as regards m utual 
interference on a co-channel basis. A n exam ple is the interference which a high density  car ier such as TV-FM  
with insufficient carrier energy d ispersal, or a low -index high-capacity FD M -FM  carrier, n a y  cause in a low 
capacity  carrier such as an analogue or digital SC PC  transm ission. Jux taposition  o f  such incom patib le  transm is­
sions w ould produce extrem e im balance in the characteristics o f tw o netw orks and  should  be avoided by 
convention or in coord ination .

4. Relationship between AT/T ratios and single-entry interference
criteria

Annex V to Report 454 presents the results of calculations of the 
AT/T ratios that correspond to the single-entry interference criteria applicable 
to the different types of systems. Annex III of Report 454 contains a 
description of a method for calculating interference which is based on 
Appendix 29, appropriately modified to give accurate results.

5. Technical means to facilitate coordination between networks using geostationary satellites

W hen two satellite netw orks are coord inated  from  a m utual in terference standpo in t, a num ber o f  
param eter adjustm ents may be m ade in either o r both  netw orks in o rder to m eet m utually  acceptable interference 
levels. These adjustm ents can include changes in link param eters which result in changes in pow er density and  
sensitivity levels.



290 Rep. 455-5

R eport 453 identifies, conceptually , four-pow er density constrain ts, nam ely:
— the up-link pow er density (/*„);
— the interference pow er density to which a satellite receiver is afforded protection (/„ );
— the dow n-link pow er density and
— the interference pow er density to which an earth  station  receiver is afforded protection (/</).

It may be possible to achieve coord ination  on this basis, i.e agreed limits on these four param eter values.

R earrangem ent o f tran sponder accesses to m inim ize the effect o f  differences in earth  station an tenna gains 
o r G / T  may also be em ployed to achieve coord ination  on the above four param eter bases.

If during the coord ination  process between two systems evidence is provided that the interference criteria 
canno t be met over the entire band  then it may be necessary to consider segm enting the frequency band and 
thereby enabling the coord ination  o f m ore hom ogeneous bandw idth segments. The ( Pu/ I u) and ( Pj / I j ) values 
m ay be considerably reduced by a frequency band  segm enting procedure whereby coord ination  may be achievable 
with d ifferent values for the four param eters in d ifferent segm ents o f a band. Particular attention should first be 
given to interference from  high spectral density carriers such as FM television. W henever possible these carriers 
should be limited to a segm ent o f  the R F band free o f  highly sensitive transm issions such as SCPC telephony. If 
sim ilar tran sponder arrangem ents are used for both netw orks this could be achieved by allocating different 
tran sponders for each type o f  transm ission. If coord ination  is perform ed at an early design stage, ano ther 
possibility could be to arrange the tran sponder frequency plans so that the filter cross-over bands o f one netw ork 
fall w ithin the usable bandw idth  o f  the other. This m akes it possible to locate the highest spectral density carriers 
o f  one netw ork within the guard bands o f the other.

If this is not possible it m ay be necessary to reduce the interfering spectral density by im proving the TV 
energy dispersal technique. C onventional spreading o f  a TV carrier, such as is presently em ployed to alleviate 
interference in low capacity  m ultichannel carriers, is relatively ineffective in protecting an SCPC transm ission 
since it is based on uniform  dispersal o f the often otherw ise undeviated TV carrier at the video fram e rate, i.e. 50 
o r 60 Hz. The TV carrier, d ispersed at such a low rate and  over one or, at m ost, a few M Hz, is seen by an SCPC 
carrier m uch like pulsed interference o f the full TV carrier pow er with a duty cycle equal to the ratio o f the SCPC 
occupied  bandw idth  to the peak-to-peak dispersal deviation.

To achieve im proved interference reduction for this case, a spreading technique for analogue FM-TV has 
been proposed and tested by analysis and m easurem ent. This technique sim ply uses a higher dispersal frequency, 
ideally o f  the sam e o rder o f m agnitude as the in form ation  qlem ent rate o f the SCPC signal. In practice, this is 
approx im ated  by a dispersal frequency at the video line rate. It has been show n that the video signal, for line rate 
d ispersal, does not require additional R F bandw idth . The interference effect on SCPC is then much more like that 
o f  a w hite noise signal uniform ly d istributed  over the dispersal bandw idth , because the SC PC  receiver filter can 
no longer respond to the actual sw eeping TV carrier but rather, sees it as occupying an appreciable instantaneous 
bandw idth . The use o f line-frequency dispersal thus results in a C /7  ratio  com parab le  to that obtained with o ther 
types o f  transm issions.

Both triangular and sawtooth spreading are effective, and either 
spreading waveform is easily removable at the receiver. For additional 
information, see Annex II of Report 384.

It should be noted that single-frequency dispersal o f  analogue FM-TV at the video line rate may prove 
unattrac tive  for the reduction o f  interference into FD M -FM  m ultichannel telephony or other analogue FM-TV 
carriers since the dispersal frequency may appear in the baseband o f other carriers sharing com m on elements o f 
the transm ission system with the d ispersed carrier.

F pr either line rate or fram e rate energy dispersal, if the separation  between the SCPC and TV carrier 
frequencies is slightly greater than  one ha lf o f the sum o f the energy dispersal bandw idth  and the low frequency 
peak-to -peak  TV carrier deviation , interference at the full TV carrier level cannot occur.

Frequency interleaving could be ano ther means, to facilitate the coord ination  procedure. The extent to 
which closer satellite spacing and  im proved o rb it/spec trum  utilization may be achieved by interleaving the carrier 
frequencies o f one satellite with those o f  a neighbouring satellite, is critically dependent on the type o f m odulation 
(e.g. FM or PSK) and the satellite m ultiple-access technique (e.g. single carrier or FD M A ) applied to the w anted 
and  in terfering  carriers. The achievable reduction in satellite spacing may be expressed in term s o f an im proved 
to lerance  to R F  interference which, depending  on the m odulation  and satellite m ultiple-access techniques applied, 
m ay vary from about 0 to  12 dB.
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For the case o f frequency-m odulated FDM  telephony an im provem ent in required carrier-to-interference 
ratio  is obtained  when interleaved carrier frequencies are used. This is o f  in terest in considering the efficiency o f 
use o f  the orbit. The im provem ent is found to be up to about 12 dB, depending  upo n  the m odulation  indices.

In the case o f  systems em ploying a variety o f  m odulation  and  satellite m ultiple-access techniques, the 
m axim um  in terleaving advantage may only be achieved by appropriate  coo rd ina tion  and the allocation  o f traffic 
o r transm ission  m odes to specific satellite RF channels. However, this m ay no t be possible in practice because o f 
the difficulty in accurately forecasting traffic requirem ents o r new app lica tions and  the loss o f  flexibility in 
reassigning traffic. As noted above in § 3.4, there will be little im provem ent in satellite spacing requirem ents to be 
ob ta ined  by in terleaving digital signals in such cases, but this is not likely to be a lim iting factor, since the spacing 
requ ired  by analogue signals will usually be greater.

In view o f  the above considerations, the advantages o f frequency in terleaving betw een satellites may, in 
p ractice, be restricted to relatively few applications .1

C oord ination  may be facilitated by rearrangem ent o f carriers am ong tran sponders to m inim ize m utual 
interference. C om puter techniques for optim um  carrier arrangem ents have been developed for this case.

C oord ination  may also be facilitated by adjustm ent o f  the positions o f  carriers w ithin each transponder. 
T echniques to optim ize this type o f carrier rearrangem ent have also been developed.

However, it should be noted that such coord ination  by carriers in an  FD M A  netw ork would cause 
substan tia l opera tional difficulties due to inability to respond to changes in user requirem ents. N evertheless, the 
pressure o f  new systems may m ake such detailed coord ination  necessary in the future.

A simple method of presenting interference calculations for two 
adjacent satellite systems is described in Annex II.

6. Separation of satellites in space and time domains

6.1 Introduction

Frequency sharing between satellites o f different netw orks is feasible if sufficient angu lar separation  exists 
betw een their satellites, or if  the transm itter o f one is turned off when sufficient angu lar separation is not 
available. The m ethods for establishing the required spatial and tem poral separations for geostationary and 
non-geostationary  satellites are indicated  in the follow ing paragraphs.

6.2 Separation angles between geostationary satellites

C alculations m ade in [C C IR , 1966-69] show that the required separation  angles between satellites are not 
unreasonab le  (o f the o rder o f 1° to 6 °) in most cases. Larger separations are, however, required in the case o f  
m ulti-channel systems with low m odulation  indices, or single-channel systems.

6.3 Interference between geostationary and non-geostationary systems

6.3.1 Separation in the space dom ain through orbit gaps

A ngular separation  between satellites with inclined orbits and  geostationary  satellites can be 
m aintained in the space dom ain  only if parts o f the goestationary-satellite o rb it are reserved for the 
equatorial crossings o f m oving satellites.

This approach  puts a limit on the num ber o f geostationary satellites tha t can be em ployed.

6.3.2 Separation in the time and  space dom ains

Separation  between satellites in the space and time dom ains m eans that, du ring  periods o f 
insufficient spatial separation , tem poral separation  is achieved by term inating  transm issions from one o f 
the satellites causing m utual interference.
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The entire system using non-geostationary satellites includes hand-overs, an tenna 
reorientations, and tracking, as part o f the norm al operating  procedures. The need to transfer traffic from 
one satellite about to be turned off for interference reasons, to another, will not add unduly to the 
com plexity o f the overall system.

Figure 1 represents the zone within which interference between geostationary  and non-geostationary 
satellites is possible. This is the volum e limited by the surface o f revolution around  the axis o f the Earth 
form ed by straight lines tangent to the Earth and intersecting the plane of the equator at the geostationary 
orbit altitude.

Interference between geostationary and non-geostationary satellites can be prevented by term inating 
transm issions from one o f them when insufficient angular separation  exists for earth stations com m uni­
cating via these satellites. If earth stations w orking with a non-geostationary  satellite are designed for 
tracking hand-overs, and rapid an tenna reorientations, then technically it should be feasible to cease 
transm issions from such a satellite when sufficient spatial separation  is not available between it and a 
geostationary satellite. W hen the geostationary satellite orbit becomes fully utilized, this could mean that 
non-geostationary satellites should technically be capable o f ceasing transm issions when they are in the 
zone o f interference as shown in Fig. I. However, this is a question which would need to be decided by the 
adm inistra tions concerned.

Geostationary orbit Earth Plane of the Equator

FIGURE 1 — Zone o f  interference between geostationary and non-geostationary
satellites

7. Summary

This study shows that the m inim um  angular separation  betw een satellites depends on the acceptable level 
o f  interference noise contributions in the baseband channels from  other satellites and earth  stations.

Frequency sharing between geostationary-satellite netw orks is feasible if sufficient angu la r separation  is 
present. The actual spacing required for satellites in the geostationary-satellite o rb it depends on system param eters 
such as e.i.r.p., radiation  pattern  o f  earth-station  antennas, etc., and cannot be defined in general term s at this 
time.

Frequency sharing between the netw orks o f geostationary and m oving satellites is feasible if  one o f the 
satellites is turned o ff when sufficient angular separation is not provided. The decision on which satellite to turn 
o ff  will have to be m ade by the adm inistra tions affected.

The actual spacing required between satellites also depends upon the perm issible level o f to tal interference 
and on the way in which this total is built up from the interference entries from  individual satellites. The 
optim ization  o f  these levels and the determ ination  o f means for regulating them is an im portan t m atter for further 
study under Study Program m e 28Ts/A.

R E F E R E N C E S

CCIR Documents

[1966-69]:  4/348 (USSR)
[1986-90]:  4/324 (IWP 4/1 r e p o r t ) ;  4/342 (U.K.) ;  IWP 4/1  - 1506 (U.K.)
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A N N E X  I

M E T H O D  O F  C A L C U L A T IN G  T H E  W A N T E D -T O -IN T E R F E R IN G  C A R R IE R  R A T IO S 

IN G E O ST A T IO N A R Y -SA T E L L IT E  N E T W O R K S

1. Introduction

The am oun t o f  interference experienced between two satellite netw orks depends on the operating  
param eters o f the netw orks involved. To assess the interference between rad iocom m unication-satellite  netw orks it 
is usual to  divide the com putation  process into two stages. The first stage o f  the calculation  is to determ ine the 
w anted-to-in terfering  carrier ratios between any two potentially  interfering carriers, at the app ro p ria te  receiver 
input term inals. The second stage is then to relate these ratios to the noise pow er in the baseband  channel. This 
Annex provides the m ethod for calculating the w anted-to-interfering carrier ratios. For the second stage, reference 
should be m ade to R eport 388.

2. M ethod

The interference geom etry between two satellite netw orks is show n in Figs. 2a and  2b. The m inim um  
topocentric  (as seen from  a point on the Earth) satellite spacing angles should take into account the nom inal 
geocentric satellite spacing angle, the satellite position uncertainties (longitude o f  the o rb it nodes and orbit 
inclinations) and the geographical locations o f the earth  stations. The use o f  the geocentric angu lar spacing, <£, 
instead o f the topocentric  satellite spacing angle, is sim pler for the com putation  and  its use is justified  by the fact 
that the tw o angles are nearly equal. Also, the topocentric spacing angle is alw ays greater than the geocentric 
spacing angle and hence the calculations based on geocentric spacing angles are conservative.

R adiocom m unication  satellites require frequency assignm ents in two frequency bands, one for the up link 
and the o ther for the dow n link. It is current practice for frequency bands to  be associated in pairs, one band 
being used for up  links and the o ther for dow n links. Case I below, is concerned  with the possibility o f 
interference between two netw orks which have been assigned frequency bands in this way; thus interference from 
an up link enters the w anted up link and interference from  a dow n link enters the w anted dow n link. H owever, it 
should also be feasible to use a pa ir o f  frequency bands in the reverse sense, for som e netw orks, the up-link band 
for one netw ork being the sam e as the dow n-link band  for the netw ork using an ad jacen t satellite; in these 
circum stances interference from an up link enters the w anted dow n link and in terference from  a dow n link enters 
the w anted up link. This is Case II.

2.1 Case I

The follow ing propagation  conditions are assum ed to apply to the up-link  and  dow n-l-nk w anted-to-in ter­
fering carrier ratios:

— due to  propagation  effects and  local precip itation  both the w anted and  the in terfering  signals which are
transm itted  by earth  stations situated at different points on the E arth ’s surface will Fluctuate. Unless the
e.i.r.p.s o f  the earth  stations are adjusted so that the levels received by the satellites are alw ays the sam e, a 
m argin should be in troduced in calculating the m ean interference value to the up-link equation ;

— the ratio  o f the w anted signal level to the interference level on the dow n link does not vary w ith time. Any
interference strong enough to have an appreciable effect w ould be caused by o ther satellites close to those o f
the w anted netw ork so that the d iscrim ination due to the directivity o f  the earth -sta tion  an ten n a  is insufficient 
to separate  the w anted from  the interfering signals. H ence the w anted and  in terfering  signals will be 
a ttenuated  to the sam e degree when propagation  conditions vary, since they will travel through  the sam e 
d isturbed areas. C onsequently , fluctuations caused in the received w anted signal will have no significant effect 
on the level o f  interference produced in the baseband and , therefore, a  dow n-link  m argin m ay usually be 
neglected.
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g 2— G'2= JG 2&)

  Wanted signal paths
-----------------  Interfering signal paths

F IG U R E  2a  -  Interference geometry between two sa te llite  networks. Case I  -  up lin k  o f  wanted network
sharing frequencies with up link o f  interfering network.
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Interfered-with network Interfering network

G 2 —  G 'j = A G \

— Wanted signal paths

   “ — Interfering signal paths

FIGURE 2b -  Interference geometry between two satellite networks. Case II -  up link o f  wanted network 
sharing frequencies with down link o f  interfering network
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and

The first stage o f the com putation  procedure requires solution o f the two equations:

( C / I ) u  = P, +  G, -  A Lu -  M y  -  p , -  g,(v?) +  AG2 +  Yu dB (4)

( C / I ) D =  E  + G4 -  A L d -  e -  G4(*>) +  Yd dB (5)

where:

( C / I ) u  p  : up- and dow n-link w anted-to-interfering carrier ratios (dB);

P, , p ,  : transm it pow ers o f w anted and interfering carriers delivered to the associated earth-station
an tenna (dBW );

Gt , Ga, : transm it and  receive an tenna gains o f one or more w anted earth  stations (dB);

A Lu '■ path  loss differential in the up link to the w anted satellite from the two earth  stations,
A L  L,wanied L,mterferjng (dB);

A L d - path  loss differential in the dow n link to the w anted earth  station  from  the two satellites, A L
as above (dB);

M v : up-link m argin in the w anted netw ork (dB);

gi(<£>): an tenna gain com ponent at the unw anted earth station tow ards the w anted satellite (dB);

(<p) : geocentric m inim um  angular satellite spacing at the interfering earth  station;

AG2 : d ifferential in receive an tenna gains at the w anted satellite tow ard  the two earth  stations,
A  G2 G2 n'anted interfering (^®)i

Y(j : m inim um  polarization  d iscrim ination  between interfering up-link  carrier and w anted satellite
receive an tenna (dB);

Yd : m inim um  polarization  d iscrim ination  between interfering dow n-link  carrier and  w anted earth-
station receive an tenna (dB);

E, e : e.i.r.p. o f the w anted and interfering carriers in the d irection  o f the w anted earth  station
(dBW );

G4(<£) : an tenna gain com ponent at the w anted earth  station tow ard the interfering satellite (dB).

Notes on some o f  the factors in the above equations:

— Powers and an tenna gains associated with the w anted netw ork are in capitals, those associated with the
interfering netw ork use low er case letters. Suffixes associated with the various an tenna  gains follow the signal 
path , viz: 1 =  earth-station  transm it, 2 =  satellite receive, 3 =  satellite transm it, 4 =  earth-station  receive.

— The antenna gains g\(<P) and  G4(<£) should, if possible, be com puted using m easured earth-station  an tenna
patterns. However, for prelim inary calculations, the generalized earth-station  an tenna rad iation  pattern  given 
in R ecom m endation 465 may be applied.

— For very precise calculations the topocentric angles may be used in the expressions for g, and  G4.

— The term s A G2, E  and e should, if possible, be com puted using m easured satellite an tenna patterns.
V ariations o f path geom etry with tim e may affect these term s; however, these variations are likely to be small
and  may usually be neglected.

— In the absence o f  inform ation  on satellite an tenna polarization, the factors Yv  and YD m ust be set at 0 dB.
The subject o f  polarization  d iscrim ination  is discussed in R epo rts 1141 a rri 555.

2.2 Case I I

W hen a given up-link frequency assignm ent in a w anted network is the sam e as the dow n-link frequency 
assignm ent in an interfering netw ork, the up-link carrier-to-interference ratio  in the w anted netw ork may be 
approxim ated by:

( C / I ) ' u  =  P, +  G, -  M y  + A G ' 2 -  e ' + Y'  + 20 log ¥>' -  35.2 dB (6 )

where (in addition to the preceding definitions):

A G ' 2 : differential in receive an tenna gains at the wanted satellite, in the directions o f the w anted 
transm itting  earth  station and the interfering satellite,
A G  2 G2 wanted Gi interfering ^® ’
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e '  satellite e.i.r.p. o f the interfering carrier in the direction o f the w anted satellite (dBW );

Y '  : m inim um  polarization  d iscrim inations between the in terfering-satellite carrier and  the w anted-satel-
lite receive an tenna  (dB);

<P' : geocentric m inim um  angular satellite spacing for the w anted earth  station  (degrees).

The calculation  o f interference from  an unw anted  up link to  the w anted dow n link, th a t is, from  an 
earth-station  transm itter into the w anted earth  station  receiver should be based on the techniques discussed in 
R eports 448 and 388. However, it should be possible to reduce such in terference to  a negligible level by a careful 
choice o f  earth  station  sites.

2.3 L ink  wanted-to-interfering carrier ratio

— For Case I, the overall w anted-to-in terfering  carrier ratio  is ob tained  by com bining the results o f  equations (4) 
and  (5) using the follow ing:

( CH) y  _  ( C / / ) p  "I

10 + 1 0 “ 10 dB (7)

— For C ase II, the w anted-to-in terfering  carrier ratio*  is obtained directly  from  equation  (6 ).

3. Interference

S e c t i o n  2 provides the form ula for calculating the w anted-to-in terfering  carrier ratio . The specific effects 
on system service will depend on m any additional factors such as: ( 1) type o f  service, e.g., telephony, television, 
data , etc., (2) type o f m odulation  used, e.g., d igital, FM , AM, (3) m odulation  param eters, and  (4) desired 
carrier-to-system  therm al noise ratio . M any different types o f  interfering signal in teractions are possible. This is a 
subject o f con tinu ing  investigation.

The m ost com m on types o f  transm ission used for systems in the fixed-satellite service are: (a) FM  
telephony, (b) frequency-m odulation  television, and (c) digitally m odulated carriers. The effect at baseband o f  
interference between sim ilar and dissim ilar signal types is required in o rder to predict overall link perform ance 
and establish allow able interference guidelines. This A nnex presents only a m ethod for calculating the w anted-to- 
interfering carrier ratios which serve as an input param eter to such calculations.

4. Summary

A step-by-step m ethod for the calculation o f interference levels betw een two satellite netw orks for one set 
o f param eters encom passes the follow ing:

4.1 designate one satellite as the “w anted”, the o ther as the “ in terfering” satellite;

4.2 choose the param eters required  to solve equations (4), (5) or (6 ) for one o f  the potential interference entries
and  designate the param eters in accordance with § 4.1 above;

4.3 solve, for the set o f  param eters chosen, equations (4), (5) or (6 );

4.4 determ ine the netw ork w anted-to-in terfering  carrier ratio in accordance with § 2.3 o f this A nnex, as
applicable.

4.5 using the result o f § 4.4, and  the m odulation  and frequency spacing d a ta  pertain ing to the carriers under 
investigation, determ ine, by m eans o f  R eport 388 the interference noise pow er in the interfered-w ith carrier;

4.6 repeat the above steps with the designations o f “w anted” and  “ in terfe ring” satellites reversed, w herever 
applicable;

4.7 repeat the above steps for all com binations o f carrier and  earth sta tion  which m ight be expected to  cause 
interference in the two networks.

Note. — In some cases a given carrier will be subject to interference from  m ore than one in terfering  carrier. In 
such cases, it seems perm issible to add interference noise contributions on a pow er basis.

C /I = -  10 log 10

Interference between earth stations needs to be considered separately since different propagation conditions and different 
criteria apply.
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A N N E X  II

A METHOD OF PRESENTING INTERFERENCE CALCULATIONS 
FOR TWO ADJACENT SATELLITE SYSTEMS

This m ethod is based on the defin ition  o f  two param eters o f inhom ogeneity  between the two adjacen t 
satellites, and  a param eter o f  com patib ility  between the two satellite systems (including the respective earth 
stations). The satellites are assum ed to serve the sam e geographical area and to use exactly the sam e up and dow n 
frequency bands. These restrictions can be rem oved later.

C onsider first the case tha t the satellite system B interferes with the satellite system A. D efine the receive 
inhom ogeneity  UBA and  the transm it inhom ogeneity VBA o f  the satellite B in respect to satellite A:

U b a  = P b ~  Pa (9)

VBA =  E b — Ea (10)

where:

Pa , Pb are the pow er flux densities (in dB) required for reception at the satellite indicated by the subscript,
and Ea , E b are the e.i.r.p. values (in dB) o f the satellites, respectively. N ote that, due to the assum ptions above,
the w anted values o f one system are sim ultaneously the interfering values in the o ther system.

Define the com patib ility  factor K BA (in dB) o f system B in respect to system A:

K ba =  -  10 log < 100 1  WBA-*GB(fup)) +  l Q O . U V B A - A G A ( f dovv„)}

where:

A G a , A G b : the differences between the m axim um  gain and  the side-lobe gain value at <p =  1°
calculated from  the reference rad iation  pattern  (including the correction for D / a for small 
an tennas) o f  R eport 391, for the earth  stations in the system indicated by the subscript. 
(N ote tha t for small an tennas the side-lobe gain thus calculated  is theoretical only):

fup, fdown UP_ an d dow n-link  frequencies.

It can then be show n that:

25 log <PBA = -  10 log ~  K ba (12)

the nom inal ca rrie r/n o ise  ratio  (in dB) at the input o f  the receiver o f the earth station in 
system A:

the allowed single entry interference ratio  (e.g. q =  0.04 for the 4% criterion) and

that angular spacing (as seen from the earth station) betw een the satellites, at which the 
single entry criterion is exactly satisfied for interference from  system B to system A 
(account is taken for both  up- and dow n-link interference).

the com patibility  factor because an increase in K BA m akes the angular distance sm aller (B is

w here:

( £ ) =\ N J a

q-

*Pb a -

K ba is called 
m ore to lerable to A).
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It is illustrative to plot curves o f constant K BA using UBA and  VBA as coord inate  axes. F igure3 shows an 
exam ple, where the con tour o f  K BA =  +  11.3 dB for an tenna diam eters DA =  5 m and DB =  1 m, f up =  14 G H z 
and  f down =  12.5 G H z, is seen in the lower left-hand quadran t. In the shaded area K BA > 11.3 dB. K BA was chosen 
so as to correspond  to 0BA =  5° in a system for which ( C / N ) A =  15 dB and  q =  0.04, as can be verified from 
equation  (12). It is then clear that, if the satellites are spaced at 5°, the single entry criterion  in the system A is 
satisfied everywhere inside the shaded area in the UBA, VBA plane.

Interference from  system A to system B can be treated in the sam e m anner. O nly the subscripts are 
interchanged. It is noted tha t UAB =  -  UBA and VAB =  -  VBA. For tha t reason the con tour o f  K AB can be plotted 
in the sam e figure, as shown in the upper right-hand corner o f F ig3 . If  ( C / N ) B =  15 dB and q =  0.04, then 
again K AB =  11.3 dB corresponds to 5° angular distance, and at that d istance the single entry criterion  is satisfied 
for the system B inside the curve. It is seen that, in this case, there are no values o f U and  V which would satisfy 
the single entry criterion sim ultaneously for both systems, at a 5° spacing betw een the satellites.

Figure 4 shows the sam e case as above except that contours have been draw n also for DB =  2 m and 
Db =  3 m. The allow able limits for the inhom ogeneities between the satellites can at once be seen, for each choice 
o f D b, from  the plot.

The restrictive assum ption that the satellites serve the sam e geographical area and occupy exactly the sam e 
frequency bands can be rem oved by introducing an additive correction factor to both  UBA and  Vba- Both the 
effect o f  the an tenna pattern  o f the satellite an tennas and the only partly  overlapping  frequency bands can be 
included in these correction factors.

U b a  (dB)

FIGURF 3 -  Principle of the single entry interference plot

A: Single entry criterion satisfied for system A 
B : Single entry criterion satisfied for system B
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UBA (dB)

F I G U R E 4  -  Example o f  a single entry interference study. Angular 
spacing o f  satellites 5 . C/N = 15 dB (both systems), q = 0.04

A : Single e n try  c rite rion  satisfied  fo r system  A 
B : Single e n try  c rite rio n  satisfied  fo r system  B

ANNEX I I I

INTERFERENCE INTO ANALOGUE TV SYSTEMS

Recommendation 483 s p e c i f i e s  th e  p e r m is s ib le  l e v e l  o f  in t e r fe r e n c e  
in t o  a t e l e v i s i o n  ch an nel as a p ercen ta g e  o f  the t o t a l  n o is e  and in t e r fe r e n c e  in  
th a t  ch a n n el. S e c t io n  D . 3 . 2 . 1  o f  Recommendation 567 s p e c i f i e s  
th e  v id e o  s ig n a l- t o -w e ig h te d - n o is e  l e v e l  in  a h y p o th e t ic a l  r e fe r e n c e  c i r c u i t  
c a r r y in g  an an alogu e t e l e v i s i o n  s ig n a l .  There are two v e r y  d i f f e r e n t  methods to  
d eterm in e the p r e -d e te c t io n  c a r r ie r  to  in t e r f e r e n c e  r a t io  (C/X) which would g iv e  
r e s u l t s  c o n s is t e n t  w ith  both  o f  th e s e  recom m endations. T hese a re :

a) th e  " o b je c tiv e"  method th a t i s  d e sc r ib e d  in  s e c t io n  3 o f  R eport 449, .  and

b)  the " su b jec tiv e"  method, d e sc r ib e d  h e r e , based  on CCIR R eport 405 , CCIR 
Recommendations 500 and 600 , and work done in  Canada [Bouchard G. e t
a l ,  1 9 8 4 J .
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When using the objective approach the carrier-to-interference 
ratio(C/X) is related to the video signal-to-interference ratio (S/I) by the 
relationship.

(S/I) - (C/X) + Bv (in dB) (1)

where Bv is the video interference reduction factor. For an analogue frequency 
modulated NTSC television signal interfered with by a similar signal, Bv is 
approximated by the empirical relation

Bv - 6 + 20 log10 (Af) (in dB) (2)

where Af is the peak-to-peak frequency deviation of the wanted signal. When 
using the subjective approach, i.e. the approach based on tests of television 
signal acceptability by viewers, a more indirect route must be followed. In 
this approach the basic unit is "impairment" of the television signal on the 
screen, rather than "interference" measured within the equipment.

Impairment can be related to the television picture quality Q by the 
relationship

Im - (5 - Q) / (Q - 1) (3)

Analysis of the subjective measurements reported in [Bouchard G. et 
al, 1984] suggests that for NTSC the impairment Im of (3) can be related to the 
video weighted S/Nw ratio of Recommendation 567 by the empirical expression

Im - exp[30.9 - 8.41 log. <S/NW )] (4)

and that the impairments from different sources, i.e., from thermal noise, 
interfering signals, etc. can be added, i.e.

(Im)r - (Im)n + (Im), (5)

Further, the impairment due to an interfering NTSC frequency modulated 
signal can be related to the pre-detection carrier-to-interference ratio (C/X) 
of these signals by the equation

(CA) - 16.9 - 8.7 log10 (Im), - 2 0 log10 (Af/12) (6 )

where Af is the same peak-to-peak frequency deviation of the wanted signal that 
appears in equation (2) . Use of equations (5) and (6 ) together with either (3) 
or (4) to specify the performance of the hypothetical reference circuit will 
produce the required C/X, the same quantity that is specified in a very 
different way by the equations (1 ) and (2 ).

It is instructive to compare the required C/X values from these two 
very different approaches. To do this numerically, it is necessary to assume a 
typical set of system characteristics. Let us assume that the video signal to 
noise ratio due to thermal noise alone is 53 dB as specified by Recommendation 
567-2, and Af — 20 MHz. The results using the two approaches are shown in 
Tablelll.
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TABLE I I I - Required pre-detection carrier-to-interference 
ratio ( C / X )

Interference or Estimate Estimate Difference
impairment as a Using objective Using Subjective
percentage of the 
total link budget

Approach Approach

1 0 % 30.5 dB 30.17 dB 0.33 dB
2 0 % 27.0 dB 27.11 dB 0.11 dB

The difference between the estimates of required C/X using the two 
approaches is quite small, given that they were both arrived at in different 
ways involving the use of empirical formula based on very different types of 
laboratory measurements. This very close agreement when typical values of fixed 
satellite systems are considered for CCIR network-quality transmission (S/N - 
53 dB) leads to the conclusion that the simpler method described in section 3 of 
Report 449 may be used in applying Recommendation 483-

Since the measurements described in Report 449 were carried out 
using NTSC desired and interfering signals, equations (1) and (2) provide 
accurate estimates of the interference environment for this combination of
interfering and interfered-with signals.

Where the network under consideration has a performance 
significantly different from that indicated in Recommendation 
S67-2, it should be noted that the two methods may not lead to the 
same pennissible C/X ratio. Application of equations (1) to (6) 
for various values of weighted signal to noise ratios yields the 
C/X values indicated in Figure 5 for the two methods. From the 
results, it may be observed that the two methods give a very close 
(C/X) ratio in the range of (S/N) value from 51 to 55 dB. For 
other (S/N) values, the difference in the required pre-detection 
carrier to interference ratio between these two approaches becomes 
significant. Hence, ve can conclude that the objective method can 
be used in confidence when calculating the required (C/X) ratio in 
the (S/N) range of 51-55 dB but the difference becomes significant 
outside that range.

An experiment was performed to estimate Bv for various other 
interfering carrier types [CCIR, 1986-90]. The object of this measurement 
program was to determine protection ratios that corresponded to "just 
perceptible interference" and S/N„ for the existing three analogue video 
standards when interfered with by various capacity FDM/FM carriers or a 
120 Mbit/s TDMA carrier. The protection ratios, actually the C/I, when the 
interference effect just became perceptible, were measured as a function of the 
frequency offset between the center frequencies of the interfering and victim 
carriers. The S/Nw was determined only for the situation where the two carriers 
were co-frequency. The victim carrier was modulated with a colour bar waveform 
with sufficient amplitude to produce a peak-to-peak video deviation of 15 MHz.
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The victim carrier was then combined with an interfering carrier, bandpass 
filtered with a 20 MHz filter and demodulated. This demodulated waveform was 
displayed on a picture monitor which was viewed under the reference conditions 
set out in Report 634. The perceptability of the interference was determined by 
an expert observer so that the level of picture impairment is equivalent to an 
approximate rating of 4.75 out of 5.0. Throughout the measurements, the carrier 
to thermal noise ratio C/N was held constant at 17 dB. This level corresponds 
to the nominal level maintained at that time in the INTELSAT System for half 
transponder video transmission.

Measurements were made for the following types of interfering
carriers:

a) Color Bar Modulated FM TV (same TV standard as the victim carrier)
Frame Rate Energy Dispersal Frequency (EDF) Modulated FM (1 MHz peak-to- 
peak deviation)

c) 24 channel/2.5 MHz bandwidth FDM

d) 60 channel/5.0 MHz bandwidth FDM

e) 132 channel/1 0 .0 MHz bandwidth FDM

f) 252 channel/1 0 .0 MHz bandwidth FDM

g) 252 channel/15.0 MHz bandwidth FDM

h) 432 channel/15.0 MHz bandwidth FDM

i) 972 channel 36.0 MHz bandwidth FDM

j) 1 2 0 Mbit/s QPSK TDMA

The resulting values of Bv are presented in TABLE IV.

TABLE IV - Measured Interference reduction factors. Bv (dB) . 
for various interfering carrier types

S/Nw without interference

NTSC PAL SECAM

48.9 dB 50.4 dB 50.5 dB

Color Bar • - 31.7 27.7
EDF 27.2 23.7 30.8
24/2.5 23.3 26.5 27.1
60/5 28.0 25.3 2 2 . 6
132/10 27.0 26.3 2 2 . 1
252/10 23.8 2 2 . 2 22.7
252/15 27.2 26.5
432/15 27.0 27.0 24.7
972/36 32.0 27.5 2 2 . 0
TDMA continuous 31.5 27.9 27.3
TDMA burst 31.3 28.9 28.0
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Further work may be required to determine the value of Bv for other 
combinations of interfering and interfered-with signals. It would be useful to 
develop an empirical formula for Bv to simplify the calculations.

Note - The information in this annex should be taken into account in future 
considerations of Recommendation 483.
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WEIGHTED SIGNAL TO THERMAL NOISE RATIO IN dB

FIGURE 5 :  Graph of C/X versus S/N for FM/ ’TV reception with
interference equal to 2 0 % of the total link budget
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The relationship between aggregate and 
single-entry interference levels

1. Introduction

Inter-system interference between geostationary satellite networks 
depends to a great extent on the side-lobe characteristics of earth station 
antennas for co-coverage situations and on the characteristics of satellite 
antennas outside the coverage area when the coverage areas are separated. An 
optimum or judicious mix of satellite and earth station antenna discrimination 
is necessary for the efficient utilization of orbit/spectrum resources. An 
important aspect of this process is the determination of the interference 
effects of a number of satellite networks as compared to a pair of adjacent 
satellite networks. A comparison of single-entry versus aggregate interference 
effects is related to the determination of appropriate interference limits for 
such CCIR Recommendations as 466 and 523*

ANNEX I V

This annex presents several analyses [CCIR 1986-90a-e] involving a variety of 
satellite arrangements and interference conditions and provides the results obtained 
for the relationship between single-entry'and aggregate inter-satellite interference.

2 . Homogeneous model-variable satellite antenna discrimination

2.1 General

Various degrees of satellite antenna discrimination can exist between 
satellite networks depending on the respective coverage areas of the satellite 
antennas. When the coverage areas overlap (co-coverage) little or no
discrimination exists and network isolation is achieved with only earth station
antenna discrimination. For separated coverage areas adequate discrimination can 
be achieved by a combination of earth station and satellite antenna 
discrimination. When the coverage areas are far apart most, if not all, of the
discrimination can b£ provided by the satellite antenna.

These situations are combined in a homogeneous model which assumes an 
array of equally spaced satellites in which satellites with antenna 
discrimination are placed between co-coverage satellites. With this model 
estimates of the aggregate to single-entry interference ratios may be made.

2.2. Simplified model

This model assumes that the earth station antenna discrimination is 
proportional to <̂ “2.5. i.e ., the satellite spacing is greater than the off-axis 
angle corresponding to the first side-lobe plateau of the earth station antenna.
No satellite station keeping or earth station pointing tolerances are included.
Where satellite antenna discrimination exists it is assumed to be the same for 
all satellites.

A series of satellite networks are postulated; A, B, C etc. where 
satellite antenna discrimination can exist between each but no discrimination 
exists between individual A's, B's, C's, D's etc. Sequences can be postulated 
in which a number of satellites with antenna discrimination are placed between 
co-coverage satellites.
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The' equations which relate the multiple entry (ME) to single-entry (SE) 
ratio, (ME/SE) are of the following form in which all parameters are 
dimensionless numerical ratios:

ME/SE - W + X/a : a > a c <la)

ME/SE - Y a +  Za : a < ac (lb)

The parameter (a) is the satellite antenna discrimination and (ac) is 
the value of discrimination which results in the highest value of (ME/SE).

Equation (la) is the case where the highest single-entry is the 
adjacent satellite, and the minimum separation angle (V^) is determined by that 
entry. Equation (lb) is the case where the minimum separation angle is 
determined by the nearest satellite with no satellite antenna discrimination; 
(<Pi) being the angle between the nearest co-coverage satellite divided by the 
number of intervening satellites plus one. Thus, (V5̂ ) varies when a > ac and is 
constant when ct < ac.

Assuming 24 entries (twelve on*either side of an interfered with 
network), constants for the above equations are.

Number of satellites
satellites W X Y Z a o

1 2.1928 0.4601 12.404 2.6027 0.176S
2 2.4S95 ’ 0.1632 36.809 2.5440 0.06415
3 2.5752 0.0776 82.406 2.4832 0.03125
4 2.6107 0.0421 145.943" 2.3545 0.01789
5 2.6251 0.0257 231.574 2.3545 0.01134

This model can also be used for the co-coverage cross-polarization case 
where satellites with opposite polarizations are interleaved. In this case) 
the intervening number of satellites is one.

The ratio ME/SE equals W + X for the co-coverage co-polar situation 
(a - 1 - 0 dB). The ME/SE varies from two with one interfering satellite on each 
side of the interfered with satellite to 2.65 for 12 satellites on each side as 
shown in Figure 6 .

Equation (1) is plotted in Figure 7 as a function of (a) and (ME/SE) 
for various sequences. The highest value of (ME/SE) is achieved for one unique 
value of satellite discrimination (ac) and drops rapidly for higher or lower 
values. This occurs when the nearest satellite entry with proper discrimination 
is equal to the nearest satellite entry with no discrimination. Also it is noted 
that the value of (ac) is a function of the sequence. It would appear highly 
unlikely that four equal level single-entries would occur in‘practice and thus a 
single-entry level based on the highest (ME/SE) shown in Figure 7 could be quite 
conservative.
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Figure 7 is also useful in determining the satellite antenna 
discrimination required to make the contributions from adjacent satellites 
relatively small compared to the co-coverage satellites. A value of 25 dE of 
satellite antenna discrimination for the first side-lobe plateau would 
effectively isolate up to four intervening satellites between a pair of 
co-coVerage satellites.

2.3 Model with complete earth station antenna patterns and tolerances

Homogeneity is again assumed. However, due to the segmented earth 
station antenna pattern and the manner in which tolerances are accounted for, 
the equations given for the simplified model cannot be used. For the following 
analyses, the assumptions are:

1 ) the earth station antenna discrimination is determined using
Annex VII of Appendix 29 patterns which removes the restriction of 
being beyond the first side-lobe plateau of the earth station 
pattern;

2 ) the required composite earth station and satellite antenna
discrimination is 30 dB;

3) the satellite station keeping tolerances are +0.1 degrees and
the earth station pointing accuracy is assumed to correspond to 
the -1 dB relative gain angle.

Number of satellites

FIGURE 6
ME/SE versus number of co-coverage satellites

ME
/S
F.
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ME/SE versus a

Since the spacing between pairs of satellites is determined by worst 
case SE criteria, the nominal spacing between satellites is the angle where the 
earth station plus satellite antenna discrimination meets the SE required (30 dB 
assumed) plus the most unfavourable tolerance situation. For this model, the 
highest ME/SE will occur when the interfering satellites are at their minimum 
spacing with respect to the interfered with satellite. This is the condition 
assumed for these analyses.

Analyses similar to those of the simplified model can be made for 
various earth station antenna (D//.)s and similar results can be obtained. Figure £ 
shows the same functions as Figure 7 for an earth station D/>, - 100. The 
main-lobe and first side-lobe plateau of the earth station patterns distort the 
functions when (a < ac) as compared to the functions of Figure 7. The peak 
(ME/SE) ratios are somewhat lower than in Figure 7 which is due to the 
incorporation of the tolerances.

Again, it would appear highly unlikely that the satellite antenna 
discrimination values required to provide four equal level entries would 
simultaneously occur in practice. Additionally, it is also highly unlikely that 
all the interfering satellites would be at their extreme worst case tolerances.
If the satellite spacing corresponds to the maximum permissible single-entry 
level with most adverse tolerances, the ME level, when all satellites are at 
their nominal positions, may be considerably lower than the worst case 
condition.
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o - Satellite antenna discrimination - dS

FIGURE 8 

ME/SE versus a for P A  = 100

2.4 Application

The above analyses do not account for any statistical advantage due to 
the random placement of interfering carriers with respect to desired carriers. 
The effective reduction of the ME/SE for FM carriers is significant. However, 
the effect is generally considered( not significant for digital carriers because 
of their relatively flat spectral densities.

Thus, the above models and results are most applicable to digital
carriers.

2.5 Summary

Of the two models analyzed the model which includes full earth station 
antenna patterns and other tolerances is considered more realistic. The 
following general conclusions are enumerated.

1) The satellite antenna discrimination corresponding to peak 
multiple entry to single entry ratios is a function of the number of satellites 
with antenna discrimination that are placed between satellites with no antenna 
discrimination. The satellite antenna discrimination corresponding to these 
peaks increases with the number of interleaved satellites. For a satellite 
antenna discrimination of 25 dB at the first side-lobe plateau, 2 to 3 
satellites with this level of discrimination may be placed between co-coverage 
satellites with little effect on the multiple entry level.

M
E

/S
R
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2) The peak values of multiple-entry to single-entry ratios are in 
the range of 4.5 to 5.0. The peak values occur at specific satellite antenna 
discrimination values and drop rapidly as the values depart from these specific 
values. The probability of the specific set of conditions necessary for these 
peak values occurring in an actual situation is considered to be low and thus 
lower practical values should be considered. These peaks can also be 
intentionally avoided. Values less than 4 may be appropriate but further study 
is needed in this area.

3) Satellite antenna discrimination may not be adequate for co­
locating satellites whose coverage areas do not overlap. Even if the satellite 
antenna discrimination is adequate, it is advantageous to space satellites with 
antenna discrimination (interleaved between co-coverage satellites) in order to 
increase the discrimination between satellites.

4) Satellite station keeping and earth station antenna pointing 
tolerances are a significant factor for closely spaced satellites.

3. Aggregate to single-entry interference ratio in a high-capacity
orbit-use scenario

The geostationary orbit utilization is maximized when full use is made of spacecraft 
antenna discrimination, polarization discrimination and earth station antenna 
discrimination. Figures 8 and 9 of that annex illustrate the theoretical 
optimum use of the GSO.

It is important to determine the relationship between aggregate and 
single-entry Interference in such an environment. This ratio provides an upper 
bound to the ratio experienced in practice, just as the same model provides an 
upper bound on orbit capacity.

In this situation, the interference is produced by a series of adjacent 
satellites, alternately adjacent coverage and co-coverage. Protection is 
provided by the earth station antenna, and, in the case of adjacent coverage 
satellites, the satellite antenna. The resulting interference is shown relative 
to that caused by adjacent co-coverage satellite. The protection afforded by the 
satellite antennas is assumed to be 25.5 dB.

Although actual service areas of a satellite network are likely to be 
fairly complex it is desirable to use as a model a service area configuration 
which is conceptually simple.

In this case, the model should allow for interference from those 
transmissions which are intended for the neighbouring areas which surround the 
"interfered with" area.

Figure 9 shows an array of cells representing the projections of a 
large number of transmissions on the Earth's surface. The topologically simple 
regular array has been chosen to simplify calculations showing, with a cross, 
each area which might be served from one orbital position. As the lines 
representing transmission to particular cells from one satellite position 
clutter the diagram, they have been deleted. The served areas are joined with 
dotted lines to illustrate what is meant,*later, by a "shell" of interfering 
services.
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Consideration has been given to interference arising in a situation 
where the area-to-area distances represent constant regular changes in 
protection angle at the satellite, but a "row-to-row" variation in down link 
power density is 4 dfi (see e.g. Report 1001, Table I, for potential 
variations in power density). This condition is represented with alternate 
"rows" shaded differently. Rows shaded by hatching have the high power level.

Assuming antenna protection follows a -25 log <p law. The interference 
level with respect to the singly-entry level is about 10.8 dB for one shell,
12.1 dB for two shells, and 12.8 dB for three shells.

As the number of shells in a practical situation may, but is unlikely 
to, exceed 3, the approximate worst condition for three shells may lead to a 
asymptotic interference level about 13 dB greater than the single-entry value.

Another analysis, based on rectangular cells rather than the hexagonal 
cells used above, resulted in an asymptotic value for the aggregate interference 
to single-entry interference ratio of about 11 dB; 10 equal-level entries plus 
4 low-level entries. When this model was applied to Region 2 countries, the 
worst case ratio was found to be about 4- (or 6 dB) for oo-charpel operation, i.e., there is no 
statistical advantage'due to carrier offsets. More probable situations resulted 
in aggregate to single entry ratios of three or less.
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FIGURE 9

Multiple service areas located within subzone



4. Statistical estimates of aggregate to single entry Interference ratios
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The relationships between the maximum single entry interference level 
and the aggregate interference level for FDM/FM carriers and those for digital 
^carriers have been examined through extensive computer simulation.

A mix of co-coverage and non-co-coverage networks has been considered 
in order to develop this relationship under a more realistic situation.

In the computer simulation, the aggregate interference into a FDM/FM
carrier of a given satellite network due to FDM/IH carriers of other satellite
networks is computed. The carriers, which are all equal within each network, 
have a variety of parameters, and the interfering carrier frequencies relative 
to the desired carriers are randomly assigned. These interfering carriers are 
transmitted in networks whose space stations are located at various orbital 
separations from the satellite with the wanted carrier.

The spacings between satellites are determined based on the co-channel 
interference assumption which is normally adopted in the course of internetwork 
coordination. They are determined such that, i) the maximum single-entry 
interference into every network, as calculated on the co-channel assumption, for 
all possible combinations of wanted and interfering satellites, does not exceed 
the applicable single-entry allowance; and ii) the total orbital arc occupied by
all the satellites for that ordering is a minimum.

Three single entry levels, i.e. 600 pWOp, 800 pWOp and 1,000 pWOp with 
the co-channel assumption are considered to determine the spacings between 
networks. Then the carrier frequencies are randomly shifted so as to simulate 
the effect of frequency interleaving, and the aggregate interference in each 
network is evaluated. Therefore, in this interference model the single entry 
level in any combination of network does not exceed the applicable single-entry 
criterion.

Figure 10 depicts the cumulative distributions of the aggregate 
interference thus computed based on 600 pWOp, 800 pWOp and 1,000 pWOp single­
entry levels. This figure displays the probabilities with which the aggregate 
interference exceeds the value on the abscissa after the simulation of random 
frequency interleavings is taken into account.

It is observed from Figure 10 that, as a result of frequency 
interleaving, the probability of the aggregate interference exceeding a value of
2.5 times the given co-channel based single-entry level for co-coverage as well 
as for non-co-coverage networks is less than 1%.

In computing the aggregate interference into digital carriers, another 
computer simulation was carried out for various types of digital carriers. As in 
the FDM/FM case, the spacings among networks are determined on the basis of the 
co-channel interference assumption. A number of satellite arrangements were 
considered, to determine the statistical distribution of aggregate interference. 
It is noted that, in the case of digital carriers, little advantage due to 
frequency interleaving is expected.

The single entry criteria considered are 4% and 10% of the total noise 
power which would correspond to a BER of 10"^.
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FIGURE 10
Distribution of aggregate interference (FDM/FM carriers 1
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Figure 11 shows the cumulative distributions of aggregate interference 
calculated, based on the 4% and 10% single-entry interference criteria. The 
distributions of aggregate interference are expressed in terms of percentage 
with respect to total noise power.

By reference to Figure 11 it is observed that the probability of the 
aggregate interference exceeding a value of 4.5 to 5 times the applicable 
single-entry criterion is close to 1%.

5. Examples of aggregate to single-entry interference ratios in an
orbit-use arrangement similar to the FSS allotment plan

The allotment plan developed at WARC ORB-88 is an example of a high
utilization of the geostationary orbit, if all allotments are brought into 
service as indicated by the Final Acts of the Conference. This is particularly 
the case for that portion of the GSO serving Region 1. It is useful to use these 
results of that Conference to examine the statistical characteristics of the 
ratio"rubetween the appropriate single-entry interference criterion and the 
aggregate interference which would be experienced by the satellite networks in 
such an environment. This information is intended to be complementary to the 
information provided through the analytical modelling of sections 2 and 3 of
this annex and the simulation of analogue networks in section 4.

FIGURE 11
Distribution of aggregate interference {% of total noise,

digital carriers)
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5.1 Simulation example 1

One simulation study using the ORBIT-II computer program as made 
available by the IFRB in 1988 is reported in [CCIR, 1986-90h] . In this scenario 
the "requirements" were the 113 satellite beams of Part A of the allotment plan 
of WARC ORB-88 between 45°W and 50°E. This arc was chosen for examination 
because it is the most highly utilized orbital arc of the plan.

In this simulation only the "ordering" portion and the "analysis" 
portion of the ORBIT-II program were used. (The ordering portion is that portion 
of the program that selects the orbit positions of the required satellites such 
that all of the single-entry interference levels are less than a specified 
maximum interference "criteria".) This was done to simulate the situation in 
which satellite positions are chosen based on single-entry consideration.

The networks accommodated in the simulation had the same technical 
characteristics as specified in the allotment plan of WARC ORB-8 8 . Specifically, 
co-channel frequency and co-polarized operation of the networks involved was 
simulated, representative of networks carrying wideband digital traffic. The one 
variation from the allotment plan technical parameters imposed on the simulation 
was that the single-entry (C/I) criterion was increased to simulate a 
highly-utilized orbit in which the "compression ratio" of the ORBIT-II synthesis 
result was equal to or slightly greater than unity. Specifically, syntheses with 
nominal (C/I) single-entry ratios of 33 and 35 dB provided results of a 
fully-utilized arc, with compression ratios of 1.088 and 1 . 1 1 2  respectively.

The ORBIT-II synthesis program provides several ordering routines, i.e. 
choices of which network to consider first. The "westerly first" routine was 

used in the synthesis reported here. Satellites operating in the 6/4 GHz 
frequency band were simulated.

The analysis portion of the program was used to determine the aggregate 
interference of each of the 113 networks in the 95° wide arc from 45°W to 50°E, 
and this aggregate value was compared with the single-entry criterion. The ratio 
"r" for each entry was calculated in dB and this set of 113 results was used to 
estimate the statistical characteristics of the random variable r. The estimates 
of the probability distribution function of this variable are shown in Figure 12 
for both the 33 dB simulation and the 35 dB simulation described above. These 
cumulative histograms are estimates of the probability distribution function of 
the ratio r, a random variable from one network to the next. In generating the 
estimates of the probability distribution functions in Figure 12, correction was 
made for the fact that the compression ratio of the resulting orbital 
arrangements were greater than unity. The single-entry criterion of the "33 dB" 
simulation was reduced by 25 log^Q (1.088) to 32.09 dB, and the "35 dB" 
simulation's criterion was reduced by 25 log^o (1-112) to 33.85 dB.

For this scenario, the probability distribution function estimates of 
Figure 12 may be used to estimate the required single-entry to aggregate 
interference criterion necessary to ensure that a specified percentage of 
networks experience an aggregate interference not greater than the aggregate 
interference criterion, i.e. the aggregate interference level to which they 
would presumably be designed to accommodate. In this example, if 90% of the 
networks are to experience aggregate interference levels below the aggregate 
criterion, the "33 dB" curve of Figure 12 suggests that the ratio between 
single-entry criterion and aggregate criterion should be in the order of 
5.53 dB, and the "35 dB" curve suggests that this ratio be in the order of 
5.61 dB.
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Ratio of stngle-entry (C /l) criterion to experienced aggregate C /I in dB

FIGURE 12

Cumulative histogram s or estim ates of the  probabllty distribution 
function of th e  ratio of slngle-ontry (C/l)cri1erion 

to experianoed aggregate (C /l), R, in dB
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5.2 Simulation example 2

In another simulation example, the aggregate interference 
between digital satellite systems was calculated using one 
hundred 6/4 GHz beams selected from the requirement for the 
national allotments in Part A of the Allotment Plan developed at 
WARC-ORB-88. These one hundred beams were chosen because they 
represent a highly utilized part of the GSO, i.e. the 
Europe/Africa region. Systems in Part B, or existing systems, 
were not included in the calculation.

T e c h n i c a l  p a r a m e t e r s  used, such as c a r r i e r - t o - n o i s e  ratio 
and a n t e n n a  diameter, w ere in a c c o r d a n c e  w i t h  S e c t i o n  A of A N N E X  
1 to A p p e n d i x  30B of the R a d i o  Regulations. T his A N N E X  was u sed 
in the g e n e r a t i o n  of the A l l o t m e n t  Plan at W A R C - O R B - 8 8 . Q P S K  
m o d u l a t i o n  w i t h o u t  FEC is a s s u m e d  in the c a l c u l a t i o n .  By ass u m i n g 
a 2. 5dB m a r g i n  for the QPSK modulation, a C/N of 16 dB (BER 10"6) 
was used, which coincides with the operational C/N value adopted in the 
generation of the plan. Thus, the single entry carrier-to-interference ratio 
corresponding to 4% and 10% of the total noise level at which the BER equals 
10“6 is 30 dB and 26 dB, respectively. Satellite locations and the length of the 
total arc to accommodate the satellite systems were determined by using the 
ORBIT-II programme. The carrier to single entry interference ratio of 30 dB or 
26 dB is satisfied for every satellite system.

After the locations were determined, the aggregate 
interference for each satellite system was calculated and its 
distribution was analyzed. Since the length of the total arc is 
adjusted so that the "compression ratio" becomes unity, the 
correction of the values required in Example 1 is not necessary 
in this case.

The calculated results are shown in Figure 13. In this 
example, the ratio of aggregate to single entry interference is 
not more than 2.8 to 3 (4.4 to 4.8dB) for a 90% probability and 
not more than 3.8 to 4.5 (5.8 to 6.6 d B ) for a 99% probability.
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FIGURE 13 □ 104 of total noise

Distribution of aggregate interference (% of total noise)

5.3 Variations in interference between real satellite networks

The analytical and simulation studies presented in this report depend 
upon the interference discrimination of earth station and satellite antennas 
defined by the CCIR Recommendations. These Recommendations depict envelopes of 
antenna side-lobe gains which usually encompass peak values of these lobes 
instead of the actual antenna gains at specific off-axis angles. The results of 
these studies may be conservative in estimating aggregate interference since 
there are as many "nulls" as there are peaks in the antenna gain patterns. An 
estimate of actual aggregate interference might include a statistical variation 
in antenna side lobe gains as well as other non-homogeneous factors, such as 
variations in antenna beam sizes and RF signal characteristics. The inclusion of 
these factors may result in lowering the estimates of aggregate interference 
compared with that shown in the above models. Further study is urgently 
required.

6. Summary

Several models were studied to analyze the factors for determining an 
appropriate level of aggregate and single entry interference for coordination 
purposes. It was noted that where many homogeneous satellite networks cover the 
same or adjacent areas (little or no satellite antenna discrimination exists), 
the ratio of aggregate to single entry interference (ME/SE) is about 4 dB. In a 
similar model of homogeneous networks, where satellites with significant 
satellite antenna discrimination are interleaved between co-coverage (with earth 
station antenna discrimination) satellites, the ratio (ME/SE) has a sharply
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peaked value of about 7 dB for unique values of satellite antenna discrimination 
and considerably lower (ME/SE) ratios for other values of satellite antenna 
discrimination.

A theoretical study of cellular groupings of service areas, where 
satellites serving these areas may be co-located in orbit, was made. This study 
indicated an asymptotic ratio of (ME/SE) of 11 to 13 dB. However, when applied 
to a practical scenario in Region 2 where the service areas coincided with 
actual country boundaries, the worst case ratio was 6 dB for co-channel 
frequency operation. Another analysis, using computer simulations with different 
types of traffic and frequency offsets between carriers, was applied to a 
practical mix of co-coverage and non-co-coverage satellite networks. The 
conclusions in this case were that for FDM/FM carriers, the probability of the 
ratio exceeding 2.5 or 4 dB, is less than 1%; and for digital carriers the 
probability of exceeding 7 dB is close to 1%.

Two simulation exercises were performed for a highly utilized part of 
the GSO based on requirements for the national allotments in the Allotment Plan 
generated in WARC ORB-8 8 . Both exercises determine satellite positions based on 
the single-entry interference criteria and analysed the aggregate interference 
of each satellite system. One exercise shows that 90% of the satellite entries 
have an aggregate to single-entry interference ratio of less than 5.6 dB. The 
other exercise shows this ratio to be less than 4.8 dB.
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REPORT 710-3

INTERFERENCE ALLOCATIONS IN SYSTEM S  
OPERATING AT FREQUENCIES GREATER THAN 10 GHz 

IN THE FIXED-SATELLITE SERVICE

(Q uestion 2 8 A /4 -)

(1982-1986-1 9 9 0 )

1. Introduction

At frequencies below 10 G H z, the effects o f p ropagation  variations (fading) are relatively small factors in 
the determ ination  o f  internal link noise allow ances and  external interference allowances. At frequencies 
above 10 G H z, fading becom es an increasingly dom inan t factor in determ ining these allow ances and the link 
design tends to be determ ined by the propagation  losses expected for sm all percentages o f time. There may be a 
need to define short-term  as well as longer-term  interference allow ances in frequency bands above 15 GHz.

The way r.oise and interference are allocated in digital systems m ay be d ifferent from analogue systems. At 
frequencies above 10 G H z if the error rate perform ance objective for a small percentage time is met, during 
non-fad ing  conditions the erro r rate is likely to be small.

A principal concern in interference allocations is the correlation betw een these interference entries and the 
desired  signal.

The general factors affecting the interference allocations in analogue and digital systems are explored in 
this R eport.

2. Propagation phenomena

At frequencies above 10 G H z rain attenuation  is the prim ary cause o f fading in satellite links. An exam ple 
o f  a rain  attenuation  d istribution  is given in Fig. 1, which shows tha t the attenuation  at 30 G H z with a 
17° an ten n a  elevation angle is 17.5 dB for 0.3% o f the w orst m onth for a typical C anad ian  City, Halifax, a light 
rain  region. M uch greater a ttenuation  will be experienced in heavy rain regions where storm  cells are more 
prevalent. Rain attenuation  increases rapidly  with increasing frequency in the 4 G H z to 30 G H z region as 
ind icated  by the curves shown in Fig. 1. The values also change considerably  with geographic variations, as 
illustrated  in Fig. 2 where 20 and 30 G H z da ta  from H alifax and  Tokyo are com pared.
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FIGURE 1 — Distribution o f  rain attenuation with a 17° elevation 
angle at Halifax fo r  a satellite-Earth path

3. Link design and mutual interference considerations

Site diversity and  adaptive up-link power control (U PC) may o r may not be used on satellite links, and 
these factors need consideration  in conjunction with the fading correlation  o f w anted signals and interference on 
the up links and dow n links.

3.1 Sources o f  interference

Interference m ay arise from  a num ber o f sources. For the purpose o f this analysis, these are identified as:
— intra-system  (in ternal) sources:

— cross-polarized co-channel interference;
— in t^rm odulation , ad jacent channel and o ther degradations;

— inter-system  (external) sources:
— interference from  other satellite systems;
— interference from  other space services and terrestrial services.

Intra-system  (in ternal) sources of interference are not always influenced by fading conditions. The
interferences from o ther space services not using UPC and terrestrial services have alm ost constan t interference
values which are not changed in value by fading conditions. However, the interference from  o ther satellite systems 
on the geostationary-satellite orb it can be controlled to a certain extent by using UPC. As a result, higher 
C / l  values can be ob tained  when all FSS systems use UPC than when all systems use fixed e.i.r.p. On the up link.
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10'2 2 5 10'1 2 5 1 2 5 10

Percentage of worst month that attenuation is exceeded

FIGURE 2 -  Examples o f  geographical variations 
o f  rain attenuation in 20 and 30 GHz bands

A A  Halifax Data (elevation angle 17°) 

Q - — —O  Tokyo Data (elevation angle 48.5°)

3.2 Link design aspects

The design o f a satellite link above 10 G H z is typically characterized, from the interference point o f view, 
by the different interference behaviour in the dow n and up link.

For the dow n link, a high degree o f correlation between the w anted signal fading and  the interference 
fading from significantly contributing  neighbouring satellites is expected so that ( C / l ) d  will not significantly 
change with increasing a ttenuation , with or w ithout diversity, when fixed e.i.r.p. is used. H owever, dow n-link 
pow er control o f the desired or interfering signals will result in C / l  variations. Further study o f dow n-link pow er 
contro l is needed.

For an up link, apart from  the case where there is a co-transm itted cross-polarized signal, sim ultaneous 
fading on the signal path and interference path is not likely because o f the geographical separation  o f the earth 
stations. Thus, ( C / / ) „  can be alm ost proportional to (C)„ in an up link w ithout adaptive pow er control. W ith 
pow er control, variations in ( C / / ) „  will be significantly sm aller under up-link fading conditions. W here 
cross-polarization isolation is em ployed for co-frequency transm issions from the sam e earth  station, under 
conditions o f fading co-channel interference is likely to be dom inant.

In general, a low correlation  between up-link and dow n-link fading can be expected so that sim ultaneous 
deep fades would occur for only a negligible percentage o f time.
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With these postu lates, at the ou tpu t o f an FM receiver approxim ate relationships betw een the interference 
noise /, the therm al noise n and C  are:
(a) for the dow n-link  / is nearly constan t, n ~  1 /C a n d  i / n  ~  C;
(b) for an up-link w ithout pow er contro l i / n  is nearly constan t, i ~  l/ .C  and  n ~  1 /C ;
(c) for a dow n-link with full up-link  pow er control n and / are nearly constant.

Since i is nearly  constan t fo r (a) and (c), a short-term  interference allow ance m ay not need to be defined. 
H owever, for (b) a link having a large fading design in o rder to m eet a short-term  perform ance objective will have 
a very low n under faded cond itions so that with current interference allow ances, it is possible tha t / > n. In a 
fading up-link iu and nu will both  increase proportionally , and when > nu, /„ and  in term odu la tion  noise (w here 
applicable) will dom inate  the short-term  perform ance. Thus, in the higher frequency bands, there m ay be a need 
to define a short-term  interference allow ance when a non-diversity up-link is used w ithout adap tive  pow er control. 
However, it should also be noted tha t a reasonable short-term  interference allow ance m ay result in a very low 
long-term  up-link interference requirem ent which in turn  may be detrim ental to efficient u tilization  o f  the 
geostationary orb it and spectrum . Thus any short-term  interference allow ance should be as high as feasible in 
order to m inim ize any detrim ental effects on orbit and spectrum  utilization.

The effect o f space diversity on up-link pow er control is to reduce the m argins required  to  m eet 
perform ance criteria, i.e. it is equivalent to a reduction in the fading range. C onsequently , the effective fading 
range may be reduced such tha t a short-term  interference allow ance m ay not be necessary. Since this reduces the 
m axim um  value o f C  and , in tu rn , I  to ano ther netw ork, o rbit and spectrum  u tilization  m ay be enhanced .

A satellite system opera ting  above 10 G H z may have sufficient pow er m argin in the system design th a t a 
m inor am ount o f  C / N  deg radation  by interference during clear-air conditions is no t a significant factor. H owever, 
where rain fading occurs, interference will degrade the system by causing a reduction  in rain  fade m argins. Here, 
the reduction in design fade m argin  represents a true loss from a system po in t o f view. For exam ple, if  the 
iaterference causes a 1 dB loss in fade m argin, one w ould have to increase the transm itter pow er by 1 dB, reduce 
the data rate by 20%, o r increase an tenna  diam eter by 12% to m ake up the loss. The question  o f  allow able 
interference m ay, therefore, be considered  from  the standpo in t o f  degradation  in system m argins.

This m argin reduction  has been confirm ed in a m ore recent analysis and  raises the question  w hether the 
provisions o f § 1.1 and  1.2 o f R ecom m endation 523, may not, under certain  c ircum stances, result in unaccep tab le  
interference for the sm all percentages o f the time during  which a signal is faded. It is no ted  tha t the p roblem  is 
likely to be less severe in system s which use up-link pow er control. H ow ever, fu rther study is recom m ended to 
assess the problem ; specifically to consider the usefulness o f  a provision, in R ecom m endation  523, which w ould 
address the faded situation , and  to consider the im plications o f  the choice o f  a reference bit e rro r ra tio  d ifferen t 
from 1 in 106.

4. Examples of interference allocations in systems above 10 GHz

4.1 Analogue m odulation system s

A 30/20  G H z satellite system may use frequency-division m ultiple access, or a lternatively  m ay operate  in 
the single-carrier-per-transponder mode. If the rain a ttenuation  is severe, the system may use up-link  pow er 
control, or alternatively m ight be designed such that operation  during severe fad ing  is possible w ithout up-link  
power variation. Sim ilar systems are possible in the 14/12 G H z bands, although , in general, fading, is no t so 
severe (see Fig. 1) and so less em phasis need be placed on system design for operation  during  severe fading 
conditions.

As a first exam ple, consider the case where:
— the 30/20 G H z frequency band  is used;
— a non-diversity  up-link w ithout U PC;
— dow n-link diversity is used and  so dow n-link fading effects are neglected;
— a typical TW T satellite tran sponder is used;
— the desired perform ance is indicated  by R ecom m endations 353 and 466.

Since the short-term  perform ance determ ines the link design, the unfaded  therm al noise is quite low. Two 
possible link designs are indicated in Table I, that for m ulti-carrier FD M A  opera tion  and  tha t fo r single-carrier- 
per-transponder operation .
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TAB LE I -  Exam ple noise budgets, including inter-system interference fo r  multi-carrier and single-carrier operations 
with up-link fading bu t w ithou t up-link pow er control

(based on Halifax propagation data at 30 GHz)

Noise characteristic(i)

Condition for 80% of month (pWOp)
Condition for not more than 0.3% 

o f worst month (pWOp)

Multi-carrier
operation

Single-carrier
operation

M ulti-carrier
operation

Single carrier 
operation(2)

Interm odulation 2000 0 112400 0

Up-link interference 1000 1000 56200 56200

Down-link interference 1000 1000 56200 15 850

Up-link thermal noise 300 300 16870 16 870
Down-link thermal noise 600 600 33 740 9510

Total 4900 2900 275 410 98430

(1) Interference from terrestrial systems has not been considered in this example.

(2) Assumes a transponder characteristic with 12 dB output reduction for 17.5 dB input reduction.

A com parison o f the perform ance o f this exam ple link with and  w ithout in term odulation  noise indicates 
tha t the in term odulation  noise has a m ajor effect on short-term  perform ance, con tribu ting  m ost o f the increase o f 
the short-term  total noise from 98 x 103 pWOp to 275 x 103 pWOp. It should also be noted tha t the short-term  
perform ance specified in R ecom m endation 353 could be met in this exam ple if therm al noise were the only 
im pairm ent, but no t if either in term odulation  noise, or inter-netw ork interference, as specified by R ecom m enda­
tion 466 for bands below  15 G H z, were experienced.

As a second exam ple, consider the system o f exam ple one but with partia l U PC, i.e. pow er variation o f
8.5 dB in the transm itting  earth station to reduce the effects o f the 17.5 dB fading in the up link 0.3% o f the time. 
T he link perform ance for this system is indicated in Table II. In this exam ple the short-term  perform ance o f 
R ecom m endation  353 is met when the system design is based prim arily  on long-term  conditions and single-carrier- 
per-tran sponder transm ission is jised, bu t not when the sam e system is used in an  FD M A  m ode o f operation , 
a lthough the inter-system  interference contribu tion  still rem ains 1/5 o f the total noise.

TABLE II -  Exam ple noise budgets, including inter-system interference fo r  multi-carrier and single-carrier operations 
with up-link fading and partial up-link power control

(based on Halifax propagation data at 30 GHz)

Noise characteristic i)

Condition for 80% of month (pWOp)
Condition for not more than 0.3%  

o f worst month (pWOp)

Multi-carrier
operation

Single-carrier
operation

Multi-carrier 
operation (2)

Single-carrier
operation(3)

Interm odulation 2000 0 16000 0
Up-link interference 1000 1000 8000 8000
Down-link interference 1000 1000 8000 3 200
Up-link thermal noise 2000 2000 16000 16000
Down-link thermal noise 4 000 4000 32000 12 800

Total 10000 8000 80000 40000

(1) Interference from terrestrial systems has not been considered in this example.

(2) Assumes 8.5 dB up-link power control and a 17.5 dB fade.

(3) Assumes 8.5 dB up-link power control and corresponding 5 dB down-link power variation (due to transponder non-linearity) for 
a 17.5 dB fade.
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O peration  o f a sim ilar system in the 14/12 G H z band, w ithout UPC or site diversity, is indicated in Table 
HI. In this system exam ple the short-term  perform ance o f R ecom m endation 353 is met even w ithout UPC or 
diversity operation  if the system is designed to meet the long-term conditions o f  R ecom m endations 353 and 466. 
However, in this exam ple as well, the norm al allow ance for in term odulation  noise in the FD M A  system option  
degrades the short-term  perform ance.

TAB Lb 111 -  Exam ple noise budgets, including inter-system interference fo r  multi-carrier and single-carrier operations 
with up-link fading bu t w ithout up-link pow er control

(based on Halifax propagation data at 14 GHz)

Noise characterislic(i)

Condition for 80% of month (pWOp)
Condition for not more than 0.3% 

of worst month (pWOp)

Multi-carrier
operation

Single-carrier
operation

Multi-carrier
operation

Single-carrier
operation^)

Intermodulation 2000 0 7096 0

Up-link interference 1000 1000 3 548 3 548

Down-link interference 1000 1000 3 548 2000

Up-link thermal noise 2000 2000 7 096 7 096

Down-link thermal noise 4000 4000 14192 8000

T otal 10000 . 8000 35 480 20644

(1) Interference from terrestrial systems has not been considered in this example.

(2) Assumes a transponder characteristic with 3 dB output reduction for 5.5 dB input reduction.

4.2 Digital modulation systems

Systems operating above 10 GHz are discussed in this section. The 
effect of interference into a 14/12 GHz system and a 30/20 GHz system using 
digital modulation is shown.

4.2.1 14/12 GHz systems

In order to assess the impact of interference from other satellite 
networks on digital satellite transmissions such as when forming part of an 
ISDN, an actual operating satellite network at 14/12 GHz was analysed.
The margins for rain regions K and M were determined with interference allowance 
as per CCIR Recommendation 523.

The data rate used for the digital service is 2.048 Mbit/s and utilizes 
3/4 rate convolution encoding with Viterbi decoding, operating in the linear 
region of the transponder. The rain attenuation is calculated for worst month 
percentages in rain regions and the resultant C/N is calculated against the 
requirements of BER of 10“ 3 for 0.2% of worst month, 10“ 6 for 2% of worst month, 
and 10“ 7 for 10% of worst month. Under fading conditions, it is assumed that 
when the up-link carrier fades due to rain in its area, the interfering carriers 
from other areas are not fading. Therefore, the C/I will degrade. In other 
words, under fading conditions it is assumed that the rain cells are localized 
and thus degradations to C/I apply uniformly due to all interference.
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The fading on the up and down-links are assumed independent and only 
up-link fading was assumed.

In order to assess the effect of the interference from other satellite 
networks, this component is shown versus the percentage of worst month under the 
same fading conditions.

Table IV details the link budget for the system for various percentages 
of time for the worst month in rain region K. The following assumptions are 
made:

1) Operation is over the linear region of the satellite transponder, 
therefore up-link fading will cause the down-link carrier-to-thermal-noise rates 
to degrade linearly at the same rate in dB.

2) The intra-network interference from other carriers is assumed to 
remain constant and, thus, the C/I is assumed to vary linearly as the up-link 
carrier fades.

3) In the worst case the IM noise, assuming a large number of carriers, 
remains constant as the wanted up-link carrier fades. The carrier to IM noise 
will therefore vary at the same rate, in dB, as the wanted carrier.

4) The adjacent satellite interfering carriers are assumed to remain 
constant while the wanted up-link carrier fades.

Some form of fade compensation such as up-link power control may be 
used to compensate for the effect of fading. For a moderate K climate a modest 
amount of up-link power control of 3.4 dB would be sufficient for the system 
shown in the example using FEC.
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TABLE I

INTELSAT 2.048 Mbit/s. region K. at 14/12 GHz 
as per CCIR interference allowance

FADE DEPTH dB 
PERCENT TIME

0 . 0 0 . 8
1 0 . 0

1.7
3.0

2 . 1
2 . 0

3.3
1 . 0

5.8
0.3

7.2
0 . 2

1 0 . 0
0 . 1 0

13.3
0.05

16,7
0.03

UP LINK C/N THERMAL 2 1 . 8 2 1 . 0 2 0 . 1 19.7 18.5 16.0 14.6 1 1 . 8 8.5 5.1
C/N XPOL 33.8 33.0 32.1 31.7 30.5 28.0 26.6 23.8 20.5 17.1
C/N IM 19.8 19.0 18.1 17.7 16.5 14.0 1 2 . 6 9.8 6.5 3.1
C/N ASI 20.5 19.7 18.8 18.4 17.2 14.7 13.3 10.5 7.2 3.8

C/(N+I) TOTAL 15.8 15.0 14.1 13.7 12.5 1 0 . 0 8 . 6 5.8 2.5 -0.9
C/I TOTAL 20.5 19.7 18.8 18.4 17.2 14.7 13.3 10.5 7.2 3.8

DOWN­ C/N THERMAL 18.4 17.6 16.7 16.3 15.1 1 2 . 6 1 1 . 2 8.4 5.1 1.7
LINK C/N XPOL 33.8 33.0 32.1 31.7 30.5 28.0 26i. 6 23.8 20.5 17.1

C/N TERR & IM 21.4 2 0 . 6 19.7 19.3 18.1 15.6 1412 11.4 8 . 1 4.7
C/N ASI 20.5 19.7 18.8 18.4 17.2 14.7 13.3 10.5 7.2 3.8

C/(N+I) TOTAL 15.1 14.3 13.4 13.0 1 1 . 8 9.3 7 j 9 5.1 1 . 8 -1 . 6
C/I TOTAL 20.5 19.7 18.8 18.4 17.2 14.7 13 j 3 10.5 7.2 3.8

TOTAL C/(N+I) TOTAL 12.4 1 1 . 6 10.7 10.3 9.1 6 . 6 5.’2 2.4 -0.9 -4.3
C/I TOTAL 17.5 16.7 15.8 15.4 14.2 11.7 10.-3 7.5 4.2 0 . 8

REQUIRED C/N 
(BER 10"3)

6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7

MARGIN 5.7 4.9 4.0 3.6 2.4 -0 . 1 -1.5 -4.3 -7.6 -11.0

Symbol definitions:

C/N THERMAL: Carrier to thermal noise ratio
C/N XPOL: Carrier to cross polarization interference noise ratio
C/N IM: Carrier to intermodulation interference noise ratio
C/N ASI: Carrier to adjacent satellite interference noise ratio
C/N TERR & IM: Carrier to terrestrial and ground station intermodulation

interference noise
C/(N+I): Carrier to thermal and interference noise ratio (combined power

wise)
C/I: Carrier to adjacent satellite interference noise ratio
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In deriving these exam ples, the follow ing assum ptions are m ade:
— 3 0 /20  G H z 2-phase CPSK  system ;
— either all the fixed-satellite service systems involved use UPC or none do ;
— tw o intra-satellite interference entries result from ad jacent channels used in o ther (independent) hom ogeneous 

links;
— under non-fading conditions, the w anted carrier-to-in tra-satellite  interference ratio  is taken to be 35 dB for 

both  up  and dow n links;
— external interference on the up link from  other fixed-satellite service systems is assum ed to increase the 

satellite therm al noise by 3 dB when pow er control is not used;
— cross-polarized signals on the up link are transm itted  from the sam e earth  station;
— circu lar polarization  is assum ed and  cross-polarization  discrim ination  ( X P D ) values are determ ined using the 

m ethod in R eport 564;
— satellite and earth-station  an tenna XPD  values are taken as 30 and  35 dB respectively. (Because o f the 

coherence o f the cross-polar interference on each transm ission path these values are com bined with each o ther 
and  with the atm ospheric XPD  value on a voltage addition  basis);

— the rain attenuation  figures at 30 G H z and 20 G H z are 17.5 dB and 9 dB respectively. (Values for 0.3% o f the 
w orst m onth in H alifax at 17° elevation angle; see Fig. 1.) The 9 dB fade condition  at 20 G H z is assum ed to 
increase the dow n-link therm al noise tem perature  by 3 dB;

— the fixed e.i.r.p. and  pow er-controlled up links provide equal availabilities (i.e., equal m axim um  e.i.r.p.s) and 
the pow er-control system has a 14.2 dB dynam ic range. (Clear-sky operating  poin t with UPC corresponds to a 
bit erro r ratio around  1 0 ~ 8 and som ew hat lower with fixed e.i.r.p.);

— there are two external interference entries on the dow n link from fixed-satellite service systems: these are 
assum ed to be equivalent to intra-satellite in terference; .

— the probability  that both the up and  dow n links fade extensively at the sam e time is sufficiently small to be 
ignored;

— the interference from other space services and terrestrial services is taken to be 40 dB below carrier level for 
both  up and dow n links when fixed e.i.r.p. is used.

Tables V and VI show exam ples o f up-link and dow n-link noise budgets under unfaded and faded 
conditions. U nder norm al p ropagation  conditions, atm ospheric XPD  is calculated from equation (15) in 
R eport 564-2 (G eneva, 1982) to be 45 dB at 30 G H z and 40 dB at 20 G H z. W hen rain attenuation  occurs, XPDs 
for 30 and 20 G H z decrease to 16.5 and 17.8 dB. (Values o f  c =  17° and x =  45° are used in equation (15) in 
R eport 564-2 (G eneva, 1982).)

TABLE V — E xam ple o f  possible up-link noise and interference allocations

WJL.2 30/20 GHz systems

(

dB below signal

U nfaded Faded

W ithout
pow er

control

W ith pow er 
contro l

W ithout
pow er

control

With pow er 
control

1. C ross-polarized  co-channel in terference 25.2 25.2 14.0 14.0

1.1 E arth-station  an tenna XPD 35 35 35 35

1.2 A tm ospheric XPD 45 45 16.5 16.5

1.3 Satellite an tenna XPD 30 30 30 30

2. Therm al noise plus o th er in terferences 29.8 19.4 12.3 16.1

2.1 In tra-sa te llite in terference (2 entries) 35 35 17.5 31.7

2.2 External system in terference 33.8 25.3 16.3 22.0

2.2.1 O ther FSS systems in terference 35 35 17.5 31.7

2.2.2 O ther services in terference 40 25.8 22.5 22.5

2.3 T herm al noise 35 20.8 17.5 17.5

3. Total up-path  |.C /(A ; +  /)]„ 23.9 18.4 10.1 11.9
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dB below  signal

Un faded Faded

1. C ross-polarized  co-channel interference 24.5 15.0

1.1 E arth -station  an ten n a  XPD 35 35

1.2 A tm ospheric  XPD 40 17.8

1.3 Satellite an ten n a  XPD 30 30

2. T herm al noise plus o th er interference 24.7 13.7

2.1 ln tra -sa te llite  interference (2 entries) 35 35

2.2 E xternal system in terference (2 entries) 33.8 33.8

2.2.1 O ther FSS system s interference 35 35

2.2.2 O ther services in terference 40 40

2.3 T herm al noise 25.8 13.8

3. T otal dow n-path  [CV(A -t- /)],, 21.6 11.3

The up-link intra-satellite interference, external interference from other fixed-satellite service systems and 
therm al noise ratios are reduced to 17.5 dB below signal level when UPC is not used. By using UPC, intra-satellite 
interference and o ther fixed-satellite service systems interference can be m aintained at 31.7 dB during  faded 
conditions. As a result, a total up link [ C / N  +  /)]„ o f 11.9 dB can be achieved which is 1.8 dB better than for the 
case w ithout UPC.

Table VII shows the total carrier-to-noise ratios [C / ( N  +  /)], derived from Tables I and II.

The difference in the total [ C / ( N  +  /)], betw een with and without UPC in the up-link faded case is 
about 1.7 dB.

TABLE V II  -  Value o f  total [C A N  + I)],

Total [ C / { N  +  /)], (dB)

U nfaded U p link faded D ow n link faded

W ithout
pow er

control

With power 
control

W ithout
pow er

control

With power 
control

W ithout
pow er

control

W ith pow er 
control

19.6 16.7 9.8 11.5 11.1 10.5
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5. Summary

An attem pt has been made to identify certain possible sources o f interference in analogue and digital 
systems in the fixed-satellite service operating in frequency bands above 10 GHz.

Possible link budgets have been calculated based on the assum ptions identified.

The follow ing tentative com m ents apply:
— with respect to efficient use o f the geostationary-satellite orbit and spectrum  it is preferable to utilize adaptive 

pow er control or space diversity on the up-links in o rder to reduce the effects o f short-term  interference:
— in the higher frequency bands (e.g. 30 /20  G H z), if UPC or space diversity is not em ployed, a short-term

interference allow ance may need to be defined. Any short-term  interference allow ance should be chosen in 
such a m anner that any detrim ental effects on orbit and spectrum utilization are avoided;

— because the fading range increases substantially with increasing frequency, a single short-term  interference
allow ance may not suffice for all fixed-satellite service bands above 15 GHz.

M ore study is urgently needed in o rder to obtain more substantive qualitative and quantitative conclusions
with respect to interference allow ances for satellite netw orks in the fixed-satellite service above 10 GHz. These
studies should also take into consideration the allow ances for interference from terrestrial services in those 
frequency bands where sharing with the fixed-satellite service is perm itted.
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REPORT 8 6 7 -

MAXIMUM PE R M ISSIB L E  INTERFERENCE IN  SIN G L E -C H A N N E L-PER -C A R R IE R  
AND INTERMEDIATE RATE D IG IT A L  TRA N SM ISSIO NS IN  

NETWORKS OF THE F IX E D -S A T E L L IT E  SER V IC E

(Study Program m e 2 8 C /4 )

(1 9 8 2 -1 9 8 6 -1 9 9 0 )

1. Introduction

Single-channel-per-carrier (SCPC) and intermediate rate digital 
transmissions have become services widely used in fixed-satellite service 
systems and they are by their very nature, sensitive to interference from 
transmissions with high spectral density components. One of the most harmful of 
these is analogue FM-TV which, for appreciable periods of time, may have 
negligible inherent dispersal of its carrier energy and may, therefore, require 
substantial isolation from SCPC and intermediate rate digital transmissions when 
operating on the same frequency.

. Artificial energy dispersal as successfully used in reducing interference from FM-TV transmissions into 
other FM-TV transmissions and into low-capacity analogue FDM-FM telephony transmissions has been con­
sidered as a means to alleviate the situation also for SCPC and intermediate rate digital transmissions.

One o f the customary dispersal techniques applied to analogue FM-TV is the modulation o f the carrier 
with a triangular waveform of a given peak-to-peak deviation at a frequency in the neighbourhood of the frame 
repetition rate (“slow triangular spreading”), and removal o f that waveform upon reception. When the peak-to- 
peak deviation is greater than the occupied bandw idth o f the interfered-with signal, the full interfering carrier 
power will be present within that bandwidth for about the tim e fraction corresponding to the ratio of occupied 
bandw idth B  to the peak-to-peak dispersal deviation A/  The ratio 6  =  f l / A / i s ,  by analogy with pulse type

signals, called the duty cycle. This causes the most severe interference from 
analogue TV transmission, to occur during the period of absence of the video baseband 
signals. This situation occurs only rarely, at random, and for a small 
percentage of the time.

The following summarizes the currently known effects of interference 
from one type of artificially dispersed FM-TV carrier on SCPC and intermediate 
rate digital transmissions as used in the fixed satellite services. This work 
has led to the development of one form of interference criteria for use in the 
calculation of interference.
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2. Interference in 8-bit PCM 4-phase PSK single-channel-per-carrier transmissions

One of the most common carriers in use is 8 -bit PCM 4-phase PSK SCPC 
at 64 kbit/s and the establishment of an interference criterion is based on the 
following considerations.

Monitoring of TV transmissions in the INTELSAT system indicates that 
TV carriers are modulated by video signals or test patterns most of the time and that 
for only very short periods the TV carriers are modulated by Energy Dispersal 
Signals (EDS) alone. These periods are of the order of 0.6% of the total transmission 
time. The average length of such periods is about 5 minutes. The longest continuous 
such period was found to be about 18 minutes. Thus, the probability of simulta­
neous occurances of two or more such interferers is very small.

Additional measurements are needed to examine the validity of these 
statistical results in other satellite systems.

To establish a criterion to be used for protecting the uncoded SCPC/QPSK 
(64 kbit/s) transmissions, one TV carrier modulated with EDS alone is assumed 
to be present all of the time (one such entry representing time addition of 
all such interfering signals from different satellites). This type of inter­
ference is assumed to co-exist with other noise-like interferers. Therefore, 
the total pre-demodulation interference noise allowed by Recommendation 523-2 
should be divided between these two dissimilar types of interference.

A model has been developed to derive the apportionment: of the total 
allowed interference between the two types of interferers. The model assumes a 
contribution coming from an ED modulated TV carrier and a noise-like 
contribution which is equal to 2.5 times the single entry interference. The 
noise-like single entry interference is assumed to originate from a modulated
carrier, whose spectral density (power in a bandwidth of 1 Hz relative to the 
total carrier power) in the proximity of the carrier frequency is -62 dBc/Hz.
This value is appropriate for representing a high density FM carrier or a 
modulated TV carrier.

The following laboratory measurements were made. The SCPC transmission 
was operated at different carrier-to-noise ratio values above C/N = 14.6 dB 
(Eb /N 0 = 12.3 dB) which corresponds to BER = 10'6 . Then, the ED modulated TV 
interferer was added and the value of the carrier-to-interferer carrier power 
was recorded which restored the BER to 10'6 . The results are presented in 
Figure 1 for different peak-to-peak EDS deviations. In the same figure, the 
relationship between the noise-like interference C/I (for both single entry and 
total noise-line interference) and degradation is shown.

Using Figure 1, by equating the total degradation caused by the TV 
(EDS modulated only) interference and noise-like interference with the criterion 
defined in Recommendation 523, the protection ratios for uncoded SCPC/QPSK 
(64 kbit/s) were determined, as shown in Figure 2.
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These results can be approximated by the equation:

C/I -21 + 3 log 8 + 8 log (10/i) (1 *

or
C/I = C/N + 6.4 + 3 log S - 8 log (i/10)

where

C/I = the ratio of the SCPC carrier power to the total carrier power of 
the interfering dispersed TV signal

C/N = the operating carrier-to-noise ratio which corresponds to 
BER = 10"6

5 = (SCPC occupied bandwidth)/(TV peak-to-peak deviation by EDS)

i — pre-demodulation interference power in the SCPC bandwidth
expressed as a percentage of the total pre-demodulation noise 
power (10 < i < 25).
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FIGURE 1

C/I vs degradation of C/N ratio
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SCPC bandwidth
p—p deviation by EDS of interfering TV carrier

FIGURE 2 
Protection criteria

3. Encoded digital QPSK

Measurements have been carried out on various SCPC/QPSK systems using 
different rates and coding schemes e.g. EUTELSAT SMS carriers (64 kbit/s and 
1920 kbit/s with rate h  FEC) and INTELSAT Business Service (IBS) (64 kbit/s and 
1536 kbit/s rate h  FEC) and Intermediate Data Rate carriers (1544 kbit/s and 
2048 kbit/s with rate 3/4 FEC) . The signal parameters are listed in Table I and 
are in accordance with the specification of these systems.
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TABLE I

Encoded QPSK transmission parameters

Transmission parameter INTELSAT EUTELSAT

Information rate IR (kbit/s) 64 1536 1544 2048 64 1920
Overhead bits, OH 16/15 16/15 0 0 16/15 16/15
Comosite rate CR (kbit/s) 68.27 1638. 4 1544 2048 68.27 2048
FEC code rate, C 1 / 2 1 / 2 3/4 3/4 1 / 2 1 / 2
Transmission rate TR (kbit/s) 
(CR/C)

136.5 3277 2059 2731 136.5 4096

Nyquist bandwidth (0.5 TR) 
Composite rate Eb/N0* (dB)

6 8k 1.6M 1 .0M 1.4M 68.3k 2048k

for 10“ 6 BER 5.4 5.2 7.2 6 . 8 5.4 5.1
for 10“ 7 BER - 5.8 7.8 7.4 - -

10“ 8 BER - 6.4 8.5 7.9 - -

C/N* (dB) for 10“ 6 BER 5.4 5.2 8.9 8 . 6 5.4 5.1
10“ 7 BER - 5.8 9.6 9.2 - -

10“ 8 BER - 6.4 1 0 . 2 9.7 - -

* The values for Ejj/N0 and C/N relate to the actual demodulator performance of 
the equipment used in the measurements.

The measurements resulted in curves of C/I versus degradation for BER 
values of 1 0 “ 6 , for the 64 kbit/s case and 1 0 “6, 1 0 “ 7 and 1 0 “ 8 for the higher 
data rates [CCIR, 1986-1990].

3.1 Interference into 64 kbit/s carriers

The protection criterion which has been developed is based on 
measurements using two different interference models. One model is the same as 
described in section 2 for uncoded QPSK transmission. The model divides the 
total allowed interference between two types of interferers: one TV carrier 
modulated only with an Energy Dispersal Signal (EDS), and other carriers 
modulated by noise-like signals. In the model, the apportionment of the total 
allowed interference is determined from the different interference effects of 
the two types of interferers. The spectral density of -62 dBc/Hz is used to 
derive the noise-like interference.

The other model [Dutronc et al., 1986] considered an interference 
scenario in which total interference is equivalent to 2 0 % of the pre-modulation 
noise, shared equally between noise-like interference and a single TV carrier 
modulated by an energy dispersal signal. The energy dispersed carrier is, 
therefore, assumed to represent 1 0 % of the total pre-demodulation noise, hence 
leading to an equivalent thermal noise increase of 0.5 dB (referred to as 
"C/N degradation").
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The tests involved the measurement of the increase in mean BER caused 
by the introduction of the interferer for a given constant value of the 
C/N ratio (Carrier-to-thermal noise power ratio), set to give a BER of 1 x 10" 6 
in the absence of interference (5.4 dB for 64 kbit/s carriers). The measured 
increase in mean BER was converted into an equivalent thermal noise increase 
using the back-to-back modem noise performance curve.

The measurements thus provide a relationship between the C/I (ratio of 
the SCPC carrier power to the total carrier power of the interfering TV signal) 
and the degradation of the C/N in the SCPC channel caused by the presence of the 
TV interference as single source interference (modulated by EDS only).

Results using the two above-mentioned models agree well and lead to the 
following single entry interference criterion which can be used for intersystem 
coordination purposes:

C/I (dB) = C/N + 9.4 + 3.5 log 6 - 6 log (i/10) (2)

where

C/N: is the carrier-to-noise ratio which corresponds to a BER of 
1 x 1 0 ” 6 ;

i: is the total allowed interference power in the carrier bandwidth
expressed as a percentage of the total pre-demodulation noise 
power (10 < i < 25, as defined in Recommendation 523).

From the results obtained with the two models used for the 
measurements, it can be observed that, for 64 kbit/s carriers, the interference 
due to a TV signal with EDS only represents the predominant source of 
interference as compared to the noise-like interference. It can be shown, in 
particular, that the two interference models provide for an equal apportionment 
of the aggregated interference power (for i = 20%, this translates into a 0.5 dB 
C/N degradation due to the ED dispersed TV carrier).

Measurements using "live material" modulating the interfering 
TV carrier have also been carried out for 64 kbit/s, in order to determine the 
C/I which would lead to fixed levels of degradation of the carrier-to-noise 
ratio. The tests were conducted with a TV modulator sensitivity of 22 MHz/V and 
1 MHz peak-to-peak energy dispersal. The results are shown in Figure 3. In this 
figure the necessary C/I for a 64 kbit/s channel, that gives rise to a stated 
degradation, are given as a function of frequency offset for "live material" 
interference. When the interfered with SCPC carrier falls within the energy 
dispersal bandwidth of the TV carrier, equation (2) applies. When the SCPC 
carrier is outside the energy dispersal bandwidth, curves of the type shown in 
Figure 3 apply.
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-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Frequency offset (MHz}

Bit rate = 63.27 kbit/s
Live Material 
1 MHz p-p E.D.
Modulator sensitivity ■ 22.MHz/v 
Operating C/N - 5.4 dB

FIGURE 3
C/I required for given degradation of C/N
as a function of frequency offset

3.2 Measurements into higher bit rate carriers

Measurements have also been performed using higher bit rate 
carriers and two different rates of FEC encoding (Rate 1/2 and Rate 3/4).

For the interference model described in section 2, where a variable
apportionment of the interference margin is made between noise-like interferers 
and the ED modulated TV interferer, the average interfering noise-like spectral
density over the occupied bandwidth has been measured to be -66 dBc/Hz for
1536 kbit/s IBS, -65.2 dBc/Hz for 1544 kbit/s IDR and -65.7 dBc/Hz for 
2048 kbit/s IDR.

The measurements resulted in curves of C/I versus degradation for BER 
values of 10'6 , 10' 7 and 10' 8 [CCIR, 1986-1990c].

Figures 4 and 5 show the C/I values required for i = 15% and i = 25% 
for a BER value of 1 x 10'7 .
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A best fit to the measurement results obtained by using this model, has 
been found to be:

+ 3.5 log (Ri/64) - 8 log (i/1 0 ) (dB), (S <_ 1 ) (3 )

(Ri/64) - 8 log (i/10) (dB), (S _> 1) (4 )

operating energy per bit to noise 
density ratio which corresponds to a 
specified BER (dB)
(QPSK occupied bandwidth)/(EDS 
peak-to-peak deviation)
information data in kbit/s rate not 
including FEC (R^ <. 2048 kbit/s)
percentage Of total pre-demodulation noise 
power contributed by interference 
(10 < i < 25)

For the interference model described in section 3.1, where a given 
percentage of the pre-demodulation interference power is allocated to the 
interference from the TV signal, measurements have been performed both for ED 
only modulation and "live material" modulation.

The tests were made using EUTELSAT 2 Mbit/s SMS carriers.
carriers.

C/I = 9 Eb/N0 ♦ 3 log 6

C/I = 9 Eb/N0 + 3.5 log

where

Eb/N0

S

Ri

i =
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I 
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0.1 0.2 0,5 10

measured data
+ = 2048 kbit/s 
• = 1544 kbit/s 
O = 1536 kbit/s

  Criteria

FIGURE 4

C/I Vs duty cycle for i = 15% 
BER - IQ" 7
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measured data

O = 1536 kbit/s
# = 1544 kbit/s
+ = 2048 kbit/s
—  Criteria

FIGURE 5

C/I Vs duty cycle for i 
EER - 10-7

= 25%
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The second interference model with a fixed apportionment for the effect 
of the TV carrier interference equal to 10% as described in section 3.1 was also
used to determine the C/I values required to obtain the given values of
C/N degradation.

The carrier-to-interference noise ratio derived from the results of 
measurements is given by:

C/I = C/N + 9 + 3.5 log 8 - 8 log i/10 6 < 3 (5)

C/I = C/N + 9 - 8 log (i/10) 6 > 3 (6 )

where

C/N: is the carrier-to-noise ratio which produces a BER of 10'6 ;

i: is the pre-demodulation interference power in the victim carrier
bandwidth as a percentage of the pre-demodulation noise power 
(e.g 10% for an C/N degradation of 0.5 dB and 20% for an 
C/N degradation of 1 dB) ;

8 : victim carrier occupied bandwidth
EDS peak-to-peak deviation

Measurements using "live material" modulation on the interfering 
TV carrier have also been carried out for 2 Mbit/s, and where TV carrier was the 
sole source of interference, in order to determine the C/I which would lead to 
fixed levels of degradation of the carrier-to-noise ratio. The tests were 
conducted with a TV modulator sensitivity of 22 MHz/V and 1 MHz peak-to-peak 
energy dispersal. The results are shown in Figure 6 . In this figure, the 
necessary C/I for a 2 Mbit/s channel, that gives rise to a stated degradation, 
is given as a function of frequency offset for "live material" interference.

- 7  - 6  - 5  - 4  - 3  - 2  -1 0 1 2 3 4 5 6 7
Frequency offset (MHz)

0.5 dB C/N d e g ra d a tio n  
 1.0 dB C/N d eg rad a tio n

FIGURE 6

C/I required for given degradation of C/N 
as a function of frequency offset
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4. Interference into low bit rate digital single-channel-per-carrier
transmissions

Owing to the extensive use of satellite SCPC transmissions for business 
applications, many examples exist of systems which operate at bit rates lower 
than 64 kbit/s. The sensitivity of this type of carrier to the interference 
created by FM-TV transmission has been analysed for a typical VSAT system with 
the following characteristics:

information rate: 19.2 kbit/s;

FEC: convolutional of rate 1/2 with soft decision Viterbi decoding;

modulation BPSK;

Tests have been conducted with various interfering signals:

a CW signal with frame rate energy dispersal using various
peak to peak deviations of the dispersion signal;

live material;

SECAM , S=22 MHz/V, 1 MHz peak-to-peak energy dispersal;

PAL, S=25 MHz/V, 2 MHz peak-to-peak energy dispersal.

Fig. 7 gives a comparison of the sensitivity of a 64 kbit/s QPSK 
carrier and of the 19.2 kbit/s BPSK carrier to CW interference. The curves give 
the necessary C/I for limiting the C/N degradation to 1 dB, as a function of the 
duty cycle.

Fig. 7 shows that a low bit rate carrier at 19.2 kbit/s is less 
sensitive than a 64 kbit/s carrier to the dispersed CW interference and that the 
difference in the necessary C/I increases with decreasing values of

In fact if the sensitivity was the same at the two bit rates, then 
under the same conditions of duty cycle, which is related to the time the 
sweeping carrier remains within the interfered-with bandwidth, the C/I required 
at 19.2 kbit/s would be only 3 dB less than the C/I required at 64 kbit/s 
because the modulation is BPSK and not QPSK. In practice the C/I required to 
protect a 19.2 kbit/s carrier is less than this difference.

One possible explanation to this phenomenon is the advantage brought
about by the memory of the convolutional code. As the sweeping frequency of the 
interfering carrier remains constant and equal to the frame rate, there are much 
fewer bits which suffer from interference at each sweep in the case of 
a 19.2 kbit/s signal interfered with by a 2 MHz peak-to-peak signal (15 bits) 
than is the case for a 64 kbit/s signal interfered with by a 4 MHz peak-to-peak 
energy dispersal carrier (47 bits), although the duty cycle is around 0.02 in
both cases. It can be considered that this is the result of the memory
introduced in the message by the convolution operation at the transmit end, 
which results in a smaller number of bits being affected by the interference 
with the consequence that the digital transmission is more resistant.

The phenomenon is even more marked for S = 0.01 where only 7 bits are 
affected by the interferer during each sweep. Further studies and measurements 
could bring useful clarifications.
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C/l(dB)

Figure 7 - C/I which causes a C/N degradation of 1 dB at BER of 10" 6
as a function of the duty cycle

Fig. 8 gives results of measurements with live material interference, 
and compares them with those obtained with the 64 kbit/s signal. With this type 
of interferer (live material) the lower rate transmissions appear to be 
relatively more sensitive than the 64 kbit/s signals.

In fact if the two signals had the same sensitivity, then the curves 
measured at 19.2 kbit/s could be obtained by scaling down the measured curves at 
64 kbit/s by 8.5 dB, of which 3 dB are due to the difference in the modulation 
scheme (BPSK, QPSK) and 5.5 dB are due to the difference in bandwidth of the 
modulated signals. In practice the C/I required to protect a 19.2 kbit/s carrier 
for various frequency offsets (with respect to the interfering carrier frequency) 
is larger than that which results from the simple rescaling.

However, although the low bit rate carriers are more sensitive to 
interference in the case of live material modulation, the C/I's required in that 
situation are still lower than in the case of a sweeping interfering carrier 
which represents the most constraining case.
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- 7 - 6 - 5 - 4 - 3 - 2  -1 0 1 2 3 4 5 6 7
Frequency Offset ( MHz)

Curve A : Bit Rale = 68.27 kbit/s, QPSK Curve B : Bit Rate = 19.2 kbit/s, BPSK Curve C : Bit Rate =19.2 kbit/s, BPSK

Live Material Interference, SECAM Live Material Interference, SECAM Live Material Interference, PAL
1 MHz p-p E.D. 1 MHz p-p E.D. 2 MHz p-p E.D.
Modulator Sensitivity = 22 MHz/V Modulator Sensitivity » 22 MHz/V Modulator Sensitivity = 25 MHz/V

Figure 8 - C/I required for 1 dB degradation of C/N 
as a function of frequency offset

5. Live material TV Interference into 56 kbit/s and
1.544 Mbit/s Digital Carriers

In order to quantify the interference impact of FM Analogue TV carriers 
on low data rate digital QPSK carriers, a series of measurements were made using 
a test sequence to simulate live video material. This test sequence was developed to 
simulate the statistical behavior of live M-NTSC FM-TV as measured in bandwidths 
of 30 kHz and 1 MHz. A comparison of the long term average BER induced by the 
two types of signals verified.that this test sequence represented a good 
approximation to the interference caused by live video, a BER of less than 10"® 
in two consecutive 10® bit blocks was the objective for determining the C/I 
threshold for each frequency offset.

A series of measurements were made without introducing thermal noise 
to determine the threshold performance in the presence of high levels of inter­
ference as a function of frequence offset and peak video deviation. Higher C/I 
levels will be required on satellite links to allow for thermal link noise. For 
example, if the single entry interference objective is 4% of the total noise, 
the C/I ratios required would be 14 dB above the threshold value.
Further study is required to determine the C/I required for a specific C/N 
degradation.

The results of these measurements were used to construct the threshold 
C/I video masks shown in Figures 9 , 10 and 11. Figure 9 is the threshold mask for 
a 56 kbit/s unencoded QPSK carrier, Figure 10 represents a 56 kbit/s 7/8 rate FEC 
encoded QPSK carrier. Figure 11 is the threshold mask for a 1.544 Mbit/s 7/8 rate 
FEC encoded QPSK carrier.
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The peak M-NTSC video deviations used are shown on the Figures 8, 9 
and 10. In all cases, the baseband video signal included a 2.1 MHz peak-to-peak 
triangular frame rate energy dispersal signal and two audio subcarriers. One 
subcarrier at 6.2 MHz was unmodulated, the second subcarrier at 6.8 MHz was 
modulated with program audio.

- 2 0  -1 5  -1 0  - 5  0 5 10
Data Carrier Frequency Offset from Video Cairier - MHz

 5,38 MHz
  10,76 MHz/ p e a k  v id e o  d e v i a t i o n

  16,13 MHz

15 2 0 .

Figure 9
Threshold C/I Ratio for a BER <10~6 for an uncoded 56 k b i t / s  carrier 

as a function of the Data Carrier Frequency Offset and Peak Video Deviation

Data Carrier Frequency Offset from Video Carrier - MHz

  10,75 MHz p e a k  v id e o  d e v i a t i o n

Figure 10
Threshold C/I Ratio for a BER <10~6 for a 7/8 rate FEC encoded 
56 k b it /s  carrier as a function of the Data Carrier Frequency Offset
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- 2 0  -1 5  -1 0  - 5  0 5 10

Data Comer Frequency Offset from Video Carrier - MHz 
  5,38 MHz

  10,76 MHz i peak video deviation
  16,13 MHz

Figure 11

Threshold C/I Ratio for a BER <107* for a 1.544 Mbit/s 7/8 Rate encoded 
earner as a function of the Data Carrier Frequency Offset and Peak Video Deviation

15 20

6. Other measurements

Measurements have been reported by various sources [CCIR, 1986-90] 
on the isolation required between an interfering TV signal and a 
64 kbit/s PCM/QPSK transmission. The interfered-with transmission was 
operated at a C/N ratio 1 dB above that required to produce a 10-6 BER.
Thermal noise was introduced to degrade the C/N by 0.5 dB, and then the dispersed 
interfering carrier was added and adjusted to a level which restored the 1 0 - 6 
106 BER in the interfered-with transmission.

This arrangement corresponds to an interference model in which total 
interference is about equivalent to 20% of the pre-demodulation noise, of which 

10% is caused by thermal noise-like interference. As in the previously described 
interference model, a single energy-dispersed carrier entry is assumed to 
represent axl sucn entries, each of which would be in the dispersed-only state 
for only a small fraction of the time, and all such fractions temporarily 
unccrrelatad; hence, not additive in the interference level domain.

The Q PSK  modem was operated with and without rate 1/2 convolutional FEC 
encoding, and the TV interference was represented by a carrier with variable 
frame rate energy dispersal, but no other modulation. The peak-to-peak ED was 
varied between 0.5 and 4 MHz, and was removed for one set of measurements. The 
noise bandwidth of the Q PSK  demodulater was 69 kHz and the C/N ratios required 
to produce a 10”  ̂BER in the absence of interference were about 5.6 dB for the 
encoded case and about 14.5 dB for the unencoded case.

The measurement results for the unencoded case are similar to those 
presented in the preceding section; the results for the rate 1/2 FEC case are 
shown in Figure 12.
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Duty Cycle (b/df)

FIGURE 12
Required wanted-to-unwanted carrier ratio versus 

duty cycle to protect a rate 1/2 FEC encoded FCM/QPSK 
transmission against analogue FM/TV with 

only frame-rate energy dispersal.
Measured for a dearadation of 0.5 dB

7 . The effect of line-rate dispersal

As suggested by W einberger [1977] an increase o f  the dispersal frequency o f  the o rd e r o f the line rate 
(abou t 16 kH z) should produce significant im provem ents in the effectiveness o f  energy dispersal as a means to 
reduce interference into SCPC transm issions.

M easurem ents [Y am , 1980] have confirm ed this. These m easurem ents were m ade with a saw tooth  dispersal 
w aveform  at the line rate, and  with a triangu lar dispersal w aveform  at o ne-ha lf o f  the line rate. T he peak-to-peak 
dispersal deviation A /w a s  varied from  0.25 M H z (8  =  0.15) to  2 M H z (8  =  0.02). The perm issible increase in 
in terfering  R F pow er relative to  tha t for fram e-rate dispersal depended only slightly on the am oun t o f therm al 
noise present, but rose fairly steeply with decreasing duty cycle. At A f  — 0.25 M H z the im provem ent am ounted to 
abou t 2 dB, at 0.5 M H z to about 5 dB, an d  a t 2 M H z to abou t 11 dB.

T he results o f  m ore recent m easurem ents o f  the effect o f  line-rate d ispersal o n  FM television interference 
in to  PC M -PSK -SC PC  transm issions are given in R eport 384, § 6  and  Figs. 4, 5 an d  6 .

T he use o f a line frequency dispersal w aveform  will result in a level o f  interference to satellite 
m ulti-channel telephone circuits and  terrestrial radio-relay  circuits up to 6  dB h igher than  w ould be caused by a 
low frequency dispersal signal fram e frequency o r less. T he effect o f this add itional im pairm en t w ould depend on 
the param eters o f the systems concerned. See R eport 384.

8. Interference in FM-SCPC Transmissions using syllabic companding,

Using the procedure outlined in Section 2 of [CCIR, 1986-1990b] 
protection criteria have been developed for SCPC/CFM using two distinct bases 
for the criteria: (a) impulse noise counts above a threshold of -21 dBmO and
(b) subjective evaluations. The modem employed was designed to operate in the 
INTELSAT system in accordance with INTELSAT performance specifications for its 
VISTA service. The carrier-to-noise density C/Nc at the normal operating point 
is 54.2 dB(Hz) which corresponds to a C/N of 10.2 dB. The threshold of this
equipment is approximately a C/N0 of 50.2 dB(Hz). The nominal IF noise bandwidth
is 25 kHz with the deviation established such that for a 0 dBmO test tone at 
1 kHz the corresponding rms deviation is 5.1 kHz. The pre-emphasis cross-over
frequency is at 1 kHz. The companding is 2:1 syllabic according to CCITT
Recommendation G.162 with an unaffected level of 0 dBmO.
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For the impulse count measurements, a threshold value of -21 dBraO was 
used in accordance with CCITT Recommendation ML 1020. The test instrument used 
for the impulse counts employed a 1 kHz tone at the transmit side which was 
removed by a notch filter at the receive side. The level of this tone was -10 
dBmO. Degradations to the C/N, for this tone level and with the compander on, 
for the case of 6 impulses per 15 minutes, were measured as a function of the 
C/I ratios.

These results are shown in Figure 13 where C/I versus the degradation 
to the C/N is shown for the four values of energy dispersal peak-to-peak 
deviations. The calculated noise-like interference curve is shown in Figure 14
from which the protection criterion is derived:

C/I = 13.5 + 2 log 8 - 3 log (i/10) (dB) (7)

where

8 and i are as defined above

CQ
rs

u 0 .5  MHz

1 MHz
2 MHz

4  MHz

Degradation in C/N (dB)

A: C/I ( carrier to single entry noise-like interference ratio)
B: C/Inl (carrier to noise-like interference ratio)

Figure 13 - C/I Vs Deeration in C/N for a SCPC/CFM Modem based upon 
impulse noise counts ( a constant impulse count criterion 
of 6 counts exceeding a threshold of -21 dBmO in 15 min. 

interval was used)
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£ = _________________ SCPC bandvith________________
p-p deviation by EDS of interfering TV carrier

Figure 14 - C/I Vs Duty Cycle based upon impulse noise count
for a SCPC/CFM modem

In the same way, subjective assessments of the degradation to the 
SCPC/CFM channel were made with a criterion based upon 1 audible "pop" per 
minute. The characteristic interference on the EDS at or near the nominal 54.2 
dB(Hz) operating point is observed in the form of impulsive noise or "pops". 
These results are shown in Figure 15. The resulting criteria are of the form

C/I = 13 + 2 log 5 - 3 log (i/10) (dB) (8)

as shown in Figure 16 and are slightly lower than those based on impulse counts. 
Comparing Equations (7) and (8)i it is concluded that the criterion of 
Equation (7) should be used as a single criterion £or SCPC/CFM for both impulse 
count and subjective impairments, and is graphically shown in Figure 14-

9. Delta modulation

C ertain systems may be im plem ented with delta m odulation SCPC. Delta m odulation is inherently less 
sensitive to interference than PCM -PSK -SCPC. This is due to the fact that bit errors caused by interference at the 
ou tpu t o f  the PSK dem odulator do not cause significant level variations in the delta m odulated signals as thev do 
in a PCM -PSK signal.

It should be noted that both delta m odulation  and com panded-FM  m odulated  SCPC transm issions require 
lower pow er signals than PCM -PSK -SCPC transm issions. This will tend to negate som e o f the advantage derivable 
from  the reduced interference sensitivity relative to that o f  PCM -PSK -SCPC.

Further studies and m easurem ents in the general area o f interference to SCPC transm issions from  
artificially dispersed TV transm issions are required before definitive criteria can be adopted.
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]_q  U se o f  d i g i t a l  TV t r a n s m i s s i o n s

Efforts are under way in many countries to develop standardized digital 
TV signal formats and equipment for digital TV codecs with bit rates of 45 Mbit/s
and 68Mbit/s. The latter are already commercially available for use in 
terrestrial links. A 15 Mbit/s/30 Mbit/s codec is also under development and 
could be available in the near future.

The use of digital transmission will significantly alleviate the 
carrier inhomogeneity problem,because these signals appear as noise—like 
interference into an SCPC carrier. An example is shown in Figure 16 which is
based on the results of an experimental study [Yam, 1 9 8 0 ]  performed to assess
the interference potential of digital TV with respect to ah SCPC/QPSK carrier. 
According to these results, the interference potential of the selected digital 
TV is 9 dB lower than that of TV/FM with line-rate energy dispersal, or 18 dB
lower than that of TV/FM with frame-rate energy dispersal technique.

m

o

0,5 MHz

1 MHz

2 MHz 

4 MHz

Degradation in C/N (dB)
A: C/I (carrier to single entry noise-like interference ratio)
B: C/I , (carrier to noise-like interference ratio) nl

Figure 15 - C/I Vs Degradation in C/N for a SCPC/CFM Modem based
upon subiective evaluation (1 pop/minute)
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Figure 16 - C/I Vs Duty Cycle based upon subjective evaluation
of a SCPC/CFM Modem (1 pop/min)
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11. Summary and conclusions

Further work is urgently needed on the subject of interference criteria 
into intermediate bit rate digital carrier transmissions. This work should 
include the effects on such systems using all types of modulation techniques, as
well as the effects of other types of energy dispersal techniques.

Further studies and practical tests are also needed: -

— to develop interference criteria for TV signals carrying "live programme"
material:
to investigate differences (if any) when TV carriers encoded in other formats 
than NTSC, SECAM, and PAL are used as the interfering signals.

— to identify m eans o f using the line-rate energy dispersal technique in ways tha t do  not increase interference
into  low -deviation terrestrial or satellite, FD M -FM  transm issions;

— to investigate the use o f com posite line-rate and fram e-rate dispersal techniques as a potential m eans o f 
reducing in terference effects into both SCPC and low deviation terrestrial o r satellite FD M -FM  transm issions;

— to dem onstrate  techniques, appropria te  to the various possible app lica tions o f  line-rate energy d ispersal, and 
com posite  line-rate and  fram e-rate dispersal, for rem oving the dispersal w aveform  from  the video signal 
w ithout degradation  o f  the signal quality.

It should also be noted tha t there may be practical difficulties in im plem enting  line rate energy dispersal in 
feeder links to b roadcasting  satellites, since this would involve relatively com plex equipm ent to rem ove the 
dispersal signals at dom estic receiving term inals( s e e  R e p o r t  384)* .
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O FF-AX IS e.i.r.p. D EN SITY  LIM ITS 
FO R FIX ED -SA TELLITE SERV ICE EARTH ST A T IO N S

(Study Program m e 28A /4)

(1986-1 S 9 0 )

1. Introduction

Interference from  an earth-station  transm itter into the satellite receivers o f o ther netw orks can be related 
d irectly to  the off-axis spectral e.i.r.p. density o f the interfering earth-station an tenna. This is a function not only 
o f the earth-station  an tenna side-lobe perform ance bu t also depends on the transm itter pow er level and  its spectral 
density which, in tu rn , will be influenced by the overall satellite system design.

The establishm ent o f a recom m ended limit for off-axis spectral e.i.r.p. density can be approached  from two 
view points:

— lim itation  o f  the interference level entering another satellite taking particu lar account o f  interference to 
netw orks em ploying large earth-station  antennas,

— determ ination  o f  the on-axis e.i.r.p. requirem ents for earth  stations, particularly  those em ploying relatively 
sm all antennas and  consideration  o f the on-axis and off-axis gain that such an tennas could be expected to 
provide.

2. Consideration of an off-axis e.i.r.p. density limit fo r the 6  G H z band

An exam ination from both  o f the view points m entioned above has led to the conclusion that the 
recom m ended limit should take the follow ing form for up-link emission at about 6  G H z.

At any angle, <p, 2.5° o r m ore o ff the m ain-lobe axis o f an earth-station  an tenna , the e.i.r.p. per 4 kH z in 
any d irection  within 3° o f  the geostationary-satellite orbit should not exceed the follow ing values:

Angle off-axis M axim um  e .i.r .p ./4  kH z

2.5° <  <p <  25° (E  -  25 log <p) dB (W /4  kHz)
25° <  <p «  180° ( £  -  35) dB (W /4  kHz)

w here the value o f E  should be w ithin the range 32.0 to 38.5. The value o f E  should be as sm all as practicable, 
and will vary from  one frequency band  to another. For som e satellite system applications, it may be desirable to 
develop an off-axis e.i.r.p. density lim it by using a m ore stringent value o f  E (e.g. 32) in the near-in angular region 
(e.g. (p <  7°) and then to relax the value o f  E  at larger off-axis angles. This type o f  stepped limit would constrain 
the off-axis rad iation  in those angu lar regions where the value would be m ore effective in lim iting interference to 
adjacen t satellites.

From the view point o f tolerable interference into a satellite netw ork with large station  an tennas, it may be 
noted th a t a value o f  38.5 for E  w ould perm it a m axim um  e.i.r.p. density o f  21.0 dB (W /4  kHz) to be radiated  
from  an earth  station  at 5° off-axis.

From  the view point o f  the reasonable requirem ents o f earth stations with sm all an tennas, four cases that 
might be considered are:
C ase 1: high density FM carrier — large station;
Case 2: FM-TV — sm all station (global satellite an tenna);
Case 3: FM-TV — broadcast satellite up link;
Case 4: single-channel-per-carrier (SCPC) — narrow  band.
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A ssum ing the follow ing,

— the satellite noise tem perature  <  3000 K;

— the satellite an tenna  gain 5* 16 dB ;

— the earth-station  an tenna  conform s to R ecom m endation 465 for off-axis angles less than  25°, b u t the side-lobe
envelope has a constan t level o f  —3 dBi beyond 25°;

— 10  log (earth station  noise tem perature) >  19.

(Values for the m inim um  pow er density at an  off-axis angle o f 5° are show n in T able I.)

TABLE 1 -  M inim um  off-axis e.i.r.p. density fo r  typical carriers

FD M -FM  
1332 channels 

36 M H z R F  bandw idth
FM -TV

FM -T V  broadcasting  
sa tellite up-link

SCPC
global

Satellite G /T  (dBOC1)) - 7 -  17 0 -  17

U p-link C /T (dB(W /K)) -  125 -  137 -  134 -  154

e.i.r.p. (dBW) 82 80 66 63

Earth station antenna 
transm it gain (dB)

60 53 46 53

RF power input to  earth  
station antenna (dBW)

22 27 20 10

RF spectral pow er density inpu t to 
earth station antenna (dB(W /4 kHz))

- 8 0 - 4 0

E y  (dB(W /4 kHz)) (') 6.5 14.5 10.5 14.5

( ')  Radiation at 5° assuming 32 -  25 log y  relationship.

The worst interference w ould be from  Case 2 where a 53 dB gain corresponds to  a 10 m d iam eter an tenna. 
The required transm itter pow er w ould be about 500 watts. With 27 dB (2 M H z) o f  sp read ing  advantage, the 
nom inal transm it pow er density w ould be 0 dB (W /4  kHz) resulting in an off-axis rad ia tion  o f 14.5 dB (W /4  kHz)
at 5°.

While Case 4 indicates a sim ilar value for off-axis e.i.r.p. density rad ia tions, o ther factors m ust be 
considered. Single-channel-per-carrier (SC PC ) are low level carriers with a nom inal earth  sta tion  transm it level o f 
63.5 dB (W /channel). Since TV norm ally  only has spreading at a slow rate (25 o r 30 Hz), it is considered  tha t the 
total carrier pow er m ust be considered as pulsed interference. In this case, at 5° the C / l  w ould be 22 dB on the 
up link and 13 dB on the dow n link. W hile criteria for interference in these cases do  not exist, an  overall C / l  o f 
20 dB has been adop ted  in som e analyses for such pulsed interference. R ecognizing the severe incom patib ility  o f 
this situation , the conclusion is reached that adequate protection is not reasonably  a tta inab le  by satellite 
separation  nor by m ore severe e.i.r.p. restrictions since the dow n link is dom inan t. O ne solution  is to restrict the 
uses o f the two types o f signals such tha t they w ould also be separated in frequency where the fixed-satellite sevice 
is involved on both up and dow n links. A second solution which might considerably  relieve the problem  noted  
above is a different m ethod o f carrier energy dispersal for television by transfo rm ation  o f  the video signal as 
described in A nnex II o f R eport 384.

Two exam ples from the C anad ian  T ELESA T system [CCIR, 1974-78] show  tha t at 6  G H z and  an off-beam  
angle o f 5°, a level o f unw anted e.i.r.p. density in the approxim ate range 17-18 dB (W /4  kH z) is associated with 
single-channel-per-carrier transm issions from  a 4 to 5 m diam eter antenna and with TV transm issions from  a 10 m 
diam eter antenna.
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As to Case 4, a study was m ade in Japan  on the off-axis e.i.r.p. density per 4 kH z bandw idth  for the 
SC PC-PSK  carrier o f  the IN T E L SA T  system and  SC PC -FM  and SCPC-PSK  carriers o f the M A R ISA T system 
[C C IR , 1978-82]. Based on the results o f  the above studies, it may be concluded that in the case o f  a transm ission 
betw een S tandard-B  earth sta tions in the IN T E L SA T  system, the worst value o f  off-axis e.i.r.p. density  from the 
transm itting  earth station  is 6  dB higher than 35 -  25 log <p (dB(W / 4  kHz)).

It should be noted that these figures are only an illustrative exam ple o f  existing systems. In any event a 
R ecom m endation should  not be tailo red  to a specific existing system but on the contrary  future systems should be 
designed to meet the R ecom m endation in its final form.

Based on the foregoing, it is concluded tha t the utilization o f the geostationary-satellite o rbit at 
abou t 6  G H z could be protected , w hile perm itting  earth  stations with antennas as sm all as 4 o r 5 m in diam eter to 
be used, by applying the follow ing guidelines:

— care should be exercised in frequency p lann ing  to ensure that television transm issions in one netw ork do not 
use the sam e frequencies as single-channel-per-carrier telephony transm issions in a netw ork using a nearby 
satellite;

— in all o ther cases, earth  sta tions should  conform  to the off-axis e.i.r.p. spectral density limits in the direction 
o f  the geostationary-satellite  o rb it indicated in the second paragraph o f this section, the value o f E  lying 
w ithin the range 32.0 to 38.5.

3. Consideration of off-axis e.i.r.p . density limit fo r the 10-15 GHz band

W hen considering an off-axis e.i.r.p. density limit at 10-15 G H z it is reasonable to assum e that the satellite 
receive an tenna will no t norm ally  p rovide wide angle coverage and on this account it may be possible to utilize 
low er earth-station  e.i.r.p.s and  hence low er levels o f off-axis radiation than in the lower frequency bands. 
However, this m ay be counteracted  by the fact tha t rain fading will be more severe.

3.1 M ethod o f  calculation o f  E

In general, the interference (7) from  a transm itting  earth  station into an interfered-w ith space station <p° 
from  the in tended transm ission is given by:

/  =  £  -  25 log <p -  Lrs -  LCA -  E* + Gs (1)

where:

E : constan t to be determ ined  for a lim it form ula related to a reference bandw idth ,

L Fs '■ fret space loss at the transm itting  frequency,

L ca '■ c lea r-a ir a ttenuation ,

L r : attenuations due to rain . (In  the w orst case L R =  0, in clear-air conditions),

Cs '■ gain o f the an tenna  o f  the interfered-w ith satellite in the direction o f the interfering earth  station.

The single entry up-link in terference, 7, m ay be specified to be constrained to be equal to a fraction o f the 
up-path  therm al noise o f  the in terfered-w ith  space station. In tha t case:

7 = 1 0  log (k T B )  -  A (2)

w here:

A : therm al noise-to-in terference pow er ratio ,

T: noise tem perature  a t the satellite receiver input,

B  : b andw id th  under consideration ,

k : B oltzm ann’s constant.
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Then, in the w orst case where L R =  0:

£  -  25 log cp =  10 log kB  +  L fS +  L Ca ~  ( G / T ) ,  -  A (3)

where ( G / T ) , : satellite figure o f  m erit (dB (K -1)).

If the free-space loss is 207 dB (14 G H z) and  the clear-air a ttenuation  is 0.5 dB this sim plifies to:

£  -  25 log <p =  -2 1 .1  -  { G /T ) ,  + B -  A

Thus for given param eters <p, ( G / T ) , , B an d  A, the param eter £  which defines the perm issible e.i.r.p. 
density form an earth  station  at angle (p° off-axis can be determ ined.

H owever, o ther factors should  also be taken into account in choosing an off-axis lim itation to the e.i.r.p. 
o f  em issions from transm itting  earth  sta tions in the 10-15 G H z bands. O ne such factor is the need to consider rain  
m argins in the earth  sta tions’ e.i.r.p. budgets at these frequencies; ano ther is tha t constrain ing  the off-axis e.i.r.p. 
density values to certain  lim its m ay have a significant influence on the earth -sta tion  an tenna diam eter. A n 
exam ple o f  how an tenna  d iam eter varies with £  for three different up-link rain  m argins is show n in Table I la.

The im pact on the param eter £  o f the need to take account o f adverse p ropagation  conditions, in a region 
o f high rainfall (Brazil) is exem plified in Table lib .

TABLE Ila  -  Required earth-station antenna diameters in an assumed television m ode o f  operation to meet specified off-axis
e.i.r.p. density values

E
(dB(W/40 kHz))

Antenna diameter (m)

Rain margin 
OdB

Rain margin 
3dB

Rain margin 
6dB

33 12 17 24

36 8 12 17

39 6 8 12

42 4 6 8

Assum ptions made in deriving Table Ila:

-  TV carrier with 2 MHz peak-to-peak energy dispersal modulation only,
-  reference bandwidth for E  is 40 kHz,
-  earth-station side-lobe gain given by 29 -  25 log tp (dBi),
-  earth-station antenna efficiency 57-65%,
-  14 GHz operation,
-  clear-air C /T  required at satellite input is -127 dBW (K-1),
-  satellite G / T i s - 3  dB (K -')-
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TABLE l ib  -  Examples o f  the increase in off-axis e.i.r.p. density fo r  systems designed to cope with large propagation fades

C arrie r

E  (dB (W /40 kH z))

(clear-sky m odel) (deep-fade m odel)

A = 29 A  = 32 A  = 2 9 A  =  32

TV-FM 26 29 36 39

4 -P S K /60  M b it/s 15 18 47 50

SC PC -PSK 16 19 48 51

W here earth -s ta tion  side-lobe gain is A  -  25 log <p (dBi). 

A ssum ptions made in deriving Table lib:

-  hypo the tical (B razilian) system w ith 2° half-pow er beam w idth ,
-  60° earth -s ta tio n  elevation angle,
-  ra in  a tten u atio n  m odel from  R eport 564,
-  system  availability  99.95% ,
-  14 G H z  opera tion .

3.2 Factors affecting E

In addition to the rain m argin included in the interfering up-link design there are a num ber o f variables 
which im pact on the value o f E  for satellite services:

a) “Interfering" carrier type

Recognizing that, in transponders am plifying m ultiple FM carriers, pow er spectral density, and hence the 
interference potential, does not vary greatly between carriers o f d ifferent capacity, consideration can 
perhaps be limited to cases in which a tran sponder carries the following signals:
— m ultiple FD M -FM  carriers,
— m ultiple “high density” FD M -FM  carriers,
— a single FD M -FM  carrier,
— one PC M -PSK -TD M A  carrier,
— SCPC PCM-PSK. m ultiple carriers,
— FM-TV, single carrier, w ith 2 M Hz carrier energy dispersal,
— SCPC FM m ultiple carriers.

T he e.i.r.p. spectral density  required for the up link o f each o f these carriers will further depend on 
w hether it is destined for reception at large o r small an tenna receiving term inals.

b) “Interfered-with" carrier type

A sim ilar range o f cases as in a) above should be considered.

c) Interference objective

C C IR  studies [1982-86a, b, c, d, e, f and g], have considered the possibility o f increasing the interference 
allow ance in the interest o f decreasing satellite spacing.

d )  Satellite spacing

In the frequency range 10-15 G H z, spacings o f 3° for co-coverage satellites have been im plem ented, but
increased dem and for service has prom pted consideration  o f 2 ° spacing in certain locations.
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e) "Interfered-with" satellite coverage area

Satellite G / T  values correspond ing  to typical regional and dom estic coverages should be considered.

f ) "Interfering" earth station side-lobe gain characteristic

As im proved designs o f  earth -sta tion  an tenna are brought into service, off-axis em issions will reduce.

g) Rain margin included in the “interfered-with " up-link design

Full consideration  o f all these factors w ould involve thousands o f  com binations, and  a correspondingly 
w ide range o f £.

In deriving this list the assum ption is m ade that the values o f  earth -station  an tenna  diam eter and  
tran sm itte r pow er required to sim ultaneously meet the “w anted” up-link e.i.r.p. and  the off-axis e.i.r.p. lim it will be 
chosen. T here m ay be circum stances where this is im practical, e.g. sm all tran spo rtab le  earth  stations being used to 
p rov ide short du ra tion  television up links from various locations in a satellite’s coverage area.

T able  III gives an exam ple o f  the in ter-relationship  between param eter E  and  factors c) to  f)  inclusive. 
Both in terfering  and interfered-w ith carriers are frequency m odulated by television signals and  are assum ed to be 
identical. C om binations o f earth -sta tion  an tenna size and transm itter pow er have been chosen w hich provide the 
required  e.i.r.p. for the w anted carrier whilst just meeting the up-path  interference objectives. (In  the cases m arked 
with an asterisk, larger an tennas and  low er transm itter pow ers w ould probably  be chosen in practice, and in these 
circum stances the interference w ould be well w ithin the prescribed limits.)

It should  be noted that this exam ple assum es two identical satellite systems. W ider variations in E  and in 
the earth -sta tion  param eters w ould result from  the inclusion o f  cases w here the satellites in the interfering and 
in terfered-w ith  systems had differen t G / T  values.
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T A B LE IH  O ptim um  E  values and related parameters f o r  F M -T V to  F M -TV  interference

Satellite  G /T  
(dB (K -> ))

- 3 5

Satellite  spacing 
(degrees)

2 3 2 3

In terference objective
(°7o o f  u p -p a th  therm al noise)

20 5 0 ' 20 50 20 50 20 50

E arth -s ta tio n  
side-lobe gain 
32 -  25 log <p

A n tenna  
d iam eter (m )

10.7 6.8 6.4 4.1 26.9 17.1 16.2 10.3

Transm itter 
pow er (W)

139 342 382 951 3.5 8.6 9.6 23.9

E arth -sta tio n  
side-lobe gain 
29 -  25 log <p

A n ten n a  
d iam eter (m)

7.6 4.8 4.6 2.9* 19.0 12.1 11.5 7.3

Transm itter 
pow er (W )

287 685 764 1 903* 7.0 17.2 19.2 47.8

E a rth -sta tio n  
side-lobe gain 
26 -  25 log <p

A n ten n a  
d iam eter (m)

5.3’ 3.4 3.2* 2.0* 13.4 8.5 8.1 5.1

Transm itter 
pow er (W )

557 1 385 1 517* 3 794* 14.0 34.8 38.1 95.3

O ff-ax is  e.i.r.p. param eter 
E T d B f W ^ k H z ) )

28.4 32.4 32.8 36.8 20.4 24.4 24.8 28.8

A ssum ptions made in deriving Table III:

-  “ in te rfering”  a n d  “ in terfered-w ith”  earth -s ta tio n s  a t 15° elevation,
-  14 G H z opera tion ,
-  satellite  an ten n a  gain the  sam e fo r “ in te rfering”  and  “ in terfered-w ith”  up  paths,
-  earth -s ta tio n  a n ten n a  efficiency 65% ,
-  3 dB  rain  a tten u a ticn  on “ in terfered-w ith”  up  pa th  only,
-  u p -p a th  C /T o f  “ in terfered-w ith”  TV  carrier, -1 3 0 d B W (K -1 ),
-  m o d u la tio n  by energy d ispersal signal only, 2 M H z peak-to -peak  deviation.

3.3 Values o f  E  in current system s

Tables IV and  V show typical e.i.r.p. densities and E  values generated  by earth  stations currently  operating  
in IN T EL SA T, E U TELSA T and  the U nited States dom estic satellite systems, and  also by sm all, transportab le  
earth  stations used for outside b roadcasts in E urope (EN G ).

Table VI show s earth -sta tion  e.i.r.p. densities which can be to lerated  as up -path  interference to typical 
IN T E L S A T  and E U TELSA T carriers, assum ing that the interfering earth  sta tion  is w ithin the receive coverage 
area  o f  the interfered-w ith satellite. The calculations have been perform ed assum ing single entry interference 
criteria  o f  600 pWOp for analogue carriers, and 4% o f the total noise plus interference for a 10~ 6 bit erro r ratio 
fo r d ig ital carriers.
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Table TV -  Off-mxii e.i.r.p. densities produced by currently operating systems

Case T ra n sm issio n  ty p e S a t e l l i t e  beam E arth -
s t a t io n

Standard

C1 )

E
(dB(W/40KHz)>

29 -  23 

lo g  <p
32 -  25 

lo g  <p

1 IKILLSAT TV 2T£z p k -to -p k  en erg y  d i s p e r s e l E sst up 14/4 GHz ( t o  Standard B) C 26.5 29.5
2 EUTELSAT TV 2MHx p k -to -p k  en ergy  d i s p e r s e l Eurobeam C 32.4 35.4
3 EUTELSAT TV 4MBz p k -to -p k  en ergy  d i s p e r s e l Eurobeam c 29.4 32.4
4 INTELSAT FDM-FM h ig h  d e n s i t y  972 in  23 ttiz. E ast up 14/4 GHz c . 30.4 33.4
5 EUTELSAT SMS 64 kbps ( in  73 kHz) SMS Beam c 18.5 21.5
6 EU7ELSAT SMS 64 kbps ( in  73 kHz) SMS Beam E - l 33.0 36.0
7 EUTZLSAT SMS 64 kbps ( in  73 kHz) SMS Beam Eut3 36.3 N /A
e INTELSAT TDMA Not s p e c i f ie d C 19.4 22.4
6 EUTELSAT TDMA Eurobeam C . 19.4 22.4
10 INTELSAT IDR 64 kbps in  5 1  k H z ( 3 / A  FEC) E ast up 14/4 GHz E-2 29.4 32.4
11 INTELSAT IDR 2 Kbps in  1 . 7  M Hz O/ A FEC) E sst up 14/4 GHz E-2 30.6 33.4
12 INTELSAT IDR 8 Maps in  6, 8 MHz(3/A FEC) E sst up 14/4 GHz c 19.3 22.3
13 INTELSAT FDM-FM 60 c h a n n e l* .in  3 E s st  up 14/4  GHz c 18.4 21.4
14 INTELSAT FDM-FM 232 ch a n n e ls  in  10 Hi* E sst  up 14/4 GHz c 24.8 27.8
13 INTELSAT IBS 14/12  GHz ( to  Standard  E - l ) E - l 36.0 39 .0 (2)
16 INTELSAT IBS 14/12  GHz ( to  Standard E~2) E -2 36.0 39 .0 (2)
17 INTELSAT IBS 14/12  GHz ( to  Standard E -3) E-3 31.9 34.9
IB INTELSAT IBS 14/4  GHz ( to  Standard F - l ) E - l 36.0 39.0(2)
19 INTELSAT IBS 14/4  GHz ( to  Standard F -2 ) E - l 36.0 39 .0(2)
20 INTELSAT IBS 14/4 GHz ( to  Standard F -3 ) E - l 36.0 39.0(2)
21 AUSSAT FM-TV National (Aust) 13 m 35.7 - ( 3 )
22 AUSSAT FM-TV National (Aust) 6.8 m 41.0 - ( 3 )
23 AUSSAT FM-TV National (Aust) 4.6 m 46.2 “ ( 3 )

(i) Earth-station Standard E-l has 3.5 m diameter.
Earth-station Standard E-2 has 5 m diameter.
Earth-station Standard E-3 has 9 m diameter.

■ E arth-stetion  Standard Eut3 ha* 3.4m diameter.

Earth-station Standard F-l has 4.5 m diameter.
Earth-station Standard F-2 has 7 m diameter.
Earth-station Standard F-3 has 9 m diameter.
Earth-station Standard C has 14-18 m diameter.

(2 ) T h e  rn»Trt»r»«»«T; a.i.r.p. fo r  an  e a r th - s ta t io n  w ith  th is  co n nection  a t  th e  edge o f th e  b eam  w ould  h a v e  th e  p o te n tia l to  exceed th e  

o f f -a x is  lim its . T h e se  e a r th - s ta t io n s  th e re fo re  req u ire  im proved  e a r th -s ta t io n  a n te n n a  s id e -lo b e  p e rfo rm an ce , o r m ore o n -a x is  gain 

if  th e y  a re  to  m e e t th e  lim it  a n d  th e re fo re  m ak e  th e  co n n ec tio n  possible.

(3) AUSSAT only permits earth station antennas with side lobe performance conforming 
to 29-25 log (<pi.

Assumptions made in deriving Table IV:

- standard INTELSAT, EUTELSAT and AUSSAT carrier and earth-station parameters.
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TABLE V - Up-link characteristics o f  sonic 14 GHz satellite systems

Earth-station parameters Sidc-lobe c.i.r.p./40 kHz and E factors
Up-link 29 - 25 log <p

RF Sal Carrier power
Case Signal lype band­ G/T Diameter Gain power density e.i.r.p. Country

width (Avg.) (<P = 2°) E

(MHz) (dll(K') (IM) (dl)i) (dBW) l<IB(W/40tilrl| (dll(W /«oillin

A 0 C D E F G H J

1 4-PSK/50 Mbil/s 25 0 5.5 56.0 24.5 -3.5 18.0 25.5 USA
2 4-PSK/56 kbit/s (562) 0.039 1.9 5.5 56.0 -4.8 -4.7 16.8 24.3 USA
3 FDM (3 800) 54 - 1.5 10 60.6 24.7 -6.6 14.9 22.4 USA
4 SS/2-PSK/10 kbit/s (100) 5.0 - 1.5 1.3 43.5 14.3 -6.7 14.8 22.3 USA
5 FDM (432) 17.5 -2.7 7.0 58.2 14.0 - 12.4 9.1 16.6 USA
6 4-PSK/I25 Mbil/s 72 -2.7 7.0 58.2 29.0 -3.6 17.9 25.4 USA
7 2-PSK/6.312 Mbit/s (8) 7.6 -2.7 4.5 54.3 17.8 -5.0 16.5 24.0 USA
8 TV FM (full carrier mode) 27 1.9 5.5 56.0 23.2 -5.1 16.4 23.9 USA
9 TV FM (full carrier mode) 16 0 5.5 56.0 24.5 - 1.5 20.0 27.5 USA
10 TV FM (energy dispersal) 2 0 5.5 56.0 24.5 + 7.5 29.0 36.5 USA
11 TV FM (energy dispersal) 2 0 3.5 52.0 28.5 + 11.5 33.0 40.5 USA
12 TV FM (energy dispersal) ( 3 ) 2 -3 2.4 49.0 27.0 + 10.0 31.5 39.0
13 Single TV FM(energy . . 0 . / - 1 .0 8 .0 59.5 26.0 16 .0 37.5 4 5 .0 Canada

dispersal)
u Single TV FM(energy , » 0.4 +2.0 8.0 59.5 23.0 13 .0 34-5 4 2 .0 Canada

dispersal)
15 Dual TV FM(Energy disperal) 0 .4 - 1 .0 4-5 54.0 24-0 14.0 35.5 4 3 .0 Canada
16 Radio-program 0.03 - 1 .0 3-1 51.0 8.0 9 .5 31 .0 38 .5 Canada
17 SCPC (QPSK) 0.004 - 1 .0 2 .4 49 .0 0 .4 1 0 .4 31.9 3 9 .4 Canada
18 90 Mbit/s (QPSK) 48.0 -1.0 8 .0 59.5 24.5 - 6 .3 15 .2 2 2 .7 Canada
19 TV FM(energy dispersal) 0 .6 - 2 .0 13.0 63.5 18.5 6 .7 28 .2 3 5 .7 Australia
20 TV FM(energy dispersal 0 .6 - 3 .0 4 .6 54.0 29.0 17 .2 38 .7 4 6 .2 Australia

(1) Northern Coverage
(2) Typical
Assumptions made in deriving Table V:

- except in cases 10 to 15 and 19 and 20, power densities are averaged over total carrier bandwidth,
-  up-link rain margins of 2 -  5 dB are included in columns F and G except for Cases 19 and 20.

(3) C ase 12 is for sm all transportab le ea rth  stations used for broadcasts in Europe.
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TA B L E  VI -  O ff axis e.i.r.p. densities which can be tolerated by currently operating systems

C ase D a n sm issio n  lype Satellite beam C /N E.i.r.p. 5  0 )
(dll(W /40kllzj)

1 E U T E L SA T  T V (36 M H z) Eurobcain 20.1 8 7 .0 3 8 .3
2 IN T E L S A T  T V % (ransponder East up 14/4 G H z 17.0 8 1 .6 3 9 .4
3 IN T E L S A T  FD M -FM  high d ensily  972 In 25 M llz East up 14/4 G H z 25 .7 90.1 3 7 .3
4 IN T E L S A T  SC E C  4 -p h a sc /lU S  64 k b ll/s  

(with '/i EEC)
W est outer to
W est inner Intclsnt-VII

6 .9 6 6 .2 5 5 .7

5 IN T E L SA T  S C P C  4 -p h a se /6 4  k b il/s  (n o  EEC) 
(received by Standard U)

East up 14/4 G H z 15.5 6 3 .0 4 7 .2

6 IN T E L SA T  IDR 64 k b i t /s ( 3 / 4  FE C , 51  k H z) East up 14/4  G H z 9 . 7 56.3 4 6 .5
7 IN T E L S A T  IDR 2 M b it/s  ( 3 / 4  F E C , 1 . 7  MHz) East up 14/4  G H z 9 . 7 71 .3 4 6 .5
8 IN T E L S A T T D M A  (1 2 0  M b it/s ) East Spot 13 88 .0 40.2
9 E U T E L S A T T D M A  (120  M b it/s) Eurobeatn 15 87 .0 39.2

10 IN T E L S A T  ED M -FM  60 channels in 5 M H z East up 14/4  G H z 12.7 71 .7 3 9 .0
11 IN T E L S A T  ED M -FM  252 channels in 10 M H z East up 14/4 G H z 19.4 7 9 .8 3 7 .3
12 E U T E L SA T  S M S-SC P C  (64 k b it /s . 75 k l Iz) SM S Z one 3 9 .5 55 .0 4 2 .5

( ')  i f  (olerabie interference derives from an earth station w orking to  a satellite spaced 3* from  the “ w an ted"  satellite.

Assumptions made in deriving Table VI:
-  earth-station sid e-lobe envelop e obeys 23 log  <p law.
-  standard IN TELSAT and E U TE LSA T carrier parameters,
-  " interfering"  earth-station w ithin  coverage area o f  “ interfered-with”  satellite,
-  800pW O p limit for analogue and 6% lim it for digital carriers.

3 .4  Considerations for the use o f  sm all earth-station antennas

The 10-15 G H z band  allow s m ore  extensive use o f  sm all earth -sta tion  an ten n a s  than  he 4-6 G H z band , 
lead ing  to new app lica tions for dom estic  satellite purposes or fo r outside television  b roadcasts via satellite.

For the first app lica tion , cases 10 and  11 in Table V give exam ples o f  energy  dispersed  ana logue  TV-FM  
in the U nited States dom estic 14 G H z satellite systems. The £  factors genera ted  in these cases are a p p ro x i­
m ately  41 for a 3.5 m d iam eter a n te n n a  and 37 for a 5.5 m d iam eter a n ten n a  w ith im proved  side lobes 
(29 -  25 log <p).

For the second ap p lica tio n , it is foreseen that small tran spo rtab le  tran sm ittin g  earth  sta tions w ith d iam eters 
as sm all as 2 .4  m will give a very flexible and easy to set up tool to be used at ou ts ide  b roadcas ting  locations. 
C ase 12 in T able V gives typical up -link  characteristics for such an outside b ro ad cas tin g  service w ith E u ropean  
coverage. The £  fac to r in this exam ple  is approxim ately  39 for a 2.4 m d iam eter a n ten n a  w ith im proved  side 
lobes.

3.5 Discussion

As in the 6  G H z case, w hen FM -TV  carriers interfere with SC PC  carriers the  in terference m ust be 
considered  to be pulsed at ap p ro ach in g  full carrier power. This is because o f  the relatively slow  scan rate o f  
energy dispersal signals, and  because w here no energy dispersal is em ployed the  b an d w id th  o f  a television carrier 
can  reduce to less than  the SC PC  channe l bandw idth  during  b lanking in tervals, even w hen v ideo m odu la tion  is 
presen t. Thus for SC PC  the 17 dB o f  energy dispersion which may be assum ed in m ost cases o f  television 
in terference, canno t be assum ed. A lternative  solutions to this particu la r p rob lem  m ust therefore  be sought 
-  e.g. location o f SC PC  carrier frequencies to avoid high spectral density  p arts  o f  co-channel television carrier 
b an d s, or developm ent o f su itable im proved  energy dispersal techniques fo r te lev ision , w hich are still u nder study 
(see R eport 384).

In o rder to reduce the n u m b er o f  variables to be considered, it w ould a p p e a r reasonab le  to  aim  at c riteria  
fo r £  w hich will allow  satellites to  be spaced  at intervals o f  3° (or more) for the tim e being. T igh ter criteria  m ight 
be required  in the fu ture  when closer satellite  spacings are needed.
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T ab les IV an d  V show  th a t the £  values produced by curren tly  o pera ting  system s are m ostly below  
?39 idB (W /40  kH z) if  energy dispersal o f  television carriers is assum ed.

T ab le  VI ind ica tes tha t m any  system s currently  operating  can to lera te  in terfe rence from  £  values up  to 
3 6 'd B (W /4 0  kHz). T his tab le  does not include cases where high gain dom estic satellite  spot beam s are m ore 
vu lnerab le  to up -path  in terference, how ever, and  a m argin o f a few decibels shou ld  be allow ed to cater fo r such 
cases.

3.6 Conclusions

A m ethod o f  ca lcu lating  the m axim um  earth-station  off-axis e.i.r.p. density  perm itted  by current in terfe r­
ence objectives has been established and the im pact o f £  on earth-sta tion  an ten n a  d iam eters and  transm itter 
pow ers has been assessed for various rain m argins. The effect o f p ropaga tion  fades in areas o f high rainfall rate 
has been exem plified. T he factors affecting £  have been identified and  the ir in ter-re la tionsh ip  exam ined for a 
typ ical exam ple of up -path  in terference to an ad jacent satellite. F inally, the off-axis earth -sta tion  e.i.r.p. densities 
genera ted  in a range o f  existing services have been tabu lated , and the to lerab le  lim its also tabu la ted  for a sim ilar 
range o f  existing services.

It is cleais that bo th  the values o f  £  generated in practice and  the values perm itted  by the interference 
objectives vary ever a w ide range. Setting a high criterion would lead po ten tia lly  to excessive interference for 
som e carrie r com b ina tions, w hile a low criterion  w ould im pose severe con stra in ts  on earth-sta tion  an tenna 
d iam ete r in certain  cases. F urtherm ore , a lthough  data  for som e sm all dish services has been included in this 
R epo rt, sm all d i ' fi ap p lica tions ad d itio n a l to  those covered here seem likely to develop  in the near future and 
these will need to. be taken  in to  accoun t if  a criterion for £  is to be established.

In genera)!, possib le reductions in £  from technology im provem ents such as low er an ten n a  side-lobe gains 
m ay be offset by factors such as the trend  to sm aller an tennas or the em ploym ent o f  h igher up-link  rain m argins. 
As a resu lt, the sr. :cification o f a value fo r £  in the 10-15 G H z band  is p rem atu re  at th is tim e. F urther studies are 
requ ired  in the a r .a s  covered in this R eport.

R E F E R E N C E S
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[1978-82]: 4 /3 8  (Japar/).

[1982-86]: a. 4 /2 2 0  (IW P  4 /1 ) ; b. 4 /2 4 2  (U nited  K ingdom ); c. 4 /245 (U nited K ingdom ); d.  4 /255  (U nited  States o f  A m erica); 
e. 4 /283 (F rance); f .  4 /3 2 0  (IN T E L S A T ); g. 4/341 (Brazil). '



Rep. 555-4 367

REPORT 555-4

D ISCR IM IN A TIO N  BY M EANS OF ORTHOGONAL CIRCULAR AND  LINEAR POLARIZATIONS

( S t u d y  P r o g r a m m e s  1 B / 4 , 1 C /4  and 2 8 A / 4 )

(1 9 7 4 -1 9 7 8 -1 9 8 2 -1 9 8 6 -1 9 9 0 )

1. Introduction

The use o f  o rthogonal po lariza tion  can provide an effective way o f  increasing  the capacity  o f  the 
geostationary-satellite  orbit.

The possible ap p lica tions for o rthogonal polarization  are:

-  frequency re-use w ithin the m ain  beam s o f  satellite and earth -sta tion  an ten n a s ;

-  on ad jacen t satellites to perm it closer satellite spacing;

-  on neighbouring  or overlapp ing , satellite spot beam s to reduce in terfe rence;

-  reduction  o f  in terference to  low -pow er links from  m ore pow erful links via th e  sam e satellite.

V arious factors m ust be taken  in to  consideration , such as c ro ss-po la riza tion  d iscrim ination  ob ta inab le  in 
d ifferent parts o f an ten n a  beam s and  in different frequencies w ithin the o p e ra tin g  b ands, the characteristics o f 
polarizers, the depo lariz ing  effects experienced in the atm osphere an d  ionosphere , the  stability  o f satellite 
o rien ta tion , and  the im plem en ta tion  o f polarization  tracking and  correction .

Further information on this subject, including advice on calculating the 
overall polarization discrimination of a link and some information on actual 
antenna cross-polar patterns, within beam and off-axis, is contained in 
Report 1 1 4 1 .

2. Factors affecting polarization discrimination

2.1  Earth-station antenna system s

2.1.1 Earth-station antennas

In the case where frequencies are re-used w ithin one satellite , the m ain beam  centre is the m ost 
im portan t region.

In the boresight direction the polarization discrimination depends mainly on the feed components 
(orthomode transducers, polarizers, etc.). Within the main beam, but away from boresight, the discrimina­
tion depends mainly on the primary radiator (e.g. feed horn), but may also be affected by the use of offset 
reflectors or beam waveguides. The performance of different antenna designs is considered in Annex 1 to 
this Report, together with the results of measurements on a number of antennas.

2.1.2 Earth-station polarizers

In circularly polarized systems, polarizers are used to convert between linear and circular 
polarization. For linearly polarized systems, rotatable polarizers may be used to align earth-station 
polarization to that of the received wave. In both cases adjustable polarizers may be used to compensate 
for depolarization effects.
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I f  a  c o m m o n  p o la r iz e r  is u se d  fo r  t r a n s m is s io n  a n d  re c e p t io n , it m u s t c o v e r  b o th  u p - l in k  a n d  
d o w n - l in k  f re q u e n c ie s , so  th a t  w id e  b a n d w id th  c h a ra c te r is t ic s  a re  r e q u ire d . In  a d d i t io n ,  th is  p o la r iz e r  w ill 
b e  r e q u ire d  to  c a r ry  h ig h  m ic ro w a v e  p o w e r  lev e ls  w h ile  m e e tin g  th e  r e q u ire m e n ts  o f  lo w  n o is e  t e m p e r a ­
tu re . F ig u re  l a  sh o w s, a s  a f u n c t io n  o f  f re q u e n c y , th e  p o la r iz a t io n  d is c r im in a t io n  o f  an  e a r th - s ta t io n  
p o la r iz e r  sp e c ia lly  d e s ig n e d  fo r  th e  p u r p o s e  o f  f re q u e n c y  re -u se  a n d  o p e r a t in g  in th e  6 / 4  G H z  b a n d .  T h e  
n o is e  te m p e r a tu re  c o n t r ib u t io n  is a b o u t  2 K a t 4 G H z .

A n o th e r  a p p r o a c h  is to  d e s ig n  fe e d  sy s te m s  in su c h  a w ay  th a t  th e  t r a n s m it  a n d  re c e iv e  f re q u e n c y  
b a n d s  a re  s e p a ra te d  so  th a t  n a r ro w b a n d  p o la r iz e rs  a n d  o r th o m o d e  ju n c t io n s  w ith  im p ro v e d  p o la r iz a t io n  
d is c r im in a t io n  c a n  be u se d .

F ig u re  lb  sh o w s  th e  m e a s u re d  p o la r iz a t io n  a x ia l ra t io  o f  tw o  n a r ro w - b a n d  p o la r iz e r s  d e s ig n e d  fo r  
a n  e a r th - s ta t io n  a n te n n a  e m p lo y in g  c i r c u la r  p o la r iz a t io n .

F I G U R E  la -  C haracteristics o f  po larizers fo r  an earth s ta tio n

A: Circular polarization 
B : Linear polarization

2.1.3 Earth-station performance

In this section the overall perform ance o f an an tenna system consisting o f an tenna and  polarize.r is 
considered.

In the main beam , up to the — 1 dB region, typical earth-station an tennas could provide in excess 
o f  30 dB o f d iscrim ination for c ircular po larization  and 35 dB for linear polarization.

Well away from the main beam  little cross-polar discrim ination can generally be depended upon 
[H aidle and Fitzgerrell, 1977).

2.1.4 M easurement o f  earth-station antenna polarization discrimination

The practical difficulties o f m easuring d iscrim ination ratios o f individual com ponents o f a system 
are considerable, and add itional analytical studies and experim ental efforts are needed before a standard  
m ethod can be recom m ended for m easuring an earth-station an ten n a’s polarization  d iscrim ination  charac­
teristics.
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FIGURE lb -  Characteristics o f  4 and 6 GHz-band polarizer

A: left-hand circular polarization 
B : right-hand circular polarization
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Accurate m easurem ent m ethods can be divided into the satellite source m ethod and  the boresight 
facility method.

The satellite source m ethod can be fu rther divided into the direct isolation m ethod and  the 
reference an tenna m ethod. The direct iso lation  m ethod m easures the po larization  d iscrim ination  o f an 
earth -sta tion  an tenna directly by taking the ratio  o f the pow er received at the cross-polar po rt to the pow er 
received at the co-polar port. The reference an tenna  m ethod uses a po larization  reference an tenna to 
elim inate the depolarization  o f the satellite source from  the m easured d a ta  for thfe an tenna  under test.

The criteria o f using the direct iso lation  m ethod and the reference an tenna m ethod are show n in 
A nnex II. Som e considerations o f  the reference an tenna m ethod are also presented  in A nnex II.

By the use o f a boresight facility, da ta  o f  high repeatability  can be obtained  and various 
m easurem ent techniques such as the swept frequency technique can be applied.

F or nearly  circular po larization  (i.e., axial ratio  (A R )  <  3 dB), the voltage axial ratio  value in dB 
can be converted into po larization  d iscrim ination  {XPD ) by taking:

X P D  (in dB) =  24.8 — 20 log A R  (in dB), and vice versa
- X P D  ( in d B ) "

A R  (in dB) =  17.37 10

2.2 Satellite antenna systems

2.2.1 Satellite antennas

For satellite an tennas the region o f  interest coincides w ith the beam  coverage and  extends to at 
least the — 3 dB contour. Typical m easurem ents presented in Annex I show  that, in this region, satellite 
horn  an tennas w ith beam  patterns having near perfect ro tational sym m etry about the focal axis can 
provide 40 dB o f d iscrim ination  for both circular and linear polarization . Satellite an tennas with aperture 
blockage may provide d iscrim inations o f  35 dB with linear and 30 dB with circular po larization  w ithin the 
sam e region. The problem  o f  apertu re  blockage m ay be overcom e by the em ploym ent o f  offset reflector 
designs. A practical dual linear polarized parabo lo id  reflector an tenna w ith an elliptic beam  o f 2 : 1 aspect 
ra tio  can tie expected to yield betw een 30 and 35 dB discrim ination  w ithin the — 3 dB region. Special 
designs utilizing gratings m ay have to be used to m aintain  high values o f  linear po larization  d iscrim ina­
tion.

2 2.7 Satellite polarizers

For satellites, the polarizers required  for the generation o f circular po larization , handle  the transm it 
and  receive bands separately and  can be designed so as to achieve excellent polarization  discrim ination. 
For exam ple, polarizers w ith 40 dB o f po larization  discrim ination  have been realized th roughout 500 M H z 
bandw idths in the 4 G H z and  6  G H z bands.

2.3 Propagation path

2.3.1 Faraday rotation

Faraday rotation is im portan t in the case o f  linear polarization  bu t has negligible effect on circular 
polarization .

The change in angle o f  the electric field vector due to Faraday ro ta tion  depends upon  the direction 
o f  p ropagation  in relation to the E arth ’s m agnetic field, the conditions in the ionosphere through which 
the wave passes, and the strength o f the E arth ’s m agnetic field. The m agnitude o f this ro tation  is also 
inversely p roportional to the square o f  frequency. Ionospheric cond itions depend on m any factors 
including the season, tim e o f  day and  so lar activity. Faraday ro tation  m ay occasionally  reach a peak value 
as high as 9° at 4 G H z, 4° at 6  G H z and  1° at 12 G H z. This peak value, how ever, depends on the 
geographical locations o f  the earth  station  and  satellite and m ay be negligible in m any cases for 
frequencies above 10 G H z. If  Faraday  ro tation  is significant at the frequency o f operation , differential 
ro tation  o f the planes o f po larization  m ust be provided at the earth station  as the direction  o f rotation as 
seen in the direction o f p ropagation , is opposite  for transm it relative to receive.
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Rain and snow  are im portan t factors which may degrade polarization  isolation. Precipitation can 
cause differences in a ttenuation  and phase shift between orthogonal linear com ponents o f  the signal so 
tha t the d iscrim ination  betw een either linearly or circularly polarized signals is degraded. The effect o f  rain 
on linear polarization  depends on ra ind rop  orien tation  angles, relative to the p lane o f po larization , being 
equal to circu lar polarization  for an angle o f 45° and less at o ther angles. The prim ary depolarization 
effect is caused by the difference in phase shift, but above 10 G H z the difference in a ttenuation  becomes 
im portan t as well. It is possible to correct for rain-induced depolarization  effects in an  earth-station 
an tenna ; however, the correction for a ttenuation  effects may reduce G / T  by increasing waveguide and 
feed losses.

Experim ental and theoretical work has show n that there is a good statistical correlation  between 
co-polar a ttenuation  and the discrim ination between orthogonally  polarized signals du ring  rainfall. An 
em pirical relationship  has been found to provide a reasonable fit to the m easured data  and  can be used to 
predict cross-polar d iscrim ination  at a site from co-po lar attenuation  statistics at frequencies between 8 and 
40 G Hz. However, although in some cases depolarization  is associated with rain a ttenuation , in others it is 
not associated with significant attenuation  and  has been attributed  to the presence o f ice clouds along the 
path.

A m ore com plete sum m ary of m easurem ents and theory is given in R eport 722 (Volume V).

3. Cross-polarization in satellite systems

3.1 Position and  attitude o f  satellites

The direction o f the polarization  plane o f satellite an tennas, as observed by earth-station antennas, varies 
as a function  o f satellite position relative to earth station  location, and satellite attitude. These variations in the 
d irection o f the polarization  plane can be kept sm all using current satellite attitude control and  stationkeeping 
techniques.

3.2 Polarization tracking

For earth stations operating  with linear po larization , tracking or periodic adjustm ent o f the angle of 
po larization  may be necessary to com pensate for the effects o f Faraday rotation and o f the geom etric factors 
discussed in § 3.1. R ealignm ent o f the angle of polarization  may also be required when switching to another 
satellite or to ano ther beam of the sam e satellite. For exam ple, m isalignm ents o f the polarization plane o f 1° and 
6 ° result in polarization  d iscrim inations of 35 and 20 dB respectively. Polarization tracking may be achieved by 
ro tating  the entire feed assembly or by rotating only certain com ponents such as an orthom ode transducer or a 
suitable polarizer.

3.3 Polarization correction

D epolarization due to the p ropagation  path is m ainly caused by differential phase shift and differential 
a ttenuation  caused by precip itation  as previously described.

In satellite com m unication  systems, the depolarization  effect may occur on both the up link and down 
link, depending  on the climate. In case the perform ance degradation o f a dual polarized satellite system due to 
this effect is intolerable, polarization  correction in either the up link or dow n link, or both , may be necessary.

3.3.1 Polarization correction circuits

Polarization correction can be m ade by correcting the effects o f the differential phase shift and 
differential a ttenuation  at the transm it a n d /o r  receive earth stations. Polarization correction circuits can be 
one o f the follow ing three types:

(a) C ircuits to correct for differential phase shift and differential attenuation  are provided separately in 
the waveguide portions o f  the transm it and  receive channels o f the earth-station antenna.

(b) C ircuits to correct for differential phase shift are provided in the w aveguide portions o f the transm it 
and the receive channels o f the earth-station  antenna. C ircuits to correct for differential attenuation 
are provided after a low noise am plifier and before a high pow er transm itter.

(c) C ircuits to correct for differential phase shift and differential a ttenuation  are provided in the form of 
cross-coupling between the two orthogonal signal ports after low noise am plifiers and before the high 
pow er transm itters.

In a practical case configurations using different types on the up link and dow n link may be 
em ployed.

2.3.2 Precipitation
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3.3.2 Correction circuits fo r  differential phase shift

The function o f the differential phase shifter in the configurations (a) and  (b) is such that a variable 
phase shift o f  0° to 180° can be given in any d irection o f  the polarization  ellipse. G enerally, such a 
variable differential phase shifter can be com posed o f two ro tatable polarizers connected in tandem  and 
can consist o f  various com binations o f 90° and 180° units.

3.3.3 Correction circuits fo r  differential attenuation

The correction circuit for differential attenuation  is used to cancel the residual depolarization 
com ponent which rem ains uncom pensated after the correction o f the d ifferential phase shift com ponent. 
The function o f the correction circuit should be such tha t the variable a ttenuation  can be given in any 
orien tation  o f the polarization  ellipse. In a practical case, the circuits o f  a cross-coupling type com posed o f 
dividers, com biners, variable a ttenuators and variable phase shifters may be used.

3.3.4 Control m ethods fo r  correction circuits

Two m ethods may be considered for the control o f the correction circuits for the up link. O ne is 
called a prediction m ethod, the other a p ilot m ethod. In the form er, the control signals for the correction 
circuits o f the up link are derived by predicting the differential phase shift and the differential a ttenuation  
from  the inform ation on the down link. In this m ethod, the perform ance characteristics achieved by the 
correction circuits depend on the accuracy o f  the prediction. Therefore, enough data  to support the 
correlation between polarization  degradation  on up and  dow n links are required prio r to applying this 
m ethod to a practical case. In the latter, the correction circuits fo r the up link can be controlled by an 
e rro r signal derived by detecting the phase difference and the am plitude ratio  o f a cross-polarized 
com ponent to a co-polarized com ponent in the up link using pilot signals which are em itted from the earth 
station and retransm itted from  the satellite. In this m ethod, highly reliable correction can be achieved 
com pared to the prediction m ethod, because m ore precise inform ation  about the erro r signals can be 
obtained and  the transm itting  earth station can m onitor the polarization  states o f  transm itted  carriers.
G enerally  speaking, therefore, a pilot m ethod is recom m ended.

3.3.5 Experim ental results

M easurem ents were m ade using Intelsat-IV -A  (F-3). They were m ade using two different com bina­
tions o f ro tatable polarizers to correct for differential phase shift and have produced the results shown in 
Fig. 2. The results indicate that the added com plexity involved in correcting for differential a ttenuation  
w ould produce only m arginal further im provem ent.

3.4 Comparison o f  linear and circular polarization

It is useful to sum m arize the considerations which should be taken into account in choosing between
circu lar and linear polarizations in satellite systems:

— L inear polarization  requires adequate alignm ent to be m aintained between the polarization  directions o f the 
satellite and earth-station  antennas.

— F or linear polarization  at frequencies below 10 G H z, Faraday ro tation  may require polarization  tracking at 
the earth station.

— The angle o f polarization  o f a linearly polarized an tenna may vary over its design bandw idth.

— The perform ance o f  polarizers, which are required in circularly polarized systems and m ay also be used in 
linearly polarized systems, may vary with frequency.

— Suitably aligned linearly polarized systems perform  better than circularly polarized ones, in the presence o f 
rain.
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4. The modelling of polarization discrimination between adjacent
satellites

Some work on modelling the polarization discrimination between adjacent 
satellites has been done based on single entry interference calculations 
and only for a European coverage area-see [Claydon et al. 1985]. This 
model did not include bistatic scattering, since sufficient models and data are 
not yet available. Hie results showed that in general, greater isolation and 
consequently greater orbit/spectrum utilization, can be obtained from systems 
using linear polarization rather than circular, though both showed a greater 
isolation than that available in a mixed polarization environment. This is due 
to the lower level of rain depolarization predicted by the current models for 
linear polarization. While traditional interference analysis simulates a worst 
case situation by including propagation degradations on the wanted path (to 
provide minimum carrier levels) and not on the interfering path (to provide 
maximum interference), this may not apply to two orthogonally circularly 
polarized systems. In this latter case both clear-sky and degraded conditions 
have to be considered. This additional complexity means that the dominant 
interference path may change with the prevailing environment.

5 - Conclusions

As regards po larization  d iscrim ination  and the efficient use o f  the frequency spectrum  and the geosta­
tionary-satellite  o rb it, various factors should be taken into consideration . These are, for exam ple, the question o f  
choice o f frequency re-use for a single satellite or for adjacent satellites; questions o f  the cross*polarized rad iation  
patterns for wide angles as well as at the beam centre; and questions concern ing  system operation  such as 
po larization  track ing  and  correction. Techniques to reduce the cross-po larization  com ponen t e ither in the case o f  
c ircu lar or linear po larization  such as, for exam ple, adaptive techniques involving the use o f p ilo t signals, are also 
the subject o f  study to  be pursued.



374 R e p . 555-4

10

20
CO*o 30

§ 40

50

60

A

^ y  / \  / r\  "" " 7  
\  /

\  B

Time

10

20

30

40

50

T ■ —................. ... —

c

, n . r ........... , ,

20
C

sz 
<u £ 10
2 w 0

Time

b) 90° pol + 90° pol

FIGURE 2 -  Typical example o f measured data in rainy weather

XPD : Cross-polarization discrimination

A: uncorrected cross-polarization discrimination / ,  = 3940 MHz
B: corrected cross-polarization discrimination f \  = 3940 MHz
C: corrected cross-polarization discrimination f 2 = 3780 MHz

< ------------------------------------------------------►

^ rr7 7 V //̂ 7 T y ///y

I|

v /Z ffy 7 7 /



Rep. 555-4 375

A dm inistra tions are invited to subm it further da ta  on m easured cross-po larization  d iscrim ination  in the 
m ain beam o f  satellite and  earth -sta tion  an tenna systems and  in the wide angle side lobes o f earth -sta tion  an tenna 
systems. The cross-polarized peak side-lobe data  should preferably be given as a statistical d is tribu tion  in the 
form at used in R eport 391. D escrip tions o f adaptive systems for polarization  correction  and  m easured  results on 
polarization  d iscrim ination  achieved over satellite paths, with and w ithout such systems, are also solicited.

R E F E R E N C E S

CLAYDON, B., EVANS*B., HANSELL# P. AND ADAMS, S. [April 1985] - Preferred 
Antenna Polarization of Satellite Networks. ERA Report No. 85.0085,
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H A ID L E , L. L. an d  F IT Z G E R R E L L , R. G . [M ay, 1977] H em ispherical pow er gain  p attern  m easurem ents at 7.5 G H z.

IE E E  Trans. A n t. Prop., Vol. AP-25, 3, 373-376.

A N N E X  I

C R O S S -P O L A R IZ E D  R A D IA T IO N  PA TT E R N S O F  A N T E N N A S

1. Theoretical considerations

The cross-polarized rad ia tion  pattern  of a reflector an tenna depends on both  the feed horn  and  on the 
reflector configuration .

The cross-polarized rad ia tion  pattern  o f a conical horn in Fig. 3(a) show s a four-lobe structure characte­
ristic o f  straight horns and  sym m etrical reflector configurations, with a null (high po larization  d iscrim ination) 
on-axis. The peaks o f  the cross-polarized pattern appear around  the —10 dB con tour o f  the co-polarized main 
lobe, well outside either the norm al tracking range o f an earth-station  an tenna  o r the coverage a rea  o f  a satellite 
antenna. The cross-polarization  d iscrim ination  within the m ain beam o f  a sm ooth-w alled single-m ode horn is too 
low for such a horn  to be used in a dual polarization system. Im proved perform ance may be achieved either by 
deliberately generating  h igher-order m odes at discontinuities w ithin the sm ooth-w alled horn o r by horns with 
corrugated walls so tha t they suppo rt hybrid modes contain ing less cross-polarized energy.

The perform ance o f the feed horn  is the dom inant factor determ ining the po larization  perform ance o f a 
sym m etrical reflector an tenna . The curvature o f the reflector or reflectors them selves should m ake a. very small 
con tribu tion  to the cross-polarized lobes (o f the order o f 50 dB below the co-polarized peak). The effects o f feed 
or sub-reflector supports may increase the cross-polarized radiation  in som e parts o f the beam , bu t these effects 
are difficult to predict.

Figure 3(b) show s tha t the cross-polarized radiation  pattern  of a horn-reflector is fundam entally  different 
from that o f the sym m etrical horn. C urved offset reflectors, as incorporated  in horn-reflectors, characteristically  
give rise to two cross-polarized peaks on either side o f the p lane of sym m etry o f  the reflector w ith m axim a rather 
nearer to the co-polarized peak [G ans and Sem plak, 1975]. This inherent w eakness o f offset reflectors may be 
substantially  elim inated in practice, either by generating an appropriate  asym m etrical higher m ode in the feed 
horn [Rudge and A datia, 1975] o r by providing an app rop ria te  curved offset sub-reflector. F igures 4(a) and (b) 
show m easured cross-polarization  o f  recently developed offset-fed dual reflector an tennas with alm ost axially 
sym m etrical beam s [M izugutch et al., 1976]. Almost perfect cancellation o f cross-polarization  due to the asym m e­
trical reflectors takes place, so tha t only the residual cross-polarization o f the feed horn  is observed.

The curved offset reflectors incorporated  in a beam  waveguide feed give rise to sim ilar cross-polarized 
lobes, but two such reflectors can be arranged  so that their effects largely cancel one ano ther out and  the resultant 
cross-polarized lobes incident on the C assegrain sub-reflector are more than  30 to 35 dB below  the co-polarized 
peak [G ans, 1976].

A torus reflector or a spherical reflector with an offset type feed may be used for a beam -steerable an tenna 
which is able to scan its radiated  beam  w ithout m oving the m ain reflector. These reflector an tennas, how ever, have 
not only asym m etrical apertu re  d istribution  due to the offset configuration  but also spherical aberration ,
i.e., phase error. Both the gain reduction caused by the aberration  and the deterio ration  o f  cross-polarization  
perform ance caused by the asym m etry can be substantially elim inated by providing specially shaped m ultiple 
sub-reflectors [W atanabe and M izugutch, 1983]. Figure 5a shows a m easured exam ple o f cross-po larization  o f a 
recently developed offset spherical reflector antenna with the above-m entioned sub-reflectors, and  Fig. 5b shows 
its scanning properties. Excellent cross-polarization characteristics over wide scanning  angles are observed.
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a) Conical horn with an almost axially symmetrical beam 

(Beam symmetry factor =  1.05)

b) Conical horn-reflector with an almost axially symmetrical beam* 
(Beam symmetry factor =  1.05)

FIGURE 3 -  Measured cross-polarization levels (linear polarization)

Notes, — Solid line shows the contour of the cross-polarization level referred to the peak 
o f the main beam In principal polarization.

— Dashed line shows the contour o f the level of principal or normal polarization of 
the main beam.

— Figures in the diagrams show relative levels In dB referred to the peak o f the 
main beam In principal polarization.

— The centre cross-point In the diagrams shows the peak o f the main beam In 
principal polarization.

— The plane o f electric vector In principal polarization Is In the  up-to-down 
direction on the diagrams in linear polarization.

—  The axis of the horns ot the horn-reflector antennas lies in the left-to-right 
direction in the diagram, with their vertex on the left side.

* Polarization plane perpendicular to horn axis.
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a) Offset Gregorian antenna with dielectric-loaded conical horn feed

b) Offset Cassegrain antenna with corrugated conical horn feed

FIGURE 4 — Measured cross-polarization levels o f  offset dual reflector antennas 
(main polarization: horizontal)



378 Rep. 555-4

FIGURE 5a — Measured cross-polarization level o f  
the o ffse t spherical reflector antenna

(Principal polarization: vertical polarization) 

 Vertical co-polarization ( - 3  dB)

Gain reduction 0 0 0 0 -0.4 -0.8 -1.6

Azimuth angle (degrees)

FIGURE 5b -  Measured radiation patterns o f  the o ffset 
spherical reflector antenna versus scanning angle

G 0 = 60.1 dB
/  = 5 2  GHz

— ■■■■■ -■■■ Vertical polarization

  Cross-polarization

The discussion above has assum ed linear polarization  throughout. In the case o f circular polarization the 
behaviour o f  both sym m etrical and  offset horns and reflectors is fundam entally  different. In the case o f 
sym m etrical horns and reflectors the four cross-polarized lobes o f the linearly polarized case becom e a single 
circularly  sym m etric lobe o f  the sam e m agnitude and  at the sam e distance from the co-polarized peak. In the case 
o f  horn-reflectors and curved offset reflectors there is only a very low level o f cross-polarization  (less than 50 dB 
below  the co-polarized peak), bu t the co-polarized peak is displaced sideways by a fraction o f  a beam w idth, the 
sense o f  the d isplacem ent depending  on the hand o f  c ircular polarization.
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E arth-sta tion  an tennas are generally exposed to the w eather and  parts o f  their surfaces will frequently  be 
covered by films o f  water. T heoretical calculations have shown that the effects o f these thin w ater films on the 
reflectors o f  practical earth -station  antennas, will not degrade the isolation with linear po lariza tion  in directions 
near the an tenna  axis below  abou t 35 dB at frequencies below 30 G H z [Popovic, 1975 and  1976].

2. Earth-station antennas

M easurem ents m ade on 1.2 m and 3.0 m diam eter Cassegrain earth-station  an tennas w ith corrugated  horn 
feeds and  designed to operate in the 11 and 14 G H z band  in linear polarization  provided the follow ing results, 
when m easured at 11.6 G H z:

TABLE I

Polarization discrimination of two antennas (dB)

Antenna diameter
Region of the main beam

-1 dB -3  dB

1.2 m 50 42.5

3.0 m 42.5 40.0

The po larization  d iscrim ination  perform ance o f these antennas is som ew hat better at 11.6 G H z than  at 
14.25 GHz.

M easurem ents at 11.6 G H z on a C assegrain-type an tenna with a 10 m parabolic  m ain reflector and  a
1.1 m hyperbolic sub-reflector, supported  by struts positioned in the 45° planes, revealed no significant differences 
in the co-polarization  d iagram s when the axis o f the polarization vector was tilted by 45° frpm  vertical,
i.e. parallel to one pair o f  struts. H owever, the differences in the cross-polarization d iagram s, as show n in Fig. 6 , 
are evident with the cross-polarization  discrim ination im proving when the polarization  vector was parallel to the 
struts. For vertical polarization , low er values o f polarization  discrim ination are m easured in the p lanes parallel to 
the struts. This effect is caused by the different influence o f the struts on the incident wave polarized parallel and 
perpendicu lar to them.

A series o f m easurem ents were m ade on a 32 m diam eter Cassegrain earth-station  an tenna with a 
four-reflector beam -w aveguide feed configuration. Figure 7 shows the polarization  axial ratios including the 
overall an tenna polarization  perform ance m easured by the phase-am plitude m ethod using the Intelsat-IV -A  (F-3) 
satellite and  the boresight facility. The figure also shows the in-plant test d a ta  o f  the feed assembly. Figure 8 
shows the cross-polarization con tours o f the sam e an tenna at 3925 M Hz m easured by use o f the boresight facility. 
The arrow s indicate the po larization  state: the length o f an arrow  is proportional to the polarization  axial ratio
(dB) and its d irection shows the orien tation  o f the m ajor axis o f polarization ellipse.

Sim ilar m easurem ents o f polarization  axial ratio were made on a 32 m earth-station  an ten n a  designed to 
cover 875 M H z and 800 M H z bandw id ths in the 6  G H z and 4 G H z bands respectively. The an tenna configuration 
is o f a C assegrain type with four-reflector beam -waveguide feed. Figure 9 shows the on-axis axial ratio o f the 
overall an tenna system m easured by a bore-sight test facility, indicating that an axial ratio o f  better than 0.34 dB 
in the 6  G H z band  and 0.41 dB in the 4 G H z band  was achieved.

The m easured perform ance o f a sym m etrical reflector antenna is show n in Fig. 10. It is a 32 m
IN TELSA T S tandard  A C assegrain an tenna with corrugated feed horn designed for high quality frequency re-use
operation. In the m ain beam , up  to — 1 dB region typically m ore than 35 dB discrim ination  (A R  =  0.3 dB) has 
been obtained with the com plete system for circular polarization. The antenna itself w ithout TM0] tracking m ode 
coupler and polarizer exhibits typically more than 41 dB discrim ination (A R  =  0.15 dB).

Some exam ples o f w ide-angle pattern m easurem ents using linear polarization  with relatively small size 
earth-station an tennas w ithout polarizers, are shown in Figs. 11 and 12. However, other m easurem ents on larger 
an tennas have shown that such high discrim ination may not always be achieved [H aidle and Fitzgerrell, 1977],
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FIGURE 7 — Characteristics o f  earth-station antenna

Overall performance measured by the reference antenna method using a 
satellite source

— — • — • Overall performance measured by the boresight source method

■ —  —  — ■ In-plant data of the feed assembly
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a)

/ =  3925 MHz

Co-polar: right-hand circular polarization
Cross-polar: left-hand circular polarization

Azimuth angle (degrees) 

b)

f =  3925 MHz

Co-polar: left-hand circular polarization
Cross-polar: right-hand circular polarization

FIGURE 8 Cross-polarization contours o f  earth-station antenna
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b) 4 GHz band

FIGURE 9 -  Characteristics o f  wideband earth-station antenna

 Left-hand circular polarization

 Right-hand circular polarization
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FIGURE 10 -  A xia l ratio o f  the Raisting 4 antenna measured with boresight transmitter 

A : INTELSAT specification 

B : LHCP: left-hand circular polarization 

C : RHCP: right-hand circular polarization 
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FIGURE 11 -  Co- and cross-polarized pattern envelope o f  10-foot (3  m) antenna

Smoothed envelope of side-lobe peaks In the horizontal plane at 6 GHz 
A: Isotropic
B : Response to vertically polarized signal 
C : Response to horizontally polarized signal

Gain 42.8 dB at 6 GHz
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FIGURE 12 — E -p la n e  co- a n d  cross-po la rized  a n te n n a  pa ttern s  o f  a linearlv  p o la r ized  12-fo o t (3 .6  m ) d ia m eter  G regorian-fed  circular reflector a t
10.5 G Hz
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C : Reference pattern of Recommendation 465
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Statistical da ta  on the d is tribu tion  o f cross-polar side-lobe peaks are available from  six sources:

(a) in the angular range 0.5° to 4.0°, data  from an existing IN TELSA T S tandard  A station using a con ical-horn
reflector source rad ia to r and  a m odified diplexer;

(b) in the angular range 0.4° to  10°, da ta  from a new 32 m an tenna constructed  for frequency re-use with
Intelsat-V  and  using a corrugated  horn-beam  waveguide source rad ia to r;

(c) in the angular range, 1° to 120°, da ta  from  a sm aller an tenna ( D /X  =  162) using a corrugated  horn ;

(d) in the angular range 1.5° to 85°, da ta  from two Japanese earth  station  an tennas in the IN T E L SA T  system. 
Both antennas are o f the C assegrain type with beam  waveguide feed configurations;

(e) in the angular range 0.4° to 10.0°, da ta  from an existing IN TELSA T standard  A an tenna , in the N etherlands,
using a dual reflector beam  w aveguide feed system with a corrugated horn  and  a m odified d ip lexer;

( f )  in the angular range, 0.4° to 20°, data from a substantial num ber o f standard  A an tennas in the IN T EL SA T  
system brought into service after 1977 and tested for frequency reuse for operation  with In telsat V satellites;

Figure 13 sum m arizes the data  in (a) through (e) above showing the w orst 10% cross-polar side-lobe peak
levels.

Figures 14 and 16 sum m arize the data in ( f )  above. These figures show the results o f  the analysis 
perform ed on the data accum ulated from  the verification testing o f 29 IN T EL SA T  S tandard  A an tennas installed 
after 1977 dem onstrating  that they m eet (i.e. have at least 90% o f their side-lobe peaks w ithin) the gain envelope 
given by G =  32 -  25 log cp. T he statistical distributions o f the transm it cross-po lar side-lobe levels in sam ple 
w idths extending to approxim ately  2 0 ° from the m ain beam centre are p lo tted  and com pared with two gain 
envelopes, that o f 32 -  25 log rp and  23.6 -  20 log cp. Slightly m ore than  h a lf  the an tennas tested meet the 
reference gain envelope o f 23.6 -  20 log <p in the range o f 1° to 7° away from  m ain beam centre. In the range o f  
7° to approxim ately  20° away from  m ain beam centre, fewer than ha lf o f these an tennas m eet the gain equation  
G =  23.6 -  20 log cp indicating tha t in this angular range a different gain envelope m ay be appropriate . 
A dditional studies will be required to characterize the antennas cross-polar side-lobe perform ance beyond 20°. 
From these data  and from physical reasoning, several com m ents can be m ade:

— cross-polar discrim ination canno t be expected in the angular region beyond 50° from the m ain beam ;

— simple m odification to existing antennas cannot be expected to produce significant cross-polar d iscrim ination  
at wide angles.

Since the cross-polar side-lobe peaks and co-polar side-lobe peaks are at com parable levels for angles 
greater than  50°, and for the new er antennas the cross-polar peaks are at som ew hat lower levels, it follows tha t 
they follow a law which has less rap id  change with angle than the 25 log (p relationship.

The radiation  pattern  data  o f a 32 m Cassegrain an tenna designed to  cover the 875 M H z bandw idth  at 
6  G H z and  the 800 M Hz bandw id th  at 4 G H z were obtained and processed in accordance w ith the m ethod 
described in Annex II to R eport 391. Figure 15 shows the levels exceeded by 10% o f cross-polarization  side-lobe 
peaks o f the antenna.

If a 20 log (p relation is, assum ed, a cross-polar reference pattern of

G (cross-polarization) =  23.6 — 20 log (p

results. This is shown in Figs. 13 and 14 and it appears that this pattern  generally includes the worst 10% 
cross-polar side-lobe levels o f new antennas.

3. Satellite antennas

M easured cross-polarization con tour diagram s for conical horns and conical horn reflectors, both used 
extensively on satellites, are show n in Figs. 3(a) and (b) for alm ost axially sym m etrical beam s indicating  the high 
level o f perform ance when ro tational sym m etry o f the pattern can be approached.

It has been experim entally dem onstrated  that polarization isolation o f 30 dB is achievable from reflector 
an tenna configurations specially designed for satellite applications for linear and  circular polarization , in a 
front-fed configuration (see Figs. 17 and 18). The elliptical beam shown in Fig. 18 is obtained by shaping the 
reflector. When the same an tenna was used for circular polarization the contours for cross-polarization  exhibited a 
complex structure indicating strut effects and interaction o f the prim ary feed horn phase pattern.
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It is to be noted that the front-fed configurations tested had relatively small apertures and hence the 
polarization  discrim ination and efficiency had been significantly and adversely affected by the presence o f feed 
supporting  struts. However, offset-fed configurations offer a greater potential in both respects (see Figs. 4(a) 
and (b) and Fig. 19). In the case o f circular polarization , the overall cross-polar discrim ination o f these antennas 
is likely to be constrained by the achievable ellipticity o f the polarizer.

Offset reflector configurations are o f special value for satellites requiring shaped or m ultiple beams since 
the associated feed assemblies would otherwise provide excessive blockage. M ore com plicated problem s, including 
the interaction o f adjacent feed elem ents, have to be taken into account in designing these antennas with high 
polarization  discrim ination.

FIGURE 13 -  Statistical distribution o f  cross-polar side-lobe peaks

#  From Doc. 4 /94  (Italy)

A From Doc. 4 /70  (USA)*

□  From Doc. 4/88 (Netherlands)

---------------- Co-polar reference radiation diagram

level exceeded 
by 10% of the 
side-lobe peaks

‘ Values are given for discrete angles of 1°, 2°, 4°, etc. as shown.
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<*15 0,2 0,5 1 2 5 10 20 30

Angle, <p, between the axis of the main beam and the direction in question

FIGURE 14 — Distribution o f side-lobe levels in circularly polarized 
cross-polar patterns fo r  INTELSAT Standard A antennas

Transm it side-lobe pattern analysis

A ntenna data:

Type: INTELSAT Standard A
Diameter: approx. 30 m
Frequency: 5990-6400 MHz
Polarization: .left and right hand cross-polarization

Sample width

Maximum value 

Worst 10%

Median value 

Best 10%

Minimum value 

56 : Num ber of samples
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FIGURE 15 -  Statistical data o f  side-lobe peaks o f  a 32  m  Cassegrain antenna  
(cross-polarization)

Levels exceeded by 10% of the side-lobe peaks processed in accordance with 
Annex II to Report 391.

o 6.725 GHz D / \  = 718

• 6.150 GHz D / \  = 656

A 3.950 GHz D /x  = 419

A 3.400 GHz D/X = 363

x

FIGURE 16 — IN T E L S A T  S ta n d a r d  A  a n te n n a s :  c r o s s - p o la r  p a t te r n s  

Gain envelope (x -  20 log <p)
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b) Port  2

F I G U R E  17 — C on tour  p lo ts  fo r  linearly  p o la rized  circular beam  
(va lues  in  dB )

-  ■ ■— Co-polar Isollnes
—* “  — —  Polarization isolation Isollnes
Frequency: 11.58 GHz 
Design BW (3 dB): 2.5° x 2.5°
Measured peak gain: 36.4 dB
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b) Port 2

FIGURE 18 -  Contour plots fo r  linearly polarized elliptical beam 
(values in dB)

---------------  Co-polar Isolines
---------------  Polarization Isolation Isollnes
Frequency: 14.173 GHz 
Design BW (3 dB): 7.5° x 4.25°
Measured peak gain: 28.8 dB
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b) Port 2

FIGURE 19 — Contour plots for circularly polarized offset-fed antenna 
(values in dB)

----------------- Co-polar tsolines
----------------- Polarisation isolation isollnes
Frequency: 11.8 GHz 
Design BW (3 dB): 7.5° x 4.25°
Measured peak gain: 28.8 dB
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A N N E X  II

D E PO L A R IZ A T IO N  M E A S U R E M E N T  O F  EA R T H -ST A TIO N  A N T E N N A

1. Choice of measurement methods using satellite source

If  the satellite source has high purity polarization , the direct isolation m ethod can be em ployed. In the case 
w here the satellit e has poor po larization  perform ance, the m easurem ent will becom e less accurate because o f  the 
satellite depolarization  effect. The polarization  reference an tenna is required to  e lim inate the uncertainty caused by 
the satellite depolarization .

Both m ethods have been found feasible in practice. Figure 20 show s the criteria o f choosing the 
m easurem ent m ethods; the direct isolation m ethod or the reference an tenna m ethod.

2. Considerations on the reference antenna method

An accurate po larization  m easurem ent was developed [D iFonzo and  T rach tm an, 1978], using a po lariza­
tion  reference an tenna  and a polarization  m atching netw ork in which the signal null at one o f  the orthom ode 
transducer ports is searched to  determ ine the polarization state. This m ethod m ay be referred to as the “null 
m ethod”.

The “phase-am plitude m ethod” more recently developed [Satoh and  M akita, 1980] proved its effectiveness 
fo r the m easurem ent o f  po larization  axial ratios as small as 0.2 dB on large apertu re  antennas. The com parison o f 
the null and phase-am plitude m ethods is shown in Table II.

The phase-am plitude m ethod using a polarization  reference an tenna is considered to be a preferable and 
practicab le  m ethod for the accurate polarization  m easurem ent o f large aperture an tenna .

Figure 21a shows the receive depolarization  m easurem ent configuration  using the “phase-am plitude 
m ethod” . A carrier signal f  is transm itted  from an earth  station in order to ob tain  a satellite signal f 2 which is 
used for the receive depolarization  m easurem ent o f the earth station. By the phase-am plitude detection o f two 
received signals at the orthogonal transducer ports o f the antenna, the overall dow n-link depolarization is 
ob tained . The receive depo larization  characteristics o f the an tenna concerned can be derived from the m easured 
overall dow n-link depolarization  subtracted by the transm it satellite depolarization  vector. This vector can be 
ob ta ined  by the m easurem ent using the polarization reference an tenna with the feed assem bly rotated by 90°. 
Figure 21b shows the transm it depolarization  m easurem ent configuration using the “phase-am plitude m ethod” . A 
carrier signal f  and  the bi-phase m odulated yj ±  A/  are transm itted from the earth  station in two orthogonal 
c ircu lar polarizations. The cross-polarization  com ponent caused by the up-link depo larization  is contained in the 
looped-back co-polarization  signal f 2 ±  A f.  The cross-polarization signal can be separated  from  the co-polariza­
tion  signal by the phase-am plitude detection, since the signals o f f  and f  ±  A /  are correlated, and the overall 
up-link  depolarization  is obtained. By sim ilar procedure to the receive depolarization  m easurem ent, the transm it 
depolarization  o f the an tenna concerned can be derived by use o f the polarization  reference antenna.
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Cross-polarization discrimination (dB) 

Polarization characteristics of an earth-station antenna 
under test 

FIGURE 20 - Criteria of using either direct isolation method 
or reference antenna method 

A: reference antenna method 

B : direct isolation method 

C: grey area 

0.5 
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TABLE II - Comparison of null method and phase-amplitude method 
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Null method Phase-amplitude method 

Signal generator and detector are simple Only electric signal processing can bring an 
accurate result 

Polarization state (axial ratio and orientation) 
can be easily obtained by reading the angles 
of polarizers 

It is very difficult to· replace a large feed 45° directional couplers are required in the 
assembly with the polarization matching feed assembly of the measured antenna 
network 

It is impossible to measure overall performance High-performance phase-amplitude detector 
of an antenna system. (The feed assembly is is required 
excluded from the measured components by 
this method) 
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a) Receive depolarization measurement 

Reference antenna

FIGURE 21 — Depolarization measurement configuration o f  earth-station antenna

OMJ : orthomode junction D.C.
OM T: orthomode transducer D /C
Pol. : polariser U /C
HPA : high power amplifier Rec.
LNA : low noise amplifier

: directional coupler 
: down converter 
: up converter 
: recorder
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REPORT 1141

POLARIZATION DISCRIMINATION IN INTERFERENCE CALCULATION 
(Study Programmes 28A/4, 1B/4 and 1C/4)

1 . I n tr o d u c t io n  ( 1 9 9 0 )

An effective method for increasing the capacity of satellite networks 
and, hence, the GSO is through the use of orthogonal polarisations. Possible 
implementations of this concept include:

i) frequency re-use within the main beams of satellite and earth station
antennas;

ii) on adjacent satellites, permitting closer satellite spacing;

iii) on neighbouring or overlapping satellite spot beams to reduce
interference;

iv) in the reduction of interference to low-power links from more powerful-
lir-ks via the same satellite.

However, one of the most important factors in implementing this concept 
is the cross-polarization discrimination obtainable from the relevant parts of 
both the satellite and earth station antenna beams and their side lobes, and in 
different frequencies within the operating band.

While co-polarized and cross-polarized responses have been considered 
for the BSS -to the extent of producing Recommendations (Appendix 30, Radio 
Regulations);-, there are, as yet no corresponding Recommendations for the FSS. 
This Report proposes that the CCIR should gather the information, further to 
that provided by Report 5559 necessary to produce design objectives for the 
cross-polarized patterns of earth station and satellite antennas, to complement 
those that have been and are being produced for the co-polarized patterns and 
thus facilitate the performance of interference calculations for system design 
and coordination purposes.

A further factor which impacts on the achievability of frequency re-use 
via orthogonal polarizations in large coverage satellite systems is the geometry 
of the polarization planes, and this factor is considered in this report.
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The detailed estimation of mutual interference between satellite 
networks requires calculation of the values of polarization discrimination 
resulting from the use of different or identical polarizations of wanted and 
interfering systems. The purpose of this report is to show how polarization 
discrimination between adjacent networks can be estimated, taking into account 
the mutual geometries of the networks and the polarization plane misalignments 
as well as the co-to-cross polarization ratios of the earth station and 
satellite antennas.

2. Performance of satellite antennas

The cross-polarized reference pattern as used in the WARC BSS (SAT-77) 
down-link plan is given in Appendix 30 to the Radio Regulations. Up to 1989 two 
types of antenna configuration have been utilised to generate the WARC defined 
BSS national coverage. These employ elliptical beams and circular polarisation. 
The first was an offset dual reflector system illuminated by a large corrugated 
horn with either a circular or elliptical aperture. The second a multi-element 
array fed single offset reflector. The inherently good polarization purity 
associated with the corrugated feed horn led to an overall cross-polarization 
performance which satisfied the WARC (SAT-77) requirements with up to a 5 dB 
margin. These requirements include 38 dB XPD.on axis and 20 dB at beam edge, 
with positive values out to 10 beamwidths off-axis. With the second configu­
ration, mutual coupling of the smaller feed elements led to a poor cross-polar 
performance. However, with careful tuning of the array this configuration could 
also meet the specification but with a smaller margin.

For the FSS, specifications of the cross-polarized component of the 
radiation characteristics have until now only been applied inside the coverage 
zone. Outside this region no significant studies have been performed and hence 
very little information is available. For FSS frequency reuse systems, the 
co-to-cross polarization ratio within the main beam (usually defined by the 
-4 dB contour) has been constrained to a value of 30 - 35 dB for both circular 
and linear polarization. In respect to the dual offset reflector configurations 
using circular polarizations this is generally achievable. However, in the case 
of the multi-element array fed single offset reflector with linear 
polarizations, it is necessary to overcome the poor polarization purity 
resulting from the asymmetrical reflector geometry. This requires a much more 
complex design, using dual-gridded reflectors with different foci for the feed 
arrays associated with each polarization.

3. Performance of earth station antennas

The co- and cross-polarized radiation templates as used in the WARC BSS 
(SAT-77) down-link plan for receiving earth station antenna are also given in 
Appendix 30 to the Radio Regulations. Linearly polarized single offset antennas 
have no difficulty in meeting these templates, which call for XPDs of 25 dB on 
axis, 11 dB at beam edge, and positive values out to 7 beamwidths off-axis.

For FSS applications, the co-polarized reference pattern is generally 
given by CCIR Recommendation 580 which states that 90% of transmit side lobe 
levels should be below 29 - 25 log (dBi) for angles of <P between 1° and 20°. No 
maximum level for cross-polarized side lobes is given. In contrast recent United 
States Regulations stipulate a containment within the envelope given by 
19 - 25 log cp from 1.8° to 7° and -2 dBi from 7° to 9.2°. Previous work 
[Claydon, B. et al.. 1985] which was based on rather limited information and 
computer predictions, suggested that a suitable reference curve for 
cross-polarized levels of antennas optimized for transmit might be:
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transmit 20 - 21 locf <p dBi 
-15 dBi

receive 23.6 - 20 log <p dBi 
-10 dBi

1 <  4  46
<P > 46°
1° < V- < 48° 
<P > 48°

. .  ( 1 ) 

- -  ( 2 )

Since then, further measured information on both axisymmetric and 
offset antennas has been made available and is discussed below.

Cross polarized radiation pattern measurement results outside the main 
beam were investigated for:

a) A 3.7 m axisymmetric 14 GHz Cassegrain antenna in the worst-case
(diagonal) plane. This did not meet the United States
cross-polarized contour in the region affected by sub-reflector 
support struts.

b) A 4.57 m axisymmetric 14 GHz compact Cassegrain antenna in which
both reflectors are shaped and the feed and sub-reflector form an 
integrated unit. This met the United States cross-polarized 
contour with a margin of 10 dB although the results of the worst- 
case planes were not available.

c) A 3.5 m dual offset 14 GHz Gregorian antenna in the worst-case
plane. This met the United States cross-polarized contour by a
5 to 10 dB margin. Figure 2 illustrates the United States co- and 
cross-polarized contours, the United Kingdom [Claydon, B., 
et al.. 1985] cross-polarized contour (transmit), and the
measured contour of antenna c) above.

d) Four axisymmetric 12 GHz antennas of French origin with XPDs
(i.e. co-to-cross polarized gain ratios (Dp(<p)dB) as follows:

Diameter (M) On Axis XPD (dB) Angular range for 
which XPD > 0 dB

1.2 23.5 24 deg.
1.8 24.0 21 deg.
2.4 26.0 14 deg.
3.5 29.0 14 deg.

The measured and envelope patterns are given in Annex II.

4 . O r ie n ta t io n  o f  p o la r iz a t io n  p la n e s

It is possible to orient the polarization plane of a receive (lineraly 
polarized) satellite or earth station antenna for two different optimum conditions, 
one to minimize clear-sky interference from an orthogonally polarized signal and 
the other to minimize the effects of depolarization due to rain. The means of 
calculating the optimum alignments in the two cases are described in Annex I.
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5 . E s tim a tio n  o f  p o la r iz a t io n  d is c r im in a t io n

5 .1  D e f in i t io n  o f  th e  p o la r iz a t io n  o f  a wave

The polarization, vector of a wave is located in a plane orthogonal to 
the direction of the wave propagation.

Generally, this vector describes an ellipse. Two particular cases 
arise, firstly circular polarization where the two axis of the ellipse are 
equal, secondly linear polarization where one of the axes is zero.

If the radiated wave is linearly polarized, two orthogonal polarization 
planes exist, each polarization vector keeping a fixed direction.

If the radiated wave is circularly polarized, right and left hand 
rotations exist.

5 .2  Case o f  l in e a r  p o la r iz a t io n

Definition of polarization angle and of relative alignment angle.

The polarization angle e is the angle between the vertical plane 
including the propagation direction (pointing of the earth station towards the 
satellite) and the polarization plane of the linearly polarised wave transmitted 
by the satellite or by the earth station pointed towards the satellite.

The relative alignment angle £ is, in linear polarization, the angle
between:

the planes of polarization of the wanted and interfering signals 
(index 1 and 2);

or the plane of polarization of the received signal and the plane of 
polarization of the receiving antenna.

In the co-polarized case, the angle B is given by:

£ «= I • - c 2 1 + 5  with 8 = tolerances

5 .3  D e f in it io n , o f  p o la r iz a t io n  d eco u p lin g  r a t io  and o f  d is c r im in a t io n  r a t io

The ratio of polarization decoupling Dp (</?) of an earth station or a
satellite antenna is the ratio of the field component in the wanted polarization 
to the field compoenent in the orthogonal polarization. is the angle between 
the directions of wanted and interfering signals. The discrimination ratio Y of 
a receive antenna is the ratio of the received power of the two waves of 
different direction and polarization.

5 .4  C a lc u la t io n  o f  d is c r im in a t io n  fa c to r  Y in  l in e a r  p o la r iz a t io n

5 . 4 . 1  C a lc u la t io n  o f  p o la r iz a t io n  d is c r im in a t io n  Yd in  down l i n k
The purpose of this calculation is to determine, in case of a wanted

receiving earth station, the discrimination with respect to an interfering wave. 
Earth station radiation patterns have been established for co- and cross­
polarization planes using experimental data.
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The polarization angles are calculated for wanted and interfering 
signals using the coordinates of the 2 pointing directions of wanted and 
interfering satellite antennas and the coordinates of the reference earth 
station.

The derived value of discrimination Yd takes into account the co- 
polarized wave coming from the interfering satellite, received by the earth 
station receiver (co-polarized A /;(<p) and cross-polarized A + (cp ) patterns).

The cross-polarized wave coming from the interfering satellite 
intercepted by the co-polarized pattern of the station is also taken into 
account. However, the additional isolation afforded by the ratio of crossed 
polarization transmit-to-crossed polarization receive may be neglected.

- D ( v ? ) / 1 0  - D  /  1 0
Yd = -101og(cos2E + sin2£ • 10 p b + sin2i?> • 10 p sat ) dB (3)

where:

is the topocentric separation between satellites 

Dp (<£>fc ) in the polarization decoupling of the wanted earth station:

Dp (^b ) = A „ ( V> b ) - A+ (<Pb ) in dB
sat is the polarization decoupling (in dB) of the interfering 

satellite in the coverage area where the wanted station is located.

5 . 4 . 2  C a lc u la t io n  o f  th e  p o la r iz a t io n  d is c r im in a t io n  Yu in  up l in k

The purpose of this calculation is to determine on a similar way to the 
preceding section, for a receive antenna of the wanted satellite, the 
discrimination Yu with respect to an interfering wave in dB:

-d  { \ L  ) / 1 0  -d  / 1 0  . . .
Yu = - 101og(cos2£ + sin2£ • 10 p b + sin2i?> * 10 pst ) dB ' '

where:

v'b is the angle between the main radiation direction and the direction 
of interfering earth station.

is the polarization decoupling of the wanted space station

DpOAb) = S/ / (^>)  " S+ (^>) i n  dB

S a and S+  are the co-polarized and cross-polarized patterns of the wanted 
satellite antenna.

Dpst is the polarization decoupling (in dB) of the interfering earth 
station.
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5.5 Calculation of discrimination factor in case of 2 polarizations, one
circular, the other linear

In the case of an interfering wave in linear polarization (the linear 
polarization vector can be derived from two circular polarization vectors, right 
and left hand rotation), the discrimination obtained at the receive wanted 
antenna operating in circular polarization can be expressed in a way similar to 
above:

1 - D (<£>)/ 10 - ' .
Y = -10 log - (1 + 10 p ) dB (5)

2

where:

D (<ip) is the polarization decoupling of the receive antenna, in dB.
P
Similarly, in case of an interfering wave in circular polarization (the 

circular polarization vector can be composed of two orthogonal linear 
polarization vectors), the discrimination obtained at the receive wanted antenna 
operating in linear polarization is described by the same formula.

5.6 Application to actual cases

From the above relationships, the calculation of the polarization 
discrimination in various cases permits estimation of the improvement obtained 
in interference calculations. In particular the use of a polarization orthogonal 
to the one of the interference may be considered. These relationships do not 
take into account the effects of propagation conditions on the signal 
polarization plane; these are included in Annex I.

6. Effect of polarization plane geometry

Some f ix ed  sa te llite s  a t 6 /4  G H z  a n d  many at 14/11 G H z  u tilize  l in e a r  p o la r iz a t io n .  ----------
A t 14/11 G H z  a n d  ab o v e  w h ere  a tm o sp h e ric  c o n d itio n s  begin  to  a ffe c t p ro p a g a t io n . ..ie  o r ie n ta t io n  o f  

p o la r iz a tio n  w o u ld  n o rm a lly  b e  c h o sen  to  m in im iz e  these  effects. H ow ever, d u e  to  th e  c u rv a tu re  o f  th e  E a rth , th is 
o p tim iz a tio n  ty p ic a lly  a p p lie s  o n ly  to  a  p o r tio n  o f  th e  se rv ice  a re a  as i l lu s tra te d  by  th e  e x a m p le  ir. Fig. 1 b e low .

FIGURE 1—  Contours o f  constant polarization orientation ^ with respect 
to the plane containing the local vertical; satellite at 105° W 
longitude radiating linear polarization in the meridian plane
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A graded polarization scheme for a large service area is feasible if, as is typically the case, the satellite 
antenna has multiple feeds. Such a scheme would maintain the polarization orientation close to optimum over the 
whole service area.The optimum orientation to minimize interference is, in general, different from the optimum 
orientation for minimum propagation degradation.

Modelling of the depolarization due to hvdrometeors is covered -*-------------------;-----------
in Report 722. This R e p o rt deals with the calculation of the angle between polarization planes due to the relative 
geometry of a pair of satellites and their corresponding service areas.

7. Conclusions

7.1 Insufficient information is currently available to adequately 
characterize the cross-polarized performances of either earth station or 
satellite antennas in the FSS, although reference patterns have been set for the 
BSS and antennas exist which meet them. In view of the protection against 
interference which would be afforded by antennas with good co-to-cross polar 
ratios in beam and reliable and positive ratios outside the main beam, further 
evidence is required by the CCIR to enable cross polar reference patterns for 
earth stations and satellites in the FSS to be established.

7.2 Equations whereby the overall polarization discrimination may be
calculated, taking into account antenna performance and the geometrical factors, 
have been given.

7.3 A means of calculating the optimum alignment of antenna polarization 
planes has been shown for two possible orientations of a linearly polarized 
transmission. One orientation yields mimimum propagation effects, while the 
other orientation minimizes mutual interference for a particular condition of 
rain depolarization-
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Off-axis angle ^ (degrees)

FIGURE 2
Summary of cross-polarization radiation templates



406 Rep. 1141

ANNEX I

OPTIMIZATION OF POLARIZATION ORIENTATION

1 • Simple model of a satellite-Earth link

T he sateliite-to-Earth (o r the  E arth-to-satellite) link has been extensively analysed by several researchers; 
som e typical analyses o f  d ep o la riza tion  effects are given in [Hogg and  C hu, 1975; Shkarofsky, 1977 and
Spellam , 1977]. In p articu la r [Shkarofsky, 1977] gives a m athem atical procedure which takes into account all 
know n con tribu tions to depo la riza tion . The fo rm ula tions in these references are how ever extrem ely com plex and  
cum bersom e. A sim plified m odel, su itab le  fo r use in a first o rd e r analysis o f  interference; is given in R eport 633. 
This m odel uses the concept o f equ ivalen t gain o f  a partia l link (i.e. either the Earth-to-space o r the space-to-E arth 
connection) thus:

The equivalent gain (as a pow er ratio ) for one partia l link can be represented by the follow ing
approxim ation,:

G = G y ■ cos2 P +  G2 • s in2 P

G j =  Gtp • Grp ■ A  + G,c ■ Grc- A  +  Gtp • Grc • A  • X  +  Glc • Grp ■ A ■ X

G2 = {y /G tP ' Grc ‘ A  +  \ / G,c ' Grp ■ a ) 2 +  Gtp • Grp • A  ■ X  +  Gtc ■ Grc • A  • X  (1)

un ere :

P : relative alignm ent ang le , for linear po lariza tion , betw een the received signal polarization  plane and
the plane o f  po la riza tion  o f  the receive an tenna , and :

G,p : co-po lar gain characteristic  o f  the transm it an ten n a  expressed as a pow er ratio  (R ecom m enda­
tions 465 and  580, R eports 390 and  391 for earth  stations, R eport 558 for satellites),

G,c : cross-polar gain characteristic  o f the transm it an ten n a  expressed as a pow er ratio  (R eport 555),

Grp: co-polar gain characteristic  o f  the receive an ten n a  expressed as a pow er ratio  (R ecom m enda­
tions 465, 580 an d  R eports 390, 391 and  558),

Grc '■ cross-polar gain characteristic  o f  the receive an ten n a  expressed as a pow er ratio  (R eport 555),

A : rain  fade as a pow er ratio  <  1 (R epo rt 564),

X : rain  depo lariza tion  as a pow er ratio  < 1 (R eport 722).

T he follow ing sections give derivations fo r the angle, P, fo r the two scenarios:

— polarization  aligned to  m inim ize effects o f  ra in  fade, and

— polarization  aligned to  m inim ize interference.

U sing the equivalent gain concept, the w anted carrier pow er, C, o r the single-entry in terfering  pow er, /, on 
each partia l link is sim ply given by:

C (o r / )  =  PT — L fs  — L ca + 10 log G dBW  (2)

where:

PT : w anted (in terfering) transm itting  an tenna  pow er (dBW ),

L fS ■ free-space loss on the  w anted (in terfering) link (dB),

L Ca ■ clear-air ab so rp tion  on the w anted (interfering) link (dB),

G :  equivalent gain  on the  w anted (in terfering) link (dB).
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2 . Polarization orientation to minimize interference due to rain depolarization

As illustrated in F ig . l , the ap p aren t polarization  plane at the E arth ’s surface is a function  o f  the 
geographical coordinates o f the boresite, the test point under consideration , and  the satellite. Shkarofsky [1977] 
quotes the follow ing form ula for this po larization  angle e:

In the above it it assum ed that the po larization  p lane is optim ized for m inim um  rain fade at the boresight,
i.e. a ligning with either the local horizon tal o r the local vertical. In functional form , equation  (3) m ay be rew ritten:

e =  f(vj//>, Xb, \yp, Xp, Xs)

To determ ine the interference com ponen t at test point, p, the difference in polarization  angles is required.

T hus, if  the w anted and in terfering  signals are “co -po lar” , the angle, 3, in equation (1) may be expressed

w here:

e, =  f(v|//,„ Xbl, y p, Xp, XsX  

E2 =  k Hl, \\lp, Xp, XSi),

b\ : boresight o f w anted satellite sx,

b2 : boresight o f in terfering  satellite s2,

5  : allow ance for m isalignm ent o f earth-station  an tenna and ro tational tolerances o f  satellite beams.

If  the w anted and interfering signals are “cross-po lar” the angle 3* in the w orst case, is:

U nder som e circum stances the d istinction between co-polar and cross-polar may be academ ic. Thus for the 
purposes o f this analysis the follow ing defin ition  will be assum ed:

if both  w anted signals are  aligned to the respective local horizontalsor both are aligned to the respective 
local verticals, they will be considered co-polar.

3* Polarization orientation to minimize clear-sky interference

M inim um  interference occurs when the polarization  planes at the satellite orbit are orthogonal, i.e. when 
the po larization  p lanes are either in the equatorial plane or in the plane o f the E arth ’s N orth-South axis. Report 
814 gives the follow ing form ula for the angle o f polarization , e ', when the polarization  vector o f the transm itted 
wave is parallel to the equatorial p lane:

tan  e =
sin \Jrh • cos v|/p • sin (Xp -  Xs) -  cos vjib • sin v[/p • sin (7.b -  X5) 
sin \J/b • sin \J/p +  cos \\ib • cos v|/p • sin (Xb -  Xs) ■ sin (Xp -  Xs) (3)

w here:

H) : latitude,

X : longitude,

b : boresight,

p  : test poin t,

s : satellite.

(4)

(5)

tan  e' = (6)

cos £, =  cos (Xp — Xs) ■ cos y\ip

a : radius of earth  divided by radius of orbit ~  0.151
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Thus, in functional form:

e' =  g(MV V  **)

When the wanted and interfering signals are “co-polar”, i.e. when both have polarization planes parallel to 
the equatorial plane or when both are perpendicular to the equatorial plane, the relative angle, (3, between wanted 
and interfering polarization planes is given by:

P = | £i — £2 | • + 8 (7)

where:

e'i =  g(V /» K ’ **.)

£2 = g(viV K.)
51 : wanted satellite,

52 : interfering satellite.

Similarly when the two signals are cross-polar, the relative angle Px is given by:

The variation of e' is given in Fig. 3 .

0 ° 10° 20° 30° 40° 50° 60° 70° 80° 90°
R elative lo n g itu d e , AX (degrees)

F i g u r e  3  -  Variation o f  received angle o f  polarization on the Earth  

a : angle o f  elevation

R E F E R E N C E S

H O G G . D. C. and  C H U , T. S. [Septem ber, 1975] The role o f  rain  in satellite com m unications. Proc. IE E E , Vol. 63. 9. 1308-1331.

S H K A R O F SK Y , I. P. [June, 1977] D epolarization  due to p recip ita tion  in satellite com m unications. RCA Rev.. Vol. 38. 2. 
257-309.

SPE L L M A N , M. [N ovem ber, 1977] Low er crosspole levels for safe frequency re-use.Microwaves.



Rep. 1141 409

ANNEX I I

MODELLING OF EARTH STATION ANTENNA CROSS-PO LA R IZED  CHARACTERISTICS

This annex presents cross-polarized templates obtained from pattern 
measurements (CNET/La Turbie) of different diameter antennas (1.2 m, 1.8 m,
2.A m, 3.5 m and 3.7 m at 12.625 GHz). For each antenna type, a measured and an 
envelope pattern are described.

In order to estimate the worst-case discrimination factor Y 
co-polarized g„ (<P) and cross-polarized g+ (<P) pattern envelopes have been 
obtained for the antennas given above.

a) In co-polarization, for the main lobe area where *P < ̂  = 1° for
large stations, 9 x = 100 A/D degrees for small stations) the envelope pattern is 
extrapolated by a quadratic lobe defined between gdC^i) for <P = ^  and 0 dB 
for <P = 0 ° .

b) In cross-polarization, no constraint other than the main polarization
reference pattern is defined by CCIR. The cross-polarization levels is such as 
g+ (*P) < guC^'i) (with ‘P'j = 2 ^ ) for 0° < *P < ̂  . The two co- and 
cross-polarized envelopes are overlapping as they reach the isotropic 
level (9 > ̂ iso) •

Finally, earth station diagrams have the following envelopes:

1) Sm all s t a t io n s  (d  < 100A)

gain = gain of antenna main lobe

= 100A/D (degrees)

g w = 5 2 - 1 0 log D/A - 25 log <P - gain

= 2.2 ^

<p
2 = 25. 1°

<P
I S O = io<52 - 10 L o g  (D/A)/2S> (degrees)

for 0 < <P < ̂

f c W  -  8 ( f ,  ) ( 1 )

- for (pl < <P < ^

6t W  ~ g W  - [g(<pl)-g(<(’'l)] .(^SO -f) (“PlSO - ^l) (2)

(if M> > 1>IS0> g+ (<(.)_ g u W )

- for <P2 < <P <180"

g+CP) - 10 - 10 log (D/A) - gain (3)

The envelope patterns shown in Figures 4 and 5 are obtained for 
stations of the following diameters: 1.20 m and 1.80 m at 12.625 GHz. In each 
case one example of the measured co- and cross-polarized pattern is given, but
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the templates shown are averages from measurements on several antennas of the 
same type.

The measured patterns shown in Figures 4a and 5a are measured in 
CNET/La Turbie for these types of antennas.

2 . Large s t a t io n s  (d  > 100A)

gain = gain of antenna main lobe 

^  -  1°

g(<P) = 29 - 25 log^ - gain 

=  1 . 8  <?1 

\  =  2 0 °

<P3 = 26.3°

<PA = 33.1°

^iso = I® <29/25> (degrees)

- for 0 < 9 < <Pj

g + (<P) = g(«P»1) (4)

- for ^  ^

g + (<P) = gC^P) - [g(<Pi )  - g ( 9 ' i ) ] . ( < P i s o - - <P ) / ( (P i s o  - *Pi) ( 5 )

- for ^  < ^ < ^3 

glOP) = -3.5 - gain

g + (<P) = g i W  - [ g C ^ i ) - g ( < P ' i ) ] .  ( ^ i s o  - ^ / ( ^ i s o  - V  ’ ( 6 )
( i f  cp >  <PISQ,  g + (cp) = g u ((p))

- for ^  < <P <

g+(<P) = 32 - 25 log<P - gain (7)

- for %  < <P < 180°

g+ (<P) = -10 - gain (8 )

The envelope patterns shown in Figures 6 , 7 and 8 are obtained for
stations of the following diameters: 2.40 m, 3.50 m and 3.70 m at 12.625 GHz. In
each case one example of the co- and cross-polarized measurements is shown, but 
the templates given were derived from the average of several antennas of the 
same type.

The measured patterns shown in Figures 6a, 7a, 8a, 6b, 7b and 8b were
measured in CNET/La Turbie for these types of antennas.
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Angle off main beam axis (degree)
FIGURE 4

Angle off main beam axis (degree) 
FIGURE 4a

1.2 m antenna, co- and cross-polarized measured patterns
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Angle off main beam axis (degree) 
FIGURE 5

.1.80 m antenna, f = 12.625 GHz, co and cross-polarized templates

ISO " ( S O  - 1 * 0  - 1 2 0  - 1 0 0  - 0 8 0  - 0 8 0  - 0 4 0  - 0 2 0  - 0 0 0  * 0 2 0  - 0 4 0  * 0 6 0  - 0 8 0  - 1 0 0  - 1 2 0  - 1 4 0  - 1 6 0  * 1 8 0

Angle off main beam axis (degree)

FIGURE 5a

1.80 antenna, co-polarized measured patterns
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BO - 1 6 0  - 1 4 0  - 1 2 0  - 1 0 0  - 0 8 0  - 0 6 0  - 0 4 0  - 0 2 0  - 0 0 0  - 0 2 0  - 0 4 0  - 0 6 0  - 0 8 0

Angle Off main beam axis (degree) 
FIGURE 5b

1 2 f

1.80 antenna, cross-polarized measured pa ; err,::

Angle off main beam axis (degree) 
FIGURE 6

2.40 m antenna, f = 12.625 GHz, co and cross-polarized templates
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Angle o f f  main beam axis (degree) 
FIGURE 6a

2 . 40 antenna . r . O - T i n l  TOfi Q e n i * n /1 -r-i -f- 4-  «-v v - n  »

Angle off main beam axis (degree) 
FIGURE 6b

2.40 antenna, cross-polarized measured patterns
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Angle off main beam axis (degree) 
FIGURE 7

3.50 m antenna, f -= 12.625 GHz, co and cross-polarized templates

Angle off main beam axis (degree) 
FIGURE 7a

3.50 antenna, co-polarized measured patterns
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Angle off main beam axis (degree) 
FIGURE 7b

3.50 antenna, cross-polarized measured patterns

Angle off main beam axis (degree) 
FIGURE 8

3.70 m antenna, f = 10.7 GHz, co and cross-polarized templates
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Angle off main beam axis (degree)
FIGURE 8a
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3.70 antenna, co-polarized measured patterns
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REPORT 453-5

SECTION 4D2: COORDINATION METHODS

TECHNICAL FACTORS INFLUENCING THE EFFICIENCY OF USE OF THE  
GEOSTATIONARY-SATELLITE ORBIT BY RADIOCOM M UNICATION SATELLITES 

SHARING THE SAM E FREQUENCY BANDS

General summary

(Study Programme 28A/4)

( Q u e s t i o n  2 8 / 4 )  (19 70 -1 974-1978-1982-1986-1990)

1. Introduction

This Report responds to Study Programme 28 A /4  and has made extensive use o f  the reports o f  Interim 
Working Party 4 /1 ,  which was set up in Geneva, September, 1968. Its current terms o f  reference are in 
Decision 2-7-

Some remarks o f  a fairly general character should be made before discussion o f  the more complex 
technical factors. First, it must be recognized that the maximum coverage of the surface o f  the Earth from any one 
satellite in the geostationary-satellite orbit, despite the advantages o f  this orbit, is limited by the geometry, 
especially in regard to the coverage o f  high-latitude regions of the Earth. Because o f  these considerations, there 
could arise competing dem ands upon certain parts o f  the orbit which might then become congested at an early 
date. This depends upon geographical factors, distribution of population, dem and for te lecommunication 
services, etc. On the other hand, other parts o f  the geostationary-satellite orbit might be little used for a number o f  
years to come.

Solutions to the difficulties which could arise in congested parts o f  the orbit are dependent upon studies o f  
all the major technical factors which govern the minimum separation needed to avoid interference between 
satellites employing comm on frequencies. The present Report provides a sum mary o f  the technical factors 
involved and makes reference to other Recomm endations and Reports o f  Study G rou p  4 where these are relevant.

This Report is concerned primarily with technical factors, although some reference is made in it to other 
factors, mostly operational. It should, however, be .  emphasized that other factors are also o f  the greatest 
importance in achieving efficient use of the geostationary-satellite orbit and the frequency spectrum. Most 
im portant of all, perhaps, is the effective use o f  the procedures established by the World Administrative Radio 
Conference, Geneva, 1979, for the coordination o f  frequencies assigned to space and earth stations. Article 11 o f  
the Radio Regulations refers. See also Report 454.

As certain parts o f  the geostationary-satellite orbit have become increasingly congested there is a need to 
consider satellite systems in the light o f  their use o f  the limited resources o f  bandwidth  in the frequency spectrum 
and orbital-arc in the geostationary-satellite orbit. Both resources should be used efficiently but what, in fact, 
constitutes efficient use o f  the combined resource for the various different applications covered by the fixed-satel­
lite service, is a complex question. In this context “efficiency” does not possess the strictly mathematical sense in 
which there is an ideal or theoretical maximum capacity of the orbit against which the efficiency o f  any particular 
system is expressed as a percentage. What is meant is the “effectiveness” o f  use, recognizing that this orbit is a 
commodity of limited proportions, even if we cannot measure or express its capacity in a single figure, 
permanently fixed for all time. We therefore unders tand that by aiming towards efficiency o f  use o f  the orbit, we 
mean to use it in the most economical manner.

Finally it should be noted that this Report is concerned with general principles. Reference should be made 
to other Reports for information on the specific technical problems o f  orbit and spectrum sharing, and these are 
listed at the end o f  this Report.

The contents o f  this Report are as follows:

2. Satellite network characteristics which affect orbit utilization

2.1 Satellite station-keeping

2.2 Earth-station antenna characteristics and general interference level
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2.3 Off-axis spectral e.i.r.p. density level from earth-station antennas
2.4 Polarization discrimination

2.5 Satellite an tenna gain pattern

2.6 Permissible interference level

2.7 The effect o f  modulation characteristics

2.8 On-board regeneration

2.9 T ransponder linearization

2.10 Acceptable circuit noise standards for analogue circuits o f  domestic networks

2.11 Companding in analogue circuits

3. Homogeneous orbit utilization

4. Operational factors

4.1 Optimization of frequency assignments
4.1.1 Co-channel carriers
4.1.2 Interleaved carriers

4.2 Geographical factors
4.2.1 Visible arc and service arc
4.2.2 Effect o f  geographical factors on frequency re-use
4.2.3 Examples o f  the effect o f  geographical factors on orbit utilization
4.2.4 Influence o f  traffic patterns
4.2.5 Inter-satellite links
4.2.6 Crossed-beam arrangement o f  satellite networks

4.3 Flexibility in the positioning of satellites

4.4 Inhomogeneous orbit utilization
4.4.1 Orbital spacing studies using specific system characteristics
4.4.2 Optimization of heterogeneous orbit utilization
4.4.3 Orbit and  spectrum utilization methodologies

4.5 Discussion of ABCD generalized parameters

5- Systematic use o f  allocated frequency bands

5.1 Frequency-band pair ing
5.1.1 Pairing o f  frequency bands allocated to the fixed-satellite service
5.1.2 Translation frequency considerations for narrow -band  satellites
5.1.3 Use o f  multiple frequency-band pairs in satellites

5.2 Use of frequency bands for both up links and down links

5.3 Use o f  frequency bands allocated to the fixed-satellite service for feeder links

5.4 Use of new frequency bands

6 . Network harmonization

6.1  C oordination  o f  fixed-satellite networks

6.2 Com puter techniques

7_. Use of geosynchronous satellites in inclined orbits
7.1 Use of satellites in slightly inclined geostationary orbits
8 . T ime-phased introduction of orbit-conservation measures
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2. Satellite network characteristics which affect orbit utilization

2.1 Satellite station-keeping

When the longitudinal position o f  geostationary satellites is subject to some uncertainty due to orbital drift 
or orbital inclination, a reduction in the potential geostationary-orbit capacity will result. C apacity  is only slightly 
impaired by moderate orbital inclinations, but is greatly reduced when longitudinal positional drifts  app roach  
values com parable  with the minim um permissible satellite spacing. The factors affecting the positioning o f  
satellites and the accuracy o f  station-keeping that is technically feasible at present are considered in Report 556.

The Radio Regulations require all geostationary satellites of the fixed-satellite service to be m ain ta ined  
within ±  0.1° o f  the longitude o f  their nominal position. Exceptions to this requirement exist for experimental 
stations and for systems whose advance publication takes place prior to 1 January  1982 and are put into service 
prior to 1 January  1987 (see Nos. 2618 and 2624 o f  the Radio Regulations).

Studies o f improved station-keeping, conducted by the USA [CCIR, 1978-82a] and Interim W orking
Party 4/1 suggest that longitudinal station-keeping more accurate than the ±  0.1° va lu e ----------- incorpora ted  into
the Radio Regulations by WARC-79 is probably achievable technically. In situations where very small satellite 
separation angles are made possible by, for example, satellite spot beam or polarization d iscrim ination, this may 
lead to a further improvement in orbit utilization. If accompanied by similarly close control o f  North-South  
station-keeping, this im provement in longitudinal station-keeping could reduce the cost o f  some earth stations 
because satellite tracking facilities might be unnecessary. However, improved station-keeping* may cause some 
increase in operating  cost.

In general, latitudinal station-keeping does not significantly affect the efficiency o f  use o f  the geosta­
tionary-satellite orbit, but studies reported by Italy [Quaglione and G iovannoni,  1983] point out hat the efficiency 
with which a system operates can be affected in a significant way when no constraints on la t i tude/yaw  errors are 
applied to frequency re-use systems with linear polarization and when the earth stations do not employ 
polarization tracking. The studies indicate that orbit utilization may be adversely affected becau se o f  the reduced 
capacity resulting from the less efficient use o f  individual systems. Similar adverse effects on the efficiency o f  use 
of  the geostationary orbit may occur when frequency re-use by means o f  orthogonal linear polarization is 
employed by two satellites of different networks in the fixed-satellite service closely spaced or even co-located in 
the same longitudinal position o f  the geostationary orbit (see Report 555). This subject appears  to justify 
additional study.

2.2 Earth-station antenna characteristics and generaI interference level

The radiation pattern o f  the earth-station antenna , more particularly in the first 10° from the principal axis 
and  in the direction o f  the geostationary-satellite orbit, is one of the most im portan t factors in determining the 
interference between systems using geostationary satellites. A reduction in side-lobe level or increase in D /X  (or 
both) will increase the efficiency o f  utilization o f  the geostationary-satellite orbit for a given carrier-to-interference 
ratio C /1 . This efficiency may also be further increased by relaxing C/ I .

It should be recognized that antenna patterns considerably better than the reference radiation pattern given 
in Recommendation 465 may be achieved by careful control o f  the side-lobe levels. High side-lobe response is 
caused mainly by scattering from blockage in the aperture o f  the antenna. There are an tenna  configurations which 
have no such blockage and their use is desirable. Some ways in which the constructional features o f  Cassegrain- 
type earth-station antennas may be designed so as to reduce side-lobe radiation are discussed in Report 390.

It is thought that the use o f  off-set feed geometry for small and medium-sized antennas is becoming 
feasible but it is not yet clear whether the use o f  such techniques for large antennas would involve undue 
economic penalties. Nevertheless it would be desirable for a recommendation to be made soon on the maximum 
side-lobe levels o f  earth-station antennas. For large antennas operating in the 4 and 6  G H z  frequency bands, it 
might be appropriate  to use the pattern given in Recommendation 465.
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If  an asymmetric (offset) antenna  with small surface errors and heavily tapered illumination is used, a 
further reduction o f  5 dB appears to be possible. This probably represents the lowest practical lever for small 
d iam eter ( D / X  <  150) antennas. It can also be approached  for large axisymmetric antennas provided the surface 
errors are kept low and  some aperture illumination tapering is applied. The use o f  the offset configuration for 
large an tennas  would possibly involve undue economic penalties.

The effect of three different side-lobe levels (assumed to hold for all D / X ) and the an tenna diameter D / X  
on satellite spacing cpv for two values o f  C / l ,  equal to 35 and 25 dB, is shown in Fig. 1. The minimum diameter 
for a given satellite spacing is also shown. This has been determined by the location o f  the first minimum in the 
earth-station radiation pattern. It allows a sufficient margin o f  angular error for an tenna  misalignment and 
satellite pointing before C / I  deteriorates significantly due to an adjacent satellite falling into the edge of the main 
beam.

Recomm endation  580 provides a design objective for lower side-lobe gain for new antennas if the reflector 
d iam eter is bigger than 100 times the wavelength. Further consideration is needed on a design objective for smaller 
antennas.

It is evident that orbit utilization efficiency is enhanced when systems using earth stations with both high 
gain and  a high figure-of-merit ( G / T )  are involved.

2.3 O ff-axis spec tral e.i.r.p. density level from  earth-station antennas

The sensitivity o f  an earth-station receiver to down-link interference from other satellite networks operating 
in the same frequency bands is determined mainly by the earth-station an tenna  side-lobe gain. However, the 
severity o f  interference from an earth-station transmitter into the satellite receivers o f  other networks is caused by 
the off-axis e.i.r.p. level o f  the interfering earth-station an tenna which is generally given as a spectral density. This 
quantity  is determined by the side-lobe gain, the transmitter output power level and  the spectral distribution of 
that power. This transmitter spectral power level is determined by such factors as the on-axis gain of the 
earth-station antenna, the satellite receiving antenna gain iin the relevant direction, the noise figure of the satellite 
receiver, the nature o f  the modulating signal and carrier energy dispersal measures.
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FIGURE 1 -  Required satellite spacing fo r  single-entry interference 
between homogeneous satellite netw orks as a function  

o f  earth-station antenna diameter (in wavelengths) 
and side-lobe characteristics fo r  

two values o f  C /l

-----------  GO?) = 32 -  25 log <p

----------- GO?) = 29 -  25 log

— GO?)  = 24 — 25 log ip

— — — — First minimum in earth-station radiation pattern 
Unspecified C /l ratio

To constrain interference between networks it is not sufficient to attain lower an tenna  side lobes at all 
earth stations, although this is im portant (see § 2.2 o f  this Report). It is also im portant to place a constraint o f  
some kind on the spectral power level o f earth-station transmitters. By applying this contraint in the form o f  a 
recommended limit on off-axis spectral e.i.r.p. density level, the system designer is given the maximum 
opportunity  to trade-off the various factors which affect it to obtain the best solutions (see Recommendation 524 
and Report 1001).
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2.4 Polarization discrimination

The use of orthogonal linear or circular polarizations permits discrimination to be obtained between two 
emissions in the same frequency band from the same satellite or from closely adjacent satellites. This can augment 
d iscrimination provided by the directional properties o f  satellite and earth-station antennas. A detailed discussion 
o f  this topic is to be found in Report 555 an<i R ep o r t  1 1 41 .

By use of polarization discrimination, whether linear or circular, frequency re-use is possible in the same
satellite beam. This technique is used in many currently operating satellites and  is achieved by realizing
discrimination values o f  27-35 dB. To derive full advantage o f  the added bandw idth , the spacecraft power must be
doubled, in which case the satellite capacity can be doubled. Where the spacecraft power is maintained in a 
bandwidth-limited system, up  to 60% increase in the satellite capacity can be obtained.

Alternatively, orthogonal polarization can be used on adjacent satellites to reduce the satellite spacing, thus 
increasing orbit capacity. In this case, the discrimination must be obtained in the side-lobe o f  the earth-station 
antennas o f  the networks and even small levels o f  discrimination will permit significant reductions in spacing. 
Application of polarization discrimination in this way will generally preclude use o f  dual polarization on either 
satellite except in some very special cases, where frequency interleaving is feasible (see § 4.1.2).

If general benefit can be obtained from inter-network polarization discrimination, as described in this 
latter example, the C C IR  should recommend on the following matters for each frequency band:

— a preferred mode o f  polarization should be defined, that is, circular or linear;

— for linear polarization, if used, s tandard orthogonal planes o f  polarization, as seen from earth stations, should 
be defined. For example, one plane might be in the North-South direction and  the other plane would be 
orthogonal to it;

— minim um standards o f  polarization purity would be established for the main beam of  all satellite and 
earth-station an tennas whether or not dual polarization is used within that network. This standard should 
incorporate  an allowance for the effect o f  satellite movement, but it would be less stringent than that required 
to permit dual polarization within a satellite network.

The C C IR  should recommend a minimum polarization isolation factor for use in the coordination o f  
systems that are able to make use o f  this protection.

In the case o f  linear polarization there are two basic alternative philosophies — the polarization planes 
are-chosen  either to minimize local propagation effects o r to minimize interference potential and  susceptibility. 
Report 1141 gives the geometric aspects for both philosophies , and also gives measured antenna cross -polarized 
patterns.

2.5 Satellite antenna gain pattern

The use o f  the same carrier frequencies to serve different areas on the surface o f  the Earth by nearly
co-located geostationary satellites can be greatly facilitated by the use o f  satellite antennas having an effective
beamwidth much less than the angle which the Earth subtends at the geostationary orbit, i.e. less than 17°. To
obtain  the necessary discrimination between the wanted signal and the unw anted signal, the main lobe patterns o f
satellite antennas should conform to the coverage areas as closely as possible, this being attainable by beam
shaping m the plane normal to the direction o f  propagation. It should, however, be noted that it will be necessary
to study ways in which the concept o f  coverage area should be defined. In addit ion , beam shaping within the
coverage area is desirable in order to maximize the satellite e.i.r.p., particularly towards the earth-stations in the
coverage area. Also, shaped beams can contribute to efficient orbit utilization through spectrum re-use and
reduction of interference through the generation o f  a variable pattern. However, unless the capability exists for
re-shaping the beam on board the satellite, efficiency may be reduced through the lack o f  orbital position 
flexibility.

Some currently operational networks provide coverage to several separate service areas on the same 
requencies by using separate antenna beams, and making an allowance for a noise contribution from the 

imperfect isolation which is obtained. Three frequency re-uses on the same polarization can be achieved in the 
6 /4  G H z  frequency band  and for higher frequencies, many more re-uses from the same orbital location appear to 
be feasible.
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The achievement o f  increased frequency re-use on the GSO by the use o f  satellite an tennas o f  limited 
coverage is best accomplished by control of the radiation outside o f  the coverage area. This generally requires 
reduction o f  the first side-lobe level by the use o f  beam-shaped an tenna configurations with no blockage o f  the 
aperture. Where the coverage area is relatively small, simple an tenna  configurations can be used, although the 
large physical size o f  such antennas may be constrained by spacecraft mass and  launch vehicle capability. In this 
latter case, stringent requirements for satellite att itude control will be necessary whereas with the shaped beam 
configuration, less precision is required.

While the advantages o f  frequency re-use may not be fully realized if  the control o f  the satellite beam 
position is inadequate, no substantial reduction o f  these advantages is likely so long as the spacecraft an tenna  
beam position can be held to within a small fraction, 0.2 or less, of its beamwidth.

In order to facilitate the re-use of spectrum by narrow satellite an tenna beams, the adoption  of a reference 
satellite antenna  pattern may be desirable. As the design o f  a satellite an tenna  is influenced by many system 
parameters, such as size and  shape of the coverage area, required minimum gain, limitation o f  aperture size and 
flux-density, etc., it is rather difficult to define a satellite an tenna reference pattern which will be applicable to the 
large variety of complex patterns which may be utilized. Report 558 provides a more detailed discussion on this
problem. Recommendation 5 7 2  p ro v id e s  s a t e l l i t e  a n te n n a  r a d i a t i o n  p a t t e r n  f o r  u se  as  a d e s i g n  o b j e c t i v e  
i n  th e  f i x e d - s a t e l l i t e  s e r v i c e .  It should also be noted that requirements for satellite relocation on the GSO 
will have an impact on the antenna  design limitations (see Recommendation 6 7 0  and Report 1002).

2.6 Permissible interference level

Studies show that greater capacity can be obtained from the GSO if more o f  the noise budget is allocated 
to interference between satellite systems. For example, below 10 G H z it is estimated that the capacity o f  the orbit 
might be increased by at least 75% if the inter-network interference noise com ponen t  were raised:from 10% of totai 
noise to about 50% o f  total noise [CCIR, 1970-74a],

This matter is considered in some detail in Report 455.

For the most efficient orbit utilization, satellite systems would operate in an interference-limited mode, and 
while this would reduce the capacity per satellite it would increase the num ber o f  satellites that could be accessed.

2.7 The effect o f  modulation characteristics

Studies have been made [CCIR, 1970-74b, c, d] o f the effect of m odula tion  characteristics on o rb i t / sp ec ­
trum utilization.

For FM systems, as the modulation index is increased, the capacity per satellite is reduced but the 
baseband noise density due to interference at a given carrier-to-interference ratio falls, permitting closer satellite 
spacing and  generally resulting in an increase in the efficiency o f  use of the GSO. For digital transmissions using 
PSK, similar conditions exist, that is, the interference immunity o f  a signal is increased as the num ber o f  phases is 
reduced, again allowing closer satellite spacing. However, in this case, the utilization o f  the GSO  tends to be 
optimized when the num ber o f phases is in the range of four to eight, the orbit utilization tending to be decreased 
as either a higher or a lower num ber o f  phases is utilized.

In the case o f  angle modulated  interference from a number o f  equidistantly spaced satellites into a PSK 
transmission, the interference effect shows a pronounced threshold characteristic in terms o f  the distance between 
the satellites. A reduction o f  the satellite spacing below the threshold results in a rap id  increase o f  the interference 
effect. C C IR  studies indicate the dependency o f  this threshold characteristic on various parameters such as 
permissible error rates, num ber o f  carrier phases, earth station an tenna radiation pattern and  num ber o f  
interfering satellites.

The examination o f  technical factors affecting the utilization o f  the GSO has been made in most cases for 
systems providing com m unications in the fixed-satellite service only. However, the fixed-satellite service is also 
used specifically to provide up links to satellites (e.g. broadcasting satellites) in o ther services and  therefore may 
involve technical characteristics not necessarily optimum from the standpoint o f  b a n d w id th /o rb i ta l  arc utilization.
In these cases, other criteria may be more im portant in achieving system designs.
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A d em odula t ion /regenera t ion /rem odu la t ion  process on board the satellite effectively decouples the do w n ­
link and  up-link noise. It is also effective in minimizing the signal degradation caused by cascade non-linear
amplif iers and  band-limiting filters in the end-to-end transmission chain.

These advantages allow satellites to be spaced more closely, or, for a given spacing, more extensive use o f  
frequency re-use may be made within the satellite system.

For instance, on -board  regeneration can typically reduce the spacings o f  satellites by 30%, or, for a given
spacing, the num ber o f  re-uses may be increased by more than 60%.

2.8 O n -board  regeneration

2.9 Transponder linearization

Most present transponders  use travelling wave tubes (TWTs) for the spacecraft high power amplifier. 
TWTs are non-linear, so that if  a number o f  separate carriers are transmitted simultaneously, significant 
intermodulation products can be developed. In order to reduce the intermodulation noise, predistortion circuitry 
on board  the spacecraft may be utilized. In this case, although the TW T itself is non-linear, the spacecraft 
amplifier chain can be linear up to saturation and have constant output level beyond saturation. The AM to PM 
conversion characteristics o f  TW TAs can virtually be eliminated as well. The linearized transponder  will typically 
provide about 30% larger capacity for FM multi-carrier operation.

Alternative-y, solid-state power amplifiers (SSPAs) can be used to provide more linear operation where the 
power requirements permit.

T10 Acceptable circuit noise standards for analogue circuits o f  domestic networks

$

Within the constraints o f  the overall noise standards currently recom mended by the C CITT, standards for 
satellite circuits can be chosen that should provide equivalent or somewhat better perform ance than comparable 
long distance terrestrial connections. Essentially it is envisaged that the noise allowance for a satellite circuit 
should correspond to the noise allowance o f  the terrestrial systems it notionally replaces. This method o f  
establishing the satellite circuit objectives rather than the simple application o f  the R ecomm endation  353 s tandard, 
leads to a possible increase in a given system’s capacity, and consequently to a possible improvement in the 
utilization o f  the geostationary-satellite orbit.

An analysis [Feder, 1976] demonstrated that for certain classes o f  circuits used in a national traffic 
si tuation, the s tandards applied generally to international telephone circuits via satellite can be relaxed while still 
providing an adequate  service within a country. It will not be possible to take advantage o f  this for all 
connections and some special arrangements may be necessary to ensure conformity with international require­
ments when these ‘national s tan d a rd ” satellite circuits are to be connected to an international circuit. There are, 
o f  course, national traffic situations where standards exceeding those in Recom m endation  353 may have to be 
applied.

The change in possible system capacity by departing from the 10 000 pWOp value, is an increase in the 
total num ber o f  channels per transponder in return for a relaxation of Recomm endation 353.

2.11 Companding in analogue circuits

The use of the compandors on FDM FM carriers can reduce satellite power 
and/or bandwidth requirements and can generally increase the efficiency of 
utilization of the geostationary satellite orbit above that achieved in a 
homogeneous FDM FM environment. In a non-homogeneous environment of both FDM FM
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and CFDM FM carriers, the efficiency of geostationary satellite orbit 
utilization is lower than for a corresponding homogeneous CFDM FM case. A 
typical 9 dB of companding gain can be effectively used to double the 
geostationary satellite orbit capacity by reducing intersatellite spacing or 
increasing individual satellite capacity. It is noted that only speech signals 
would be subject to the companding gain.

3. Homogeneous orbit utilization

The most efficient orbit utilization would be obtained if all satellites utilizing the GSO, illuminating the 
same geographical area and using the same frequency bands had the same characteristics,  i.e. if they formed a 
homogeneous ensemble. However, in practice, satellite systems will have differences.

Consider two satellite systems A and B, using satellites having adjacent orbital positions. If A and B have 
widely differing characteristics, e.g., as regards satellite receiver sensitivity and down-link e.i.r.p. or as regards their 
associated earth-station characteristics, then the angular spacing necessary to protect A against interference from B 
may differ from that necessary to protect B from A. In practice, the greater o f  the two angles must be selected. 
The extent to which this may represent an inefficient utilization of the geostationary-satellite orbit is dependent on 
many factors in the design o f  the satellite systems using orbital positions near those o f  A and B. It is possible for 
the orbit to be more effectively utilized if inhomogeneity is taken into account during the satellite system design. 
The system parameters in particular, which should be given consideration are the e.i.r.p., and  figure o f  merit 
( G / T )  o f  the satellite and earth stations, and the relative immunity of the modulation  system to interference.

As an example, Fig. 2 illustrates the effects o f  different satellite e.i.r.p.s on the required spacing between 
otherwise homogeneous satellites.

FIGURE 2 - Satellite spacing as a function of satellite e.i.r.p.

Curves A : variation of r with no intcrmodulation noise
B : orbit-spacing variation with no intermodulation noise

* CFDM FM - Companded frequency division multiplex - Frequency modulation.
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In order to improve the efficient use of the geostationary satellite 
orbit, it seems desirable to identify methods that achieve homogeneity between 
heterogeneous -satellite networks. An initial task is to define bounds or 
constraints under which two satellite systems could be considered homogeneous 
[CCIR, 1986-90a.].

According to one approach two systems are considered homogeneous if the 
required intersatellite spacing between the two satellite networks is equal, 
i . e .

The method to make satellite networks homogeneous by modifying the 
technical parameters of one of them is described in Report 1135.

4. Operational factors

4.1 Optimization o f  frequency assignm ents

4.1.1 Co-channel carriers

Quantitative studies o f  orbit and  spectrum use require that the relationships between input 
carrier-to-interference ratio and  baseband performance for various modulation  systems be known. This is a 
specific technical problem which is not considered in detail in this Report.  Report 388 and  its bibliography 
provide a good sum mary o f  the conclusions on this subject. Report 449 gives the results o f  subjective and  
objective measurements o f  the effect o f  interference between frequency-modulated television signals.

4.1.2 Interleaved carriers

The technique o f  interleaving carrier frequencies, either between two networks or between the 
re-use modes o f  a network practising frequency re-use, is a useful means o f  reducing interference although 
generally limited to analogue systems. The advantage that may be obtained in this way is discussed in 
Report 455.

A special application  o f  this technique has been used in conjunction with dual polarization 
frequency re-use by interleaving entire transponders. Where such transponders  are used for analogue 
transmissions in a single carrier mode, significant reductions in interference, either between the two re-uses 
on  one satellite o r between that satellite and  an adjacent satellite using the same configuration in an 
orthogonally polarized sense to the first satellite, can be realized.

4.2 Geographical factors

Geographical features affect the usable arc for a given service area and they interact in various degrees 
with the techniques employed for the re-use o f  frequencies.

4.2.1 Visible arc and  service arc

The visible arc o f  a given area depends directly on the geographic features o f  latitude, size and
shape.
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— Latitude: For a single receiver and a specific m inim um  elevation angle, the length o f  the visible arc  is 
a  function o f  la titude only. Figure 3 shows the length o f  the visible arc  fo r such a p o in t  as a function 
o f  la titude for angles o f  elevation from 0° to 40°. For an area tha t is narrow  in latitude, so that all o f  
its points are approxim ate ly  at the same latitude, this length is decreased by the d is tance  (measured in 
degrees o f  longitude) between its easternm ost and  westernmost points.

— Size  and  shape: The visible arc o f  an  extended area o f  irregular shape is determined by the latitude 
and  longitude o f  the two points in the area at which the elevation angle first falls below the m inim um 
operating value as the satellite moves east or  west, respectively. In general, the larger the service area 
and  the higher its latitude, the smaller its visible arc. A long narrow  service area  has a smaller visible 
arc than a roughly circular one o f  the same area. For a service area near the equator ,  the east-west 
dimension tends to be the determining one; for a service area nearer o ne  o f  the poles, the east-west 
dimension at the highest latitude is critical.

The service arc will usually be narrower and  wholly within the visible arc, according to constraints
imposed by such factors as:

— minim um elevation angle at earth stations;

— eclipse protection;

— the coverage o f  satellite antennas.

FIGURE 3 -  Visible arc o f  a single earth station
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4.2.2 Effect o f  geographical factors on frequency re-use

Frequency re-use can be achieved through three techniques: orthogonal polarization, earth-station 
an tenna  discrimination and  satellite an tenna discrimination. G eographic  features have some effects on all 
three.

— O rthogonal polarization: Depolarization caused by rain is an  im portant effect both with linear and 
with circular polarization and therefore, the discrimination obtainable for short periods o f  time 
depends on the climate (which determines the -rain statistics) and the location, i.e. the latitude and 
longitude o f  the earth receiving station. The variation o f  the received polarization angle with latitude 
and longitude, which may or may not be significant depending on several factors, will be present only 
with linear polarization (see R e p o r t  a k / 4 ) .  Both these effects are discussed in detail in Report 8 1 4 .

— Earth-station antenna discrimination: The effect o f  geography on the earth-station antenna discrimina­
tion is a minor one. It comes about because o f  the difference between geocentric and topocentric 
angles. The ratio o f  geocentric to topocentric angles between two satellites varies between 0.99 
a n d  1.18 over the E arth’s surface.

— Satellite antenna discrim ination: The discrimination obtainable from satellite antennas with circular or 
elliptical beams, according to the reference pattern given in Report 558, has a plateau o f  20 dB for 
distances o f  1.3 to 3.15 beam widths from beam centre, with the gain decreasing beyond that at the 
rate o f  25 dB per octave to a minimum o f  —10 dBi. Larger values o f  discrimination may be possible 
when shaped-beam technology is used. Examples are given in Report 558. The relative location of 
different service areas, which determines their separation and  therefore the am oun t  o f  satellite an tenna 
discrimination achievable, is the single most im portant geographic factor affecting spectrum-orbit 
utilization.

4.2.3 Examples o f  the effect o f  geographical factors on orbit utilization

The following are typical examples o f the effects of geographic features on the use of geostationary 
orbit by the fixed-satellite service:

— Region 2 is separated from Regions 1 and  3 by large bodies o f water, with the boundaries  running 
generally novah-south. This leads to comparative isolation o f  Region 2.

Regions 1 at d 3 have a substantial portion o f  their com m on boundary  running generally east-west. 
This causes strong in teractions between their satellites systems.

— North and South America have relatively weak interactions because o f  their geographic separation.
Satellites serving these two continents can be closely spaced and might even be collocated in some 
cases. Central Apierica and  the Caribbean is lands haive strong interactions with both N orth and South 
America. • ^

— New Zealand is sufficiently separated from other service areas to allow its satellites to be closely 
spaced, with those o f  its nearest neighbours.

— The many countries o f  Central America and the Caribbean islands all have very long service arcs 
because they have small areas and lie at low latitudes. It may therefore be possible to locate their 
satellites in portions o f  the arc that cannot or need not be used by others.

— The service areas at high latitudes, such as C anada ,  Alaska, Scandinavia and the north-east regions of 
the U.S.S.R., all have very short service arcs.

4.2.4 Influence o f  traffic patterns

The location of the earth stations using a particular geostationary satellite and the circuit network 
which the satellite network provides determines several primary characteristics of orbit utilization, 
including orbital location, satellite e.i.r.p., satellite an tenna  beamwidths and type o f  modulation.

The degree o f  inefficiency in the utilization o f  the orbit will depend upon the extent to which earth 
stations are, simultaneously, widely dispersed, require large beamwidths and have high channel capacity 
requirements, and thus necessitate high e.i.r.p.s and small modulation indices. These conditions will tend to 
make orbital positioning an inflexible matter.
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4.2.5 Inter-satellite links

General aspects o f  inter-satellite links are discussed in Report 4 5 1. Aspects o f  this topic that affect 
the efficiency o f  use o f  the geostationary-satellite orbit and the spectrum are considered here.

A direct link offers the following advantages:

— the transmission delay between the terminal earth stations would be less than for a circuit relayed at a 
third earth station. This might be significant for telephony;

— the problems discussed in § 4.2.4 would be alleviated.

4.2.6 Crossed-beam arrangement o f  satellite networks

If satellites serving limited geographical areas and using comm on frequency bands are located at 
approximately the same longitude as their service areas, there will be a tendency for satellites adjacent in 
orbit to serve adjacent areas. Thus, the reduction in interference between the two networks that satellite 
spot beam antennas could provide may be quite small. If, however, it is possible to arrange satellite 
locations so that adjacent satellites serve well-separated geographical areas, and consequently adjacent 
geographical areas are served by satellites well-separated in orbit, then the directional properties of the 
satellite antennas can provide greater protection, particularly if these antennas are designed having regard 
to side-lobe reduction techniques.

The possibility o f  a crossed-beam arrangement for spot beam satellite systems has been proposed 
for improving bandwidth and orbital arc utilization. It can significantly reduce interference noise power 
and  permit a closer satellite spacing. In favourable circumstances, this arrangement might lead to a 
reduction o f  the minimum satellite spacing of up to about 30% as against the case of the non-crossed-beam 
arrangement, but further study will be needed for each practical case.

4.3 Flexibility in the positioning o f  satellites

It may be necessary for a satellite to be moved from one orbital position to another within its service arc 
after entry into service in order to permit the access of a new network. The im provement in access to the orbit 
obtained in this way will be greater if the service arc is long. However, the provision o f  a long service arc may 
have a significant effect on the optimum design of a network, particularly satellite spot beam antennas, and it 
may have some impact on performance. The implementation o f  a change of orbital location in service may have 
significant operational impact (see Report 1002). Recommendation 6 7 0  p ro v id e s  f l e x i b i l i t y  in  th e  p o s i t i o n i n g
o f  s a t e l l i t e s  as  a  d e s ig n  o b j e c t i v e .

4.4 Inhom ogeneous orbit utilization

4.4.1 Orbital spacing studies using specific system  characteristics

Studies have been made in which the satellite spacing required and the network capacities 
achievable have been calculated for systems with various arbitrarily chosen characteristics, earth station 
antennas being assumed to conform to Recommendation 465.

One study [CGIR, 1978-82b] shows that, in general, differences in baseband capacity in FM-FDMA 
networks are not likely to be an important source of inhomogeneitv. In that study the required separation 
distances between two identical satellite networks o f  the INTELSAT-IV-A class with earth stations having 
G / T  values about 40 d B (K " 1) were determined for various pairs of co-channel traffic types. Traffic types 
included various multi-channel FDMA traffic and frequency-modulated television traffic.

Separation distances that were required to meet the 600 pWOp single-entry interference maximum 
varied from 1° to 3.27° for various combinations of FM -FDM A  traffic, and from 1.57" 'to 4.0" between
various types of FM -FD M A  traffic and analogue slowly-swept TV-FM traffic. This would indicate that for
FD M A -FM  systems, inhomogeneitv due to variations in traffic type is less significant than differences in 
earth-station or space-station antenna characteristics.
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However, the same study indicated that separation distances between SPA DE SCPC traffic and 
high-spectral density carriers, including slowly-swept TV-FM carriers, could be as high as 6 °.

O ther studies are reported in Report 559. Some o f  the results may be summarized as follows:

— with earth station G / T  about 40 d B (K “ ' )  using PSK or wide-deviation FD M -FM , required satellite 
spacings in an homogeneously occupied arc o f the orbit are typically between 1.5 and 3.0°;

— with earth station G / T  about 28 d B (K ~ ')  the corresponding satellite spacing required for wide- 
deviation FM is 3 or 4°, but only about 1.5° would be required for PSK;

— with low-deviation FM, spacings may be two or three times as great as for wide-deviation FM;

— when a satellite serving earth stations with G / T  =  4 0 d B ( K - 1 ) is adjacent to one serving earth 
stations with G / T  = 28 d B (K _ l ), the required spacing may be two or three times as great as either 
network would need in an homogeneously used arc o f  the orbit.

Nevertheless, in practice there will be differences between networks and it is desirable to find ways 
o f  minimizing the effect o f  these differences on the efficiency o f  orbit-spectrum utilization. Two 
approaches that have been studied are:

— the optimization o f  heterogeneous orbit utilization;

— orbit and spectrum utilization methodologies;

and the results are reviewed in § 4.4.2 and 4.4.3. Studies o f  the application o f  constraints on network
characteristics (see § 4.5) showed that this approach is not feasible at the present time.

Another study was also made to evaluate the change of orbit utilization 
efficiency when a new entrant is introduced in the GSO. The method is given in 
Annex I .

4.4.2 Optimization o f  heterogeneous orbit utilization

Studies made for the purpose of developing practical strategies for using effectively the GSO and 
the spectrum with very dissimilar networks have produced the results reported below.

The bandwidth and  orbital arc utilization of a set o f  satellite networks is a function o f  both the 
bandw id th  utilization and the minimum angular spacing required between the satellites in order to meet a 
given interference criterion. Assuming that the bandwidth utilization is not a variable, then a measure of 
the effectiveness o f bandwidth  and orbital arc utilization may be obtained from the angular spacing 
required between the various satellites and the orbital arc occupied by the set o f  satellites as a whole.

The angular spacing required between satellites is a function o f  many network parameters, 
e.g. antenna  radiation patterns, multiple access modes, satellite transponder gains, energy dispersal and 
others.

In one study [CCIR, 1974-78] it was assumed that:

— some satellites serve earth-stations with large antennas only, and  others serve earth-stations with small 
antennas only,

— satellite transponder gains can be adjusted to vary down-link to up-link noise ratios to minimize 
overall system interference, and

— satellite transponders are operated in a quasi-linear mode.

Conclusions may then be derived as follows:

(a) Earth-sta tion an tenna gain tends to be a dominant factor in determining orbit spacing requirements. A 
gain difference o f  20 dB can result in an orbit utilization ratio o f 6.3 to 1.

(b) Satellite spacing requirements are determined by interference from the network employing small 
earth-station antennas to the network employing large earth-station antennas. Interference in the 
opposite direction may be less than between two networks employing large earth-station antennas.
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(c) Adjustment o f  the up-link to down-link noise allocation ratios in networks using adjacent satellites 
may allow closer satellite spacing. The ability to control satellite t ran sp on der  gain is im portan t in this 
respect.

(d) Isolating satellite networks employing small earth-station an tennas  from those employing large 
earth-station an tennas by grouping of satellites, coupled with a higher interference noise allocation for 
the earth stations with small antennas, can improve the overall orbit utilization. However, this 
technique is effective only if each group contains a minimum o f  several satellites and  it will be 
necessary to use other techniques for minimizing the required satellite spacing within the groups in 
order that the total orbital arc required by each group shall not be too large.

(e) Placing adjacent to each other satellites which do not have overlapping  satellite an tenn a  coverage 
areas may im prove the overall orbit utilization.

It should be noted that satellite systems have been designed that are not in accordance with the 
preceding assumptions. In this case, the above postulated conclusions (a), (b), (c) and  (d) are not 
necessarily valid.

A nother study [CCIR, 1982-86a] examined the effect o f  space-station e.i.r.p. variations on orbit 
efficiency. The relationship is more complex than simply the difference in e.i.r.p.s o f  the different networks 
involved, because networks with different e.i.r.p.s. have other compensating  different param eters such as 
differences in earth-station an tenna  diameter. In the study it was assumed that:

— a num ber o f  satellites are located in geostationary orbit as close as possible. All satellites serve the 
same service area or overlapping service areas;

— in one example analysed one centrally-located satellite had an e.i.r.p. some 10 dB higher than  the other
(homogeneous) satellites. In a second example analysed one centrally-located satellite had  an e.i.r.p.
some 10 dB lower than  its neighbours;

— the differences in e.i.r.p. o f  the satellites in the orbit occupancy arrangements analysed were due to
differences in spacecraft an tenna gains, due in turn to differences in the size o f  their respective service
areas;

— all satellites in each example analysed had the same overall C / N  and C / l  budgets such as those
indicated by R ecomm endations 353, 466, 522 and 523;

— each network uses the same size earth-station antennas for both up link and  dow n link, but the
an tennas o f  the lower powered network may be, and in fact would be, different from those o f  the
higher powered network, if it is to have the same overall C /N  and  C / I  budgets;

— all earth stations are large enough to have the same side-lobe an ten na  gain ' characteristics
K  — 25 log (p; (the particular value o f  K  is not o f  concern);

— there is no inhomogeneity between the types o f  traffic carried on the different networks.

In summary, the study examined the relative orbit separations required when the different networks
had the same value o f  (e.i.r.p. p l u s  G / T )  and widely varying values o f  e.i.r.p. and  G / T .  Spacecraft
antenna discrimination between the networks and traffic inhomogeneities between the networks were not 
taken into account, since these factors are separable in considering orbit utilization.

It was found that under the study assumptions the necessary spacing between high-powered and 
low-powered satellite networks was larger than that between two identical low-powered networks with 
larger earth-station an tenna , but was smaller than the necessary spacing between two identical high e.i.r.p. 
space stations. This result indicates there is not necessarily a significant reduction in orbit efficiency due to 
the siting of satellites with large e.i.r.p. differences in the same position o f  the geostationary orbit.

A definition o f  homogeneity o f  satellite systems with different service areas, and  the analysis of
homogeneity influence on maximum capacity o f the geostationary orbit, are given by [K antor ,  1985],
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Optimization o f  heterogeneous orbit si tuations seems best suited to solutions on a case-by-case 
basis, whereby different combinations o f  satellites are analysed to determine the op tim um  arrangement, 
and  hence are very am enable  to treatment by computer. Some specific example results generated by such 
com puter programmes are given in [CCIR, 1970-74e, f, g].

This analytical technique has been applied to some o f  the preliminary characteristics of-several 
proposed United States domestic satellite systems. Certain characteristics o f  the C anad ian  domestic system 
were also considered, although the characteristics assumed do not take into account all present operational 
parameters o f  the C anad ian  domestic system (including the critical FD M A  case). With the stated 
assumptions it was dem onstra ted  that despite appropriate  positioning o f  satellites, this heterogeneous set o f 
satellites cannot achieve acceptable interference levels at a uniform spacing o f  3°, even with polarization 
discrimination. However, these same systems could use an average spacing o f  about 3° with careful 
coordination. To the extent that the actual system parameters differ from those assumed, the results would 
have to be re-examined on a case-by-case basis. This result can be compared with an ideal si tuation where 
a homogeneous set o f  F D M -F M  networks, having earth-station antennas not less than 10 m in diameter, 
can achieve 2° to 3° orbital spacing.

A sim ple m ethod o f  presenting interference calcu lations for two adjacent satellite  system s, is 
described in R e p o r t  455.

4.4.3 Orbit and  spectrum utilization methodologies

Particular transmissions in satellite networks may cause relatively high interference to certain other 
transmissions. One part icular case, where F M /v ideo  emissions with frame-rate carrier energy dispersal 
interfere with single-channel-per-carrier emissions, is discussed in Report 867. Such cases m ay-be seen as 
severely inhomogeneous. Similar situations arise where there is interference between networks with large 
aperture and small aperture  earth-station antennas. In principle, such inhomogeneity can be reduced by 
segregating highly incom'patible emissions by orbit segmentation or by applying spectrum utilization 
methodologies. (

Orbit segmentation would probably permit a reduction of inhomogeneity w ithout constraining 
system characteristics to the same degree. However, orbit segmentation is likely to im pose constraints on 
the choice o f  orbit location for satellites. In addit ion, at each of the junctions between orbital segments 
designated for different param eter ranges, there is likely to be an orbital arc that could not be used for 
satellites of networks p roper  to either range of values without excessive inter-network interference. The loss 
o f  the use o f  these arcs would significantly reduce the benefits that would arise frdm the reduction of 
inhom og ene ity ' within the segments. Furthermore, it is noted that some satellite networks serve earth 
stations near to the limits o f  global coverage; because o f  this, their service arcs are very small, and it is 
necessary to locate these satellites in positions precisely determined by geographical factors.

The worst cases o f  interference occur between carriers with extremely inhom ogeneous characteris­
tics. The purpose o f  spectrum utilization methodologies is to restrict or even to prevent altogether, the
occurrence o f  such cases o f  interference, so as to avoid excessive spacings between satellites, which would 
result in a waste o f  the orbit resource.

Various degrees o f  rigidity may be envisaged if carriers are divided into three classes, namely low 
capacity carriers, medium capacity carriers and high density carriers:

— rigid segmentation: frequency bands are split up into sub-bands, each exclusively dedicated to a class 
o f  carriers;

— flexible segmentation: frequency bands are split up into sub-bands, each dedicated on a priority and 
not an exclusive basis to a class o f carriers;

— harmonization o f  utilization o f  the spectrum or gradient use of the spectrum: each band  must be used 
from its lower limit upw ards by low capacity carriers and from its upper limit dow nw ards  by high 
density carriers.
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In a fourth option, narrovv-band carriers are excluded from regions in which wideband carriers 
present high peak power density. In this case, small portions o f  the spectrum should be designated as high 
power density regions. In a fifth option, flexible utilization of the spectrum, SCPC carriers are selected to 
avoid the high energy density of FM-TV carriers.

These five options demonstrate that a choice must be made between opera t ional flexibility and 
efficient use o f  the available spectrum. In any approach, there would be a reduction o f  the bandwidth 
available to some networks. It would also be necessary to make assumptions about the size o f future 
network populations in each o f  the parameter ranges before decisions could be reached on the best way of 
splitting the total available bandwidth  into segments. Once these decisions have been taken, it would not 
be feasible to change the segments for some tens of years, yet spectrum would be used with uneven 
intensity if the assumptions o f  network populations proved subsequently to be incorrect, or if  these 
populations changed substantially with time; this would tend to erode the improvem ent in efficiency that 
would be expected to arise from reduction of inhomogeneity within the spectrum segments. However, this 
last remark does not apply  to “harmonization of utilization of the spectrum or gradient use of the 
spectrum”, since this option does not imply a division of the available bandw id th  into several segments.

The ab ov e  options are presented and discussed in detail in Report 1000.

4-•5 Discussion of ABCD generalized parameters

The WARC ORB-88 used one set of generalized parameters, ABCD, to 
develop the Allotment Plan. A detailed description of this generalized parameter 
is given in Annex II. Three other variations of the ABCD parameters were 
developed by the CCIR and are described in CCIR Vol. IV, part 1 (1986) and 
[CCIR, 1986-90b.]. Other generalized parameters include isolation (see 
Report 673 ) , normalized AT/T (see Report 454) and COS (see Report >673 ) .

5. Systematic use of allocated frequency bands

5.1 Frequency-band pairing

5.1.1 Pairing o f  frequency bands allocated to the fixed-satellite service

The Table of Frequency Allocations of the Radio Regulations designates frequency bands in the 
FSS for Earth-to-space use and for space-to-Earth use. However, the R adio  Regulations do not require a 
satellite to use a specific pairing of bands in this regard. Utilization o f  the G SO and the frequency 
spectrum would be made more efficient, and co-ordination of satellite networks would be facilitated if 
certain frequency bands were paired.

For historical reasons, the 6  and 4 G H z bands as allocated prior to the WARC-79 are commonly 
used in existing and planned FSS systems. Similarly, the pre-WARC-79 14 G H z and 11/12 G Hz bands are 
being used together. No pattern o f  use has emerged yet for using the new FSS bands allocated at the 
WARC-79 in these parts of the spectrum. The studies made so far have not yet identified any particular 
pairings as the best technical arrangement. Indeed, the results obtained so far indicate that there are no 
very strong technical reasons for preferring one pairing to another.

There are a number of difficulties in implementing the principle of pairing frequency bands, 
including the following:

— only a few o f  the frequency bands allocated to the FSS have been taken into extensive use. and the 
best ways of using the others have yet to be studied widely and in detail;

— experimental satellites operating in more than one pair of frequency bands are already in orbit, and 
similar operational FSS satellites may be launched soon. In such satellites it may be desirable for the 
frequency bands to be cross-strapped in whole or in part;

— there are significant differences between the hSS frequency allocations in the three ITU Regions;
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— the FSS frequency bands may be used for connections with satellites in other services, such as the 
broadcasting-satellite service and the various mobile-satellite services. In these cases, a carrier will be 
transmitted up to a satellite in an FSS band but it will be retransmitted in a band allocated to a quite 
different service, or vice versa.

Having regard to these difficulties, it may be doubted whether a future administrative. Radio
Conference would require that specific pairs of bands be used in future systems. Nevertheless, a list of
frequency-band pairings might be developed using the following technical guidelines:

— the ratio o f the mid-band frequencies of up-link and down-link bands should preferably be not so 
great that an tenna design is made difficult, nor so small that duplexer design is made difficult;

— the paired bands, which will not necessarily include the full bandwidth of frequency allocations,
should in most cases have equal bandwidth;

— where it is possible to avoid it, no frequency in one band should be a simple multiple o f  any 
frequency in its paired band;

— pairings already well established in practice should be retained;

— to the extent feasible, and  required, consideration should be given to feeder links, having due regard
for present utilization o f  the spectrum by the fixed-satellite service;

— the continued use o f  the established practice o f cross-strapping from one pair of  bands to another in a 
multi-band satellite should take into consideration the basic purpose of band pairing.

5.1.2 Translation frequency considerations for narrow-band satellites

Some satellites need to occupy only a part o f  the bandwidth of the frequency band allocated. In
such cases the coordination o f  several narrow-band satellites occupying the same part o f  the geostationary-
satellite orbit would be facilitated if all the satellites used the same effective translation frequency between 
up link and down link.

5.1.3 Use o f  multiple frequency-band pairs in satellites

In some satellite networks it may be economically and operationally advantageous to use more 
than one pair o f  frequency bands, because this will enable the effective bandwidth o f  the network to be 
increased. This is usually the most economical way o f  increasing the communication capacity o f  a network. 
Use of multiple-frequency bands has no significant impact on economy in the use o f  the frequency 
spectrum or the GSO while only one pair o f  frequency bands is heavily loaded in the relevant part o f  the 
orbit, but it has several disadvantages when the second pair o f  frequency bands is also intensively used, as 
follows:

— the process o f  co-ordination o f  frequency assignments will be made more complex and the optimiza­
tion of the orbital location o f  satellites operating in the various frequency bands will no longer be 
independent, so that the efficiency of these processes will be reduced;

— the angular separations required in the different pairs o f frequency bands will probably be different, 
raising the possibility that full use will be made of the orbit in only one pair o f  frequency bands.

The use o f  multiple band pairs on a single satellite in the fixed-satellite service may cause little loss 
in the utilization o f  the bandw idth  and orbital arc if:

— networks using adjacent satellites have similar characteristics;

— the antenna gains and G / T s  o f  the earth stations are generally in the order o f  the largest practically 
attainable in all the bands used;

— certain parameters (including type o f  modulation, up-link and down-link noise allocations, and the 
interference noise allowance) o f the systems within one band pair are designed and  adjusted to 
maximize the utilization o f  bandwidth and the orbit.
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In a non-hom ogeneous orbit utilization situation the loss o f  capacity would p robably  be greater, 
but no serious loss of effectiveness o f  orbit utilization seems likely to arise unless a substantial proportion  
o f  the satellites occupying an arc o f  the orbit uses multiple frequency band pairs. However, this matter 
requires further study.

Two strategies for reducing the impact of this problem in orbital situations where it could lead to
inefficient usage have been suggested, namely:

-  for certain multiple-band configurations it is possible to adjust system parameters to minimize the 
overall orb i t /spectrum  capacity losses. This generally corresponds to equalizing the required separa­
tion angles in the various bands;

-  it may be feasible to make room in between two multi-band satellites for an addit ional satellite 
operating in only one pair o f  the frequency bands used on the multi-band satellites. This, however, 
may involve adjustment o f  the characteristics and parameters o f  the satellite networks.

It is recommended that these two possible strategies should be taken into account in determining the 
characteristics and parameters o f  satellite networks using more than one pair  o f  frequency bands.

5.2 Use o f  frequency bands fo r  both up links and down links

It may be feasible to increase the number o f  satellites using a pair o f  frequency bands in a given arc o f  the 
GSO if the frequency assignments are reversed between adjacent satellites, the up-link band  assigned for one 
satellite being the down-link band  for the next. This technique may, to some extent, compete with other methods 
of increasing the capacity o f  the orbit such as the use o f  high-gain satellite an tennas  or polarization discrimination 
to reduce interference between alternate satellites and  it may make necessary some revision o f  the sharing criteria 
in frequency bands shared with terrestrial services. Nevertheless, the basic principle was adopted  by the WARC-79 
for broadcasting-satellite feeder links at 17.7-18.1 G H z  (all Regions) and 10.7-11.7 G H z (Region 1 only). The 
extensions o f  the principle to both up links and down links o f  FSS networks are o f  interest and  should be studied 
further (see Reports 557 and 561).

5.3 Use o f frequency bands allocated to the fixed-satellite service fo r  feeder links

Consideration needs to be given to the technically preferred frequency 
bands for connecting to satellites in services such as the maritime mobile 
satellite service, the aeronautical mobile satellite service, the land mobile 
satellite service and the broadcasting-satellite service. In the mobile-satellite 
services the bandwidth requirements for both up-links and down-links are 
relatively small. The total bandwidth likely to be required for connecting to 
broadcasting satellites would be much greater than the foreseen needs of these 
mobile-satellite services.

The desirable choice of frequency bands is under study in Study Programmes 30A/4 and 30C/4 and 
Report 561 and in this Report it is sufficient to indicate the principles which should be followed m order that 
optimum use of the geostationary-satellite orbit and the spectrum may be achieved.

5.3.1 Broadcasting-satellite service feeder links

The WARC-79 considered the problem of frequency-band allocations for the feeder links to the 
broadcasting satellites operating in the 12 GHz band and three specific frequency bands were allocated for this 
purpose to the FSS (Earth-to-space), but limited for the feeder links to the broadcasting satellites.

In addition, it should be understood that any band of the FSS (Earth-to-space) could also be used for 
feeder links, with the normal coordination procedures, with the exception of the band 14.0-14.5 GHz for which the 
use for feeder links to the broadcasting-satellite service is reserved for countries outside Europe and for Malta (see 
also Report 561).
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The use of the three specified bands for broadcasting-satellite feeder links would cause little loss of 
spectrum to the FSS, but the use for broadcasting-satellite feeder links of other FSS up-link bands, except where 
the down-link frequency band is also shared by these two services, would have a severe impact on the FSS.

5.3.2 Mobile-satellite service feeder links

5.3.2.1 In troduction

Feeder links usually employ frequencies in bands allocated in the fixed 
satellite service, although feeder links may be established in the same bands as 
those used by the mobile-satellite service.

5.3.2.2 Propagation effects

The same propagation conditions that affect conventional FSS Earth- 
space links will affect feeder links to mobile-satellites. However, in the 
design of feeder links the link budget and propagation characteristics of the 
mobile-earth-station-to-space-station link must be taken into account.

5.3.2.3 Operational considerations

Mobile Satellite Services (MSS) currently use spectrum designated for 
use in the band 1,530 - 1 660.5 MHz. Additional application of this band for MSS 
is expected in the future. Feeder link bandwidth needs for mobile satellites 
will be determined by the use of the mobile-satellite allocations.

The spectrum for links between mobile earth stations and space stations 
can be reused only in orbital locations several tens of degrees apart due to 
low mobile earth station antenna discrimination, whereas the feeder link 
frequencies may be reused at locations as close as a few degrees apart. Thus the 
total feeder link bandwidth required would not be greater than the amount of 
bandwidth used for the satellite-to-mobile link channels multiplied by the 
amount of reiuse employed.

(
The coverage area of the feeder link determines the land earth 

stations to which the mobile earth station can be connected. In many cases, the• 
land earth stations must be located at specific points and it is often 
necessary for the mobile to have the capability to communicate with different 
land earth stations at any given time. Achieving connectivity between the 
mobile and land earth stations in more than one feeder link beam with one on­
board satellite processor is not achievable in the near term. Therefore the 
necessary coverage area of the feeder link is often large and is determined by 
the operational requirements of the mobile satellite service.

Operation of narrow-bandwidth MSS feeder links in an FSS band, where FSS 
networks commonly employ the full band, may result in an uneconomical loss of 
capacity in such networks. On the other hand, the use of a band for only MSS 
feeder links would be expected to be less intensive than if it were also 
available for other FSS services. There may be cases where MSS systems and FSS 
systems will share the same location and frequency band or, hybrid MSS/FSS 
satellites may be used.

Non-contiguous FSS bands considerably smaller than those used for 
conventional FSS systems might be suitable for the required feeder link 
bandwidths e.g., no more than 100 MHz. Some MSS systems may use different feeder 
link bands in different parts of the world in order to achieve the necessary
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coordination flexibility with other FSS systems. It is desirable, if technically 
feasible, for the feeder link harmonization (coordination) efforts to not be the 
determining factor in the location of MSS satellites. Necessary flexibility also 
suggests that MSS feeder links should not be accommodated in FSS bands subject 
to allotment planning.

5.3.2.4 Suitable bands

Several bands are now allocated to the FSS, some with special 
restrictions, which are not currently used extensively for conventional FSS 
services. These bands are in a portion of the spectrum suitable for use by MSS 
feeder links. However, extensive use of the lower portions of the spectrum, 
e.g., 6/4 GHz in a particular region of the GSO may make it necessary to use 
higher frequencies, having more difficult propagation characteristics, for MSS 
feeder links.

A pair of separated bands is necessary for down-links and up-links 
respectively. In order to permit reasonable satellite and earth station 
filtering, a separation of greater than 5 per cent between transmit and receive 
frequencies is necessary. In order to avoid separate transmit and receive 
antennas, a maximum frequency separation of 20-30 per cent would be appropriate.

5.3.2.5 Conclusion

The necessary spectrum bandwidth for individual mobile-satellite system 
feeder links appears to be significantly smaller than for conventional FSS 
systems. Bandwidth needs might be, for example, of the order of 20 MHz to 
100 MHz. Further studies are necessary to verify the actual bandwidth needs of 
the MSS. Sharing between conventional (large bandwidth) FSS systems and MSS 
feeder links may result in capacity loss in one or both systems. Therefore bands 
other than those intensively used for current FSS systems may be more 
appropriate for MSS feeder links. However, an exclusive use of frequency bands 
for MSS feeder links would result in inefficient use of the spectrum because the 
extent to which MSS feeder links are implemented in a given geographical area 
will be variable.

Further study is needed regarding frequency bands suitable for meeting 
MSS feeder link requirements.

5.4 Use o f  new frequency bands

The allocation of new frequency bands for the FSS by the WARC-79, has greatly increased the potential 
capacity o f  the GSO. Many o f  these new frequency bands are above 10 GHz. Many studies will have to be carried 
out before it will be possible to assess how the use o f  these higher frequency bands will affect the application of 
the orbital economy techniques discussed in this Report,  but the following effects can be identified now:

— the use of highly directional satellite antennas will be facilitated and this will considerably increase the 
opportunity  for frequency re-use;

— radio propagation in the troposphere will be much worse than at the lower frequencies now in use. This will 
make necessary the use of larger down-link power margins and perhaps space diversity at the earth station. 
These matters are considered in Reports 552 and 7 2 1 ;

— the wider bandwidths available in some of these new frequency bands will facilitate the development of 
satellite networks o f  very high capacity.
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Thus it seems probable that the new higher frequency bands will be attractive for satellite networks of very 
large capacity, but the lower frequency bands will be preferable for many systems. Priority should be given to 
propagation studies at these higher frequencies, and more particularly between 10 and 30 GHz.

At present 500 MHz o f  bandwidth is utilized at 6 /4  G H z in each direction, up links and down links. At 
the WARC-79, an additional bandwidth was allocated to the FSS in both bands, approximately doubling the 
allocated bandwidth.

Full use o f  the FSS bands below 10 G H z is particularly attractive, wherever regulatory and coordination 
conditions permit, because the benign propagation media characteristics associated with this band help to support 
low elevation angle operation o f  earth-station antennas and cross-polarization frequency re-use, both of which 
contribute to the efficient use of the orbit and spectrum. However, in some countries, allocations to services other 
than the FSS may preclude use o f  some of the bands. A particular problem is sharing between the radiolocation 
and the FSS.

It is possible to treat the additional allocated bandwidth as separate bands and design the systems 
accordingly without any technical problem. However, in order to retain flexibility in the design o f  system 
architecture and to minimize the complexity o f  spacecraft interconnection, it is desirable to transmit and receive 
the full bandwidth through a single antenna especially at the earth station. Several studies and hardware 
developments were reported [CCIR, 1982-86b] demonstrating the technical feasibility o f  implementing earth-station 
and spacecraft hardware incorporating the expanded FSS bandwidth below 10 GHz.

Earth-station and spacecraft antenna feed systems are the most im portant elements with respect to 
bandwidth  expansion. Tests on circularly-polarized feed horn components operating over the full bandwidth 
have demonstrated that complex spacecraft frequency re-use antennas operating over 800 MHz o f  bandwidth 
(3.4-4.2 G H z  and 5.850-6.775 G Hz) are achievable with current technologies, as are spacecraft antennas with 
simple beam coverages operating over the entire band (3.4-4.8 G H z and 5.850-7.075 GHz).

Earth-sta tion antenna feed systems incorporating 800 M H z o f  spectrum (3.4-4.2 and  5.850-6.775 GHz) have 
also recently been demonstrated for various an tenna sizes. Incorporating the full 3.4-7.075 G H z  in a single 
earth-station antenna is deemed feasible. The realisation o f  other components with wider bandwidth  presents less 
difficulty.

6. Network harmonization

6.1 Coordination o f  fixed-satellite networks

The Radio Regulations include administrative and technical procedures for identifying other satellite 
networks, existing and planned, with which a new network might cause or suffer too much interference, and other 
procedures for determining what changes must be made to ensure that the interference does not in fact exceed 
agreed permissible levels (see the Radio Regulations, Articles 11 and 13 and  Appendices 3, 4  and  29. See also 
Reports 4 5 4  and 8 7 0 ) .

These procedures are rigorous, and are laborious and  time-consuming to carry out. Other technical
methods for carrying out the coordination process are under study (see Reports 870 and  1003).

6.2 Computer techniques

According to studies carried out in Japan and the United States o f  America there exist computer programs 
that can be used to optimize the frequency assignments in two or more satellites. The purpose o f  optimization can 
be the minimization of the separation required between two satellites o r the minimization o f  the maximum 
co-channel interference received at any one frequency. Other criteria for optimization may also be used. The 
programming approach taken in these two studies is somewhat different. These techniques can also be used for
optimization o f  frequency plans within a frequency re-use satellite.
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The use of such com puter techniques could lead to significant reductions in required satellite separations, 
especially for satellites which do not practice frequency re-use. However, the required coordination  between 
satellite systems might cause substantial operational difficulties due to inability to respond to changes in user 
requirements. Nevertheless, the pressure o f new systems might make som e coord ination  o f  frequency assignments 
o f  this type necessary.

7. Use of geosynchronous satellites in inclined orbits

7.1 Use of satellites in slightly inclined geostationary orbits

Considerable extension of the useful service life of geostationary 
satellites can be achieved if they are allowed to acquire slight orbital 
inclination. Operation of satellites in such, slightly inclined geostationary 
orbits is accompanied by several technical, operational and sharing 
implications. A comprehensive treatment of these implications may be found in 
Report 1138.

8 . Time-phased introduction of orbit-conservation measures

To meet the increasing traffic requirements o f  satellite systems using the geostationary orbit,  it is im portant 
that orbit-conserving techniques be introduced into operating systems as soon as they are technically feasible and
their use is consistent with satisfactory operation o f  the systems involved. However, it is recognized that such 
techniques are not always consistent with minimum cost objectives in the design of the systems. Such orbit- 
conserving techniques include, but are not limited to, the following: *

— reduction o f  the side lobes o f  earth-station antenna patterns;

— reduction in the off-axis e.i.r.p. o f  earth stations;

— techniques which reduce the orbit-separation requirements between systems carrying SCPC traffic and those 
carrying analogue TV traffic, including: improved energy-dispersal tehniques, or flexibility in the choice o f  
SCPC channel frequencies to those where the interference is at an acceptable level;

— flexibility in orbit location after launch to accom modate the introduction o f  new networks;

— improved spacecraft an tenna  characteristics including reduction o f  out-of-coverage radiation;

— global beam s to be lim ited to a specified  fraction o f  a llocated bandw idth;

— increase in the maximum single-entry and aggregate interference levels through design o f  systems which will 
allow inter-network interference to be a larger percentage of their overall noise budget;

— improved m odu la tion /cod ing  techniques, such as digitization of video signals;

— cross-polarization isolation for frequency re-use;

— transponder  linearization techniques;

— on-board  regeneration where appropriate.

There is an urgent need to study the technical feasibility, the cost, the operational impact,  and the
im provem ent in orbit utilization o f  each of these techniques. They should be introduced in an orderly m anner
through Recommendations, taking into account the above factors, as rapidly as required to ensure that the 
capacity o f  the GSO is adequate to meet the traffic requirements of the systems using it. Their introduction may 
have to be more rapid in some frequency bands and in some portions o f  the G SO  than in others.
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ANNEX I

ESTIMATING CHANGE OF ORBIT UTILIZATION EFFICIENCY 
WHEN A NEW ENTRANT IS INTRODUCED

In the selection of orbital positions of new entrants it is desirable 
to measure the degree of congestion of the part of orbit affected and to 
estimate the change of utilization efficiency. This report provides a possible 
measure of these values and the values could be calculated at a number of
possible orbital positions so that a possible coordination difficulty could be
alleviated beforehand.

Three different measures are defined below, using information listed in 
advance publications or other appropriate sources.

1. Take the nominal location of the new satellite as the center of the
geometry and consider all satellites within ± a .  a  is selected so as to neglect 
the edge effect of the finite arc segment. Denote the orbital arc occupied by 
those satellites as Lo (Figure 4).

2- Expand the mutual spacing of the satellites selected in 1 so that the
new system can be accommodated successfully. Expansion of the spacing; is made 
either:

(i) proportionally for all satellites or

(ii) by adjusting the mutual spacings among all satellites using, e.g. 
ORBIT-II program, such that both single entry and aggregate 
interference criteria are met.

In the process of expansion, the service arc constraints shall be taken 
into consideration. The total arc so calculated is denoted as L (see the upper 
half of Figure 4). If the arc is not fully utilized, contraction can be made 
instead of expansion. In the case of contraction, the procedure stops when one 
of the satellites including the new system reaches either one of the criteria 
value.

3. Without taking into account the new system, apply the procedure of
contraction to the rest of the satellites. The procedure is shown in the lower 
half of Figure 4 . Denote the resultant length of the total arc as I  .

4. The numerical ratio, L/Lo is defined as the expansion ratio (e).
2,/Lo is defined as the contraction ratio (c) .

The ratios defined above are interpreted as follows:

(a) The less the e/c ratio is, the less the congestion of the arc
changes when the new system is introduced.

(b) If the expansion ratio is greater than 1, the new system may need 
coordination between itself and the critical systems.
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(c) If the e/c ratio is greater than 1 but if the expansion ratio is
less than 1, the new system will be smoothly accommodated.

(d) If the e/c ratio is equal to 1, it is concluded that the system
will be smoothly introduced. Other systems might be the main
contributors to the capacity of that part of the orbit 
considered.

Hence, the e/c ratios of new entrants could be employed to measure how 
the use of the GSO changes.

Three example exercises were undertaken for ten incumbents and one new 
system for each of which the new network was assumed to have the coverage Ex. 1,
Ex. 2 or Ex. 3, as displayed in F i g u r e  5 . Table I shows the corresponding values
of the e/c ratio, the expansion ratio and the contraction ratio. Thus the change
of the utilization of the GSO is easily estimated.

These measures are considered as a useful indication and will help in 
carrying out preliminary exercises for selecting a preferable orbital position 
by administrations. It is envisaged that the number of times coordination is 
required could be reduced significantly by using these measures as a suggested 
requirement in selecting orbital positions for new entrants. To demonstrate the 
usefulness of these measures in an non-homogeneous environment, further studies 
are to be encouraged.
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FIGURE 4 - Expansion (or contraction) of snacings

TABLE I - Example results

\ Definition ( i ) Definition ( i i )

e/c Expansion Contraction e/c Expansion Contraction

Ex. 1 1.43 1.43 1.00 1.20 0.86 0.72

Ex. 2 1.00 1.00 1.00 1.07 0.76 0.72

Ex. 3 1.00 1.00 1.00 1.00 0.72 0.72
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FIGURE 5

LONGITUDE 
0 10 20 3 0 40

- Location of the new entrant and the coverage
(Among 3 new entrants, one of them is to be launched)
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A N N E X  II

G E N E R A L IZ E D  SA TELLITE  N E TW O R K  PA R A M ET ER S 

FO R O R B IT  M A N A G E M E N T

1. Introduction

The WARC-ORB-85 decided that certain frequency bands that are allocated to the fixed-satellite 
service should be managed through the development of an allotment plan, and  that certain other such bands 
should be managed through the development of improved regulatory procedures and  the subsequent occurrence of 
multilateral planning meetings.

To enable such orbit management processes to take place, it is advantageous to develop one or more sets 
of generalized parameters that could be used to adequately describe fixed-satellite networks in such orbit-manage- 
ment environments. Particular generalized parameters have been used in the past for very specific applications, for 
example A T / T  for the coordination threshold. Others have been studied for the purpose of improving efficiency 
of orbit utilization through constraints, for example, the A, B, C and D parameters. Still others have been 
developed for particular application and include characteristic orbital spacing (COS), isolation, 
and normalized equivalent noise temperature increases.

Such sets o f  generalized parameters must describe actual and planned satellite networks accurately enough 
that their application in an orbit management process is useful, and at the same time they must be simple and 
general enough that any fixed-satellite network can be modelled accurately by one or more com puter  programs 
that might be used in the planning process. Six such sets o f  possible generalized parameters are listed in § 4 .5  o f  
this Report, and are described in more detail in this Annex. Each o f  these methods permits a simplified 
determination o f  interference between fixed-satellite networks.

WARC ORB-88 has selected for Allotment Planning the A, B, C and D set 
of generalized parameters noted in § 4.5 of this Report, which is described in 
some detail in this annex. For other concepts which can aid coordination by 
permitting a simplified determination of interference between fixed satellite 
networks, see also § 4.5.

2. Generalized parameter set

2.1 Network Parameters A, B, C and D.
The A, B, C, D generalized parameters specify the interference- 
producing capability (variables A and C) and the interference 
sensitivity (variables B and D) of a satellite network.

Since many different combinations of implementation parameters 
(such as antenna characteristics and transmitter powers) can 
result in a similar set of parametric values, it can be applied 
irrespective of the modulation characteristics and specific 
frequency used.
The generalized parameters selected by W A R C -O R B - 8 8  for the . 
Allotment Plan are the A,; B, C, D parameters based on power 
density averaged over the signal bandwidth. The purpose of this 
set is to generalize not only the standard parameters’ used, but 
also the type of traffic assumed in the allotment Plan. Under
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this concept, the required input powers into the standard earth 
station and the particular space station antennas are first 
determined during the planning process. These are then converted
into power density (pi and p2 dB(w/Hz) ) by dividing by the 
bandwidth of the signal type, which is in turn used to compute 
and record the Plan's generalized, A, B, C, and D parameters.
The equations shown below describe the A, B, C, D generalized 
parameters where:

A - up-link off-axis e.i.r.p. density averaged over
the necessary bandwidth of the modulated carrier;

. B « up-link off-axis receiver sensitivity*to
interfering e.i.r.p. density averaged over the 
necessary bandwidth of the modulated carrier;

C - down-link off-axis e.i.r.p. density averaged over
the necessary bandwidth of the modulated carrier;

D * down-link off-axis receiver sensitivity*to
interfering e.i.r.p. density averaged over the 
necessary bandwidth of the modulated carrier;

A ■= Pi . gi(<P)

B -  1________
P i . g x . tg2 {+)

—5 3 — ?— 9 3- 
A  9 3  M

D *=  cr̂
? 3  • 9 3  • 9 4

where:
Pi « the power density, averaged over the necessary

bandwidth of the modulated carrier, fed into the 
transmitting earth station antenna (W/Hz)?

gi « the maximum gain of the earth station transmitting
antenna (numerical power ratio);

Note that here the meaning is susceptibility to interference 
rather than the precise technical definition of sensitivity.
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g i ( < p )

92

the earth station transmitting antenna radiation 
pattern (numerical power ratio);

■k the maximum gain of the space station receiving 
antenna;

g2 (*/')= gain in the space station receiving antenna in
the direction of the earth .station (numerical 
power ratio)?

L 92 W *  g?/g2 ^ _ discrimination of the space station
receiving antenna (numerical power ratio);

P3 « the power density, averaged over the necessary
bandwidth of the modulated carrier, fed into the 
space station transmitting antenna (W/Hz);

g3 * the maximum space station transmitting;antenna
gain (numerical power ratio);

9 3 (̂ ) = space station transmitting antenna gain in the
direction of the earth station;

A g 3 ( ^ ) *  g  / g  ($)- discrimination of the space station
3 3 transmitting antenna (numerical power

ratio);
g4 *= the maximum gain of the earth station receiving

antenna (numerical power ratio);
g4 ((p)= the earth station receiving antenna radiation 

pattern (numerical power ratio).

Thus, the (C/I)densit equation,

aen

f -1

V g i f«P)g2 c^> V g 3'0/^(9')'

P1 S i  Sz P3 gs gA
(dB(Hz)-i)

reduces simply to:

(C/I)den = [ (A ) B + (C ) D I"1

where (C/I)den is the protection ratio normalized by the ratio of the wanted and 
unwanted bandwidths. With this method, this ratio would be used to determine the 
orbit separation matrix of the networks for synthesizing the plan.
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When a network is proposed, its A , B , C , D parameters would be 
calculated using the actual system parameters and power densities averaged over 
the signal bandwidth. These power densities would be the power into the antenna 
divided by the bandwidth of the actual signal proposed. According to Appendix 30B 
of the Radio Regulations, no coordination would be required if:

a) the calculated values of A and C are less than or equal to the relevant
reference set, and

b) the proposed frequency assignments are ordered in such a way that the
upper 60% of each allotment band is used for high density carriers
(ratio of power spectral density peak in the worst 4 kHz to average
over the necessary bandwidth of the modulated carrier is greater than 
5 dB), and the lower 40% for low density carriers.

An example based on a review of some current systems and traffic 
types indicates that a large number of present carriers would be able to be 
implemented.- without coordination. Table I I  gives the required C/I ratios 
calculated for the Intelsat "regular FDM/FM" carriers, based upon a transponder 
loading of carrier separation of 1.33 times occupied bandwdith, and an 
acceptable Interference of 800 pwOp. Table I I I  gives the required (C/I)den> 
calculated from Table I I  by multiplying the entries by a factor of b'/b. where 
b and b' are the bandwidths of the wanted and unwanted signals respectively.

It can be seen from Table III that a (C/I)den criteria of 30 dB for 
establishing orbital positions for various service areas, would permit a large 
number of combinations of FDM/FM signals to co-exist in different networks.
Those that' are not covered are lower modulation index signals , with peak to 
average power ratios greater than 5 dB. This is demonstrated in Table IV .

For interference into digital signals with bandwidths wider than those 
of the interferer, assuming multiple interfering carriers within the passband of 
the wanted digital signal C/I = (C/I)d^n . A C/I of 30 dB and and I/N of 6% would 
yield a C/N of 18 dB, which would provide a BER better than 1 x 10'7 . Thus, a 
(C/I)den of 30 dB would very likely bei suitable for digital signala.

For interference of FDM/FM into digital signals with bandwidths much 
narrower than' the interferer, then:

C / I  -  C/Pj. -  ( C / P a v ) ( P a v / P k )

-  ( C / I ) d e E  ( 1 / k p )

where kp is the peak to average ratio of the interferer. Pk and Pav are the peak • 
and average spectral densities respectively of the interferer.

In the case of interference from TV/FM, however, even with energy 
dispersal, it is unlikely that narrow band carriers can be co-channel-with 
the carrier of the TV/FM signal because during energy dispersal of, say + 1 MHz, 
the spectral power within the dispersion band is very high.
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The requirement to coordinate with TV signals can be avoided if the TV 
carrier frequencies were pre-specified. With an energy dispersal bandwidth of 
say 2 MHz, SCPC and other narrow band carriers can avoid the TV energy.dispersion 
band. This concept of "Micro-segmentation" is discussed in Report 1000.

TABLE II
C / I  RA TIO  FOR IN TE L SA T  FDM/FM SIGN A LS

Interf. 
Wanted

12 24 60 60 132 132 132 252 252 432 432 432 792 Mod
Index

BW C/N
dB

12 26.6 25.2 24.9 22.7 22.0 20.7 20.1 20.2 18.1 18.5 17.4 16.7 14.1 2.65 1.1 13.4
24 26.5 25.7 25.6 23.9 24.0 22.1 21.6 21.6 19.6 20.0 18.9 18.2 15.7 2.55 2.0 12.7
60 34.3 33.9 33.8 32.5 32.6 30.9 30.4 30.5 28.6 29.0 27.9 27.2 24.7 1.17 2.2 21-1
60 27.9 26.6 26.6 25.7 25.8 24.5 24.1 24.1 22.5 22.8 21.8 21.1 18.7 2.17 4.0 12.7

132 36.2 53.7 33.7 33.4 33.4 32.5 32.2 32.2 30.8 31.1 30.2 29.5 27.1 .96 4.4 20.7
132 31.B 28.9 28.9 28.0 28.0 27.4 27.1 27.1 25.9 26.2 25.4 24.8 22.5 1.61 6.7 14.4
132 32.2 29.2 29.2 28.1 28.1 27.5 27.2 27.3 26.1 26.4 25.6 25.1 22.9 1.85 7.5 12.7
252 37.8 34.6 34.6 32.4 32.4 32.2 32.1 32.1 31.3 31.5 30.9 30.5 28.4 .96 8.5 19.4
252 33.7 30.7 30.7 27.9 27.9 27.3 27.2 27.2 26.6 26.7 26.3 25.9 24.1 1.55 12.4 i S . t
432 41.5 38.5 38.5 34.6 34.6 33.7 33.8 33.7 33.6 33.7 33.4 33.2 31.7 .82 13.0 21.2
432 39.3 36.3 36.3 33.0 33.0 31.6 31.4 31.4 31.1 31.2 31.0 30.7 29.4 1.07 15.7 18.2
432 37.8 34.7 34.7 31.7 31.7 30.0 29.6 29.6 29.4 29.5 29.2 29.0 27.7 1.27 18.0 16.1
792 40.6 37.5 37.5 34.5 34.5 32.8 31.4 31.4 30.1 30.1 29.8 29.8 29.2 1.24 32.4 16.5

( C / I ) d e n RATIO
TABLE III 

FOR IN T E L SA T  FDM/FM S IG N A LS

Interf. 
Wanted

12 24 60 60 132 132 132 252 252 432 432 432 792 Mod
Index

BW

12 26.6 27.8 27.5 2B.3 28.8 28.5 28.4 29.1 28.6 29.2 28.9 28.8 28.8 2.65 1.1MH2
24 23.9 25.7 26.0 26.9 27.4 27.4 27.3 27.9 27.5 2B.1 27.8 27.7 27.8 2.55 2
60 31.3 33.5 33.8 35.1 35.6 35.7 35.7 36.4 36.1 36.7 36.4 36.3 36.4 1.17 2.2
60 22.3 23.6 24.0 25.7 26.2 26.7 26.8 27.4 27.4 27.9 27.7 27.6 27.8 2.17 4

132 30.2 30.3 30.7 33.0 33.4 34.3 34.5 35.0 35.3 35.8 35.7 35:6 35.8 .96 4.4
132 23.9 23.6 24.1 25.8 •26.2 27.4 27.6 2B.1 28.6 29.1 29.1 29.1 2R.3 1.61 6.7
132 23.9 23.5 23.9 25.3 25.8 27.0 27.2 27.8 28.3 28.8 28.8 28.9 29.3 1.85 7.5
252 28.9 28.3 28.7 29.1 29.5 31.2 31.6 32.1 32.9 33.3 33.6 33.8 34.2 .96 ff.5
252 23.2 22.8 23.2 23.0 23.4 24.6 25.0 25.7 26.6 26.9 27.3 27.5 20.3 1.55 12.4
432 30.8 30.4 30.8 29.5 29.9 30.8 31.4 31.9 33.4 33.7 34.2 34.6 35.7 .82 13
432 27.8 27.4 27.8 27.1 27.5 27.9 28.2 28.7 30.1 30.4 31.0 29.6 30.8 1.07 15.7
432 25.7 25.2 25.6 25.2 25.6 25.7 25.8 26.3 27.8 28.1 28.6 29.0 30.3 1.27 18
792 25.9 25.4 25.8 25.4 25.8 26.0 25.0 25.6 25.9 26.1 26.7 27.2 29.2 1.24 32.4
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TABLE IV

Peak/average -density ratios for INTELSAT FDM/FM carriers 

No. of Occupied
channels bandwidth C/Pk ^k/^.v

Bo KHz dB/4 kHz dB

12 1.1 20.0 4.95
24 2.0 22.3 4 .69
60 2.2 22.4 5.10
60 4.0 25.3 4.70

132 4.4 24.2 6.21
132 6.75 27.5 4.77
132 7.5 28.0 4.73
252 8.5 27.0 6.26
252 12.4 30.0 4.91
432 13.0 27.6 7.52
432 15.7 30.8 5.15
432 18.0 31.5 5.03
792 32.4 34.1 4.98

Table IV gives total power to peak power (C/P^) dB/(4 kHz)

£k
P.v

_ £k. £ _ ^  K  
C P,v C 4 kHz

10 log10(Bo/4000) - C/Pk (dB)

Note - Signals with Pk/P»v < 5 . 0  are signals usable without coordination.

2.2 Possible modifications to the parameters of FSS systems in the Plan
adopted by WARC ORB-88

Further information needs to be given in addition to the above in 
connection with the use of the generalized parameters A , B , C , D in the 
fixed-satellite service (FSS) Plan adopted by WARC ORB-88.

All the generalized parameters are functions of an off-axis 
angle, 9 for earth stations and <A for space stations. The angles 9 and ’A may 
take on values starting from zero. The generalized parameters B and D relate 
to the system's sensitivity to interference (the higher the values of the 
parameters, the greater the sensitivity), but do not directly determine the 
permissible radiated power of the interfering signal until the permissible 
signal-to-interference ratio C/I is indicated. In the FSS Plan the values of 
A , B , C , D relate to each individual system, whereas the value (C/I)n - 26 
dB adopted for planning purposes relates to aggregate interference. On this 
basis we obtain, using the equations given in § 2.1:

y % . i . r . p . L e ( q>i) - [B (C/I)p̂ £ t ] _1

where e.i.r.p.^e (9^): effective isotropically radiated power of the
interfering signal in the direction of the satellite of the wanted 
system; the summation is effected for all interfering systems, with the 
earth stations of the interfering systems located at the most 
unfavourable test points in their service areas (i.e. those from which 
they cause most interference),

B = B (iA) : generalized parameter for the wanted system,
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( c / i ) p i E f : carrier-to-aggregate interference ratio provided for in the 
Plan at the input to the space station,

£).i.r.p.ls ( <P4) - [D <C/I)^£f r 1

where e.i.r.p.-j_s (^i) : effective isotropically radiated power of the signal 
from the space station of the interfering system in the direction of 
the wanted system earth station located at the most unfavourable test 
point of the wanted system's service area (the point for which

is at its minimum) ; the summation is effected for all space 
stations causing interference to the wanted system concerned,

( C / I c a r r i e r - t o - a g g r e g a t e  interference ratio provided for in the 
Plan at the input to the earth station.

When evaluating possible modifications to the actual FSS system 
parameters used to determine the generalized parameters A , B , C , D , account 
has to be taken not only of the constraints imposed by the generalized 
parameters, but also the mutual relationship between them. For this reason, most 
modifications prove unacceptable. For instance, reducing the parameters A and 
C in the area of the main lobe of the radiation pattern (i.e. reducing 
e.i.r.p.) increases the values of B and D , thereby reducing the system's noise 
immunity.

The condition A < A must be respected for all variations in the 
actual parameters. By definition, the condition C < C pp must also be 
respected; however, it may be assumed that there would be no objections to 
inclusion in the List of a system for which the condition C < C pi is fulfilled 
for all values of 0 corresponding to a beam direction outside the edges of the 
wanted system's service area, but C > C within the service area. This may 
occur when a combination of narrow beams is used instead of the single space 
station antenna beam defined in the Plan. In particular cases, this may make it 
possible to provide the necessary coverage to only part of the territory of the 
service area notified for the purposes of establishing the Plan. The increase in 
C leads to a reduction in B . Both of these factors enable the system's earth 
stations to be simplified.

When B > B p p  D > ^ pi* system only enjoys protection up to the
level foreseen in the Plan; hence, the signals used in the system must enable 
operation when (C/I) < (C/I)pi. An increase in the value of one of these 
parameters may be offset by a reduction in the value of the other, in accordance 
with the relationship:

(C/I)^1 = (C/Dj1 + (C/I )| 1

When the condition A < A p  ̂ is respected, the power radiated by the 
earth station, pp, can be reduced by way of a corresponding increase in the gain 
of the earth station antenna, g-[, i.e. in the size of the antenna reflector.
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Here, g will increase in the area of the main beam of the earth station 
antenna pattern but, gpCv7) will not change in the area of the sidelobes.
The interference caused to the space stations of other systems will 
not be altered or reduced. The parameter B will not be affected, in other words 
there will be no deterioration in the system's noise immunity on the uplink. If 
the same earth station antenna is used for reception, then its gain on reception 
g4 will increase, and the parameter D' will be reduced in the area of the 
sidelobes, but the system's noise immunity with respect to interfering 
satellites located within the main beam of the antenna pattern will remain 
unchanged. If it is applied in a system with a relatively large service area, 
such a modification of the parameters pp and gp, g4 makes the systems more 
uniform, and is usually advantageous from the economic viewpoint[KANTOR, 1988]*

Increasing gp, g4 is effective in cases where the magnitude of B and
■D needs to be reduced outside the main beam.

The same effect may also be achieved by reducing g2 (\̂ ) and g4 (<P) in the 
area of the sidelobes by way of more sophisticated antenna design. The need to 
.'■Tiprove the values of B and D may arise at the stage of converting an 
-llotment into an assignment, due to the fact that the values of these 
parameters obtained (even if they correspond to the planned values B p p  D pp) 
i r e  insufficient to achieve the (C/I)£ required for the signal transmission 
methods used in the system.

Similar modification of the actual parameters P3 (reduction) and g3 
'crease, i.e. an increase in the dimensions of the space Station transmitting 
3 ; nna) alse results in a reduction in radiated power (C ) outside the main 
I k  - this reduction is brought about not only by the reduction in P3 but also
i 3 (</';. However, such a modification is constrained by a reduction in service
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REPORT 4 5 4 - 5

M ETHOD OF CALCULATION FOR DETERMINING IF COORDINATION IS
REQUIRED BETWEEN GEOSTATIONARY-SATELLITE NETW ORKS SHARING THE SAME

FREQUENCY BANDS

(Study Programme 2 8 B /4 )

(1970-1974-1978-1982-1986-1990)

1. Introduction

Increased use o f  the geostationary-satellite orbit by satellites and associated earth stations may increase the 
probability o f interference between satellite networks when common frequency bands are used. The number o f 
parameters characterizing a system is so large that it is useful to devise a simple method to determine whether 
there is any risk o f  interference between two given satellite networks. The method described in this Report is 
consistent • with that given in Appendix 29 of the Radio Regulations and is applicable whenever two networks 
share a comm on portion of the assigned frequency band on at least one o f  their paths. It is based on the concept 
that the noise temperature o f  the system subject to interference undergoes an apparen t  increase due to the effect of 
the interference, the interfering signals being treated as thermal noise, whose spectral power density would be 
equal to the maximum spectral power density of the signals. The method can therefore be used irrespective o f  the 
modulation  characteristics of the satellite networks concerned and the precise frequencies employed.

In this method, the apparen t increase in the equivalent satellite link noise temperature (the equivalent 
satellite link noise temperature is defined in No. 168 o f  the Radio Regulations) resulting from an interfering 
emission caused by a given system is calculated (see § 2 below) and  the ratio o f  this increase to the equivalent 
satellite link noise temperature, expressed in percentage, is compared to a threshold value (see § 2.3 and 3 below).

2. Procedure for calculation of the apparent increase in equivalent noise temperature of the satellite link subject 
to an interfering emission

2.1 R adiocom munication satellites require frequency assignments in two bands, one for the up-link and the 
other for the down-link. It is current practice for frequency bands to be associated in pairs, one o f  each pair being 
used for up-links and the other for down-links. Case I below is concerned with the possibility o f  interference 
between two systems which have been assigned frequency bands in this way. However, it should be feasible to use 
a pair  o f  frequency bands in the reverse sense (bidirectional use) for some systems, the up-link band  for one 
network being the same as the down-link band for the network using an adjacent satellite; this is Case II. These 
two cases cover all relative satellite positions from closely-spaced to near-antipodal positions.

Let A be a satellite link o f  network R associated with satellite S and A' be a satellite link o f  network R '  
associated with satellite S '.  The symbols such as a, b and c refer to satellite link A and symbols such as a', b' and 
c' refer to satellite link A'.

The parameters are defined as follows (for satellite link A):

T : the equivalent satellite link noise temperature, referred to the outpu t o f  the receiving antenna of
the.earth station (K);
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Tv:

T  : 

AT:

A Ts : 

A 7; : 

A :

g.iOl) : 

Pe-

82 (8 ) :

gi(‘P) : 

g4(<P) : 

<P :

<P*:

it:

1<j :

L :

the receiving system noise temperature o f  the space station, referred to the outpu t o f  the receiving 
antenna of the space station (K);

the receiving system noise temperature o f  the earth station, referred to the ou tpu t o f  the receiving 
an tenna of the earth station (K);

apparent increase in the equivalent noise temperature for the 
entire satellite link referred to the output of the receiving 
earth station antenna ê , caused by interference emissions from 
other satellite networks;

apparen t increase in the receiving system noise temperature o f  the satellite S, caused by an 
interfering emission, referred to the output o f the receiving an tenna o f  this satellite (K);

apparent increase in the receiving system noise temperature o f  the earth station eR, caused by an 
interfering emission, referred to the output o f  the receiving an tenna o f  this station (K);

maximum power density per Hz delivered to the antenna o f  satellite S (averaged over the worst 
4 kHz band for a carrier frequency below 15 G H z  or over the worst 1 M H z band  above 15 GHz) 
(W /H z);

transmitting an tenna  gain o f  satellite S in the direction T) (numerical power ratio);

r)^ : direction, from satellite S, o f  the receiving earth station eR o f  satellite link A;
r|f . : direction, from satellite S, o f  the receiving earth station e 'R o f  satellite link A';

Note. — The product / ^ ^ ( t v )  is the maximum e.i.r.p. per Hz o f  satellite S in the direction 
o f  the receiving earth station e 'R o f  satellite link A'; 

r |v. : direction, from satellite S, o f  satellite S ' ;

maximum power density per Hz delivered to the antenna  o f  the transmitt ing earth station e T 
(averaged over the worst 4 kHz band for a carrier frequency below 15 G H z  or over the worst 
1 MHz band above 15 G Hz) (W /H z);

receiving an tenna gain o f  satellite S in the direction 5 (numerical power ratio);

8,4 : direction, from satellite S, o f  the transmitting earth station e T o f  satellite link A;
8 ^ : direction, from satellite S, o f the transmitting earth station e ' r o f  satellite link A';
8 S. : direction, from satellite S, o f  satellite S ' ;

transmitting an tenna  gain o f  the earth station e T in the direction o f  satellite S '  (numerical power 
ratio);

receiving an tenna gain o f  the earth station eR in the direction o f  satellite S '  (numerical power 
ratio);

topocentric angular separation between the two satellites, taking the longitudinal station-keeping 
tolerances into account.
Note. — Only the topocentric angle *P should be used in dealing with Case I;

geocentric angular separation in degrees between the two satellites, taking the longitudinal 
station-keeping tolerance into account.
Note. — Only the geocentric angle should be used in dealing with Case II;

Boltzmann’s constant (1.38 x 10-23 J /K ) ;

free-space transmission loss on the down-link (numerical power ratio); evaluated from satellites 
to the receiving earth station eR for satellite link A;

free-space transmission loss on the up-link (numerical power ratio); evaluated from the earth 
station eT to satellite S for satellite link A;
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ls : free-space transmission loss on the inter-satellite link (numerical power ratio), evaluated from
satellite S' to satellite S;

y : transmission gain o f  a specific satellite link subject to interference evaluated from the output o f
the receiving an tenna  o f  the space station S to the o u tpu t o f  the receiving an tenna  o f  the earth 
station eR (numerical power ratio, usually less than 1).

In the foregoing s y m b o l s , the gains g ' t(<pi and g4(cpi are those of the earth stations concerned. In the event 
of precise numerical data relating to earth-station antennas not being available, the reference radiation pattern 
given in Recommendation 465 s h o u l d  be  u s e d .

Various ways o f  computing values for y and T  within a network are given in A n n e x  I I .

In order to simplify the calculations, it should be assumed tha t the basic transmission losses on the 
space-to-Earth path are identical, regardless of the satellite and earth station considered. Similarly, the basic 
transmission losses on the Earth-to-space path are assumed to be identical . For each o f  these two types of path, 
the losses are calculated using space-to-Earth or Earth-to-space distance o f  network R '  and  the centre frequency 
o f  the band  shared by the two networks. These assumptions are reasonable in the case o f  the geostationary-satellite 
orbit because the difference in loss between the shortest and longest free space paths is only about 1.5 dB.

Case I  — W anted and  interfering networks sharing the sam e frequency band  in the sam e direction o f  transmission. 

The parameters A Ts and A Te are given by the following equations:

A T ,  Pe 01 (9) 9 2 ( M  m

AT*   u .   0 )

a 171 P's 03 (fie) 04 ((p)
A T ‘ -  — S   <2)

The increase in the equivalent satellite link noise temperature is the 
result of interference entering at both the satellite and earth-station receiver 
of link A. When satellites S and S' are equipped with simple frequency-changing 
repeaters having the same translation frequency. The interference received by 
link A is caused on the up-link and down-link by the same link A'.

This can therefore be expressed as follows:

A T  = y A f  +  A T e (3)

A ry. P e  9 1 (9 ' 9 2 (8 ,0  p's 03 (T |J  04 W>l /

AT = V *L +  E   (4)

Hence

Equation (4) combines the up-link and the down-link interference.
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When the tianslation frequencies of the two satellites are not the same, different links in network R '  may 
interfere with link A at the satellite and  earth-station receivers; let these links be called A' and A' respectively (the 
param eters such as a ' ,  b '  and c '  relate to link A'). Then:

Ped'l  (<P> 02 ( M  Ps 03 (n«) 04 (<P> 

7 kL kL

In the same way, the increase A T  in the equivalent noise temperature for the entire satellite link referred 
to  the outpu t o f  the receiving an ten na  of the receiving earth station e ' R under the effect o f  the interference caused 
by network R is given by the following equations:

Pe0l(<p)02(&e) (MA  TV -  --------    (6)

A Ps 03 (n«-) 04 (<B m
A7V =  kL  <7)

When both satellites share the same translation frequency, then

. , Pe 01 (<& 02 (8e) Ps 03 (Tie-) 04 W  /oi

AT = 7 “ T T  +  u .  (8)

When the two satellites have different translation frequencies (calling two links o f  the R network A and A 
and  denoting  the corresponding parameters a, b, and c):

, Pe 01 W  02 (8*) , K  7 7  O V ) 04 W  .
AT -  7  K  +  ki7 ~  • (9)

For the two multiple-access satellites this calculation must be made for each of the satellite links 
established via one satellite in relation to all of the satellite links established via the other satellite.

I f  only the up link or the down link of the wanted satellite network shares a frequency band with the 
interfering satellite network, the value for A T  should be obtained from equation (3 ) with either A 7* or A Te having 
a zero value, as appropriate.

Cose I I  W anted and  interfering networks sharing the sam e frequency band in opposite directions o f  transmission 
(bidirectional use).

Retaining the same notation the noise temperature increase A Ts referred to the output o f  the receiving 
an tenna  o f  the satellite o f  link A is given by:

A T  =
Ps 03 (n») 02 (8.,-)

kL (10)
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The apparen t increase in equivalent link noise temperature is then given .by:

A T  =  y A T s (11)

The increase A T '  in the equivalent noise temperature o f  the link A' caused by emissions from the satellite 
associated with the link A is given by:

ATv , ATv , Ps 93 Ov) g'2 (8,j 'A T  — y A T S = y --------- —---------- (12)
kls

If  only one band  is shared by the two links A and A ', interference between adjacent-satellite links will 
occur only into the link which uses the shared band for its up link.

Interference between earth stations associated with reverse-frequency assignment links is to be dealt with 
by coordination procedures analogous to those used for coordination between earth and  terrestrial stations.

2.2 Consideration o f  polarization isolation

Polarization discrimination could also be used to reduce the probability o f  interference between satellite 
networks when different polarizations are used. In this case, the apparent increase in the equivalent satellite link 
noise temperature could be determined by the following expressions:

Case I

yA Ts A Te

AT = V +i f

Case II . •

A T  = (14)

where the values o f  y, A T S and A T e are those given in § 2.1 and the values o f  Yu, Yd and Yss are the polarization 
isolation factors (numerical ratio) for the up link, down link and inter-satellite link, respectively. Values of the 
polarization isolation factors are contained in Appendix 29 of the Radio Regulations. These values <ire matters 
requiring further study.

Since the polarization isolation factors depend on the types of polarization used by each network and the 
statistical distribution o f  orthogonal polarization levels, the polarization isolation factor described above shall be 
considered only if the polarization has been notified or published as requested in Article 11 o f  the Radio 
Regulations.

2.3 Comparison between calculated and predetermined percentage increase in equivalent satellite link noise 
temperature

In order to determine the largest value o f A T /  T i t  is necessary to insure that all potential situations are 
included. Inter-satellite network interference may be largest in either the up link or down link, thus sufficient data  
should be available to calculate both situations for each space-to-Earth service area and for each projected usage 
in accordance with Appendix 4 o f  the Radio Regulations. The A T / T  expression is:

AT = AT, 747;
T  T  T
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when yA Ts/ T >  A Te/T ,  the highest A T / T  value occurs when y / T  is maximum. When A T C/ T >  y A T s/ T ,  the 
highest A T / T  occurs when T  is minimum. Thus, determinations need to be made using the values o f y and T  
associated with the maximum value o f  y / T  and using the minimum value o f  T  and its associated value of v. The 
greater o f  the calculated values of A 77 T and A T ' / T ' ,  expressed as percentage, should be com pared with the 
corresponding predetermined values. The predetermined values are taken a s 6  % of the appropria te  equivalent 
satellite link noise temperature (see Radio Regulations, Appendix 29):

-  if the calculated value o f  A 7V 7" is less than, or equal to, the predetermined one, the interference level from 
satellite link A' to satellite link A is permissible irrespective of the m odulation  characteristics of the two 
satellite links and  o f  the precise frequencies used;

-  if the calculated value o f  A 7 / 7  is greater than the predetermined one, a detailed calculation shall be carried 
out following the methods and techniques set out in Reports 388 and 455, during  the co-ordination procedure 
between administrations.

The comparison of A T ' / T '  with the predetermined value shall be carried out in a similar manner.

As an example, it can be seen that in the case of a satellite link operating in accordance with current
C C IR  Recommendations using FM telephony and having a total noise in a te lephone channel o f  10 000 pWOp
including 1000 pWOp interference noise from terrestrial radio-relay systems and 2000 pWOp interference noise 
from other satellite links, a&% increase in equivalent noise temperature would correspond to up t o 42 0 pWOp of 
interference noise.

Since, for new networks advanced published after 1987, the single - 
entry interference criterion specified in Recommendation 466 has been 
increased to 800 pWOp (from 600 pWOp), and the interference noise power in a
telephone channel from all other satellite networks to 2500 pWOp from 2000 pWOp
without frequency reuse (2000 pWOp from 1500 pWOp with frequency reuse), the 
corresponding value of the relative increase in equivalent satellite link noise 
temperature would be 6% (with frequency reuse) and 6.5% (no frequency reuse) for 
new networks. For a total noise power in a telephone channel of 10000 pWOp, 
including 1000 pWOp interference noise from terrestrial radio-relay networks and 
2500 pWOp interference noise from satellite networks, 6 and 6.5% increases in 
equivalent satellite link noise temperature will correspond to interference 
noise in a telephone channel of 390 and 420 pWOp respectively, if the bandwidth 
of the interfering carrier is greater than that of the interfered-with carrier.
When the interferer has a narrower bandwidth lower noise increases will result.

3. Procedure for signal-processing transponders

In cases where a change in modulation, or re-generation o f  the signal, occurs in the satellite, computation 
o f  the effects o f  up-link interference on the total link performance will require special procedures. In some cases, 
for example analogue signal processing transponders involving signal dem odulation  and  re-modulation, it should 
be possible to compute an appropr ia te  value for y which will take into account the signal processing and relate 
the up-link interference contribution to the down-link. For these cases the calculation would be possible using 
equation (3) and the modified y factor.

In other cases, it may not be possible to compute a y which reasonably accounts for the signal processing 
in the satellite, such as with digital regenerating transponders. In these cases it will be necessary to treat the up 
link and  down link separately, and  separate up-link and down-link equivalent link noise temperatures will need to 
be determined. Tseq and Teeq would be values notified independently for the up link and down link respectively, 
Tseq being the total up-link equivalent system temperature referred and to the outpu t o f  the receiving antenna of 
the earth station. Then A T S/ T se() and  A T e/ T eeq will be computed and compared with a predetermined value. This 
value should be taken a s^  % for both the up link and the down link, pending further study.
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4. Determination of the satellite links to be considered in calculating the increase in equivalent satellite link
noise temperature from the data furnished for the advance publication of a satellite network

The greatest increase in equivalent satellite link noise temperature caused to any link o f  ano ther  satellite 
network, existing or planned, by interference produced by the proposed satellite network must be d.etermined.

The most unfavourable  potential transmitting earth-station site o f  the interfering network should be 
determined for each satellite receiving antenna o f  the network suffering interference by superimposing the 
“ Earth-to-space” service areas o f  the interfering network on the space station receiving an tenn a  gain contours 
plotted on a map o f  the E arth ’s surface. The most unfavourable  potential transmitt ing earth station site is the one 
in the direction o f  which the satellite receiving antenna gain o f  the network interfered with, is the greatest.

The most unfavourable  potential receiving earth-station site o f the network suffering interference, should 
be determined in an analogous m anner for each “space-to-Earth” service area o f  that network. The most 
unfavourable potential receiving earth station is the one in the direction o f  which the satellite transmitt ing an tenna  
gain o f  the interfering network is the greatest.

Alternatively, the method described in Annex I may be used to  account for the most unfavourable  
earth-station locations in determining A T / T .

The receiving and transmitting an tenna gains cited in the preceding two paragraphs are obtained from the 
respective an tenna radiation patterns requested in Article 11 o f  the Radio Regulations as part o f  the Advance 
Publication Procedure. When one or both of the geostationary-satell ite systems under consideration are in 
existence, it is preferable that actual measured satellite an tenna patterns be utilized. Such measured patterns would 
permit more realistic assessment o f  the interference potential in the ensuing calculations.

When the satellite o f  the network suffering interference is equipped with simple frequency-translating 
transponders , the above determinations a r e . made in pairs, one for the receiving an tenna  o f  a part icular 
transponder and one for the “ space-to-Earth” service- area associated with the transmitt ing an tenna  o f  that 
transponder.

The calculation procedure described above may be used to determine the greatest increase in equivalent 
noise temperature caused to any satellite link in a proposed satellite network by interference produced by any 
other satellite network.

5. Data to be taken into consideration

To determine the increase in the equivalent satellite link noise tem perature ,  it is necessary to know the 
correspondence between the up-link bands and  the down-link bands. It would  also be useful to know, for each 
frequency band, the num ber o f the repeater and  the designation of the beam used.

Moreover, the gain o f  the space station antennas might be given in the form o f  a radiation pattern plotted 
on a representation o f  the Earth as seen from the satellite. The diagram should indicate the maxim um  gain at 
mid-beam and the relative gains at each contour (2, 4, 6 , 10, 20, 30 dB, . . . ) .  The contour corresponding to the 
service area should be indicated with a line different from that o f the gain contours.

All this information would give a clearer picture o f  the complete link, thus facili tating the calculation o f  
the apparen t increase in its equivalent noise temperature.

6 . Consideration of narrow-band carriers

The method o f  calculation described in this Report may underestimate the interference from slow swept 
TV carriers into certain narrow-band (single-channel-per-carrier-SCPC) carriers. Further studies are being 
conducted within C C IR  to facilitate the accurate prediction o f  mutual interference between satellite networks 
under these circum stances.; ( S e e  R e c o m m e n d a t i o n  671 a n d  R e p o r t  8 6 7 )
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7. Other considerations

7.1 Clear-air attenuation

Clear-air  attenuation or gaseous absorption becomes a significant factor in determining operational 
param eters as higher frequencies are used. Since it also affects interference paths, it could be included in A T / T  
calculations. The procedure for accounting for clear-air attenuation needs further definition.

7.2 Transmission gain

To consider, for the determination of the link transmission gain y, the use of A n n e x  I I  o f  t h i s  R epor t  a s  
the t ransponder  operating point provides a more precise measure o f  the link transmission gain than other 
parameters.

7.3 L ink noise temperature in a multi-carrier m ode

The inclusion of the effect o f  multi-carrier operation, including intermodulation, has to be considered for 
the determination o f  link noise tem perature  whenever a network operates transponders  in multi-carrier mode. The 
absence o f  the intermodulation noise implies a single- or dual-carrier mode which, in turn, implies relatively 
high-capacity carriers. These high-capacity carriers are adequately protected with somewhat higher A T  values.

8. Alternatives to current method

Studies have been made o f  alternative approaches to the application o f  A T / T  with the objective o f  
identifying possible improvements, in particular, by reducing the number o f  coordinations required. One such 
approach  that has been proposed is contained in Annex III of t h i s  Report,This approach  consists o f  using a set 
o f  predetermined values for A T / T  which depends upon the types of wanted and  interfering carriers involved, 
instead o f  the single value given in § 2.3. This approach is called “determination o f  interference using normalized
values o f  the increases in equivalent link noise tem perature” . ------------------------------------------------------------------------------- —
Another approach, based, on providing additional power density values for. 
different averaging bandwidths, is described in Annex IV and is called "a power 
density-averaging bandwidth method of determining interference between satellite 
networks". Further studies are desirable on such alternatives. Relationships 
between AT/T ratios and single entry interference criteria are given in 
Annex V .

Important factors are to be considered in assessing the utility of the 
methods. These factors include:

simplicity of use bo t h  in terms of Che m a t h e m a t i c a l  f o r m u l a t i o n  and in 
carrying ouc c o m p u t a t i o n s ;

applic a b i l i t y  to all space services;

requirement for data, the data required to use the m e t h o d  should be 
readily available, especially in the early stages or s y s t e m  design and 
implementation;

the a c curacy of the results obtained by u s ing the method;

ability to indicate the degree of d ifficulty whi c h  may be e ncountered  
during coordination;

ability to account for multiple interference entries inco the wanted  
carrier.

1 )..

2 )

3)

4)

5)

6 )
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A N N E X  I

A T / T  C A L C U L A T IO N S  FO R  G E O S T A T IO N A R Y  SA TE L LITE S  W ITH  

U N S P E C IF IE D  E A R T H -ST A TIO N  LO C A T IO N S

A method for computing A T / T  when earth-station locations are not specifically known is presented as
follows.

The topocentric angle (*P,; between two satellites is a function o f  the latitude and  longitude o f  the earth 
stations with respect to the satellite sub-point. The latitude and longitude determine the geocentric angle (\p) 
between the satellite sub-point and  the earth station. As (\p) increases, (9,) decreases and  the ranges to the two 
satellites (</| and d2) increase. A ratio of topocentric angle (*P,) to geocentric angle (<PS) may be formed ( 9 / / ^ )  as 
well as the ratios (d \ /d Q) and  (d2/ d {)), where (do) is the distance from the satellite to its sub-point.

The ATS and A Te can be computed by using G((Pg) and (do) for (/„) and ( ld) and  adding  a loss (A/) which
is:

A l  =  25 log W /^ g )  +  20 log (d] /do  or d2/ d 0) dB

which assumes the reference 25 log (tp) earth station- side-lobe envelope slope applies. The smallest values 
o f  (^APg) occur when earth stations are located on the equator (E-W). An orthogonal case is when the earth 
stations are located on a longitude midway between the satellites (N-S). For the (E-W) case (<?,/%), d} and d2 were 
computed using the equations o f  Annex 111 o f  Appendix  29 to the Radio Regulations. As (<Pg) approaches 0,

42 166 r
W,I%)e- w ~  — ~d—  cos T  for dj =  d2 =  d

for earth stations located on the equator, where (7 )  is the angle between the earth stations as viewed from the 
satellite. For the (N-S) case:

( W / r - s  *  for i ,  =  d , = d

for (<Pg) up to at least 15-20° and  for earth stations located along the satellite’s mid-longitude line.

With these functions, A I is computed as a function o f  (ip) for (<Pg) up to 15° and is shown in Fig. 1. The
angle (ip) is to the nearest satellite and (\p +  <Pg) to the farthest satellite in the (E-W) plane.

If  up-path interference is associated with (d ,) then down-path interference is associated with (d2), or vice 
versa, and thus A lu and A l j  are similarly associated. If the earth-station elevation angle (H )  is limited, then the 
angle Qp) is also limited. Approxim ate functions for (Al )  are:

(E-W) Case:

Al d «  A ±  0.011 %  and  A l u «  A ±  0.011 <Pg dB

where:

A «  1.32 +  0.0065H + 0.006 ^ ,  dB

for H  and 9g — degrees
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(N-S) Case:

A l j  =  A/„ «  1.45 +  0 .0 0 0 5 6 / /  +  0 .0 0 6  <P, d B

The values o f  (\p) can be determined by the location o f  the highest satellite an tenna  gain values as 
described in § 4. The (A/) for earth stations located on other than the equator o r mid-satellite longitude line can 
be estimated by extrapolation.

'A (degrees)

F IG U R E  1 -  Additional interference path loss 
as a function  o f  geocentric angle between satellite 

sub-point and earth station

^  : geocentric satellite separa tion  angle

\J/: geocentric angle betw een satellite sub-po in t and  earth  s ta tion

A l : add itiona l interference pa th  loss w hen 35.796 km  is used for
free-space loss calcu la tions an d  earth  s tation  off-axis an tenna  
gain is p ro p o rtio n a l to  - 2 5  log^Pg

ANNEX II

CALCULATION OF THE EQUIVALENT SATELLITE LINK 
NOISE TEMPERATURE AND THE TRANSMISSION GAIN

I. Introduction

The purpose of this Annex is to provide some guidance for determining, for simple frequency changing 
transponders, values of equivalent satellite link noise temperatures and transmission gains and in particular the 
sets o f  values for:
— the lowest equivalent link noise temperature and the associated transmission gain, and
— the value of transmission gain and associated equivalent link noise temperature that correspond to the highest 

ratio of transmission gain to equivalent satellite link noise temperature.
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The equivalent satellite link-noise temperature ( T), referred to the output of the receiving antenna of the 
earth station, and the transmission gain (v) of a satellite link using simple frequency-changing transponders, can 
be determined in several ways.

2. General formulation

2.1 Method 1

The transmission gain is expressed as follows:

- W W u  my  _   __________________  (3  )

Peg l82 (5A

where and are the maximum (on-axis) transmitting and receiving earth station 
antenna gains, respectively.

2.2 M ethod 2

The transmission gain is expressed as follows:

e.i.r.p. j £ 4 BOj 4 n  (C/N0)d Te
T “  a so**-'- ”  <c/Jv„). r .

The equivalent link noise temperature is expressed as follows:

T  =  (C/Np), 
(C/N o), '

(3)

where:

(C /N 0)u : up-link carrier-to-noise density ratio including only thermal and other background noises 
(numerical ratio);

(C /N o)^ :  down-link carrier-to-noise density ratio including only thermal and other background noises 
(numerical ratio);

C /N 0) , : total link equivalent carrier-to-noise density ratio including only intra-satellite impairment
(intra-satellite interference, intermodulation), thermal and other background noises (numerical
ratio);

e.i.r.p.,: satellite saturation e.i.r.p. (W);
the wavelength (m) of the up-link frequency;

BOr. transponder input back-off with respect to  s ingle  c a r r i e r  s a tu ra t io n  (numerical value);
BO„: transponder output back-off with respect to  s ingle  c a r r i e r  sa tu ra t io n  (numerical value);

W ': saturation power flux-density at the satellite (W/m:).

The product of the satellite saturation power flux-density and the satellite receiving antenna gain 
(i.e. W, -g2(6A))is the same fo r  the satellite antenna beam-peak and beam-edge values. Hence the transmission Rain 
(y) is a maximum when the satellite e.i.r.p. is a maximum. This condition occurs at the satellite transmitting 
antenna beam-peak.



466 Rep. 454-5

3.1 Lowest T  and associated v -

The lowest equivalent link noise temperature, Tmw, can be expressed as follows:

Tmm =  Tt +  ymin • Ts + Ta (4)

where Ta is other internal noise and y min, its associated transmission gain, is derived from equation (2) by
considering the satellite saturation e.i.r.p. (e.i.r.p.,) at beam-edge.

3.2 T and  y corresponding to the highest y /  T ratio

The value of y and associated T that correspond to the highest ratio o f  transmission gain to equivalent 
link noise temperature can be determined by maximizing the following equation:

3. Derivation of two sets of T and y

(5)
T  Te + y Ts +  Ta

This equation is maximized when y is maximum, i.e. when it is calculated at the satellite antenna beam 
peak rather than beam edge, consequently:

Y  m ax =  Ym in ^ 8  (6)

A g : satellite transmit antenna gain difference between beam-peak and beam-edge values (numerical
power ratio).

The associated equivalent link noise temperature is, therefore, given by :

T  = Te +  y min Ts Ag +  T0 (7)

4. Summary

The determination of T  and v in accordance with the above-mentioned formulae or by other methods 
needs to be made for each tvpe o f  utilization in the satellite network in order to obtain the appropriate sfcts of 
values t o  b e  u s e d  f o r  A T / T  c a l c u l a t i o n .

These methods should not be used to derive values of T  and y from notified or published information by 
other administrations. Further studies are required concerning these parameters and their relationships.

ANNEX I I I

METHOD OF THE NORMALIZED EQUIVALENT N O IS E  
TEMPERATURE OF THE SATELLITE LINK

1. Introduction

Tms method is based on the technique shown in Appendix 29 to the Radio  Regulations and described in 
this Report appropria te ly  modified to give precise results. To do so. the threshold o f  6% used in Appendix 29 is 
replaced by thresholds which depend  on the carriers involved and which meet the C C IR  criteria.
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2 .  N orm alized values fo r  the relative increase in the admissible equivalent link noise tem perature

2.1 Definition

The method involves determining the overall increase in equivalent link noise tem perature  due to 
the various types o f  transm ission  in the two networks.

The normalized values for the relative increase in equivalent link noise tem perature  are siven bv:

N0 : thermal noise density corresponding to the equivalent noise 
temperature of the satellite link,

I /  Nu : ratio of interfering power to the thermal noise density of the wanted carrier,

: bandwidth defined by the ratio of the interfering carrier power P ' to its maximum spectral
power density p 'm:

2.2 Values for various carrier types

The calculation method  for (A T/7"),v depends on the tvpe of wanted and interfering carriers. Five 
types are considered:
— FD M -F M ,
— SCPC-FM ,
— digital SCPC (SCPC-D1G).
— wideband digital (D IG -BB),
— FM-television (FM-TV).

For a given type o f  wanted carrier and a given type of interferinc carrier, the (A T /  T ) s  value 
obtained (using the method which corresponds to this pair of carrier types) depends on carrier parameters 
such as bandw id th  and coding.

In order to limit the necessary computations, each general carrier tvpe is broken dow n into var.ious 
sub-headings so that, for each pair  o f  carrier types, the carrier parameters no longer affect (A T / T ) s  (as 
long as these parameters lie in the range specified for each type) (see Table I ) .  Thus (A T / T ) N can be 
determined simply from the knowledge o f  the type of the two carriers.

Carriers are classified according to this type.

An initial analysis o f  the carriers leads to the identification of about 50 different types:
— about 20 F D M -F M , characterized by the number o f channels and allocated band,
— several SC PC-FM . characterized by the allocated band,
— about 15 DIG-BB. characterized by the bit rate, type of coding, and number o f states,
— several SCPC-D1G, characterized by the bit rate, type of coding, and number o f states,
— several FM-TV, characterized by the allocated band and energy dispersal characteristics.

In o rder to simplify the presentation of the table of thresholds, the 50 types o f  carriers have been 
gathered in 12 categories as given in Table I I .

The corresponding values o f  A T / T  for each pair of wanted and interfering categories o f  types of • 
carriers is siven in Table I I I .

where:

P'rr =  P ’/ B ,
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TABLE I - Standard carrier types

FDM-FM
No. Type N /V Boc

(MHz)
fn u n

(kHz)
fm a x
(kHz)

A/j<
(kHz)

Af m 
(kHz)

1 12 1.3 12 1.13 12.0 60.0 108.5 159.0
2 12 2.5 12 2.2 12.0 60.0 238.9 350.0
3 24 2.5 24 1.% 12.0 108.0 163.4 275.0
4 60 .5 60 2.25 12.0 252.0 136. 5 276.0
5 72 2.5 72 2.25 12.0 300.0 124. 5 261.0
6 60 5.0 60 3.96 12.0 252.0 270.1 546.0
7 132 5.0 132 4.45 12.0 552.0 223. 5 529.0
8 192 5.0 192 4.51 12.0 804.0 180.0 459.0
9 96 7.5 96 5.87 12.0 408.0 359.8 799.0

10 192 7.5 192 6.40 12.0 804.0 297. ■> 758.0
11 252 7.5 252 6.74 12.0 1052.0 259. 7 733.0
12 132 10.0 132 7.50 12.0 552.0 430.0 1020.0
13 252 10.0 252 8.49 12.0 1052.0 357.4 1009.0
14 312 10.0 312 8.96 12.0 1300.0 320.0 1005.0
15 252 15.0 252 12.39 12.0 1052.0 576.4 1627.0
16 432 15.0 432 12.95 12.0 1796.0 400. 2 1479.0
17 432 20.0 432 17.99 12.0 1796.0 615.8 2276.0
18 612 20.0 612 17.70 12.0 2540.0 453. 7 1996.0
19 432 25.0 432 20.59 12.0 1796.0 727. 3 2688.0
20 792 25.0 792 22.34 12.0 3284.0 498.4 2494.0
21 972 25.0 972 25.00 12.0 4028.0 410.0 2274.0
22 972 36.0 972 35.99 12.0 4028.0 796.7 4417.0

SCPCA
Type

Boc fm in fm a x A / ' i
No. (kHz) (kHz) (kHz) (kHz)

23 0.020 20.0 0.3 3.4 5.8
24 0.025 25.0 0.3 3.4 12.0
25 0.030 30.0 0.3 3.4 8.5
26 0.090 90.0 0.3 3.4 3.4
27 0.180 180.0 0.3 3.4 3.3

SCPCN Boc Bit rate
No. Type N /E (kHz) (kbit/s)

28 0.064 4 38.0 64.0
29 0.085 4 50.0 85.0
30 0.128 4 150.0 128.0
31 0.256 4 300.0 256.0
32 0.502 4 600.0 512.0

NUM-LB Boc Bit rate
No. Type N /E (MHz) (Mbit/s)

33 2Q 4 1.44 2.048
34 3Q 4 1.84 3.072
35 4Q 4 2.25 4.096
36 8Q 4 5.0 8.448
37 10Q 4 5.0 10.0
38 17Q 4 10.2 17.0
39 25Q 4 18.0 24.6
40 34Q 4 20.6 34.368
41 40Q 4 20.0 40.0
42 50Q 4 25.6 50.0
43 120Q 4 75.0 120.0
44 139Q 4 82.0 139.264
45 147Q 4 110.0 147.0

FM-TV A f B oc A/pm Afp n m fb a l
No. Type (MHz) (MHz) (MHz) (MHz) (Hz)

46 T V .17 4.75 17.5 1.0 2. 0 60/30
47 TV. 20 4.8 20.0 1.0 2.0 50
48 TV. 30 6.2 30.0 2 0 4.0 50
49 TV .35 5.0 30.0 2.0 4.0 50/25
50 TV. 36 11.0 32.0 1.0 2.0 50

SCPCA: SCPC (analogue) A f: frequency deviation
SCPCN: SCPC (digital) Afp m: frequency deviation (modulated carrier)
NUM-LB: wideband (digital) Afpnm : frequency deviation (unm odulated carrier)
N/V: number o f channels fbal'- sweep frequency
N /E : number of states Afsi'- frequency deviation (test signal)
Boc ■ occupied bandwidth Af m : frequency deviation (multiplex signal)
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TABLE I I  -  Categories o f  carrier

Type of carrier No.

Boc ^  3 MHz 1-5

FDM-FM 3 MHz < Boc S  7 MHz 6-11

7 MHz < Boc S 15 MHz 1 2 -1 6

Boc > 15 MHz 1 7 -2 2

t Boc ^  3 MHz 33-35

Wideband digital 3 MHz <  Boc S ’  MHz 36-37

7 MHz <  Boc S. 15 MHz 38

Boc > 15 MHz 39-45

SCPC
PSK 28-32

CFM 23-27

FM-TV A /  < 7 MHz 4649 ,

A/ >  7 MHz 50

Boc' occupied bandwidth 
A / :  frequency deviation

TABLE III — Single carrier oo single carrier AT/T threshold values

Interfering
carrier FDM-FM Wideband digital SCPC FM-TV

Wanted { 1 ) 
carrier Boc

(MHz) < 3 3-7 7-15 >15 <3 3-7 7-15 >15 PSK CFM Af>7

13 12 12 1 1 8 10 1 0 8 9 1 2 2 3 1 1 1 1

FDM-FM
< 3
3-7 23 1 4 12 1 2 1 1 1 0 1 0 8 2 9 4 3 5 0 1 1 1 3

7-13 4 0 20 1 4 1 2 1 7 1 0 1 0 8 5 6 8 4 5 8 1 2 19
> 15 1 0 2 4 6 2 4 1 4 4 0 19 1 1 8 1 4 8 2 2 2 5 7 2 3 4 5

< 3 1 5 1 0 9 9 9 9 9 9 2 1 3 0 8 5 9 9
Wideband 3-7 4 9 2 1 12 9 19 9 9 9 7 1 1 0 7 1 2 1 1 2 1

digital 7-15 1 0 0 4 4 21 1 1 39 1 7 9 9 1 4 6 2 1 8 5 3 2 2 4 4
- - >  15

1 7 6 77 38 1 5 69 3 1 15 9 2 5 7 3 8 5 6 5 39 77

PSK * * 9 9 9 9 9 9 9 9 9 9 2 2
SCPC C F M * 11 11 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1 2 1 3 6

4 / s 7 73 32 16 6 29 13 6 2 1 0 7 1 6 0 4 6 1 6 3 2
FM-TV A f  > 1 23 1 0 5 2 9 4 2 1 3 4 5 0 9 8 5 1 0

Note.- When several equal pcwer interfering carriers of one of the types given in Table I are included in the 
wanted bandwith, these values should be decreased in accordance with the nnber of these interfering 
carriers.

(1) The table reflects the value for the most sensitive carrier in any range.

* Criterion used: 800 pWOp single entry and 7000 pWDp total. For PM-TV interference a 20% allocation to
external satellite interference is assured.

** Criterion used: 6% single entry and 70% total. For FM-TV interference a 20% allocation to external
satellite interference is assured and a value of 12.3 dB is assured for energy per bit to noise power
density ratio (BER = 10'6).

(2) This Table should not be used for carrier types rot included in Table I.
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The parameters used are as follows:

Bq : bandwidth of the wanted signal (Hz),

B\ : bandwidth of the interfering signal (Hz),

•7/'Ao : ratio of interfering carrier power-to-noise power density,

CC/ No : ratio of wanted carrier power-to-noise power density,

C / l : ratio of wanted-to-interfering carrier power,

: b a n d w i d t h  defined by the ratio o f interfering power P '  to its maximum spectral power density

p ' m _  P ' / B 2

.a : fraction of interfering signal power received after filtering by the wanted signal receiver filter (see
Report 388).

N : thermal noise power density corresponding to the equivalent noise
° temperature of the satellite link,

N : noise power N =  N0 - B0.

Admissible normalized values for the relative increase in equivalent link noise temperature are given by:

3. Parameters used in the computation of I/Nn and (AT/T)kt

4. Interference criteria

(^\In the computation of yT for analogue FDM/FM signals, the equivalent 
link noise temperature should correspond to a noise power in a telephone channel 
of 7000 pWOp for systems with frequency re-use and 6500 pWQp for systems without 
frequency re-use (Recommendations 466 and 356).

For digital signals, the equivalent link noise temperature should 
correspond to 70% (for systems with frequency re-use) and 65% (for systems 
without frequency re-use) of the total noise power level which would give rise 
to a bit error ratio of 1 0 (Recommendations 523an£i 558).

For TV/FM type signals, the criterion given in Recommendation 483 
should be applied. Accordingly, taking into account interference from 
terrestrial radio links, the single-entry interference criterion referred to 
permissible video noise is 5%.

For an SCPC-FM signal, the criterion for interference from other than 
TV-FM signals is assumed to be 600 pWOp in a channel for an equivalent link 
noise temperature of 7000 pWOp for systems with frequency re-use and 6500 pWOp 
for systems without frequency re-use.

For an SCPC-FM or SCPC-PSK, the criterion for interference from TV-FM 
signals should correspond to Recannendation 671 and Report 867.

It should be noted that if the spectrum of the wanted signal is broader 
than the spectrum of the interfering signal, total interference due to all 
interfering signals from the same network within the bandwidth of the wanted 
signal should be considered.
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5 .  FDM-FM wanted carriers

Baseband interference Nr is given in pWOp by (Report 388):

10 log N ,  =  87.5 — B — 10 log £  dB

5/
= 87.5 -  P +  10 log b + 10 log D ( / .  f 0) -  20 log —

= - 3  - 1 O lo a  —
'  I

where:

B : interference reduction factor,

b : telephone channel bandwidth (Hz),

6 f :  r.m.s. test-tonc deviation of the wanted signal (Hz),

f m : top baseband frequency of the wanted multiplex signal (Hz).

D(P*fo) ■ convolution product of wanted and interfering spectra,

fo : separation between carrier frequencies of wanted and interfering signals (Hz).

/ :  central frequency of the selected channel, located in the baseband of the wanted signal (Hz).

P =  10 log pre-emphasis (dB).

Thermal noise after demodulation is given by:

C 5/
10 log N,k =  87.5 -  P -  10 log —  + 1 0  log b -  20 log dB

N 0) f

where:

N0 — kT  : noise density power on the wanted' link 

with k : Boltzmann's constant

and T :  eq u iva len t s a t e l l i t e  l in k  n o ise  temperature as d efin ed  in  N o.168
o f the Radio R egulations

thus: 10 l ° g 77^ =  10lo g — 3 +  10-log D ( / ,  f 0) dB
N tk N  o

N , = /  D j f ' f o )
N ,h N0 ' 2

The single entry criterion established by Recommendation 466
corresponds to = 800 pWOp, for an value equal to 7000 or 6500 pWOp.
As an example, for 7000 pWOp which is applicable to systems with frequency reuse:

/ 2 0.2286 =  0.1143

/ A 7 \  0 . 2 2 e 6  1hcncc:
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6  . SC PC -FM  warned carrier 

6 . 1 Interference fro m  an F M -T V  carrier

In this case the 10 log C/I -  13 .5 +  2 log 6  - 3
be respected (Rec., 671).

thus: 1_ _C_. I 
N0 N0 C

_ C . i° • 3 

N0 101 • 6 5  . 5 ° • 2

thus: ( A T)  = £ - i0-3 . 1
\ T J *  N0 101 • 65 .5° • 2 B2

with: o = —-  and 
A /

B1 = A /

where: A/:peak-to-peak frequency deviation of TV sign a l due to energy
d isp ersa l (Hz).

i: percentage of total predemodulation noise 
allocated to internetwork interference.

For the example given in Table I , thermal n oise i s  given by:

10 log iV(/l -  188.7 -  10 log C/A'o - 2 0  log o f  dB

5 / :  r.m.s. deviation o f  the SC P C -F M  w anted  signal (Hz).

A fter com panding , the follow ing is generally  ob ta ined :

C /N 0 - 101̂  •9/5/’
6 . 2 Interference fro m  a carrier o ther than F M -T V

A ll other in terfer in g  signa ls have spectra s ig n if ic a n t ly  broader than
the wanted sign a l spectrum (SCPC), thus:

(-) - - E V t ) n  Nt h

Np = 800 pWOp: perm issib le s in g le -en try  in terference cr iter io n

1 ^ =  6500 pWOp or 7000 pWOp corresponding to  systems without or with  
frequency re -u se . Thus for 7000 pWOp:

800 -  1 1 . 4 %
t ;n  7 0 0 0

/  • D igital S C P C  wanted carrier

7 . 1  Interference fro m  an F M -T V  carrier

In this case the 10 log C/I = 10 log C/N + 6 . 4 + 3  log 5 - 8  log (i/10)
must be resquested (Rec. AB/4).

thus: I — = £ - •  I  =  N _ . i ° - 8
N0 N0 C N0 lOi-^.S0 -3

' L T \ _ i° •8 io
Y j y  1 0 1 ^ . 5 ° - 3 B2

th u s :

w « h :  5 =  —— and B, =  A /
A /  *

A / :  peak-to-peak frequency deviation  of TV sign a l due to energy
d isp ersa l (Hz).
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i = percentage of total pre-demod-noise allocated to internetwork interference. 

For the example given in Table I, C/N^ is given by:

w here:

£ :  energy per bit,

Du : useful bit rate,

A'o : noise pow er density .

7.2 Interference from a carrier other than FM-TV

All other signals have spectra significantly broader than the wanted 
signal spectrum (SCPC). Thus for systems with frequency re-use:

(LT \  = 0^0  
V T/N 0.7

06 = 8.57%

8. Broadband digital wanted carrier

Recommendation 523 gives the CCIR criterion: al/N = 6  = 8.57% (for
systems with frequency re-use) “ 70

8  . 1 Interference frnm  a d ig ita l carrier 

— if Bi, > B ,: c *=: 1

t ^ -n -  —  =  L . - « ±  I - B 0 =  0 .0857  £ 0 and B z = B r
;V0 Ah Ao

m .  -  -
thus: 1 —  1 - U . 0 8 5 7 - |S  =  0 .0 E 5 7 . |£

•* if ^  i ci *  B\

I Art h 1 B tthen: —  =  -  =  0-0857 B0 * =  0-0857 B, and Ba =  B ,
A 0; A ^  A ^ 3 £)0

=  0 .0 8 5 7 - —  =  0 .0857 
T  L  B ,

8 . 2  Interference fro m  an analogue carrier 

-  if  Bn >  £, : a  =  1

tn=n : 1 1 ( A T \  B
7 T  ~  T t 'T T  ~  °* 0857 5 o and ( — ) = 0 .0 8 5 7 - —A o A u>A o \ T / a- B

if B0 <  -B,: _Z_ _  . .^ .5^J_ _  q o£S7 j  B
k .  = ° - 0857' T  and ( t - J , - 0 -0657- ^
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9 . FM -TV  wanted carrier

In "this case, the criterion is: 10 log C/al 5 X dB, where X could be 
.a variable. However, for the example given in Table V II  , the value of X 
ihas been taken as 35 dB.

/  _  I C 1 c
A 0 “  C A'0 ~ To33'a - N 0

/ a t \ C i 1

V T I ' A ' o ' To371

thus :

-  if By> > B\ : a  •= 1

( A T \  _  C_ _ I _  1
-  if B0 <  B , : \ T  ) M~ N 0 ’ 101' * ' a - B 2

F o r  t h e  e x a m p l e  g i v e n  i n  T a b l e  V II  » w h e r e  a c c o r d i n g  t o  R e c o m m e n d a t i o n  5 6 7 ,  
t h e  r e q u i r e d  S /N  i s  5 3  d B .  A l l o w i n g  20% o f  t h e  t o t a l  n o i s e  t o  e x t e r n a l  i n t e r f e r e n c e ,  

t h e  f o l l o w i n g  m u s t  b e  s a t i s f i e d :

—  ^  5 4  dB for 99% of the tim e.

T he TV video signal-to-noise ratio  after dem odu la tion  is given by:

5 C r. • AF Fm
10 log—  = 10 log r 201oe—  lOloe —  -r P -f Q

A,* A'o r m ' 3

A F :  frequency  dev iation  at low FM-TV7 signal frequencies (H z),

F„ : m ax im um  baseband  frequency (Hz) o f  the FM -TV  signal,

F :  pre-em phasis,

Q : w eighting,

ry : v ideo -to -lum inance  signal ratio .

— in the case of a 625/50 TV system:

Q =  1 3 . 2  d B  F =  1 1 dB /-, =  0.714

P  q. Q  =  24.2 dB

thus: C /A ’o =  10!Sl_ *r n  10

with: K tv = P +  Q + 10 log 3 r f  • —
* m

A F :
=  24.2 +  10 log 1.53 • — p

10. Conclusion

T h is  m e th o d  m igh t be used  fo r  d e te rm in in g  the need fo r c o o rd in a tio n  and  as it reflec ts b e tte r  than  
A p p e n d ix  29 to the R a d io  R e g u la tio n s  the ac tu a l in terference  s itu a tio n , a certain  n u m b e r  o f  co o rd in a tio n  
p ro c e d u re s  m ig h t be e lim in a te d .

A lso , as a c o n tr ib u tio n  to fu tu re  p la n n in g  effo rts based  on m ultila tera l c o o rd in a tio n , th is m ethod  
m igh t p ro v id e  a m ore  p rec ise  m ean s o f  d e te rm in in g  m u tual in terference.
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ANNEX IV

A POWER DENSITY-AVERAGING BANDWIDTH METHOD OF DETERMINING 
INTERFERENCE BETWEEN SATELLITE NETWORKS

1. Introduction

In the process of computing interference between satellite networks, 
three levels of detail may be postulated; 1) the initial AT/T calculations using 
Appendix 29 and Appendices 4 or 3 data, 2) if the AT/T threshold is exceeded 
more detailed calculations based on additional information (such as might be 
contained in Appendix 3) where the interference power in carrier bandwidths of 
interest are estimated and, 3) if unacceptable interference remains after 2) 
carrier frequency planning may be necessary.

A simple method for determining the interference between satellite 
networks at the level of detail postulated in No. 1 and No. 2 above is described in 
the following sections.

2. Description

This method for estimating the mutual interference levels among 
satellite networks is based on providing sufficient information to allow 
computation of the interference power (I) in any interfered-with carrier 
bandwidth. The interference power (I) is proportional to the interfering power 
density (Po) times the interfered-with bandwidth of interest (3r ). The worst 
case (P0 ) is determined for any transmitting bandwidth IBt) by finding the 
portion of a band having a bandwidth (Bt) in which the total power (P) is 
maximum and thus P0 (Bt) = P/Bt.

In order to determine (I) for any carrier bandwidth (Er ) it is 
necessary to have a quantitative power density—averaging bandwidth function over 
the bandvidths of interest. The total band over which such a function would be 
provided is the band over which contiguous or potentially continouous carriers could exist. 
This would typically be a transponder bandwidth for the fixed-satellite service.
It can be demonstrated that only a small number of averaging bandwidths 
with associated power densities are needed to reasonably accurately describe a 
complete power density-averaging bandwidth function over a transponder 
bandwidth. Judicious selection of the values of averaging bandwidths can result’ 
in small reconstruction errors for the total functions. (See Appendix I - General 
formulation).

These power density-averaqing bandwidth data points would 
be provided for the up-path (values of Pe and associated bandwidths) and for the 
down-path (values of Ps and associated bandwidths) including the values of Pe 
and Ps for the currently defined averaging bandwidths. An administration with an 
interfered-with network could then construct a total function.

Using these reconstructed functions, or the appropriate equations, 
values for yATs and ATe can be computed for all carrier bandwidths of interest 
using Appendix 29. From these values, AT/T's can be computed for all carriers 
and the interference power for all carriers can also be computed; i.e.,
I - AT x K x Er where (K) is Boltzman's Constant. Thus the administration with 
the interfered with network can compute for each carrier: AT/T, I, I/N, and 
(knowing the carrier power C), C/I. From this .interference information an 
administration can decide if there is a need to coordinate or that more detail analyses 
are required or that the interference levels are acceptable.
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An important requirement for any interference determination method is 
the ability to properly account for multiple interference sources into a vider 
band carrier; for example: a number of SCPC carriers transmitted from different 
earth stations and received by different earth stations in one network which are 
common sources of interference to a vide bandwidth carrier in an interfered-with 
network. This method addresses this requirement and accounts for multiple 
source interference in the determination of the power densities where this 
situation exists. The power density values where multiple carriers must be taken 
into account would be limited to very few averaging bandwidths. The important 
point to note is that these would be determined by the administration for its 
own network.

Where the transmitting earth stations are identical the power densities 
and off-axis e.i.r.p. densities can be obtained and will have the same power 
density-bandvidth functions as the satellite transponder function. When there 
are differences in the earth station transmitting antenna gains,the composite 
power density—bandwidth function can be different than the e.i.r.p. density 
function. One method which may be used to provide information for estimating 
up-path interference in a given bandwidth is to provide a power density- 
bandwidth function for each station type (carriers into all earth stations of 
one type are assumed to be in one earth station of that type). The off-axis 
interference from each earth station type can then be computed for bandwidths of 
interest. The worst case interference for a given bandwidth can then be 
estimated by comparing the values from the different earth station types.

A specific implementation of this method is described in Appendix I and 
examples are given using this specific implementation to indicate the 
improvement in accuracy that may be achieved when compared to the current 
Appendix 29 method.

This method can be applied to determining the need to coordinate and 
can continue to be used in the actual coordination. In the case of determining 
the need to coordinate, a AT/T based on the minimum interfered with carrier 
bandwidth of interest rather than the reference bandwidth would be used as the 
threshold.

3 .  Summary

The power density-averaging bandwidth method for estimating 
interference among satellite networks is an extension of the current AT/T 
method of determining the need to coordinate and has the following features:

1) The computations are well understood using the Appendix 29 
methodology. Values of AT/T, interference power (I), or I/N can 
be computed for any interfered-with carrier bandwidth. When the 
carrier power (C) is given, then C/I is also known. Thus it can 
be used in conjuction with a variety of interference criteria.

2) A small amount of additional information is required 
over that currently necessary for Appendices 4 and 3.

3) Interference from multiple narrow-band sources into wider 
bandwidth carriers are taken into account through an 
approximation.

4) This method can be applied to determining the need to coordinate 
and to actual coordination.
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APPENDIX I

Application of the power density-averaging bandwidth method

1. General formulation

Given a band of contiguous, or potentially contiguous, carriers, the 
worst case power density (?0 ) in a bandwidth (B) is determined by finding the 
portion of the band having a bandwidth (B) in which the total power (P) are 
maximum:

F0 - P/B (1 )
Given values of power density (F'ol > and (?o2 > for bandwidths (3i ) and 

(£$2 ), the maximum value of (Fo' between (B-| ) and (B2 ) is limited as follows:

Po = Bo1 > ^ ® ^ ^Po2 /Po1 ^
?o = ?o2B2 J B2 (Po2/F0 1) < B < B2

B
and the minimum (PQ ) between (B-, ) and (B2) is

P0 = Po1 B1 i B1 < B < B'j (Pol /Po2 )
B

Po = Po2 J B1 (Fol/Po2) < B < B 2 (5 )

The difference between these functions connecting the points is the
maximum possible error.

When the power densities are expressed in dBW/Rz, and plotted agains
bandwidth on a logarithmic scale, the error parallelogram is formed as shown
Figure 2. As shown in the figure, the same process is used between subsequent
points (P02 > B2 and P0 3 , B3 , etc.). The error is a function of (B) and
(Po1 - Po2 )-

For an equal error between points (P0 1 > B-j ) , (Po2» B2 )» (Po3> B3 ) ,
(P0 4 , B4 ̂ , etc.; B2 /B1 = B3 /B2 = B4 /B3 etc. (a geometric spacing).

( 2 )

(3)
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2 .

FIGURE 2

Example of construction of total function from 
five decade space data points

Specific formulation

T h e  power d e n s i t y  p averaged over any b a n d w i d t h  b c a n  be c o m p u t e d  by 
the f o l l o w i n g  expressions, which apply to both the E a r t h - t o - s p a c e  a n d  space-to- 
Ear t h  d i r e c tions;

b L <  b < p 2b 2/ p 1 

P2b 2 / P l  <  b <  b 2 

b 2 <  b <  P3b 3/P2

W/Hz

W/Hz [ (6 ) 

U/Hz

p(b )m.x- Pi : :

-  P t ^ / h  ;

- P 2 ; 

a n d  c o n t i n u i n g  to b - b t .

S i n g l e  C a r r i e r  Case

T h e  data p o i n t  (p, , b x ) is currently requ i r e d  data. T h e  n e x t  mos t  
i m p o r t a n t  data p o int is (pt , b t ) . For the FSS, b t is most c o m m o n l y  a t r a n s ponder 
b a n d w i d t h  a n d  p t is the transponder power limit Pt d i v i d e d  by b t for the space- 
t o - E a r t h  direction. For the earth-to-space d i r e c t i o n  Pt w o u l d  be l i m i t e d  to the 
ear t h  s t a t i o n  tran s m i t t e r  power required to produce the m a x i m u m  c r a n s p o n d e r  
oucput.
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m e  due a p o i n t  (p. , b. ) limits the b a n d w i d t h  over w m c h  p- c a n  exist 
and thus e x z r a o o r a t i o n  of o . co larger band-’idths will not r e s u l t  in u n r e a l i s t i c  . 
total powers. Thus w i t h  these two data points:

p ( b >' = *x - P i  : b .  •< b  <  P . / p .  U / H t )

(?)- ?./b ; p t/Pi <  b <  b. W / H z  J

This represents a worst case power density-averaging bandwidth envelope 
for a single carrier of bandwidth bt and for the case of multiple carriers in a 
given bandwidth.

Multi-pie C a r r i e r  Case

W h e n  m u l t i p l e  carriers are contained in b. it is l i kely chat the power 
densities for a v e r a g i n g  bandwidths between b. and b. will be l o w e r  chan giv e n  by 
equation (7). A  third data point can be derived for this case f r o m  the f o llowing  
information: (1) the largest single carrier power ? 4 and (2) the c a r r i e r  power 
Pb and its o c c u p i e d  b a n d w i d t h  bb of the carrier in w h ich ?b /bb is largest. Thus 
Pb/bb is p= a n d  b 2 is t b ?4/ ? b . The worst case d e n s i t y  for any b a n d w i d t h  b is:

p ( b ) n a x  - p. ; b,  <  b <  W/ K z

»/b •'?,/?! <  b <  W/Kz  p

- ? b / b b ;PJbb/ ? b <  b <  ?._bb / ? b tf/Kz ‘

-  ? - / b  ; ? t bb / - b  <  b. <  b -. W/K=

Application

This implementation is most amenable to be used as an alternative 
method for determining the need to coordinate. When used for this purpose the 
computations need only be made for the b corresponding to the minimum bandwidth 
of interest in the interfered with network. A complete AT/T versus b function 
provides a AT/T for all bandwidths in the interfered with network and thus 
provides some indication of the degree of difficulty which might be encountered 
during coordination.

3. Examples

Sin.ele Ca r r i e r  Case

A  c o m m o n  single carrier access w o u l d  be a FM/TV carrier. For an 
example, 36 MHz transponder operating in the 6/4 GKr b a n d  with a m a x i m u m  outp-- 
p c w e r  o f  4 watts is assumed and this c a r r i e r  uses a 1 MHz frame rate spreading. 
From this for the space - to - Earth direction;

P. — 4 watts - 6 dSW (Maximum transponder power)

b. - 36 MHr (Transponder bandwidth)

b : - 4 kHz (Averaging b a n d w i d t h  per A p p . 29)

p. — 6 - TO log (1 MHz) - -54 cS(V/Kz) (Maximum power density m
4 kHz due to frame rate e n ergy dispersal).
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F o r  t h i s  co.se e q u a t i o n  ( 7 )  de t  i r . e s  t h e  - o r s :  cs.se p o w er  d e n s i t y  a s  a 
f u n c t i o n  o f  a v e r a g i n g  b a n d w i d t h :

p (b ) r a a x  — -54 d 3 (w /H z)  ; ^ kHz <  b <  1 KHz

6 - 1 0  l o g  b d3 ( U / H z ) ; 1 KHz <  b < 36 KHz

The e a r t h - t o - s p a c e  f u n c t i o n  f o r  a  p a r t i c u l a r  e a r t h  s t a t i o n  w o u ld  be che 
same s h a p e  w i t h  d i f f e r e n t  v a l u e s  f o r  P. a n d  p, . Exam ple  p a r a m e t e r s  f o r  d e t e r ­
m i n i n g  t h e  e a r t h - t o - s p a c e  pow er  d e n s i t y - a v e r a g i n g  b a n d w i d t h  f u n c t i o n  a r e :

E a r t h  S c a t i o n  t r a n s m i t t i n g  a n t e n n a  g a i n  -  55dS 
E a r t h  S t a t i o n  a n t e n n a  r e c e i v i n g  g a i n  -  51d3 
S a t e l l i t e  t r a n s m i t t i n g  a n t e n n a  g a i n  -  22 dE
S a t e l l i t e  r e c e i v i n g  a n t e n n a  g a i n  -  22 d5
T r a n s m i s s i o n  g a i n  -  -13 d3 
E q u i v a l e n t  L in k  N o is e  T e m p e r a tu r e  -  275 K

The e a r t h  s t a t i o n  t r a n s m i t t i n g  p o w e r  to  p r o d u c e  a  t r a n s p o n d e r  o u t p u t  
p o w e r  o f  6 d 3 rw* i s  1 9 d 3 f . U s in g  a  b a r  to  d e s i g n a t e  u p - p a t h  p a r a m e t e r s ;

P. -  IScBU (Kaximum E a r t h  s t a t i o n  t r a n s m i t t e r  p o w e r)  

b .  -  36 KHz ( 3 a n d v i d c h  c o r r e s p o n d i n g  t o  P . ) 

b : -  4KHz ( A v e r a g i n g  b a n d w id th  p e r  A p p . 2 9 )

p. — 19 - 10 l o g  (1  KHz) -  4 1  d3(LT/H z )  (Kaximum p o w e r  d e n s i t y  i n  
4 K H z ) .

From which the worst case power density as a function of average 
bandwidth is;

P ( b ) max -  - 4 1 d S ( V / K z ) ;  4  KHz <  b <  1 MHz
-  19 - 10 l o g  b ;  1 MHz <  b <  36 KHz

These up - path and down-path functions are shown in Figure 3.

1

b and b - Averaging bandwith Hz 
FIGURE 3

Power density - averaging bandwith
Single carrier example
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M u l t i p l e  C a r r i e r  C ase

F o r  a n  e x a m p l e  o f  a  m u l t i p l e  c a r r i e r  a c c e s s e d ,  t r a n s p o n d e r  t n e  same 
t r a n s p o n d e r  p a r a m e t e r s  a r e  a s s u m e d  a s  f o r  t h e  s i n g l e  c a r r i e r  c a s e ,  m e  s m g i e  

. c a r r i e r  w i t h  t h e  h i g h e s t  p o w e r  ? a i s  a ssum ed  t o  b e  a  FDM/FM c a r r i e r  r e q u i r i n g
- 3c3t7 o f  t r a n s p o n d e r  p o w e r  a n d  h a s  a  b a n d w id th  .b4 o f  2 MHz. The b a n d w i d t h  o :  
t h i s  c a r r i e r  s h o u l d  b e  g r e a t e r  t h a n  t h e  r e f e r e n c e  a v e r a g i n g  b a n d w i d t h ,  i n  t m s  
c a s e  4 k H z . T h e  v a l u e  o f  P4/ b 4 i s  -6 6  dB ^/H z. FM/SCPC c a r r i e r s  a r e  a l s o  a s s u m e d  
e a c h  r e q u i r i n g  - ! S d B rw o f  c r a n s p o n d e r  power Pb a n d  25 kHz o f  b a n d w i d t h  b t  . ih e  
v a l u e  o f  P^j/b^j i s  - 6 2  dS« /K z  w h ic h  i s  h i g h e r  c h a n  t h e  t h a t  o f  ch e  c a r r i e r  w i t h  
t h e  h i g h e s t  p o w e r .  F o r  t h i s  t y p e  SCPC, Pb c a n  e x i s t  i n  4kHz s o  c h a t  p ; i s
- 54 dSV/Kz w h i c h  i s  a s s u m e d  to  be  t h e  h i g h e s t  p o w e r  d e n s i t y  a v e r a g e d  o v e r  4kH: 
i n  t h e  c r a n s p o n d e r .  E q u a t i o n  ( 8 )  a p p l i e s  an d  c h e  p e r t i n e n t  p a r a m e t e r s  f o r  che 
s p a c e - t o - e a r t h  d i r e c t i o n  a r e ;

4 w — 6 dBw (Maximum t r a n s p o n d e r  p o w e r )P. 4 w —

b. -  36 M W -

P a -  -3 dBtf

2 MHz

p* b I 1 00 dBV

b* -  25 kHz

Pi -  - 5 4 d3U

b i 4 kHz

iaus t h e w o rs
36 MHz i , s :

a s e  pow er d e n s i t y  f o r  a n y  a v e r a g i n g  b a n d w i d t h  b e t w e e n

p(b)max - - 5 4  c 3 ( T- / K z )  '> 4  ^ <  126kH z

-  -3  - 10 l o g  b d S (T- / H z )  ; 126kHz <  b <  791kH z

- — -6 2  d3W/Hz '• 791kHz <  b <  6 . 30MHz

-  6 - 10 l o g  b d 3 ( -T/H z )  ; 6.30MHz <  b <  36MHz

E x a m p le  p a r a m e t e r s  f o r  d e t e r m i n i n g  t h e  e a r t h - t o - s p a c e  p o w e r  d e n s i t y -  
a v e r a g i n g  b a n d w i d t h  f u n c t i o n s  a r e  t h o s e  g i v e n  f o r  t h e  s i n g l e  c a r r i e r  a c c e s s  
e x a m p le  a b o v e  p l u s  t h e  f o l l o w i n g  a d d i t i o n a l  e a r t h  s t a t i o n  p a r a m e t e r s ;

E a r t h  s t a t i o n  t r a n s m i t t i n g  a n t e n n a  g a i n  — 4 7d 3  
E a r t h  s t a t i o n  r e c e i v i n g ,  a n t e n n a  g a i n  -  43 dS 
T r a n s m i s s i o n  g a i n  -  -2 1  dB 
E q u i v a l e n t  l i n k  n o i s e  t e m p e r a t u r e  -  212 K

T h e s e  e a r t h  s t a t i o n  a n t e n n a  g a i n s  c o r r e s p o n d  t o  a n  a n t e n n a  d i a m e t e r  o f  
a b o u t  4 . 5  m e t e r s  w h i l e  t h e s e  g i v e n  p r e v i o u s l y  c o r r e s p o n d  t o  a  d i a m e t e r  o f  a b o u t  
11 m e t e r s .  The 2MHz c a r r i e r s  a r e  n o t  u s e d  w i t h  t h e  4 . 5  m e t e r  e a r t h  s t a t i o n  
a n t e n n a s .  The SCPC c a r r i e r s  a r e  u s e d  b e tw e e n  a n y  c o m b i n a t i o n  o f  4 . 5  m e t e r  ar.c 11 
m e t e r  e a r t h  s t a t i o n  a n t e r . r . a s . From t h i s ,  a  s e t  o f  p a r a m e t e r s  f o r  each, e a r t h  
s t a t i o n  t y p e  i s  d e v e l o p e d .  F o r  ex am ple  p u r p o s e s ,  a v e r y  w o r s t  c a s e  i s  a ssu m ed  
f o r  t h e  ? .  f o r  e a c h  e a r t h  s t a t i o n  t y p e ;  i . e . , t h e  P. w h ic h  w o u ld  p r o d u c e  maximum 
t r a n s p o n d e r  o u t p u t  p o w e r .  A g a in  u s i n g  a b a r  t o  d e n o t e  u p - p a t h  p a r a m e t e r s  th e  
f o l l o w i n g  a r e  t h e  - p a r a m e t e r s ,  f o r  e a c h  e a r t h  s t a t i o n  t y p e .
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F o r  t h e  11 m e r e r  e s r r h  s c a c i o r . s

? t  -  19dSW 

P .  -  10cBUT 

? b -  - 5 dSV 

p , -  - 4 1 d 3 ( f- / H z )

For the 4,5 mer e r  garth sracior.s 

P. -  27cB T-  

P .  -  Pb -  3dB'J 

p .  -  -3 2  d S (V /H z)

A p p l y i n g  e q u a t i o n  ( 8 )  r e s u l z s  i n  

F o r  t h e  11 m e r e r  e a r r h  s t a t i o n s

p ( b ) m a x  -  -4 id 3 (v .y K z)

-  10 - 10 l o g  b d3 (w /H z)

-  -49  dS(w /K z)

-  19 - 10 lo g  b dS(V/K=)

F o r  che  4 . 5  m e t e r  e a r r h  s c a c i o n s  

p < b ) m a x  -  3 - 10 l o g  b dB(V/Hz)

b .  -  36MHz 

b a -  2MHz 

■fa* -  25kHz 

b x -  4kHz

b -  36MHz 

b ,  -  b b -  25kl- 

b ,  — 4kHz

th e  f o l l o w i n g .

; 4kHz <  b <  126kHz 

; 125kHz <  b <  791kHz 

; 7 9 1 k H z <  b <  6.30MHz 

; 6 . 30MHz <  b <  36MKz

4kHz C  b 25kHz

; 25kHz <  b ̂  6.30MHz

; 6.30MHz ^  b ̂  36MHz

-  -4 1  dB(U/Hz)

-  27 - 10 l o g  b dS(W/Hz)

T h e s e  f u n c z i o n s  a r e  shown i n  F i g u r e s  4  a n d  5 .
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FIGURE 4
Power density - averaging bandwith 

Multiple carrier down-path example

FIGURE 5
Power density - averaging bandwith 
Multiple carrier up-path example



484 Rep. 454-5

The u p - p a t h  i n t e r f e r e n c e  i s  a l s o  a f u n c t i o n  o f  che o f f - a x i s  e a r t h  
s t a t i o n  t r a n s m i c c i n g  a n t e n n a  g a i n s  a s  w e l l  a s  che p o w er  d e n s i t i e s .  I f  che o f f -  
a x i s  g a i n s  w e re  t h e  t h e  sarad f o r  che abo ve  e x a m p l e s ,  t h e n  t h e  e n v e l o p e  o f  che 
two f u n c t i o n s  i s  che  w o r s t  c a s e  pow er d e n s i t y  f o r  an y  a v e r a g i n g  b a n d w i d t h .  I f  
t h e  o f f - a x i s  g a i n s  a r e  d i f f e r e n c ,  t h e n  a w o r s t  c a s e  o f f - a x i s  e . i . r . p .  d e n s i c v  
f u n c t i o n  c a n  be  d e v e l o p e d .

Using the above multiple carrier example, AT/T calculations may be made 
where p(b) max is used for Ps and p(b)max is used for Pe in Appendix 29. A 
topocentric angle of 4°, an earth station side-lobe envelope of 29 - 25 log<P 
and co-coverage conditions are assumed. The interfered with network has the same 
characteristics as the interfering network except for the carriers. The results 
of these calculations are shown in Figure 6. The current Appendix 29 
calculations show a AT/T of 36% for all interfered with bandwidths. Using this 
method a AT/T of 14% is indicated for interfered with carrier bandwidths of 
25 kHz to 126 kHz and the AT/T is less than 6% for interfered with carrier 
bandwidths greater than 600 kHz. With this method, the numerical value of AT/T 
is equal to the I/N in the interfered with carrier bandwidth.

FIGURE 6  

AT/T vs averaging bandwith 
multiple carrier example

4 .  D a ta  r e q u i r e m e n t s

T h - s  p ow er  d e n s  i  t y  - a v e r a g i n g  b a n d w id th  m e th o d  h a s  b e e r ,  d e v e l o p e d  w: 
‘"n e  ° - a u n i m i z i n g  cr.e am oun t o :  a d d i t i o n a l  d a t a  r e q u i r e d  a n d  che

° f  c h a t  d a t a  and  a t  cr.e same t im e  p r o v i d i n g  a v e r v  s i ~ r . i  c ~ r~
im p r o v e m e n t  i n  che  i n t e r f e r e n c e  e s t i m a t e s .

The data required for the specific implementation can be related to 
Appendix 3 items (as modified by WARC ORB-88) as follows. The paragraph 
references are those resulting from WARC ORB-88.



Rep. 454-5 485

S’.-Tibol R e f e r e n c e S'-ntbol P.e f e r e n . e e

p 2 . C .8 ( d ) 2 . 3 . 1 2 ( e ) "

b . 2 . 0 . 8 ( d ) b . 2 . 3 . 1 2 ( e ) *

2 . 0 . 8 ( a ) * p- a 2 . 3 . 1 2 ( a ) "

b a 2 . 0 . 7 ( c ) * b « 2 . 3 . 1 1 ( c ) "

2 . 0 . 8 ( a ) * 2 . 3 . 1 2 ( a ) *

b* 2 . 0 . 7 ( c ) * 2 . 3 . 1 1 ( c ) "

? : 2 . 0 . 8 ( b ) 2 . 3 . 1 2 ( b )

b . 2 . 0 . 8 ( b ) W 2 . 3 . 1 2 ( b )

The a d d i t i o n a l  d a t a  f o r  A p p e n d ix  3 a r e  t h e  a s t e r i s k  i t e m s  w h ic h  a r e :  
( 1 )  t h e  p o w er  a n d  b a n d w i d t h  o f  two p a r t i c u l a r  c a r r i e r s  f o r  b o t h  u p - p a t h  and  
d o w n - p a t h  a n d  (2 )  t h e  a g g r e g a t e  e a r t h  s t a t i o n  t r a n s m i t t e r  p o w e r s  f o r  e a c h  e a r t h  
s t a t i o n  t y p e .

O p t i o n a l  i t e m s
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A N N E X  V

RELATIONSHIPS BETWEEN A T /T  RATIOS AND SINGLE-ENTRY 
INTERFERENCE CRITERIA

]. in troduction

TTns R ep o r t  describes the method o f  calculation to determine the need for coordination between two 
satellite networks. Since the interfering signals are there treated as thermal noise, the method can be used 
irrespective o f  the m odula tion  characteristics and capacities o f  carriers transmitted in each satellite network and 
their precise frequencies also do  not need to be known. T h is  R eport  is therefore approxim ate  and 
should be ^conservative in such a way that it should not release from coordination two satellite networks having 
transmitted carriers for which the relevant single entry interference criteria would not be met if detailed 
interference calculations were made. Such single entry criteria represent the Final objective to be observed if the 
mutual interference between any two satellite networks are to be kept within predetermined values.

The A T / T  ratio which corresponds to a particular single entry has been calculated for several types of 
interfering and  desired carriers, used in geostationary-satellite networks. For carrier modulation parameters other 
than those .assumed in [CCIR, 1978-82a], the resulting values for A T / T  may be different.

2. Relationship between A T /T  and C /I

The imethod described in T h is  R epo r t  is based on the concept that the noise temperature of the system 
receiving interference undergoes an apparent increase due to the effect o f  interference, the interfering signals being 
treated as :thermal noise, whose spectral power density would be equal to the maximum spectral power density o f  
the signals.

If  70 'cis the maxim um  spectral power density o f the interfering carrier, it can therefore be written:

C C (1)
/ 0 k x AT

where C / / 0 \s the carrier-to-interference density ratio, it being assumed that 70 has been calculated as if the 
interference could be treated as thermal noise. The apparen t increase in the noise temperature o f  the system 
receiving interference is A T  and k  is the Boltzmann's constant (J /K ).

The acarrier-to-noise density o f  the “desired” carrier,  due to the total satellite link noise, can be written:

C C
~  k T  (2)

where T  is the equivalent satellite link noise temperature o f  the carrier receiving interference.

The com bination  o f  expressions Cl) and (2) results in:

10 log ^  =  (C /N 0) -  (C/70) (3 >

where the carrier-to-noise and  the carrier-to-interference densities are expressed in dBHz.

It should be noted that / 0 corresponds to the maximum power density values which are notified by 
Appendices 3 and 4 o f  the Radio Regulations, and used in the calculations made according to Appendix 29 of the 
Radio Regulations- and  t h i s  R ep o r t .
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3. Protection of F D M - F M  carriers

In [CCIR. 1978-82a] the values o f  A T / T  were determined for a wide range o f  interfering F D M -FM  
telephone carriers on the basis o f  600 p\V0p single-entry interference and 7000 pWOp system noise (i.e. noise 
excluding all interferences). The required values o f carrier-to-filtered interference ratio { C /1 B) which correspond to 
a demodulated interference noise level of 600 pWOp at the top  channel o f  the desired carrier,  have been computed 
using the mathematical model o f  [Pontano et al.. 1973]. In  t h i s  model .frequency separation was n o t  'Considered 
for each pair  o f  carriers-

Borodich [1984] gives a formula expressing the relation between the apparen t increase in equivalent noise 
temperature at the receiver input due to the interference and the noise power thereby caused in the aud io ­
frequency channel:

a t  p si w; (0 )
T P ST D (6 / .  F )

(4)

where:

P s , : noise power (pW) caused by the actual interfering signal in the audio-frequency channel at the
point o f  zero relative level;

P s t - full power (pW) o f  the psophometrically weighted thermal and  intermodulation noise in the 
audio-frequency channel at the point o f  zero relative level;

U'i(O) : m axim um  normalized spectral power density o f  the interfering signal at the earth-station receiving 
an tenna  output;

D (6 / .  F) = - Ws (u) W, (F — o f  + u )d u  + IVs (u) If] (F + b f - u )  du

w here:

D : convolution o f  the spectra o f  the wanted signal fFs(F) and the interfering signal W i(F ). measured
in the same units as the spectral power density;

5 / :  difference between the wanted and interfering signal carrier frequencies.

Formula (4) is o f  a general nature and valid for all types of interfering signals, both analogue and digital.

The lowest value of 8.5°/o was found as the worst case amongst those analyzed in [CCIR. 1978-S2a], 
for networks advance published before 1987.

Since, for new networks advance published after 1987, the single-entry 
interference criterion to be applied is 800 pWOp (instead of 600) and that the 
permissible noise power in a telephone channel resulting from the interference 
caused by all other satellite networks should not exceed 2500 pWOp (instead 
of 2000), the values of AT/T should be increased by a factor of 1.44 for such 
networks, compared to networks published before 1987. The minimum value of AT/T
thus becomes 12.3%.



488 Rep. 454-5

T nesam e result can be obtained in general form directly from formula (4) a.s shown in [Borodich. 1983], 
in the worst case, when 6/  =  0 , and the interfering signal spectrum is approximately uniform within the limits of 
the significant part o f the wanted signal spectrum D (0, F) = W-',(0) and formula (4) becomes:

AT ^  Psi (5)
T  *  PKT

From f o r m ul a  ( 5 )  it follows that in the worst case of wideband interference, the apparent increase in the 
equivalent satellite link noise temperature corresponding to the permissible noise level in the audio-frequency 
channel has the following value:

- f o r  n e t w o r k s  a d v a n c e  p u b l i s h e d  p r i o r  t o  t h e  e n d  o f  1987 (6 0 0  pWOp 
c r i t e r i o n )

AT 600—  = — -  = 0.0857 i.e. 8.57%
T  7000

- f o r  new n e t w o r k s  a d v a n c e  p u b l i s h e d  a f t e r  1987 (8 0 0  pWOp c r i t e r i o n )

A T /T  = *6§§§' = ° * 123 £ - e * 1 2 - 3%

I f  c he  s p e c t r u m  o f  t h e  w a n t e d  s i g n a l  i s  s i g n i f i c a n t l y  b r c a d e r  t h a n  che  
s p e c  c r u x  o f  t h e  i n t e r f e r i n g  s i g n a l ,  t h e n  ^ (-f* ) w h e n c e

^ ’~IL S ~Ze'

_  \ Fn i  w t ( 0 )

p  v  ( "  1 ‘NT S '

w h e r e  Vs ( f a ) i s  t h e  s p e c t r a l  p o w e r  d e n s i t y  o f  t h e  w a n t e d  s i g n a l .

The value of Ws(fm ) can be determined from the graphs in Figures 9d and 
9e in Report 388-5.

then:
If there are n narrow-band interfering signals with identical parameters,

(A T |  _ PNI w , ( 0 )

T /  = *N~ ’ "
_  D ( -i »f m )

]=1

where
qfj is the difference between wanted and j-th interfering signal 

carrier frequencies.

When t h e  i n t e r f e r e n c e  t o  t h e  FDM-FM c a r r i e r  i s  f ro m  a  TDMA c a r r i e r ,  
t h e n  t h e  AT/T r a t i o  c o r r e s p o n d i n g  t o  600 pWOp o f  i n t e r f e r e n c e  w i l l  a g a i n  h a v e  a 
minimum v a l u e  o f  a p p r o x i m a t e l y  8.5% ( f o r  t h e  800 pWOp c r i t e r i o n  - 1 2 .3 % ) ,  s i n c e  
t h e  s p e c t r a  o f  TDMA c a r r i e r s  a r e  u s u a l l y  r e l a t i v e l y  f l a t .
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For TDMA carriers encoded by an 8-bit PCM telephony signal. Recommendation 523 recommends that: 
the maximum level of interference power tn any such 8-bit PCM system caused by the transmitters ot another 
fixed-satellite network, averaged over any ten minutes, should not exceed, for more than 2(To of any month, 6°o o f  
the total noise power level at the input to the demodulator which would give rise to a bit error ratio o f  1 in 10 .

It is assumed that the internal system noise is55 % of the total system noise, the remaining 25 % being 
attributed to terrestrial and satellite system imerference.

4. Protection of T D M A  carriers

T h e  o l d  c r i t e r i o n  f o r m e r l y  a p p l i e d  f o r  i n t e r f e r e n c e  f r o m  o n e  a d j a c e n t  
FSS n e t w o r k  w as  4%, f o r  a n  i n t e r f e r e n c e  a l l o w a n c e  f o r  a l l  o t h e r  s a t e l l i t e  
n e t w o r k s  o f  20%. A l l o w i n g  a f u r t h e r  10% m a r g i n  f o r  i n t e r f e r e n c e  f r o m  t e r r e s t r i a l  
s y s t e m s ,  i t  w as  a s s u m e d  t h a t  t h e  i n t e r n a l  s y s t e m  n o i s e  a c c o u n t e d  f o r  70% e x  t h e  
t o t a l  n o i s e  p o w e r .

The results of the appropriate calculations (.see [CCIR. 197S-82a]) are given in T a b l e  I V .

TAoiii. IV  - &.T/T values for TDMA wanted earners

in te rfe rin g  carriers ( c h a n n e l / M H c ) 4 3 2 /1 7 .5  j • 9 6 /7 .5
i
i 7 V 7 4 C )i T D M A /3 6

i I

TD M .A /2.5 |

W anted TD M A  ca rrie r (M Hz) 36 !
i

2.5 36 ; 2.5
:

36 2.5
i i
! 36 ! 2.5 I

• X T T ( % ) ; 6 4  ! 10.8 | 76 j 8.6 OO b
\

oo

; ! 1 
i 12 .3  j 8 .6  !

1

(’) 4 M H z peak -io -p eak  energy  d ispersai assum ed .

Borodich [1984] gives a formula for calculating the apparent increase in the equivalent satellite link noise 
temperature A T / T  corresponding to the single entry criterion defined in Recommendation 523:

wners

I I  =  0 05 0 5 2 2 2 2 1 1 /  (6)
T  0 . 6 5 s ( A / )  S (A /)

1*7(0) : maximum normalized spectra! power density o f  the interfering signal at the earth-station receiving 
antenna output;

a /
2

S ( A f )  = Wi (F) dF

-A/
2

A/ :  receiver bandwidth at input to demodulator.

Formula (6) is of a general nature and valid for all types of interfering signal, both analogue and digital. 
It follows from formula (6) that in the worst case of wideband interference, A T / T  -  0 - 0 S 2 ,  i . e .  9 . 2 % .

5. Protection of SCPC-FM carriers *

For wideband in t e r f e r e n c e ,  such as  t h a t  frcm FEM-FM c r  TEMA c a r r i e r s ,  th e  AT/T co rresponding  t o  
600 pWOp noise (or the subjective eauivalent in the case of companded SCPC-FM) will be 8.5°/o by the same 
reasoning used in § 3.

I f  t h e  TV-FM i n t e r f e r i n g  s i g n a l  i s  m o d u l a t e d  o n l y  b y  t h e  d i s p e r s a l  
s i a n a l  a t  t h e  f i e l d  o r  f r a m e  f r e q u e n c y ,  t h e n  i n  a c c o r d a n c e  w i t h  R e p o r t  867, 
t h e  p e r m i s s i b l e  s i n g l e - e n t r y  i n t e r f e r e n c e  c r i t e r i o n  i s :

*  T h i s  s e c t i o n  n e e d s  t o  b e  r e v i e w e d  b a s e d  o n  R e c o m m e n d a t i o n s  4 6 6  a n d  671
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C /  I  » 2 6 .+  8  1 0 5 a

KaT A fg = PjS  

K T Afg = AP

. - 3  _ 0 . 2  
AT \  _  2 .5 1 2 > 1 0 «PS_. a
T /  A

where
Pt = total noise power at the input of the demodulator,

Pg - power of the wanted signal at the input of the demodulator, 

A - 0.7 or 0.65.

For a threshold ratio ( P s / P t )  = 10 dB

/  ’ \ 0 . 2  _  Q.Q2512 -a  
T -  A

Clearly.

whence

IFor interference from other SCPC-FM carriers, with the assumptions that voice-switching of carriers is 
used and that r.m.s. deviation is 3.4 kHz, the A T / T  corresponding to 600 pWOp equivalent interference noise was 
found in {CCIR, 1978-82a] to be about 3%.

For new networks advance published after 1987 (single-entry 
interference criterion 800 pWOp), the corresponding values of AT/T are 
12.3% and 4.32% respectively.

TABLE V — A77T values fo r  the single entry criterion in Recommendation 523 *

0.01 0.02 0.03 0.04 0.C5 |

P,/Pt( dB) 17.5 19.1 20 20.7 21.3 |

(S T /T ^o ) 0.84 1.17 1.43 1.61 1.76 |

* The values in this table may have to be broucht in line with the 
interference criteria adopted for this transmission tvoe.
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W hen the interfering signal can be considered as thermal noise, the. same assumed single entry criterion 
and conclusions o f  the SCPC-FM  case can again be derived, Therefore, the required A T / T  ratio will have the 
same value as the specified single entry percentage criterion.

A nother  type o f  interference can now be analyzed, when the interfering signal is a slowly spread frequency 
modulated  carrier, like a TV-FM carrier modulated by the energy dispersal waveform only.

Laboratory measurements have been made [CCIR, 1978-S2b] and the results are in Annex 5.2.9.5.2 o f  the
C C IR /S P M  Report (page 5.196 o f  the English version). According to that Annex. " N  identical C W  interferers, all 
with identical, but uncorrelated, slow tr iangular energy dispersal” , had their levels adjusted to ensure compliance 
with the 10% aggregate criterion of Recommendation 523 (for 8 -bit PCM encoded digital carriers). If  data 
available from such measurements are taken as an example o f  a single entry criterion, the resulting values for the 
required A T / T  ratio for the protection of three different SCPC-PSK carriers, with allocated bandwidths of 
22.5 kHz. 30 kHz and  45 kHz, from TV-FM slowly spread interfering carriers with a peak-to-peak energ>
dispersal deviation o f  1 MHz would be around 1%.

1
A more rigorous calculation of the apparen t increase in equivalent noise temperature A T / T  due to the 

effect o f  a TV-FM signal modulated by the energy dispersal waveform with a level corresponding to the specified 
single entry criterion can be carried out using the formula in [Borodich, 1984]:

= A  I I  A  (7)
T 0.7 PKZ Ps

where:

A f
5  =  Jsc.p£ ; ra t i0  0 f the channel bandwidth  Afscpc  to the peak-to-peak frequency of the interfering 

signal A f p.p :

Ps . . .  . . .  : sianal-to-noise power ratio at receiver input:
Pm

Pi : interference threshold for a given value o f  5 and a given signal-to-noise ratio (/V'fP.vr)-.

Methods of calculating the ratio P i/P s  versus 5 for different single entry criteria are given in [Boro­
dich, 19S2 and  Zlotnikova. 1983].

Table VI gives results for the value o f  A T / T  calculated for different values o f  5. For calculation purposes, 
it was assumed that the interfering signal threshold, in accordance with R ecomm endation  523, does not exceed 6 % 
of the total noise power at the demodulator input, which would give rise to an error ratio o f  1 x .  1 0 -6 .

6. Protection of SCPC-PSK carriers*

TABLE VI -  AT /T  values fo r  the single entry criterion in Recommendation 523

5 0.01 0.02 0.03 0.04 0.05

P s /P d  dB) 17.5 19.1 20 20.7 21.3

A T/T(°Io) 0.84 1.17 1.43 1.61 1.76

The calculation results show that when a TV-FM signal modulated by a field or frame frequency 
dispersion signal interferes with an SCPC transmission system, the provisional method under-estimates the 
interference and fulfilment of the criterion A T / T  <  6 % does not guarantee that the error probability will remain 
within permissible limits.

With F D M -F M , TDM -PM  and other interfering signals, it is correct to use formula (6 ).

* This section needs to be reviewed based on Recommendations 523 and 671-
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Studies carried out in 1987 [Zlotnikova, Dorofeev] have shown that in 
the case of FDM-FM interference affecting a SCPC-PSK system, the criterion for 
single-entry interference differs from the 6% value given in Recommendation 523 
and may range from 6% to 7.6%, since in existing FM systems the effective 
modulation index does not exceed 3. On the basis of these findings, 
equation (6) may be written:

AT/T- A yl(°) Af _ b HliPJ. -Af ( g )
0 . 65 S(Af ) S (Af )

VThsre A is a constant in the range 0.06 to 0.076 and B is a constant in the 
range 0.092 to 0.12.

It follovrs from ( 8 ) that in the case of FDM-FM interference affecting 
a SCPC-PSK system, the minimum AT/T value, corresponding to the 6% criterion for 
single-entry interference, may reach 9.2%.

7. Protection of FM-TV carriers

The assumed single-entry interference criterion based on 
Recommendation 483-1 could be:

P_S(Af) * 0.04 K T_ A f .± L

where

Tv - aggregate receiving system noise temperature.

The equivalent satellite link noise temperature, in accordance with the 
dec*.melon in No. 168 ot che Radio Regulations and Recommendation 483-1 is*
T - 0.8 Tr

whence I  W_(0)Af
—  = 0.05   •

V T / S (Af)

In most cases, the spectrum of the FM-TV signal is significantly 
broader than the spectrum of the interfering signal; for n identical interfering 
signals:

AT\ VT(0)Af
—  = 0.05 — -----  *T / n

If the interfering signal is an FM-TV signal, then

Af/2

s(Af) 25 a f expl:^ (f/AF) 2J ^
-Af/2

where AF — frequency deviation in the low frequencies (see Report 3SS ).
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The A T / T  ratio which corresponds to specific single entry interference objectives, for the case of
interference between each pair o f  wideband carriers, has been presented in this Annex.

For the interference produced into FD M -FM  carriers, the lowest value o f  the A T / T  ratio is about 8.5%. 
When the desired signal is a T D M A  carrier, this value will be about 6 % in m any cases.

The resulting A T / T  values for the interference into SCPC carriers are sum m arized in Table V II .  For the 
interference from FD M -FM , TV-FM and T D M A  carriers, which can be considered with flat spectral power 
density within the bandwidth  of the SCPC carrier, the A T / T  value co rrespond ing  to a given single entry criterion 
will be the same as the percentage value o f  such criterion.

In summary, if the interfering signal is an F D M -F M , a m odula ted  TV-FM  or a T D M A  carrier, the value 
of 6 % for the decision threshold in t h i s  R eport  will be an adequate  choice. For interference between two 
SCPC-FM  carriers, the required A T / T  mav be close to the 6 % c r i t e r i o n .  ,

However, in some cases, the 6 % criterion aaop ted  by theWARC CRB-8 8 m av not be entirely sufficient for the
protection o f  SCPC-PSK  carriers against TV-FM carriers.

8. Summary and conclusions

TABLE \n /L—Sum m ary results fo r  the a T /T  ratio fo r  interference into SCPC carriers

From

Into

Thermal noise-like 
interference 

(FDM. TV, TDMA)
Slowlv-spread

TV-FM SC PC -FM

SC PC -FM A T /T  = 8.5% No m easurem ents 
available

A T /T  value will 
. be around 3%

SCPC-PSK
I 1

. o ;  i A T /T  value will 1 _ __
A777-= 6% j be around 1% | Case not analyzed
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REPORT 8 7 0 - 2

TECHNICAL C O ORDINATION M ETH O D S FOR 
COM M UNICATION-SATELLITE SYSTEM S

(Study Programme 28B/4)

(1 982-1986-1990)

1. Introduction.

There is a leed to assess the potential interference between satellite networks, and if this potential 
in terference is greav r than that allowable, then the parties concerned need to arrive at a mutually agreeable set o f  
condit ions for the operation  o f  their respective networks. The methods for determining the need for coordination 
an d  the procedures to be followed are prescribed in the Radio  Regulations. The methods and  procedures for the 
coord ination  p ro c e s . are left to the discretion o f  the parties concerned. This coordination is typically bilateral. The 
intent o f  sthis Repo t is to summarize the various methods, procedures and  techniques which can be used in the 
coordination  proces s.

2. General approach

For the purpose o f  this Report, the network seeking access to the orbit is designated A. It is assumed th a t  
A T  calculations based on information as required under Appendix 3 o f  the Radio Regulations and as published 
by the IFRIB for registered* networks, for networks not yet registered but already coordinated, and  for networks 
which are in the process o f  being coordinated have established the need to coordinate  with networks B, C, D, etc., 
which may fall  in any of the above categories. All such networks have precedence over the applican t’s network A. 
The coordination  process is initiated through a Request for Coord inat ion  to the affected administration(s) with a 
copy to the IFRB.

The m an da to ry  information required under A ppendix  3 which is submitted with the request for coord ina­
tion is not sufficient to serve as the basis for coordination  since it allows only A T  calculations to be performed 
which establish the need for coordination in the first place. It is therefore necessary that the applicant provide 
m ore  detailed information on his network A and  request the notifying administration o f  each network B, C, 
D, etc., with which the need to coordinate  has been established, to also provide more detailed information. Such 
more detailed information as may be furnished and  sought is listed in Appendix  3, but often even more 
in form ation m ay  need to be exchanged between the applicant and  the affected administration(s).

The inform ation  which is exchanged is then used to make the calculations necessary to achieve 
coordination . Achieving coordination  may sometimes entail,  in either the app lican t’s o r the affected network or 
both, changes o f  certain parameters originally exchanged (including changes to mandatory  information under 
A ppendix  3), either as the result o f  negotiation or as the result o f  more recent measurements or analyses, may 
sometimes entail agreements at variance with R ecomm endations o f  the C C IR  or provisions o f  the Radio 
Regulations, or may sometimes entail special agreed operating constraints on either network.

The results o f  a successfully completed coordination  process may rem ain private unless they are based on 
optional information in Appendix 3. Agreements over and  above those relating to such optional information but 
integral to the successful completion o f  the coordination process need not be published; however, it may be in the 
interest o f  either or both parties to submit a complete record o f  the coord ination  agreement to the IFRB. In those 
cases where an administration seeks aid from the IFRB in effecting coordination , the IFRB takes, for all practical 
purposes, the place o f  that administration in the coordination  process an d  then automatically acquires access to all 
coord ination  details and  agreements.

* A registered network is one whose assignments have been recorded in the IFRB Master Register.
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U pon successful completion o f  the coordination process, the applicant administra tion  would advise the 
IFRB o f  this fact along with a listing o f  all Appendix 3 information elements that had been used to achieve a 
successful coordination  and  would simultaneously notify the IFRB formally o f  its frequency assignments and  all 
other notification elements (Appendix 3, S e c t io n  IV, Forms o f  N o t i c e ) ,  thus complying with all requirements 
for the registration o f  its assignments in the Master Register.

If  this coordination  also resulted in changes to the Appendix 3 inform ation  previously notified by other 
administrations, then this would also be notified to the IFRB by the affected administrations.

3. Coordination process

The Coordination process can, for purposes o f  discussion, be divided into three phases.

The first involves the inspection o f  the actual or planned transmissions o f  the involved networks and an 
assessment o f  their interaction against “standard” interference criteria.

The second phase o f  the process is an investigation o f  potential changes to the transmission plan elements 
(transmission characteristics, frequency plans) or orbital locations which could  lead to a solution o f  any 
interference problems identified in phase 1. Generally, the applicant administration will tend to have more latitude 
in considering such changes to its network than the administration operating an existing system; however, phase 2 
would not expect either network to consider the acceptance o f  serious constraints on its current o r  planned mode 
of operation and type, distribution and  quality of service. This phase should, through very detailed consideration 
of all technical and  operational parameters, be capable o f  resolving specific and  apparently  relatively severe 
interference situations.

The third phase, if  necessary, would be consideration and negotiation o f  system modifications and 
adjustments on either or both involved networks. Such changes may affect the quality and  type o f  service and the 
future growth options o f  either or both networks.

In dealing with the resolution o f  interference conditions it must be borne  in mind that any specific 
solutions found for the two networks under consideration may generate or. aggravate problems with other 
networks; this may be particularly significant when considering space station relocations.

4. Technical considerations

Fundamentally , there are two initial facets to the coordination process:
— agreement on acceptable interference criteria, and
— agreement on the calculations o f  the interference.

C C IR  R ecomm endations may be used for interference criteria but other criteria may be used by mutual 
acceptance. The calculations generally involve a translation of receiver ou tput criteria to receiver input (RF) 
criteria and the RF interference path parameters. Since many of the parameters amenable to modification are 
associated with the RF domain , it may be convenient to classify approaches to coordination in this domain,
i.e., based on RF criteria.

4.1 Interference dom ains

A first step in the coordination process is identification of the interference domains. Each band or band 
segment comm on to both networks for each satellite beam in the two space segments must be identified. Within 
each such band or band  segment, those portions over which the space station and earth station receiving 
sensitivities ( G /T )  and space station and earth station e.i.r.p. densities remain constant in either network are 
identified.
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This process yields all the interference domains. Certain portions of the spectrum may appear  several times 
because they may represent intra-satellite frequency re-use. Where up-link frequencies and down-link frequencies 
or satellite beams or both may be paired in a variety o f  ways (switching o f  beam connectivity in a space station), 
all possible operational configurations need to be considered. Further, the num ber o f  domains will usually be 
bounded, at least in current space stations, by the transponder arrangement in the space stations and may, in 
simple space stations, encompass several or all transponders. Where two space stations have Single satellite 
antenna  beams (i.e., common-coverage transmit and receive beams) and all their transponders have uniform 
characteristics over the comm on frequency band there would be only one interference domain.

4.2 Coordination approaches

The selection o f  the methods used to effect coordination is determined by agreement between the 
participating administrations. The characteristics o f  the affected networks and  the potential severity of the 
interference will influence the choice o f  the approach to be used for coordination.

Interference coordination can, in practice, be achieved with a variety o f  techniques. A mong these are:

— the comparison o f  the total carrier power characteristics o f  transmissions with criteria o f  acceptable received 
interfering power ;

— the comparison o f  the power density characteristics o f  transmissions with criteria of acceptable received 
interfering power d en sity ;

— the comparison o f  available inter-network isolation (normalized inter-network coupling loss) with criteria o f 
required isolation between transmissions (normalized wanted-to-unwanted carrier ratio).

For  the first case, RF criteria can be expressed as I / N  or C / l  and for the second case as 70/ N0 or  Q / /0 
where I  is the interference power, N  is the internal link noise power and C is the desired carrier power and 
subscript 0 indicates p o w e r /H z  averaged over a reference bandwidth. In the th ird case, interference criteria are 
expressed in terms o f  the required C / l  between two transmissions, normalized by the carrier-to-noise density 
ratios ( C / N0) which characterize the performance requirements o f  the two transmissions.

4.2.1 Carrier power approach

This approach  is most applicable to the following cases:

— in frequency bands in which satellite networks are well developed and in which the satellite 
population is relatively high;

— for modulations which are well defined and  may be o f  any type, e.g. SCPC, analogue, digital, 
FM-TV, etc.;

— in frequency bands in which this approach has been extensively used.

The mandatory  information  required under A ppendix 3 is not sufficient to serve as a basis for 
coordination under an I / N  or  C /1  approach. It is necessary for the applicant administration  to submit 
more detailed information on his network. Other administrations having networks with which the need to 
coordinate  has been established must also furnish more detailed information. To effect coordination  using 
the I / N  o r  C / l  approaches requires a full exchange o f  Appendix 3 data including superscript information 
for each carrier type, earth-station type and  satellite an tenna  beam within all bands  or band  segments 
comm on to both networks; and where available, individual frequency plans. Since this information is 
adequate for the C / 7  approach ,  it would appear desirable to proceed on this approach , since it provides a 
more accurate estimate o f  interference.

The interference dom ains must first be identified. For each of these it is necessary to identify the 
transmission (carrier) types which are used or are planned to be used in both networks. In the absence of 
known frequency plans the worst interference combination o f  the carriers o f  the two networks should be 
assumed. In most cases, this would correspond to frequency coincidence o f  the carriers. Where frequency 
plans are known, or where only one arrangement o f transmissions in the two networks within a given 
interference domain  is possible, the interference analyses are simplified.
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For each dom ain , interference from each transmission type o f  one network into each transmission 
type of the other is calculated for coincident frequency assignments (or, where available, for the actual or 
planned frequency assignments) in each direction (i.e., from network A into network B and  vice versa). 
Each interfering transmission is assumed to originate at the lowest-gain an tenna  o f  a transmitt ing  earth 
station (i.e., the one having the highest off-axis e.i.r.p.) which does or is expected to use it. When the 
interfering transmission occupies a bandwidth much less than that o f  the interfered-with transmission, it 
should be assumed that transmissions o f  the interfering type occupy, at appropr ia te  intervals, the whole 
band occupied by the interfered-with transmission.

It is then necessary to com pare the resulting calculated values o f  C / 1  with the mutually  acceptable 
single entry values. If these calculations show that acceptable values o f  C / l  result in all cases, then a 
successful coordination  has been effected.

If the interference criteria are not satisfied in one or more cases, then each case must be 
individually considered. Where the criteria are only slightly exceeded, it may be agreed that these 
interference levels could be tolerated by either network. In particular, the applican t adm inis tra t ion  may 
decide unilaterally that interference into its network, although somewhat exceeding the criteria value(s), 
would be acceptable and, if there is no other area o f  disagreement, it could claim immediately successful 
coordination. Otherwise, a n um ber o f measures may need to be considered in order  to meet the mutually 
acceptable criteria.

4.2.2 Power density approach

This approach  may be most applicable to the following cases:

— in frequency bands in which satellite networks are in the early stages o f  developm ent an d  in which the 
satellite population  is small;

— for m odulations which have a nearly uniform power spectral density, e.g., digital modula tions;

— where initial A T / T  calculations result in values which are acceptable to each adminis tra tion . This may
be the case for some co m m o n  domains between the networks;

— where there is a considerable  degree o f  flexibility in one o r  both  networks so tha t  pow er density
values can be modified.

In this approach ,  the initial assessment o f  interference may be made using the m andatory  
Appendix 3 d a ta  for each o f  the interference domains. This assessment can identify the particular dom ains 
in which potential interference is most severe and  also whether up-link or down-link  interference is most 
dominant. Each party could use the /0/  A'o values acceptable to him based on  his carrier m odula tion  types.

It is possible tha t  these calculations could result in mutually acceptable values o f  Io /N 0, in which 
case a successful coord ination  is effected. If  the /0/  N0 values are not acceptable, then several other steps 
may be taken. If up-link interference is the dom inan t source, changes in the up-link pow er densities and  
transmission gains may be m ade to reduce the mutual interference. Additionally, rearrangem ent o f  accesses 
by band  segments may be m ade  i.e., a modification o f  interference domains, so tha t  a  greater degree o f  
homogeneity exists between the two networks, thus reducing the mutual interference.

The average power density in a transponder can be used to determine a m in im um  practical satellite 
spacing which may be an  effective measure of achievable satellite spacing in the coord ination  process. 
Since power o f  a t r ansponder is limited, the power density averaged over the tran sp on der  bandw idth  is 
also limited. Using this average power density, a satellite spacing can be determ ined for a given 
interference criteria, taking into account expected inhomogeneities in traffic in detailed coordination 
between the networks. This satellite spacing can be used in the coordination  process as a basis for 
determining achievable satellite spacings. If power densities higher than this average pow er density exist in 
a portion o f  the bandw idth  o f  the transponder,  then power densities lower than the average must also exist 
in other portions o f  the t r ansponder  bandw idth; a condition which can be used in a coord ination  process.
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It may also be appropr ia te  to use reference or averaging bandwidths consistent with the carriers 
employed instead of the 4 k H z  and 1 M H z reference bandwidths o f  the Radio Regulations. These will 
generally result in lower values o f  Io /N 0, and  can facilitate the coordination process, particularly where 
narrow -band  carriers in one satellite operate opposite wideband carriers in another satellite. In this case, a 
satellite spacing based upon  narrow -band  carrier interference criteria may be used to obtain an acceptable 
interference criteria for the w ideband carriers, thus avoiding detailed carrier frequency planning. Interfer­
ence to narrow -band  carriers from w ideband carriers will be relatively uniform if the w ideband carrier 
pow er density is relatively uniform.

The techniques enumerated above have formed a basis for tne 
development of a power density-averaging bandwidth method of determining 
interference between satellite networks. The method is based on providing a 
sufficient number of power density-averaging bandwidth data points so that the 
interference in any bandwidth of interest may be reasonably approximated using 
the methods described in Appendix 29. This method may also be used in 
determining the need to coordinate. The details of this method are described in
Annex IV of Report 454.

Where wideband carriers exhibit higher power densities in small portions o f  a transponder 
(analogue FM-TV or high density, low index FD M -FM ), minimum satellite spacing may be achieved by 
the marrow -band carriers avoiding the high power density regions. In this situation, better spectrum 
utilization may be achieved if  tr iangular function energy dispersal is not used on wideband carriers. 
However, there may be o ther factors which would justify the use of some minimal energy dispersal, 
e.g. consideration o f  existing systems and protection o f  terrestrial microwave radio systems.

'The Q /i 'o  approach  to coordination  is essentially an extension o f  the I0/ N 0 approach. In this 
approach ,  an additional param eter ,  the minimum power density in each network is identified. It may be 
determined that mutually acceptable Q /  Io values are achievable even though acceptable /o /V 0 values were 
not achievable. This approach  allows consideration o f  power compensation in transponders  i.e., higher 
powers could be assigned transmissions subject to greater interference and less power to those with little 
interference, thus eliminating o r  moderating individual interference severity. Power compensation would be 
an operational measure. This Co/Iq approach needs further study and clarification.

4.2/3 Isolation concepts
The conventional and link isolation concepts discussed in Annex I to 

Report 1135 offer another coordination method which does not involve the use of 
transmitted powers, power densities and noise powers.
4.2.3.1 Conventional Isolation method

Under the conventional isolation approach a comparison is made between 
the available Inter-network isolation - a measure of the electromagnetic 
coupling between two networks - and the isolation required between two 
interfering tansmissions.

The required isolation is a fairly precise measure of the interference “incompatibility" between two 
transmissions, larger required isolation values indicating greater incompatibility. It is expressed in terms of 
the permissible wanted-to-unwanted carrier power ratio between two transmissions and their respective 
p e r f o r m a n c e  r e q u i r e m e n t s  ( i n  t h e  fo rm  o f  t h e  r e q u i r e d  t o t a l  l i n k  c a r r i e r - t o -  
n o l s e  d e n s i t y  r a t i o ,  C/N0 , f o r  e a c h  t r a n s m i s s i o n ) .

To apply the isolation concept, one identifies the isolation domains and determines in each domain 
the available isolation. An isolation domain  is characterized by any two networks’ earth and space station 
an ten na  radiation characteristics, their receiving system noise temperatures and their link transmission 
gains.
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In each domain , the interfering combinations o f  carriers are identified. From tables or graphs the 
required isolation between any two specific carriers is obtained and compared with the isolation available 
in the appropria te  domain. A combination of carriers whose required isolation exceeds the available 
isolation in the pertinent dom ain  requires that these carriers be coordinated with each other.

The difference between required and available isolation is a quantitative measure o f  the severity of 
the incompatibility; its magnitude is a useful guide for the steps to be taken to bring compatibility about.

2.3.2 Link isolation method

this method, the available link isolation is also compared with the 
required carrier isolation to determine the need for coordination. When the 
value of available link isolation is less than the required carrier isolation, 
detailed coordination would be necessary.

Under this approach, the available link isolation is determined on the 
basis of information concerning the input and output back-offs of the 
transponder, the satellite e.i.r.p. and saturation flux density together with 
the major link design parameters. It is not necessary to resort to detailed 
carrier parameters as needed for the conventional isolation method.

The required carrier isolations are expressed in terms cf the 
applicable single entry wanted-to-unwanted carrier power ratios between two 
transmissions and their respective down-link carrier-to-noise density ratios.

4.3 Interference reduction

Having identified the interference domains, there clearly is a need to unders tand what opportunit ies exist 
for mitigating the problem. In addition to those indicated above there are several, including those listed below, not 
necessarily arranged in order o f  preference:

4.3.1 Carrier power approach

-  mutual frequency planning based on segmenting of actual carrier frequencies in o rder to reduce 
interference to an acceptable level;

-  use o f  actual measured individual antenna patterns, or best estimates o f  the patterns when these are
expected to be better than originally specified in submitted Appendix 3 information;

-  the association of specific transmissions with specific earth stations if available o r derivable. For
example, in the case o f  partially overlapping or separate coverage areas o f  two networks, those earth 
stations of one network located farthest from the coverage area o f  the other network can be expected 
to cause and receive less interference than those more closely located earth stations;

-  the use of power compensation within transponders. This can permit greater powers to be assigned to 
transmissions subject to greater interference and less power to those with little interference, thus 
eliminating or moderating the severity o f  interference in individual cases. Power compensation would 
be used operationally;

-  the sensitivity to terrestrial interference at earth stations in a given network may be so low, or can be 
made so low, as to allow the terrestrial interference allowance to be transferred to the inter-satellite 
network allowance and thus resolve or alleviate cases of unacceptable interference;

-  consideration of the probabilistic nature o f the interference, i.e., when unacceptable interference is
highly unlikely to occur or would occur only for a small percentage of the time, the relevant 
single-entry criterion might be relaxed. For example, in the case where analogue TV with artificial 
energy dispersal interferes with low capacity transmissions, the percentage of the time during which 
only artificial dispersal may be present would generally be small;
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— the applicant administration could review its design characteristics such as an tenna  patterns, earth- 
station antenna size(s), satellite an tenna beam shaping, etc. for possible pre-implementation design 
changes which would alleviate the interference situation;

— the interference criteria could be reassessed and by mutual agreement might be relaxed for specific 
transmissions, e.g., in cases where circuit performance need not comply with internationally recom­
mended values;

— in certain cases, advantage could be taken o f  polarization discrimination;

— temporary acceptance of “unacceptable” interference might be a solution where an existing network is 
near the end of its use of a given space segment and will be replaced by a network which will meet 
the agreed criteria;

— the exclusion, or confinement, o f  certain transmissions from, or within, certain interference domains;

— the generation of a composite and thus less interference-sensitive transmission to multiple destinations 
or splitting of multiple destination transmissions in order to isolate one “critical” destination or source 
for special treatment;

— the avoidance of certain transmissions or transmission modes such as low index FM or analogue 
FM-TV without adequate energy dispersal;

— the restriction of connectivity between certain earth stations or earth station type;s within certain 
interference domains;

— the avoidance of operation in certain satellite gain modes (complete or transmission selective). 
Generally, gain modes which result in high up-link sensitivities or high up-link power levels should be 
avoided;

— the restriction in the num ber of certain transmissions or their use only with certain earth stations or 
earth station types;

— the relocation of space stations a n d /o r  repointing o f  satellite an tenna  beams.

4.3.2 Power density approach

— improved an tenna pattern side lobes rather than those originally specified in Appendix  3 data;

— larger earth-station antennas;

— relocation o f  space stations a n d /o r  repointing o f  satellite an tenna  beams;

— use o f  orthogonal polarizations;

— agreement in cases where unacceptable interference is highly unlikely or would exist for small 
percentages o f  time.

Use o f  any or all o f  these measures, as appropriate , can result in successful coordination using an
/ o / N0 approach which entails essentially only Appendix 3 information.

4.3.3 Isolation approach

— the acceptance of reduced isolation for some transmission types;

— the separation of carrier frequencies;

— the adjustment o f  transmission performance, for example through the increase o f  the C /N 0 ratio o f  an
interfered-with low capacity transmission or through the reduction o f  the C /N 0 ratio o f an interfering
high density transmission;

— the adjustment o f other transmission parameters, e.g. increase or decrease o f  capacity, use of error 
correction coding, or o f  companding, etc.;

— the adjustment o f  major network characteristics such as link transmission gain (by changing satellite 
transponder gain), earth-station an tenna gain a n d /o r  side-lobe characteristics, or polarization purity 
and type (sense or orientation);

— using up-link a n d /o r  down-link geographical constraints on the use o f  certain frequencies within a 
network’s service area;

— relocation o f space stations.
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4.3.4 Consideration o f  satellite system  implem entation status

The extent to which above interference reduction techniques would be acceptable o r appropria te  in 
a given circumstance depends on the specific characteristics o f  the networks involved and  on the status o f 
individual satellite developm ent and implementation. The following describes the possible stages of satellite 
system development, implementation and operation that could be encountered  during coordination:

— Initial concept and design: A satellite system at this stage has been sufficiently defined such that
technical information is available to meet the data  requirements o f  Appendix  4 to the Radio 
Regulations. This includes specifications o f  orbit location and  frequency, and  while the paper design 
may have been completed, implementation has not begun.

— Im plem entation: Typically it may take several years to implement a satellite system. This includes 
construction o f  the satellite up  to, but not including, its launch. Also during  this time earth stations 
are designed and  constructed and the system would have obtained regulatory recognition. Depending 
on the progress o f  the implementation programme there can be opportunit ies  to make design changes 
to accom m odate  some interference reduction techniques. A ppendix  3 data  on the system should be 
available.

— Operation: At this stage the satellite system has been built,  launched and  is operating from a 
particular orbit location, with its associated earth segment. M any o f  the system features are fixed, 
although there may be some built-in flexibility such as beam repointing, transponder  gain settings, 
carrier frequency planning, etc.

— Second generation satellite system : At the end o f  the useful life o f  a com m unicat ions satellite, typically
10 years, it is likely to be replaced. At this time, there will be in place an extensive array o f
earth-station users. Therefore, there are a number o f  transmission param eters which must be retained
in order to preserve continued service. On the other hand, the opportun ity  does exist to incorporate 
design changes to reduce potential interference situations developing in the environment. A second 
generation satellite thus has some o f  the characteristics o f  each o f  the three previous stages.

The interference mitigating measures mentioned above need to be studied further to determine their 
feasibility to be applied during  these various stages o f  satellite system life. The timely introduction and 
periodic improvement o f  the techniques to im prove the use o f  the geostationary-satellite orbit (GSO) as 
described in the various C C IR  Reports and  Recomm endations provides a mechanism for facilitating access 
to the GSO for future satellite systems.

4.4 Calculation m ethods

A number o f  calculations must be made in using the coordination  methods described above. I0/ N 0 
computations are similar to the A 7 7 7  computations given in Appendix 29. Annex I o f  Report 455 defines the 
calculation method using the C / I  method. This method may also be used for Q / / 0 calculations. The relationship 
between the calculation method, the single entry criterion, and the total inter-network interference values are 
described in Reports 454 . in Annex V of 454 a series o f  specific carriers is exam ined in terms o 
interference:
-  protection of F D M -F M  carriers;
-  protection o f  T D M A  carriers;
-  protection of SCPC-FM carriers;
-  protection of SCPC-PSK carriers.

-  protection of FM-TV carriers.

Annex III to Report 4 5 4  also describes a method for calculating interference called “determination o f
interference using normalized equivalent noise temperature . imo method is based on the technique shown in 
Appendix  29, appropriately  modified to give precise results. The modification consists in replacing the single 
6% threshold ' presently taken as the permissible limit for A T / T  by  a table o f  permissible A T /  T  values reflecting
the C C IR  criteria and taking into account the types o f  wanted and interfering carriers defined according to a
standardized classification of carriers. Application of this method for multiple  entry interference needs further 
study.
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O ther relationships are given in Report 4 5 4  which relate A T / T  to various criteria types and  associated 
criteria. Considering the difficulties in development o f  C / l  criteria for coordination , A T / T  calculation may be 
adequate  for some interference situations.

In the case where C / l  is used in the coordination process, acceptable values for C / l  must be mutually 
agreed to fo r various carrier types. At present there are no universally accepted C / l  values for all carrier types. 
There is a  need to assess the feasibility o f  developing a set o f  acceptable C / l  values in o rder to facilitate 
coord ination  on this basis.

In the FSS a num ber o f  Recommendations have been developed, e.g. Recomm endations 466, 483 and 523. 
Where the wanted signal is o f  the FD M -FM  telephony type, the noise power due to interference within the 
baseband should be com pared with the values given in Recommendation 466 (400 pWOp for old networks and 

8 0 0  pWOp for new networks); where the wanted signal is o f  the PCM -PSK telephone type, the interference level 
must be com pared with the value given in Recomm endation 523 (6% o f  the noise level at the dem odulator input, 
resulting in a bit error ratio o f  10-6); where the wanted signal is o f the FM television type, the noise power level 
due to interference must be com pared with the value given in Recommendation 483.

In those cases in which the C C IR  interference criteria are not exceeded, the coordination process is 
considered complete. Even in those cases in which the criteria are exceeded, the operators involved may agree to 
accept the increased interference.

5. Computational aids and orbit optimization techniques

During the detailed coordination , relevant C C IR  Recommendations and  various technical provisions in the 
Radio Regulations are observed. However, it has been recognized that further study is required to develop 
improved -methods o f  technical coordinations to achieve more efficient and equitable use o f  the geostationary- 
satellite orbit and to alleviate the complexities o f  coordination tasks. One prom ising approach o f  achieving the 
efficient methods o f  technical coordination may be to use computer programs to assist these tasks.

The programs can be divided into two groups; synthesis and analysis. It is recognized that most o f the 
synthesis programs contain analytic  portions, but the purpose, constraints, and  methods will in general be 
different from those associated with pure analysis programs. No one single program  will be able to carry out all 
the calculations needed during the coordination process but with proper design a series o f  programs can 
materially aid the process.

Programs have been developed to optimize carrier assignments and  orbital locations o f  satellites 
[CCIR, 1978-82}. Frequency assignment optimization programs may be used during  various stages o f  technical 
coordination. Applications could include:
— early stage carrier frequency assignment coordination for entering a system;
— coordination and  optimization o f  assignments between two networks against other existing satellite networks;
— optimization o f  carrier assignments during multi lateral coordinations.

Orbit spacing programs can optimize spacing o f  multiple satellites. Application o f  such programs during 
coord ination  could include assessment o f  alternative orbit locations during bilateral or multi lateral coordination. 
Several orbit and frequency assignment optimization programs and techniques have been developed. Annex I 
contains descriptions o f  some o f  these programs and an optimization technique which has been used.

6. Multilateral coordination

Although the coordination  process has been typically performed on a bilateral basis, coordination can also 
be performed on a multi lateral basis. This could be the most expeditious means for achieving coordination when 
satellite networks o f  more than two administrations are affected. The general methods and  techniques described in 
this Report which may be employed during coordination are applicable to  both bilateral and multilateral 
processes. Several more specific concepts and methods have been developed an d  are described in Report 1003.
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This Report gives a general description o f  the methods currently employed to identify the need for 
coordination between fixed-satellite networks and the procedures involved in carrying out the detailed phases o f  
coordination. The extensive analysis methods and computational aids which have been developed, have reduced 
the effort required to verify the acceptability o f  the new entrant to the ensemble o f  existing operators. Many of 
these tools will be usable, either directly or with modifications, for maximizing efficient use o f  the geostationary 
orbit. At the same time, the development o f methods and techniques which w ould  simplify the coordination 
process are also to be encouraged. This is o f  particular importance for multilateral coordination. As in many other 
instances, addit ional study o f  this subject is required.

7. Conclusions

R E F E R E N C E S

C C IR  D ocum ents

[1978-82]: 4/301 (U n ited  States o f  A m erica).

B IB L IO G R A PH Y

C C IR  D ocum ents

[1982-86]: 4 /6  (IW P  4 /1 ) ;  4 /41  (Jap an ); 4 /8 5  (IW P 4 /1 ) ; 4 /6 8  (U SSR ); 4 /220  (IW P  4 /1 ) ;  4 /2 5 9  (U SA ); 4 /2 8 0  (F rance); 4 /3 2 4  
(U SA ); 4 /3 3 7  (USA).

[1986-1990]: 4/54 (United States)

A N N E X  I 

ORBIT MANAGEMENT TECHNIQUES

Development o f  com puter tools which may assist system design, coord ination  and  interference evaluation 
has been under way and  some o f  the results are already available. This Annex provides information on two such 
programs; one for orbit spacing management and the other for frequency assignment optimization. In addition, 
examples o f  analyses to achieve reduced satellite spacings are also provided.

The program  for orbit spacing minimization called ORB1T-II is capable  in its current version o f  dealing 
with up to 200 satellites to determine an efficient orbital arrangement as well as optimizing satellite an tenna beam 
shapes (circular o r elliptical). The effect o f  frequency assignment is taken into consideration in the course o f  
optimization [Ito et al., 1979].

Application o f  the program includes:
— assessment o f  alternative orbit locations during bilateral or multilateral coord ination ;
— assessment o f  critical frequency slots during bilateral or multilateral coord ination ;
— identification o f  those systems influencing the accommodation of new systems.

The ORBIT-II program was used in the development of the 13/11 GHz and 
the 6/4 GHz allotment plans for the fixed satellite service at WARC ORB-88 after 
having been adapted by the IFRB during the 1986-88 period for use in a
conference environment on the ITU computer. The basis for the allotment plan 
adopted by WARC ORB-88 was synthesized on the ITU computer using the ORBIT-II 
program. This synthesis process did not require human intervention beyond 
selection of the order in which the plan entries were considered. However,
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because of (a) the fact that the Plan was generated only for the 6/4 GHz band 
and the evaluation for 13/11 GHz band was made afterwards, (b) the nature and 
magnitude of the requirements to be accommodated in the Plan, and (c) the 
characteristics of the algorithm used in the ORBIT-II program, it was necessary 
in developing an acceptable plan at the Conference to make extensive manual 
modifications to the basic plan synthesized initially by ORBIT-II. The' 
preprocessor and plan-analysis portions of the ORBIT-II program were used 
extensively in these "Manual" improvements to the plan.

Because of the "predetermined arc" characteristics of the allotment 
plan adopted by WARC ORB-88 it may be necessary in the future to adjust the Plan 
to accommodate an assignment in accordance with the Plan at some orbital 
position other than its nominal orbital position. Since manual adjustment of 
the basic Plan with the aid of the ORBIT-II program was necessary in the 
synthesis of the Plan agreed-to by the Conference, it is reasonable to assume 
that a similar activity may be necessary to adjust the Plan to accommodate an 
assignment at a new position within its predetermined arc or to satisfy 
modifications to system technical parameters which are different than those in 
the Plan. For that reason it would seem appropriate to:

i) understand how the ORBIT-II program is used in a manual synthesis mode of 
operation to modify an existing plan;

ii) consider ways of making that manual planning process more efficient through 
computer automation if necessary or in a partial automation of the above 
process,-

iii) consider the longer-term possibility of developing an improved fully 
automatic synthesis algorithm.

Basically, the synthesis process of the ORBIT-II program consisted of 
the following three steps:

i) generating an orbit separation matrix [9^] that specifies, for each pair 
of satellites and the technical parameters of the tentative Plan, the 
separation between satellite i and satellite j in order to result in the 
necessary single-entry interference from satellite j into satellite i;

ii) placing each of the N satellites of the Plan in the geostationary orbit, 
one at a time in a one-pass routine, such that all of single-entry 
interference levels in the Plan are met, i.e. such that each of the actual 
spacings 9 ^  are at least as large as the values; (the result of this one- 
pass process is the ordering of the N satellites on the GSO; the 
contribution of the planner in this process is to specify the order in 
which the N satellit® are considered);

iii) adjusting the position of the satellites on the GSO, without changing the 
ordering of the N satellites, so that the aggregate carrier to interference 
ratio of the satellites is maximized.

The manual-planning process used at WARC ORB-88 was to study the 
matrix [9^ ] to determine new orderings of the satellites, i.e. find new locally 
optimum solutions. By moving some satellites to completely new positions it was 
possible to select the new ordering of satellites on the GSO to produce a 
greater minimum aggregate C/I.
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Initial improvement to the ORBIT-II package could provide computer- 
aids to the planner to reduce or eliminate the manual look-up tasks associated 
with the manual planning process, and to speed up the plan analysis routine that 
the planner used as a synthesis tool. Such a hypothetical "improved ORBIT-II" 
package could have:

i) the N x N orbit separation matrix j] accessible to the planner in an 
interactive mode of operation. The planner would be able to ask through an 
intelligent terminal the value of for a particular ij pair, or small
[(Pij] sub-matrices of perhaps ten networks that were candidates for a small 
arc of interest;

ii) an ability to analyse a small arc of interest, perhaps 20° to 40° wide,
rather than the complete 360° arc. This would speed up the program
immensely when using it as a synthesis tool, because the processing time is 
approximately proportional to the square of the number of plan entries 
being considered; and,

iii) a routine to do an exhaustive search of the n! possible plans for a small
number n of perhaps 6 to 8 that the planner is considering for a particular
position of the arc.

iv) a routine to display graphically, the minimum elipse service area of 
administrations.

Such routines used in conjunction with the currently available ORBIT- 
II analysis routine could improve the planners ability to adjust the Plan.

It should be noted that some of those routines are already available 
in the currently available ORBIT-II. Thus, they should be effectively utilized 
in augmenting the capability of ORBIT-II.

In the longer term it may be possible and desirable to improve the 
ordering algorithm of ORBIT-II. Such a second generation synthesis program, 
should be based on a thorough understanding of the algorithms practiced by orbit 
planners.

A second program called CAP-N was developed to optimize the frequency assignment process for 
inter-system coordination. The program is capable of dealing with up to eight satellite networks so as to minimize 
the worst-case single entry interference between them [Mizuike et al., 1984].

Application of the program includes:
— facilitation at an early stage of carrier frequency assignment coordination for an entering system;
— coordination and optimization of assignments between multiple networks against other existing networks;
— optimization of the carrier assignment during multilateral coordination.

Although CAP-N is intended to optimize frequency assignments among satellites, it can also be used to 
optimize the intra-system frequency assignments for networks using frequency re-use.

The combined use of two programs ORBIT-II and CAP-N, should facilitate both bilateral and multilateral 
coordination and will enhance the use of the geostationary orbit. Given the rapid expansion of domestic satellite 
systems in segments of the GSO, it is necessary to re-examine the technical basis for satellite positioning. 
Minimum orbit spacing should be determined by inter-system interference, which is principally influenced by the 
choice of certain system parameters such as transmit power, receiver sensitivity and antenna directivity. Other 
factors such as the type of modulation, channelization, filtering and acceptable performance and interference 
levels are also important. Taking these factors into account, a method was developed that evaluated the feasibility 
of reducing satellite spacing for co-coverage networks. The result of this evaluation for both single entry and 
aggregate interference indicated that it was possible to meet CCIR interference objectives for co-coverage networks 
with satellite spacings of less than 4° if any one of the following were employed:
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— polarization interleaved satellite deployment;
— im proved earth station side-lobe s tandard;
— more detailed frequency coordination  between nearby satellites.

The details o f  this method have been published in a separate report [Sharp, 1984].
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REPORT 1 0 0 0 - 1

SP E C T R U M  U TILIZA T IO N  M E T H O D O L O G IE S

(Study Programme 28A/4)

‘ ( 1 9 8 6 - 1 9 9 0 )

1. Introduction

Frequency band  utilization methodologies are considered as a means o f  reducing inhomogeneity between 
networks in the frequency dimension. The more heterogeneous the types o f  carriers concerned, the more complex 
the coordination procedure becomes and the resultant required spacing between networks becomes greater.

To ameliorate this problem, various methods o f  spectrum utilization have been studied. For each approach 
the following is provided:

— a discussion o f  how the method would be implemented in practice;
— a discussion o f  the advantages and disadvantages o f  the method with respect to its impact on existing and

planned  systems.

2. Band segmentation methodologies

Spectrum segmentation can be achieved by several methods. The first method is designated as m acro ­
segmentation, where frequency bands are segmented into large blocks, typically many  transponder bandwidths 
wide resulting in only a few segments. Two different techniques for characterizing each o f  the segments can be
used, the first by carrier classification and the second by parameter values. Different sets o f  rules can be used with
each method.

The second method o f  segmentation is micro-segmentation. For this m ethod, the segmentation is based on 
small blocks, typically the size o f  a transponder.

2.1 M acro-segm entation , carrier classification approach

Standard  types o f  carriers are identified and  several classifications are defined. Table I shows how
50 different carriers can be identified and placed in one of three classes.

Carriers are categorized by three types:
— high-density carriers: FM-TV •

low-index FDM-FM
— low-capacity carriers: SCPC

low capacity or low-power analogue and digital carriers
— average carriers: m e d iu m - to  high-index FD M -FM

T D M A
wideband digital carriers

This last type of carrier is compatible with either of the two former types as regards mutual interference.
Thus only the first two types o f  carrier -  high density and low capacity -  would have to be segregated under  a
rational set o f  spectrum utilization rules; the average carriers could be placed anywhere. To accomplish this, the 
band  allocated (generally 500 or 250 MHz wide) is divided into low-capacity and  high-density sub-bands. This 
could be done by allott ing the lower parts o f the bandwidth to low-capacity carriers and  the upper parts to 
high-density carriers and only carriers of the assigned class could use the sub-band. The op tim um  segmentation 
procedure will depend on the frequency bands in question.
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For example, the following arrangement could be used:

Sub-band (MHz)  Class

4500 to (4500 +  X ) Low capacity
(4500 +  X ) to (4500 +  Y) Average capacity plus non-overlapping low capacity and. high capacity
(4500 -f Y) to 4800 High density

While the use o f  a neutral sub-band provides for a limited am ount o f  flexibility to accom m odate  small 
traffic imbalances within the classes, there is a major disadvantage in the inherent rigidity o f  this approach. For 
existing systems, if re-location o f  carriers to appropriate  sub-bands is required, this would present a problem to 
some systems as there could be severe constraints from either equipment or from prior coordination agreements.

The rigidity o f  this approach  could be alleviated by permitting networks to use any sub-band for any type 
o f  carrier but following a pattern corresponding to the classifications in use. For the example above, the order of 
use would follow increasing frequency for low-capacity carriers and decreasing frequency for high-density carriers. 
Where difficulties between networks result from such use, preference would be given to those carriers corres­
ponding to the sub-band classification if  the difficulty could not otherwise be resolved.

A limitation o f  this general approach, whichever sub-band rule is used, concerns situations where a high 
degree o f  traffic imbalance exists within a satellite network with respect to the classifications o f  carriers which 
have been identified. For example, in C anada and the United States, there are several networks which are 
comprised solely o f  high-density (FM-TV) carriers. Additionally, there are new networks presently being 
implemented which consist entirely o f  low-capacity carriers. For these two cases, orbital separation would be the 
only recourse.

Another limitation concerns situations where administrations have the need for both high- and  low-density 
carriers, but only a total frequency requirement corresponding to a single transponder.  For these administrations it 
may not be possible to utilize the transponder efficiently if rules o f  this type are observed.
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TABLE I — Macro-segmentation, carrier classification example
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FDM-FM
No. Type N /V Boc

(MHz)
fmin

(kHz)
fmax
(kHz)

Afst
(kHz)

Afm
(kHz)

Categories

F C M H D

1 12 1.3 12 1.13 12.0 60.0 108.5 159.0 X

2 12 2.5 12 2.2 12.0 60.0 238.9 350.0 X

3 24 2.5 24 1.96 12.0 108.0 163.4 275.0 X

4 60 2.5 60 2.25 12.0 252.0 136.5 276.0 X

5 72 2.5 72 2.25 12.0 300.0 124.5 261.0 X

6 60 5.0 60 3.96 12.0 252.0 270.1 546.0 X

7 132 5.0 132 4.45 12.0 552.0 223.5 529.0 X

8 192 5.0 192 4.51 12.0 804.0 180.0 459.0 X

9 96 7.5 96 5.87 12.0 408.0 359.8 799.0 X

10 192 7.5 192 6.40 12.0 804.0 297.2 758.0 X

11 252 7.5 252 6.74 12.0 1052.0 259.7 733.0 X

12 132 10.0 132 7.50 12.0 552.0 430.0 1020.0 X

13 252 10.0 252 8.49 12.0 1052.0 357.4 1009.0 X

i 4 312 10.0 312 8.96 12.0 1300.0 320.0 1005.0 X

15 252 15.0 252 12.39 12.0 1052.0 576.4 1627.0 X

16 432 15.0 432 12.95 12.0 1796.0 400.2 1479.0 X

17 432 20.0 432 17.99 12.0 1796.0 615.8 2276.0 X

18 612 20.0 612 17.70 12.0 2540.0 453.7 1996.0 X

19 432 25.0 432 20.59 12.0 1796.0 727.3 2688.0 X

20 792 25.0 792 22.34 12.0 3284.0 498.4 2494.0 X

21 972 25.0 972 25.00 12.0 4028.0 410.0 2274.0 X

22 972 36.0 972 35.99 12.0 4028.0 796.7 4417.0 X

SCPCA Boc fmin fmax Af
No. Type (kHz) (kHz) (kHz) (kHz)

23 0.020 20.0 0.3 3.4 5.8 X

24 0.025 25.0 0.3 3.4 12.0 X

25 0.030 30.0 0.3 3.4 8.5 X

26 0.090 90.0 0.3 3.4 3.4 X

27 0.180 180.0 0.3 3.4 3.3 X

SCPCN Boc Bit rate
No. Type N /E (kHz) (kbit/s)

28 0.064 4 38.0 64.0 X

29 0.085 4 50.0 85.0 X

30 0.128 4 150.0 128.0 X

31 0.256 4 300.0 256.0 X

32 0.502 4 600.0 512.0 X

NUM-LB Boc Bsi rate
No. Type N /E (MHz) (M bit/s)

33 2Q 4 1.44 2.048 '  X

34 3Q 4 1.84 3.072 X

35 4Q 4 2.25 4.096 X

36 8Q 4 5.0 8.448 X

37 10Q 4 5.0 10.0 X

38 17Q 4 10.2 17.0 X

39 25Q 4 18.0 24.6 X

40 34Q 4 20.6 34.368 X

41 40Q 4 20.0 40.0 X

42 50Q 4 25.6 50.0 X

43 120Q 4 75.0 120.0 X

44 139Q 4 82.0 139.264 X

45 147Q 4 110.0 147.0 X

FM /TV
Type A / Boc Afpm Afpnm fbal

No. (MHz) (MHz) (MHz) (MHz) (Hz)

46 TV. 17 4.75 17.5 1.0 2.0 60/30 X

47 TV. 20 4.8 20.0 1.0 2.0 50 X

48 TV .30 6.2 30.0 2.0 4.0 50 X

49 TV .35 5.0 30.0 2.0 4.0 50/25 X

50 TV. 36 11.0 32.0 1.0 2.0 50 X

SCPCA: SCPC (analogue) Afpm '■ frequency deviation (modulated carrier)
SCPCN: SCPC (digital) Afpnm • frequency deviation (unm odulated carrier)
NUM-LB: wideband (digital) fbal - sweep frequency
N/V: number o f channels A /i,: frequency deviation (test signal)
N /E : number o f states Af m : frequency deviation (multiplex signal)
Boc' occupied bandwidth F C : low capacity
A f: frequency deviation M: average

H D : high density
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A different approach  for determining sub-band segments, based on limits on particular values for 
param eters such as earth-station e.i.r.p., modulation type, carrier bandw idth  and  various combinations o f  the A, B, 
C and  D parameters, has been studied [Mizuno, et al., 1984],

The results o f  this analysis show that the division o f  the 6 /4  G H z  frequency band  into two segments 
reduces the required satellites spacing to half, relative to the unsegmented case. The analysis also shows that the 
greatest im provement can be achieved on the basis o f  carrier bandwidth, up-link e.i.r.p., and  down-link e.i.r.p. 
Figure 1 shows some o f  the results.

2.2 M acro-segm en tation , p a ra m eter value approach

FIGURE 1 -  Required satellite separations in 6/4 GHz frequency band 
(excludes multiple-beam /considerations)

0 O p t i m u m --------------------------- ---
1 Bandwidth _________________
2 Up-link e.i.r.p.
3 Down-link e.i.r.p. _  . _  . _
4 Parameter A
5 Parameter B
6 Parameter C
7 Parameter D
8 A/B
9 C/D

10 Max (A/B, C/D)
11 Min (A/B, C/D)
12 Type of m odulation
13 W ithout segmentation
14 Excluding coexistence o f TV-FM and SCPC-PSK
15 Excluding coexistence of TV-FM and (SCPC-PSK and SCPC-FMI)

Prime indicates that e.i.r.p.s o f INTELSAT carriers are maximum.

In terms o f  the impact o f both the param eter value and carrier classification approaches to macro-segmen­
tation on existing and  planned systems, every segmentation scheme would im pose a rearrangement o f  carriers 
within systems. This could be difficult to implement, particularly in complex multibeam satellites where the 
location o f  carriers is governed by several complex considerations related to coverage and connectivity. If strict 
band  segmentation schemes were applied in these cases the efficiency in use o f  the spectrum and orbit may well be 
reduced.
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Using the micro-segmentation method for band segmentation, bands of the order of a transponder 
bandwidth are considered for sub-division. A carrier classification approach is used such that sub-bands are 
identified for use by high-density carriers and for avoidance by low-capacity carriers. In contrast to macro­
segmentation, the sub-bands are identified relative to a transponder bandwidth (e.g. 36 MHz) instead of an entire 
frequency band (e.g. 500 MHz). Figure 2 illustrates the problem of available capacity for
highly sensitive carriers in the absence of micro-segmentation.

2.3 Micro-segmentation

Considering, for example, satellites using 36 MHz transponder 
bandwidths, the sub-bands below could be identified, where fQ is the transponder 
centre frequency and X would be a band limit to be determined.

Sub-band (MHz) Carrier classification

(fc - X) -to (f0 + X) High density and average
(fQ + X) to (fQ + 18) Low capacity and average
(fQ - 18) to (fQ - X) Low capacity and average

Another example could consist of regularly spacing (e.g. every 40 MHz)
the central frequencies of high-density carriers *(particularly FM-TV carriers) 
to permit the less constrained use of highly sensitive carriers (particularly 
SCPC carriers) outside the small bands defined around the central frequencies of 
high-density carriers.

Although there are often differences in the repeater frequency plans 
and the transponder frequencies of satellite systems, a spacing of 40 MHz could 
be appropriate for carriers having the same polarization in the 6/4 GHz range 
subject to. confirmation through additional studies of new networks; further 
study would be needed to define the spacing for the 14/11-12 GHz and 30/20 GHz 
ranges.

In practice, micro-segmentation is already being employed amongst a 
number of networks. Centre frequencies of transponders are in many cases avoided 
in the development of SCPC frequency assignment plans.

The width of the sub-bands where placement of low-density carriers 
should be avoided is probably in the range of 2 to 10 MHz; this to be the 
subject of further study. These methods could be augmented in some cases by 
alternating the polarization of overlapping high-density carriers in 
transponders off-set by approximately one-half of a transponder bandwidth. Using 
the example 36-MHz transponder bandwidth, the spacing between the centres of the
sub-band would then be 20 MHz. The following non-exhaustive list of advantages and
disadvantages of micro-segmentation has been compiled:

Advantages:

increasing the available capacity for highly sensitive carriers
as illustrated in Figure 2.

the reduction of incompatibility problems between high and low 
density carriers;



512 Rep. 1000-1

permitting a closer spacing of "co-channel" satellites in the 
GSO;

it would further encourage the use of lower density TV carriers, 
e.g. better energy dispersal and digital techniques.

Disadvantages:

a priori micro-segmentation would be of limited utility for 
adjacent satellites having dissimilar transponder plans and 
bandwidths - as is common amongst existing systems;

it would reduce the flexibility of frequency planning in 
transponders for leased use, and also fix the number of high 
density carriers thus limiting the capacity for growth in 
conventional FM video traffic;

where dual polarization employing off-set frequencies is used, 
the provision of sub-bands around the designated high density 
carrier frequencies may considerably reduce the bandwidth 
available for SCPC carriers;

it would preclude the effective use of television in dual 
polarized transponders in some multi-beam satellites.

✓
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Interferine networks: FM-TV carriers Wanted network: SCPC carriers

N e t w o r k  1

f0 f0*

spectrum available without interference

FM-TV

f0 f 1 f i ’ fcf fr

v > ' f r r r r r r / r n
\j77jiJ77Tj7ja 
f V fc'

f
'0  ‘ 1

bandwidth made unavailable for SCPC 
(interference from network 1)

Network 2

Network 3

FM-TV

f2 f0 f2 fo'
f

bandwidth made unavailable for SCPC 
(interference from network 2 only)

f3* fo ' fr

t t t / r / r / t / r r fA  I
uv7777/7/7///i
u  u f r

f
‘0 '3 '3 ‘0

bandwidth made unavailable for SCPC 
(interference from network 3 only)

interference from 
networks 1, 2 and 3
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v n f f f t r r t t f f r t r r r f

(2 f l f-3*:

residual capacity (interference from 
networks 1, 2 and 3)

FIGURE 2

Capacity loss for low-capacitv carriers in the 
absence of a micro-segmentation plan
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3. Other methodologies

3.1 H arm onization o f  spectrum utilization

Rather than segmentation, it would be possible to provide for harm onious utilization o f  the spectrum by 
using the following rule:

TV and high-density carriers may occupy the frequency band allocated from the top downwards; SCPC 
an d  low-capacity carriers may occupy it from the bottom upwards, o r  vice versa, depending on the range 
in question. This would alleviate the problems in many cases and  would avoid rigid utilization. This could 
be established as a guideline.

Like macro-segmentation, however, this approach does not offer solutions where a high degree of traffic 
im balance  is present.

3.2 Flexible utilization

U nder this approach, inhomogeneities am ong adjacent satellite frequency plans would be considered 
during  the coordination  phase, using the guideline that SCPC carriers would not be located at or near FM-TV 
carr ier  frequencies within the energy dispersal band  referred to in § 2.3.

4. Summary

The following observations can be made:

— even without strict segmentation, very considerable improvement in orbital utilization efficiency is obtainable
by the avoidance o f  co-frequency assignment o f  TV-FM and SCPC carriers. This may be achieved in practice
by allocating TV and  SCPC to separate segments through flexible arrangements. However, it should be noted 
that for administrations with only a low traffic requirement, this may lead to inefficient use o f  the space 
segment;

— any rigid scheme o f  segmentation is likely to entail more penalties than benefits;

— guidelines leading to harmonious utilization might be useful to develop, particularly for frequency bands 
currently lightly used.
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REPORT 1 1 3 5

OPTIMIZATION METHODS TO IDENTIFY SATELLITE ORBITAL POSITIONS

(Study Programme 28A/4)

(1990)
1. Introduction

Various measures to alleviate inter-system interference have been 
proposed anu discussed in CCIR Report 453, in order to achieve an efficient 
utilization of the orbit and radio spectrum.

In this report, a new concept of identifying orbital locations for 
entering satellites through the use of optimization methods is discussed as a 
promising measure for reducing inter-system interference, as well as the 
frequency of inter-system coordination between new entrants and existing 
networks. This concept is potentially very useful in accommodating new entrants. 
Since it attempts to select orbital locations which minimize the interference 
impact of a new satellite within an existing satellite population, it should 
minimize the coordination efforts required to implement the new satellite.

Optimization methods are dependent upon the technical assumptions which 
are used as optimizing parameters. These assumptions may need to be carefully 
selected to properly characterize the new system within the existing satellite 
environment. Various optimization methods are available, some of which are 
described below and which present different sets of optimizing parameter 
assumptions and procedure. Further study is required to determine the 
suitability of each approach to effectively characterize the new satellite 
system of the existing satellite population.

2. Method based on the use of isolation

Two isolation methods, conventional isolation and link isolation, are 
described in Annex I of this report. The following process is described for the 
link isolation but is equally applicable for the conventional isolation method.



516 Rep. 1135

Orbital positions for entering satellites are identified using the 
following optimizing sequence:
Phase 1

The available link isolation matrices for all possible combinations of 
entering networks and for all possible combinations of the existing and 
entering networks are generated. Figure 1 schematically shows 
an example of the link isolation matrix corresponding to the 
interference from the network J to the network I. The lowest value 
among all elements of the link isolation matrix implies the minimum 
available link isolation ALImin (I, J) for the interference from the 
network J to the network I. In the same way, the minimum link isolation 
ALImin (d. I) from the network I to the network J can be derived.

Phase 2

The calculation of the minimum available isolation among the existing 
and entering networks is made following the above mentioned procedure, 
using the preferred orbital locations submitted by the administrations 
for the new networks.

Phase 3

An ordering of the entering networks is determined using the 
evolutional model. In this model, the best ordering for all entering 
networks in the given arrangement of the existing networks is 
determined under an assumed launching sequence for the entering 
networks and a given link isolation criterion which is in excess of the 
required link isolation of a high proportion of carrier combinations.

Phase 4

For the satellite ordering so determined, further adjustment of the 
positions of new entrants is undertaken such that the minimum available 
isolation in the most affected network is maximized on the basis- of the 
following objective function:

h (<p) - maxax j  min [ALImin (I, J)]) (1)
<P I I. J (

where

I, J "belong to" all existing and entering networks
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Method based on the use of normalized ( A T / T )

In this method, the available normalized (AT/T) for each carrier type 
classified in accordance with Annex III to CCIR Report 454 is used. The 
optimization process is carried out in the following way:

Phase 1

Phase 2

Phase 3

Phase 4

Identification of possible cases of interference.

In the case of network pairs deployed in a potential interference 
configuration, comparison of satellite antenna radiation patterns and 
service areas for determination of cross-gains (gain of one satellite 
antenna in the direction of an earth station in the other network) for 
the worst-case earth station sites.

Determination of relative noise temperature increases for each network 
pair in a potential interference situation (see CCIR Report 454,
Annex III).

Determination of required spacings between satellites by comparing 
relative temperature increases computed in Phase 3 with maximum 
acceptable increases defined in Table III (Annex III of Report 454), 
taking into account a 25 log <p decrease in earth station antenna side 
lobes:

<P (0ij required “ îj
"(AT/T)C

_(AT/T)n _

0.4
( 2 )

where:

^ij required : required spacing between the two satellites 
under consideration,

spacing used in Phase 3 computations (new 
satellites located at the mid-point of their 
service arc),

(AT/T)C : relative temperature increase computed in
Phase 3,

(AT/T)n : maximum acceptable relative temperature increase
for the carriers involved.

517

The required spacing for a satellite pair is the maximum value obtained 
from applying equation (2) to all carrier pairs which might be in an 
interference configuration.
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Determination of orbital locations of new satellites in order to 
maximize the ratios of the available orbital spacing to the required 
spacing among the satellite population. This optimization process is 
equivalent to minimizing the relative excess of interference in the most 
affected network, expressed by the ratio between the available normalized 
(AT/T) to the required value (AT/T)n-

Therefore the objective function is:

min £ max j (AT/T)C J  (AT/x)njJ (3)

4. Method based on the use of COS

The process of choosing tentative orbit positions for new satellite 
networks and then making minor modifications to these tentative positions can be 
carried out to ease timing problems when the complete coordination of the 
network is a time-consuming one within a five year time-frame and the 
construction of the space station is a similarly time-consuming one. The overall 
process can be done in three phases, as follows:

Phase 1: Initial tentative choice of orbital position

Sub-phase 1.1

Choose an arc within which the new or replacement satellite might be 
coordinated and operated. This arc should be wide enough that it is highly 
likely that a solution can be found, but not larger than necessary because the, 
complexity of the problem increases as the number of satellites in the arc 
considered increases.

Sub-phase 1.2

Calculate the generalized parameters ‘Pj.i for each of the existing 
networks in the arc being considered, and the new network. Also calculate the 
parameters relating to the interaction between network i and network j .

is defined as the spacing between networks i and j necessary to protect 
network i a specified amount from network j.)

Sub-phase 1.3

Use the [^ij] matrix of phase 1.2 to find an orbital arrangement among 
the networks involved to allow the new networks to be included in the arc under 
consideration. If no position can be found the arc under consideration must be 
widened and/or the parameters used to determine the ] matrix tightened, and
sub-phase 1.3 repeated.

Phase 5
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Detailed coordination of networks at the orbit positions chosen in 
phase 1 under Article 11 of the Radio Regulations is carried out in this phase. 
This includes traffic coordination and timing of traffic introduction as 
required, imposing constraints on earth station antenna characteristics and 
location as necessary, etc. This coordination process is simplified, however, by 
not having the orbit positions of the networks part of the list of items under 
discussion.

Phase 3

This phase is unnecessary if phase 2 can be completed successfully. If, 
however, that is not possible, phase 1 is carried out again with the <pij 
elements reduced to find an orbital arrangement within which phase 2 can be 
completed successfully.

The characteristics of the COS generalized parameter are described in
Annex II.

5. Method based on the principle of network homogeneity

Two mutually affected FSS networks are inhomogeneous when the first 
network requires more protection against interference from the second than the 
second requires against interference from the first. Accordingly, when 
coordinating such networks, the largest value of angular separation between 
satellites has to be adopted in order to protect the first network, thereby 
making less efficient use of the geostationary orbit. Homogeneous networks, on 
the other hand, require the same amount of protection from mutual interference, 
with the result that they require the same values of angular separation between 
their satellites, even though the necessary permissible values of carrier-to- 
interference ratio (C/I) may often be different.

Clearly, homogeneous networks according to the above definition use the 
geostationary orbit more efficiently.

Making FSS networks homogeneous by modifying the technical parameters 
of one of them (new network) or, in exceptional cases, both of them, provides an 
effective means of optimizing satellite orbital positions.

It is first necessary to identify the particular carriers in two 
networks which are limiting the satellite separation angles in the two 
directions. These carriers are used in the following computations. After 
adjustments have been made to equalize the angle, it is then necessary to 
determine that the interference to other carriers in both networks are 
acceptable.

Phase 2
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L et us co n s id e r  mutual in t e r f e r e n c e  betw een  two FSS netw orks, an 
e x i s t i n g  netw ork (network 1 ) and a new network fo r  w hich c o o r d in a tio n  i s  
i n i t i a t e d  (netw ork 2 ) .  T heir param eters are r e la t e d  by th e fo l lo w in g  eq u a tio n s:

I n t e r f e r e n c e /c a r r ie r  r a t io  in  network 1:

( I /C )  _ P j g j f a i ^ g z W 1!  + P383^ ' ) 84( p1- 2)1 2 (4)
P l 8 1 8 2 1 i

Interference/carrier ratio in network 2:

-  P i S i ^ . R g z ^ h  ^ 3 » ^ > 2 - i n 2 ( 5 )
P i s i s P i  P 3 g 3 g 4 1 2

Noise/carrier ratio in network 2:

(N/C)' = + PN4 2_  ̂ (6)
P ^

w h ere:

Pi » Pi ' tr a n sm itte r  powers a t  th e  in p u ts  to  th e  ea r th  s t a t io n  
a n ten n a s;

Si* Si " ea r th  s t a t io n  tr a n sm itt in g  antenna g a in s ;

E>2 > 6 2  " Sa t ns ° f  th e space s t a t io n  r e c e iv in g  antennas a t  th e edges o f  
t h e ir  s e r v ic e  areas;

S3 » S3 " g a in s  o f  th e  space s t a t io n  tr a n s m it t in g  antennas a t  th e edges  
o f  t h e ir  s e r v ic e  a rea s;

P3 » P3 " space s t a t io n  tr a n sm itte r  powers a t  th e  in p u ts  to  th e  • 
tr a n s m it t in g  a n ten n a s;

g4 , g  ̂ - ea r th  s t a t io n  r e c e iv in g  antenna g a in s ;

l ! , 1  ̂ - c a r r ie r  lo s s e s  on th e E a rth -to  sp ace l in k ;

12 , 12 - c a r r ie r  lo s s e s  on th e sp a c e -to -E a r th  l in k ;

Pn2 » Pn2 ' therm al n o is e  powers a t  th e o u tp u ts  o f  th e sp ace s t a t io n  
r e c e iv in g  antennas;

PfU » Pn4 " therm al n o is e  power a t  th e o u tp u ts  o f  th e  e a r th  s t a t io n  
r e c e iv in g  antennas;

- a n g le s  betw een the d ir e c t io n s  from th e  sp ace s t a t io n s  to  the  
ea r th  s t a t io n s  o f  th e ir  own network and to  th e  n e a r e s t  earth  
s t a t io n s  o f  the o th er  ( in t e r f e r in g )  netw ork;

^ 1 - 2 * ^ 2 - 1  " angular se p a r a t io n s  betw een s a t e l l i t e s  req u ired  to  o b ta in  
s p e c i f i e d  v a lu e s  o f  (I /C ) and ( I / C ) ' ,  r e s p e c t iv e ly .
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The parameters of network 1 are assumed to be known and dc not change 
during the optimization process.

To optimize the position of network 2's satellite on the orbit, 
network 2 needs to be made homogeneous with network 1. This is achieved by 
establishing the condition of homogeneity in equations (A) and (5), i.e.

and selecting values for the parameters of network 2 which will satisfy 
equations (4), (5) and (6) for specified values of (I/C), (I/C)', (N/C)'. Of the 
network 2 parameters involved in equations (A), (5) and (6), the parameters g2 
and gj are specified and cannot be altered, insofar as their magnitudes are 
determined by the dimensions of the service area; the parameters p̂ ,2 and p^* 
may also be considered as being specified and unchangeable, since they are 
determined by the noise temperature of the receiving units. We are left with 
four parameters p^, pj , gj and which may be modified. However, the values of 

and g \ are interrelated insofar as the same antenna is used at the earth 
station for transmission and reception; the following relationship may thus be 
stated:

Consequently, the optimization problem boils down to determining the 
three unknowns p^ , p2 and ĝ  from the three equations (A)» (5) and (6)-

(7)

a g f / g A  =  ( ^ 2 / Al ) 2 ,? l / T?4 > ( 8 )

where:

Ai> A 2 " wavelengths on the Earth-to-space and space-to-Earth links;

T7i , T}^ - coefficients of use of the reflector area for transmission and 
reception.

These equations have to be solved for a number of values of <p and
corresponding values of so as to obtain a series of values for pi , p2 and 
g [, and the most acceptable values are then selected. In accordance with 
Recommendation A65, the values g 1 ((p) , gi^P). g<, (S°) > g* (<P) should be expressed 
in the form:

g (<P) = Za<p-2-5 (9)

where:

za - (A/D)-105 -2 

Za - 103-2

for D/A < 100

for D/A > 100
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In order to avoid cumbersome expressions, it is convenient to express 
the solutions to equations (4), (5) and (6) in the form:

S2 <C/N) 'Pn4 1 2 - ( C / I ) ' Za4'P'2 - 5P38 3 W ( 1 2 / 1 2) .

8 3  ( C / D ' Z a ^ P ^ C r x H / H )  '  ( C / N ) P n 2 H

( 10)

Si =

ZaiS2 CV>) 11 . Za4S3(V’')12Pl fp3>l
g i g1 &2 3&4 12P3 LP1J

- 1

_ cp~2 - 5 ZalPlS2(^') (1l/1l)PN412 - Za4P3S3 W  (12/12)PN211
P { g 2  ( I / C ) ' ^ 1 ^ - ( N / C ) ' z ; 4 < p ^ 7 3 p 3 g 3 (V>)(1 2 / 1 2 )

( 11)

( 12 )

It is a simple matter to calculate from these equations a series of 
values for the parameters p^ , pg , of the new network for a number of values 
of <p and tl>' with a view to selecting the most acceptable values. Thus, for 
example, if the antennas of the new network's earth stations have already been 
ordered before coordination is initiated or already exist, in other words it is 
not feasible to alter their dimensions in practice, then from the series of 
values of cp and for which the values p^ , pg , ĝ  have been calculated we can 
select a value of <P for which the value of corresponds to the size of the 
existing or ordered antennas. When this has been done, it only remains to modify 
the new network's powers pj and pg to make it homogeneous with the existing 
network and thereby secure a minimum angular spacing between the satellites.

In complicated cases, in order to achieve homogeneity it may prove 
necessary to modify the permissible values of (C/N)', (C/I)', or even to reduce 
the permissible value of (C/I).

When it is necessary to consider mutual interference between a new 
network and several existing networks several attempts can be made to modify the 
technical parameters of a new network to make it homogeneous with each of the 
existing networks and then to select compromise values of these parameters.

Further study is necessary to extend this method to this more 
complicated situation.
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The effectiveness of the optimization method described above may be 
illustrated by the following example.

Example

The existing network has the following parameters:

Network 1

Antenna diameter D = 12 m, g 1 = 3.4»105 , g4 = 1.76»105 ,
g2 = g2(V0 = g3 = g3 (VO - 250, Pl = 104 W, p3 = 5 W, (N/C) = 0.01585 (18 dB) ,
required protection ratio (C/I) = 1.585«103 (32 dB), 1 1 = 1.112«102°,
1.2 = 4.27»1019. The service area of network 1 is contiguous with the service 
area of network 2.

The new network has the following parameters:

Network 2

Antenna diameter D = 7.5 m, g [ = 1.328»105 , g4 = 6.87«104 ,
g2 = g2 (^') = gi = ga (V»') “ 3.4-103 , pi = 20 W, p' = 2.34 W,
(N/C)' = 0.01 (20 dB), (C/I)' = 3.162-103 (35 dB), 1 \ - 1 1 , 1 ’ = 1 2 ,
Pn21'i = 5.524-106, V ^ 1 ’2 = 2.12-106 .

With the specified parameters for protection of network 1 against 
interference from network 2, i.e. in order to attain (C/I) = 32 dB, an angular 
separation between satellites cP1 - 2 = 6.1° is required, whereas to protect 
network 2, i.e. to attain (C/I) = 35 dB, an angular spacing ^ 2-1 = 8.45° is 
required. In other words, the networks are inhomogeneous.

After network 2 has been made homogeneous with network 1, the 
calculations using equations(10), (11), (12), give the following results.

Selecting <p = 6.1°, i.e. the lower of the two options, the parameters 
of network 2 have to be modified as follows:

pi = 107.37 W, pi = 2.17 W, gi = 7.0625 x 104 .

This corresponds to an antenna diameter D = 5.47 m.

If we wish to maintain the size of network 2's antennas, D = 7.5 m,
then <P =  4.79°, pi =  172.45 W, pi = 0.978 W, gi = 1.327 x 105 .

Accordingly, by modifying pi and pi for network 2, it has been made 
homogeneous with network 1 and the necessary angular spacing between satellites 
has been reduced from ^2-1 = 8.45° to <P = ^ x - z  = ^ 2 - 1  = ^-79°, i.e. by 43%.
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6. A d v a n t a g e s  due to o p t i m i z a t i o n

Studies have been made to quantify the benefits of introducing an 
optimization process for identifying orbital positions for new networks through 
example exercises.

The results of the exercise indicate that, if the positions for new 
networks had been selected at random and non-optimized positions had been 
selected, a significant advantage would have been forgone by comparison with a 
selection made using the optimization process. Moreover, particularly with a 
large number of existing networks, the optimization process can result in 
savings of time and effort in inter-system coordination activity.

7. Computer tools

These two approaches described in sections 2 and 3 may be used in cases 
where large numbers of networks are implicated and require iterative 
optimization algorithms to be implemented. These tasks need to be performed 
using computer tools.

Two activities are currently underway for the development of computer 
software which are potentially capable of fully executing the optimization 
processes described in sections 2 and 3. One makes use of the link isolation 
method [CCIR, 1986-90a] and the other follows the normalized (AT/T) method 
[CCIR, 1986-90b].



Rep. 1135 525

Transponder Number of Wanted Network I

*  1 * 2

•“3
Link Isolation for Link Isolation for

U J l l ------>  Ii J l l ----- >  I2i
>
IB
C

*  1 J 1 2 ------► X2 1

•o® J 1 2 ------> X 1 J l l ------>  I22
c
0)
> J 1 2 — >  x 2 2

Vi
O
u Link Isolation for

X I

c J2i — >  I 21

u
V # 2 - - J 2 2  — >  X2 1
c
8. J 2 1 ------► x 2 2
c
CS
(4

e -
J 2 2 — *  x 2 2

FIGURE la 

Link isolation matrix

*  1

Links
I I

Links 
I 2l  122

#  1

Links 
J 11 J12

* 2

Links 
J 21 x22

FIGURE lb 

Assumed link connections

CCIR Documents

[1986-90]: a. IWP 4/1-1417 (INTELSAT); b. IWP 4/1-1456 (France).

REFERENCES

BORODICH, S.V. [1988] - Garmonizatsiya setei fiksirovannoi sputnikovoi sluzhby 
(Harmonization of FSS networks), Elektrosviaz. No. 8, pp. 11-15.



526 Rep. 1135

ANNEX I 

Isolation method

1 .  The toncept o f  isolation

1.1 Conventional isolation method
The isolation between two networks can be derived as follows: in the basic c / i  equation  (see Table I  of 

this A nnex for a definition o f  symbols):

c/i = p\g\ 92 MO P3 § 3  M  9a fp’)'
P i 9 i 9 i P30304

( 1 )

the ratios p \/{p \g \g 2) and  p'y/(p}gyg4) can be substituted from the internal up- and  down-link power budgets in 
the interfering and interfered-with networks as follows:

P \ / ( P i 9 i 9 i )  =
{c/nyu b' r 2 

(c/n)u b T 2 g\g '2 ( 2 )

(c/n)' T \ b' 
(c/n) T ,b  g g ’4 (3)

Defining

( c / n ) ' / ( c / n ) ' u = n\

(c / n ) / ( c / n ) u =  /7,

and transferring b, b' ,  ( c / n )  and  ( c / n ) '  to the left-hand side produces the “ isolation equa tion ’

(4)

(5 )

, n  (c/n)' b’ (c/i) >h ( 9 i / T 2) g \ (<P)
(c/n) b [ n \ ( g ' 2/T ' 2) g \ A g 2 (\|/') (g'JT ',) gAA g '3 (vj/) ( 6 )
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The left-hand side of equation (6) contains only parameters describing in terfering transmissions and  their 
interaction, and its magnitude is called the required isolation; the right-hand side comprises p redom inantly  major 
network design characteristics, is equal to the inter-network coupling loss and  is called the available isolation. 
Since the two parameters *P and H>' are topocentric inter-satellite spacings, the available isolation is a function o f  
inter-satellite spacing.

From equation ( 2 ) ,  required and available isolation may be defined as follows:

Required isolation is defined as the wanted-to-unwanted carrier power ratio ( c / i )  required to protect one 
transmission against unacceptable interference from another, normalized with respect to the necessary 
carrier-to-noise density ratios (c / n 0) o f  the two transmissions.

and:

Available isolation (inter-network coupling loss) o f a network A relative to a network B is defined as the 
ratio o f  powers received at two points from a transmission originating in network B, normalized with 
respect to the effective noise temperatures at the points of reception. The two points o f  reception are the 
receivers in network B and  network A, respectively.

The basic isolation equation is subject to further refinement:

when an interfering transmission has a smaller necessary bandwidth  than  the wanted transmission, some 
allowance for additional interference contributions in the c / i  term must be made. It would be convenient to 
assume that, in such a case, all interference would be due to an array of in terfering carriers o f  the same type, 
equally spaced in frequency. In the case of interfered-with FM transmissions, if  ( c / i ) reqj were to  d en o te  t h e  
required c / i  ratio for the y'th interfering carrier, and if  it were assumed to produce the total permitted 
interference, the effective c / i  which should be used for the c / i  term o f  the left-hand side o f  equation (6) 
would be:

( c / i ) r e q e f f — X ( c / *) reqj (7)
a ll j

with the summation of the contributions of all carriers whose necessary bandw id ths overlap that o f  the 
interfered-with carrier. An equivalent expression can be derived for the case o f  a digital transmission that is 
subject to interference;

in some cases, up- and down-link polarization discrimination may be available. Such discrimination would 
increase the available isolation or decrease the required inter-satellite spacing. G o od  estimates o f  polarization 
discrimination are available for conditions o f  satellite collocation and co-coverage (vy, vy', *P,<P' =  0°). For 
other conditions, additional data  should be collected;

— the terms nx/ n \ ,  7) and T't are not independent o f  the transmission param eters assumed. The term n x/ n \  is
controllable through the incorporation  o f  suitable satellite gain steps in the satellite design and  the choice o f  
appropria te  settings, thereby affecting up-link power requirements. The link noise temperatures 7} and  T)  
could be split into transmission-dependent and transmission-independent com ponents; the transmission- 
dependent com ponents  could be made part o f  required isolation;

— the isolation concept needs to be adapted to be usable with networks which have only up- o r only down-link
interference, or have other than  simple frequency-translating satellite transponders ;

— account needs to be taken o f  the condition vp a n d /o r  iy' <  0°, i.e., where service areas overlap.
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One type of homogeneity implies equality of all major design and operating 
parameters in the two (or more) networks. Another type of homogeneity implies 
equal reciprocal required intersatellite spacing for two networks. Equality 
in the value of available isolation for two networks, each with respect to 
the other, generally does not imply equality in the corresponding required 
intersatellite spacing, i.e. equal reciprocal available isolation does not 
produce intersatellite spacing homogeneity. The same holds true for the 
generalized parameters C/I and At/T. T w o  systems are homogeneous if while 
calculating actual interference, a permissible value in one direction is 
achieved at a satellite angular separation<P1_ 2 and inversely at ^ 2-1 » and 
*̂1 - 2 = ^ 2-1 - These homogeneous systems may change their parameters and still 
have the same required isolation.

E xa m p les  o f  application

T ab le  I l s h o w s  a m a tr ix  o f  c a r r ie r  types , g iv in g  th e  iso la tio n  th a t w o u ld  be  re q u ire d  b e tw e e n  n e tw o rk s  to 
lim it th e  s in g le -en try  in te rfe re n c e  to  600 pW Op a n d  to  4%  o f  th e  b a se b a n d  n o ise  fo r  TV.

1 . 2 Link isolation method

In the link isolation method, equation (6 ) is further modified by 
replacing the c/n cluster in the right-hand bracketed term by appropriate 
alternative terms. From CCIR Report 454 (with a slight modification of 
equation (2), Annex II of Report 454):

<c/n) _ 4,,bl Sat S4 T 2

<c/n>u X2 bo fsat 'dS2 T 2 u
( 8 )

where

b i .  b {

e s e t  

f s e t

- wavelength of up-link carrier

“ input and output transponder backoff, respectively

- transponder saturated e.i.r.p.

- saturation power flux-density.

Combining the parameters of (8 ) for the wanted and interfering networks 
and inserting its result into (6 ) yields

(c/i)
 ̂*-"/ 11J D

(c/n)b
T e

e b f' b' g g' (<P) g (<P')sat i sat o 4 1 4

e s a tb i  ■ f s a tbo ’ S p g ^ ' )  +

- 1

(9)

It is noted that although the square-bracketed term of equation (9 ) is 
basically independent of carrier-combination, T£ and T'fi are both carrier 
specific.
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The dependency of the available isolation on the carrier parameters is 
dealt with in the following way. '

The link noise temperature T is expressed as follows (see equation (3) 
of CCIR Report 871):

(c/n)
d  T

(c/n) ( 1 0 )

where T4 is the receive noise temperature of the earth station. By substituting 
equation (10) into equation (9) , the terms (c/n) and (c/n)’ appear on both sides 
of equation (9) and they can be eliminated. Furthermore, moving the terms (c/n)d 
and (c/n)'d to the left-hand side yields the link isolation equation as 
follows:

(c/i) ( c / " ) d b ' _  6 4 A 4  

(c/n)db " g4 /T4

e f' h sat sat g [ W

6 satfsath ' SiAS2(̂ #)

- 1

( 11 )

where h - bi/b0 an<̂  “ b ’l/b'o- Since h and h' are the transponder operating 
parameters, they are constants for all carriers involved in the concerned 
links* (linear and non linear transponder operations would yield different 
constant values of h and h').

By analogy with the conventional isolation method, the left-hand side 
of equation (1 1 ) is called the required carrier isolation and the right-hand 
side is the available link isolation.

The available link isolation is uniquely determined given information 
on transponder gain-setting and operating back-offs along with the major network 
characteristics including transmit and receive earth station types. The 
available link isolation for a pair of links is, therefore, constant 
irrespective of the specific carriers transmitted on either link.

The required carrier isolations are link-specific, but representative 
values can be determined through theoretical analysis and/or statistical ' 
analysis of data available for existing satellite networks.

* A satellite link consists of a transmitting earth station type, a receiving 
earth station type and the related path through a satellite transponder with 
specified characteristics, such as gain-setting and operating back-offs.
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Examples of the required isolation values for some carrier combinations 
are given in Table III. These values were obtained by analyzing operational 
carrier parameters as well as using appropriate CCIR criteria for single entry 
interference.

If interference is either in the up-link only or in the down-link only 
a slightly different expression for (11) will result. However, the main features 
of the link isolation method described above remain the same.

TABLE I  — Definition o f  sym bols used

c /i wanted-to-unwanted carrier power numerical ratio

Pi • g , . Ti carrier power (p ), nominal antenna gain (g) and  receiving system noise temperature (71 as encountered at the 
four antennas which comprise the entire transmission path: 
i =  1 earth-station transmit; / =  2 satellite receive;
/ = 3 satellite transmit; i =  4 earth-station receive

p'i-g'i. T ’ , etc. primed parameters are those associated with the interfering transmission or network

T , .T ) link noise temperature at the interfered-with and the interfering receive earth station, respectively

Ag2(y ')  = g2/g 2W ) satellite receiving antenna discrimination (>) in the interfered-with network, in the direction vy' o f the 
interfering network’s service area

Ag^(iy) = g'i/g'i(v) satellite transmitting antenna discrimination (>) in the interfering network in the direction vy of the 
interfered-with network’s service area

g\(<P) earth-station transmit antenna gain in the interfering network in the direction <P o f the interfered-with 
network’s satellite (2)

g4& ) earth-station receive antenna gain in the interfered-with network in the direction ' o f the interfering 
network’s satellite. (3) Generally <P =(Pt so that, with a common reference antenna pattern 
(A +  B log<p), g ^ ( c p )  =  g4 (ep')

(c/n)u, (c/n) required up and total link carrier-to-noise ratio, respectively (primed for the interfering network)

b. b' necessary bandwidth o f the interfered-with and the interfering transmission, respectively

(') Spatial discrimination only, relative to beam edge gains g2, g'y
(2) Co-polarization with gj assumed.
(3) Co-polarization with g4 assumed.
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T A B L E  I I * *
Required isolation * between transmissions (in dB)

W anted

Interfering High-index FDM-FM Medium-index FDM-FM TV-FM

12 ch 60 ch 252 ch 792 ch 60 ch 132 ch 432 ch 792 ch 600(1) 2000(i)

PSK 30.2 29.4 30.5 33.4 38.4 38.0 38.7 39.8 47.8 44.7
CFM 29.2 28.4 29.5 32.4 37.4 37.0 37.7 38.8 44.7 40.5

12 ch 27.6 28.4 29.7 32.6 36.8 37.0 37.9 39.0 40.5 35.9
High-index 60 ch 24.5 26.7 29.4 32.5 33.4 35.2 37.6 38.9 37.4 35.2
FDM-FM 252 ch 24.5 23.6 27.4 32.0 32.0 31.4 35.3 37.7 32.4 32.1

792 ch 24.5 23.6 24.4 29.9 32.0 31.6 31.9 34.6 27.9 27.9

60 ch 24.5 27.5 29.6 32.6 34.6 36.0 37.7 38.9 38.5 35.5
Medium-index 132 ch 24.6 25.5 29.1 32.5 32.0 34.0 37.2 38.7 35.9 34.5
FDM-FM 432 ch 24.6 24.1 26.4 31.6 32.1 32.3 34.3 37.0 31.5 31.0

792 ch 24.6 23.9 24.5 30.3 32.2 31.8 • 32.3 35.2 29.1 28.9

TV TV-FM 27.4 28.0 28.8 31.8 32.0 34.0 36.6 37.5 33.0 33.0

r.m .s. m odulation index 2.65 2.17 1.55 1.24 1.10 0.96 0.82 0.76

* To meet current CCIR single-entry interference criteria.
(i) Peak-to-peak deviation (kHz) o f frame rate energy dispersal, 
ch: Channel.

** The data in this table need to be reviewed based on Recommendation 466-5 and 
Report 1 1 3 4 .

TABLE III
Means and Standard Deviations of Required Carrier Isolation, derived from 

the Link Isolation Method (in dB)

Wideband D l i l t e t  I TV/mf D H / m
I n t e r f e r in g  | 

t e r r i e r  I 3<ch

2.5MJU

72ch

3.0MH*

32eh

5KH*

l*2ch

lO.OHHt
3l2ch 

13 .OKU*

9I2ch

36.0KH1
J 60Hblt/s 120Kbit/s J 2Hp_p j

PSK | 30.01018 fcO.OKHr | D laperes li
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ANNEX II 

The COS generalized parameter

The characteristic orbital spacing (COS) of a network may be defined as the minimum spacing required 
between a hypothetical series of  identical satellites serving a given service area, with the satellites assumed to be 
spaced equally across the visible arc.

The required orbital separation between two non-co-coverage dissimilar networks can be expressed in 
terms of the COS and an appropriate multiplicative factor, which is particularly simple for the cases where:
— the off-axis e.i.r.p. of the earth stations are equal, and
— the off-axis e.i.r.p. of the space stations are equal.

For example, if the up-link and down-link service areas are the same, and the wanted and unwanted 
networks are separated by a satellite discrimination of D dB,

D
required orbital separation =  (COS) x 10 25

If the up-link and down-link service areas were different, the expression is not much more complicated.

The COS is therefore, in essence, a property of a given network. It applies whether or not in practice there 
is more than one satellite serving a given service area. It is readily quantifiable, without necessitating the detailed 
consideration of technical parameters, traffic types used, interference standards, etc. Due to its quantifiable nature, 
it can be readily standardized, and used as a basis for equitably defining any sharing scheme for the spectrum 
orbit resource.

REPORT 1003

M ETH O D S FOR MULTILATERAL COORDINATION AM ONG SATELLITE NETWORKS

(Study Programme 28B/4)

(1986)

1. Introduction

The wish to improve the current bilateral coordination process has led to the study of multilateral 
coordination with the particular objective of identifying the techniques appropriate to a multilateral environment. 
The problem consists in ensuring mutual coordination for a set of A networks distributed over a section of the 
orbit, such that the interference received by any one of these networks from the (N  -  1) others does not exceed 
an allowable value.

Several methods have been developed that could be used in multilateral coordination with the objective of 
reducing the difficulties inherent in multilateral coordination to the point at which there can be confidence that 
the coordination process will be successful.
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This is a difficult problem in view of the numerous variables involved and data processing techniques 
obviously have to be used. Even so, the problem is so complex that it is likely to remain insoluble if enhanced 
calculation methods are not used. These methods and techniques are described in detail below.

2. Multilateral coordination techniques

Because of the large number of potential interfering situations that may need to be resolved in a
multilateral coordination, methods are needed to limit the scope of the problem to manageable levels. The 
following techniques are approaches to limit the scope of the problem by identifying, and limiting, the potential 
interference problem in prescribed ways.

2.1 C o o rd in a tio n  o rb ita l arc  (C O A )

Multi-network coordination within a “coordination orbital arc (COA)” is an approach to coordination that
is applied at a given portion of the geostationary-satellite orbit (GSO). This Report presents only the coordination 
implications of the COA. Considerations regarding the division of the orbit into COA are beyond the scope of 
this Report.

Under this approach, the process of harmonizing systems would be pursued with the participation of those 
administrations interested in a particular COA rather than among all administrations.

The advantages of this method of using COA for coordination are deemed to be as follows:

— the orbit harmonization or coordination meeting among administrations concerned in a COA will be more
' efficient and easier than the case where all administrations participate;

— grouping homogeneous satellite systems or optimizing techniques of satellite positions and frequency
assignment may be more easily applied in a smaller forum;

— new technology can be introduced within a given orbital arc with the agreement o f  the administrations
concerned in that COA.

However, care must be taken in the application of this concept so that the activities of one COA do not 
constrain future activities in an adjacent COA. Some flexibility may be lost by an administration identified with 
one COA wishing to use an orbital position in another COA. Also it may be less efficient than other methods due 
to the need for providing unalloted orbital portions either between adjacent COAs or between sub-COAs.

2.2 S u b -r e g io n a l g r o u p in g s

Another way to limit the scope of multilateral coordination is to take advantage of sub-regionalization 
(geographical and in the geostationary-satellite orbital arc) and any natural isolation that exists between regions 
and sub-regions. The choice of sub-regional boundaries would affect the degree of  isolation; therefore, the 
boundaries should be defined with care. In particular, there may be difficulties for inter-regional networks which 
provide service across multiple sub-regions. Further efforts should be made to have the same technical standards 
applied in each sub-region, otherwise difficulties could arise in implementing these systems.

Additional study is needed to identify other techniques which can be used to limit the number of satellite 
networks that would be concerned and affected in the multilateral coordination process.

2.3 M u lti la te r a l  h a rm o n iza tio n  w ith three  e lem en ts  (h a rm o n iza tio n  M 3 )

The objective of  harmonization M3 is to ensure equitable access of satellite networks to the GSO and 
spectrum without suppressing their peculiarities. Specifically, this harmonization which would include three 
elements (spectrum utilization methodologies, maximum flexibility in satellite location and optimization of orbital 
position on the basis o f  equitable interference) is aimed at giving each network the same conditions of access to 
the orbit and spectrum, deferring to each network the specifications of its own specific parameters, as well as the 
choice of the date when the requirements are defined. This harmonization could be applied to any intensively used 
bands.

2.3.1 S p e c tru m  u til iza tio n  m e th o d o lo g ie s

The least favourable cases of interference arise between carriers with extremely inhomogeneous 
characteristics. The purpose of spectrum utilization methodologies is to limit the occurrence of such 
interference cases, which necessitate large angular separations between satellites and detract from the 
efficient utilization of the orbit/spectrum resource. Various possible options are described in Report 1000. 
The most flexible options seem to be the most appropriate for multilateral coordination purposes.
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Optimum utilization of the orbit/spectrum resource presupposes minimum constraints on the 
management o f  orbital positions. This may be effected by stipulating the “flexibility of the initial location” 
and by relocating satellites in service.

2.3.2.1 M aximum flexibility o f  initial location

In order to make best use of the orbit/spectrum resource within a system of multilateral 
coordination, the optimum allocation of orbital positions to new networks should be based on the greatest 
possible number of configurations. This presupposes that the “initial service arc” of each new satellite 
should be as long as possible. The initial service arc may be defined as the orbital arc which is visible from 
all points within the service areas of the system at an elevation angle greater than or equal to 10 °.

2.3.2.2 Relocation o f  satellites in service

Report 1002 deals with flexibility of satellite location. It demonstrates that satellite relocation is an 
effective way of enhancing the flexibility of orbit management and ensuring better utilization of the 
spectrum resource. Nevertheless, technical and technological problems, coupled with operational 
constraints and their implications, may make implementation of this procedure difficult.

2.3.3 Optimization o f  orbital positions with equitable interference

In order to guarantee equitable access to both orbit and spectrum, the orbital positions would have 
to be optimized by seeking an equitable distribution of interference. This means that when new networks 
are introduced, the orbital positions allocated should minimize the greatest interference suffered by any 
given network. For purposes of comparison, interference should be expressed relative to the permissible 
levels defined by the CCIR.

Orbital positions should be optimized in the light of the following constraints:

— allocation of initial positions to new networks within their service arcs, which should be as long as 
possible (see § 2 .3.2 . 1);

— for networks which are liable to be relocated, allocation of new orbital positions within their arc of 
possible relocation, termed the “permanent service arc” ;

— maintenance of other satellites in their previous orbital positions.

In order to meet all the needs expressed, levels of interference above the permissible levels 
recommended by the CCIR may have to be accepted. Equitable interference is in this case reflected in a 
distribution of  the excess interference among all networks.

2.4 Other harmonization techniques

Further study is required to determine the feasibility of developing other interference-reducing techniques, 
e.g. polarization discrimination, power compensation etc., in similar prescribed ways to facilitate multilateral 
coordination and harmonize potential interfering situations.

3. Interference calculation techniques

The current procedure for coordination among networks comprises two separate stages:

— the method in Appendix 29 to the Radio Regulations, which is employed to determine whether coordination
between two networks is required;

— if coordination is necessary, detailed interference calculations may be required for each type of carrier 
involved.

The first stage is a simple, but approximate method for evaluating the potential for interference. The 
second stage generally requires a more accurate interference calculation process. This latter method is commonly 
used for bilateral coordination.

In the multilateral environment, the decisions of the WARC-ORB-85 on the improved regulatory 
procedures planning method, known also as the multilateral planning method (MPM), applies in certain highly 
used fixed-satellite service frequency bands. In the MPM process, coordination is further divided into two stages:

— the first stage, in which a few basic parameters of each system are determined, such as their orbital position,
operating frequency band, etc., and

— the second stage, in which detailed coordination is carried out between networks on a bilateral or a 
multilateral basis subject to the decisions of the first stage.

This Report describes new calculation methods to make this process tractable.

2.3.2 M aximum flexibility in satellite location
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3.1 Generalized parameters

• Several methods have been identified which use generalized parameters to characterize each satellite
network with a minimal number of parameters in order to manage the orbit/spectrum resource as well as to
calculate the potential interference between networks. These methods provide the maximum flexibility to the users 
with respect to meeting their requirements while, at the same time, providing for control of the interaction 
between networks.

Generalized parameters can be employed for several purposes:

— to provide network design guidelines containing the elements necessary to produce a certain level of  orbit 
utilization efficiency, while retaining a degree of flexibility for the network designer;

— to establish threshold conditions to identify the need for coordination;

— to expedite the resolution of some problems without the need for detailed examination during the coordina­
tion process.

3.2 Specific generalized parameter models

Several generalized parameter models have been identified to date and are described in detail in Annex III 
o f  Report 453. These are:

3.2.1 Parameters A. B, C and D

These parameters are defined in § 2.1 of Annex III to Report 453 (CCIR V o l .  IV ,  p a r t  1 , 1 9 8 6 )

These parameters are considered to help in limiting the inhomogeneity and yet are expected to 
allow considerable flexibility in the design of satellite systems. This could be achieved by constraining 
them to a range of values that are small enough to produce a significant increase in orbit/spectrum 
utilization efficiency.

Parameters A and C are the up- and down-link interference potentials to other systems respectively, 
and B and D are the up- and down-link interference sensitivity respectively.

3.2.2 Variations on the ABCD approach

Two variations on the ABCD approach have been proposed to improve on some of the perceived 
shortcomings of the original ABCD set. The variations of the ABCD approach involve modifications to 
the original parameters A, B, C and D to reflect their impact on the environment outside the intended 
coverage. One of these variations can take into account the aggregate interference environment.

3.2.3 Isolation

Isolation is the value of coupling loss between two interfering networks. It is calculated with the 
known major design characteristics of a satellite system (antenna gain and side-lobe characteristics, noise 
temperature and link transmission gain). Its magnitude is a function of  inter-satellite spacing. Two 
transmissions that interfere with each other require a specific isolation to operate on the same frequencies 
without causing unacceptable interference to each other. This “required isolation” is calculated from the 
applicable interference criterion and the performance characteristics of the two transmissions (C/ I ,  C/A'o).

The difference (in decibels) between a specific value of “required isolation” and the available 
isolation (the inter-network coupling loss) is a measure of the effort required to coordinate specific 
transmissions. Among other applications, isolation is useful for controlling satellite density by setting a 
maximum value of available isolation and thereby controlling inter-satellite spacing through the coordina­
tion of transmissions to achieve this available isolation. An equivalent satellite spacing concept can be 
derived through which satellite networks serving separated geographic areas can receive the same isolation 
as satellite networks serving co-coverage areas.

3.2.4 Characteristic orbital spacing technique

The characteristic orbital spacing of a satellite network is the orbital spacing required between each 
satellite in the hypothetical situation in which there are a large number of identical satellites, all serving 
the same service area, closely packed on the geostationary orbit. To calculate this characteristic orbital 
spacing, one takes into account such network parameters as earth-station antenna characteristics, earth- 
station e.i.r.p. and G/ T,  space station e.i.r.p. and G / T  space station station-keeping, necessary network 
C / l  ratio, etc.



536 Rep. 1003

Based on the characteristics of two networks i and j, including their characteristic orbital spacings 
(COS) cp// and cp̂ - and their spacecraft an tenna characteristics, one can calculate the orbital spacings <p,y 
between networks / and j. If there are N networks or space stations to be considered in a portion o f  the 
geostationary orbit, i = {1, 2 . . .  /V}, then one can calculate in this way the entries <p,y of an N x N 
triangular matrix, including the N diagonal elements cp„. This matrix can then be used by either manual, 
automatic, or computer-aided synthesis techniques to develop an efficient orbital arrangement for the N 
satellites, taking account where necessary of the locations of existing satellites. Having synthesized such an 
arrangement, or perhaps several such arrangements, a more rigorous analysis is necessary to verify that all 
aggregate carrier-to-interference ratios are at acceptable values.

Once such an orbital arrangement is agreed upon, detailed coordination of traffic in each o f  the N 
satellites can proceed. If there are extraordinary difficulties encountered in this second stage o f  the process, 
it may be necessary to re-examine the orbital arrangement to overcome these difficulties.

3.2.5 Determination of interference between satellite networks using normalized equivalent noise temperature 
increases

This method attempts to produce precise evaluation o f  interference levels by using, the simple 
calculation technique of “A T / 7"’ as described in Report 454.

This method is based on the two following elements:
— distribution of carriers according to a “standardized classification o f  carriers” into 50 types;
— replacement of the single 4% threshold, currently adopted  as the admissible limit for A T/T 

(Appendix 29 to Radio Regulations), by a table of acceptable values for A T/T taking into account the 
types o f  wanted and interfering carriers in accordance with the standardized classification of carriers.

As a contribution to planning efforts based on MPM, this method might provide a precise means 
o f  determining mutual interference.

4. Summary

The multilateral coordination process is an extension of the bilateral coordination process. However, 
because o f  the many satellite systems possibly involved in the coordination, techniques and methods are needed to 
be developed in prescribed ways in order to facilitate the multilateral coordination. Further study is required to 
determine the best way of using various interference-reducing techniques in this process. In addition, a 
comparison of the applicability of the various generalized parameter models in the multi lateral coordination 
process needs further urgent study.
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REPORT 1137

STOCHASTIC APPROACH IN THE EVALUATION OF 
INTERFERENCE BETWEEN SATELLITE NETWORKS

(Study Programme 28A/4)

( 1 9 9 0 )
1. Introduction

The spacing achievable between satellites in the GSO is governed by the 
inter-system interference deemed to be acceptable to each network. The
computation of such interference is currently performed on the basis of
deterministic methods which, in general, assume worst case conditions in order 
to guarantee protection from unacceptable levels of interference in all cases. 
This approach leads to estimates of interference which in some cases are unduly
conservative. The result is that orbit capacity is not used as efficiently as it
might otherwise b e .

The increasingly high demand for orbit/spectrum resources has led to a 
number of approaches aimed at accommodating increased numbers of satellites in 
the GSO. Some of these approaches are described in Report 453. The approach 
taken in this new report aims at a more accurate method of assessing 
interference that takes advantage of stochasitc elements in the interference 
environment. These elements include earth station antenna side lobe gains, earth 
station locations, satellite longitudinal station-keeping tolerances, satellite 
network parameters and the great variety of transponder frequency plans that are 
encountered in real-world situations.

Many of the characteristics of satellite networks which affect 
performance have random (or stochastic) effects. It is an established practice 
to design communication links on the basis of their statistical properties.
These are usually time varying statistics, i.e. the fraction of time that 
channel performance exceeds a given value. These statistics relate to 
"availability" objectives. However, the stochastic aspects discussed in this 
report are not necessarily of this nature, but concern the effects and the 
statistical characterization of parameters involved in a satellite link which 
cannot be precisely known.

This report describes studies which have been initiated in Brazil, 
INTELSAT and the United States. Studies conducted in Brazil concern the 
randomness of earth station antenna side-lobe gains, earth station locations and 
transponder frequency plans. The INTELSAT studies involve earth station antenna 
side-lobe gain, interfering transponder frequency plans and satellite network 
parameters. The United States studies are related to station-keeping tolerances. 
Several of the studies have been on the same subject. However their analyses use 
different approaches and, therefore, have not been combined. These studies are 
continuing and while no definitive conclusions should be immediately inferred 
concerning interference criteria, a body of results has been generated which is
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described in the following paragraphs. These results indicate the potential 
value of continuing further investigations in this area.

Many of the concepts described in this report have been practised 
informally in one or other coordinations between specific pairs of fixed- 
satellite networks but have neither been widely used nor analysed rigorously in 
a systematic manner. This report puts such practices on a rigorous footing, 
makes them available for general use, and is the vehicle within Study Group 4 
for further development and application of such concepts.

2. Statistical modelling

2.1 Studies conducted in Brazil

I n  t h i s  s e c t i o n ,  s o m e  r e s u l t s  a r e  p r e s e n t e d  t o  q u a n t i f y ,  t h e  
e f f e c t s  o n  i n t e r f e r e n c e  c o m p u t a t i o n  o f  t h e  r a n d o m n e s s  i n  e a r t h  
s t a t i o n  a n t e n n a  s i d e —l o b e  g a i n ,  e a r t h  s t a t i o n  l o c a t i o n  a n d  
i n t e r f e r i n g  t r a n s p o n d e r  f r e q u e n c y  p l a n s .  T h e  c a s e  c o n c e r n i n g  
e a r t h  s t a t i o n  s i d e l o b e  a n t e n n a  g a i n s ,  w h e n  s u c h  g a i n s  a r e  a s s u m e d  
t o  b e  e x p o n e n t i a l l y  d i s t r i b u t e d ,  c a n  b e  d e a l t  w i t h  a n a l y t i c a l l y .  
H o w e v e r ,  t h a t  i s  n o t  t h e  c a s e  w h e n  t h e  r a n d o m n e s s  o f  e a r t h  
s t a t i o n  l o c a t i o n s  a n d  t r a n s p o n d e r  f r e q u e n c y  p l a n s  a r e  c o n s i d e r e d ,  
u n l e s s  v e r y  p a r t i c u l a r  s i t u a t i o n s  a r e  a n a l y s e d  [ A l b u q u e r q u e  a n d  
F o r t e s ,  1 9 S S 1 .  F o r  t h i s  r e a s o n ,  s o m e  o f  t h e  q u a n t i t a t i v e  r e s u l t s  
p r e s e n t e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s  w e r e  o b t a i n e d  t h r o u g h  
c o m p u t e r  s i m u l a t i o n .  T h e y  r e f e r  t o  s p e c i f i c  s i t u a t i o n s  w i t h i n  
t h e  WARC—O R B ' 3 8  F S S  A l l o t m e n t  P l a n .

2.1.1. Effects of the Statistical modelling of antenna side lobe gains

T h e  g a i n s  o n  t h e  s i d e l o b e  o f  e a r t h  s t a t i o n  a n t e n n a s  were modeled as 
exponentially distributed random variables. The deterministic computation, used for 
c o m p a r i s o n  p u r p o s e s ,  w a s  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  o f f -  
a x i s  g a i n  i s  g i v e n  by G ( P )  = 3 2  -  2 5  l o g  <p ( d B i ) ,  w h e r e  <p i s  
t h e  a n g l e  b e t w e e n  t h e  d i r e c t i o n  u n d e r  c o n s i d e r a t i o n  a n d  t h e  
m a i n l o b e  a x i s .  L e t  Nq b e  t h e  i n t e r f e r e n c e  n o i s e  p e r m i s s i b l e  l e v e l  
( e . g . ,  8 0 0  pWOp f o r  s i n g l e - e n t r y  o r  2 5 0 0  pWOp f o r  a g g r e g a t e ) .  I f ,  

w i t h i n  the s t a t i s t i c a l  a p p r o a c h ,  the actual noise N is allowed to exceed Nq 
with probability p, that is P[N > Nq] - p, then the noise level that can be 
accepted in a deterministic computation changes from Nq to N^. In Figure 1, the 
r a t i o  N j / N q  i s  p r e s e n t e d  a s  a  f u n c t i o n  o f  p f o r  s i n g l e —e n t r y  a n d  
f o r  4 e n t r i e s .  T h i s  r a t i o  d e t e r m i n e s  t h e  r e l a t i v e  i n t e r f e r e n c e  
i n c r e a s e  t h a t  o n e  can a c c e p t  i n  a  d e t e r m i n i s t i c  c o m p u t a t i o n  i f  . 
t h e  p e r m i s s i b l e  l e v e l  o f  i n t e r f e r e n c e  i s  a l l o w e d  t o  b e  e x c e e d e d  
w i t h  p r o b a b i l i t y  p .

F o r  s i n q l e - e n t r y  t h e  s a t e l l i t e s  a r e  s e p a r a t e d  b y  1 d e g r e e  a n d  
f o r  4 e n t r i e s  t h e y  a r e  p l a c e d  a s  i n d i c a t e d  i n  F i g u r e  2  ( w i t h  
<p = 1° ) . T h e  r a t i o  b e t w e e n  u p —l i n k  i n t e r f e r e n c e  n o i s e  a n d  d o w n -1  i nl: 

i n t e r f e r e n c e  n o i s e  i s  a  p a r a m e t e r  a  w h i c h ,  f o r  t h e  r e s u l t s  
p r e s e n t e d  i n  F i g u r e  1 ,  w a s  t a k e n  a s  1 / 6 .  F i n a l  r e s u l t s  d e p e n d  o n
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a  a n d  ‘P b u t  a r e  n o t  e x t r e m e l y  s e n s i t i v e  t o  v a r i a t i o n s  o t  t h e s e  
p a r a m e t e r s  w i t h i n  r e a s o n a b l e  l i m i t s .

p = P(N > N0)

F I G U R E  1 — R a t i o  Nj / N, - )  - f o r  <p -  1° a n d  a  = 1 / 6  w h e n  s i d e l o b e  g a i n s  
a r e  m o d e l e d  a s  e x p o n e n t i a l l y  d i s t r i b u t e d  r a n d o m  
v a r i a b l e s  ( s i n g l e - e n t r y  a n d  4 e n t r i e s )

F I G U R E  2  -  F o u r  i n t e r f e r i n g  n e t w o r k s .  S a t e l l i t e s  S 2 ? S 3 , S 4  a n d  
S 5  i n t e r f e r i n g  i n t o  t h e  n e t w o r k  c o r r e s p o n d i n g  t o  
s a t e l 1 i  t e  S ^ .
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A more in t e r e s t in g  example i s  p rese n ted  in  F igu re 3. I t  r e f e r s  to  
netw orks h av in g  th e ir  o r b i t a l  p o s it io n s  and coverage a rea s in  co n fo rm ity  w ith  
th e  a llo tm e n ts  B00001, B 00002, and B00003 in  th e FSS WARC ORB-88 a llo tm e n t p lan . 
In  t h i s  c a s e ,  th e  r a t io  a betw een  u p - lin k  in t e r f e r e n c e  n o is e  and dow n -lin k  
in t e r f e r e n c e  n o is e  was taken  as 1 /6  fo r  a l l  netw orks.

1 0

p = P(N > N 0)

F I G U R E  3 -  R a t i o  Nj/N<j w h e n  e a r t h  s t a t i o n  a n t e n n a  s i d e l o b e  g a i n s  
a r e  m o d e l e d  a s  e x p o n e n t i a l l y  d i s t r i b u t e d  r a n d o m  
v a r ia b le s  ( in t e r f e r e n c e  on B00002): 

curve a :  in t e r f e r e r :  B00003
curve b: in t e r f e r e r :  B00001
curve c: in t e r f e r e r :  B00001 and B00003.

S a t e l l i t e  o r b i t a l  p o s it io n s :  B00001: 65.0°W
B00002 : 61.1°W 
B00003: 68.7°W

2 .1 .2  E f f e c t s  o f  th e s t a t i s t i c a l  m o d ellin g  o f  ea r th  s t a t io n  lo c a t io n s

I n  t h i s  c a s e ,  t h e  e a r t h  s t a t i o n  l o c a t i o n  w a s  a s s u m e d  t o  b e  
c o m p l e t e l y  r a n d o m  w i t h i n  t h e  c o v e r a g e  a r e a .  T h e  s a t e l l i t e  a n t e n n a  
g a i n s  a r e  n o w  r a n d o m  v a r i a b l e s  h a v i n g  p r o b a b i l i t y  d e n s i t y  
f u n c t i o n s  w h i c h  d e p e n d  o n  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s
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c o r r e s p o n d i n g  t o  e a r t h  s t a t i o n  l o c a t i o n s  a n d  o n  t h e  s a t e l l i t e  
a n t e n n a  p a t t e r n s .  I n  t h e  r e s u l t  t h a t  - f o l l o w s ,  t h e  s a t e l l i t e  
a n t e n n a  p a t t e r n s  i n  R e p o r t  5 5 3  h a v e  b e e n  u s e d .

F i g u r e  4  p r e s e n t s  t h e  r a t i o  N j / N ^  ( w i t h  t h e  d e t e r m i n i s t i c  
c o m p u t a t i o n  b a s e d  o n  t h e  w o r s t - c a s e  c o n d i t i o n )  a s  a  - f u n c t i o n  o-f 
t h e  p r o b a b i l i t y  p .  I t  r e f e r s  t o  n e t w o r k s  h a v i n g  i t s  o r b i t a l  
p o s i t i o n s  a n d  c o v e r a g e  a r e a s  i n  c o n f o r m i t y  w i t h  t h e  a l l o t m e n t s  
T C D , L B Y , S D N 2 , N I G ,  NGR a n d  CAF i n  t h e  F S S  A l l o t m e n t  P l a n .  
A g a i n ,  t h e  r a t i o  a  w a s  t a k e n  e q u a l  t o  1 / 6  - f o r  a l l  n e t w o r k s .

P = P(N > N0)
F I G U R E  4  -  R a t i o  N j / N q  w h e n  e a r t h  s t a t i o n  l o c a t i o n s  a r e  r a n d o m l y  

l o c a t e d  w i t h i n  t h e  c o r r e s p o n d i n g  c o v e r a g e  a r e a  
( i n t e r f e r e n c e  o n  T C D ) .

LBY
LBY a n d  SDN2 
LBY,  S D N 2  a n d  N I G  
LBY.  S D N 2 .  N I G  a n d  NGR

c u r v e
c u r v e
c u r v e
c u r v e
c u r v e

i  n t e r f e r e r : 
i  n t e r f e r e r s :  
i n t e r f e r e r s :  
i  n t e r f e r e r s :  
i n t e r f e r e r s : LBY,  S D N 2 ,  N I G ,  NGR a n d  CAF

Satellite orbital positions: TCD: 10.5^W
LBY: 28.59E 
SDN2: 1.4?E 

42.5°E 
3 8 . 5 °W  
14.8°E

NIG
NGR
CAF
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2 .  1 . 3 .  J o i n t  e-f ■ f e c t s  o f  t h e  s t  a t  i  s t  i  c a l  modelling of-  a n t e n n a  
s i  d e l o b e  q a i  n s  a n d  e a r t h  s t a t  i o n  1 o c a t i o n s

T h e  r e s u l t s  i n  t h i s  s e c t i o n  r e f e r  t o  t h e  s i t u a t i o n  i n  w h i c h  
t h e  e a r t h  s t a t i o n  a n t e n n a  s i d e l o b e  g a i n s  a n d  t h e  e a r t h  s t a t i o n  
l o c a t i o n s  w i t h i n  t h e  c o r r e s p o n d i n g  c o v e r a g e  a r e a s  a r e  
s i m u l t a n e o u s l y  t a k e n  a s  r a n d o m  v a r i a b l e s .  A s  i n  S e c t i o n  2 . 1 . 1 ,  
n e t w o r k s  h a v i n g  t h e i r  o r b i t a l  p o s i t i o n s  a n d  c o v e r a g e  a r e a s  i n  
c o n f o r m i t y  w i t h  t h e  a l l o t m e n t s  B 0 0 0 0 1 ,  B0 0 0 0 2  a n d  B00003  i n  t h e  F S S  
A l l o t m e n t  P l a n  a r e  c o n s i d e r e d .  A g a i n ,  a  w a s  t a k e n  e q u a l  t o  1 / 6  
f o r  a l l  n e t w o r k s .  T h r o u g h o u t  t h e  c o m p u t e r  s i m u l a t i o n  t h e  p a r t  o f  
t h e  B00 0 0 2  b e a m  c o v e r i n g  t h e  A t l a n t i c  O c e a n  w a s  t a k e n  o u t  o f  t h e  
c o v e r a g e  a r e a  t o  a v o i d  h a v i n g  e a r t h  s t a t i o n s  l o c a t e d  o v e r  t h e  
o c e a n .

F i g u r e s  5 a  a n d  5 b  p r e s e n t  r e s u l t s  c o r r e s p o n d i n g  t o  t h e  
i n t e r f e r e n c e s  o n  n e t w o r k  B00002  d u e  to network B00001  a n d  network 
B 0 0 0 0 3 ,  r e s p e c t i v e l y .  F o r  c o m p a r i s o n  p u r p o s e s ,  t h e s e  f i g u r e s  
i l l u s t r a t e  s e p a r a t e l y  t h e  e f f e c t  o f  t h e  r a n d o m n e s s  i n  a n t e n n a  
s i d e l o b e  g a i n s ,  i n  e a r t h  s t a t i o n  l o c a t i o n s  a n d  i n  b o t h .

p = P<N > N0)

F I G U R E  5 a  -  R a t i o  N^/Mf-) w h e n  a n t e n n a  s i d e l o b e  g a i n s  ( c u r v e  a ) .
e a r t h  s t a t i o n  p o s i t i o n s  ( c u r v e  b )  a n d  b o t h  ( c u r v e  c ,  
a r e  r a n d o m l y  m o d e l e d .  ( I n t e r f e r e n c e  o n  B00 0 0 2  due t o  
B 0 0 0 0 1 ) .
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p = P (N >  N 0 )

F I G U R E  5 b  -  R a t i o  N j / N q  w h e n  a n t e n n a  s i d e l o b e  q a i n s  ( c u r v e  a ) ,
e a r t h  s t a t i o n  l o c a t i o n s  ( c u r v e  b )  a n d  b o t h  ( c u r v e  c> 
a r e  r a n d o m l y  m o d e l e d .  ( I n t e r f e r e n c e  o n  B0 0 0 0 2  d u e  t o  
B 0 0 0 0 3 ) .

F i g u r e  o  p r e s e n t s  t h e  c u r v e  o-f N ^ / N q  v e r s u s  p w h e n  t h e  
a g g r e g a t e  i n t e r f e r e n c e  o n  B00002  i s  c o n s i d e r e d  a n d  b o t h  e f f e c t s  
( r a n d o m  a n t e n n a  s i d e l o b e  g a i n s  a n d  r a n d o m  e a r t h  s t a t i o n  
l o c a t i o n s )  a r e  t a k e n  i n t o  a c c o u n t .

r I GURE 6  -  R a t i o  N j / N q  w h e n  a n t e n n a  s i d e l o b e  g a i n s  a n d  e a r t h
s t a t i o n  l o c a t i o n s  a r e  r a n d o m l y  m o d e l e d .  ( I n t e r f e r e n c e
o n  B 0 0 0 0 2 ) .

c u r v e  a :  i n t e r f e r e r : B00001
c u r v e  b :  i n t e r f e r e r : B00003
c u r v e  c :  i n t e r f e r e r s :  B00001 a n d  B00003
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2.1.A Effects of the statistical modeling of the interfering transponder
frequency plan

To illustrate the effect of the use of a statistical model in the 
characterization of the interfering transponder frequency plan, a simple example 
is considered in this section. The victim is a narrowband carrier centered at a 
given frequency fv. The interfering transponder frequency plan contains 2 FDM/FM 
carriers., whose center frequencies fa and fb are modeled as random variables. 
Taking as a reference the lowest transponder frequency, the example 
assumes that fv - 15 MHz and that the pair (fa, fb) has a constant probability 
density function within the region of the plane (fa, fb) which corresponds to 
feasible values of these two centre frequencies and zero outside. Such a region 
depends on the characteristics of the two FDM/FM carriers, which are considered 
as follows.

Carrier a: Occupied Bandwidth - 18 MHz; rms multichannel
deviation - 2.2 MHz

Carrier b: Occupied Bandwidth - 9 MHz; rms multichannel
deviation - 1.2 MHz.

We further assume that the ratio of the power of carrier "a" to that of 
carrier "b" is 0.36 and that both carriers have a Gaussian shaped power spectral 
density. The above parameters correspond to FDM/FM carriers with 432 and 192 
baseband channels, respectively.

For this particular example, it has been possible to determine the 
probability density function of the ratio of the total interfering power within 
the victim carrier bandwidth to the value of this total interfering power 
corresponding to a worst-case situation (fa - fb). If baseband interference 
noise is assumed to be proportional to RF interfering power, this probability 
density function also applies to the ratio N^/Nq considered in the two previous 
sections.

In Figure 7, the ratio N]/N0 is presented as a function of p. This 
figure includes the situations corresponding to 1, 2 and 4 interfering

p = P(N > N 0)
FIGURE / - Ratio N|/N,-( tor a random inter-ferina transoander plan 

<1. 2 and 4 interfering networks).
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2.2 Studies conducted at INTELSAT

2.2.1 Statistical modelling of antenna side-lobe gains

This section presents the results of the analysis conducted at INTELSAT 
by modelling the side-lobe radiation patterns using the Gamma distribution. Some 
exam ples o f  a p p l ic a t io n  o f  this model in assuming interference satellite netw orks,
a re a ls o  p resen ted .

The Gamma distribution model was based on the data which consisted of
measured side-lobe radiation patterns of 226 INTELSAT Standard A earth stations
and 109 INTELSAT Standard B earth stations. The measurements of each radiation 
pattern were made in four quadrants at one degree intervals from 1° to 14°.
Linear interpolation between nearest neighbours was used to obtain the  
corresponding values of side-lobe gain. The computation of ;statistical 
quantities such as means and variances has been described ;in [ Kadrichu e t  a l . . 195% 
The r e s u lt s  were then used to  approximate the d is tr ib u t io n  :of the above ga in s by a 
Gamma d e n s ity  fu n c t io n .

The mean and stan d ard  d e v ia t io n  o f  a Gamma p r o b a b i l i t y  d e n s ity  
fu n c t io n  are c h a r a c te r iz e d  by the f a c t  th a t  i t s  mean can be g r e a te r  or l e s s  
than i t s  stan d ard  d e v ia t io n  which i s  t y p ic a l  o f  th e c h a r a c t e r i s t i c s  o f  th e  
measured d ata  e s p e c ia l l y  when the a n g le  i s  sm a ll. T his p ro p erty  i s  what 
m o tiv a te s  th e  c h o ic e  o f  Gamma d e n s ity  fu n c t io n .

To ch o o se  a p r o b a b il i ty  d e n s ity  fu n c t io n  w hich i s  r e p r e s e n ta t iv e  o f  a 
p a r t ic u la r  d ata  s e t ,  f i r s t ,  th e  fr e e  param eters in  th e  p r o b a b i l i t y  d e n s ity  
fu n c t io n  must be e s t im a te d  on the b a s is  o f  th e g iv en  d ata  and, th en , a measure 
o f  how c l o s e l y  th e  co n tin o u s  d is t r ib u t io n  approxim ates th e  s t a t i s t i c s  o f  th e  
d ata  must be d e f in e d . From the r e s u l t  o f  th e f i t n e s s  t e s t ,  i t  i s  con clu ded  th a t  
th e Gamma d e n s ity  appears to  be a b e t t e r  f i t  than th e e x p o n e n t ia l  m odel.

Interference model

The model of interference between satellite networks is described in 
^Lang, R. , 1982; Mizuno et al., 1986J

The interference-to-car.rier power ratio (I/C) at the receive ‘station can 
be expressed in terms of deterministic constants Ku£, and statist ical earth 
station gains Gej as:

nt
I/C s E Ki Ge i  ( I )

i-1

where

Kui i=l,...,nu
K i = ( 2 )

K,ji i=au*l» • • • »nt; ntsau*ad
Basically the user is interested in knowing what the probability is for 

the carrier to interference ratio, C/I, to be greater than some specified value, 
c/i. This probability can be conveniently calculated in terms of the (I/C) 
p.d.f. as follows:

P(p) E Prob (C/I)>p = Prob (C/D>c/i (3)
03

= Prob (i/c)>(I/C) = J fI/c(i/c)di/c
I/C

where f 1 / c  ( i /C )  i s  th e p r o b a b il i ty  d e n s ity  fu n c tio n  o f  I /C . As a r e s u l t ,  th e  
problem i s  e s s e n t i a l l y  reduced to  com puting the p r o b a b i l i t y  d e n s it y  fu n c t io n  of 
I / C .



546 Rep. 1137

Since the random variable I/C is expressed in equation (1) as a sum of 
independent random variables, Gej_, the method of characteristic function is 
employed to calculate fj/G(i/c). Assuming the Ge£ are independent random 
variables, t.he pdf of I/C is:

fGel( U £  ) fGe2( )
fi/c d/e) = ------ H -  *  _  (4)

K l K2

Here * represents convolution. The characteristic function of a random
variable G . with a Gamma distribution is: ei

cb+1
4>(u) = -----  (5 )

(c - jui)b*^

where c and b are the free parameters of the Gamma distribution.

The characteristic function of I/C with each of the G . assumed to be 
independent and possessing a Gamma distribution is:

nt cbi«-lE[ejcnl/Cj = n ______ i_____________________ (6)
i = l <Ci - juKi)^-1

The inverse Fourier transform of equation (6) yields the probability density 
of I/C. Equation (3) may then be employed to compute probabilities.

Impact on orbital utilization

Figure 8 gives the 90% mask (10% probability of exceeding the criterion 
or required C/I) of side-lobe gain of Standard A, Standard B and its 
combinations as a function of orbital spacing.

Figure 9 gives a typical example of Standard A side-lobe masks (80% 
through 99.9%) as a function of orbital separation together with the reference 
pattern (32 - 25 log <p).

It is seen from Figures 8 and 9 that the savings in orbit spectrum 
usage could be considerable using Gamma distribution compared with the reference 
radiation pattern. The savings could be as much as 20% to 38% for the 90% mask for 
Standards A and B respectively.
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Orbital separation^ (degree)

FIGURE 8

90% mask of side-lobe gain of Standard A and 
Standard B earth stations
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ORBITAL SEPARATION <P (degree)

FIGURE 9

% Masks (8QZ through 99.9Z) as a function of orbital 
separation for standard A sidelobe
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2 .2 .2  Computer Sim ulation Rfesults o f the S t a t is t ic a l  M odelling o f the
In terfer in g  Transponders Frequency Plans and Randomness o f S a t e l l i t e  
Network Parameters

2 .2 .2 .1  Sim ulation Model

The fo llow ing sim u lation  procedure was used to  generate s t a t i s t i c a l  
data on aggregate in terferen ce from adjacent s a t e l l i t e  networks.

Analogue FDM/FM Carriers

Fourteen d if f e r e n t  co-coverage s a t e l l i t e  networks were con sid ered  in  
the s im u la tio n  and fou rteen  d if fe r e n t  s a t e l l i t e  networks were con sidered  w ith the  
c a r r ie r  parameters corresponding to  those used fo r  co o rd in a tio n  purposes. In a l l  
ca ses  the earth  s ta t io n  s id e - lo b e  c h a r a c te r is t ic s  were assumed to  meet CCIR 
Recommendation 465-2 .

The fo llo w in g  procedure.was fo llow ed :

the s a t e l l i t e s  were randomly ordered in  the o r b it ;

for a given ordering o f s a t e l l i t e s  in  the o r b it ,  the spacing  
between s a t e l l i t e s  i s  determined such th at 1) the maximum j in g le  - 
entry in terference in to  every network, as ca lcu la ted  on a 
co-channel assumption, for  a l l  p o ss ib le  combinations o f  wanted 
and in ter fer in g  s a t e l l i t e s  does not exceed the ap p licab le  s in g le - 
entry le v e l;  and i i )  the to ta l  o r b ita l arc occupied by a l l  the 
s a t e l l i t e s  for that ordering i s  a minimum;

in  ind iv idu al networks, the ca rrier  cen tre  frequency i s  sh if te d  
randomly w ith in  the range o f the bandwidth o f  the c a r r ie r . The 
in terferen ce reduction fa c to rs  are ca lcu la ted  taking in to  account 
the cen tre  frequency d ifferen ces between the wanted and 
in ter fer in g  ca rr iers , and the in terferen ce  con tr ib u tion s from a l l  
o f the in ter fer in g  carriers o f  each in te r fe r in g  network w ith in  
the bandwidth o f the wanted ca r r ier . Subsequently, aggregate 
in terferen ce in to  the wanted ca rrier  i s  ca lcu la ted  by adding the 
baseband In terferences from each in te r fe r in g  network on a power 
b a s is .

The generated  s t a t i s t i c s  show the e f f e c t s  o f  the inhom ogeneity o f  the 
s a t e l l i t e  system  parameters and c a r r ie r  in te r le a v in g .

D ig ita l Carriers

B a s ic a lly  the same approach as in  the above s e c t io n  was fo llo w ed  in  
obtaining s t a t i s t i c a l  data for d ig ita l  c a r r ier s , w ith the exception  th a t the 
ca rrier  cen tre  frequencies were not randomly s h if te d . The reason for th is  was 
that the spectra o f d ig i t a l  ca rr iers were assumed to be f la t . The obtained 
s t a t i s t i c a l  data r e f le c te d  the randomness o f s a t e l l i t e  networks c h a r a c te r is t ic s .

2 .2 .2 .2  S ta t i s t ic a l  data and aggregate In terference d is tr ib u tio n  function

The s t a t i s t i c a l  data obtained by the sim ulation  were used to obtain  the 
parameters o f a log-normal d istr ib u tio n  function  to model the d is tr ib u tio n  o f  
aggregate in terferen ce n o ise  power.
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Under the assumption that the aggregate in terferen ce power is  
d istr ib u ted  log-norm ally, the p rob ab ility  that aggregate in terference noise 
exceeds a ce r ta in  le v e l  X is  given as

FDM/FM carriers

P(In i X) • 1 •
q k :  I  i  ' xp [ '  i ( l09e^ ] dIn

o +

(7)

Parameters lo g e n  and a  are the mean and standard d ev ia tio n  o f the 
normal d is t r ib u t io n  o f lo g e In and 0+ r e f l e c t s  the fa c t  th a t lo g e In i s  defin ed  
o n ly  fo r  In )> 0 .

Using the generated data and defin ing  In as 

Aggregate in terference power in pWOp
I «  -

1 000
( 8 )

The parameters o f  the log-normal d istr ib u tio n  were determined for 
sev era l s in g le -en try  le v e ls  as shown in  Table I .

TABLE I
Parameters o f the log-normal d is tr ib u tio n

' ' x .  Single 
entry

P a r a m e t e r s \ ><PW0P) 600 800 1 000

M (pWOp / I  0 0 0 ) 0 .4 6 0 .6 2 0 .7 7

c  (pWOp / I  0 0 0 ) 0 .4 8 0 .4 8 0 .4 8

Figure 10 shows the s t a t i s t i c a l  data and computed p r o b a b ilit ie s  
o f exceeding a certa in  aggregate in terference le v e l  using (7) and parameters in  
Table I .

A carefu l in sp ection  o f the parameters in  Table I rev ea ls  a few 
sim ple fa c t s .  Parameter n  i s  very much a ffected  by the le v e l  o f s in g le  entry, 
w hile c  remains constant over the whole range o f s in g le  e n tr ie s . In addition , 
the r a t io

- -  constant -  0.77
I  *An

(9)

lere In* represents the value o f I n , as defined in (8) ,  which corresponds to 
le given s in g le -en try . (For example, In* -  1 for s in g le -en try  of 1 000 pwOp.'

vht
the given s in g le -en try . (For example, In* -  1 for s in g le -en try  of 1 000 pwOp.) 
This lead to a s in g le  d istr ib u tio n  function for the normalized aggregate 
in terferen ce  for FDM/FM carriers as fo llow s.
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From (7), replacing In and m by

I nin  --  and n' 0 .7 7 ( 1 0 )

with e - 0.48, we get
x

P(in * X) - 1 - ------
\ / 2 x  0 .4 8

1

/
1

  exp
2(0.48)2

1
( 1 1 )

0 +

where in is now aggregate interference relative to single-entry and (11) gives 
the probability with which in will exceed x.

Probability (11 ) is plotted in Figure 11 and compared with 
statistical data for different single-entries.

Digital Carriers
In the case of digital carriers, the single-entry and the total 

interference level criteria are expressed as percentages of the total noise 
power as defined by CCIR Recommendation 523-2. Thus,

In - K Total noise ( 12 )

Then, we can express (7) as

X

( 1 3 )

In the above formula,
Aggregate interference in % of total noise

K (14)
100

Using the same approach as in the case of analogue carriers and the statistical 
data, obtained as described in 2.2.2.1, the parameters y and c in (13) are 
determined as shown in Table II.



552 Rep. 1137

TABLE II
Parameters of che Log-normal distribution

Single entry 
(% of total 
interference 

Parameter \ D o w e r  )
4 10

V 0.08 0.2

O 0.38 0.38

The computed distributions using parameters from Table II and 
statistical data are shown in Figure 12.

After examination of the- parameters in Table II, the same
conclusions as in the case of analogue carriers can be drawn. Consequently, a
single distribution function can be derived for the normalized aggregate
interference.

Denoting single-entry interference power as

Ise " ^SE Total interference noise power 
and replacing K and p in (13) by

( 1 5 )

k - --  and
k SE

M ' ------------- - 2 ,

k SE
( 1 6 )

we get the general formula

P(k x) - 1 - 1 f  1 [ 1 I  / ”  exp -  I log
\ l 2 it a J  k  L  2 a ^ V 

n+ \

Now, k represents the ratio
Aggregate interference (% of total noise power)

k -
Single-entry (% of total noise power)

dk (17)

( 1 8 )

Figure 13 shows the general distribution of the normalized 
interference for digital carriers and the statistical data obtained by computer 
simulation.

2.2.2.3 Summary of results

The results of the studies described in the sections show that for both 
FDM/FM and digital carriers, the same type of distribution was obtained. In 
addition, for the range of the single entry criteria modelled, it was possible 
to derive a single distribution for the aggregate interference normalized to the 
single entry criterion for each FDM/FM and digital carrier.
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2.3.1 The Effect of Station-Keeping Error Modeled as a 
Random Variable 

This section considers the impact of station-keeping 
error on interference and on orbit utilization when this 
error is considered a random variable. The situation is 
depicted in Figure 14.

2.3 Studies conducted in the United States

Fig. 14. Illustration of satellite configuration.

As shown, the actual angular separation between the 
wanted and jth interfering satellite is denoted <p j, where j 

is indexed positively to the right and negatively to the 
left of the wanted satellite. The station-keeping error of 
the jth satellite is denoted £j and that of the wanted 
satellite is denoted eQ>

Let aj be the nominal angular spacing between the 
wanted and jth interfering satellite. The convention 
is taken that both aj and actual spacing <Pj are 
non-negative quantities (i.e., absolute values), so 
that the relation between the two is given by [Jeruchim 
and Moore, 1982]

= aj + £j s Sn ( j )  - £o s 6n ( j )  (19)
where sgn( ) is the signum function.

An initial idea of the impact of station-keeping error 
has been obtained under the following assumption [Jeruchim 
and Moore, 1982.] The orbit occupancy model is the 
homogeneous co-coverage case, taking account only of
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downlink interference. The earth station antenna sidelobe 
gain is taken to be of the form

G(*) - IQt (20)
,B<p

and it is assumed that all in (19) are such that they do 
correspond to the sidelobe region. The station-keeping 
error Ej is modeled as a uniformly distributed random 
variable, with mean value equal to the nominal position, and 
with maximum error of E^x? hence the probability density 
function of ej is

1/2 E max , I El £ Ejnax
f(E) - J

0, elsewhere (21)
for all j. If is the nominal intersatellite spacing, 
then

* 1 j I A  <P + (ej - e0 ) sgn(j) (22)
The interference-to-carrrier ratio is given by

-A N
i  i f  r
C G iL—  r j <P j (23 a)

J  -r  J

j— N
i f  0

where G0 is the maximum gain of the receiving earth station 
antennas and is the ratio of interfering to wanted signal 
power at the input to the antenna. For the homogeneous 
model we can approximate and bound rj ^ l /  so that

i  _  1 0 A  V "  

C G Z _
<p j -B (23 b)

j = -N
i f  o

where <pj is given by (22).
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Equation 23 b has been evaluated by Monte Carlo
simulation, taking 10 equally spaced interfering satellites
(N«5). An illustrative result is shown in Figure 15 where
the parameter er is the relative maximum station-keeping
error; er — ^max/A^* Figure 15 shows distributions of I/C for

different values of er . Each curve is the result of 
generating 1.1 • 10^ random numbers (100,000 trials each for
£j, j = +1, +2, +3, +4, +5, and e0 ).

The impact on orbit utilization can be obtained by 
finding the nominal satellite spacing required, 4 ^ o , to 
satisfy a certain probability P that the C/I with ideal 
station-keeping is exceeded, when the original nominal 
spacing is & <P. Table III shows the ratio a<p0/a<? for various 
values of P , for several values of maximum relative 

station-keeping error Er”Em a x ^ <p' and f°r different values 
of antenna sidelobe decay slope p . The values of ^0 / L 9  

should be compared to the usual deterministic rule-of-thumb 
& 90 / A 9 = l +  2er which ensures that the actual spacing is never 
less than that with ideal station-keeping. Compared to this 
rule-of-thumb, the statistical approach affords a -eduction 
in spacing of about 13% (for €r * 0.1, P* 90%,P=2r>5), and 
as high as about 27% (for£r *=0.4, P=90%, f i =2.5 ).
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T ab le  I I I  - S a t e l l i t e  Spacing For P P ercen t Exceedance 
R ela tiv e  to  Spacing Tor Ideal S tation-K eeping

R ela tiv e  S tation-K eeping 
E rro r , 6 r  *0.1

R e la tiv e  S tation-K eeping 

E rro r , t^ r O .2

R e la tiv e  Station-K eeping 
E rro r, <Lr  x0.3

R e la tiv e  Station-K eeping 
E rro r , r0 .4

Percent o f  Time 
C /l)  Exceeded /U 2 .5  yA* 3 .0 yflr3.5 yS -2 .5 ^ * 3 .0 / ) ,3 .5 A 2-5 ^*•3.0 /U 3 .5 A 2-5 ^ 0 . 0 /J r3 .5

Pr90X 1.046 1.058 1.058 1.124 1.136 1.144 1.212 1.217 1.253 1.307 1.344 1.371

P*95X 1.064 1.064 1.067 1.143 1.156 1.17 1.264 1.282 1.307 1.379 1.413 1.454

Pr99X 1.075 1.001 1.081 1.176 1.194 1.205 1.302 1.338 1.357 1.454 1.498 1.509

PrlOOX 1.11 1.11 1.117 1.235 1.258 1.266 1.384 1.415 1.442 1.55 1.59 1.63
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3.1 Improvement in Efficient Use of the Orbit 
(Statistical Advantage)

The practice of computing interference on a 
deterministic, essentially worst-case basis is at variance 
with the statistical approach. The value of that approach 
is that if less than ideal performance can be accepted for 
some relatively small fraction of the time, some significant 
savings may be realized in one domain or another. The 
results of the studies reported in the previous sections 
indicate the possibility of savings in the orbit/spectrum 
resource.

To illustrate such a possibility, consider again Figure 
1. Let us suppose that Prob [interference > N0 ] =0.1; that 
is, the interference criterion N0 is exceeded with 
"probability" 10%. Figure 1 indicates that this increase 

in interference level would occur if, using antenna sidelobe 
gain of 32-25 log , one accepted a deterministic 
computation of interference equal to about 2.35 N0 for the 
single interfering network case and about 2.8 N0 for the 
four interfering networks case. In the conventional 
situation, only N0 is accepted in conjunction with the 
standard 32-25 log pattern. Hence, in the case at hand, we 
have potential spacing improvements by factors of (2.35 )°*A = 1.41 
and (2.8)®*^ = 1.51, respectively, for the two interference scenarios.

One tentative conclusion from this example is that, for 
a given un-availability objective, it would be possible to

3. Advantages in coordination approaches
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accept a higher amount of single-entry and aggregate 
interference, when that interference is computed according 
to the existing Recommendation on sidelobe antenna gain, 
with the consequence that successful coordination could be 
effected with closer satellite spacings.

The example indicates that the "statistical advantage" 
(Ni/N0) depends upon whether there is interference from only 
one or from four networks. This is a manifestation of the 
fact that the distribution of the sum of a number of random 
variables will generally be a function of the exact number 
and relative magnitude of these variables. Now, the orbit 
occupancy/coverage area model, which specifies the exact 
interference environment, ultimately establishes the number 
of interferers and their relative strengths, which in turn 
determine the distribution of the total interference and 
thence the possible statistical advantage.

The interference environment, as dictated by the orbit 
occupancy/coverage area model, is itself a random quantity 
in the sense that it will not generally be known exactly, at 
least until coordination is initiated, and may subsequently 
change. It is, therefore, necessary to examine a variety of 
likely interference environments in order to assess the 
corresponding range of statistical advantage. This should 
be the subject of further study.

3.2 Statistical Advantage From Antenna Sidelobe Gain
Returning to the problem of the statistical advantage 

arising from treating antenna sidelobe gains as random
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quantities, there is a possible alternative to the approach 
suggested above (a higher computation of interference) for 
actually realizing this advantage in practice. This 
alternative arises from examination of Figure 9, which 
indicates the satellite spacing (for a single interferer) at 
which particular C/I criterion is satisfied using the 32-25 
log <p envelope, the 29-25 log v  envelope, and for various 
probabilities using the statistical approach. It can be 
seen that the 29-25 log <P envelope provides protection at 
least to the 90% probability level for ^ < 7° and at least 
equal to the 80% probability level for 7° < <P < 10°. 
Therefore, one possibility for realizing the statistical 
advantcige might be to adopt the 29-25 log <p sidelobe 
envelope for interference calculations using a deterministic 
approach.
3.3 Statistical Advantage From Transponder Traffic

Another random phenomenon which offers the potential 
for some statistical advantage is the variability in 
transponder, traffic. That is,‘transponder frequency plans 
change over time to respond to demand, and for any given 
wanted carrier the nature of the interfering carriers will 
vary with time. Thus, the worst combination of interfering 
carriers will occur only for some fraction of the time. The 
resulting variation in aggregate interference for two 
different scenarios has been depicted in Figure 7 and Figure 
10-13, respectively. The basis of the latter figures appears 
to be closer to real-world situations. Figures 10-11, which
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apply to interference into FDM/FM, indicate the possibility 
of a substantial statistical advantage. These figures 
indicate that an interference level of 1.2 * single-entry 
criterion would be exceeded for 20% of the time, the 
un-availability figure of Rec. 466. For this 
un-availability, this means the single-entry criterion could 
be increased to about 1600 pW for a 2000 pW aggregate 
criterion. This translates into substantially closer 
satellite spacings, about 2/3 of the original spacing for a 
25 log antenna sidelobe gain slope. For digital wanted 
signals Figures 12-13 show some potential improvement, 
though less than with FDM/FM.

3.4 Summary
The two random phenomena discussed— sidelobe gains and 

transponder traffic— have a significantly different temporal 
behavior, which may affect how they can ultimately be taken 
advantage of, because of the current stipulation that the 
interference levels in Rec. 466 and 523 be averaged over 
certain short periods. The antenna gains are not 
time-varying (except possibly in a very minor way due to 
environmental conditions), so that a particular realization 
of an interference scenario stays as it is, once it is 
established. On the other hand, transponder traffic is
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definitely time-varying, perhaps on the same order of time 
scale as the averaging period. The question of the 
time-variability of a random factor needs further study.

In summary, taking advantage of random or stochastic 
elements in the environment means that networks cannot be 
protected against worst-case exceedance of the interference 
criterion except with a certain probability. This notion is 

already incorporated in CCIR Recommendations on total noise 
as well as on interference. In order to realize in practice 
any advantage due to this approach, it would be necessary to 
increase the allowable interference noise as compiled on a 
deterministic basis or possibly modify certain standards, 
such as the antenna sidelobe gain envelope.

Before specific recommendations can be made, further 
studies are required on the statistical properties of 
interference when all relevant factors are taken together on 
the impact of the orbit occupancy/coverage area model and on 
the temporal aspects. However, coordinating networks can 
begin to take note of stochastic elements which may help 
bring about successful coordination.
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The overall objective in the examination of interference between 
satellite networks as a stochastic process is to estimate the statistical 
properties of that interference. An important element in that examination is to 
estimate the stochastic characteristics of significant elements of these 
satellite networks.

Whether the basic characteristics of network elements are obtained by 
direct measurement, by analysis, or by simulation, they must be modelled as 
stochastic variables. This involves estimating their probability density 
functions, if possible as simple expressions such as exponential, gamma or 
Gaussian functions, so that they can be included in further analysis. For 
instance, it is necessary to estimate the probability density function of such 
parameters as:

earth station antenna side-lobe gain as a function of angle away 
from the boresite direction of that antenna;

similar characteristics of spacecraft antennas;

earth station locations within the coverage areas;

transponder frequency plan parameters, e.g. carrier centre 
frequency, carrier bandwidth, carrier power.

At another level, it may be advantageous to measure or otherwise 
determine the stochastic characteristics of such networks as the aggregate 
interference into the satellite network. This may be estimated by analysis of 
the interference from examination of the basic equations describing that 
interference, or it may be estimated directly by simulation. Examples of the 
latter approach can be found in section 2.2.2; further examples of the 
application of this approach may be found in sections 4 and 5 of Annex IV of 
Report 455.

5. Conclusions

Initial results presented in this report show that significant benefits 
in the GSO utilization could be achieved by statistical approaches as compared 
to deterministic and most often worst case assumptions currently used in computing 
interference between satellite networks.

Further studies of statistical interference evaluation should be made.
In particular, efforts should be directed towards defining appropriate 
concepts based on the statistical properties of interference, which will lead to 
a better use of the GSO.

References

J . P . A .  A l b u q u e r q u e  a n d  J . M . P .  F o r t e s ,  " S t a t i s t i c a l  A s p e c t s  i n  
t h e  E v a l u a t i o n  o f  I n t e r f e r e n c e  Amo n g  S a t e l l i t e  N e t w o r k s " . I E E E  
I C C ' 8 8  C o n f e r e n c e  R e c o r d ,  P h i l a d e l p h i a ,  J u n e  1 9 8 8 ,  p p .
7 . 2 . 1 - 7 . 2 . 5 .

Jeruchim, M. and Moore, J,, "The Effect of Station-Keeping Error on the Distribution 
of Carrier-to-Interference Ratio," IEEE Trans. Commun., July 1982.



566 Rep. 1137

Kadrichu, A., Prasanna, S. and Mukunda, R., ^1987/ "Stochastic Evaluation
of Interference Aggregation"., ICC'87 Conference Record, Volume 3 of 3, 
pp. 1733-1739.

Lang, R. , [1982] "Statistical model for sidelobe interference in satellite
networks", INTEL 198, Dept, of Electrical Engineering & Computer Science, 
the George Washington University, Washington D.C. 20052.

Mizuno, T., Kadrichu, A., Prasanna, S., et al, "Development of
Software for Intersystem Coordination", AIAA 11th Communication Satellite
Systems Conference, March, 1986.

Mizuno, T. , Kadrichu, A., Prasanna, S. and Henriques, H., "Interference 
Problems in Digital Satellite Communications", 7th International 
Conference on Digital Satellite Communications, May 1986, pp. 659-666.

CCIR Documents

[1986-1990]: 4/72 (INTELSAT)



Rep. 557-2 567

REPORT 557-2

THE USE OF FREQUENCY BANDS AUUOCATED TO THE  
FIXED-SATEUUITE SERVICE FOR BOTH THE UP UINK AND  

DOWN UINK OF GEOSTATIONARY-SATEUUITE SYSTEM S

(Study Programme 28A/4)

(1974-1982-1986)

1. Introduction

Frequencies in two different bands are assigned to a radiocommunication satellite, one for up links and 
the other for down links and it is usual for a given band to be used for up links or down links but not for both. 
Thus, two inter-system interference paths may arise, as follows:
— interfering earth station transmitter to wanted space station receiver, and
— interfering space station transmitter to wanted earth station receiver.

When the frequency bands occupied bv two systems overlap, satellite spacing must be sufficient to reduce 
this interference to an acceptable level.

However, if two such satellites are separated by the minimum required orbital arc, it may be feasible to 
use another satellite, located between them and occupying the same frequency bands, the bands being assigned in
the reverse sense. Thus, for example, the up-link frequency band of the third satellite would be the same as the
down-link band of the other two. This may increase the total capacity of the spectrum and orbital arc occupied. 
The inter-system interference path that may arise between pairs of satellite systems with reversed frequency 
assignments are:
— interfering space station transmitter to wanted space station receiver,
— interfering earth station transmitter to wanted earth station receiver.

This Report examines this possible frequency utilization mode as regards space radiocommunication 
services considered alone, and also its effect on terrestrial services in shared frequency bands. Study so far has 
been confined entirely to the geostationary-satellite case, but consideration should also be given to the problems 
that would be raised by the bidirectional allocation of frequencies to geostationary satellites in bands also used by 
non-geostationary satellites.

2. The increased orbit capacity obtainable by reverse frequency assignments

The carrier-to-interference ratio at the receiver input of an earth station which receives an emission from 
another earth station through a repeating geostationary space station, in the presence of a second similarly 
operating system, the space station of which is separated by a geocentric angle <p from the first space station may 
be approximated by:
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where

pe, p'e-  the available transmitting powers at the earth station antenna inputs of the wanted and the
interfering system, respectively;

ps, p ' s '  the available transmitting powers at the space station antenna inputs of the wanted and the
interfering systems, respectively;

g \, g2 , g3 , g* ’• the nominal main beam antenna gains in the wanted system; the suffixes follow the 
transmission path: 1 =  earth station transmit, 2 =  space station receive, 3 =  space station 
transmit, 4 =  earth station receive;

£4 (9 ) : the antenna gain at the interfering transmitting earth station in the direction of the wanted 
space station, and the antenna gain at the wanted receiving earth station in the direction of 
the interfering space station, respectively;

£2(8 ), £ '3 (11) : the receiving antenna gain at the wanted space station in the direction of the interfering 
transmitting earth station, and the transmitting antenna gain at the interfering space station 
in the direction of the wanted receiving earth station, respectively (5 and r| are the 
discrimination angles between the wanted and interfering directions).

When, in the interfering system, the directions of up- and down-link frequencies are reversed from those in 
the wanted system, the carrier-to-interference ratio may be approximated by equation (2 ), it being assumed that all 
significant interference will be received from satellites in orbital positions within 60° of the wanted satellite.

. - 1  P ’s  03 ( v ) 0 2 ( e ) / u *
( C / Z r 1 ~  (2)

P e  9 1 0 2 * 0
where

£2 (e), £ '3 (v) : the receiving antenna gain at the wanted space station in the direction of the interfering 
space station, and the transmitting antenna gain at the interfering space station in the 
direction of  the wanted space station, respectively;

/„, lo ■ the free-space attenuations in the wanted system’s up link, and between the interfering and
the wanted space stations, respectively, in the same frequency bands.

To assess the orbit utilization obtainable with the use of reverse-direction frequency assignments relative to
that obtainable with co-direction assignments only, several normalizing and simplifying assumptions can be made:

(a) Homogeneity of systems

— equal earth station and satellite powers:

P ' e /  Pe  =  P ' s /  Ps  =  1

— equal space station antenna beamwidths:

£2 =  £3 ( =  g 'i =  £ '3)

— equal earth station antenna diameters and side-lobe patterns of the form:

£1 ( / )  =  a, /p  *

£ 4 ( / )  =  aA/ p b

where p is the angle off the beam axis and where a , , a4 and b are parameters:

(b) topocentric and geocentric angular spacing between space stations to be small and about equal. With this
assumption,

l o  ~  <P2 L

(c) underestimation of  interference between co-direction frequency systems by postulating:

£2 (8 ) =  g ' 3 (T|) =  1

as representative for separate-coverage networks:

* T he values for v and  e will not be less th an  60°
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(d) overestimation of interference between reverse-direction frequency systems by postulating
g2(80°) =  # ' 3 (8 0 °) =  1 (space stations see each other at an angle of about n / 2  off their beam axes);

(e) in a given frequency band, assume the space station receiver noise temperatures to be about 10  times the
earth-station receiver noise temperatures; and assume the up link carrier-to-thermal noise ratio to be not less
than twice the down link carrier-to-thermal noise ratio.

With these assumptions, summing the interference contributions from many co-direction frequency systems 
at uniform satellite spacing (pc, one obtains the approximate expression;

* _ T  (3)
<Pc I d i  9 2 9 3

where a\ and a4 correspond to the transmitting and receiving earth-station antennas, respectively, in the wanted 
system.

When co-direction and reverse-direction frequency space stations are alternated, with spacing (prc, along 
the orbit, summation of all the interference contributions yields:

( C / / ) r
2C,(b) r _ £ ! _ + j ! i _

19 1 92 9 3 9a_
+

3C (2)

20 g2 (pi
(4)

Since, for both cases, the interference in the wanted system should be the same (for equal capacity at equal 
performance), setting ( C / I ) c equal to ( C / / ) rf establishes a relationship between tpc and (prc:

0.1233
(<ptt/<P.) * 2  . +  <P„ ( a i + a t g j g i ) m

When dealing with co-coverage systems, assumption (c) above produces too pessimistic results. For this 
case it is appropriate to make the assumption;

£ : ( S )  =  £ 2  =  g ' 3 ( n )  =  8 '  3

However, for co-coverage one should also allocate more inter-network interference to facilitate the 
coordination between earth stations. To that end it would seem appropriate to allow not 50%, as was done for the 
separate-coverage case, but 90% of the reversed direction inter-network interference to be caused by interference 
between earth stations. With these assumptions, one obtains another equation;

(<p„/<p/ =  2 '*  +  <  \ a i + a a M g ^ ( b )  <5a)

in which the absolute gain of the satellite antennas appears. So as to minimize the expected orbit utilization 
improvement, the smallest reasonable value for g 2 should be chosen; this would be the beam-edge gain of a global 
beam: g 2 =  40 (16 dB).

Equations (5) and (5a) may be solved for the “relative orbit utilization ratio” <pf/<prc as a function of  <pf, 
for specific frequencies and antenna patterns.

Postulating two types of patterns for earth-station antennas, namely, the CCIR reference pattern for which 
a t =  a4 =  0.063 and b =  2.5, and an advanced-design pattern for which, optimistically, ax = a4 = 0.016 and 
b =  3.0, and assuming a ratio g \ / g 4 =  Pup^Pdown — 2.25 (which corresponds to the band pairings 6 /4  GHz, 
15/10 GHz and 30/20 GHz), one can derive the curves shown in Fig. 1.

* £ (6 ), R iem ann’s Z eta  function.

** The con tribu tion  from  reverse-direction frequency system s was taken twice over in o rd e r to accoun t for an equal am oun t o f 
in terference betw een the earth  sta tions.
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Spacing between co-direction frequency satellites alone, <pf (degrees)

FIGURE 1 -  Increase o f  orbit utilization with reverse-direction frequency systems 
relative to that with co-direction frequency systems alone

System A: at, a4 = 0.063; b = 2.5 

System B : a\, a4 = 0.016; b = 3.0 

Suffix 1 : separate-coverage networks

Suffix 2 : co-coverage networks

It is apparent that the use of reverse-direction frequency assignments on alternate satellites holds the 
promise of substantially better orbit utilization than the use of only co-direction frequency assignments, 
particularly with implementation and operating parameters which allow close spacing between co-direction 
frequency space stations.

The foregoing argument applies to homogeneous orbit utilization as described above, but a similar 
advantage may not be obtained in an heterogeneous situation.

3. Interference between quasi-antipodal space stations with reverse frequency assignments

Space stations which use narrow-beam antennas and high values of e.i.r.p. may cause interference into 
each other when they are at nearly antipodal locations (Fig. 2).
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FIGURE 2 — Geometry of near antipodal satellites 

E: Earth

To avoid such interference, appropriate sharing criteria must be adopted.

The level of near-antipodal interference power may be assessed as follows:

Let the receiving antenna gain at a space station in the direction of the equatorial limb (i.e., toward a near 
antipodal space station) be designated by ga and let the near antipodal space station radiate an e.i.r.p. designated 
by e's in the direction of its earth limb (i.e., toward the first space station), then the received interference power is 
given by:

es 9a

L
(6)

where la is the antipodal free-space attenuation between the two space stations:

la «  1.27 f -  x 10w (7)

w i t h /  =  frequency in GHz.

When considering the thermal noise power at the receiver input, given by n =  kTRB w.here TR is the 
receiving system noise temperature and B is the effective receiver bandwidth, one may assume that the receiving 
system noise temperature is frequency-dependent. Stipulating a receiving system noise temperature at a spacecraft 
of 1500 K at 6 GHz, it is suggested that for other frequencies the noise temperature be considered to follow a 
half-power law:

TR( f )  = 1500 ( / / 6 ) 0-5 = 612 / ° 5 K (8)

Furthermore, signal characteristics in the fixed-satellite service indicate that a reference bandwidth of 
1 MHz might be appropriate for interference assessments. Hence, it is suggested that e' s in equation (6) be the 
(interfering) equivalent isotropic radiated power in a 1 MHz bandwidth, and that the thermal noise power also be 
normalized to 1 MHz.

Then, the interference-to-thermal noise ratio in a 1 MHz bandwidth may be expressed by:

I /N 9 a 9a
la k TR B 1.07 / 2 5 x 10s (9)

Assuming further that the up-link thermal noise in a space communications system accounts for no more 
than 1/3 of the total intra-system noise, and that the interference be allowed to be about 1/20 of the intra-system 
noise, the ratio I / N  should not exceed a value of 3/20. Hence, equation (9) may be reformulated to establish a 
relationship between the permissible e.i.r.p., e' s in a 1 MHz bandwidth, from the interfering space station and the 
antenna gain in the interfered-with space station, both in the direction of the equatorial earth limb (points A or B 
in Fig. 3):

e'sg u < 1 . 6 / :-' x 104 ( 10)
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Figure 4 shows the relationship between e' s and ga for various frequency bands of interest.

Where these bands are used in the down link and are shared with terrestrial services, limitations on power 
flux-density establish maximum values for e 'v, as shown for the frequency bands 4, 6, 12 and 20 GHz. Values of 
ga corresponding to values of e' s greater than the limits shown can safely be used.

Where the bands are used in the up link and are shared with terrestrial services, permissible values for e' s 
need not be less than those from terrestrial transmitting stations; these are shown for the frequency bands 6, 12, 
20 and 30 GHz. Values of ga corresponding to values of e' s greater than those indicated for terrestrial emissions 
can safely be used.

In exclusive bands, restrictions on both e's and ga may have to be adopted in order to avoid interference 
between near antipodal space stations.

It must be emphasized that these restrictions apply only in the directions towards the equatorial earth 
limit; i.e. towards points A and B of Fig. 3.

FIG URE 3 — The Earth and the geostationary-satellite orbit as seen from  a 
geostationary-satellite

C : Equator 
E : Earth

Report 1005 discusses the particular case of constrained reverse band working (RBW) using spot beams 
directed away from the rim of the Earth to high elevation angle earth stations. Such an approach would offer 
protection for quasi-antipodal space stations.

4. The effect of the bidirectional use of frequency bands on other techniques for improving orbit utilization
efficiency

Polarization discrimination or spot-beam satellite antennas could be used to provide isolation between 
communication satellites which are closely spaced in orbit using the same frequency band assignments. The 
minimum spacing between satellites could be halved if polarization discrimination were used, and reduced to 
one-third or even less, if satellite spot-beam antennas, or a combination of both techniques, were used. However, 
frequency re-use techniques such as polarization discrimination introduce inhomogeneity into the satellite system 
which might reduce or even eliminate the further improvement in orbit capacity which reversed frequency band 
operation could otherwise provide. This tendency for one orbital economy technique to exclude the advantage of 
another would not arise if polarization discrimination on spot-beam antennas were employed for frequency reuse 
within a single satellite.
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A ntenna gain toward the equatorial earth limb, ga (dB)

FIG URE 4 — Relationship between the maximum permissible values o f  e's towards 
the equatorial earth limb

O Terrestrial station emissions 

A  Power flux-density limits

5. Interference between earth stations with reversed frequency band assignments

The physical spacing which is necessary to limit interference between earth stations using reversed 
frequency bands is one of the major earth segment problems. When there is no site shielding, it is estimated that a 
separation of between about 100 km and 140 km would be needed between earth stations using the same bands in 
the opposite sense in a temperate climate if interference noise per telephone channel from this source is to be 
limited for most of the time to 1000 pW. The separation should perhaps be less where the earth stations operate at 
high angles of elevation or have good site shielding. Care should be taken to avoid coupling between earth 
stations via common volumes in the main beams in the troposphere.

If reversed frequency band assignment is to be taken into use, it will be desirable for administrations to 
determine a preferred direction of transmission (i.e., space-to-Earth or Earth-to-space) for each frequency band 
used in this way. It will then be particularly desirable for earth stations which have been assigned frequency bands 
in the mode which is not preferred to be located where site shielding is good, in order to minimize interference to 
and from earth stations which have been assigned frequency bands in the preferred mode.
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6. Bidirectional use of frequency bands shared with terrestrial services

Reverse band working (RBW) of space services in bands shared with terrestrial services would lead to a 
number of serious consequences which require consideration. It is the purpose of this section to expose some of 
the new problems which will arise where the satellite systems employ global beams or spot beams directed near to 
the rim of the Earth. Report 1005 suggests that the difficulties may be somewhat alleviated where satellite systems 
operating as part of a domestic or sub-regional network serving high elevation angle earth stations employ spot 
beams directed away from the rim of the Earth.

6.1 N e w  p ro b le m s  f o r  te r re s tr ia l se rv ices

In shared frequency bands, space-station transmitters interfere with terrestrial service receivers over wide 
areas in the down-link bands. In particular this places constraints upon terrestrial systems which would desirably 
be oriented towards the azimuth at which the geostationary-satellite orbit intersects the horizon. Also, in up-link 
bands the Radio Regulations place limits on terrestrial power and e.i.r.p. If reversed frequency band operation 
were used in the space service, both of these disadvantages would be suffered by terrestrial services in all shared 
bands, although the effect would be reduced if additional discrimination were to be available from the satellite 
antenna.

Interference is also suffered in up-link bands by terrestrial receivers in the vicinity of earth stations. To 
limit such interference, the operation of both services is coordinated, and terrestrial services are constrained in the 
vicinity of  earth stations. This constraint will often be minimized in geographical extent by concentrating several 
earth stations in one locality. If reversed frequency bands were used in the space service, it would be necessary to 
site the earth terminals in well-separated locations to limit interference between earth terminals. This would 
usually extend the area within which terrestrial services are constrained. Furthermore, within these areas the 
feasibility of expanding existing terrestrial systems, say by taking into use additional frequency bands not used by 
the space service for up link, may be severely curtailed.

Finally, it would appear that the terrestrial system noise allocation for interference from space services 
would have to be divided between interference received from satellite and earth-station transmitters both in terms 
of interference levels and the proportion of time during which these levels may be tolerated. This could lead either 
to greater limitatio.n of terrestrial services in the vicinity of earth stations or to more restrictive sharing criteria. 
However, Report 1005 discusses this aspect further.

6.2 N e w  p ro b le m s  f o r  sp a c e  se rv ices

The problem of interference between earth stations using frequency bands in opposite modes is referred to 
in § 5. In shared bands, this problem would make more difficult the problem of finding suitable sites for earth 
stations where interference from existing terrestrial services combined with entries from earth-station and 
space-station transmitters, referred to in § 6.1, would probably require a reduction in the maximum permissible 
power flux-density from space stations. This could have an economic impact on future systems. However,
Report 1005 offers offsetting factors which may somewhat alleviate these difficulties for domestic and sub-regional
satellite systems using spot beams directed some distance away from the rim of the Earth and so serving high 
elevation angle earth stations.

6.3 T o ta l  im p a c t on  sp e c tru m  u ti l iz a tio n

It is possible that the improvement in spectrum 
would be negated by a reduction in the value of the 
studied carefully.

7. Conclusions

Bidirectional use of up- and down-link frequencies in the fixed-satellite service may lead to an enhance­
ment of  the utilization of the geostationary-satellite orbit and the radio-frequency spectrum. However, in order to 
keep interference from near antipodal space stations within tolerable bounds, restrictions may have to be placed 
on the equivalent isotropic radiated power densities or on the antenna gains, or on both, in directions toward the 
geostationary-satellite orbit which are not shielded by the Earth.

utilization foreseen by this technique for the space service 
spectrum for the terrestrial service. This point should be
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In frequency bands in which power flux-density limits have been imposed upon space station emissions, 
reverse-frequency space stations may use substantial receive antenna gains in the antipodal directions without 
experiencing unacceptable interference. In frequency bands where space station receivers are exposed to interfer­
ence from sharing terrestrial station emissions, they cannot realize high receive antenna gains in the antipodal 
directions, but reverse-frequency space station emissions in the antipodal directions may assume substantial values 
of e.i.r.p.

However, there are other valuable techniques of spectrum and orbit economy, such as the reduction of 
earth-station antenna side-lobe response, polarization discrimination and the use of satellite antenna directional 
discrimination. The application of these techniques may diminish the additional advantage to be obtained from 
using frequency bands in both up- and down-link directions.

Furthermore, in frequency bands shared with terrestrial services, the use of frequency bands in both up- 
and down-link directions would have disadvantages for both services; in particular:

— terrestrial services would have their e.i.r.p. and transmitter power limited in bands which would not otherwise 
be used for communication satellite up links;

— terrestrial services might suffer interference from satellite emissions in bands which would not otherwise be 
used for communication satellite down links:

— the development and growth of terrestrial services in the vicinity of earth stations is likely to be more severely 
restricted;

— it might be necessary to make the sharing criteria more restrictive, in view of the additional interference 
modes, unless account can be taken of the different time percentage performance and availability criteria and 
the effects of propagation that apply for those time percentages.

However, Report 1005 suggests that all of these difficulties could, in certain circumstances, be ameliorated 
if reverse band working (RBW) were to be introduced primarily with satellite systems operating as part of 
domestic or sub-regional networks serving high elevation angle earth stations and so able to employ spot beams 
directed some distance, a beamwidth or so, away from the rim of the Earth.

It might also be necessary to modify the existing interference allowances between networks of the FSS to 
take into account the new sources of interference from the reverse band operation arising from: interference 
between satellites at nearby orbital locations: interference between nearby earth stations and interference between 
antipodal satellites.

It is concluded that the use of frequency bands in both up- and down-link directions may lead to 
improved efficiency of orbit utilization and that it might be of particular value in bands which are allocated 
exclusively for space radiocommunications services. However, further study of the problems involved is necessary.

REPORT 999*

DETERMINATION OF THE BIDIRECTIONAL COORDINATION AREA

(Study Programme 28B/4)

(1986)

1. Introduction

In frequency bands allocated to the fixed-satellite service in the Earth-to-space and also the space-to-Earth 
direction, emissions from transmitting earth stations may cause interference in receiving earth stations operating 
on the same frequencies. It is therefore necessary to coordinate transmitting and receiving earth stations with each 
other in the same way as coordination is accomplished between earth and terrestrial stations in frequency bands 
shared between the fixed and the fixed-satellite services.

To minimize the administrative effort required in coordinating earth stations, it may be desirable to 
provide a simple method bv which it can be established whether or not, in a given case, the probability of 
potential interference is low enough to make more detailed and burdensome consultation between administrations 
unnecessary.

This Report should be brought to the attention of Study Groups 2, 5, 8, 9, 10 and 11.
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The level of interference in a receiving earth station due to emissions from a transmitting earth station is 
dependent on, inter alia, the physical distance between the two stations; decreasing with increasing distance. This 
suggests that the concept of the coordination area as set forth in Report 382 may be suitable as a means to 
establish for one type of earth station, a geographical area such that an earth station of another type located, or to 
be located, outside that area would not be expected to result in the occurrence of unacceptable interference at the 
receiving earth station.

The following describes a method for the determination of the coordination area for a transmitting earth 
station in the fixed-satellite service, to be used in coordinating with receiving earth stations of the'same service, in 
bidirectionally allocated frequency bands. This coordination area is referred to as the “bidirectional coordination 
area” to distinguish it from the coordination area relative to terrestrial services which is the current subject of 
Report 382. Since much of the material contained in Report 382 will also be valid for the determination of the 
bidirectional coordination area, the method described here only contains those elements in which it differs from 
Report 382.

2. General

The following sections describe a procedure for the determination of the bidirectional coordination area
for an earth station transmitting in a frequency band allocated in both the Earth-to-space and the space-to-Earth
direction, to be used for the purpose of establishing whether or not coordination with a receiving earth station is 
required.

The procedure applies to earth stations operating with geostationary satellites, in the fixed-satellite service,
and uses the same basic concepts for determining the coordination area as that of Report 382. However, the
method is different in a number of respects, and these differences are discussed in the following sections.

This Report should be used in connection with Report 382 which it modifies in certain areas.

Specifically, when determining the bidirectional coordination area, Report 382 is the basic text to be used, 
but the following sections of this Report should be substituted for the elements of Report 382 indicated below:

Section o f 
R eport 999 replaces Elem ent o f  R eport 382

§ 3 § 2.3

§ 4 D efin ition  o f  Gr in § 2.2 .

§ 5 § 4.2.4

3. Determination of the maximum permissible interfering power Pr(p )

It is the objective of the coordination area to identify conditions under which unacceptable interference 
may occur in a receiving earth station. A probability for unacceptable interference prevails when the noise 
temperature increase A f a t  a receiving earth station, due to emissions from a transmitting earth station, exceeds 
the values of:

A 7j = 0.05 7; (or 0.02 Te)*  K for more than p =  20% of the time; (la)

A 71 = T^(10v,/1° — 1) K for more than p =  0.005% of the time; (lb)

in the reference bandwidth B, 

where:

Te : earth-station noise temperature (clear sky) in K;

M : down-link margin (dB).

Table I shows appropriate values for Te , M  and B  for various frequency ranges, as well as the resulting 
values for A 7j and A 71.

The term in parentheses refers to SCPC transm issions.
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T A BL E  I — R eceiving system  characteristics  *

Frequency range (G H z)

0.6-7.25 7.25-14.8 14.8-40.0

T A  K)

M  (dB)

B (M H z) 

A T , (K) 

A T2 (K)

100 (150) 

2.0

1.0 (0.04)

5.0 (3.0) 

58 (87)

130 (185)

5.0

1.0 (0.04) 

6.5 (3.7)

280 (420)

160 (240) 

10.0

1.0 (0.04) 

8 (4.8) 

1400 (2100)

* Values in parentheses are representative o f SCPC transm issions. It w ould 
norm ally  be ap p ro p ria te  to use the unbracketed  values to d e term ine  the 
coo rd ination  area. A separate coo rd ination  area can, how ever, be p rod u ced  for 
narrow -band  (SC PC ) transm issions using the values in paren theses. A receiving 
earth  sta tion  situated  inside the SC PC  area but ou tside the (sm aller) norm al 
area would require coord ination  only  if it were to receive SC PC  transm issions, 
and  then only for the frequencies affected.

The fairly high values for A T2, shown for the higher frequencies in Table I, are considered reasonable 
under the stipulation that, where receiving earth stations do not provide at least these down-link margins, they 
would have to use diversity reception which combats interference in the same way as it does atmospheric 
attenuation.

Therefore, the values of maximum permissible interference are calculated from the values in Table I by:

Pr(p)  =  10 log [ k A T ( p ) B ]  dB (W /M Hz) (2)

which produces the single entry values shown in Table II.

TA B LE II — M axim um  permissible values o f  Pr(p)*

Frequency range (G H z)

0.6-7.25 7.25-14.8 14.8-40.0

p  =  20%

p  =  0.005%

-1 6 1 .6  ( -1 7 7 .8 )  

-1 5 1 .0  ( -1 6 3 .2 )

-1 6 0 .5  ( -1 7 6 .9 )  

-1 4 4 .1  ( -  156.3)

- 1 5 9 .6  ( -1 7 5 .8 )  

-1 3 7 .1  ( -1 4 9 .3 )

B (M H z) 1.0 (0.04) 1.0 (0.04) 1.0 (0.04)

* Values in parentheses are representative o f  SC PC  transm issions.

It should be noted that if these values are used in connection with equations (1), (2), (11) and (18) of 
Report 382, the values used for Pr  must be those for the same reference bandwidth B.

The term M( p )  is obtained with the values for Pr( p ) from Table II as:

M ( p )  =  Pr (0.005%) -  Pr (20%) dB (3)
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4. Determination of Gr for propagation mode (1)

The determination of the antenna gain G, of the receiving earth station which in this Report takes the 
place o f  the recei 'ing terrestrial station of Report 382* gives recognition to the two facts that:

a) the main beam is not directed towards the physical horizon but towards a satellite at some, perhaps a large 
elevation angle,

b) its direction »s constrained by the possible locations of the geostationary satellites.

For example, in view of b) above, the horizon antenna gains of a transmitting and a receiving earth 
station will not generally assume their maximum values towards each other on a great-circle path. In fact, on an 
azimuth on which one antenna has its maximum horizon gain, the other will generally “ look back" at it through 
its far side lobes ( — 10 dB). An exception may be earth stations located near the equator.

This general non-simultaneity of the occurrence of maximum horizon antenna gains of two earth stations 
towards each other allows coordination contours to be much smaller than with the assumption of maximum 
horizon gain in all directions for a receiving earth-station antenna.

To determine (7r, therefore, in the absence of any knowledge regarding the location of a receiving earth 
station, one uses the procedure described in Annex 1 to Report 382 which, in any case, is also used for the 
determination of Gr , the horizon antenna gain of the transmitting earth station, for which the bidirectional 
coordination area is being determined. Note that the relevant adopted earth-station antenna reference diagrams 
should be used.

Since it is not known beforehand towards which orbit location a receiving earth-station antenna beam is 
directed, the horizon antenna gain must be determined for the entire geostationary arc. To that end the procedure 
of  Annex I to Report 382 is performed:
— for an orbital arc which reflects the latitude of the transmitting earth station,
— for a 0° site horizon elevation angle, and
— from minimum elevation to minimum elevation; this being reasonably:

£m,„ =  3° for 0.6 < f <  7.25 GHz
= 5° for 7.25 < / <  14.8 GHz
= 10° for 14.8 <  /  < 40.0 GHz

This yields the horizon antenna gain profile for a zero degree horizon, for all azimuths and for a site 
location assumed to have the same latitude as the transmitting earth station. The procedure involves the 
intermediate step of  determining the minimum angular separation between all directions to the visible geosta­
tionary-satellite orbit and the horizon at 0° elevation. Figures 1, 2 and 3 show the resulting curves of
horizon discrimination angle 0 as functions of azimuth a  and counter-azimuth a',  with the station latitude 
X as a parameter. Using the current earth-station antenna reference diagram **, a curve of horizon antenna gain as 
a function of a  and a '  can then be constructed. Figure 4 gives an example of the horizon antenna 
gain Gr as a function of a and a '  for X =  40° and an earth-station antenna reference diagram conforming to 
(7(0) =  32 -  25 log 0 dB.

The assumption of a 0° horizon elevation angle is conservative since the increase in antenna gain due to a 
raised horizon would, in practice, be more than offset by any real site shielding which, for the receiving antenna 
site, must be assumed to be zero. The use of the transmitting antenna site latitude for the determination of the 
receiving antenna horizon profile produces a small azimuthal error which is largest at the higher latitudes and on 
(long) over-water interference paths; for practical purposes this error will never exceed about 2 dB in transmission 
loss and can be ignored.

* As Gr in equation (2) and as the sum of 42 + A G (dB) in equation (11) of Report 382.
** For earth-station antenna reference diagrams which are functions of the ratio of diameter to wavelength, it may be

necessary to select a value of this ratio which is sufficiently protective of earth stations which are likely to be implemented.
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FIGURK 1 -  M inim um  angular distance between points on the geostationary- 
satellite orbit (GSO) and the horizontal plane

(Minimum elevation angle, vm jn = 3")
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FIGURE 3 -  M inim um  angular distance betw een poin ts on the geostationary- 
satellite orbit (GSO) and the horizontal plane

(Minimum elevation angle, t m jn = 1 0 ° )
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When horizon antenna gain profiles have been determined for the transmitting and the receiving an tenna 
as described above, they have to be added as prescribed bv equations (2) and (11) o f  Report 382 for every azimuth 
at the transmitting earth station. However, a given azimuth at a transmitting earth station is the “back” or 
opposing azimuth at a receiving earth station. Therefore, a value o f  G, , determined for the azimuth a  at the 
transmitting earth station, must be added to that value G, which is found for the azimuth rx' =  (a  +  180°) 
modulo 360° on the receiving earth-station horizon an tenna gain profile. The function A modulo B is defined as:

A modulo B =  A — B • (integer o f  A /B )  (4)

For example:

a  =  192°

A =  a  +  180° =  372°

B =  360°

Integer o f A /B  =  1.0 

A modulo B =  12° =  a '

Thus, the sum of G, +  Gr required to calculate Lh( p)  of equations (2) and (11) of Report 382 for all
azimuths around a transmitting earth station is, in this application, given by:

G,■ +  Gr =  G, (rx) +  G, (a ')  dB (5)

for each azimuth a  at a transmitting earth station.

It should be noted that, while no site shielding can be assumed for the receiving earth station, any site 
shielding that may exist at the transmitting earth station is considered in the normal fashion, as discussed in § 3.2 
o f Report 382, using the horizon elevation angle B.

Finally, for the determination of the coordination area for propagation  mode (1) the values of Pr( p )  for
0.005% of the time from Table II of this Report should be used.

Figure 5 gives an example of a coordination area determined by this method. Figure 6 shows the 
sum of the antenna gains G, +  G, for this example: both involved antennas having the reference diagram 
32 -  25 log 0 (dB).

5. D e te rm in a tio n  o f  th e  b id ire c tio n a l ra in  s c a t te r  a re a

For the determination of the bidirectional rain scatter area for a transmitting earth station proceed as
follows:

Step I: Determine, from Fig. 24 of Report 382 and for the latitude /. o f  the earth station, the elevation angle e,
and the azimuth «, to the satellite with which the earth station is to operate.

Step 2:  Determine the “beam intersection distance” d, from the earth station to the point at which the beam axis
attains the maximum rain bearing altitude hR from:

d , =  - j r.  ----------------  k m  (6)
j/ tan2 ev + /?tf/4250 +  tan e ,

where:

cos (1.06 X) km (7)

Step 3: Mark the distance ds on the azimuth a ,  from the earth-station location on a map of a scale of the order
of 1:3 000 000. This point is the geographical location of the beam intersection point and is the reference
point around which the bidirectional rain scatter contour is to be constructed.

Step 4: Determine the maximum visibility distance d mux for the beam intersection point from:

d nu,x = 130.4 fh~R km (8)

and the reference azimuth a r from:

a ,  =  c o s ' 1 (0.153031 tan X) (9)

where /. is the latitude of the beam intersection point (approximately equal to that of the earth station).
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North

FIGURE 5 -  Exam ple o f  bidirectional great-circle coordination area

A ssum ptions: 

f  = 1 8  G H z

Pr =  4 0 d B (W /M H z )

k  =  40° N

Elevation angle to satellite: 20°

A zim uth to satellite: 243.3°

R adio  clim atic zone: A 2 (R eport 382)

H orizon elevation angle: 8 =  0°

Results:

Lh( p )  =  177.1 +  Gr + Gr dB (Table II o f  this R eport and  equation  (2) o f  R eport 382)

Gr (in lieu of: 42 +  A G d B ) (Fig. 4 o f  this R eport and  equations (2) and  (11) o f  R eport 382)

Gr +  Gr (in lieu of: ( Gr  +  42 +  A G d B ) (Fig. 6 o f  this R eport and  equations (2) an d  (11) o f  R eport 382) 

P_- =  0.1754 d B /k m  (equation  (7b) o f R eport 382)

P„ =  0.0081 d B /k m  (equation  (8) o f  R eport 382)
P, =  0.0298 (equation  (9) o f  Report 382)

Ai, =  0 dB (0 =  0°) (equation  (10) o f  R eport 382)

M (p )  =  22.5 dB (equation  (3) o f  this R eport)

Ps =  P =  0.005% (by test *) (Table II o f  this R eport an d  equations (6) and (11) o f  R eport 382)

L ,(p x ) =  L„lpx) =  Lh{p) (equations (12) and  (13) o f R eport 382) 

d{ =  (G,. +  Gr +  32)/0.223 km (equations (6) an d  (11) o f R eport 382)

* A pplying the procedure discussed in the N ote at the end  o f  § 3.2.2 o f Report 382.



FIGURE 6 -  Com posite horizon antenna gain Gt > + Gr fo r  the exam ple o f  Fig. 5



586 Rep. 999

St ep  5:

Step 6

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

From the beam intersection point, mark on the map the distance dmax in the:
— Northe rn Hemisphere, on the two azimuths a r and 360° — a r ;
— Southern Hemisphere, on the two azimuths 180° — a r and 180° +  a r.
To determine the required receiving earth station antenna beam discrimination angle 5 proceed as 
follows:

Plot, if necessary by linear interpolation, on the appropriate Figure among Figs. 12-21 of Report 382, a 
loss distribution curve which corresponds as closely as possible to the distance dmax\ call this curve Ld. 
The curve Ld need only be drawn for values of px greater than 0.005% on the abscissa scale for the 
applicable rain climate.
Determine the criteria distribution L2 (px) as indicated in § 4.1 of Report 382, using p = 0.005%, 
A O  = - 1 0  dB and:

M(p) = M 0 = Pr (0.005%) -  Pr (20%) dB (10)

as obtained from the appropriate values given in Table II, and plot L2(px) on the same graph on which 
Ld has been plotted, using the abscissa (p) scale for the rain climate of concern. The resulting curve for 
Li{px) extends from the right-hand edge of the graph to the left and upwards, ending at a point above 
p =  0.005% on the appropriate abscissa scale.

If the L2(px) curve lies in its entirety above the Ld curve, the discrimination angle 8 (see below) for the 
receiving earth-station antenna is small and can be assumed to be 1°. Go directly to Step 10; otherwise 
continue.

If the L2(px) curve crosses, or lies entirely below, the Ld curve, determine the maximum vertical dB 
difference, Max [L2{px) — Ld], between the two curves (a positive dB value), reading off the ordinate 
scale. The value Max [L2(px) — Ld] is the dB difference between the two curves at either p = 0.005%,
or at that value of px (on the applicable abscissa scale) at which the two curves have the same slope
(see example of  Fig. 8).

The value of Max [L2(px) — Ld] is the required isolation deficiency A L which needs to be made up by 
receiving earth-station antenna discrimination relative to the gain at 1° off the boresight:

A L =  Max[L2(px) — Ld] dB (11)

When A L is zero or negative, the discrimination angle (see below) is 1°; go directly to Step 10.
When A L is positive, calculate:

8 = l0Ai/25 degrees (12)

which is the required maximum-distance discrimination angle, to be used in Step 10.
Equations (11) and (12) above are appropriate for the reference antenna pattern G(0) =  32 — 25 log 0 
(dB) which is assumed for the receiving earth station.

Draw on the map from both of the two maximum distance marks of Step 5 equal distance arcs of width 
8 clockwise and counter-clockwise as measured from the location of the beam penetration point. These 
two arcs, each having a total width of 28, are the first boundary elements of the bidirectional rain scatter 
area.

Mark a circle of 100 km radius around the location of the beam penetration point, and draw straight 
lines from the two northern edges of the two 28 arcs tangential to the northern rim of the 100 km radius 
circle,* and from the two southern edges of the two 28 arcs tangential to the southern rim of the 100 km 
radius circle.

Administrations are invited to examine whether the 100 km would in all likely practical situations constitute a sufficiently 
conservative assumption.
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The entire area bounded by the two 28 arcs, the four straight lines, and the 100 km radius circle 
sections * between the two northern and the two southern tangent points with the straight lines constitutes 
the bidirectional rain scatter area.

Figures 7 and 8 illustrate the construction of the bidirectional rain scatter area **.

6. Relationship with other CCIR tests

The method described in this Report complements that of Report 382 and amendments to either Report 
may require consequential amendments to the other. Other relevant CCIR texts are Reports 569 and 724 of Study 
Group 5.

North

FIGURE 7 -  Exam ple o f  bidirectional rain scatter area

I: location o f the transm itting  earth  sta tion 

II: location o f  the beam  penetration  poin t

Assum ptions:

/ 11 G H z

Pr 30.0 dB (W /M H z)

X 40° N

E.v = 20°

a ,  = 243.3°

R ain clim ate: K (R eport 382)

Results:
ds 10.2 km (equation  (6))

h R 3.74 km (equation  (7))

d,„ay = 252 km (equation  (8) and  also plotted on Fig. 8 o f  this R eport)

a , = 82.6° (equation  (9) o f this Report)

Mo — 144.1 +  160.5 =  16.4 dB (equation  (10) o f  this R eport)

LliPy) = 164.1 +  16.4 [1 -  0.339 (9 -  5 log p , -  1.58)] dB
(equation  (18) o f R eport 382 and  also plotted on Fig. 8 o f  this R eport)

A L 26.0 dB (obtained from  Fig. 8 o f this !Report)

5 11.0° (equation (12) o f this Report)

*  O f  whi ch  there  is a l wa ys  at least  one.

** T h e  resul t ing ra in scat t er  a r ea  c on t a in s  the loci o f  all  receiving e ar th - s t a t i on  l oc a t i o n s  for  wh i c h  d i r ec t i ons  t o w a r d s  the
geos t a t i ona ry- sa t e l l i t e  orb i t  intersect  the b e a m  axis o f  t he  t r a ns mi t t i ng  e a r t h - s t a t i on  a n t e n n a .  T h e  b o u n d a r i e s  o f  the  a r e a  a re  
e s t a b l i s hed  by c o n s i d e r a t i o n  o f  a n t e n n a  d i s c r i mi na t i on .
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FI GURE 8 -  Transm ission loss versus tim e  percen tage f o r  th e  d if fe re n t rain  
c lim a tes  w ith  h y d ro m e te o r  sc a tte r  d is tan ce  as a p a ra m eter

/= 12 GHz

This graph is, except for the added entries, identical to Fig. 16 of Report 382 and has been used to 
represent propagation conditions at 11 GHz in connection with the example of Fig. 7, of this Report.
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REPORT 1140

SATELLITE NETWORKS FOR MORE THAN ONE SERVICE 
IN ONE OR MORE FREQUENCY BANDS

(Study Programme 28A/4)

(1990)
1. Introduction

Recommendation COM 6/D of WARC ORB-88 cosiders that for economic and practical 
reasons. Administrations . may find it desirable to utilize multi-band and/or multi 
service satellite networks using the geostationary orbit. Accordingly organizations 
are launching satellites which contain multiple services in one or more freguency 
bands. COM 6/D invites CCIR to continue its technical studies into the efficient 
use of the geostationary-satellite orbit as it pertains to the multiband and 
multiservice satellite networks.

Before continuing the invited technical studies, it is necessary to 
identify coordination problems of such satellites. This report is concerned with 
such problems. The material is contained in sections 2, 3, and 4.

Section 2 describes the coordination methods, the applicable 
allocations, and parts of the Radio Regulations. In addition, it describes the 
type of networks associated with the different methods.

Section 3 is an analysis of the potential problems which may be 
presented when combinations of the different networks are on the same 
satellite.

Section 4 derives observations based on one example of a multiple 
network satellite.

2. Description of the situation for networks with more than one service in
one or more frequency bands

The procedural approaches for coordination and notification of 
frequency assignments to geostationary satellite networks are indicated in 
Table I along with their distinguishing characteristics.

As indicated below, there are multiple combinations of frequency bands 
that can be put on a single satellite platform. Uhen this occurs, it results in 
the need to deal with multiple coordinations.

A single band of a satellite may also be subject to multiple 
coordination procedures. An example of this is the 12 GHz FSS band in which a 
network may be simultaneously subject to the procedures of Articles 11, 1̂ . 15 
and even Resolution 33. The coordination network possibilities are described 
below.
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TABLE I

Mechod Allocacions (GHz) Regulacions

BSS Plan (Sac-77) BSS 11.7-12.5 (Reg 1)
BSS 11.7-12.2 (Reg 3)
FSS 14.5-14.8 (Reg 1 & 3) 
FSS 17.3-18.1 (Reg 1 & 3)

Appendix 30, Arc 15 
Appendix 30, Arc 15 
Appendix 30A, Arc 15a 
Appendix 30A, Arc 15A

BSS Plan (Sac-83) 3SS 12.2-12.7 (Reg 2) 
FSS 17.3-17.8 (Reg 2)

Appendix 30, Arc 15 
Appendix 30A, A.rc 15A

FSS Plan FSS 4.5-4.8/6.725-7.025 ) 
FSS 10.7-10.95 f 
FSS 11.2-11.45 ( 
FSS 12.75-13.25 }

Appendix 30 B 
(WARC ORB-8 8 ) 
Resolucion COM 4/2 
Resolucion COM 4/1

Improved procedures 
(MPM)

Cercain FSS bands Resolucion COM 6/3 
(WARC ORB-8 8 )

Simplified procedures 
(unplanned bands and 
services)

Remaining FSS bands 
and all ocher space 
services allocacions

Exiscing Arc 11/13 
+ modificacions from 
WARC ORB- 8 8

Unplanned BSS 
Arcicle 14

Remaining BSS bands 
Foocnoce

Resol-ucion 33 
Arcicle 14

2.1 Registered networks

These are networks that have completed coordination/registration 
procedures with their frequency assignments and orbit locations recorded in the 
IFRB Master Register. Due to already agreed coordination constraints some of 
these networks may have little, if any, degrees of freedom remaining to 
accommodate additional satellites. The flexibility available to such networks to 
successfully conclude subsequent coordinations will greatly depend on the level 
of congestion present in the orbital arc at the time coordination is 
undertaken.

2 . 2 Assignment Plar.s

Networks using orbit spectrum which are part of BSS assignment plans 
(BSS Plans: SAT-77 and SA.T-83) ; Orbit positions and operating parameters are 
detir.ed by the Plans and in practice there is little flexibility in modification 
ot orbital position shcrt of seeking a formal plan change; there is only limited 
tlexibility in equipment parameters choice.

2•3 Allotment Plan Networks

Those networks use spectrum which is part of the fixed satellite 
aiio_ment plan (WARC 0RB-8S); the degrees of freedom will be limited by 
regulation. There may be some orbit position flexibility possible through use of
the predetermined arc (PDA) mechanism. However, this is dependent on the stage
of development of the network.

2.4 Networks subject to MPM procedures

These networks are those to which a multilateral planning meeting 
(MPM WARC ORB-88) applies. Coordination is based on Articles 11 and 13. The MPM 
will probably apply to congested orbital arcs where there will be little degree 
of freedom.
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Those networks in unplanned bands-use the procedures in Articles 11
and 13.

3. Multiple coordination pairs

Satellite networks requiring multiple coordinations, in accordance with 
the categories described above, can be examined by pairs. The pairs below 
correspond to the coordination network possibilities described in the sections 
above; i.e. 1 is 2.1, 2 is 2.2, 3 is 2.3, 4 is 2.4, and 5 is 2.5.

The basis for the pairing analyses below may be explained by reference 
to the figure below. Satellite A has

A B

2.5 Unplanned band networks

5 3 4

frequencies that must be coordinated in procedures 1, 2 and 5. Satellite B has 
frequencies in procedures 5, 3 and 4. Satellite networks in A and B must 
coordinate with each other because they are using the same, unplanned (5) fixed 
satellite spectrum. In addition, however, satellite A may also have to 
coordinate in procedures 1 and 2, and satellite B may also have to coordinate in 
procedures 3 and 4. Thus, the pairs refer to the impact on coordination when one 
of the pair procedures is on satellite A and one is on B.

1 & 5 Bilateral (or multilateral) coordination, as appropriate, will be
conducted between administrations responsible for the networks under 
the current procedures of Articles 11 and 13.

5 & 2 These apply to already coordinated satellite networks which are part
5 & 3 of multilateral planning meetings (MPM), the allotment plan or the BSS
5 & 4 feeder link/assignment plans, and also have frequency assignments which

are part of unplanned band allocations. Some of these situations may be 
particularly difficult, because the networks involved have fixed 
orbital positions.

4 & 3 When there is a multilateral coordination (improved procedures)
involving a satellite network in the allotment plan, there may be some 
degree of flexibility for the network using allotment frequencies due 
to the flexibility built into the allotment plan with the predetermined 
arc concept.

2 & 4 A multilateral coordination can accommodate the consequential effects
of fixed satellite frequencies on BSS assignment plan satellites, 
through multiple ways of making adjustments. In addition, the BSS could 
use its plan modification provisions.
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1 & 4 There are many registered necworks which are in the bands which might
have multilateral coordinations. These networks were coordinated 
under Art. 11/13, and have status. However, administrations with 
registered systems may participate in a multilateral negotiation.

2 & 3 This coordination may need to utilize the full flexibility available
in both Plans when an administration's assignment in a BSS Plan is in 
the orbital arc of its allotment. If it is, and the conversion of che 
allotment into an assignment is in conformity with the Plan, the 
coordination with ocher FSS systems has been accomplished.

1 & 2 The coordination problems are non-existent since they are mutually
exclusive. If che system is in the Master Register, it has completed 
Coordination/Notification, and will have already avoided or cleared 
coordination with frequencies of the BSS assignment plans.

1 & 3 Any satellite network whose frequencies are in allotment plan bands
would have to be incorporated through a relevant procedure of Ap.30B,

4. Experience with coordination of hybrid satellites

From a review of the TELE-X example, summarized in the annex, the
following observations may be made:

In general it is true that in the preliminary phase of the coordination
of a satellite system, any extra constraints on e.g. the orbital position, may
cause an additional burden on the coordination process.

However, it must also be pointed out that after launching and as che 
process of coordination continues with new systems ocher constraints may be 
equally important. It is obviously a fact, thac in the operational phase of 
any satellite an orbital relocation would be quite difficult anyway. The reason 
for this difficulty is that in this phase normally coordination agreements have 
already been reached with other existing systems, and a relocation would have an 
impact on those coordination agreements.

It is evident that the coordination experience of other operators of 
hybrid satellites would be of value in this context, and Study Group 4 is- 
encouraged to provide information on such experience.

5. Summary

It is recognized that it is necessary to develop overall criteria for 
optimizing the orbital positioning of satellite networks having more than one 
service in one or more frequency bands. Some of the points to be taken into 
account include:

when multiple coordinations occur individual methods should be 
applied to utilize all the flexibility available with full 
recognition of the rights inherent in each procedure;

the rights and constraints of coordinated/registered networks 
and of those in coordination should be fully taken into account;
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administrations could in a cooperative spirit, take account of 
the desired orbit positions, frequency bands, and parameters at a 
proposed satellite network, which could assist in accommodating a 
new multi-band/service satellite;

constraints imposed by the procedures can lead to difficulty in 
reducing interference levels for all services in a multi-service 
satellite. This was recognized for the fixed satellite service in 
draft Recommendation 670 .. The recommended flexibility in 
relocation would facilitate the resolution of interference 
problems if it could be applied to all procedures and services.

Additional technical information needs to be developed to illustrate 
the problems associated with such multiple coordination satellites particularly 
when one of the networks on the satellite has an orbit position fixed by a 
plan.
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ANNEX

An example of a satellite network subject 
to more than one coordination method

1. The Tele-X experience

In [CCIR, 1986-90] different coordination procedures are described, 
which might be applicable for satellite systems which have allocacions in 
different frequency bands. In che following text some information is given, 
which pertains co an actual case.

An example of a satellite system which has to be coordinated according 
to different procedures is Tele-X. Tele-X is a Swedish satellite which was 
successfully launched into orbit on 2 April 1989. The payload of che satellite 
includes DBS as well as FSS services [Carlsson, B., 1987].

The DBS service uses channels in che frequency band 11.7-12.5 GHz 
according to the WARC 77 Plan. The channels used are 26, 32 and 40. According 
to the Plan the satellite position must be 5° east.

Two transponders for business services are allocated in the FSS 
frequency band. The frequencies used are 12585-12750 MHz for the downlink and 
14085-14250 MHz for the uplink (see Fig. 1).

2. Existing agreements

Tele-X has been coordinated with the EUTELSAT I network, as well as 
with Telecom 1 and INTELSAT.

3. On-going coordination

Tele-X is in the .process of being coordinated with EUTELSAT II and
Telecom 2.
4. Observations

Coordination appears to be more complicated in the preliminary phase 
of the coordination of a hybrid satellite, than for a satellite system subject 
only to one coordination method. However, when the satellite system has been 
coordinated with existing satellite systems other constraints may be equally 
important.

It must also be pointed out that in some cases there may be economic 
reasons for choosing hybrid satellites, something that also should be 
considered.
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REPORT 1138

INTRA-SERVICE IMPLICATIONS OF USING SLIGHTLY INCLINED GEOSTATIONARY 
ORBITS FOR FIXED SATELLITE SERVICE NETWORKS

Operational, sharing and coordination considerations 

(Study Programme 28D/4)
(1990)

1. Introduction

Communication satellites normally operate in a nominal geostationary 
satellite orbit. Forces, such as the gravitational attraction of the sun and 
moon, solar pressure, and irregularities in the Earth's gravitational field, 
will perturb a satellite's orbit from the equatorial plane. Station-keeping fuel 
is consumed to resist such perturbations and thus maintain the satellite within 
acceptable east-west and north-south limits of its nominal position. Of the two 
actions, the north-south station-keeping requires an order of magnitude more 
propellant than east-west station-keeping. Usually, the useful life of the 
satellite ceases shortly after all the fuel allocated for station-keeping is 
consumed.

When north-south station-keeping is not employed, the orbital plane's 
inclination relative to the Earth's equatorial plane changes continually, at a 
maximum of about 0.85° annual rate for small inclination angles. This change of 
inclination is cyclical, with a period of about 55 years and a natural maximum 
inclination limit of about 15°. The effect of orbit inclination on the apparent 
motion of the satellite, as seen from any point on the Earth within visible 
range of the satellite, is the characteristic "figure-of-eight" excursion in the 
north-south direction. The effect on the satellite antenna beam pointing is a 
more complex issue which depends not only on the orbit inclination, but also on 
the characteristics of the satellite attitude control system.

The IFRB, in its Rules of Procedure, indicated that the IFRB considered 
that satellites in orbits with inclinations up to 5° would be considered 
geostationary satellites and in Document JIWP/0RB(2)-38 requested that the CCIR 
study among others, the following related problems:

the technical aspects of coordination between geostationary 
satellites and those in inclined geostationary orbits;

the technical aspects of coordination between satellites in 
inclined geostationary orbits.

This report limits its considerations to the operational implications, 
and sharing and coordination impacts between networks of the FSS.
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2. Strategies for extension of operational life of an in-orbit
geostationary satellite by slightly inclined orbit operation

There are two strategies for extending the operational life of in- 
orbit geostationary satellites. These are based on the fact that the useful 
operational life is largely determined by the north-south station-keeping fuel, 
which is about ten times as much as east-west station-keeping fuel.

(1) If a satellite has nearly exhausted its station-keeping fuel, but is 
otherwise operating satisfactorily, its useful in-orbit life could be 
extended significantly if its remaining fuel was used only for longitudinal 
station-keeping.

(2) A satellite intended for a geostationary mission is inclined by a few 
degrees at the start of its operating life. Solar/lunar gravitation will 
incline the orbit to an equatorial track over a few years. The inclination 
will continue to increase unless fuel is spent to counteract the effect of 
the Sun and the Moon. This strategy permits a satellite to be maintained 
in a circular geostationary orbit of relatively low inclination with a 
smaller initial fuel load than an initial geostationary orbit would 
require.

However, any increase in the operational life of a satellite must be 
matched by lifetimes of on-board sub-systems.

3. Technical aspects of slightly inclined geostationary orbit operation

The following technical considerations are of importance for satellite 
systems in slightly inclined geostationary orbits.

(1) Earth station antenna pointing error
Earth station antenna main beams must be kept pointed at the space station, 
within an acceptable mispointing tolerance. Automatic tracking is usually 
used at earth stations having relatively large antennas. For slightly 
inclined geostationary orbit operation, even small size earth station 
antenna with relatively low gain may have to track the satellite.

In addition, earth stations operating at high latitudes will experience 24- 
hourly periods during which their operational elevation angle may become so 
low as to degrade communication performance. When the space station's orbit 
inclination exceeds the earth station's nominal elevation angle, the earth 
station will experience complete outage.

Generally, earth station antenna will need automatic tracking sub-systems 
for inclined geostationary orbit operation. The required performance of the 
antenna tracking sub-systems depends on the degree of the orbital 
inclination, earth station antenna size and the isolation gecaetry, 
especially at high latitudes.

(2) Space station antenna pointing error

The apparent movement of a geostationary space station in an inclined 
circular orbit takes the form of a narrow figure- eight. There lore, a 
satellite antenna beam traces a complex path on the earth surface. Because 
of the resulting space station antenna pointing error, the associated
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satellite antenna beam footprint will move constantly. Thus, satellite 
antenna beams may have to be steered to cover the service area; 
alternatively it might be necessary to reduce minimum beam gain so as to 
cover the whole service area. Otherwise, interference between satellite _ 
networks may increase and some loss of peripheral coverage for earth- 
coverage beams may occur.

The effect on the satellite antenna beam pointing depends not only on the 
orbit inclination, but also on the characteristics of the satellite 
attitude control system.

If the satellite attitude is constrained to have the pitch axis 
perpendicular to the orbit plane (as is the case when the satellite is spin 
stabilized or of the body-stablized class, with a body-fixed momentum 
wheel), the effects of orbit inclination on antenna beam pointing are 
approximately proportional to the inclination and take the form illustrated 
in Figure 1, which shows the effects of a 9 degree inclination at three 
different points on the Earth's disc as seen by the satellite. In the 
absence of inclination, each point would be seen as a dot, while, with a 
non-zero inclination, the same point is seen by the satellite as a locus, 
over each orbit cycle. The loci represent the variations of the AZ/EL 
angles, in satellite axes, under which each ground point is seen from the 
satellite; thus, they also represent the motion of the antenna beam at each 
point. A fixed "overtilt" of the pitch axis with respect to the orbit 
plane, for a satellite of these classes, improves the situation in the 
regions near to the suborbital point and, to a lesser degree, for other 
co-meridional regions, but causes a deterioration in the regions toward the 
eastern and western edges of the earth disc.

A satellite antenna pointing error compensation method for spin stabilized 
satellites and its software control system have been developed, based on 
the concept mentioned above, to reduce the received signal level variation 
due to satellite antenna coverage dispersion. An experiment using Japanese 
experimental communication satellite, CS, on inclined orbit was performed to 
verify the pointing error compensation algorithm and developed software 
control system. The experimental results show that this method can reduce 
received signal level variation due to orbital inclination and the 
developed software control system works well. [Izumisawa et al., 1983],

Conversely, if the satellite is maneuverable in attitude (having either a 
3-axis, or a gimbaled momentum wheel, or equivalent type attitude control 
system, such as INTELSAT VII), then the effects of orbit incliniation can 
be drastically reduced by the proper choice of the roll and pitch 
distortion correction factors, as shown by a comparison of Figure 2 with 
Figure 1.
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AZIMUTH (DEG)

FIGURE 1. Effect of 9° Orbit Inclination on S a te l l i te  A n te n n a  
B eam  Pointing  for a Sate lli te  with on e  Body-Fixed W heel

ELEVATION 
(DEG)
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AZIMUTH (DEG)

FIGURE 2. Effect of 9° Orbit Inclination on Sate ll i te  A n tenna  
B eam  Pointing  for a Sate l l i te  with S tee rab le  M om entum

(3) Rotations of the plane of polarization

As the inclination of a geostationary satellite increases, a linearly 
polarized satellite antenna beam will exhibit an increasing deviation of 
its polarization plane from the polarization plane associated with the 
nominal geostationary orbit location. This deviation will be largest during 
equator crossings and adds to yaw orientation errors. The resulting 
variable misalignment between the linear polarization planes of the
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satellite and the earth stations poses no significant problem as long as 
the orbit inclination and the yaw errors remain moderate. However, when the 
orthogonal polarization is used, for intra-network frequency reuse 
by another nominally co-located space station, polarization isolation will 
decrease rapidly with increasing orbit inclination. Depending on the 
isolation geometry, it may become necessary to maintain polarization 
orthogonality at the affected earth stations; e.g. by polarization 
tracking.

For circular polarization, this problem does not exist.

(4) Effects on digital signal transmission
The variable geometry of an inclined orbit increases delay 
and doppler variations along the transmission path. Because of these 
variations, digital links may need extra buffering to maintain network 
synchronization. An increase of doppler buffer capacity using large scale 
memory LSIs, frequently employed in various digital equipment, can be 
applied without a significant increase of hardware size or cost.

In addition, doppler effects due to inclined orbit operation may affect 
carrier frequency control for narrow-band carriers. However, the effects of 
carrier frequency variation depends on system parameters such as the 
modulation and demodulation scheme and bit rate. Further study is required 
on this problem.

4. Interference between satellite networks

During slightly inclined geostationary orbit operation, there are 
basically three factors impacting interference between two satellite networks. 
These are:

The exocentric angular separation between the service areas of the networks 
as seen from either satellite;

The exocentric angular width of the service areas as seen from either 
satellite;

The topocentric angular spacing between the satellites as seen from an 
earth station of either network.

These factors cause the net antenna discrimination (earth station and 
satellite antenna) between the two networks to vary in time. In case where 
satellite networks have a common service area (co-coverage networks), earth
station antenna is the basic element providing discrimination between the
networks. Where satellite networks have separated service areas (non-co­
coverage networks), both, the earth station and satellite antenna contribute to 
the discrimination between the networks.

4.1 Geometric Considerations

The geocentric angle ^  between two slightly inclined geostationary 
satellites with latitudes (yx and y2) and longitudes ((P1) and ((P2) may be 
determined by:

cos ^  = cos y 1 cos 72 cos((P1 - <P2) + sin y 1 sin 7 2 (1)
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The latitude 7 and longitude excursions A9 of a satellite as a function 
of the orbit inclination angle i and the satellite phase angle position in the 
orbit A7 as measured from the ascending node are:

7 = sin 1 (sin i sin A7 ) (2)
A 9 = tan" 1 (cos i tan A y ) - A y  • (3 )

With small angle approximations for sin i and cos i, equations (2) and
(3) become:

7 = i sin A y radians (4 )
A9 = -0.25 i2 sin 2 A y radians (5 )

The longitudinal excursions of a satellite in a circular geostationary 
orbit can be determined from the above equations. Figure 3 shows a plot of the 
maximum excursions as a function of inclination.

For two satellites having inclinations ^  and i2 , designating A7 0 as 
the phase angle difference between the satellite orbit positions (0 < A7 0 < 2 w )  
and ^  as the angle between the ascending nodes, the minimum value of the 
geocentric angular separation 9 may be derived from the preceding equations 
and is closely approximated by

( <pg )min = 0.5 ix i2 sin A y 0 + 9S radians (6 )

Equation (6 ) may be expressed as the ratio of the minimum geocentric 
angle to the geocentric angle of the nodes:

( 9 g)min/9s = 1 + (ix i2 sin A7 0 )/2 9 (7)

where ix , i2 and 9. are small compared to one radian.

Depending on the phase angle difference between the satellite orbit 
positions ( 9 )min can be less than or greater than 9s ; i.e. when 7r <
A7 o < 2 n or 0 < A7 0 < n respectively (See Fig. 4). If either ± 1 or i2 is zero, 
then ( <Pg)min == 9 S . The worst phase angle difference is 37r/ 2 and equation (7) 
for that value is:

(9g )min = 1 + i2 ± ^ 2 %  (8 )

When there is some inclination in the orbit of either of a pair of
satellites, the time averaged value of angular spacing is always greater than
the nodal spacing 9S . The portion of time Tx in which 9g is less than 9S under
worst case phase angle conditions is approximately:

2 2

Tj - 0.641(1, i2 ‘M / U ,  + i2 )]0 5 (9)

When ix = i2 , Tx varies from 1 hour twice daily for a 9S of 2° to
about 2.25 hours twice daily for a 9. of 10° for equal inclinations and worst 
case phase angle. A plot of equation (9) is shown in Figure 5 for a 9S of 3°.
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Under co-coverage conditions, little if any, satellite antenna 
discrimination exists so that only the earth station antennas provide 
spatial discrimination. For tracking earth stations, the discrimination is 
a function of the angular spacing between the satellites. Assuming a 
-251og (<P) sidelobe envelope slope, equation (7) may be expressed as;

i2 i2 sin Ay0
Ad < 25 log10 [1 + ------------- ] (dB) (10)

2<PS
Where Ad is the loss in discrimination, in dB with respect to the 

earth station antenna discrimination at a nominal spacing of ((Ps).

Figure 6 shows the antenna discrimination for ix = 7° and 
i2 = 9° and a nominal satellite spacing <PS = 1° .

As shown in Figure 6, the nodal phase difference appears to be a 
critical factor- determining the relative earth station antenna 
discrimination. Depending on the nodal phase difference, relative earth 
station discrimination can be larger or smaller than nominal, reaching a 
minimum at 270° of nodal phase difference. It is important to note that for 
either î  or i2 equals zero, the minimum relative discrimination also becomes 
zero. Practically, this means that the discrimination between a geostationary 
satellite network and a slightly inclined geostationary orbit network will 
always be larger or equal to the nominal discrimination which would have been 
achieved if the two networks were geostationary.

The worst case discrimination loss (corresponds to the minimum 
discrimination at 270° nodal phase difference) as a function of 
inclinations.of two satellites spaced 2°, is shown in Figure 7.

For the very worst case, i 1 = i 2 = i. and Ay0 = 270° , equation (10)
becomes

Ad < 25 log10 [1 - i2/2 <Pa] (dB) (11)

Plots of this function are shown in Figure 8 which demonstrates 
the effects of the satellite nodal spacing <PS .

The probability that the two orbits would have equal inclinations 
and also the most adverse phase angle should be quite small. It is also to
be noted that the value of Ad in equation (10) is a peak value and is
approached for short periods of time. The portion of time in which the 
change in discrimination is between 0 dB and Ad is determined by equation 
(9).

For the worst case discrimination loss to happen it would be 
necessary that

4.2 Co-coverage Networks
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- both (adjacent) satellites be in significantly inclined orbits and 
that
a nodal phase difference of about 270° exists.

The combination of the two events does not seem likely to occur 
under normal circumstances when station-kept satellites are left without 
north-south station keeping in order to extend their operational life.

If two satellites initiate inclined geostationary orbit operation 
approximately at the same time (say, in the same year) the phase shift between 
their orbit's lines of nodes will be negligible because the conical motion of 
the orbit normals, produced by identical force fields, will be identical. Only 
If one of the satellites initiates inclined geostationary orbit operation a few 
years after the other will a nodal phase difference be appreciable. But in such 
a case, the satellite which initiated inclined orbit operation later will not 
have any significant orbit inclination, until additional years of combined 
operation accumulate. The phase angle difference does not significantly 
change with time and the change in inclination of two adjacent satellites 
will be nearly the same. Thus when unfavorable conditions exist, they 
remain unfavorable until a satellite maneuver is made to change the 
conditions. However, when two adjacent satellites are initially placed in 
inclined geostationary orbits, the inclinations and phase angle difference can 
have any value. Therefore, it is of interest to estimate the probabilities 
associated with Ad. It is assumed that the inclinations and phase angle 
difference are statistically independent, that the inclinations have a 
constant probability density function between 0 and IQ , and that the phase 
angle difference probability density function is constant between 0 and 2 n .
With these assumptions equation (10) may be expressed as:

Ad < 25 log10 ,[1 + Kio /2 <PS] (dB) (12)

Where Ad is the value of Ad which will not be exceeded with a 
probability P, and K is the normalized value obtained from the above 
assumed probability functions for a given value of P. For P = 90%, the 
value of K is about -0.3. For P values of 95% and 99%, the values of K are 
about -0.44 and -0.78. For P = 50% the value of K is zero.

Assuming a satellite nodal spacing of 2° and that both satellites 
have inclinations of 5°, the worst case discrimination loss Ad is 1.25 dB 
as shown in Figure 7. From equation (12) the maximum value of 
discrimination loss Ad is 0.36 dB with a 90% probability. For a 9° 
inclination, the corresponding discrimination loss is 4.73 dB and the 
discrimination loss which will not be exceeded with 90% probability is 
1.25 dB.

From the preceding equations, values of Ad can be equated to 
changes in satellite spacing so that the interference could be equal to or 
less than that with 0° inclinations, (1 dB is equivalent to about 0.1^)
i.e., the spacing could be adjusted. It is also noted that Ad can also be 
negative; i.e. that discrimination is increased. If it is assumed that the 
phase angle A7 is a random value among an ensemble of satellites (plus and minus 
values of Ad are equally probable) and that nodal spacing changes are
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made to equate minimum spacings, the net effect would be that an ensemble 
of satellites would occupy the same orbital arc as would be occupied if all 
inclinations were 0 °.

Thus, it is not evident that the number of orbit node positions 
in a given orbital arc will be adversely affected by orbit inclinations.

RELATIVE PHASING OF NODES (DEG)

FIGURE 6- Minimum Relative Earth Station Antenna Discrimination versus 
Nodal Phase Difference for 9° and 7° Inclined 

Geostationary Orbit Satellites
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4.3 Non-co-coverage networks

The analysis in this case is considerably more complex than in 
the co-coverage case and thus, a parametric approach used in the co­
coverage case is difficult to apply. Therefore, the total discrimination 
between two satellite systems achieved through the earth station and 
satellite antenna discriminations was analyzed using the following model.

A satellite in the inclined geostationary orbit was assumed to have a 
circular beam of a certain diameter. The beam was directed towards different 
points on the earth and the motion of a point at the edge of the beam, as a 
consequence of the motion of the satellite in the inclined orbit, was 
plotted in the satellite coordinates. The impact of the motion of the 
satellite beam was computed as a change of the satellite antenna gain at a 
point close to the coverage area. This point was chosen to correspond to 
point A at the satellite antenna reference pattern in Figure 9. Nominally, 
if there was no motion of the satellite antenna, due to the inclination of 
the satellite orbit, the discrimination achieved at this point, through the 
satellite antenna would be 22 dB, referred to the edge of coverage. The 
point was so chosen to analyse the worst case situation. The gain variation 
was expressed relative to this nominal gain. The discrimination between 
this satellite system and a neighboring geostationary satellite system achieved
through the earth station antenna operating in the ------------------------ '
inclined orbit satellite system, was also computed and expressed relative 
to the discrimination achieved if both systems were geostationary. The 
total relative net discrimination achieved through the satellite and earth 
station antennas was computed as a function of time, for satellite 
beamwidths of 1.5° and 3°, and for inclinations of 3°, and 9°. The 
satellite beam was directed towards three different areas on the Earth, as 
shown in Figure 10.

The results in Figures 11-14 show that the net discrimination 
between a slightly geostationary inclined orbit satellite network and a 
geostationary satellite network is very much impacted by the relative positions 
of the coverage areas of the two networks. In some cases (see Fig. 14), the net 
discrimination is practically always greater than nominally achieved if the 
two networks were geostationary. These are the cases where the impact of 
the satellite antenna discrimination is negligible. In some other cases, 
where the impact of the satellite antenna is significant, there is a loss 
of the net discrimination (compared to nominal) for a certain period of 
time during the day. The magnitude of the loss and its duration are 
functions of the inclination, satellite spacing and the width of the 
coverage area. However, it should be emphasized that, due to the choise of 
point A on the satellite antenna pattern (Fig. 9) the above results 
represent the "worst case". In many cases, the relative positions of 
satellite network coverage areas will be such that the motion of the 
coverage area due to the slightly inclined orbit operation will have a negligible 
effect on the net discrimination between the two networks. In these cases, 
the variation of the overall discrimination will be determined by the 
discrimination of the earth station antenna, which for this case (one 
slightly inclined geostationary and one geostationary network) is always equal 
to or greater than nominal.

Further studies are needed for the cases involving two slightly 
inclined geostationary orbit satellite networks.
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FIGURE 13. Relative Net Discrim ination  a s  a  F unc t ion  of Time
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In the previous sections, it was shown that the loss of the earth 
station antenna discrimination becomes significant when nodal phase 
difference between two neighbouring satellites approaches 270°. However, it 
is possible at moderate cost in station-keeping fuel to prevent the 
occurrence of worst orbital phasing of two neighbouring satellites through 
controlling the orbital nodes, a form of second order station-keeping.

Figure 15 shows, in the lower pair of curves, the yearly 
requirements in terms of orbital velocity changes ( AV) for a satellite 
subject to -ight north-south station-keeping (curve A) and for one subject 
to maintenance of its orbital node at 90° right ascension (curve B). The 
velocity changes, which are proportional to the amount of station-keeping 
fuel needed to produce them, become equal after about 9 years. When 
considering total cumulative fuel requirements for the two modes of 
operation, node phasing would require the same amount of fuel as north- 
south station-keeping only after 16 years (upper curve pair). For a 7 year 
satellite operation with no north-south station-keeping, the maintenance of 
a node at 90° right ascension would use only half as much fuel as full 
north-south station-keeping.

In practice, it will not be necessary to maintain a node at 90° 
right ascension - what is needed is a node correction which prevents the 
occurrence of the worst case interference geometry. How much fuel will be 
required depends, inter alia, on the difference in the inclination of the 
satellites; in favorable situations no node control may be needed even 
though the satellites of two potentially interfering networks may both be 
in slightly inclined geostationary orbits.

4.4 Control of nodal phasing
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5. Coordination considerations
From the previous analyses there appears to be no intrinsic limitation 

on the coordination of networks using circular slightly inclined geostationary 
orbits.

In the case of a geostationary network and a network using a slightly 
inclined geostationary orbit, the isolation between the networks will be equal 
to or greater than it would be in the case of the two geostationary satellite 
networks under co-coverage conditions. Thus, coordination will be the same as if 
both networks were geostationary.

If both satellite networks use slightly inclined geostationary orbits, 
some decrease in isolation as compared to the isolation between geostationary 
satellite networks might occur under the most unfavourable nodal phasing of the 
satellites and under co-coverage conditions. However, this can be determined and 
accounted for in coordination.

Under non-co-coverage conditions, satellite antenna discrimination is 
involved and this adds complexity in terms of estimation of interference 
effects. These effects can also be determined and accounted for in 
coordination.

However, there is the case where coordination was achieved on the 
basis of essentially 0° inclination but at some later date the inclination is 
allowed to increase. It would appear that in most practical cases, the increase 
in interference would not be significant, i.e. the probability that all 
conditions are simultaneously present for worst case interference is considered 
to be quite small. Hence, in most such cases, there will be no need to 
recoordinate a network previously coordinated as geostationary and planning to 
suspend North-South station-keeping with other geostationary networks.

While, generally, the inclined orbit operation of a network's 
satellite is supportable on the basis of internetwork coordination agreements 
that assume the network's satellite to be geostationary, there may be some 
circumstances where geostationary internetwork coordination agreements provide 
insufficient protection for inclined geostationary orbit operation. Thus, there 
is a need to determine the conditions for which geostationary internetwork 
coordination agreements would not suffice to prevent unacceptable internetwork 
interference from occurring when one or more networks commence inclined 
geostationary orbit operation.

6. Further studies

This report deals with some of the considerations of satellites 
operating in slightly inclined geostationary orbits (SIGO). The analyses 
described are limited to inter-satellite networks with co-coverage and 
non-co-coverage service areas and thus certain areas of work need to be studied 
further. (See Study Programme 28D/4).
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R E P O R T  1 0 0 4 - 1

PHYSICAL INTERFERENCE IN THE GEOSTATIONARY-SATELLITE ORBIT

(Question 34/4)

(1986-1 9 9 0 )

1. Introduction

Question 34/4 calls for a number of studies to be carried out (D EC ID ES 1 to 4) relating to the. effects of 
physical interference from inactive drifting satellites on or near the geostationary orbit.

Study is also required concerning the physical interference 
between operational satellites in the geostationary orbit 
(DECIDES 1 and 3).

2. Current situation

The geostationary orbit is currently populated by some 200 satellites, both operational and defunct and a 
large number of elements from the launch of these satellites. The population of the latter debris is not well-defined 
as present-day sensors cannot detect objects which are less than about 1 m in diameter. Various estimates have 
been made of the current collision probabilities which have been presented in differing forms. When adjusted to 
equivalent parameters, most studies estimate the collision probability to be about 10“ 6 per year for current 
satellites. In these studies a uniform distribution of satellites in the orbit was assumed.

3. The effects o f collision in the GSO

Satellite construction is necessarily aimed at producing lightweight but rigid structures, strong enough to 
withstand launch accelerations and vibration. Apart from the main thrust ring, most com ponents of the structure 
are manufactured from lightweight honeycomb materials. The only strong and massive parts are various 
equipment boxes, flywheels and batteries. External antennas, antenna feeds and solar panel structures are again
generally lightweight and may be unable to support themselves in normal Earth gravity.

A collision between small debris and these external parts is likely to shear off the parts, punch holes 
through them, and, in the case of antennas and feeds, mechanically distort them. Some motion would be imparted 
to the spacecraft itself. There may be degradation or loss in communications capacity, degradation or loss o f d.c. 
and RF power and the emission of signals that may cause interference to other satellite networks. The affected 
active satellite may not be completely incapacitated. However, if the debris were to strike the satellite body, much 
further debris may be created. At that orbital location, the result would be an increase in collision probability, the 
value depending on the actual pattern of the satellite break-up. A means of calculating the change and models that 
may be applicable can be found in [Chobotov, 1983; CCIR, 1982-86]. Certain studies suggest that the debris would 
be dissipated around the orbit at a rate dependent on the velocity imparted to the debris. However, the short- and
long-term effects of a collision need further study to define the probabilities more precisely.

This Report should be brought to the attention of Study Groups 2, 8, 10 and 11.
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Since the. probability of collision increases with the population density it is sensible to attempt to keep the 
total population as nearly static as practicable, while allowing for growth in the number of satellites in the future. 
This could be done by the timely removal of satellites that are of no further use or are no longer viable. 
Spacecraft litter such as rocket stages are abandoned in a transfer orbit which has a low perigee and an apogee at 
geosynchronous altitude, hence they cross the GSO at least once a day. The lifetime of an object in a transfer 
orbit depends on the initial perigee height, the initial longitude of the ascending node and the season. If these 
three parameters are chosen correctly then the apogee height will decay quite rapidly and the upper stage will not 
be a collision hazard to satellites in the GSO [Mueller and Graf, 1979]. The use of large structures for satellite 

vGSO injection that are subsequently detached in the GSO should be used with caution since they would generate 
further hazards. Some other techniques that have been considered are extra shielding, retrieval and servicing, 
avoidance manoeuvres, removal to a lower orbit or a higher orbit (satellite “graveyard”).

Avoidance manoeuvres have already taken place and it is an operational technique that has been applied 
by some administrations to reduce the risk to certain satellites! The technique requires tracking that is expensive to 
implement and operate, and which is not currently available to all users of the orbit and its precision is currently 
insufficient to provide an effective countermeasure. On-board collision detection and tracking equipment is also 
not considered to be a viable alternative at this time.

Another possibility is to use the on-board fuel o f the spacecraft to raise or lower the orbit, i.e., place the 
spacecraft in a “graveyard” orbit.

Graveyard orbits are thus the best option among those that have so far been considered. The technique 
would be to fire thrusters in a sequence to provide a sufficient change in satellite velocity that would result in a 
new higher altitude orbit of sufficient height to avoid all reasonable chances of intercepting the GSO again.

Removal to a lower orbit may be considered as a viable means of controlling the population of the orbit, 
however the decay time is long, thus causing a collision hazard to other non-GSO satellites, and also to the GSO 

■ injection orbits.

Clearly,- the fuel mass required for this manoeuvre depends on satellite mass, the specific thrust of the fuel 
and the altitude (A V) required. Calculations have been made based on the Olympus satellite (beginning of life 
(BOL) mass 1500 kg) and ECS (BOL mass 500 kg). These show that an absolute minimum altitude change of 
80 km and 60 km respectively would be required, needing a total o f 1.29 kg and 0.73 kg of station-keeping fuel. In 
both cases this is less than 1% of the total station-keeping fuel (certain N-S station-keeping is included in these 
examples) and a loss o f operational availability of 2 and 3Vi weeks respectively (assumed lifetimes 5 and 7 years).

4. Collision countermeasures

5. Practicalities of transfer to a satellite “graveyard” in a higher orbit

Propulsion systems carried on board current satellites usually comprise an apogee boost motor for orbital 
injection and a number of small thrusters to perform station-keeping manoeuvres during the life o f the satellite. A 
common fuel tank or tanks are generally used for fuel storage for both types of manoeuvres. From a variety of 
propulsion systems and techniques there are only four viable techniques that might be applied. In the first, no 
modifications to the spacecraft would be required, on ly the  need to ensure that sufficient fuel for the manoeuvre is 
available. Present-day measurement techniques employed on spacecraft and operational regimes present a level of 
error that is of the order of 6 months’ station-keeping fuel; however better measurement systems could be 
developed:

A second approach would be to fit a completely independent propulsion system of adequate size for the 
“graveyard” operation. This would be relatively easy to accomplish, using proven elements but presents some 
concern about reliability since it would not be used or tested for a considerable time.

The third approach would be to include separate fuel tanks in the existing system, overcoming some of the 
reliability problems mentioned above and saving some mass.

Lastly, the fitting of in-line fuel tanks would remove even more of the reliability questions, albeit with the 
additional requirement to sense main tank exhaustion (by means of a gas detector). With each o f these options 
there is a need to terminate any current manoeuvre commands and either initiate the “graveyard” transfer or 
telemeter the status to the operations centre.
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However, from a practical point of view, a more serious difficulty 
associated with the removal of satellites from the geostationary orbit is the 
economic penalty associated with the removal of an operational satellite from 
service before all the fuel has been expended. Although some satellite operators 
have begun the practice of retiring their satellites into super-synchronous, 
orbits, others have followed different practices. A sound strategy is, 
therefore, required on the retirement of satellites in order to deal with 
premature satellite failures or exhaustion of station-keeping fuel.

This problem can be overcome with the establishment of clear guidelines 
and information on how satellites may be safely retired. Unfortunately, as 
stated earlier, the operator must be capable of predicting when just the right 
amount of fuel for retirement-remains. Otherwise, the satellite may be retired 
too early, resulting in an unnecessary loss of revenue; conversely, not enough 
fuel may be left to execute the retirement maneuvers.

Other difficulties associated with executing retirement maneuvers 
relate to the issuing of commands to the retiring spacecraft as it passes by 
other, operating spacecraft. Since retirement maneuvers can involve many 
hours of such commands as the drift rate of the satellite increases westwardly, 
interference with other satellites is a real risk. This requires coordination 
with the operators of these satellites, and is similar to the arrival on station 
of new satellites or, the relocation of existing satellites to new orbital slots.

Annex I contains information on some practices followed by some 
countries to retire a satellite at the end of its life. Other administrations 
and satellite operators are encouraged to provide similar information in order 
to develop an appropriate guideline and procedure for this practice.

6 . Other effects o f drifting satellites

Only one other significant effect occurs for a drifting and inactive satellite. This is to cause blockage of the 
RF links to and from active satellites.

For a worst-case analysis of spacecraft [Chobotov, 1983], 7 such cases occurred in a 6 month period, 
leading to an upper limit of 0.039 events per year per degree of beamwidth with the typical figure at about 
5.6 x 10“ 4 per year per degree of beamwidth.

Events of this nature are some 1400 times more likely to occur as collisions, due to the much larger 
cross-sectional area of the down-link beam in comparison with the size of a satellite.

The impact on outage is quite small -  even allowing 10 s per complete passage at 10 km range -  at most 
10-7 of the service will be affected in some directions by this mechanism. Mean loss at a particular earth station 
would be lower as a result of geometric considerations.

7. Collision between operational satellites and countermeasures

As the number of satellites in the geostationary orbit increases, it 
will become common that two or more satellites are placed and operated at the 
same longitudinal position of the orbit. Accordingly the situation that an 
operational satellite encounters physical interference with another operational 
satellite will also be possible in the future.

In this case, special collision countermeasures may be necessary. These 
may include avoidance maneuvers controlled by on-board spacecraft processors and 
sensors or by ground command.

If the relative motions of the satellites are accurately monitored by 
means of low-cost ground tracking, ground controlled avoidance maneuvers are the 
most favourable option because they bring no additional requirement to the 
spacecraft design.
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One p o s s i b l e  m e th o d  f o r  r e l a t i v e  m o t io n  m o n i t o r i n g  o f  c o o p e r a t i n g  
s p a c e c r a f t  i s  d i f f e r e n t i a l  a n g l e  o b s e r v a t i o n  a t  a  g r o u n d  t r a c k i n g  s t a t i o n .
F o r  s u c h  a  g r o u p  o f  s a t e l l i t e s ,  t h e  a z im u t h  a n d  e l e v a t i o n
angles of the satellites are measured differentially by one auto­
tracking antenna, from which the relative motions are estimated 
in three-dimensional position and velocity. A high accuracy is 
expected .for the relative motion estimation because the error 
which is commonly included in the measurement for each satellite 
is removed from the differential observation. It has been 
reported that the relative position is estimable with an accuracy 
of a few hundreds of meters, where a 13 meter diameter antenna 
tracks the satellite beacons at the frequency band of 20 GHz.
[Kawase,19891.

Other possible methods for the relative motion monitoring 
should also be studied, such as ranging from three ground 
stations and ground optical tracking. This should include examination of the 
accuracy/cost performance.

C o o p e r a t io n  b e t w e e n  a d m i n i s t r a t i o n s  may b e  n e c e s s a r y  t o  s a t i s f a c t o r i l y  
e m p lo y  t h e  m e th o d s  d e s c r i b e d .

8 . Conclusions

Current estimates o f the probability o f collision between s a t e l l i t e s  a r e  
considered acceptably low. However, it is clear that these probabilities will rise with increasing use of the GSO. 
Further studies are urgently required to determine the relevant factors that may contribute to physical interference, 
to evaluate the risk that this phenomenon could present in the future and to identify the various solutions and the 
associated cost/benefits that are feasible. It seems that the RF blockage effects o f  drifting satellites will pose little 
or no threat to communications links; however, the model applied was simple and further study may be necessary 
to address the effects o f  diffraction and scattering.
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ANNEX I

SOME PRACTICES FOR RETIRING SATELLITES AT THE END OF LIFE

Canada has, so far, retired four spacecraft. Each one had its perigee 
raised beyond the required minimum. Since there was ample fuel available, the 
perigee of the Anik A-l satellite (retired in July 1982) was raised over 340 km
and its apogee was raised by 460 km. The perigee of Anik A-2 (retired in 
October 1982) was raised 92 km, and its apogee was raised 178 km. Because of 
unforeseen thruster malfunctions, the perigee of the Anik A-3 satellite (retired 
in May 1984) could only be raised by 59 km, while its apogee was raised 85 km.
The Anik B satellite was retired in December 1986 with a perigee altitude of 112 km 
and an apogee altitude of 148 km above geosynchronous altitude.

The experience of the Canadian domestic satellite operator, Telesat, 
has been that fuel estimates can be both optimistic (as they were for Anik A-3 
and Anik B) and pessimistic (as for Anik A-1 and Anik A-2). One approach to 
predict fuel exhaustion, used by Telesat and others, is to empty one-half of the 
fuel load and then extrapolate the exhaustion of the remaining fuel.

Japan retired its "CS" domestic communication satellite in 1985.
An orbit transfer maneuver to a "a graveyard" orbit was initiated on 19 
November 1985. The repositioning maneuver was divided into six maneuver 
sequences to maintain the required apsis height, even if all fuel was 
exhausted during one of the maneuvers. Satellite tracking through an 
unused mission band (30/20 GHz band) was adopted to avoid interference to 
operational satellites in the sequence, and telemetry and command communications 
with the satellite were stopped when displacement between it and operational 
satellites was small enough to cause interference. As a result, fuel was 
exhausted in the third maneuver sequence and the satellite was transferred into 
"graveyard" orbit at an altitude about 380 km higher than geostationary orbit 
and drifting 4.9 degrees westward per day. 2.2 kg of fuel was consumed in these 
maneuvers.
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S E C T I O N  4D 3: S P A C E C R A F T  S T A T I O N  K E E P I N G  -  S A T E L L I T E  A N T E N N A  R A D I A T I O N  P A T T E R N  

-  P O I N T I N G  A C C U R A C Y

R E P O R T  5 5 6 -4

FACTORS AFFECTING STATION-KEEPING OF GEOSTATIONARY  
SATELLITES OF THE FIXED-SATELLITE SERVICE

(Study Programme 28A/4)
(1974-1978-1982-1986-1990)

1. Introduction

On certain portions of the geostationary-satellite orbit, where satellite density is relatively light, station- 
keeping accuracy is not a prime requisite in limiting interference between systems. The introduction of new 
satellite systems will, however, increase the satellite density; therefore, in order not to restrict the development of 
new systems, it would be desirable to keep all satellites on station within a reasonable tolerance.

Report 453, considering some of the technical factors which affect the efficient utilization of the 
geostationary-satellite orbit, has drawn attention to the fact that the efficiency could be increased if the position of 
the satellites could be more closely controlled. The orbit capacity is only slightly impaired by moderate orbit 
inclinations, but the reduction in capacity could become substantial when longitudinal drift approaches a 
significant fraction of the satellite spacing (see also Nos. 2616, 2617 and 2619 of the Radio Regulations.)

2. Factors affecting the satellite position

When the longitudinal positions of satellites are subject to some uncertainty due, for example, to orbit 
drift or orbit inclination, a reduction in the potential geostationary-satellite orbit capacity will result. The extent of 
this reduction is related to the magnitude of the longitudinal variation and the nominal spacing between satellites. 
For example a longitudinal variation of 1° for satellites which would need a separation of 5° if station-keeping 
were perfect, will reduce the efficiency of orbit utilization to 79% of the theoretical maximum, and that this 
efficiency would fall to 62% if the required spacing were reduced to 2.5°.

Movement of geostationary satellites in longitude arises mainly from the following causes:
— orbital inclination;
— orbital period variations;
— orbital eccentricity;
— errors in determination of orbital elements.

These sources are considered separately in the following paragraphs.

2.1 Orbital inclination

The principal effect of the gravitational fields of the Sun and the Moon on a quasi-geostationary satellite 
is to change the angle of inclination of the orbital plane. For satellites in the equatorial plane, the initial rate of 
change of inclination is currently about 0.86° per year, but this value varies from year to year between 0.75° and
0 . 9 5 ° .for astrodynamic reasons. The rate of change tends to decline as 
inclination increases. A minor source of inclination variation is in the 
thruster execution errors of attitude and orbit control manoeuvres. These 
errors are due to thrust level uncertainty and thrust vector linear 
and angular alignment errors. Although their effects can be calibrated and 
therefore kept to within very small values, they should be accounted for in. 
accurate error budgeting. Seen from the Earth, orbital inclination causes a daily 
excursion of the satellite north and south of the equatorial plane. There is also a 
longitudinal component in this motion, the satellite moving in a figure-of-eight path. Figure 1 shows the 
magnitude of this longitudinal motion; it is ± 0.11° for an angle of inclination of 5°. and becomes increasingly 
significant for larger angles of inclination. The elimination of orbital inclination by the use of secondary 
propulsion systems places substantial demands upon the satellite propulsion unit at the present stage of technical 
developments.
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FIGURE 1 - M a x im u m  d a i ly  v a r ia t io n  o f  lo n g itu d e  d u e  to  e c c e n tr ic ity  a n d  in c lin a tio n
o f  o r b it

i (degrees): orbital inclination
N o te . - The peak-to-peak daily deviation in longitude is twice the value indicated in 
the above figure.

2.2 Orbital period variations

At about 76.8° east and 108.1° west longitude, a satellite in the geostationary-satellite orbit which has'been 
given an accurate initial orbital period will not drift either to the east or to the west. The Earth's gravitational 
field decreases around the geostationary-satellite orbit in both directions from these stable points. There are two 
points of unstable equilibrium located at approximately 161.8° east and 12.2° west longitude. At other points in 
the orbit, forces due to non-uniformities in the Earth's gravitational field will act upon a satellite so as to increase 
or reduce its period, causing the satellite to drift slowly to the east or west. The consequential error in longitude 
must be reduced to an acceptable value from time to time, and an accuracy of perhaps a few hundredths of a 
degree could be achieved .given daily corrections. However, correction at this frequency raises technical difficulties, 
since it is necessary to establish orbital elements after each correction to measure the effect achieved. An accuracy 
of 0.1° involving corrections perhaps every few weeks, w i th o u t  c o n s i d e r i n g  th e  l o n g i t u d i n a l  e f f e c t s  
o f  o r b i t  e c c e n t r i c i t y ,  s h o u ld  be  r e a d i l y  a c h i e v a b l e .  T h r u s t e r  e x e c u t io n  
e r r o r s  o f  a t t i t u d e  and  o r b i t  c o n t r o l  m a n o e u v re s  a l s o  p ro d u c e  s m a l l  c h a n g e s  i n  th e  
o r b i t a l  p e r i o d .  T h e i r  e f f e c t s ,  a l th o u g h  s m a l l ,  a r e  a c c o u n t a b le  i n  a c c u r a t e  
e r r o r  b u d g e t s .

To change the longitudinal position of a geostationary satellite requires at least two operations of the 
east/west station-keeping thrusters — one to start the drift and the second to stop it. Drift rates of 1° per day or 
10° per day are realized by changes in the orbital velocity (AK) of about 2.8 m /s or 28.5 m /s, respectively. These 
velocity changes may be compared with those required for the normal station-keeping operation of a geostationary 
satellite. Satellite specifications have typically required a total A F  capability of about 53.5 m /s per year of which 
north /sou th  station-keeping accounts for about 50 m/'s per year, east/west station-keeping accounts for 2.5 m /s 
per year and attitude control requirements account for an equivalent of about 1 m /s per year. Therefore, a single
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repositioning manoeuvre at the rate of 10° per day (total A F  required is 57 m /s) is equivalent to about 13 months 
of normal east/west and north/south station-keeping. If the propellant were hydrazine, with a specific impulse of 
about 220 s, and the satellite had a mass of 1000 kg, then 26 kg o f hydrazine would have been expelled to 
reposition at a rate o f 10° per day irrespective of the total longitudinal change.

2.3 Orbit eccentricity

Eccentricity of the satellite orbit causes a daily longitudinal excursion of apparent position. Thus an 
eccentricity of 0.001 can cause an excursion of ± 0.11° about the mean position (see Fig. 1).-Although eccentricity 
can be reduced to any desired extent upon initial injection into a geostationary orbit, it will change with time. The 
main cause of the change in eccentricity is solar radiation pressure which causes the eccentricity to vary cyclically 
over the year. The extent of this annual variation is likely to be in the range 0.0002 to 0.002 for current and 
foreseen satellite configurations, depending upon the ratio of the projected area to the mass of the satellite. If 
uncorrected, it has been shown in some studies that this will cause a maximum daily longitudinal excursion in the 
range ± 0.02° to ± 0.25c at the peak of the cycle. However, it should be possible to reduce this considerably by 
suitable correction.

The correction frequency and propellant penalty (when the AV requirement 
for correction exceeds that required to compensate the orbital period variations) 
are a function of the amplitude of the uncorrected excursions with respect to 
their budgeted limits.

A minor cause of geostationary satellite orbit eccentricity 
variation is the luni-solar gravity. This causes monthly cyclic variations, 
whose magnitude is smaller than the minimum value in the above range. An 
additional source of eccentricity change is in the thrust execution errors.
The effects of all sources is to be included in accurate error budgets.

2.4 Errors in determination o f  orbital elements

The precision with which a satellite can be maintained in its designated longitudinal position depends to 
some extent upon the accuracy with which its orbital element can be determined. However, given suitably located 
measuring stations and appropriate measuring techniques it is certainly possible to determine satellite angular 
positions to better than 0.001°.

Where ranging data is received at a single tracking station, not only are errors in determination of orbital 
elements larger compared with errors using ranging data received at two tracking stations but also it is quite 
difficult to determine orbital elements satisfactorily at very small inclination angles (near zero). Therefore, with 
one ranging station, it would be necessary to increase the frequency of orbit determination and manoeuvre. If the 
satellite azimuth is measurable to an accuracy of 0.003° in addition to the range, a single measuring station is 
sufficient to determine satellite position to an accuracy of 0.003°. This is achievable by the auto-tracking antenna 
in the frequency region of 20 GHz or higher, aided by appropriate calibration of the measuring system [Kawase et 
al., 1981]. Thus, the uncertainty in longitude due to errors of measurement could be made negligible.

3. Present capability

The Intelsat, the Canadian Anik, the Japanese CS and BSE spacecraft, and other systems have successfully 
demonstrated that a longitude station-keeping capability of ± 0.1° can be achieved with little or no propellant 
penalty, even at unstable points in the geostationary satellite orbit. Station-keeping of this order does not seriously 
affect the life of the spacecraft. Japan's CS and BSE satellites have achieved ±  0.1° with no penalty in spite of 
being placed at unstable points in the orbit and the semi-major-axis of these satellites has been determined to an 
accuracy of 50 m using eight hours of ranging data from two tracking stations. It should be noted, however, that 
an increase in the precision of station-keeping entails an increase in the computing capability and associated costs,

an increase in the frequency of the east-west corrective manoeuvres, and a 
possible increase of propellant requirement or equivalent decrease of satellite 
life, depending on the characteristics (area/mass ratio) of the satellite.
For instance, Japan's CS was experimentally maintained within ± 0.03° of longitude and latitude at 135° E for a 
few months. In this precise station-keeping, the frequency of East-West manoeuvres was twice a week and that of 
North-South manoeuvres was every 2 weeks; while in the normal station-keeping within ± 0.1° those frequencies 
of manoeuvres were every 3 weeks and every 10 weeks, respectively [Arimoto et al., 1982]. It should be noted that 
this performance may not be achievable by some existing operational satellites or experimental satellites.-
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An extensive discussion of the current technologies involved in station-keeping sub-systems is included in 
Report 843. This material describes both chemical and electrical engines, their performance, and compares their 
advantages.

4. Conclusions

To sum up, it is an important objective for geostationary satellites to be maintained with high standards of 
station-keeping, taking into account all possible kinds of apparent satellite movement (longitudinal residual 
movement, residual orbit eccentricity and orbit inclination) as well as the accuracy with which the actual position 
of the satellite can be. determined.

As the minimum required satellite spacing can be decreased by improved communication techniques, the 
ultimate orbit capaci'y will become more and more a function of the achievable satellite station-keeping tolerance 
and all possible technological means of attaining reduced station-keeping tolerances should be explored.
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REPORT 1002-1

FLEXIBILITY IN THE POSITIONING OF SATELLITES

(Study Programme 28A/4)

(1986-1990)

1. Introduction

In order to make most efficient use of the geostationary orbit and to carry out bilateral or multilateral 
coordination of satellite networks, it is sometimes necessary to change the announced position or even the actual 
occupied position of a satellite. In many cases the orbital change required is small, of the order of one degree, but 
in other cases shifts of several degrees are necessary if full advantage of spacecraft antenna discrimination is to be 
taken in accommodating a new requirement. Simulation studies using the ORBIT-II programme have provided 
quantitative evidence of the advantage to be gained through the ability to re-position a satellite after initial 
positioning in orbit (see Report 870).

Satellite relocations are technically and operationally feasible and have already been demonstrated on 
various classes of satellites. However, flexibility of orbit location does present technical and operational 
difficulties. The potential advantages and the difficulties of satellite re-positioning are discussed in this Report.

It should be considered in the context of burden sharing, that the 
feasibility of accepting repositioning rather than some other burden will depend 
upon the character of the affected earth and space stations. Certain features need 
to be specified for the space station at the design stage, in order to make 
repositioning feasible at all.

Two different forms of relocation have been considered, namely 
i) a reduction in the existing spacing of satellites in the orbit and ii) a 
complete reappraisal of the sequence of satellites in an orbital arc. An 
advantage of i) is that satellites could, if necessary, continue to transmit 
to tracked earth stations during the relocation process, since the paths of 
the satellites would not cross. The main disadvantage of this scheme is that 
it requires several satellites to move. Though scheme ii) may require fewer 
satellites to move, those which did move would be likely to be moved further, 
and would therefore suffer penalties in terms of service outages, fuel burn 
and change of coverage areas which are unlikely to be operationally acceptable.

The introduction of flexible satellite positioning will have major 
implications for the coordination procedures, but it must be recognized that it 
will only be applicable to certain services. The categories of services that 
will not be amenable to satellite relocation are the Broadcast Satellite 
Service (BBS) and other services on multi-mission satellites which incorporate 
the above. Multi-mission satellites may be limited in the degree to which 
orbital re-positioning is feasible even where BSS links are not incorporated.
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2. Orbit efficiency and system considerations
It should be noted that it is not possible to say with certainty which geographical areas would need to be 

covered at some time in the future from a given part of the orbit. Full advantage could therefore be taken of this 
means of optimizing the use of the orbit only if networks were designed so that their satellites could be relocated, 
if necessary, within a service arc after having been put into service. This ability to relocate satellites after they 
have entered service could also be of great value in allowing room to be found in orbit for new satellites for 
unforeseen networks. Such relocation may be more cost-effective than alternative technical solutions -  such as 
improved earth-station antennas or new, sophisticated, modulation techniques.

However, at this point in time, it is difficult to ascertain the 
technical feasibility and cost effectiveness of building satellite system 
networks to achieve substantial orbit position flexibility. Relocating a 
satellite within its service arc should be acceptable during the paper design 
phase, whereas during the development and construction phase, orbit changes should be 
confined to predetermined limits where the technical and cost penalties are 
reasonable (and acceptable). This can only be determined on an individual basis.
At present, a relocation capability of satellites of +_ 2° from the nominal 
orbital positions appears feasible. Operational systems should not be moved in 
orbit unless done voluntarily, and any increased interference imposed by the need 
for accommodating new systems should be guided by the Recommendations of the CCIR.

The impact on system margins due to decreased elevation angles can be 
significant depending on the frequency of operation. Consider, for example, the 
case of a system trying to meet the CCIR performance and availability criteria 
(Rec. 522, Rec. 614, Rec. 579)

In the 14/11 GHz band, with a rain rate of 30 mm/hr for 0.025% of the
year a decrease in elevation angle from 10° to 6° corresponds to an increase in
fade margin of about 3 dB. For a rain rate of 55 mm/hr for 0.025% of the year 
the corresponding variation in fade margin at 14/11 GHz band is 6 dB.

For the 6/4 GHz band, the changes are negligible for elevation angles 
above approximately 5 degrees.

3. Potential problems associated with satellite re-positioning

3.1 Service arc lim ita tions

The service arc of satellites serving areas which are very extensive in longitude would be short because 
their visible arc is small. A possible way of extending the service arc is the sub-division of the service area 
between two satellites, well separated in orbit and connected by inter-satellite links. However, such a method 
would be costly.

It has been observed that multi-purpose satellites may provide services in addition to those of the 
fixed-satellite service and these other applications may determine the orbital position required. For meteorological 
services, for example, the concept of visible arc may not be relevant.

3.2 E a rth -sta tion  a n ten n a s

A change in satellite location would require adjustment to earth-station antenna pointing direction and (for 
linear polarization) adjustment of the plane of polarization. However, with small earth-station antennas and with 
satellites kept on station to within ± 0 .1 °  East-West and North-South, earth-station antennas may not need to be 
steered to track the satellite in normal operation. Many small earth stations will not have technical staff 
permanently assigned to them. An increasing number of networks will be limited to manual antenna tracking and 
only a limited range of adjustment of the beam pointing direction. Thus, even a small change in satellite position 
could present severe mechanical and operational problems and might involve visits by technical staff to all earth 
stations in the network and interruptions to service. Antenna foundations should be designed to allow for 
worst-case changes in pointing direction as appropriate for each earth-station site and service arc.
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Changes iri earth-station antenna elevation might affect the clear-sky G / T  and the severity o f propagation 
degradations. Such effects may be significant in climates where rain is heavy and the angle of elevation at the
earth station is low. The up-link and down-link e.i.r.p. margins should be increased where necessary to take
account of the possible need to move the satellite.

Changes in earth-station antenna elevation, azimuth and e.i.r.p. might invalidate coordination with 
terrestrial radio stations operating in the same frequency bands. It would, therefore, be desirable to take into 
account possible future satellite movements in the initial frequency coordination process.

Changes in elevation are accompanied by a change in azimuth also.
The change can range from a very small value, for earth stations at high 
latitudes, to 180° for earth stations on the equator and near the sub-satellite 
point. From a system point of view, however, it is the elevation angle changes 
which are the more significant since these will impact on path loss variations, 
and fade margins required under fading conditions.

3.3 Operational considerations

3.3.1 Earth station repointing

The most obvious impact on the earth station network would be the need 
for changes to the antenna pointing and polarization angle settings. This is 
only considered a significant problem for antennas which lack tracking 
capability. Movement of the order of 10° in bands shared with the terrestrial 
network may cause coordination problems.

3.3.2 Repointing of very small antennas

The e.i.r.p. of satellites in the FSS are increasing and soon it may 
become possible to employ ground receivers with antennas of less than 1 m in 
diameter. The case with which people with little or no experience could repoint 
antennas depends very much on the size and type of antenna used. However, the 
need for polarization adjustments would present a problem unless circular 
polarization were used.

3.3.3 Repointing of 1 - 2 meters antennas

In the case of medium power satellites used for TV distribution 
SMATV* etc, antenna sizes of between 1.0 and 2.0 meters are typically required 
in the beam centre. These non-tracking earth stations could be repoir’i:ed over a 
range of +_ 10° without too much physical difficulty.

With such antennas it would also be necessary to change the 
polarization orientation for linearly polarized transmissions. Polar mounted 
antennas greatly simplify the job of moving between different satellite 
positions and are also being increasingly used in conjunction with automatic 
repointing and polarization adjustment equipment.

For the cases described in this and the above sub-section, * :he logistics 
of arranging the repointing would have to be taken into account. For^networks 
which involve large numbers of earth stations the time required to re point the 
entire network could result in inacceptable outage times.

Satellite Master Antenna TV
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In the 14/11 GHz band an antenna of this size has a narrow beamwidth, 
and is therefore more likely to have tracking, whereas at 6/4 GHz an antenna of 
this size is still unlikely to have tracking.

Antennas of this size are frequently employed in the case of, either,
lower power satellites or, for reception outside the main coverage area of higher 
power satellites. More importantly in this case, is the fact that antennas with 
insufficient steering range would have difficulties regarding repointing.

Any movement of the satellite(s) outside of their nominal station- 
keeping constraints would lead to substantial operational difficulties 
for some services, irrespective of how slowly the satellite position was changed. 
In the case where 4.6 m 14/11 GHz band earth stations are used, a satellite 
drift of 1° in longitude would require pointing adjustments of all earth 
stations. Since the antenna beamwidth would be about 0.25°, the pointing would 
have to be updated four times during the manoeuvre to keep performance loss due 
to mispointing within 3 dB. This situation is operationally extremely difficult 
and expensive.

It would be impracticable for antennas in this category to be adjusted
by unskilled persons, so sufficient time and money would have to be allowed
for trained technicians to attend all the terminals involved, which may run into 
hundreds to thousands. This would be quite a major undertaking and should not be 
dismissed lightly.

Some multiple satellite systems are seeking to employ multiple-beam 
earth stations for simultaneous access to more than one satellite. Should such 
earth stations proliferate then the allowable movement of one satellite relative 
to the others in the system would be severely constrained.

3.3.A Repointing of 2 - 5 meters antennas

3 .3 .5  Service disruption

If the satellite has to pass through the orbital position of another satellite operating in the same frequency 
; bands in moving from its old location to the new one, interference may arise if both networks are kept in 
operation. Further, the mechanics of the move may dictate that some of the major sub-systems of the relocating 
satellite be temporarily deactivated, e.g. solar panels or antennas may have to be locked in position during the 
move, precise and continuous attitude control may be difficult. Thus, there could be circumstances when some or 
all o f the traffic normally carried by the satellite would have to be re-routed during the relocation period, which 
may last several days.

Some of these problems might not arise if there was a spare satellite in orbit. It would then be possible to 
locate the spare satellite in the new operational position, and to transfer service from one satellite to the other by 
pointing over the earth-station antennas. In this way the problems of maintaining a unidirectional service during a 
change of satellite location might be completely solved, but there would be less amelioration of the problems of 
operating a group of unattended earth stations operating in a fully-interconnected two-way mode.

An important consideration, both operationally and commercially, is the 
length of time for which an outage would occur during repositioning of a 
satellite. This will depend on the amount of fuel that can be used for such 
purposes, whether a spare in-orbit satellite is available and the longitudinal 
change required. In some cases, the length of time for all the non-tracking earth 
stations to be repointed may prove to be the critical factor.
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A consequence of moving the satellite from one location to another 
would be to distort the coverage areas on the ground. The extent to which this 
impacts on the overall performance will depend on many factors including! the use 
of single or multiple beam satellites, the size of the beams, the extent to 
which the satellite is moved and the degree of repointability of the satellite 
antennas (see Figs. 3 and 4).

With the satellite repointed towards the nominal beam centre, the 
coverage areas differ only slightly at the extremities. In the worse case, near 
the equator, the satellite antenna beamwidth would need to be increased by about 
twice as much as at higher latitudes. This would be of greater significance for 
shaped "beams than for spot beams.

A satellite antenna is usually designed to provide optimum coverage of a given geographical area from a 
specific location on the geostationary-satellite orbit. If the satellite is required to have a large service arc, it would 
usually be necessary to be able to change the pointing angle of the beams while the satellite is in orbit. In 
addition, it would be necessary for the cross-section of the beams to be shaped so that the footprints covered the 
service areas from any point on the service arc. The gain of the satellite beams is therefore likely to be less than it 
would be if their shapes were optimized for a single orbital location. In consequence there may also be a greater 
tendency to interfere wits other satellite networks and a greater liability to suffer interference.

For large service areas at any microwave frequency and for smaller service areas at the higher microwave 
frequencies, the use of reconfigurable compound antenna systems with beams made up of a large number of high 
gain “beamlets” provides an efficient solution to the problem of steering beams and adjusting their cross section 
so that the performance of the system is maintained and the interference situation is not aggravated.

3.4 Coverage areas and satellite antennas

For smaller service areas, conventional spot beams will be more commonly used. Studies reported so far 
indicate that, for the assumed satellite systems, a satellite performance penalty not exceeding 1 dB and an 
interference penalty not exceeding 2 dB would arise for a re-positioning capability of ±  10°. In a practical 
situation a smaller relocation should prove sufficient to achieve adequate benefit. Keeping within these penalty 
limits would probably entail the following requirements:

— satellite beams must be steerable about the pitch axis of the satellite. When the satellite has only one beam, it 
may be feasible to obtain sufficient control in pitch by biasing the attitude control system of the satellite. 
When there is more than one beam, it may be necessary to steer the beams in pitch independently;

— in some circumstances it will be necessary to steer beams about the roll axis of the satellite: the factors which
make roll control more likely to be necessary are:
— smallness of beam coverage area; for example, an equivalent diameter of 200 km or less,
— high latitude of service area,
— large difference between satellite longitude and service area longitude.

Steering of multiple satellite antenna beams generated by a single reflector presents an additional difficulty 
which increases as the beam size is reduced. This problem will be particularly severe in the higher frequency 
bands, where very high gain satellite antennas may be needed to overcome propagation losses.

Even with means of beam steering in both pitch and roll, the loss of network performance may
exceed 1 dB if there is a large longitude difference between the satellite and the service area.

These conclusions are based on studies made assuming service areas which are approximately square. 
Further studies assuming very differently shaped service areas and also the use of multiple beams to cover the 
required service area, would be desirable.
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The situation is considerably eased if the satellite antenna can be optimized to the new service area during 
the later stages of fabrication or even while in orbit. If such techniques are available, there may actually be 
advantages in occupying an orbit position with modest elevation angles. This can perhaps best be shown by way 
of an example. Consider a satellite network with two spot beams, one serving an area at 40° N and the other
serving an area at a longitude 20° further east and at a latitude 10° N. When the satellite is moved westwards
by 50° of longitude from an initial position on the longitude of the 40° N service area, (that is to .say, the satellite 
is moved until earth stations are beginning to lose sight of it), the following phenomena will be observed:

a) the minimum area of cross-section of the beams required to cover each service area will decrease. This would 
permit higher gain to be used on an optimized satellite;

b) the aspect of the service areas as seen from the satellite becomes more distorted and skewed as they approach
the edge of the Earth’s disc;

c) the angle of elevation of the satellite seen from earth stations will decrease, the path length will increase and 
the propagation loss due to rain will also increase;

d) as seen from the satellite, the directions of the beam axes measured about the pitch axis of the spacecraft will 
change by about 5.5°;

e) similarly the angle of the beam axes will change about the roll axis o f the spacecraft by about 0.15° for the 
10° latitude service area and by about 0.3° for the 40° latitude service area;

f) the relative angles between the two beam axes, measured in pitch and roll, will change from about 3.4°
and 4.5° respectively to 2.97° and 4.4° respectively.

Larger changes of beam pointing angle occur for extreme differences in longitude between satellite and 
service area.

Figure 1 gives an approxim ate quantification of a) and c) for a hypothetical square service area at
40° latitude, the rain loss being assumed to be 1 dB at 30° elevation and varying with the secant of the angle of
elevation. This rain loss assumption is broadly valid for heavy rain at 4 GHz but it would be optimistic for rainy 
areas at 11 GHz. Combining beam gain, path loss and propagation loss due to rain, it is seen that there is a very 
broad optimum angle of elevation around 20°, but the penalty for using a higher angle of elevation is quite small. 
A higher angle of elevation would be preferable for rainy areas at 11 GHz and higher frequencies.

3.5 Solar eclipse

Satellites with insufficient battery capacity to sustain services in full during eclipse might be limited to 
orbital locations where eclipse occurs outside busy traffic periods. This constraint should be avoided, where 
possible, in the fixed-satellite service by providing sufficient battery capacity to maintain all services during 
eclipse.
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Earth-station elevation angle

Longitude difference

FIGURE 1 -  The effect on network performance o f covering a 10° square country at 40° latitude for a range of
specific alternative orbital locations

(Parameters are expressed relative to the zero longitude difference case)

A : antenna gain
B : system performance (summation of A + C + D)
C : path loss 
D : propagation loss

3.6 Propellant required fo r  changing orbital location

The factor that determines the capability and speed with which a 
satellite can be moved around in orbit is the amount of stationkeeping fuel that 
can be used for such purposes. For a medium sized satellite, a movement of 10° in 
about one day would require a year's stationkeeping fuel.

It is therefore desirable to limit the number and extent of the 
repositionings for any one satellite, in order not to impose too severe a 
penalty in terms of antenna coverage and stationkeeping fuel.

The fuel requirement for repositioning a satellite in orbit is a function of orbital velocity, duration of 
transit, spacecraft mass and propulsion efficiency (see Report 556). The manoeuvre is performed -by means o f 
applying two velocity increments, + A F  and — A V  to the satellite separated by the time period of repositioning. 
Annex I outlines the calculation of a range of orbit repositioning manoeuvres using classical orbit motion 
equations. Using this approach and assuming parameters for a typical spin stabilized spacecraft e.g., Anik-D, the 
trade-offs on fuel consumption versus drift time for relocations of 5°, 10°, 15° and 20° are given in Fig. 2.
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The above comments obviously apply only to post-launch relocations. For relocation prior to launch, the 
fuel and time penalty would in general be considerably less than that associated with movement while in 
geostationary orbit since it would only require incremental changes to the launch profile.

It can be seen from Fig. 2 that a rapid relocation to minimize traffic dislocation would involve a large 
penalty in station-keeping fuel and hence would impact on the operational life of the spacecraft (see Annex I).

Drift time (days)

FIGURE 2 - Satellite fuel consumption for 
longitudinal relocation

Mass of spacecraft : 634 kg 
Masse of fuel : 109 kg
Service life : 7 years

3.7 Control during relocation

The transfer orbit to reposition a satellite is slightly elliptic with the perigee (for movement from East to 
West) or apogee (for movement in the opposite direction) being tangential to the geostationary orbit. Thus, with 
respect to geostationary axes, the satellite will appear to oscillate. If it is necessary to by-pass other satellites en 
route, the very remote possibility of collision must be taken into account. This is another factor in determining the 
relocation drift rate and any temporary change in inclination.

It is also necessary to coordinate the telemetry, tracking and telecommand signals while the satellite is in 
radial proximity to the other satellites (see Report 845).
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For satellites with large extended structures — e.g. solar panels or unfurlable antennas — it may also be 
necessary to take the acceleration stresses on these structures into account in determining the drift rate and the 
satellite attitude during the manoeuvre. Allowance should be made for recommissioning tests when the satellite has 
reached its new station.

3.8 Other problems identified

A number of other problems have been identified, however, studies have not been made and little can be
said at this time. These are:

— if a satellite were to operate in a planned frequency band, for example the broadcasting-satellite band 
at 12 GHz, as well as in the fixed-satellite service, it may not be free to move to assist the entry into orbit of 
a new satellite of the fixed-satellite service. Similar situations may arise in other cases of satellites which 
combine different services;

— further constraints may arise if on-board RF or some other types of tracking system are used;

— no assessment has been made of the effect of satellite relocation on satellites using inter-satellite links; this 
should be the subject o f a study.

4. Examples of relocated satellites

A number of satellites, both experimental and operational, have been moved from one position to another 
on the geostationary arc. The experimental satellites ATS-6 and Hermes were moved significantly in orbit to carry 
out different phases of their experimental programme (not to accommodate additional satellites). ATS-6 was 
moved from a position over the United States of America to a position over India, and later returned to a 
position over the United States of America. Hermes was moved from its original position at 116° W to a new 
position at 142° W, from which it was able to carry out an experimental programme with earth stations in Canada 
and Australia. These large orbital movements are not expected to be typical with operational satellites, but they do 
indicate that large orbital changes are in fact possible.

Movements of operational satellites are not common, but do occur. The Canadian Anik-Al, A2 and 
A3 satellites were moved between 104° W and 114° W in such a way that operational traffic was not constrained 
by the moves. More recently, the Anik-C2 satellite was moved from 112.5° W to 105° W over a period of about 
20 days to provide temporary service in the United States of America. In the process, about three -equivalent 
weeks of station-keeping fuel was used. The satellite will be moved again when the temporary service provision is 
completed. Many other satellites have been moved small amounts in the geostationary arc for various reasons; 
these are only typical examples.

5. Second generation satellite considerations

There may be opportunities for orbit position changes during the 
transition from one generation of a satellite system to the next. It is clearly 
desirable to maintain services from the same orbit location from one generation 
to the next but, given that there is generally a period of several months during 
which simultaneous operation of a new and an old satellite may be possible, it 
is feasible that relocation could be achieved during this transition period in 
some circumstances.

6 .  Conclusions

It is recognized that to design a system for flexibility of orbital location might impair the performance and 
increase the cost of the satellites, particularly since it may often require the provision of a facility for re-directing 
the beams by command to maintain the required coverage. Other additional costs may arise in operating the
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system when the position of a working satellite is being changed. Nevertheless, it is also evident that if all satellite 
networks have a large service arc, there is a greater probability that unforeseen new networks will be successfully 
coordinated. It is therefore desirable that a wise balance be struck between the flexibility of a large service arc and 
the minimization of system costs.

Two schemes of relocation have been considered: the scheme in which 
satellite spacings are slightly -reduced, and the scheme in which satellite paths 
would be required to cross in order to create a new ordering.

It can be concluded t h a t :

— frequent changes of satellite location are not likely to be acceptable because of the cost in satellite thruster 
fuel and in loss of operational time. There may also be substantial cost and operational penalties in the Earth 
segment in some networks due to the need to re-adjust antenna pointing directions. Nevertheless, a change of 
satellite position once in the lifetime of a satellite should be tolerable if the benefit to another network is 
substantial;

— the problems of changing satellite location can be substantially reduced, often at relatively little cost, if the 
design and coordination of earth stations and satellites take account, from the beginning, of the possible need 
to change location at some time after entry into service, including the connectivity and service arc 
requirements of the operational network.

It appears that the most promising approach, both in terms of 
simplicity, and minimum inconvenience to users, would be to operate a "reduced 
spacing" scheme, whereby each satellite may be moved by a relatively small 
amount. A value of +2° should be possible for satellites using existing technology. 
Inconvenience to users would be minimized by only relocating if absolutely 
necessary, and in any case by not relocating more often than once in the design 
lifetime of the satellite.

It is recognized that the difficulties of changing satellite antenna characteristics after launch might be 
insuperable in particular cases, if so, it would be beneficial if the design of the spacecraft were such that the 
antenna coverage patterns could be adjusted as late in spacecraft manufacture as is practicable.
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FIGURE 3 - Effect of +10° satellite shift on a single 
4° x 2° elliptical beam (with repointing)

FIGURE 4 - Effect of 10° satellite shift on a multiple 
beam satellite (with satellite repointing)
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ANNEX I

FUEL CONSUMPTION AS A FUNCTION OF DRIFT RATE 
AND ANGULAR DISPLACEMENT FOR RELOCATION OF A SPACECRAFT

Using standard orbital motion equations and the rocket equations for mass expulsion and assuming 
'Standard small increment approxim ations the following set of equations may be derived.

Given a required angular displacement of «° (positive for movement from East to West, negative for West 
to East) to be accomplished in n periods (days) then:

a P, -  Po , , n— = -----------  x 360
n P 0

or ?, = P o ( l + ^ 7 7 r -)  s (1)360 n

w here:
P0 : normal period =  2n s jr \ l \ i  (s)

P, : period of transfer orbit

The semi-major axis A of the transfer orbit is:

. G + r2A = -- ---

r2 — 2A — /•) km (2)

where:

r, : geostationary orbit radius =  42 164 km,

r2 : apogee radius of transfer orbit (km).

The period of an orbit is given by:

P
where:

p.: gravitational constant of the Earth,

=  3.986 x 10“ 5 km3/ s 2 

Hence from equations (1), (2) and (3), the quantity r2 can be determined.

The orbital velocity for a circular orbit is given by:

P, = 2tc / —  s (3)
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When the energy of the orbit is incrementally changed and the orbit becomes elliptical it can be shown 
that the perigee velocity is:

kra/s ' ,5)

Hence the incremental velocity A V is:

A K =  V, — V0 km /s (6)

Finally from the rocket equation the mass of propellant fuel required is given approximately by:

AF , n%
M p — 2M 0 ——- kg  (7)

where:

g : acceleration due to gravity at the Earth’s surface = 9.809 m /s2,

Isp : specific impulse of the thruster motors,

M0 : original mass of the spacecraft.

In Fig. 1 the parameters for Anik-D as given below were assumed: .

Mo =  634 kg,

Isp =  154.8 s for radial pulsed mode operation (for a three-axis stabilized spacecraft, a continuous
thrusting mode can be employed which is more efficient, and consequently the absolute fuel
consumption is correspondingly lower),

station-keeping fuel =  15.6 kg/year average,

maximum rate of fuel expended = 40 kg/h (for a three-axis stabilized spacecraft, this rate is typically 
reduced to 8 kg/h).
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REPORT 558-4

SATELLITE ANTENNA PATTERNS IN THE FIXED-SATELLITE SERVICE

(Study Programme 1 B/4)

(1974-1978-1982-1986-1 9 9 0 )

1. Introduction

Satellite antenna patterns have a significant effect on the utilization of. the geostationary-satellite orbit, 
particularly when narrow beamwidths are employed. Improved control of satellite antenna patterns, particularly 
side-lobe levels, can lead to better utilization of the orbit, as discussed in Report 453. A continued improvement in 
orbit utilization might give rise to the possible need for a reference radiation pattern. This Report is an 
examination of the problems in defining such a reference radiation pattern and offers examples for further study.

2. Design considerations of satellite antennas

The satellite antenna is an integral part of a dynamic platform in a space environment. Mass and size are 
o f paramount importance and are constrained by the launch vehicle payload envelope. The platform attitude 
stability, orbit inclination and longitudinal variations introduce tolerances which must be considered in the 
satellite antenna design.

Some satellite antennas are required to radiate beams of high polarization purity. This aspect of antenna 
design is discussed in Reports ak/ 4 and 555.

2.1 Satellite antenna types

The particular type of antenna utilized will depend on frequency, beamwidth and launch vehicle payload 
envelope (physical size and mass). Minimum beamwidths will depend upon the precision with which the satellite 
attitude can be stabilized as well as service requirements, such as area of coverage and frequency re-use.

Current pointing stabilities for spacecraft antenna platforms which do not employ radio-frequency 
tracking, are of the order of ±  0.2°. Unless tracking capability is included in the satellite, the antenna gain is 
limited to about 50 dB on-axis gain by the pointing stability. Higher gains require a considerable increase in 
satellite complexity.

At frequencies above 1 GHz, horns have been used for the larger beamwidths and focus-fed parabolic 
reflectors for smaller beamwidths. These two types have been used extensively in the past, but many spacecraft are 
currently using an offset-fed reflector and multi-beam lens antennas are also used on some prototype spacecraft. 
In the long term where TDMA systems may employ beam switching which would imply a multiplicity of very 
narrow beams on the satellite. This could lead to a need for beam steering flexibility to adapt to new earth-station 
location requirements.

2.2 Main lobe patterns

Ideally, the radiation pattern of the antenna should be such that energy is concentrated toward the earth 
stations in the network.
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From a practical standpoint, the radiation pattern of a satellite beam should provide uniform illumination 
of the coverage area and none outside it (Fig. I). This objective can be approached, but to do so requires the use 
of an antenna which is larger and heavier than a simple antenna which would provide almost as much gain within 
the coverage area. A simple antenna, having appreciable radiation outside the coverage area also provides a 
tolerance for attitude and orbital control errors. Figure 2 shows how the minimum gain in the coverage area varies 
with aperture area, assuming that the main lobe radiation pattern is of the form (sin2x ) / x 2. It is noted that there is 
an optimum aperture size for a given coverage area at a given frequency, but the aperture can be varied over a 
range o f 2.4 to 1 about this optimum with only 0.5 dB variation in minimum gain. Another factor which also 
tends towards broader beamwidths, is the gain slope at the edge of coverage which increases with narrow 
beamwidths. This factor is significant because the platform instabilities, in conjunction with gain slope, affect the 
stability of the power levels throughout the network. Thus, there will be a tendency to minimize antenna size and 
mass and to provide tolerance for attitude and orbital control errors by using an aperture which is even smaller 
than this optimum, corresponding to a relative aperture area of less than 1 as shown in Fig. 2.

FIGURE 1 — Idea/ satellite antenna patterns

Ratio of actual aperture area to aperture area which provides 
required 3 dB beamwidth at 0%, 10% and 20% tolerance

FIGURE 2 — Gain in the coverage area versus aperture area

A: Tolerance for antenna pointing errors as a percentage of 3 dB 
beamwidth
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While there is an incentive to use the smallest aperture to give the required coverage, this is only possible
if the required gain can also be met. In many practical cases, the minimum aperture which meets the gain
requirement will not meet the coverage requirement and a shaped design must be used.

The concept o f shaped beam antennas was first considered as a means of equalizing the energy over the
coverage area as illustrated in Fig. 3 which shows the idealized patterns of a (sin2x ) /x 2 function and the sum of
two displaced (sin2x ) /x 2 functions producing a 3 dB gain ripple. The minimum gain between the 3 dB points will 
be approximately the same for both patterns, but the aperture area required to produce the shaped beam, is an 
order o f magnitude larger and the gain slope at the 3 dB points is much greater. Beam shaping can also be 

• applied in the plane orthogonal to the beam axis in order to obtain a better match between coverage area and 
service area.

The use of shaped beam antennas has three practical advantages to the system designer and leads to 
improved orbit utilization. These are:

— more uniform distribution of the energy over the service area leading to better use of the spacecraft 
m ass/pow er budget;

— achievement o f higher gain while still covering large surface areas permitting reductions in transmitting 
powers and related m ass/pow er considerations;

— the use of larger apertures decreases the radiation outside the coverage area.

Recently, there has been a considerable am ount of research and development effort in the area of shaped 
beam antennas for spacecraft including configurations which use a multi-feed parabolic reflector and the 
multi-beam lens antenna. Annex I contains examples of some of these shaped beam antenna patterns.
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FIGURE 3 —  Shaped and conventional beams 
A: Conventional beam:
B: Example (shaped beam)

Note. — In the formula for the relative gain of the conventional 
beam, the argument, x, can be expressed as 1.39$ radians. 
Thus, when 'Z' = the relative gain of the conventional beam 
becomes: 5*2114?= 0.7072 = 0.5;ratio-3dB

1.39'

2.3 Side-lobe gain pattern

In terms of orbit utilization and interference reduction, side-lobe radiation patterns are most significant. 
Side lobes are the result of several design features of the antenna systems, including diffraction and spill-over 
around the edges of a reflector or subreflector, aperture blockage, amplitude and phase distribution over the 
aperture, and off-focus feeds. Aperture blockage can be a limiting factor in reflector systems if the D /X  is low. 
The amplitude and phase distribution over the aperture is significant for all antenna types. As the aperture 
illumination is varied from uniform to more tapered distributions, the peak gain decreases slightly and the side 
lobes are significantly reduced where blockage is not a factor. This effect is shown in Fig. 4.
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FIGURE 4 - Effects of aperture illumination
A : main lobe 
B: first side lobe

For single focus-fed prime focus parabolic reflectors with 10 dB illumination tapers and a D /X  of about 
10, the first side-lobe level is usually about —20 dB relative to on-axis gain. As the D /X  is increased, the first 
side-lobe level will decrease to about —25 dB relative to the on-axis gain. Aperture blockage accounts for higher 
side-lobe levels at low D/X.  For focus-fed parabolic reflectors for earth coverage ( D/ X  »  4) the first side lobe 
would be about —15 dB relative to the on-axis gain. Changing the illumination taper does not materially improve 
the near side-lobe levels when aperture blockage is the limiting factor. It is likely that antennas without significant 
aperture blockage will have to be used to achieve low side-lobe levels. This leads to assymmetrical arrangements 
which have potential disadvantages in other respects.

The slope of the envelope of the side lobes must also be considered. For antenna types, other than horns, 
and where no special attention is given to side-lobe reduction, the slope is generally of the order of —7.5 dB/octa- 
ve of off-axis angle. For horns without reflectors the slope is more typically of the order of —9 dB/octave.

When emphasis is placed on low side-lobe levels, first side-lobe levels of —30 dB relative to the on-axis 
gain and side-lobe envelopes of —12 dB/octave appear attainable. These values are generally achievable with 
antenna types with effectively no aperture blockage.
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For multiple feed parabolic reflector systems, the side-lobe levels increase with displacement of the main 
lobe. As the displacement of the main lobe increases, the side-lobe levels on the axial side (coma side lobes) 
increase, while those opposite tend to merge’with the main lobe. The coma side lobes tend to increase less rapidly 
when large illumination tapers or large f / D  ratios are employed. Figure 5 shows the First coma side-lobe level as a 
function of normalized off-axis angle for an f / D  =  1 and a 20 dB illumination tapier antenna. The relative 
angular position of the first coma lobe is approximately coincident with the position of the normal first side lobe. 
Thus, if multiple feeds are utilized to form complex main lobe shapes (offset angles o f the order of one 
beamwidth) some o f the coma lobes may fall within the coverage area. When spatially separate beams are 
generated with multiple feeds, the coma side lobes may fall within the coverage areas of other satellite systems.

Angular position of main lobe relative to focal axis 
(Angles are referred to one-half the 3 dB beamwidth)

FIGURE 5 -  First coma side-lobe level versus angular position o f  main 
lobe relative to focal axis

20 dB taper, f /D = 1

Com a side lobes are a fundamental property of off-focus fed parabolic reflector antennas and can result in 
high side-lobe levels. Multiple feeds mounted within the aperture on a common reflector also increase the aperture 
blockage which increases the level o f the near side lobes.

Beam shaping can also be achieved with arrays. Because of the relatively small angular coverage required, 
a few high gain elements can be used. However, grating lobes may be an im portant consideration in the side-lobe 
regions.

As noted previously, the degree to which polarization is maintained in the side-lobe regions is uncertain at 
this time and requires study.

Annex II contains selected measurements of side-lobe levels o f several different shaped beam antennas.
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3. Orbit utilization

3.1 E ffec ts  o f  side-lobe envelopes

Ultimately, main lobe gain must be reduced or aperture size increased, or both, in order to improve orbit 
utilization. The first effect is shown in Fig. 4. By increasing the illumination taper, the first side-lobe level is 
reduced, and the side-lobe envelope slope is increased. However, the relative position of the near side lobes is not 
significantly altered. Figure 6 shows the relative improvement in orbit utilization (assuming a homogeneous system 
with circular narrow-beam satellite antennas and a —7.5 dB/octave side-lobe envelope slope) as the overall 
side-lobe envelope level is reduced. It is assumed that a number of narrow beams are formed at a point in the 
geostationary orbit (no earth station discrimination), and then the relative number of beams which can be formed 
for a given interference is computed as a function of the side-lobe envelope level. Side-lobe envelope improve­
ments o f relatively small amounts have significant effects on orbit utilization.

FIGURE 6 — Effect o f  side-lobe level on orbit 
utilization

The effect of increasing the aperture size is to reduce the off-axis angle at which the side-lobe peaks occur, 
even though the side-lobe levels may not be improved. It was shown in Fig. 2 that there is a relatively large range
of aperture size over which minimum antenna gain over a given area is not significantly changed for un-shaped
beams. When beam shaping is employed, the aperture size is increased. The relative improvement in orbit 
utilization as aperture size is increased, is directly related to aperture area.

The satellite beamwidths fall generally into three categories:
— beamwidths of about 17° (earth coverage);
— beamwidths of 17° from earth coverage to about 5 to 10°;
— narrow beamwidths, considerably less than earth coverage.
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For the full earth coverage case, the main lobe encompasses the Earth and somewhat beyond with no 
side-lobes directed towards it. Beyond the Earth's edge as viewed from a satellite, the only concern is the possible 
interference to a satellite operating with reserve frequencies; for example, transm itting in the 6 GHz band and 
receiving on 4 GHz. Figure 7 shows typical measured patterns for Intelsat-IV and IV-A global coverage antennas 
out to angles far beyond the Earth’s edge.

Off-axis angle

FIGURE 7 — C ircu la rly  p o la r iz e d  g lo b a l co vera g e  sa te llite  
a n ten n a s  -  ty p ic a l m ea su red  p a tte r n s  a t f  = 3 9 5 0  M H z

Intelsat-IV, conical horn 
with flat 45° reflector
Multimode conical hom, 
for use on Intelsat-IV A
A: angle at Earth edge as viewed from a geostationary satellite 
B: isotropic levels



648 Rep. 558-4

For the second case, the main lobe and the first side-lobe area are the p rincipal sources o f interference to 
earth  term inals, and for the third case, the higher order side lobes also represent a source o f interference to earth 
stations.

With satellite an tennas having less than earth coverage, the earth station an tenna rad iation  patterns must 
also be considered in assessing orbit utilization. C onsidering a lim iting condition  where adjacen t satellites provide 
coverage to adjacent earth areas, two conditions can be postulated: ( 1) the earth station D / X  is considerably larger 
than  the satellite D / X ;  and  (2) the earth sta tion  D / X  is com parable or less than the satellite D/ X.  In the first case, 
m ost o f  the d iscrim ination  is achieved with the earth station antennas. O peration  with overlapping o f the satellite 
first side lobe is quite feasible. For the second case above, where little d iscrim ination  is achieved from the 
earth-station  an tennas, the first side-lobe region o f the satellite antenna may be very significant. N ear side-lobe 
levels <  —30 dB could m aterially enhance o jb it utilization when the satellite an tenna D / X  is com parable to or 
greater than , the earth-station  an tenna D/ X.  This level may be achievable with certain  an tenna designs in 
non-ad jacen t coverage areas.

3.2 Narrow-beam antenna steerability

A nother aspect which should be considered in the design o f satellites using narrow -beam  an tennas, is the 
steerability o f these an tennas. It is anticipated that, as the satellite orbit density increases, repositioning o f existing 
satellites may be necessary to accom m odate new satellites, ( s e e  R e c o m m e n d a t io n  6 7 0  a n d  R e p o r t - -100.2),.
The repositioning capability of a satellite may be very ---------------------:------------------------------------------------ ----------- — —
restricted if the satellite antenna beam angle with respect to the satellite platform is fixed. While the usable arc of 
the geostationary-satellite orbit for a given system is limited by line-of-sight considerations, it should not be 
unduly restricted by steerability limits of narrow-beam satellite antennas. This matter is discussed in Report 1002.

3.3 General design considerations

The simplest type o f an tenna beam is one o f circular or elliptical cross section. The foo tprin t on the 
ground  o f such a beam  will be a distorted ellipse, the distortion being progressively m ore pronounced as the 
service area is m ore rem oved from the sub-satellite point. For a given an tenna beam  cross section, the position o f 
the satellite relative to the coverage area determ ines the size and shape o f the coverage area. In som e cases, some 
shaping  can be achieved by varying the shape o f the reflector or the feed horns, bu t this m ay have undesirable 
effects on antenna efficiency and side-lobe levels. However, as the exam ple o f Fig. 8 clearly show s, shaped beam 
coverage is more efficient than elliptical coverage. R adiation to the shaded area is lost energy.

In p lanning a shaped beam  an im portant factor is the minim um  curvature circle conform ing  with a part o f 
the actual coverage contour, as show n in Fig. 8 . The m inim um  circle (or ellipse) determ ines the size o f the satellite 
an ten n a  reflector and also such im portant factors as antenna gain, R F  and  D C  pow er requirem ents, and 
som etim es m inim um  spacecraft dim ensions. These factors, in tu rn , may affect the cost o f the spacecraft and its 
launcher.

In some applications, it is im portant to guarantee a m inim um  pow er flux-density th roughou t the entire 
coverage area. If this is set by the requirem ents at the edge, then a simple beam  (such as w ould result from a 
single feed and parabolic  reflector) w ould create an unnecessarily high pow er flux-density in the centre o f the 
area. A better so lution w ould be to require a shaped beam giving m ore uniform  illum ination  w ithin the entire 
area. O utside the coverage area, the pow er flux-density will fall o ff more rapidly, thereby reducing the interference 
potential. It may be necessary to coordinate the antenna pointing  and  axial ro ta tion  tolerances w ith the gain slope 
along its beam edges.

Figure 9 presents in sim plified form some o f  the advantages o f shaped beam s. If the cross section o f the 
coverage area corresponds to the 3 dB beam w idth o f a circular (or elliptical) sim ple beam , the required power 
flux-density will be achieved at the edges. The same value could be achieved, fo r exam ple, by a com posite 
a rrangem ent o f four narrow er beams. The obvious advantages are the m ore un iform  pow er level within the 
coverage area and less unw anted radiation  outside the coverage area. The shaded portion  A in Fig. 9 represents 
unnecessary pow er in the coverage area while the shaded portions B represent unw anted radiation  in the 
neighbouring areas.

For purposes o f  prelim inary design, it is generally sufficient to specify the required pow er flux-density and 
the desired earth-station locations or the boundaries o f the service area. With the help o f com puters, it is then 
possible to determ ine the num ber o f antenna horns and their sizes, arrangem ent, and phasing to achieve the best 
beam  shape. This optim ization  process usually results in a nearly uniform power d istribu tion  over the service area.
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In the design o f m ulti-beam  coverages it is also possible and desirable to optim ize the characteristics o f  the 
on-board  m ultiple beam  an tenna  sub-system, such as num ber and  d im ension o f the beam s, optim um  
pointing , etc., to guarantee the coverage o f a given num ber o f  earth stations, against various system  requirem ents 
and constraints.

By means of suitable computer-aided design strategies, of the type shovn in 
[  Lo Forti, R. and Perrone, A., 198^7, it is in fact possible to take into account 
the constraints of the link budgets (weather statistics, propagation effects, geographic 
location of the stations, frequency assignments and interference levels) in order to assign more satellite resources 
(G / T  and e.i.r.p.) to earth stations which are disadvantaged from the link budget viewpoint.

This kind o f  non-uniform  pow er flux-density distribution  design is particu larly  a ttractive at higher 
frequency bands (for exam ple 20 /30  G H z) where system constraints such as rain fall a ttenuation  m ay be variable 

-from  zone-to-zone w ithin the sam e service area.

FIG U R E  8 -  Exam ple o f  e fficient shaped beam coverage

N om inal e .i.r.p . to  th e  
coverage a rea  (W ARC)

FIG U R E 9 -  Shaped beam cross-section

---------------E lem entary  beam s o f  the shaped beam  an ten n a

unnecessary  pow er in the  coverage area  
un w an ted  rad ia tion  in the  ne ighbouring  area
w id th  o f  the  coverage area = 3 dB beam w id th  o f  unsh ap ed  beam  an te n n a  
3 dB beam -w idth  o f  e lem en tary  beam
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4. Satellite antenna reference radiation patterns

4.1 Single fe e d  circular beam s

It appears desirable to develop limits on the rad iation  levels in out-of-coverage areas as a m eans to 
m axim izing orbit capacity.

As noted previously, the rad ia tion  pattern  o f  the satellite an tenna is im portan t in the region o f the main 
lobe as well as the farther side lobes. Thus, the possible patterns com m encing at the —3 dB con tou r o f the main 
lobe are  divided into fou r regions. These are illustrated in Fig. 10.

R elative off-axis angle, ’/ ' / ’/ j  

F IG U R E  10 -  Radiation pattern envelope functions

Curves A : Gi4f) ~ -  3 i f )  dBi
VrO/

B : G ( h  = Gm + L s dBi 

C : GOP) = Gm  + L S + 20  -  25 log dBi 

D : G (t/) = 0 dBi

for

fo r a t  < 4 < b t  

fo r b t  

fo r t  < t

( I )

( I I )

( I I I )

( I V )

where:

GQl): gain a t  th e  angle o/o from  the  axis (dBi),

Gm  : m ax im um  gain in th e  m ain  lobe (dBi),

f 0 : one-ha lf th e  3 dB beam w id th  in the  p lane  o f  in te re s t (3 dB below  G m ) (degrees),

l/'j : value o f  o/o w hen  G ( f )  in eq u atio n  ( I I I )  i s  e q u a l  t o  0 d B i ,

L $ : th e  req u ired  near-in  side-lobe level (dB ) re la tive  to  peak  gain,

a, b : the  n u m eric  values are given b e lo w :.

L s a b

- 2 0
- 2 5
- 3 0

2 .58
2.88
3.16

6.32
6 .3 2
6.32
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Difficulties arise, how ever, in attem pting to apply the postu lated  pattern  to a non-circu lar beam.
A dm inistrations are therefore requested to subm it m easured radiation patterns fo r an tennas w ith o ther than simple
circular beams.

4.2 Single fe e d  elliptical beams

The above functions define a m axim um  envelope for the first side lobes at a level o f  —20 dB relative to 
peak gain and this pattern  applies to an tennas o f fairly simple designs. H ow ever, in the interest o f a better 
utilization o f the o rb it capacity, it may be desirable to reduce this level to —30 dB and to use an tennas o f  more 
sophisticated design. The pattern  adopted  by the RARC-83, given in R eport 810, was som ew hat relaxed from  the 
above,- in keeping w ith an assessm ent o f w hat was feasible at that time. The pattern  adop ted  by the W ARC-BS-77 
for broadcasting  satellite an tennas meets this requirem ent and is now being achieved and  should therefore apply 
in tha t case. An illustration  o f  this level o f perform ance is given in A nnex III , which show s the m easured 
rad iation  pattern  o f an elliptical beam  generated by a dual-reflector an tenna  w ith offset feed operating  at 
12 G H z bands. A dditional studies may be desirable to ascertain the feasibility o f  achieving these reduced side-lobe
levels in com m on practice, particularly  with respect to the 6 /4  G H z bands.

4.3 Multiple fe e d  shaped beams

A sim ilar pa ttern  applicable to shaped beam s must be based on analysis o f  several shaped  beam s and also 
on theoretical considerations. A dditional param eters must be specified, such as the d iam eter o f  the elem ental 
beam let and the level o f the first side lobe. In addition  the cross-section and  m eans o f  m easuring angles form part 
o f the pattern  definition.

The im portan t consideration  in producing such a reference is the d iscrim ination  to be achieved from the 
edge o f  coverage o f  all types o f  an tenna , including the m ost complex shaped beam  an tenna , as a function o f 
angu lar separation  o f the coverage areas as seen from  the orbit. The rad iation  pa tte rn  o f a shaped  beam  an tenna 
is unique and it is m ainly determ ined by the follow ing operational and technical factors:

— shape o f the coverage area,

— satellite longitude,

— m axim um  an ienna aperture,

— feed design and  illum ination  taper,

— norm alized reflector aperture d iam eter ( D/ X) ,

— local length to aperture  d iam eter ratio  ( F / D ) ,

— num ber o f frequency re-use and  independent beam  ports,

— num ber o f feed elem ents utilized,

— bandw idths,

— polarization  orthogonality  requirem ents,

— total angular coverage region provided,

— stability o f feed elem ent phase and am plitude excitations,

— reconfigurability  requirem ents,

— num ber o f orbital positions from  which beam coverages must be provided,

— reflector surface tolerances achieved,

— beam  pointing  (i.e. derived from  satellite or independent beam positioning via E arth-based track ing  beacons),

— com ponent beam  degradations due to scan aberrations that are related to the specific reflector o r an tenna 
configuration  (i.e. single reflector, dual reflector, shaped reflector systems w ithout a focal axis, direct rad iating  
array , etc.).

In view o f this, there may be some difficulties in developing a single reference rad ia tion  pattern  for shaped 
beam  antennas.

The reference pattern  o f Fig. 10 is unsatisfactory for shaped beam  an tennas, since a key param eter to the 
reference pattern is 4q, the —3 dB half-beam w idth, w hereas the beam centre o f a shaped beam  is ill-defined and 
largely irrelevant to the out-of-beam  response. A sim ple reference pattern  consisting  o f  fou r segm ents, as 
illustrated in Fig. 11 might be m ore satisfactory for the basis of a reference pattern . The slope o f the skirt o f this 
pattern  would be a function o f the angular distance outside the average contour.
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FIGU RE 11 -  Possible form o f  reference radiation pattern

AV: off-axis angle relative to  edge of coverage
(assumed to be equivalent to the - 3  dB~ contour)

V : off-axis angle relative to  reference point

The particular direction in which to m easure this angular distance is also a param eter which needs 
defin ition . One m ethod is to m easure this angle orthogonally  from the constant gain con tour w hich corresponds 
m ost closely to the coverage area. D ifficulties arise with this method where portions o f the gain contours are 
concave such as occurs with crescent-shaped patterns. For this type o f pattern , the o rthogonal d irection away from 
a con tou r could intersect the coverage area again. From  an antenna design standpo in t, the difficulty in achieving 
good discrim ination  in the concave portion  o f  a pattern  increases with the degree o f concavity. An alternative 
m ethod which could circum vent these problem s is to circum scribe the coverage area by a contour which has no 
concavity  and then m easure the angles orthogonally  from this contour; this con tour being considered as edge o f 
coverage. O ther m ethods o f defin ing the direction o f  m easurem ent are possible, e.g. the centre o f  a circum scribing 
ellipse could be used as a reference po in t (see § 5.1 and 5.2), but an unam biguous defin ition  is needed for any 
reference pattern.

O nce the d irection is defined, the radiation  pattern can be separated into four regions o f interest:

Region a : Main lobe skirt (edge o f  coverage to angle o f limit discrim ination)

This region is assum ed to cover w hat is considered to be adjacent coverage regions. The required isolation 
betw een satellite netw orks would be obtained from a com bination  o f satellite an ten n a  d iscrim ination  and orbital 
separation .

A simple function which could be applied to this region could be in a form  sim ilar to tha t given in 
equation  ( i )  o f Fig. 10.

Region b : Non-adjacent coverage region

This region begins where the rad iation  pattern yields sufficient d iscrim ination  to allow  nearly co-located 
satellites to serve non-ad jacen t areas (NVL in Fig. 11). The limit discrim ination (L t ) may be between —20 
and —30 dB.
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R e g i o n  c : Fa r  s i de - l obe  region  

R e g i o n  d :  B a c k - l o b e  region

Each o f these regions covers the higher o rder side lobes and is app licab le  to very w idely spaced service 
areas and, in those frequency bands used b id irectionally , to parts o f  the orbit. In  the la tter case, care m ust be 
exercised when considering very large off-axis angles since unpred ictab le  reflections from  the spacecraft bus and  
spill-over from the m ain reflector m ight have significant effect. A m inim um  gain  envelope o f  0 dBi is suggested 
pending m ore in form ation (R egion d in Fig. 11).

5. Shaped beam radiation pattern models

For shaped beam modelling purposes, prior to the actual design of an 
antenna, a simplified reference pattern might be used. Two models which can 
generate such patterns and their associated parameters are presented below. Both 
models are suitable for computer-aided interference studies and, in conjunction 
with satellite centred maps, for manual application. The models 
form the basis of a recommended pattern or patterns (Rec. 672) . However, it 
would be advisable to only apply the resultant pattern "profiles" in the 
direction of an interference sensitive system. That is, they should not be 
applied in directions where the potential for interference to other networks 
does not exist (i.e., off the edge of the Earth, unpopulated ocean regions, 
etc.).

5 .1 Representation of coverage area

Various methods have been proposed in the past for the service area 
representation of FSS antennas. In one method, the angular distance outside the 
coverage area is measured in a direction normal to the service area geography 
(constant gain contour) as seen from the satellite. In practice, the gain 
contour is designed to fit the service area as closely as possible and therefore 
the difference between using the service area and the constant gain contour is 
expected to be very small. However, difficulties will arise with this method in 
certain cases where portions of gain contours are concave such as with crescent 
shaped patterns. For such patterns, the orthogonal direction away from the 
contour could intersect the coverage area again thereby causing ambiguity 
(see Figure 12a). Another difficulty with this representation is that for a given 
location outside the coverage area there could be more than one point on the 
service area at which the line joining the observation location to the point on 
the service area is normal to the service area contour at that point 
(see Figure 12a).

However, a method has been developed which circumvents the difficulties 
cited above using angular measurements normal to the coverage area and patterns 
containing concavities. This method involves a number of graphical constructions 
and is described in a set of step-by-step procedures in Annex IV.

In addition, these step-by-step procedures can be simplified by use of 
convex-only coverage contour. To produce a convex-only coverage contour, the 
same procedure as described in Annex IV is undertaken, except that only convex 
corners; i.e. those in which the circle lies inside the coverage contour are 
considered. This resultant coverage contour is illustrated in Figure 12b.
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Another way of representing the shaped beam patterns is by 
circumscribing the actual coverage area by a minimum area ellipse. The angular 
distance is measured from the edge of the ellipse in a direction normal to the 
periphery of the ellipse. The advantage would be it is relatively easy to write 
highly efficient computer programmes to define such an angular measurement 
procedure. However, this representation tends to considerably overestimate the 
area defined by the actual service area.

Another method is a hybrid approach which gives an unambiguous 
definition for representing the shaped beam coverage area. In this method a 
minimum area ellipse circumscribing the geographic coverage is used to define 
the centre of coverage area. The centre of coverage area does not necessarily 
represent the beam centre and is used only to define the axis of pattern cuts.
Cnee the centre of coverage area is defined,' the minimum area ellipse has no 
further significance.

A convex polygon is then used to define the coverage area boundary. The 
number of sides forming the polygon are determined based on the criteria that it 
should circumscribe the coverage area as closely as possible and should be of 
convex shape. A typical example is shown in Figure 12c for the service area 
representation. The angular directions are radial from the centre of coverage 
area.

For an observation location outside the coverage area, the direction of 
applying the template and the angular distances are unambiguously defined with 
reference to the centre of coverage area. However, this method tends to 
under-estimate the angular spacing between the gain contours outside the 
coverage area when the angle of the radial with respect to the coverage contour 
significantly departsjfrom normal.

In summary, it would appear that the most acceptable method, both in 
accuracy and ease of construction, is the use of the convex-only coverage 
contour with the angular distances measured along directions normal to the sides 
of the contour, as shown in Figure 12b.
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BOUNDARY

b) Measurement of the angle. A t/» ,
from the (convex) coverage contour

b o u n d a ry

c)

FIGURE 12 - Different representation of coverage area
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5.2 Equivalent peak gain
In situations where it is not necessary to tailor the beam to 

compensate for the variation in propagation conditions across the service area, 
the minimum coverage area gain achieved at the coverage area contour is 
considered to be 3 dB less than the equivalent peak gain (G#p). In practice the 
actual peak gain may be higher or lower than the equivalent peak gain and may 
not necessarily occur on-axis.

In some situations there could be a large variation of propagation 
conditions over the service area or service requirements may warrant special 
beam tailoring within the service area. In these cases the minimum required 
relative gain (relative to the average gain on the coverage area contour) at 
each polygon vertex is computed and linear interpolation based on the azimuth 
from the beam axis may then be used to determine the relative gain at 
intermediate azimuths. Under this scenario the gain at the coverage area contour 
is direction dependent.

Note that for a shaped beam, the gain variation within the coverage 
area is not related to the roll-off of gain beyond the edge of coverage. The 
antenna performance within the coverage area, including the gain, is not related 
to the interference introduced into adjacent systems. The gain variation within 
the coverage area, therefore, need not be characterized in shaped beam reference 
patterns.

5.3 Elemental beamlet size

The side-lobe levels are determined by the aperture illumination 
function. Considering an illumination function of the form:

/ ( X )  -  c o s*  ( 2  • * )  | j r |  <c I {1 J

which is zero at the aperture edge for N > 0. The elemental beamlet radius, as a 
function of the side-lobe level in dB and the D/A ratio, is, over the range of 
interest, approximately given by:

Vb = (16.56 - 0.775L,)A/D degrees (2)

where L, is the relative level of the first side-lobe (dB).

This expression illustrates the trade-off between antenna diameter, 
side-lobe level and steepness of the main-lobe skirt regions. It is derived by 
curve fitting the results obtained using the derivation in [Silver, 1984] for 
different side-lobe levels. This relationship has been used as a starting point 
in the models described below.

5.4 Development of co-polar pattern models

Generalized co-polar patterns for future shaped beam antennas based on 
measurements on several operational shaped beam antennas (Brazilsat, Anik-C, Anik-E> 
TDRSS, Intelsat-V, G-Star, Intelsat-VI, Cobra) and on theoretical considerations 
are presented herein. The correlation between the antenna pattern models and 
measured pattern- cuts are given in Annex V .

Previous modelling did not appear to quantify the beam broadening 
effects. The following models include two separate approaches which deal with these 
e ects, w ich are essential to predicting shaped beam antenna performance 
accurately.
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The shaped beam pattern given in this section is in terms of the 
primary as well as the secondary parameters. The primary parameters are the 
beamlet size, coverage area width in the direction of interest and the peak 
side-lobe level. Secondary parameters are the blockage parameter, surface 
deviation and the number of beamwidths scanned. The effect of secondary 
parameters on the antenna radiation is to broaden the main beam and increase the 
side-lobe level. Although the dominant parameter in beam broadening is the 
number of beamwidths scanned, the effect of the other two parameters are given 
here for completeness. However, the effect of blockage on side-lobe level should 
not be overlooked. Though it is true that, due to practical limitations, a 
satellite antenna design calls for maintaining the blockage free criteria, there 
is normally a small amount of edge blockage. Particularly, edge blockage is 
quite likely for linear dual-polarization antennas employing a common aperture 
as is the case of dual gridded reflectors used for Anik-E, G-Star, Anik-C,
3rasilsat, etc. This is because of the required separation between the foci of 
the two overlapped reflectors for the isolation requirements and for the volume 
needed for accommodating two sets of horns.

In the far side-lobe regions there' is very little measured information available 
on which to base a model. Reflections from the spacecraft structure, feed array 
spill-over, and direct radiation from the feed cluster can introduce 
uncertainties ac large off-axis angles andumay invalidate theoretical 
projections. Measurement in this region isialso extremely difficult and 
therefore further study is required to gain confidence in the model in this 
region. In che interim, a minimum gain plateau of 0 dBi is suggested.

It should be noted that the suggested pattern Is only intended to apply 
in directions where side-lobe levels are of concern. In uncritical directions, 
e.g. towards ocean regions or beyond the limb of the Earth or in any direction 
in which interference is not of concern, this pattern need not be a 
representative model.
General co-polar Model 1

The following three-segment model representing the envelope of a 
satellite shaped beam antenna radiation pattern outside of the coverage area,"
is proposed:

Main lobe skirt region:

GdB1( A <P) - Gep + U - 4 V / M .  + 0.5
\Q ^ o

0 <  A t <  W.Q • t o  

Near-in sidelobe region:

GdBi(Ai/0 = GeP + SL; W-Q. < A ^ Z - Q -  

Far sidelobe region:

Gdb i ( A<£) - Gep + SL + 20 log (2• Q • *A0/A^);

5 . 4 . 1  F i r s t  m o d e l '

z < A<A< 18
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where A ' p is the angle from the edge of coverage (in degrees)

GdS ( A 1/' ) is the gain in dBi at A ^

G„p is the equivalent peak gain (Gep - Ge + 3.0) in dBi.

^ois the half-power diameter of the beamlet in degrees 
(4V.il (33.12-1.55 SL) A/D)

D ii; the size of the reflector

SL is the sidelobe level relative to the peak in dB

U - lOlogA, V - 4.3429B are the main beam parameters

B -  j Z n  (0.5/10°• l s L ) j  / [ { (16.30-3.345SL)/(16.56-0.775SL)}2-1]

A - 0.5 exp(B)

W - (-0.26 - 2.57SL)/(33.12-1.55SL)

Z - (77.18 - 2.445SL)/(33.12-1.55SL)

and Q is the beam broadening factor due to the secondary effects.

Q - exp [8*2 (</A )2 ]- (A ) ]*0 • 3 .

(0.000075 S 2 / [ (F/Dp ) 2 + 0.02]2 ) (3)
•  10

The variables in equation (3) are defined as: 

c is the r.m.s. surface error
A is the blockage parameter (square root of the ratio between the•

area blocked and the aperture area)
S is the number of beamwidths scanned away from the axial direction

_ Q / 'A -  o /  o

e Q = angular separation between the centre of coverage, defined 
as the centre of the minimum area ellipse, to the edge of 
the coverage area.

(A ) - (1 - A2); for central blockage
- (1 - (1 - A ( 1 - A )2 } A2 ] 2 ; for edge blockage

(4)

A in equation (4) is the pedestal height in the primary illumination 
function (1 - Ar2) on the reflector and r is the normalized distance from the 
•centre in the aperture plane of the reflector (r - 1 at the edge) . F/Dp in 
equation (3) is the ratio of the focal length to the parent parabola diameter. 
For a practical satellite antenna design this ratio varies between 0.35 to 0.45.
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The far-out side-lobe gain depends on the feed-array spillover, 
reflection and diffraction effects from the spacecraft structure. These effects 
depend on individual designs and are therefore difficult to generalize.

As given in equation (3), the beam broadening factor Q depends on the 
r.m.s. surface error c , the blockage parameter A, number of beams scanned S , and 
F/Dp ratio. In practice, however, the effect of c and A on beam broadening is 
normally small and can be neglected. Thus, equation (3) can be simplified to:

_ 1Q(0.00007562/[(F/Dp)2+0.02]) (5)

Equation (5) clearly demonstrates the dependence of beam broadening on number of 
beams scanned and the satellite antenna F/Dp ratio. This expression is valid for 
S as high as nine beamwidths, which is more than sufficient for global coverage 
even at 11/14 GHz band ; for service areas as large as Canada, United 
States or China the value of 6 is generally one to two beams at 6/4 GHz band and 
about four beams at 11/14 GHz band, in the application of this model. Thus, tor 
most of the systems the value of Q is normally less than 1.1. That is, the beam 
broadening effect is generally about 10% of the width of the elemental beamlet 
of the shaped-beam antenna.

Neglecting the mainbeam broadening due to blockage and reflector
surface error, and assuming a worst-case value of 0.35 for F/Dp ratio of the
reflector, cfte beam broadening factor Q can be simplified as:

0 .0037 % “
Q - 10
In che 6/4 GHz band, a _25 dB sice-lobe level can be achieved with 

little difficulty using a multi-horn solid reflector antenna of about 2 m in 
diameter, consistent with a PAM-D type launch. To achieve 30 db discrimination, 
a larger antenna diameter could be required if a sizeable angular range is to be 
protected or controlled. In the 14/11 GHz fixed-satellite bands, 30 dB 
discrimination can generally be achieved with the 2 m antenna and the use of a 
more elaborate feed design.
The above equations for the reference pattern are dependent upon the 
scan angle of the component beam at the edge of coverage in the 
direction of each individual cut for which the pattern is to be 
applied. For a reference pattern to be used as a design objective, a 
simple patternwith minimum parametric dependence is desirable. Hence, 
a value or values of Q which cover typical satellite coverages should be 
selected and incorporated in the above equations.

A steeper main beam fall-off rate can be achieved for a typical 
domestic satellite service area as compared to very large regional coverage 
areas; and conversely a reference pattern satisfying a regional coverage will be 
too relaxed for domestic satellite coverages.

Therefore it is proposed to simplify Model 1 into the following 
two cases for the FSS antennas. For these cases a -25 dB side-lobe plateau level 
is assumed.



660 Rep. 558-4

formalized curves for the baseline reference pattern with a -25 dB near-in side­
lobe gain plateau are shown in Figure 13 by plotting the gain as a function of 
che normalized angle (A'VV* <,) • The parameter of the curves is the shaping factor 
S .  The curve S - 1 is for pencil beam antennas (0o - ipa ) with.no beam broadening 
( Q  - 1) and the curve S - 1.2 is tor che pencil beam case with 20 per cent m a m  
beam broadening. A s  the value of the shaping factor reduces, the main beam gain 
falls at a steeper rate. For a given coverage, S becomes smaller when the 
beamier size (i/',,) shrinks, which occurs when a larger antenna (D/1) is used.
A l s o ,  t h e  w i d t h  o f  t h e  c o n s t a n t  s i d e - l o b e  r e g i o n  b e c o m e s  n a r r o w e r  f o r  h i g h l y  
s h a p e d  b e a m s  w i t h  s m a l l e r  v a l u e  o f  S .
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□  S  = 1 . 2  

O  S =  1 - 0  

A S = 0 . 8  

■  S  =  0 . 8  

•  S  =  0 . 4  

O  S =  0 . 2

F IG U R E  1 3

P r o p o s e d  b a s e l i n e  r e f e r e n c e  p a t t e r n  f o r  s h a p e d  b e a m  s a t e l l i t e  a n t e n n a s  
w i t h  p e a k ,  s i d e l o b e  l e v e l  o f  - 2 5  d 3 .  P a r a m e t e r  o f  t h e  c u r v e s  i s  t h e

s h a p i n a  f a c t o r ( s )



662 Rep. 558-4

a) Small Coverage Regions (S<3.5)

Most: of the domestic satellite coverage areas fall under this category.
The beam broadening factor Q is taken as 1.10 to represent 
reference patterns of modest scan degradations for small coverage 
regions as:
GdB1 ( A ' h  - G.„ + 0.256 - 1 0 -Z-2 2  < A * +  0.55 %  ) 2 ;

w

0 <  A ^ <  0.0794 P Q

- Gep - 25; 0.9794 <  A p <  2.1168 ^

- Gep - 25 + 20 log (2.1168 'P0 / A ' P ) ;

2.1168 <  AlA< 18

b) Wide Coverage Regions ($>3.5')

Examples for wide coverage regions are the hemi-beam and global coverages of 
Intelsat and Inmarsat. In order to represent the pattern 
degradation due to large scan, a value of 1.3 is taken for the Q 
factor. The reference patterns applicable to these coverages 
(5>3.5) are defined as:

GdB1 (A 0  - Gep + 0.256 - L Z a  (A* + 0.65 ) 2 ;
w

0 < A ' P s  1.1575

- Gep - 25; 1.1575 <  A ^ <  2.5017 P Q

- Gep - 25 + 20 log (2.5017 'P0 / A ' P ) ;

2.5017 'Pq <  & * <  18

5.4.2 Second model

There will be many difficulties in providing a relatively simple 
pattern that could be applied to a range of different satellite antennas without 
prejudice to any particular design or system. With this thought the template 
presented here by Model 2 does not intend to describe a single unique envelope, 
but a  ,-general shape. The template may be considered not only for a single 
antenna application, but as an overall representation of a family of templates 
describing antennas suitable for the many different applications.
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In the development, an attempt has been made to take full account of 
the beam broadening that results from component beams scanned away from 
boresight of a shaped-beam antenna. A careful attempt has been made to encompass 
the effects of interference and mutual coupling between adjacent beamlets 
surrounding the component beamlet under consideration. To avoid complexity .in 
the formulation, two additional adjacent beamletsalong the direction of
scan of the component beamlets havebeen considered. The variation in beam 
broadening with F/D ratio has also been taken into account, tested over the 
range 0.70 < F/D <1.3 and modelled for an average scan plane between the 
elevation plane and azimuth plane. If the modelling
had been done for the azimuth plane only, sharper characteristics than predicted 
might be expected. Other assumptions rnaĉ  in the model are as follows:

i) the boundary of component beams corresponding to the individual 
array elements has been assumed to correspond to the ideal -3 dB 
contour of the shaped coverage beam;

ii) the component beamlet radius, iyb , is given by equation 2 and 
corresponds to an aperture edge taper of -4 dB;

iii) the value of B which controls the main beam region, is directly 
modelled as a function of the scan angle of the component beam, 
the antenna diameter D and the F/D ratio of the antenna 
reflector.

The value of F/D used in this model is the ratio of focal length to the 
physical diameter of the reflector. The model is valid for reflector diameters 
up to 120A, beam scanning of up to 13 beam widths and has shown good correlation 
to some 34 pattern cuts taken from four different antennas.

Recognizing that at some future date it may be desirable to impose a 
tighter control on antenna performance, this model provides two simple 
improvement factors, K]_ and K2 , to modify the overall pattern generated at 
present.

General co-polar Model 2

The equations to the various regions and the corresponding off-axis 
gain values are described below. Those gain values are measured normal to the 
coverage area at each point and this technique is allied to the definition of 
coverage area described in Annex IV*

At present, the values of K1 and K2 should be taken as unity,
Ki = K2 - 1.

These equations are normalized to a first side-lobe (Ls) of -20 dB in 
this description. Ultimately, the particular value of the first side-lobe level 
chosen for the given application would be substituted.

a) The main lobe skirt region: (0° < AV < CM^ )

In this region the gain functions is given by:

G (AV) “ G, - Ki B
AV

( 1  + —  ) 2 - 1 (dBi) ( 6 )
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where Ge is the gain at the edge of coverage (dBi).

G(AV>) is the reference pattern gain in dBi

A ip is the angle in degrees from the (convex) coverage 
contour in a direction normal to the sides of the contour.

” 32A/D is the beamlet radius in degrees
(corresponding to L Q = -20 dB in equation 2).

B - B0 - (S - 1 . 2 5 ) AB,  for S > 1 . 2 5  and
B - B0 , for S < 1 . 2 5

Bq -  2 .0 5  + 0 . 5  (F /D  - 1 )  + 0 .0 0 2 5  D/A

AB -  1 .6 5  ( D /A ) ' 0 •55

Equations for both the elevation and azimuth planes are given here in 
order to maintain generality.

azimuth plane: B0 - 2.15 + T

elevation plane: B0 - 1.95 + T

where T - 0.5 (F/D - 1) + 0.0025 D/A

azimuth plane: AB = 1.3 ( D / A ) *0-55

elevation plane: AB = 2.0 ( D / A ) *0-55

D is the physical antenna diameter (in meters)

X is the wavelength (in meters)

S is the angular displacement A between the antenna boresight and 
the point of the edge-of-coverage, in half-power beamwidths of 
the component beam, as shown in Figure 14.

i.e. S l - A1/2^b and S2 - A2/2 ,̂

]_ and corresponds to the limit where

G (A0) corresponds to a -20 K 2 ^  level with respect to peak 
equivalent gain G0 , i.e. G (A^) - G, + 3 - 20 k 2-
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b ) Near side-lobe region: C ^  < At£ < (C + 0 . 5 ) V*b
This region has been kept deliberately very narrow for the 
following reasons. High first lobes of the order of -20 dB occur 
only in some planes and are followed by monotonically decreasing 
side-lobes. In regions where beam broadening occurs, the first 
side-lobe merges with the main lobe which has already been 
modelled by B for the beam skirt. Hence it is necessary to keep 
this region very narrow in order not to over-estimate the level 
of radiation. The gain function in this region is constant and is 
given by:

G (Â i) “ Ge + 3 - 20 K2 (7)

c) Intermediate side-lobe region: (C + 0.5)^ < A\£ < (C + 4.5)^

This region is characterized by monotonically decreasing
side-lobes. Typically, the envelope decreases by about 10 dB over
a width of 4 ^  . Hence this region is given by:

G (AVO - Ge + 3 - 20 K2 + 2.5
A i/>

(C + 0.5) - —
A

(dBi) (8 )

The above expression decreases from G, + 3 - 20 K 2 at (C + 0.5)^ 
to G, + 3  - 1 0 - 2 0  K 2 at (C + 4.5)^.

d) Wide-angle side-lobe region: (C + 4.5)^ < A^ < (C + 4.5)^bD
where D - 10'<Ge - 27>/2°I

This corresponds to the region which is dominated by the edge 
diffraction from the reflector and it decreases by about 6 dB per 
octave. This region is then described by:

G (AV>) - Ge + 3 - 10 - 20K2 + 20 log (C + 4.5)tfb/Atf) (dBi) (9)
0

In this region G (Ai/>) decreases from Ge + 3 - 10 - 20K2 at (C + 4.5)^b 
to Ge + 3 - 16 - 20K2 at 2 (C + 4.5)^. The upper limit corresponds to 
where G(At/>) equals 3 dBi.

e) Far-out side-lobe region: (C + 4.5)^ D < Atf' < 90»
where D - 1 0 ^  ' 27>/20!

G (A^) - 3 (dBi) (10)

These regions are depicted in Figure 15.

The model can also be extended to the case of simple circular beams, 
elliptical beams and to shaped-reflector antennas. These cases are covered by 
adjustment to the value ofB in the above general model:
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i) For simple circular and elliptical beamsb is modified to a 
value, B - 3.25

ii) For shaped-reflectors the following parameters are modified to, 

B - 1.3 for 0.5 < S < 0.75

- 1.56 - 0.34 S for 0.75 < S < 2.75

- 0.62 for S > 2.75

w h e r e  S = ( A n g u l a r  d i s p l a c e m e n t  f r o m  t h e  c e n t r e  o f  c o v e r a g e ) /  2 V̂ b

and = ^

K 2 - 1.25

It should be noted that the values proposed for shaped-reflector 
antennas correspond to available information on simple configurations. This new 
technology is rapidly developing and therefore these values should be considered 
tentative. Furthermore, additional study may be needed to verify the achievable 
side-lobe plateau levels.



edge of 
coverage
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Ls is the first side lobe level 

FIGURE 15
Different regions in the proposed model 2
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The improvement factors K]_ and K2 are not intended to express any 
physical process in the model, but are simple constants to make adjustments to 
the overall shape of the antenna pattern without changing its substance.

Increasing the value of K]_ from its present value of 1, will lead to an 
increase in the sharpness of the main beam roll-off.

Parameter K2 can be used to adjust the levels of the side-lobe plateau 
region by increasing K2 from its value of unity.

5.5 Cross-polarized model

Most communication satellite networks employ frequency re-use via 
cross-polarized transmissions. Whilst there is only limited information on the 
cross-polarized characteristics outside the main beam it is generally recognized 
that the cross-polarized discrimination in the side-lobe region is of similar 
magnitude to the co-polarized discrimination. Thus in interference studies the 
co-polarized and cross-polarized contributions will be equally significant. 
Further study is required on the cross-polarized characteristics of satellite 
antenna, in particular outside the main beam. For linear polarization, several 
geometric factors come into play when the interference between two satellites is 
considered. Report 11 41 discusses these factors.

Cross-polarized radiation patterns are very sensitive to the type and 
sense of polarization, antenna design parameters, and feed element radiation 
characteristics. Also, the cross-polarized radiation levels depend on the 
azimuthal plane and hence it is not possible to describe the radiation in a 
cricularly symmetric template. Thus, the cross-polarized radiation is more 
complex to model into a template. However, different templates have been 
proposed in the past for describing the cross-polarized radiation (see 
Reports 555, 1141 and 810). A reasonable template within the main beam for
future satellites can be described as:

Gx = G0 - 30 for 0 < W %  < % / %

where u/x is the off-axis angle corresponding to the intersection of the -30 dB 
plateau with the co-polarization pattern.

5 .6 Shaped beam pattern roll-off characteristics

The main beam roll-off characteristics of shaped beam antennas depend 
primarily on the antenna size. The angular distance from the edge of
coverage area to the point where the gain has decreased by 22 dB (relative to
edge gain) is a useful parameter for orbit planning purposes: It is related to
the antenna size as:

AVL - C (A/D)

For central beams with little or no shaping, the value of C is 64 for 
-25 dB peak side-lobe level. However, for scanned beams C is typically in the 
range 64 to 80- depending on the extent of main beam broadening (see Figure 13).

Use of improvement factors Kg and K 2



670 Rep. 558-4

Annex V gives the comparison of the models given in this report with 
measured satellite antenna pattern data.

7. Sumrarv

In lonclusion, caution must be exercised in relating satellite antenna 
radiation pat.terns for shaped beams to a particular component beam. Difficulties 
may also be encountered in the design of shaped beam antennas for multi­
frequency baud operations. The validity range of the models proposed, therefore, 
has to be inspected carefully and the applicability to complex shaped beams 
generated by sophisticated multi-beam antennas has to be further studied.

Shaped beam antennas can provide a main beam tailored to the service 
area and excellent control of side-lobe radiation outside the service area. On 
the other hand, the use of shaped beams may restrict the possible re-positioning 
of satellites unless the beam can be reconfigured by telecommand (see 
Report 1002).

Differences in the main beam skirt length and subsequent roll-off are 
apparent between the templates of the two models. The discrepancies may be 
narrowed or eliminated with further investigation. Therefore, administrations 
are invited to provide further information in order to test the accuracy of the 
models.

In some circumstances, the eventual application of a satellite antenna 
radiation reference pattern may affect both the technical complexity, the volume 
of computer simulation and RF testing associated with the satellite antenna 
system.

The parameters of the satellite antenna design objective pattern, if too 
constraining, could lead to the need to employ side-lobe suppression techniques, 
requiring the introduction of extra feed horns and their associated amplitude 
and phase combiners. This would involve additional mass and volume in the 
satellite antenna system.

Efficient use of the geostationary orbit can be enhanced by employing 
spacecraft antennas with the best available radiation patterns for their 
application. Administrations should therefore endeavour to use such patterns 
which may minimize interference coupling between networks. A new 
Recommendation [ 672 ] has been developed, based upon the elements in this 
report. The antenna patterns set forth are intended as a spacecraft antenna 
design objective for use by administrations when designing their networks.

REFERENCES
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A N N E X  I

S A T E L L IT E  A N T E N N A S  W IT H  S H A P E D  B E A M S

1. Introduction

Due to the difference in the range and the atm ospheric a ttenuation from  a satellite to various points on the 
Earth, a conventional global beam  with m axim um  gain tow ard the centre o f the E arth  is non-optim um  because it 
has the highest gain where the path  losses are m inim um . Since the paths tangential to the E arth are the longest 
and  since their path  through the atm osphere is the longest, the an tenna gain ought to be highest in this region and 
som ew hat less in the d irection norm al to the E arth’s surface. Shaped global beam s o f this k ind are  desirable, from  
the po in t o f view o f the efficient use o f satellite power. A ntennas with such beam s have been studied and 
developed using techniques o f dielectric-loading o f a horn [Satoh, 1972] or o f an array  o f  m ultip le horns [Ajioka 
and  H arry, 1970].

2. Beam shaping techniques

Given a suitable parabolic  reflector, the heart o f the antenna system for a shaped beam  consists o f the feed 
horns and the circuits which route pow er to the horns to produce the optim um  reflector illum ination  for a specific 
beam  shape form ation. C apacity  can be increased and frequencies more efficiently used by em ploying both senses 
o f  polarization . C lusters o f 15 horns or more can be arranged in several rows, form ing the beam s for each 
polarization . These groups o f ho rns and the circuits that feed them are usually com m on for the transm it and 
receive frequency bands.

M utual coupling  between feeds may be considered in two respects. F irst, in the case o f  an individual 
beam , it results in weak parasitic  excitation o f all o ther feeds in proxim ity to the driven feed. Secondly, when 
several com ponent beam s are excited sim ultaneously to form a group, the effect o f  m utual couplings is to change 
the input im pedance o f each feed so tha t the intended relative am plitude and phase division betw een feeds is not 
exactly realized. Thus, the m ajor advantage o f predictive com putations is to ob tain  estim ates o f  the num ber o f  
feeds required and their approx im ate positions in the focal plane o f the an tenna , but these predictive com puta­
tions canno t be expected to provide accurate predictions o f  isolation contours.

E xam ples o f  an tenna system s utilizing this technique are those used in the Palapa-B  satellite for Indonesia 
and the Anik-C satellite for C anada  which are shown in Figs. 16 and 17 respectively.
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b) Transmit 

FIGURE 1 6  - Palapa-B coverage
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a) Receive

FIGURE 17_ Anik-C coverage

REFERENCES

AJIOKA, J. S. and HARRY, H. E. [May, 1970] Shaped beam for earth coverage from a stabilized satellite. IEEE Trans. 
Ant. Prop., Vol. AP-18, 3, 323-327.

SATOH, T. [March, 1972] Dielectric-loaded horn antennae. IEEE Trans. Ant. Prop., Vol. AP-20, 2, 199-201.



674 Rep. 558-4

A N N E X  II

S H A P E D  B E A M  A N T E N N A  S ID E -L O B E  M E A S U R E M E N T S

Some m easured d a ta  on the beyond edge o f  coverage d iscrim ination  o f  several different shaped beam  
an tennas is presented herein. The d a ta  falls generally into three categories:
C ategory  1: where efforts were m ade to achieve high d iscrim ination ,
C ategory  2: where d iscrim ination  was o f  less concern, and 
C ategory 3: where no concern was given to side-lobe levels.

Category 1

Figure 18 shows data  fo r the Intelsat-V  Ind ian  O cean and  hem ispheric beam s. The m easured perform ance 
o f  a developm ental an tenna is show n in Fig. 1 9 ; it has an apertu re  o f 3.2 m and  is designed to  operate in the 
4 G H z band. This an tenna is an  offset-fed, m ultiple feed, reflector type an ten n a  intended fo r use on a future 
satellite. In this case side-lobe reduction  techniques were em ployed to achieve a high degree o f d iscrim ination  
outside the coverage area in the directions o f interest. A n o th e r  e x a m p le  i s  sh o w n  i n  F i g u r e  20 o f  
a  lo w  s i d e - l o b e  d e s i g n  a n t e n n a  w h ic h  h a s  a n  a p e r t u r e  o f  2 . 5  m e t r e s .  T h i s  a n t e n n a  
i s  a n  o f f s e t  C a s s e g r a i n  t y p e  w i t h  c l u s t e r  f e e d s  i n t e n d e d  f o r  u s e  o n  a  f u t u r e  
J a p a n e s e  d o m e s t i c  s a t e l l i t e .

FIGURE 18 - Intelsat-V measured data; side-lobe levels in direction of concern 
Frequency * 4 GHz

A: Indian zone beam (4.6° beamwidth) 
B: Hemispheric beam (8° beamwidth)
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FIGURE 1 9  - Measured data for developmental 
offset-fed, multiple feed, reflector antenna 

after side-lobe control
- 3  dB beam w idth » 4.08° 
F requency * 4 GHz

A n ( l e  f r o *  — 3 d B c o n t o u r  • & ♦  ( d e c . )
FIGURE 20

Measured data for developmental antenna; 
side-lobe level In directions of concern

D/ A - 250 
Frequency = 3 0  G H z
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Category 2

F i g u r e  21 shows data for the Intelsat-V Indian Ocean and hemispheric beam in directions which were of 
less concern with respect to achieving high discrimination. These are also offset-fed, multiple feed, reflector type 
antennas.

Category 3

Figure 22 shows data for the same developmental antenna indicated in Category 1 before measures were 
taken to reduce side-lobe levels.

Figures 23 and 24 are shaped beam pattern profiles obtained from an RCA domestic satellite 
6 /4  GHz bands shaped beam antenna system. The patterns were produced by a 28 wavelength non-deployed 
offset reflector with an F /D  (focal length-to-aperture diameter ratio) of approximately 0.65, in the transverse focal 
plane. There were no side-lobe or beam skirt shape constraints imposed on the antenna design.

Another shaped beam antenna design for an RCA 14/11 GHz bands domestic satellite was examined 
utilizing the shaped beam pattern cuts of Figs.25 and26  .This shaped beam antenna system employs a nominal 
60 wavelength diameter, fixed offset reflector with an F /D  of approximately 0.65. As with the previous designs, 
no pattern roll-off or side-lobe constraints were imposed.

Spot beams

Measurements were made for the lens antenna with 61 feed elements, depicted in Fig.27 adjusted for ? 
spot beam. F i g u r e 2 8  shows measured data for an Intelsat-V spot beam offset-fed reflector antenna operating in 
the 11 G H z band.

General comment

The extent of the main-Iobe skirt broadening is variable and is a function of many other design factors of 
the antenna. However, for a given coverage area, the use of shaped beams will generally provide much better 
beyond edge of coverage discrim ination than a simple beam. The incremental cost o f providing shaped beam 
coverage is a small percentage of the total spacecraft cost.
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FIGURE 2 1  - Intelsat-V measured data; side-lobe levels in directions o f  less concern 

Frequency * 4 GHz

A: Hemispheric beam  (9.75° beam w idth)
B: Indian zone beam (6.6° beam w idth)

FIGURE 2 2  _ Measured data for developmental antenna 
before side-lobe control

- 3  dB beam w idth = 2.31°
Frequency = 4 GHz
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FIGU RE 2 3  -  6/4 GHz band dual-mode shaped beam 
28  X aperture

FIGURE 2 4  _  6/4 GHz band dual-mode shaped beam 
28  X aperture
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Off-axis angle (degrees)

FIGURE25 - 14111 GHz band shaped beam 
60 K aperture

Off-axis angle (degrees)

FIG URL 26  -  14/11 GHz band shaped beam  
60 K aperture
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F IG U R E  27- Out-of-beam data fo r 61 element feed  array satellite lens antenna 

F r eq u en cy  = 8 G H z  - 3  dB b e a m w id th  = 20°

F I G U R E  28 -  Intelsat-V measured data 

F req u en cy  = 11 GHz 

A: West spo t beam (1.6° b ea m w id th )
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A NN EX  III 

R A D IA T IO N  P A T T E R N  O F  O L Y M P U S  A N T E N N A

The ESA Olympus satellite which is under construction will carry several com m unications payloads, one
of which is a direct broadcasting satellite transponder to cover Italy (TVB 1). The TVB 1 antenna is designed to
satisfy the WARC-BS-77 requirements for Italian broadcasting satellites.

An engineering model (EM) of the TVB 1 antenna is currently under test and typical down-link radiation 
patterns are presented in the Figs. 29 and 30 for the antenna principal planes.

The radiation pattern envelope requirements for the co-polar antenna design are those masks presented in
the Radio Regulations, Appendix 30, Annex 5 and for convenience are superimposed on the recorded patterns to 
aid comparison.

The antenna performance has been measured on a far field open-air test facility having an interfering 
reflectivity of typically —50 dB. There is therefore some unavoidable uncertainty on the recorded patterns which 
increases as the levels recorded decrease. A recorded level of —40 dB with respect to beam peak could in reality 
be about —37.5 dB in actual level (worst case).

The result o f incorporating a closed loop RF sensing system into the antenna means that the radiated
beam will be able to be repointed. This is achieved by rotation o f the main reflector only, to realize a maximum
of 0.25° beam repointing in any direction relative to the antenna reference system in order to maintain an overall
0.1° pointing accuracy required by the WARC-BS-77. The effect of such repointing in the anticipated RF sensing 
acquisition range is expected to have an insignificant effect on radiation performances particularly since the 
corresponding reflector rotation is only about half the required beam scan.

The wide beam axis co-polar radiation pattern as presented in F ig .29 indicates compliance with the 
WARC-BS-77 mask.

The cross-polar performance of the antenna (not shown) has been raised 20 dB relative to main beam
levels but it is still compliant with the WARC-BS-77 mask with the exception of a small area on boresight*.

The narrow beam axis co-polar radiation pattern o f Fig. 30 shows that the WARC-BS-77 mask is 
marginally exceeded for a range of ij/ between 12° to 25° either side o f beam boresight.

The co-polar patterns in both axes exhibit quite good symmetry in the side-lobe regions even in the area o f 
the narrow beam co-polar non-compliance. This implies a good measurement range and no significant local site 
reflections.

Half-power beamwidths are measured to be 2.32 x 1.00° compared with the WARC-BS-77 Recom m enda­
tion of 2.38 x 0.98°. Notwithstanding this and the previously mentioned m inor deviation from the WAJIC mask, 
full compliance with Appendix 30 of the Radio Regulations is achieved by respecting the permissible e.i.r.p. 
envelope. The actually radiated peak e.i.r.p. is well below the level recommended in the Radio Regulations.

T h e  c r o s s - p o la r  r a d i a t i o n  r e q u i r e m e n t  a r o u n d  b o r e s ig h t  has  b e e n  r e l a x e d  in c o n s u l t a t i o n  w i th  the  I t a l i a n  a u t h o r i t i e s  s ince  
th i s  is b e l iev ed  to be  a n  u n n e c e s s a r y  r e q u i r e m e n t  ( a s  a l so  d i s c u s s e d  in R e p o r t  810) . M o r e o v e r ,  th e  i m p l i c a t i o n s ,  o f  th is,  if 
a n y .  w o u ld  b e  o f  c o n c e r n  so le ly  to the  I t a l i a n  A d m i n i s t r a t i o n  as  it o n ly  af fec ts  th e i r  te r r i to ry .



R
el

at
iv

e 
po

w
er

 
(d

B
)

FIGURE 2 9  -  Wide beam axis co-polar radiation pattern 

Frequency *■ 12 300 MHz
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FIGURE 3 0  -  Harrow beam axis co-polar radiation pattern 

Frequency ■ 12 300 MHz
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ANNEX IV

1. Defining coverage area contours and gain contours about the coverage
area

1.1 Defining coverage area contours

A coverage area can be defined by a series of geographic points as seen 
from the satellite. The number of points needed to reasonably define the 
coverage area is a function of the complexity of the area. These points can be 
displaced to account for antenna pointing tolerances and variations due to 
service arc considerations. A polygon is formed by connecting the adjacent 
points. A coverage area contour is constructed about this polygon by observing 
two criteria:

the radius of curvature of the coverage area contour should be
> V b ;

the separation between straight segments of the coverage area 
contour should be > 2 (see Figure 31 ).

If the coverage polygon can be included in a circle of radius , this 
circle is the coverage area contour. The centre of this circle is the centre of 

a minimum radius circle which will just encompass the coverage area contour. If 
the coverage polygon cannot be included in a circle of radius i|/b , then proceed 
as follows:

Step 1 For all interior coverage polygon angles < 180°, construct a circle of
radius y/b with its centre at a distance (vj/b) on the internal bisector 
of the angle. If all angles are less than 180° (no concavities) Steps 2 
and 4 which follow are eliminated.

Step 2 a) For all interior angles > 180°, construct a circle of radius
which is tangent to the lines connected to the coverage point 
whose centre is on the exterior bisector of the angle.

b) If this circle is not wholly outside the coverage polygon, then 
construct a circle of radius (iyb) which is tangent to the
coverage polygon at its two nearest points and wholly outside the
coverage polygon.

Step 3 Construct straight line segments which are tangent to the portions of
the circles of Steps 1 and 2 which are closest to, but outside the 
coverage polygon.

Step 4 If the interior distance between any two straight line segments from
Step 3 is less than (2 V b ) , the controlling points on the coverage 
polygon should be adjusted such that reapplying Step 1 through 3 
results in an interior distance between the two straight line segments 
equal to (2 V b ).

An example of this construction technique is shown in Figure^31.

1.2 Gain contours about the coverage area contours

As also noted in 558, difficulties arise where the coverage area 
contour exhibits concavities. Using a '(£H0 measured normal to the coverage area 
contour will result in intersections of the normals and could result in
intersections with the coverage area contour.
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FIGURE 31
Construction of a coverage area contour
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In order to circumvent this problem as well as others a two step 
process is proposed. If there are no concavities in the coverage contours, the 
following Step 2 is eliminated.

Step 1 For each (AY) , construct a contour such that the angular distance
between this contour and the coverage area contour is never less than 
( A Y ) .

This can be done by constructing arcs of (AY) dimension from points on 
the coverage area contour. The outer envelope of these arcs is the resultant 
gain contour.

Where the coverage area contour is straight or convex, this condition 
is satisfied by measuring normal to the coverage area contour. No intersections
of normals will occur for this case.

Using the process described in Step (1) circumvents these construction 
problems in areas of concavity. However, from a realistic standpoint some 
problem areas remain. As noted in Report 558, side-lobe control in regions of 
concavity can become more difficult as the degree of concavity increases, the 
pattern cross-section tends to broaden and using the Step (1) process, 
discontinuities in the slope of the gain contour can exist.

It would appear reasonable to postulate that gain contours should have 
radii of curvature which are never less than (Yb + AY) as viewed from inside and 
outside the gain contour. This condition is satisfied by the Step (1) process
where the coverage area contour is straight or convex, but not in areas of
concavity in the coverage area contour. The focal points for radii of curvature 
where the coverage area contour is straight or convex are within the gain 
contour. In areas of concavity, the use of Step (1) can result in radii of 
curvature as viewed from outside the gain contour which are less than (Yb + AY) •

Figure 32 shows an example of the Step (1) process in an area of 
concavity. Semi-circular segments are used for the coverage area contour for 
construction convenience. Note the slope discontinuity.

To account for the problems enumerated above and to eliminate any slope
discontinuity, a second step is proposed where the concavities exist.

Step 2 In areas of the gain contour determined by Step (1) where the radius of 
curvature as viewed from outside this contour is less than (v|/b + AY) 
this portion or the gain contour should be replaced by a contour having 
a radius equal to (Yb + AY).

Figure 33 shows an example of the Step (2) process applied to concavity 
ofJFigure 14. For purposes of illustration, values of the relative gain contours 
arE shown, assuming (Yb) as shown and a value of B — 3 dB.

This method of construction has no ambiguities and results in contours
in sareas of concavities which might reasonably be expected. However,
difficulties occur in generating software to implement the method, and 
furthermore it is not entirely appropriate for small coverage areas. Further 
work will continue to refine the method.

To find the gain values at specific points without developing contours 
Lhe following process is used.
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Gain values at points'which are not near an area of concavity can be 
found by determining the angle (AMO measured normal to the coverage area contour 
and computing the gain from the appropriate equation: 6 , 7, 8 , 9 or 10. T h e  gain 
at a point in concavity can be determined as follows.

First a simple test is applied. Draw a straight line across the 
coverage concavity so that it touches the coverage edge at two points without 
crossing it anywhere. Draw normals to the coverage contour at the tangential 
points. If the point under consideration lies outside the coverage area between 
the two normals, the antenna discrimination at that point may be affected by the 
coverage concavity. It is then necessary to proceed as follows.

Determine the smallest angle (AMO between the point under consideration 
and the coverage area contour. Construct a circle with radius (M>b + AMO , whose 
circumference contains the point, in such a way that its angular distance from 
any point on the coverage area contour is maximized when the circle lies 
entirely outside the coverage area; call this maximum angular distance AM*' . The 
value of AM* may be any between 0 and AMO it cannot be greater than but may be 
equal to AM*. The antenna discrimination for the point under consideration is 
then obtained from equations 7, 8 , 9 or 10 as appropriate using AM*' instead of 
AMO
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FIGURE 32
Gain contours from Step (1) in a concave coverage area contour

coverage area contour

ro = 1.9

r =
FIGURE 33

Construction of gain contours in a concave coverage area contour -
Step (1) plus Step (2)
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ANNEX V

COMPARISON OF MEASURED SA TELLITE ANTENNA PATTERNS 
FOR BOTH SHAPED-BEAM MODELS

Figures 34 and 35 represent Anik-E measured data compared against
Model 1.

Figure 36 depicts the INTELSAT VI Indian Ocean Region (IOR) zone 3 
coverage with a number of selected cuts.

Figure 37 represents a comparison of side lobe gain taken along the odd 
numbered cuts shown (in Figure 36) against the Model 1 pattern. Figure 38 shows 
two selected cuts from the 14 cuts on the INTELSAT VI IOR zone 3 beam (in 
Figure 36) against Model 2.

Figure 39 represents the coverage contours for the COBRA 2 European 
beams formed by a linear array of five rectangular horns. Figure 40 shows two 
selected cuts from the 12 cuts for COBRA 2 compared against Model 2.
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□  PROPOSED R EF. PATTERN OF MODEL 1

o VP TRANSMIT CUT #  1 

A HP TRANSMIT CUT #  2

ANGLE FROM EDGE OF COVERAGE (DEGREES)

FIGURE 3 4  COMPARISON OF A NIK -E 6 / 4  GHz BAND MEASURED DATA W I TH

PROPOSED REFERENCE PATTERN
( D / X  =  2 8 . 0 6 ,  FREQUENCY = 4 . 1 4  GHz)
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n  PROPOSED REF. PATTERN OF MODEL 1 
O VP NATIONAL (TX) CUT #  1
A  HP NATIONAL (TX) CUT # 2

ANGLE FROM EDGE OF COVERAGE (DEGREES)

FIGURE 35 COMPARISON OF ANIK -E 1 4 / 1 2 - 1 1  GHz BANDS MEASURED DATA
WITH PROPOSED REFERENCE PATTERN
( D / X  = 8 0 . 7 6 ,  FREQUENCY -  1 1 . 9 1 3  GHz)
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FIGURE 38
Comparison of the INTELSAT VI radiation pattern with the proposed model 2
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FIGURE 39

C O B R A  2 -  C o p o la r  c o n to u r  p lo t  o b ta in e d  w ith  a 
r e f l e c t o r  and a 5 e le m e n t  arra y
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R E P O R T  1 1 3 6

GEOSTATIONARY SATELLITE ANTENNA POINTING ACCURACY 

(Study Programme 28A/4)

( 1 9 9 0 )

1. Introduction

The determination of regulations on satellite antenna.beam pointing 
accuracy is driven by elements, such as: avoidance of interference with other 
systems and efficient utilization of the geostationary satellite orbit.

For the satellite designer, the definition of a beam pointing accuracy 
is the result of a broad trade-off which involves the spacecraft bus, its 
configuration, the design of the structures, the choice of the materials, the 
Attitude Control System (ACS) concept, the selection of its critical components, 
the spacecraft propulsion system, the thermal control system, the orbit control 
tolerance (stationkeeping accuracy) and other elements specific to each one of 
these areas. For the satellite operator, the attainment and maintenance of the 
pointing accuracy to which the spacecraft has been designed implies the 
implementation of the appropriate operation plan, and the careful monitoring of 
telemetry data which can only be considered, under normal conditions, an indirect 
indication, but not a direct measurement, of the beam pointing error. A direct 
measurement of this would require the use of ground based equipment capable of 
determining the location of the ground intersection with the axis of maximum 
radiation of the satellite-based antenna beam, or, more practically, of measuring 
signal strength variations at a number of stations properly located around the 
periphery of the beam /Keigler and Muhlfelder, 19867.

The initial attainment of accurate beam pointing can be achieved via 
the spacecraft's telecommand and data handling sub-systems and appropriate 
ground control. This is a complex matter and is essential for the attainment of 
the required service coverage areas; it may also be employed to maintain correct 
beam pointing during operational service. An outline of a mathematical model 
which may be employed to achieve this end is given in Annex I , and a more 
detailed treatment is contained in Ref. V.

The remainder of this report presents first a brief survey of the 
various elements which contribute to beam pointing errors and of the options 
available for accurate beam pointing. It then discusses attainable performances 
in view of current operational experience and on the basis of different types of 
antenna, beam configurations, and coverage area. Finally, it addresses the 
issues of orbit utilization efficiency and of antenna gain loss as a function of 
beam pointing accuracy.
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An example of the effect of the satellite antenna pointing on the GSO 
utilization efficiency is presented based on a specific model of homogeneous 
satellite networks.

2. The pointing error budget

Errors which contribute to the mispointing of an antenna boresight axis 
can be conveniently subdivided into four classes: constant, seasonal or long 
term, daily, and short term. Much of the contribution of the various error 
sources depends on what is assumed as a pointing reference, what control system 
concept or spacecraft configuration is selected, and how accurately the spacecraft 
is maintained around its nominal orbital station.

Mechanical alignment errors and tolerances within the earth sensor 
itself, the sensor mounting plate, the master alignment cube, the spacecraft frame, 
the antenna structure and the deployment mechanisms, and errors in gravity 
compensation fixtures all contribute to a constant error. Another source of 
error is in the alignment of the spin axis of fixed momentum storage devices 
(momentum wheels, or rotors of spin-stabilized spacecraft). Further contributor 
to a constant error is the effect of long term variation in sensor characteristics, 
material properties, material "creep", etc.

Seasonal errors are typically due to seasonal variations in Earth 
radiance and thermally induced variations in control electronics as well as 
deformations in structures. Another component into the long term error is due to 
the triaxiality drift of the spacecraft in its longitude deadband.

Errors with daily period are partly due to effects similar to those of 
the seasonal class, partly due to the daily orbital motion of the satellite 
within its stationkeeping tolerances (eccentricity librations in longitude and 
latitude oscillations due to orbit inclination).

Finally,: short term errors are due to various sources within the 
attitude control system electronics and components, and disturbance torques due to 
orbital manoeuvers" (stationkeeping).

Because of the statistically independent nature of these various error- 
terms, an estimate of the expected total error is normally obtained by the Root 
Sum Square (RSS) method, applied to within each class, and by the sum of the 
subtotals of each class. A worst case absolute error sum is overconservative.

3. System design options

Various options are available to the spacecraft designer to meet given 
beam pointing requirements. They range over spacecraft configuration, structural 
design, material selection, control system configuration, component selection, 
and various other elements including operational procedures.

An optimized design is not simple, but rather the result of complex 
techno-economic trade-offs, which, for the stringent pointing accuracies 
required in modern communication satellites, push the limits of technology.

The spacecraft configuration, the design of the pertinent structures 
and the material selection bear a significant component in the beam pointing 
•error. A "sophisticated" spacecraft bus design can be used with a relatively 
unsophisticated attitude control system, whereby the pointing accuracy of the various 
antenna beams is related to the accuracy and stability of the orientation of the 
entire spacecraft. This approach, which could be defined as the "traditional" 
approach, relies on independently minimizing each one of the four classes of errors.
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An alternative to the "traditional" approach is offered by a spacecraft 
bus design using a control system concept capable of compensating or eliminating 
some of the component errors altogether. A possible choice is a multiloop control 
system, in which the basic attitude control system orients and stabilizes the 
spacecraft as a rigid body, while the antennas are independently steerec. and 
pointed to their respective stations by auxiliary tracking loops operated by 
ground based r-f beacons. By directly tracking a ground beacon, the pointing error 
of an antenna can be freed of most of the structural-dependent portion (a significant 
portion of the constant, seasonal, and daily components). Control systems of this 
type are being employed on current or planned satellites but adherence to stringent 
design factors is needed to ensure adequate performance. These factors are due to 
the complex nature of the sensor which includes the reflector, the feed system, 
and the ground beacon. If the further improvements in antenna pointing 
accuracy as precise as 0.0156 are indicated from the system investigations, 
it is necessary to improve the RF sensor feed, to develop a highly accurate 
antenna drive mechanism and to adopt this mechanism to drive the sub-reflector 
which has higher eigen frequencies than the main reflector. Figure 1 indicates 
the benefits in terms of pointing accuracy which may "be obtained by the use of 
beacon tracking antenna control systems. Beacons located toward the edge of the 
antenna coverage tend to produce strongly non-linear characteristics. Additional 
practical difficulties of implementation, as for the INTELSAT system, appear 
when a spacecraft may need to be relocated and operate at different longitudes. 
The difficulty is in the availability of ground stations (for location of a 
beacon) which satisfy the same geometrical relationship to the spacecraft at the 
different longitudes.

0.001 0.00S 0.01 0.015 0.05 0.1 0.2

Antenna system

• Misafignment

• Thermal 
Distortion

Drive control system

' / '/ / / /S . '/" / /{ A -

RF • / /  / \

• Control loop 
APM coupling

Attitude control
system

Total

( I I : w ithout antenna drive control 
{ / / /A  : with antenna drive control

Figure 1 - Antenna pointing error budget

Another possibility for maintaining beam pointing accuracy can be found 
in Annex I .
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4. Attainable performance

[Durling, 1983] gives a brief history of the improvements in pointing 
accuracy for spin-stabilized satellites. Figure 2 reproduced here, tabulates the 
improved pointing accuracies obtained over a period of approximately 20 years 
(1963-1983):

Three-axis stabilized spacecraft have demonstrated similar levels of 
pointing accuracy over the years [Keigler and Muhlfelder, 1986].

STNCOM (1963-64) had an achievable pointing accuracy of 0.5 degree, 
obtained via a sun sensor. A significant improvement was realized with the 
INTELSAT IV spin stabilized spacecraft launched between 1971-1974 i.e. a nominal 
0.2 degree pointing accuracy. Earth pointing for INTELSAT IV was accomplished 
using sun sensors and earth sensors, employing either analogue or digital error- 
processing in the despin control electronics (DCE) units. Sun sensors were used 
for most of the mission, except for eclipse operations, where earth sensors were 
employed.

An end-of-life report issued by INTELSAT [Scaliciet al. , 1989] 
indicates that the on-orbit pointing accuracy of the INTELSAT IVAs, launched in 
the 1975-1978 period was significantly better than the INTELSAT IVs, despite the 
fact that the INTELSAT IVAs were inherently less stable than the older INTELSAT 
IVs (due to different mass properties). For these INTELSAT IVA spacecraft, earth 
pointing was provided by the same combination of earth and sun sensors as on 
INTELSAT IV. However, the analogue mode of operation with despin control 
electronics could use only earth sensor inputs. Figure 3 depicts a histogram of 
pointing errors for the INTELSAT IVA (F-6) spacecraft.
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Figure 2 - History of improvements in pointing accuracy
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Dec-78 Nov-79 Oct-80 Oct-81 Sep-82 Sep-83 Aug-84 Jul-85 Jul-86 Jun-87

Month

□ Standard Deviation

Figure 3 - IVA-F6 pointing performance 
Launch to end-of-life

Beam pointing accuracy currently attainable by the orientation and 
stabilization of the entire spacecraft, or of the payload platform in the case of 
spin-stabilized spacecraft, is of the order of +0 .1° in any plane containing the 
beam axis. For large spacecraft carrying complex, multibeam antennas the attainable 
performance is somewhat less accurate (0.18° - 0.2° for INTELSAT V, 0.15° for 
INTELSAT VI). Significantly better performances are difficult to attain-except for 
spacecraft of relatively compact characteristics.

Beacon tracking techniques can be successfully used to reduce pointing 
errors to significantly less than 0.1° for simple antenna subsystems. For 
example, the fixed/mobile multibeam antenna system of the Japanese ETS-VI 
satellite, scheduled to be launched in 1992, can maintain pointing accuracy 
within 0.015° for each of multiple beams having beamwidths of 0.3°. This is 
achieved by adopting the beacon tracking system with the sub-reflector drive. 
The tracking system consists of four-horn monopulse feeds and a receiver 
operating in conjunction with a 27 GHz beacon transmitting from a reference 
earth station. Figures 4 and 5 illustrate this example. Satellites 
with complex antenna subsystems can have a combination of large and small antenna 
beams produced by different antennas. Unless each one of the beams uses a beacon 
tracker, the pointing error of the beams not controlled by a beacon would, at best,
be equal to the attitude error of the platform itself. If beacon tracking is
employed, a beacon generating earth station would be required for each and every 
antenna, which could be. costly for a large number of beams. In addition some spot 
beams may share the same reflector and therefore not all the spot beams of that 
antenna would achieve the same pointing accuracy as the spot beam (master beam) in
which the beacon earth station is located. The situation is aggravated by the
separation of the beams. If the master beam and another beam (slave) are both near 
the edge of the Earth's disc, but in nearly opposite positions with respect to the 
Earth centre, some of the corrective actions of the beacon tracker (those which 
correct the effects of satellite yaw errors or of orbit inclination) will further ( 
deteriorate the pointing error of the slave beam. This effect could be minimized 
by the development of sensor systems, capable of independently detecting yaw errors 
in order to provide appropriate attitude control corrections. In no case, however, 
can the beam pointing accuracy of a multibeam antenna with transoceanic coverage 
attain the same levels as single-beam antennas with national or regional coverage.
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20GHz band sub-reflector A n tan n a  pointing 
m echanism

3 .5 m 0  main r e f le c to r  
(20GHz. 2 .6 /2 .5GHz band)

F re q u e n c y  s e le c tiv e  s u r fa c e

20GHz band  c lu s te r  ty p e  horn

30GHz band  c lu s te r  ty p e  h o rn '

Figure 4 - Configuration of the antenna svstem

RF sensor ¥ :  Pitch (E-W) 
¥ :  Yaw

Figure 5 - Antenna pointing control svstem
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Antenna-beam pointing errors produce both a loss in orbit utilization 
and a loss in antenna gain. These effects result from the larger beamwidth 
required to cover a determined area in the presence of a given pointing error.
For instance, if a 1 circular coverage is required for a given area, the presence 
of a 0 . 2 pointing error requires that a l.U circular beam be used in order 
to guarantee the 1 coverage. For this example, the effective loss in antenna 
gain is 20 log (1.4/1.0) - 2.9 dB . The effective loss in spacecraft antenna 
gain affects the achievable spacecraft receive G/T as well as the achievable space­
craft down-link e.i.r.p. Lower spacecraft G/T means higher e.i.r.p. for the 
earth stations, and the loss of the spacecraft e.i.r.p. means either a larger and 
heavier spacecraft or a bigger or better earth station.

For all beams it can be observed that, for a fixed pointing error, the 
larger the coverage area, the smaller is the gain loss. For beams of circular 
cross-section, this is illustrated in Figure 6 . From the figure it can also be 
observed that even when the Radio Regulation is adhered to, gain losses of nearly 
5 dB and 3 dB may arise for antennas of 0.8 and 1.6 degree beamwidth, respectively. 
In general, for beamwidths less than about 1 , the gain loss is quite significant 
if the pointing error is not kept below about 10# of the beamwidth.

If the pointing error is kept to 10# of the beamwidth, the gain loss is 
limited to 1.6 dB.

The effects of beam pointing errors on orbit utilization efficiency based 
on the homogeneous model are illustrated with examples using minimum coverage beam 
size of 1 . 6 .

The
The exercises 
95 coverages.

The

i)

5. Orbit utilization efficiency and gain loss

examples presented here have been developed using the ORBIT II program, 
include all the ITU Region 1 and some Region 3 countries, totalling

technical parameters assumed in the exercises are as follows:

Earth station parameters

Antenna size:
Noise temperature: 
Uplink frequency: 
Downlink frequency: 
HPA output power:

Sidelobe characteristics:

5 m 
200 K 
6.775 GHz
4.5 GHz
Variable depending on size of 
coverage area 
25 dBW (minimum)
35 dBW (maximum)
32 - 25 log * (dB)
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Antenna total beamvidth: Variable (dependent on size of
coverage area)
Minimum is 0.8 or 1,6 
(total half-pover beamvidth) 

e.i.r.p.: Uo dBW
Noise temperature: 3000 K
Sidelobe decay constant*: 3*5

iii) Interference criteria

All networks satisfy the aggregate carrier-to-interference power 
ratio (C/l) of greater than 2 k dB.

Pointing errors of 0.0°, +0.1°, +0.2°, and +0.3° were used to determine 
the required width of the orbital arc for a minimum beamwidth of 1.6 . The results 
are summarized in Table I. They show the total orbital arc required to accommodate 
the 95 coverages and the percent increase in orbital arc, relative to the ideal 0 
mispointing case, as a function of the pointing error.

From the results which apply for the specific model explained above, one 
can see that the impact of a +0 . 2 pointing error on orbit utilization efficiency 
is less than 10%, while it becomes significant at +0.3 . For larger beams, this 
impact becomes significant at larger pointing errors.

As another example of what benefits might accrue in beam-to-beam 
discrimination from reducing pointing errors from 0.3° to either 0 .2° or 0 .1°, a 
set of seven "test" beams were evaluated in terms of their mutual discrimi­
nation from a reference beam.

For this analysis three different circular beamwidths were selected:
1.6°, 2.4° and 3.2°. By using a computer program the mutual off-axis angles 
between each of the test beams and the reference beam were computed as were the 
corresponding sidelobe gains*. Each of the beams was assumed to be perturbed by 
0.3°, 0 .2° and 0 .1°; the resulting relative sidelobe gains were then re-computed 
for each of these antenna pointing errors. This was done by increasing the 
selected beamwidth from its nominal value to an oversized beamwidth, by a factor 
equal to twice the ponting error. The locations of the beam boresights were 
selected in order to cover a wide range of beam separation angles, from 
approximatively 1.4° to 9.2°. Thus, the following cases were analyzed:

j_i ) Space s t a t i o n  p a r a m e te r s

The relative sidelobe gain of the satellite antennas circular beams is defined by

10 log 1

[l + (0/0o )Q J
where 0O is one-half of the half-power beamwidth and a is the sidelobe decay 
constant, set to 3.5 to approximate the antenna reference pattern depicted in 
CCIR Report 558, for the case of single-feed circular beams.
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Nominal Beamvidth 
(without pointing error)

1 . 6 °
2 . 4 °
3.2°

Practical Beamwidth 
(including pointing errors)

-  0 . 1 ° ± 0 . 2 C ± 0 . 3 C

1 . 8 °
2 . 6 °
3.4°

2 . 0 °
2 . 8 °
3.6°

2 . 2 °
3.0°
3.8°

The results of this analysis are shown in Figure 7. As expected, the 
descrimination improvements with reduced pointing erros are more pronounced with 
the smaller size coverage beams. The differential sidelobe gain from 0.3° to 
0 .2° or from 0.3° to 0 .1° also reached an asymptotic value at off-axis angles of 
approximately twice the nominal beamwidth. The maximum expected improvements in 
beam-to-beam descrimination can be summarized as follows:

Discrimination improvement

Nominal beamwidth 
(without pointing error)

1 . 6 °
2.4°
3.2°

Improved
Pointing accuracy 

± 0.3° to i 0 .2°

1.45 dB 
1.05 dB 
0.92 dB

Improved-
Pointing accuracy 

± 0.3° to i 0.1°

3.05 dB 
2.18 dB 
1.70 dB

Thus, for the smallest beam size, 1.6°, reducing pointing errors from 0.3° to
0.1° produced a net descrimination 1.6 dB better than using the somewhat less 
stringent reduced antenna pointing error tolerance (0.3° to 0.2°).

For the medium size beam, 2.4°, the differential in descriminat:.on 
improvement was only 1.13 dB, comparing 0.3° to 0.1° versus 0.3° to 0.2°, 
Finally, for the largestsize beam examined, 3.2°, the differential in 
descrimination was less than 1 dB.
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FIGURE 6 - Circular bean antenna gain loss due to pointing 
error

« = + 0.3° or 10% beaavidth

TABLE I

Orbital arc requirements (1.6° beaawidth)

Pointing error 
(Degrees)

Total arc 
(Degrees)

Relative Increase 
<%)

0 88.2
+0.1 93.9 6.5
+0.2 96.77 9.8
+0.3 109.76 23.4
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BEAM SEPARATION ANGLE (DEGREES)

FIGURE 7

Effect of higher pointing accuracy on 
satellite beam discrimination

6 . Conclusions

The results of this study clearly shov that spacecraft antenna pointing 
errors are most significant for small coverages.

For such coverages, usually a single antenna on "board a single spacecraft 
is used and utilization of the beacon tracking technique could be very beneficial. 
In such cases, it is possible to trade the additional cost of a larger spacecraft 
with the additional cost of a beacon tracking system. However, for large platforms 
carrying complex antenna assembly that generate multiple beams, such a trade-off 
is not simple. The use of complex and expensive multiple beacon trackers may be 
required. In cases of beams with broad coverage or multiple narrow beams with 
broad separation and sharing the same reflector a lower beam pointing accuracy is 
attainable with the currently available technology.

REFERENCES

1. KEIGLER, J.E., MUHLFELDER, L. /J 3 % £ / "Optimum Antenna Beam Pointing for 
Communication Satellites", AIAA 11th Communication Satellite Systems 
Conference, paper 86-0613.

2. AAGESEN, S., SCALICI, F. and SITAPAR, A. [January, 1989] INTELSAT technical
memorandum "End of life report for INTELSAT IV/IVA satellites in orbit".



708 Rep. 1136

3 DURLING, G.W. [1983] 13th International Symposium on Space Technology and
Science, Tokyo, Japan. "High power and pointing accuracy from body-spun 
spacecraft".

4. KAWAKAMI, Y., et al. [1987] "On-board Ka-Band Multibeam Antenna System with High
Pointing Accuracy for ETS-VI", GLOBECOM'87, page 952.

5. MASHBITS, L.M. [1982] - Zony obsluzhivaniya sistem sputnikovoi svyazi 
(Service areas of satellite communication systems). Radio 1 Svyaz, 
page 169.

ANNEX I

Method of satellite beam pointing control from the ground

A possibility for both attainment and maintenance of correct coverage 
areas considered by [Mashbits, 1982 - see Ref. 5 of main text] is the correction 
of satellite antenna pointing errors by adjustment of the position of the 
satellite antenna relative to the satellite by commands sent from the earth 
station of the space maintenance service. These commands are generated at the 
computing centre on the basis of signal strength measurements at several test 
points (earth stations) located toward the edge of planned coverage area.

Using ground commands the satellite antenna is repositioned a number of 
times (three angles ^1 > > ° are changed). For each (j-th) position of the
satellite antenna signal levels at the test points are measured at linear 
receiver outputs U-jj , where i is the test point number. The results of these 
measurements are transmitted to the computing centre.

At the computing centre the following problems are solved:

a) on the basis of attitude measurements the satellite coordinate 
parameters are determined for a given time;

b) using the data obtained in a) above, the known coordinates of the
test points, the known antenna radiation pattern and data of 
measurements obtained at the test points (relative values 
Ui2/Uil,Un/Un, ... are used) the satellite orientation angles 
are determined (rj>r, i>̂ , xj)y) ;

c) using the data obtained in a) and b) the coordinates of the 
coverage area and the destabilization loss t)cj = Uo^kmin are 
calculated. (WG is the planned value of the p.f.d., - Ŵ cm£n - 
minimum value of p.f.d. in the k-th test point, located in the 
most unfavourable position.) If rexceeds the given nominal 
value then optimum values of satellite antenna orientation angles 
are determined which would ensure minimum value of t|(j;

d) in order to visualize and document the situation, the service 
polygon and satellite antenna coverage areas (planned and actual 
areas before and after correction) are represented on a map of 
specified format by means of a graphic plotter.

The mathematical model (set of computer software) has been developed to 
solve the task described above, a consolidated flowchart of it is given in 
Figure 8.
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SECTION 4 E tFREQUENCY SHARING BETWEEN NETWORKS OF THE 
FIXED-SATELLITE SERVICE AND THOSE OF OTHER 
SPACE RADIOCOMMUNICATION SYSTEMS

REPORT 560-2

SHARING CRITERIA FOR THE PROTECTION OF SPACE STATIO NS  
IN THE FIXED-SATELLITE SERVICE RECEIVING  

IN THE BAND 14 TO 14.4 GHz

(Study Programme 2L/4)

(1974-1978-1982)

1. Introduction

Study Programme 2L/4*requires the study of the criteria for frequency sharing between the fixed-satellite
service (Earth-to-space) and the radionavigation and radionavigation-satellite services at frequencies of the order 
of 14 GHz. This Report deals with those aspects concerning interference to geostationary space stations of the 
fixed-satellite service and derives provisional values for the limits to provide sufficient protection.

2. Protection o f space station receivers in the fixed-satellite service against interference from radionavigation
transmitters in the band 14 to 14.3 GHz

Since pulse-code modulation transmissions are likely to predominate in satellite systems working in the 
region of 14 GHz it would be appropriate to relate interference power to a bandwidth of 1 MHz. In accordance 
with previous studies of similar sharing problems, an interference power level not greater than 1/10 of the thermal 
noise at the satellite receiver input, is taken to be the objective.

A wide range of satellite antenna beamwidths, corresponding to various coverage requirements, is likely to 
be used in satellite systems in these bands. However, if the average geographical density of distribution of the 
interfering terrestrial stations, is the same for different coverage areas, it can be shown that the aggregate 
interference power at the satellite receiver input, is independent of the beamwidth of the satellite receiving 
antenna. The number of in-beam interfering transmitters will, in practice, vary with the size and location of the 
coverage area, and it is necessary to assume a typical beamwidth for the satellite antenna and make a suitable 
allowance for multiple interference entries.

In the following calculation a beamwidth of 1° has been assumed for the satellite antenna as a typical 
example.

TABLE I — Calculation of permissible power flux-density of interference at the satellite

Satellite receiver noise temperature 1500 K
Noise power in any 1 MHz band at receiver input -  137 dBW
Permissible interference power at receiver input in any 1 MHz band -147 dBW
Satellite receiver antenna average gain relative to isotropic, for 1 ° beamwidth 43 dB
Effective aperture (S) of the antenna relative to 1 m2 0.5
10 log 5 - 3
Permissible power flux-density of total interference at the satellite in any 1 MHz band -  144 dB(W/m2)
Allowance for multiple entries in any 1 MHz bandwidth -  6 dB
Permissible power flux-density at the satellite from any single interfering transmitter in any 1 MHz 
bandwidth -  150 dB(W/m2)

* S t u d y  P r o g r a m m e  2 L / 4  w a s  d e l e t e d  a t  t h e  e n d  o f  t h e  s t u d y  p e r i o d  1 9 8 2 - 1 9 8 6 .
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In estimating the allowance to be made for multiple in-beam entries it is necessary to assume a model 
representing the future use of the band 14 to 14.3 GHz by the radionavigation service. Different types of radar 
transmitters are expected to use the band, including low-power FM or CW radars for distance and speed 
measurements. For these applications solid-state devices would be used with small antennas randomly oriented 
and having a beamwidth of a few degrees, and their use could become extensive. For other applications AM pulse 
radars with rotating beams might be used. As a guide in assessing the overall number of simultaneous in-beam 
interference entries into a geostationary satellite, a simple model has been assumed, in which the average density 
of low-power FM radar transmitters is taken as one per 100 km:, and the beamwidths as 6° randomly oriented in 
the horizontal plane. With these assumptions it is shown in Annex I that, in a 1 MHz bandwidth, a single satellite 
would, on average, be within the antenna beam of four such transmitters. This model is of course, highly 
simplified but is thought to justify provisionally an overall allowance of 6 dB, for multiple in-beam entries, 
bearing in mind that there will also be a large number of off-beam interference entries at lower level.

It is thus concluded that, to provide adequate protection to the fixed-satellite service, when the number of 
simultaneous interference entries is small, the peak value of power flux-density set up at any point on the 
geostationary-satellite orbit by any radionavigation transmitter in the band 14 to 14.3 GHz should not exceed 
— 150 dB(W /m2) in any 1 MHz band.

3. Expression of power flux-density as a function of transmitter density

Although the limit derived in § 2 assumes only 4 simultaneous in-beam entries per MHz, it allows a 
reasonably high geographical density of simultaneously active transmitters when account is taken of the random 
distribution of their frequencies and antenna directions. However for some radionavigation applications it is 
possible that low-power devices may be used with much greater densities and in such cases the limiting power 
flux-density per transmitter would need to be reduced accordingly.

Assuming as before, that the radionavigation antennas are randomly oriented in the horizontal plane, the 
number of simultaneous in-beam interference entries in a 1 MHz band, received by a satellite antenna which is 
illuminating the earth at a low angle of elevation is given by:

where D is the average density per km: of the radionavigation transmitters simultaneously active within the 
1 MHz band, A is the area of the Earth’s surface covered by the satellite receiving antenna (in krrr) and 0 is a 
representative average value for the beamwidth in degrees of the radionavigation transmitting antennas.

Assuming as in § 2 and in Annex I, that the average value for 0 is taken as 6°, and the coverage area A is
1.2 x 106 knrf, then

n = D x 2 x 104

Thus, when n is greater than 4, the maximum value of peak power flux-density which any transmitter may 
produce at the geostationary-satellite orbit would be given by:

— 150 — 10 log n /A  dB(W /m :) in any 1 MHz band

— 187 — 10 log D dB(W /m :) in any 1 MHz band.

Annex II gives an example calculation for a particular type of radar using this frequency band.

4. Protection of space station receivers of the fixed-satellite service against interference from satellites in the
radionavigation satellite service in the band 14.3 to 14.4 GHz

It is assumed that satellites in the radionavigation satellite service employed in this band will be 
geostationary satellites providing the radio sextant type of system (see Recommendation 361-2 (Kyoto, 1978)). The 
permissible interference power at the fixed satellite receiver input will remain at —147 dBW in any 1 MHz band 
as shown in Table I. and to allow for four multiple entries a factor of 6 dB is appropriate. However, a different 
approach is required in applying this to the radionavigation satellite service, since it is necessary to envisage 
coordination between these space services rather than a power flux-density limit. The criterion to be used in this 
procedure should therefore be that the interference power produced at the fixed satellite receiver input by any 
radionavigation satellite should not exceed -  153 dBVV in any 1 MHz band.
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ANNEX I

ESTIMATE OF N U M B E R  OF SIMULTANEOUS INTERFERENCE 
ENTRIES FROM RADIONAVIGATION TRANSMITTERS

As a guide to estimating the allowance to be made for simultaneous interference entries from radionaviga­
tion transmitters, a simple model is assumed in which low-power FM radar transmitters operating on the same 
nominal frequency channel, are assumed to be distributed throughout the coverage area of the satellite antenna 
beam. The radar antennas are randomly oriented in the horizontal plane. A derivation of the average number of 
simultaneous in-beam entries is as follows:

Radar antenna beamwidth 6°
Transmitter bandwidth 50 MHz
Average geographical density of transmitters within satellite coverage 
area 1 per 100 km2
Approximate area covered by satellite antenna having 1° beamwidth 1.2 x 106 km2 
Number of transmitters within the coverage area 12 x 103
Number of radar antennas directed within ± 3 °  of a geostationary
satellite 12 x 103 x (6/360) =  200
Average number of radars within a 1 MHz band simultaneously
pointing at a satellite 200 x (1/50) =  4

ANNEX II

ESTIMATE OF THE P O W E R  FLUX-DENSITY SET UP BY 
EQUIPMENT K N O W N  AS “WHISTLER RADARS"

The Whistler radar is a portable device with a range of up to 3.7 km. Its main characteristics are the 
following:

Operating frequency band 14.0 to 14.03 GHz
Maximum antenna gain 25 dB
Beamwidths — Elevation 10°

Azimuth 3°
Power at antenna input — 13 dBW
Modulating waveform 10 Hz triangular
FM deviation ±  7.5 MHz
Minimum detectable signal — 150 dBW in a bandwidth

of 150 Hz.
It is readily seen that the maximum e.i.r.p. of the device is 12 dBW and the resulting power flux-density at 

the geostationary orbit thus about —151 dB(W/m2) in 15 MHz, or about 10 dB less than stipulated in § 2 for the 
single entry: assuming main beam-to-main beam transmission (low elevation angle of the interfered-with space 
station).

REPORT 872

SHARING CRITERIA BETWEEN INTER-SATELLITE LINKS CONNECTING  
GEOSTATIONARY SATELLITES IN THE FIXED-SATELLITE SERVICE AND THE  

RADIONAVIGATION SERVICE AT 33 GHz

(Study Programme 31 A /4 )
(1982)

I. Introduction

Report 451 considers the technical characteristics of inter-satellite links of the fixed-satellite service, and
indicates that in the near term there may be a need for a limited form of inter-satellite link having a relatively
short inter-satellite spacing and operating between about 15 and 33 GHz.

At the WARC-79 a band in this range was allocated to the inter-satellite service (32 to 33 GHz), shared
with the radionavigation service.
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The feasibility of sharing between inter-satellite links of geostationary satellites in the fixed service and the 
radionavigation service is considered in this Report.

2. Characteristics of inter-satellite links in the frequency range 32 to 33 GHz

The probable characteristics of inter-satellite links operating in the frequency range 32 to 33 GHz are 
outlined in Report 451, where it is assumed that the links would probably be few in number, would be used for 
relatively short inter-satellite distances to minimize transit-time delay, and, if required soon, would rely as much as 
possible on existing spacecraft technology. Parameters which might represent typical links are presented in 
Table I. The links considered in this Report are assumed to connect satellites at varying orbital separations, to 
employ tracking antennas of 2 m diameter and to operate at a carrier-to-noise ratio of 25 dB such that the 
inter-satellite link contributes a relatively small part of the allowable channel noise.

From the figures derived, it is possible to assess the levels of interference caused to, and received from, the 
radionavigation services.

It is recognized that the link considered in Table I is only one possible design of an inter-satellite link, and 
other designs involving techniques such as FM remodulation have also been postulated. Howevep, such links 
would 'be characterized by a lower transmitter power density and probably a lower susceptibility to interference, 
so it is considered that the characteristics given represent a sufficiently conservative case.

3. Characteristics of the radionavigation service at 32 to 33 GHz

It is not possible to predict, with precision, the technical characteristics that will be adopted for systems in 
the radionavigation service. However, certain assumptions have had to be made and they are detailed in Table I. 
Two antenna gains have been postulated, one for ground and one for airborne installations. Also there is a 
possible interference source due to pulsed radionavigation service sources, but only continuous sources have been 
considered because these cause the worst interference.

4. Interference from inter-satellite links to the radionavigation service

The interference from ah inter-satellite link is considered in terms of power flux-density at the Earth’s
surface.

There are two factors contributing to this pfd, firstly the power per MHz into the inter-satellite service link
antenna ( PT) which is proportional to the inter-satellite link distance, and secondly the off boresight gain (G(0))
(see Report 558) towards1 the Earth of the transmitting antenna. Both of these are dependent upon the separation 
angle <p (see Fig. 1) and it can be shown that the pfd on the surface (pfdISL) is approximately equal to: .

Pfd/sL ~  (<P) +  G(0) — (spreading loss) 164 dB(W/(m2 • MHz))

= required carrier power ( —113 +  1 dB(W/MHz))

— total antennas gain (108 dBi) + path loss 

+ antenna gain in the direction of the Earth — spreading loss 

andvwith respect to the separation angle this becomes:

220 -I- 20 log
'87t 4.22 x 107 sin (<p/2)'

-I- 54 — 25 log
163 — cp 

0.32
-  164

andrresults in the e xpression:

8k 4.22 x 107 sin (cp/2)
Pfd i 10 log

X
,'163 -  cp\

25 ! ~ 032~̂  ~~ 330 dB (W/(m2 • MHz))

Figure 2 shows the pfd estimate from the characteristics assumed and over separation angles from 40° to 
160°. Note that the term used above for off-beam antenna gain reduces to —10 dB for a satellite separation 
angle cp of 46.6°. This results in the flattening and discontinuity shown in Fig. 2.

5. Interference from the radionavigation sen ice to inter-satellite links

Interference from the radionavigation service will depend mainly on the receiving antenna gain of the
inter-satellite link in the direction of the Earth (G(0)), and the e.i.r.p. from the radionavigation service.
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FIGURE 1 —  Inter-satellite link
S1: Satellite 1
S2: Satellite 2
cp: separation angle
0: off boresight gain angle
0,: tangential angle (constant)
E: Earth

Assuming that the total interference power must be limited to one tenth of the receiver system noise, then 
a carrier to overall interference ratio of 35 dB would be appropriate (compared with 25 dB carrier-to-noise ratio).

Thus for these conditions the maximum e.i.r.p. (e.i.r.p. max) from the radionavigation service can be 
estimated for different separation angles, thus:

e.i.r.p.RfJ max =  path loss — max. permitted interference — G(0)
«  215 -  148 -  G(0)

% 13 + 25 log ( l63 ~  dB (W/MHz)
V 0.32 J

Figure 2 shows the maximum e.i.r.p. for separation angles from 40° to 160°.

6. Results

From the curves in Fig. 2 it can be seen that a given pfd limitation to protect the radionavigation service
places a maximum value on the permissible separation angle of the inter-satellite link. Conversely the maximum 
link separation angle to which the inter-satellite links may be limited determine the maximum permissible e.i.r.p. 
limitation on the radionavigation service.

6.1 Inter-satellite link to the radionavigation service
Taking an antenna gain value of 50 dB and a noise power figure of —139 dB (W/MHz) for the 

radionavigation service, this would give a limit of —155 dB(W/m: • MHz)) on the inter-satellite link, leading to 
an angular separation limit of 140°.

6.2 Radionavigation service to inter-satellite link
From § 6.1 above a maximum separation angle of 140° would give an aggregate e.i.r.p. limitation of about 

60 dBW.

7. Conclusion

It is concluded that there will be no interference problems for either service for short links (separation 
angle up to 90°). For long links the satellite link is more capable of causing or receiving interference, and based 
on the assumed characteristics of Table 1 it appears that it may be necessary to limit separation angles to 
about 140°. A lower limit on separation angles will be required tor multiple interleaved links, the characteristics of 
which should be the subject of further studies.
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Separation angle ((p)

FIGURE 2 — Criteria for the case of interference between an inter-satellite link and the radio­
navigation service

Curves A: radionavigation service to inter-satellite link (e.i.r.p. RNmax)
B: inter-satellite link to radionavigation service (pfd lSL)

TABLE I — Assumed characteristics of inter-satellite link (ISL) 
and radionavigation service (RN)

ISL RN

Receiver system noise temperature T(K)

10 log T 31 30

Receive, transmit antenna diameter (m) 2 -

Receive, transmit antenna gain (dBi) 54 50

35 (')

Receiver noise power per MHz, (dB(W/MHz)) 
(referred to antenna port)

-  138 -  139

Carrier to noise ratio (dB) 25 -

Required carrier at receiver (dB(W/MHz)) -  113 -

Maximum permissible interference level, below noise (dB) -  10 -1 0

Maximum permissible unwanted signal level (dB(W/MHz)) -  148 -  149

Combined tracking loss (dB) 1 -

Path loss (Earth to space, geostationary orbit) (dB) 215 -

Half power beamwidth (ISL) (degrees) 0.32 -
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REPORT 561-4

FEEDER LINKS TO SPACE STATIONS 
IN THE BROADCASTING-SATELLITE SERVICE *

(Study Programme 30A/4)
(1974-1978-1982-1986-1990)

1. I n t ro d u c t io n

Frequency bands allocated to the broadcasting-satellite service are, by definition, in the space-to-Earth 
direction. Feeder links to broadcasting satellites, operating in any frequency band must, under the current 
provisions of the Radio Regulations, use the Earth-to-space allocations of the fixed-satellite service. For the 
purpose of this Report, the term “fixed-satellite service” is as defined in the Radio Regulations, but excludes 
feeder links to broadcasting satellites.

The WARC-79 allocated a number of Earth-to-space bands for the specific use by feeder links for the 
broadcasting-satellite service. These specific Earth-to-space bands are 10.7 to 11.7 GHz (Region 1), 14.5 to 
14.8 GHz (all Regions except Europe less Malta) and 17.3 to 18.1 GHz (all Regions). Except for the band 17.3 to
17.7 GHz, these bands are shared with other services.

Since, however, the up-link requirements of the broadcasting-satellite service, particularly around 12 GHz, 
are expected to be fairly substantial and feeder links for broadcasting satellites may be drawn from any 
fixed-satellite Earth-to-space allocation (though subject to coordination in bands not exclusively designated for 
feeder links), and since the higher frequency bands for that purpose may be unattractive to some administrations, 
the problem of using Earth-to-space allocations by both the fixed-satellite and the broadcasting-satellite services 
remains a matter of concern.

The simultaneous use of the 14 to 14.5 GHz band by broadcasting-satellite systems and around 12 GHz by 
the fixed-satellite service having different space-to-Earth allocations will be a problem in congested parts of the 
orbit. In addition to individual and community type broadcasting-satellite services in the 12 GHz band, it is 
envisioned that interactive services (voice, data, and video) may be provided through the use of earth stations with 
small aperture antennas. This may place additional requirements and constraints on both services.

This Report evaluates the impact of sharing, associated with using fixed-satellite allocations for feeder 
links to broadcasting satellites and examines alternative techniques and approaches to providing the necessary 
feeder links to the broadcasting-satellite service and flexibility in the fixed-satellite service, having regard to the 
Plans developed by the World Administrative Radio Conference for the Planning of the Broadcasting-Satellite 
Service, Geneva, 1977 (Regions 1 and 3) (WARC-BS-77) and the related subsequent Regional Administrative 
Radio Conference for the Planning of the Broadcasting-Satellite Service in Region 2 (RARC SAT-R2), 
Geneva, 1983.

In addition, Report 1006 examines the protection of feeder links to broadcasting satellites from fixed- 
service emissions.

2. Technical and operational characteristics required for feeder links to broadcasting satellites

2.1 G eneral

This section presents some of the preferred characteristics of feeder links in the fixed-satellite service from 
the point of view of broadcasting satellites.

* This Report needs to be reviewed to take into account the results of 
WARC ORB-88.
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The requirements placed on these feeder links will vary from band to band. There are, however, certain
requirements in satellite design which tend to limit the proximity of the feeder link and the down-link frequencies.
A balance must be chosen between the two frequencies so that they are neither too close nor too far apart; too 
small a frequency separation makes good filtering difficult to achieve, while too large a separation causes design 
problems.

Generally it is thought that the feeder link contribution to the overall performance degradation of a 
broadcasting-satellite link should be minimal. The apportionment of the total noise budget between the feeder link 
and down link will generally be different for each, band pair.

Flexibility in locating the feeder link earth station anywhere within the down-link service area will 
generally be desirable. In some cases, there may also be a requirement to provide fixed or transportable feeder 
links from any pr int within or outside the down-link service area, especially in the case of large countries with 
several service are is from the same orbital location or regional broadcasting-satellite services.

Such flexibility has an impact on the reuse of the feeder link frequencies, and there are several approaches
which could be used to reduce the amount of spectrum required.

If the feeder link power flux-densities at the geostationary orbit were of a uniform level, the sharing 
situation would oe eased. Such uniform feeder link power flux-densities would result from the use of a
standardized maximum gain satellite receiving antenna.

If the satellite receiving antenna could be of the highest directivity technically feasible, the possibility of 
re-using the feeder link frequency channels would be increased, and the bandwidth requirements minimized. To 
take advantage of this possibility, the feeder link transmitting earth station would have to be located near the 
boresight of the broadcasting satellite down-link service area, if the same satellite antenna were to be used for
both transmitting and receiving. In any case the up-link service area would be significantly smaller than that of
the down-link which may cause operational problems as noted above.

If the feeder link earth station location cannot be located near the boresight then special antenna 
techniques, or indeed separate antennas, might be required on the satellite. Either steerable receiving spot-beams 
or lower gain (wider beamwidth) antennas would be required in the case of a need to access the satellite from 
different locations in a time sequential order. If simultaneous feeder links from different locations were required 
the use of narrow-beam high-gain antennas may not be practicable.

It may be necessary, to take account of the broadcasting-satellite service functions in considering feeder
links.

Annex I contains a description of the feeder links in use for the French
TDFl direct broadcasting satellite.

2.2 B roadcasting-satellite^ sy stem s a ro u n d  12 G H z

The WARC-BS-77 established certain technical standards which affect the feeder links for Regions 1 and
3. One important requirement is that the reduction in the quality in the down link due to thermal noise in the 
feeder link is taken to be equivalent to a degradation in the down-link C / N  not exceeding 0.5 dB for 99% of the 
worst month. To limit the impairment to this value, the C / N  on the feeder link must be about 10 dB higher than 
that ̂required for the down-link C / N ,  which in this case would mean a feeder link C / N  of up to 24 dB, if the 
modulation indices were the same.

The Conference also established a value of 30 dB as the total protection ratio to which each broadcasting 
satellite transmission must be protected. Similarly, with the division of overall performance requirements, the total 
protection ratio of the feeder link of a broadcasting satellite may have to be of the order of 40 dB, with a 
single-entry protection ratio which may be as high as 45 dB. Standards for either of these two latter values have 
not yet been established. For interference caused by the adjacent channels, recent simulation experiments have 
shown that the operation of broadcasting-satellite power tubes at saturation reduces interference received from the 
adjacent channels by about 4 dB relative to that observed under reduced-drive conditions of the power tube. This 
improvement may also benefit adjacent-channel interference planning of feeder links in Regions 1 and 3.
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For Region 2, the RARC SAT-R2 concluded that an overall co-channel protection ratio of 28 dB is 
required, and that is reflected in the development of the Region 2 Plan. Also, it was decided that, for feeder links, 
a noise temperature increase of 10% at satellite receiver input should be the threshold which, if exceeded by actual 
interfering emissions, would require coordination.

Further information is to be found in Report 952, in Appendix 30 of the Radio Regulations, and in the 
Final Acts of the RARC SAT-R2 (Geneva, 1983).

3. Feeder link bandwidth requirements

3.1 D ow n-link  a llocations

The feeder link bandwidth requirement has to be viewed in the context of the overall bandwidth allocated 
to the broadcasting-satellite service. These are summarized in Table I.

TABLE 1 —  Bandwidth allocated to the broadcasting-satellite service below 40 GHz

Part of the spectrum Amount of bandwidth 
(MHz)

700 MHz 170
2.5 GHz 190
12 GHz 800 (Region 1)

400-600 (Region 2)
750 (Region 3)

22 GHz 450 (Regions 2 and 3)

3.2 R eduction  o f  bandw id th  required  fo r  fe e d e r  links to 12 G H z broadcasting  sa te llites

Substantial bandwidth has been allocated to the broadcasting-satellite service for its space-to-Earth links, 
and it is foreseen that these bands will ultimately be used extensively for television with frequency re-use obtained 
by means of high-gain satellite transmitting antennas and the use of cross-polarization techniques.. A similar 
measure of frequency re-use will, no doubt, be obtained in the feeder link direction by means of high-gain satellite 
receiving antennas, but it is doubtful whether this technique can provide a significantly greater degree of 
frequency re-use in the feeder link than in the down link, in parts of the world where broadcasting coverage areas 
are relatively small. The usage of the fixed-satellite Earth-to-space bands for broadcasting-satellite feeder links, 
could be reduced if means could be found for a further measure of frequency re-use in the feeder link. Four 
possible ways of achieving this have been identified:

3.2.1 F eeder link  fre q u e n c y  re-use using the higher directivity o f  the  tra n sm ittin g  earth -sta tion  a n tenna ,
relative to broadcast receiving a n tennas

If the space segment of satellite-broadcasting systems serving a multi-national area of continental 
extent consisted of many satellites spaced at intervals of a few degrees over the geostationary-satellite orbit, 
then the extent to which frequencies may be re-used at different positions in the orbit depends, in the case 
of Earth-to-space transmissions, on the off-beam discrimination of earth-station transmitting antennas and 
satellite receiving antennas. In,the case of space-to-Earth transmissions, it depends on the off-beam 
discrimination of satellite transmitting antennas together with that of earth-station receiving antennas at 
the broadcasting receiving terminals. Since the off-beam discrimination of earth-station transmitting 
antennas is generally expected to be considerably greater than that of the (necessarily) small broadcast 
receiving antennas, greater frequency re-use may be achievable on Earth-to-space transmissions. 
Consequently, the total bandwidth required for feeder links to broadcasting satellites could be less than 
that on the down link.
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However, the p lan adopted  by the W ARC-BS-77, as m entioned in § 2, w ould not enable any 
appreciable bandw idth reduction for the feeder links m entioned above. This is illustrated in a study o f the 
efficient use o f frequencies for the W estern Pacific and Asian area, in the 12 G H z band  [C C IR , 1974-78]. 
The results o f this study are show n in Fig. 1. In this figure inter-satellite spacing, is taken as a param eter 
in calculating the carrier-to-interference ratio ( C / / )  in the feeder links between two satellite systems. In the 
case o f cp = 0°, the value o f  C / l results in —3 dB for the worst and 49 dB for the best, in the orbital 
range 34° E to 158° E; but in m ost cases the value o f C / I  becomes less than 40 dB, which may be 
regarded as the required protection  ratio for the feeder link, so that use o f different feeder-link frequencies 
is mostly needed for the satellites sharing the same orbital positions. In the case o f cp =  6°, the value of 
C / l becomes greater than 40 dB even at the most interfered-w ith orbital positions around  74° E, when 
earth-station  antennas greater than 4.5 m diam eter are used. In the case o f cp = 12°, the C / l becomes 
g reater than 40 dB for the an tennas having a diam eter greater than 2.5 m ( D / X  > 117 at 14 G H z) even at 
the most interfered-w ith orbital positions.

The C / l  value o f 40 dB in the study was assumed as the single entry value. However, as discussed 
in § 2.2, the value o f 40 dB may perhaps be that corresponding to all entries o f interference. Thus the 
desired single entry value o f  C/ 1  might be as high as 45 dB.

3.2.2 Polarization discrimination

In certain cases it is possible that the use o f polarization discrim ination w ould allow  the frequency 
re-use in the feeder links to be increased. The aspects which should be taken into account are described in 
R eport 555. Further study is required to determ ine the overall bandw idth required to provide feeder links 
to broadcasting  satellites, in the Regions 1 and 3 Plan, taking into account the advantage to be gained 
from  frequency re-use by m eans o f polarization  discrim ination.

Bmax
B m a x

V  Bm

Diameter of earth-station 
transmit antenna, (m)

(a)

Diameter of earth-station 
transmit antenna, (m)

(b)

FIGU RE 1 —  Carrier-to-interference ratio in the feeder links for the broadcasting-satellite service in the 12 GHz band in 
the Western Pacific and Asian area, as established by the WARC-BS-77

A m a x : m ax. C / /  for cp = 0°, at 140° E

Amin: m in. C/l for cp = 0°, at 44° E

#mov, Bmm: max. and m in. C/l5 for cp = 6°, at 128° E

P ' m a x '  P ' m m -  max. and m in. C / l s for cp = 6°, at 74° E

C m a x '  C m m : max. and m in. C / l 5 for cp = 12°, at 128° E

C'max' C'mm. max. and m in. C/ls for cp = 12°, at 74° E

cp: inter-satellite  spacing, C/l: for single in terference en try

Note.—Orbital position, polarization, and satellite beam dimension are assumed to be the same as in the down link, but 
station-keeping and antenna pointing errors are not taken into account in this calculation.
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Studies suggest that, for Region 1, a translation of the WARC-BS-77 down-link plan may be 
possible for feeder links in the band 17.3 to 18.1 GHz. Under certain conditions, independent planning of 
orbit locations may be possible. Further information can be found in Report 952.

3.2.3 A ltern a tive  m o d u la tion  m e th o d s f o r  the fe e d e r  links

An initial study has been made of the technique of reducing feeder link bandwidth requirements by 
the use of narrow-band modulation with modulation conversion in the satellite [Baker and 
Bolingbroke, 1975]. Substantial reductions in feeder link bandwidth can be obtained, for example, by the 
use of low deviation frequency modulation, or multi-level PSK in conjunction with digital encoding and 
processing of the video signal. The use of low deviation frequency modulation would, however, involve 
signal processing at the satellite, and the use of digital encoding would involve demodulation, decoding 
and remodulation at the satellite.

The use of higher efficiency modulation in the feeder links may require very high up-link 
protection ratios which are difficult to adhere to in practice. On the other hand, video signals contain a 
large amount of redundant elements, and techniques have been developed which would remove some of 
this redundancy at no loss in transmission quality. These techniques are known as source coding. If source 
coding were applied to broadcasting satellites, substantial bandwidth savings would be possible with 
conventional modulation, and the feeder link protection ratio would not have to be increased. The use of 
source coding, as that of higher-density modulation methods, would require processing in the satellite.

In general the disadvantage of alternative modulation methods for the feeder links, is the 
consequent increase in satellite complexity, mass and cost, and some reduction in satellite reliability. The 
need to use such techniques may also delay the implementation of satellite broadcasting systems in some 
cases.

3.2.4 In teg ra ted  sound-vision  system s

If the sound channel is time multiplexed within the video-signal (e.g. the sync, pulse interval), then 
a saving in the overall RF bandwidth of the modulated carrier can be achieved. The extent of the 
bandwidth saved and the extent of additional cost and complexity of the broadcast receivers needs further 
study. Two such vision and sound transmission systems have been developed for use in the broadcasting- 
satellite service. One system is known as C-MAC/Packet (see Reports 1073 and 1074). The other is a 
digital sub-carrier system with a 525-line NTSC picture signal for system M  [CCIR, 1978-82a] (see 
Report 634, § 3.1.8). These systems allow transmission within the nominal 27 MHz channel bandwidth of 
the WARC-BS-77 Plan, and their immunity to interference is not less, nor the interference caused by them 
greater, than those of the composite coded signals assumed in the development of the 1977 Plan.

Television sound may be transmitted by means of one or more sub-carriers above the vision signal 
and the need for adequate sound channel performance should be taken into account in planning feeder 
links. This consideration may affect the adjacent channel protection ratio needed.

4. Use of allocations to the fixed-satellite service (Earth-to-space) as feeder links for the broadcasting-satellite 
service

4.1 Use o f  the 14.0 to 14.5 G H z b a n d

An example is used to demonstrate interference by a broadcasting-satellite service feeder link transmission 
to a satellite with Intelsat-V characteristics, and the reverse situation of interference by a fixed-satellite service 
up-link transmission to a broadcasting-satellite feeder link. The interfering signals are assumed to be co-frequency 
and co-polarized.

The following are the system assumptions made in the example for the two interfering signals:
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Regarding the broadcasting-satellite up-link transmissions 

Satellite receive antennas beamwidths:

Satellite receiving system noise temperature:

Transmit earth station diameter :

Up-link carrier/noise ratio:

RF bandwidth:

Energy dispersal:

These assumptions result in the following consequential system parameters (at 14 GHz):

TABLE II

Satellite receiving system Transmit earth station

Antenna beamwidth
Beam edge 

G /T e.i.r.p.
2 m

Power into antenna 

4 m 8 m

1° 6 dB (K -‘) 72.7 dBW 380 W 97 W 24 W
2° 0 d B (K -‘) 78.7 dBW 1500 W 380 W 97 W
4° -  6 dB(K-1) 84.7 dBW 6000 W 1500 W 380 W

Regarding the INTELSAT system, three representative transmission types will be assumed, with the 
following characteristics:

TABLE III

Type Modulation Capacity e.i.r.p. Protection ratio

A FDM-FM 24 ch. 69 dBW 29 dB (')
B FDM-FM 972 ch. 81dBW 33 dB (')
C CQPSK-TDMA 120 Mbit/s 82 dBW 30 dB (2)

(*) To produce 600 pWOp of noise power in the worst channel due to interference from an analogue FM-TV transmission.
(2) Minimum permissible for a single entry from any high power transmission contained within the occupied band of 72 MHz.

.Assuming coincident or overlapping, 14 GHz space station receive antenna coverages of both a 
broadcasting satellite and an Intelsat-V, and assuming further that the earth stations transmitting to the 
broadcasting satellite meet the CCIR reference earth-station antenna pattern; compliance with the required 
protection ratios given above would necessitate the following geocentric angular separations between the 
broadcasting satellite and an Intelsat-V:

3000 K 

2, 4, 8 m 

25 dB 

27 MHz

600 kHz peak-to-peak

1°, 2 ° ,  4°
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TABLE IV

Characteristics of the 
broadcasting-satellite system

Spacings for interfered-with satellites 
I n t e l s a t  carrier types

A B C

Satellite antenna 
receive beamwidth

Transmitting 
earth station 

antenna diameter

24 ch. 
FDM-FM

972 ch. 
FDM-FM

Q-CPSK 
120 Mbit/s

2 m 5.0° 2.4° 1.7°
1° 4 m 2.9° 1.4° <  1.0°

8 m 1.7° <  1.0° <  1.0°

2 m 8.7° 4.2° 2.9°
2° 4 m 5.0° 2.4° 1.7°

8 m 2.8° 1.4° <  1 .0 °

2 m 15.1° 7.2° 5.0°
4° 4 m 8.7° 4.2° 2.9°

8 m 5.0° 2.4° 1.7°

The advantages of decreased broadcasting-satellite receiving antenna beamwidth in reducing interference 
conditions are clearly shown; however, the reduced coverage could prevent transmission to the broadcasting 
satellite from certain areas within the boundaries of the service area, or from outside the service area.

Present INTELSAT planning provides for an appreciable number of FDM-FM carriers of only 24 
channels capacity with numerous FDM-FM carriers having capacities anywhere between 24 and 972 channels. The 
geocentric angular separations required between a broadcasting satellite and an Intelsat-V are, for such carriers, 
appreciable. They might be achievable if broadcasting satellites were spaced from each other by twice the above 
angles, but that would result in only just one fixed-service satellite location alternating with one broadcasting- 
satellite location. Where a ratio of n fixed-service satellites to one broadcasting satellite would be desirable, the 
broadcasting-satellite spacing would have to be further increased by n — 1 times the spacing required between the 
fixed-service satellites.

One could, with the INTELSAT system, take advantage of the fact that it provides currently only limited 
up link (14 GHz) coverage and use for broadcasting-satellite feeder links, satellite receive beams of less than 1° 
beamwidth, and transmit earth stations of greater than 8 m antenna diameter to alleviate the problem; but this 
could be a severe constraint on the broadcasting-satellite service and may not be acceptable. Alternatively, one 
might align carrier frequencies between broadcasting-satellite feeder links and Intelsat-V carriers; or attempt to 
realize some up-link polarization discrimination.

In the other direction, interference from fixed-satellite service earth stations into broadcasting satellites is 
far from negligible. With the parameters for the INTELSAT 972-channel carrier and an assumed required single 
entry protection ratio of 45 dB in the broadcasting-satellite service feeder links, the following geocentric satellite 
separations would be required at 14 GHz:

TABLE V

Broadcasting-satellite 
received beamwidth

Satellite spacings for different INTELSAT transmit 
earth-station diameters

8 metres 12 metres 16 metres

1° 11.6° 8.8° 6.8°
2° 6.7° 5.0° 4.0°
4° 3.8° 3.0° 2.3°
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The system parameters given in this Section for the fixed-satellite service are those of INTELSAT-V. Other 
systems in the fixed-satellite service, particularly those intended for domestic and regional service, may require 
greater spacings than those indicated in the Tables.

In this case, increase in sensitivity of the broadcasting-satellite receiver correspondingly increases its 
sensitivity to interference from transmissions of earth stations in the fixed-satellite service, and may result in 
increased satellite spacing requirements.

It may be concluded that interference problems could arise between up links of fixed-satellite service 
systems and feeder links to broadcasting satellites when they use a common frequency band. However, specific 
solutions to these problems may be available through frequency coordination and the use of appropriate 
technology. See also Report 952 which deals with problems encountered on system examples for the fixed-satellite 
service which are more sensitive than the system considered here. It is concluded that individual cases of sharing 
between networks in the fixed-satellite service and broadcasting-satellite feeder links require detailed examination, 
taking into account the projected design and operating parameters. Two additional examples are given of studies 
for Regions 1 and 3.

4.1.1 Example I

An analysis carried out by Japan calculated the interference for particular cases in the band 14.0 to
14.5 GHz between up links to fixed satellites serving Region 3 having the characteristics shown in 
Report 561 for Intelsat-V and feeder links to broadcasting satellites in Region 3 operating according to the 
12 GHz Geneva Plan shows the following results [CCIR, 1978-82a]:

— For the technical parameters used in the study, the worst value of the carrier-to-interference ratio 
( C / I )  on broadcasting-satellite feeder links interfered with by up links to INTELSAT-V in the Indian 
Ocean Region would be greater than the assumed protection ratio of 45 dB. The worst value of the 
C/ 1  of up links to INTELSAT-V interfered with by feeder links to the broadcasting satellite would be 
greater than 31 dB required for interference noise power of 400 pWOp (changed to 600 pWOp by 
Recommendation 466 in a 24-channel FDM-FM system.

— As for the interference situation between the assumed international fixed satellite positioned at 65° E 
and the broadcasting satellites, 15 m earth-station antennas of the fixed-satellite system would cause 
interference to the broadcasting satellites in the orbital range from 62° E to 74° E. Therefore, the 
required orbital separation for protecting the broadcasting-satellite feeder links may be about 10°. On 
the other hand, interference from broadcasting-satellite earth stations to space stations in the 
fixed-satellite service would arise only from the feeder link earth stations to those broadcasting 
satellites nearest to the fixed satellite within 3° separation.

— As for the interference situation between the broadcasting satellites and the assumed domestic or 
sub-regional FSS satellites, located within the broadcasting-satellite positions, the interference to the 
broadcasting satellites would be dominant. As a result, use of 4.5 m earth-transmitting antennas in the 
fixed-satellite system would cause interference to the broadcasting satellites which are located within 
about 30° from the fixed satellites, with protection ratios of less than 45 dB.

If different transmission characteristics and orbital locations were assumed for Intelsat-V, some of 
which may soon be employed (SCPC, 12-channel carriers, 66° E longitude position etc.), they might lead 
to different conclusions concerning the required orbital separation between fixed and broadcasting 
satellites using the 14.0 to 14.5 GHz band in the Earth-to-space direction. Further study is necessary to 
take into account the range of system parameters that might be used.

4.1.2 Example 2

The study conducted by the French Administration [CCIR, 1978-82b] in this example assumed the 
fixed-satellite orbital position located between two broadcasting satellites spaced 6° apart, and an FSS 
service area partially overlapping one of the BSS service areas. For this study and a particular set of 
assumptions, it was concluded that even in the case of FSS networks using high-capacity FDM-FM 
carriers, adequate protection from interference to the FSS from the BSS feeder link cannot be assured
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unless the FSS satellite is placed near to those positions for which interference is minimum. The choice of 
these positions may entail severe constraints incompatible with the requirements of the FSS (such as the 
service arc). Furthermore, the use of a band shared between broadcasting-satellite feeder links and the up 
links of the fixed-satellite service over an entire Region would presuppose that sharing is feasible at least 
for certain orbital positions, irrespective of the possible characteristics of the systems; however, it has been 
seen that in the case of SCPC or low-capacity channels in the FSS, it is impossible to find a position that 
suits the purpose.

4.2 Use o f higher than 14.0 to 14.5 GHz frequency bands

Two frequency bands have been allocated to feeder links to BSS at 14.5 to 14.8 GHz and 17.3 to
18.1 GHz. In areas of Region 3 where high rainfall rates occur, the use of the upper band may not be desirable 
due to adverse propagation effects. The 14.5 to 14.8 GHz band, on the other hand, may have insufficient capacity 
to meet the feeder link requirements.

The e.i.r.p. requirements of feeder-link earth stations in Regions 1 and 3 in the neighbourhood of 18 GHz 
are estimated to lie between 78 and 85 dBW depending on the system characteristics. The high value would be 
achievable with an 8 m equivalent diameter high-efficiency antenna and about 250 W of transmitter power 
available at the antenna input terminals (see also § 5.1 of Report 952).

In establishing feeder-link power requirements for the Regions 1 and 3 feeder-link plan, attention may 
have to be given to noise introduced by AM-PM conversion in current high-power tubes (see also § 3.3 of 
Report 952).

5. Use of allocations to the fixed-satellite service (space-to-Earth) for feeder links serving the broadcasting-
satellite service

If it were decided to use the reverse-direction approach as provided for in the band 10.7 to 11.7 GHz in 
Region 1, i.e., broadcasting feeder link assignments to be made in a space-to-Earth band allocated to the 
fixed-satellite service, the following interference modes would ensue:

(a) interference from fixed-satellite service space stations into space stations of the broadcasting-satellite service, 
and

(b) interference from earth stations transmitting to broadcasting satellites into earth stations receiving from 
fixed-service satellites.

For interference condition (a) above, one may assume the previously introduced parameters for a 
broadcasting-satellite feeder link which led to a wanted carrier power at the broadcasting-satellite receiver of about 
— 95 dBW. Assuming that a single-entry feeder link protection ratio of 45 dB would be required, the interference 
power at the broadcasting-satellite receiver input must not exceed a level o f  — 140 dBW. The net attenuation 
between the output of an interfering fixed-satellite space station transmitter and the broadcasting-satellite receiver, 
is the free space loss A between the two space stations, less the sum of the antenna gains SG (transmit antenna 
gain of the fixed satellite; receive antenna gain of the broadcasting satellite) of the two kinds of space stations in 
the direction of each other, i.e., their respective antenna gains at an angle of  not less than about 70° off their 
respective main beam directions. The following inequality applied:

PFS + IG(70°) -  y*(<p) < -  140 dBW (1)

which, with

A =  90 +  20 log / N1Hz +  20 log <p° dB (2)

and the assumption of /  =  11 000 MHz yields an equation for the minimum value of the satellite separation angle
cp with the two variables Pfs (available carrier power at the transmit antenna terminal of the fixed satellite) and
I G, as follows:

+ 1 G  -  31 
20log <p -    (3)
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Table VI below shows the relationship between tp (in degrees), PFS (in dBW) and I G (in dB).

TABLE VI

PfS(  dBW)
XG(dB)

0 10 20

0 0.03° 0.09° 0.3°
5 0.05° 0.16° 0.5°

10 0.09° 0.3° 0.9°
15 0.16° 0.5° 1.6°
20 0.3° 0.9° 2.8° -

It can be seen that even with 100 W (20 dBW) of available fixed-satellite carrier power and 20 dB of total 
joint antenna gain an inter-satellite spacing of less than 3° would be required.

As an example, Intelsat-V has an available carrier power of 10 W (10 dBW), and it should readily be 
possible to maintain the joint antenna gain between two space stations to less than about 10 dB, so that 
inter-satellite spacings of about 3/10 of a degree would be feasible. This corresponds to a linear distance of about 
230 km. Since differences in orbit altitude between two space stations may from time to time be appreciable 
(perhaps up to 75 km), one would in practice have to maintain a sufficiently large spacing so as not to produce 
unfavourable relative geometries between the spacecraft, which, for certain periods of time, might place one of the 
space stations into a somewhat higher gain region on the other’s antenna pattern; however, a minimum spacing of 
about 0.3° appears to be safe.

As regards potential interference from earth stations transmitting to broadcasting satellites into fixed-satel­
lite service receiving earth stations, it is obvious that the two types of earth stations could not be co-located. In 
general one may wish to choose their relative locations in such a way that main beam intersection and intersection 
oDvthe first side lobes in the troposphere will be avoided and hold each station’s horizon antenna gain to the 
direction of the other station at levels 10 dB below isotropic. This will put some restrictions on the possible 
locations of the earth stations; it would be easy in countries at low latitudes and only moderately restrictive in 
high-latitude countries.

Considering again the three carrier types used previously for the INTELSAT-V system and stipulating that, 
for 0.01% of the time the applicable protection ratios could be reduced by 10 dB, one obtains, with the further 
assumptions of a 150 K INTELSAT earth station receiving system noise temperature and a nominal required 
down-link carrier/thermal noise ratio of 19 dB for FDM-FM carriers, and of 25 dB for TDMA, the following 
values for required basic transmission loss (in dB) between the two sites, exceeded for all but 0.01% of the time, 
forwarious broadcasting-satellite feeder link earth station transmitter powers:

TABLE VII

INTELSAT 
carrier type

Feeder link earth-station transmitter power

22 W 90 W 350 W 1400 W 5600 W

24 ch. FDM-FM 140 dB 146 dB 1 52 dB 1 58 dB 164 dB
972 ch. FDM-FM 131 d» 137 dB 143 dB 149 dB 1 55 dB
120 Mbit/s CQPSK 1 !9dB 125 dB 131 dB 1 37 dB 143 dB



Rep. 561-4 7 2 7

It can be shown that nearly all these values for the required attenuation (0.01% of the time) would result in 
site separation distances of less than 100 km, in some cases much less. If, in addition, site shielding were available 
to provide additional isolation between the sites, even shorter separation distances would be necessary.

Further study is required on the potential effects on radio-relay systems of proposals for both up links and 
down links of space systems operating in bands shared with terrestrial services. In addition, it must- be studied as 
to whether this mode of utilization produces operational constraints on feeder links to broadcasting satellites.

6. Conclusions

This Report has shown that the accommodation of part of the feeder link requirements of the 
broadcasting-satellite service in one of the existing Earth-to-space allocations of the FSS not exclusively designated 
for feeder links may result in severe mutual constraints of the two services upon each other since:

— the feeder link requirements for the Plans have to match those of the down link, the number of required 
feeder link channels is of the same order of magnitude as that for down links, but may be greater, and orbital 
positions are not subject to choice;

— protection ratio requirements in feeder links to broadcasting satellites may be high, and inter-satellite spacing 
may have to be appreciable;

— certain orbit locations and /o r  certain radio-frequency channels may be unavailable to either of these two 
services;

— inter-network coordination procedures in force in those Earth-to-space allocations to the fixed-satellite service 
which are not specifically earmarked for broadcasting-satellite feeder links may not be compatible with the 
Plan provisions and implementation options.

As a consequence it appears necessary to give consideration to technical solutions which would alleviate or 
avoid the problems; with due regard to current or near future limitations upon implementing such solutions which 
would include the consideration of techniques suitable to minimize the total feeder link bandwidth requirements.

Among the bandwidth minimization techniques, the following have been identified:

— spectrum compression through the use of high density transmission modes in the feeder link (low-index
modulation and /o r  source coding). These techniques require signal processing in the satellite and will have an 
impact on spacecraft complexity, and system reliability and cost;

— increased spectrum re-use through the careful use of improved isolation techniques, such as polarization
isolation and /o r  earth and space station antenna gain and side-lobe control. The cost impact is believed to be
moderate when only one or a very few antenna systems would be involved.

Among the strategies and techniques of reducing the impact on Earth-to-space allocations to the 
fixed-satellite service, one worthy of continued consideration is that of sharing with the fixed-satellite service in 
frequency bands allocated to the latter in the space-to-Earth direction. However, where such bands are also 
allocated to terrestrial services, a relatively large number of interference interfaces would exist. Further study is 
required for the development of appropriate sharing criteria.

It would ease the impact of the fixed-satellite service if broadcasting-satellite feeder links made maximum
use of the bands allocated for this specific purpose as shown in the Introduction to this Report.
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ANNEX I

FEEDER LINKS TO THE FRENCH TDF1 DIRECT BROADCASTING SATELLITE

1. Introduction

The French TDF1 direct broadcasting satellite launched on 
25 October 1988 has been fully operational since 15 December 1988 at orbital 
position 19° W. The purpose of this contribution is to provide.a brief 
description of the technical characteristics of the feeder links to the 
satellite.

2. Technical characteristics of the feeder links
The one feeder link with five programme channels necessary to feed 

programmes to the TDF1 satellite is set up from a station specially constructed 
by TDF at Bercenay-en-Othe. This station has been dimensioned so as to comply 
with the decisions of WARC ORB-88.

The links are set up in the 17.3 - 17.7 GHz band with the e.i.r.p. of 
84 dBW adopted for France by* WARC ORB-88.

In order to achieve this high value, each channel is equipped with a 
klystron capable of supplying a maximum power of 1200 W, the nominal operating 
power being around 600 W.

The microwave multiplexer and antenna waveguide unit introduces an 
attenuation of some 5 dB per channel. The high efficiency of the 8 m diameter 
transmitting antenna secures a gain of more than 61 dBi, thereby achieving the 
wanted 84 dBW.

In order to ensure the necessary availability for a direct broadcasting
service, all the equipments in each transmission chain are duplicated by a
back-up.

3. Imoact of the up link on quality

In a direct broadcasting system, any gain in quality on the up-link 
will improve quality at a multitude of receiving sites. The dimensioning of the 
feeder-link station and the figure of merit of the satellite reception system 
are designed so as to ensure that the feeder link's contribution to impairment 
of the down-link carrier-to-noise ratio is less than 0.5 dB, even when 
atmospheric conditions are unfavourable at the feeder-link station site.

Maximum benefit can thereby be derived from the e.i.r.p. of 64 dBW 
achieved in each channel of the satellite by the 230 to 260 W travelling wave 
tubes.
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The programmes broadcast; are D2-MAC/packet coded in che Paris area, 
before being routed to the feeder-link station via a radio-relay link, which has 
a negligible impact on overall quality. The signal received at Bercenay is 
demodulated and then remodulated in line with direct satellite broadcasting 
standards.

4. Programmes fed to the satellite

REPORT 712-1

FACTORS CONCERNING THE PROTECTION OF FIXED-SATELLITE EARTH STATIONS 
OPERATING IN ADJACENT FREQUENCY BAND ALLOCATIONS 

AGAINST UNWANTED EMISSIONS FROM BROADCASTING SATELLITES 
OPERATING IN FREQUENCY BANDS AROUND 12 GHz

(Question 25/4)

(1978-1982)

1. General

The high space station e.i.r.p. required for individual reception in the broadcasting-satellite service may 
lead to substantial levels of unwanted emissions at frequencies outside the channel occupied by a broadcasting- 
satellite emission. For the broadcasting-satellite channels closest to the edges of  an allocated band, these unwanted 
emissions may set up power flux-densities in the direction of a fixed-satellite earth station operating near the edges 
of adjacent fixed-satellite bands which may greatly exceed the levels of interference acceptable to the earth station.
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Whether or not such levels of unwanted emissions cause unacceptable interference to fixed-satellite earth 
stations depends on a number of factors including:
— the orbital spacing between the broadcasting satellite and the fixed satellite and the corresponding fixed 

satellite earth-station antenna discrimination that may be achieved,
— the level of filtering in the broadcasting-satellite transmitter and the earth-station receiver that may be realized 

in practice,
— the frequency separation between channels closest to the frequency separating the allocations,
— the interference criterion used in defining the permissible maximum spectral power flux-density, and
— additional factors providing isolation, such as satellite antenna discrimination.

2. Estimated levels of unwanted emissions from 12 GHz broadcasting satellites

Report 807 discusses the various sources of unwanted emissions from broadcasting satellites. Figure 1
reproduces two curves from this Report which can be used to estimate the worst-case levels of spectral power
flux-density produced by such emissions, as a function of the frequency difference from the centre of a 
broadcasting-satellite channel. The levels of spectral power flux-density given in Fig. 1 correspond to a 
beam-centre e.i.r.p., from the broadcasting satellite of 69 dBW. Against this, the values of e.i.r.p. associated with 
approximately 90% of the frequency assignments made in the broadcasting-satellite plan for Regions 1 and 3, lie 
in the range of 64 ±  1.5 dBW. This fact should be kept in mind when interpreting the data presented in Figs. 4 
to 7 and the examples of orbit spacing and frequency separation presented in § 5. More study is required to 
establish which curve between the two shown, may appropriately represent the operational conditions. The signal 
used in the calculation of curve A in Fig. 1 consisted of 100% saturated colour bars. Such a signal is not used in 
normal broadcasting.

FIGURE 1 — Typical out-of-band envelopes of the radio-frequency spectrum radiated by a TV
broadcasting-satellite

A: Envelope for 100 per cent colour-bar baseband signal, modulator AC coupled 
B : Envelope for line 330 Insertion test signal, modulator AC coupled 
C: Nominal channel bandwidth (27 MHz)
Note l. — For the left-hand scale, it is assumed that the satellite e.i.r.p. corresponds to a pfd of 
-94 dB(W/m2) at the centre of the beam for an unmodulated carrier.
Note 2. — Minimum energy dispersal of ±7.9 kHz is assumed.
Note 3. — Pre-emphasis according to CCIR Recommendation 405 is assumed.
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However, recent measurements under conditions of NTSC 75% colour bar baseband signal with no RF 
filtering reported in Annex I of Report 807 indicate that unwanted emissions from a 27 MHz broadcasting- 
satellite channel with peak deviations ranging from 5.3 to 16.8 MHz appear significantly larger than indicated in 
Fig. 1. Further study of these measurements and the interference effects on the fixed-satellite service is urgently 
needed.

3. Worst-case maximum permissible levels of spectral power flux-density at the interfered-with receivers

Examples of fixed-satellite systems using the bands adjacent to the Region 1 11.7 to 12.5 GHz
broadcasting-satellite service band are given in Table I, along with calculations of the worst-case maximum 
permissible pfd at the interfered-with fixed-satellite service earth-station receiver. The criterion used in these 
calculations was that the overall interference due to unwanted emissions should be at a level 10 dB below the 
thermal noise level of the interfered-with system. The possible benefit of antenna directivity has not been included 
in the calculations. Moreover, no account was taken of the spectral shape of either the unwanted emissions, nor of 
the interfered-with received signal. Under these assumptions, the maximum permissible spectral power flux-density 
of unwanted emissions in the band below 11.7 GHz is seen to be about — 200 dB(W/(rrr • 4 kHz)) for a 
narrow-band fixed satellite signal and —195 dB(W/(m: • 4 kHz)) for a maritime satellite feeder link. In the band 
above 12.5 GHz, the limit is —171 dB(W/(m: • 4 kHz)) for a narrow-band data satellite-link. The frequency at 
which the maximum power flux-density from the broadcasting satellite is specified will be called the “protected 
frequency". For narrow-band signals it will be the centre frequency of the narrow-band fixed satellite channel in 
question.

When considering the use of narrow-band signals in the upper part of the 10.7 to 11.7 GHz band, the 
foregoing maximum permissible spectral power flux-densities apply directly. However, when wide-band carriers 
are used in the upper part of the 10.7 to 11.7 GHz band, the relatively rapid roll-off characteristics of out-of-band 
emissions from broadcasting-satellite space stations will tend to reduce the effect of interference on such carriers.

TABLE I — Examples o f systems in the 10.7 to 11.7 GHz and 12.5 to 12.75 GHz bands in Region 1 and the maximum pfd limits o f unwanted
emissions from broadcasting satellites to protect them

Parameter

System

10.7 to 11.7 GHz 12.5 to 12.75 GHz

Maritime satellite 
to earth station link

Fixed satellite 
to earth station link

Fixed satellite 
to earth station link 

(data carrier)

Boltzmann’s constant in dB(W/(Hz-K)) -228.6 -228.6 -228.6

Receive noise temperature (K) 300 100 100 (2)

Receive thermal noise level (') 
(dB(W/4 kHz)) -  167.6 -  172.6 -  172.6

Maximum interference level in a 4 kHz 
bandwidth into receiver in dB(W/4 kHz) -  177.6 -  182.6 -  182.6

Gain of receive antenna (dB) 60 60 45.8

Effective maximum allowable 
pfd at the interfered-with 
receiver in dB(W/(m2 • 4 kHz))

-  194.6 -  199.6 -  185.4

(') A level of interference of 10 dB below thermal noise level is assumed.
(2) This system noise temperature is at the edge of current technology. Some current applications may typically have higher noise temper­

atures.
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As an example of a broadband system in the 10.7 to 11.7 GHz band, some calculations have been made 
for a 20 MHz 612 channel carrier used in the INTELSAT system.

For the calculations it was assumed that an effective single entry interference noise contribution of about 
500 pWOp should be tolerable due to out-of-band interference.

Taking the worst case, whefe the interference spectrum is represented by curve A of Fig. 1, the required 
carrier-interference ratio for the example considered, was found to be 25.6 dB. Then, taking an average e.i.r.p. 
density of 16.4 dB(W/MHz) for the INTELSAT system, together with the relationship between cumulative 
interference e.i.r.p. and band-edge power flux-density given in Fig. 2, the values of maximum permissible 
unwanted band-edge spectral density may be derived. The results are given in Fig. 3 as a function of the 
bandwidth of the wanted carrier.

Bandwidth of wanted emission (MHz)

FIGURE 2 — The ratio of Es to the interference spectral pfd at the edge of the broadcasting-satellite 
frequency allocation, as a function of the wanted carrier bandwidth, where

Es : The maximum permissible cumulative interference e.i.r.p. within the bandwidth of the wanted 
carrier, which is located at the edge of the band occupied by the fixed-satellite service, a 
guard-band of 4 MHz being allowed

Note. — This Curve corresponds to Curve A of Fig. 1.
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INTELSAT carrier bandwidth (MHz)

FIGURE 3 — Maximum permissible band-edge spectral power flux-density due 
to interfering out-of-band emissions as a function o f carrier bandwidth in the 

INTELSAT-V system 
(Based on a single entry producing 500 pWOp of interference noise power and 
assuming a guard band 4 MHz wide within the allocated fixed-satellite service

band)

Note. — This curve corresponds to curve A of Fig. 1.

For the particular case of the 20 MHz 612 channel carrier instanced above, it may be seen that the 
maximum permissible band-edge pfd would be about —177 dB(W/(m2 • 4 kHz)). It is considered that a standard 
of protection based on this 20 MHz carrier would afford reasonable protection for most other carrier sizes, apart 
from narrow-band carriers. Thus by avoiding the use of narrow-band carriers in the upper portion of 
the 10.7 to 11.7 GHz band a reasonable beam-edge out-of-band interference pfd would appear to be 
— 177 dB(W/(m2 • 4 kHz)). Further study is required on other broad-band fixed-satellite systems in the 10.7 to
11.7 GHz band.

4. Approaches to protecting fixed-satellite earth stations

To achieve compatability between unwanted emissions from broadcasting-satellite space stations and 
permissible levels of interference in the fixed-satellite earth stations, a combination of the following provisions 
may have to be made:
4.1 Provide for adequate angular separation between the orbit location of  satellites in the broadcasting-satellite
service and the fixed-satellite service;
4.2 Provide adequate output filtering in the transmitter of the broadcasting-satellite space stations or in the
receivers of the fixed-satellite earth stations; or both;
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4.3 Provide adequate frequency separation between the centre of the lowest channel occupied by an emission 
from a broadcasting-satellite space station and the previously defined protected frequency of the fixed-satellite 
service.

In the interest of minimizing a priori constraints on system design in both services, it may be undesirable 
or impractical to rely on filtering requirements alone, as outlined under § 4.2 above; however, a relationship 
between pertinent system parameters including orbit spacing between satellite locations and frequency separation 
between “protected frequency” and channel centre frequency, as outlined in § 4.1 and 4.3 above, can be 
developed.

This relationship is shown in Fig. 4 where the required satellite spacing is plotted versus the power 
flux-density of unwanted emission at the protected frequency of the fixed-satellite earth station, with frequency 
separation as a parameter. The curves were derived from information regarding the out-of-band emissions from 
broadcasting-satellite space stations as given by curves A and B of Fig. 1 for a broadcasting-satellite channel with 
a channel bandwidth of 27 MHz.

Scale for broadcasting satellite beam-centre e.i.r.p. 
of 59 dBW

Scale for broadcasting satellite beam-centre e.i.r.p. 
of 69 dBW

Spectral power flux-density of unwanted emissions at the fixed satellite earth 
station in dB(W/(m2.4 kHz))

FIGURE 4 — Angular spacing and frequency separation to protect fixed satellite 
earth stations from unwanted emissions from adjacent-band broadcasting satellites

Note I. — Channel bandwidth of broadcasting-satellite signal is 27 MHz.
Note 2. — Numbers on curves indicate A f = frequency separation between fixed 
satellite protected-frequency and broadcasting-satellite channel centre frequency 
(MHz).
Note 3. — Solid curves based on curve A of Fig. 1. Dashed curves based on curve B 
of Fig. 1.
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The absolute level of the unwanted emissions at the fixed-satellite earth station depends, of course, upon 
the e.i.r.p. of the broadcasting satellite. Separate abscissa scales are given in the figure for e.i.r.p.s of 69 dBW and 
59 dBW corresponding to clear weather power flux-densities of about — 94 dB(W /m :) and — 104 dB(W /m 2), 
respectively, at the centre of the broadcasting-satellite service area.

The level of unwanted emissions also depends on the type of television signal carried by the broadcasting- 
satellite space station, on the location of the fixed-satellite earth station, relative to the broadcasting-satellite 
service area, and on the gain and side-lobe pattern of the earth-station receiving antenna. The solid curves in 
Fig. 4 were drawn for the worst-case situation in which the broadcasting-satellite signal was a 100% modulated 
colour-bar transmission (see curve A in Fig. 1). The dashed curves were drawn for the case in which the 
broadcasting-satellite signal is a line-330 insertion test signal transmission (see curve B in Fig. 1). In both cases, it 
was assumed that the Fixed-satellite earth location is located at the centre of  the broadcasting-satellite service area. 
The earth-station antenna gain was assumed to be 60 dB and its side-lobe pattern to be given by 32 — 25 log (p. If 
the earth station is located outside the coverage area of the broadcasting satellite, additional interference 
protection is realized from the angular discrimination of the broadcasting-satellite space station transmitting 
antenna.

5. Examples of compatible satellite spacing and/or frequency separation (co-coverage)

5.1 Case I : Both orbit spacing and frequency separation

Using the curves of Fig. 4, it is possible to calculate the combinations of orbital spacing A0 and frequency 
separation A/  that will reduce the levels of unwanted emission from a broadcasting-satellite to the maximum 
permissible level at the protected frequency. The results of such calculations are displayed in Fig. 5 where A0 is 
plotted versus A / f o r  values of maximum permissible pfd ranging from —210 to —160 dB(W/(m:! • 4 kHz)). 
Separate families of curves, labelled A and B, are given for the two types of broadcasting-satellite test signals 
corresponding to curves A and B, respectively, in Fig. 1.

Unused spectrum (MHz) 
0 10 20

FIGURE 5 — Trade-off between satellite spacing (AQ) and frequency separation (Af) for various
maximum permissible pfds

A: 100% modulated colour-bar transmission (solid curves)
B: line 330 insertion test signal transmission (dashed curves)
1: 269, e.g. pfd = -  200 dB(W/(m2- 4 kHz)) from a 69 dBW satellite 
2: 259, e.g. pfd = - 200 dB(W/(m2- 4 kHz)) from a 59 dBW satellite 
3: 249 
4: 239 
5: 229
C: half-bandwidth of broadcasting-satellite channel (13,5 MHz)
Note. — The letter and number on a curve, respectively, identify the type of baseband signal assumed 
for the broadcasting-satellite emission and the difference, E$-  pfd between the satellite e.i.r.p., Es in 
dBW and the resultant, unwanted emission level, pfd, in dB(W/(m3.4kHz)) at the fixed satellite 
earth station.
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For example, to keep the unwanted emissions from a 69 dBW e.i.r.p. broadcasting satellite to a maximum 
level of —200 dB(W /(m2 • 4 kHz)) at a fixed-satellite earth station, curve A| indicates that the following 
combinations of A8 and A / m a y  be used, if it is assumed that the broadcasting-satellite signal is a 100% 
modulated colour bar transmission:

TABLE II

A0 (degrees) 0 I 2 3 4 5

A/(MHz) 40 28 24.5 22 20.6 18.6

Unused spectrum (MHz) 26.5 14.5 11 8.5 7.1
...

5.1

Thus the required separation between the protected frequency and the centre of the broadcasting-satellite channel 
decreases from 40 MHz for co-located satellites (A0 = 0) to 18.6 MHz for a 5° satellite spacing. Note that about
13.5 MHz of the required frequency separation (half of the bandwidth assumed for the broadcasting-satellite 
channel) is required for the essential spectrum of the broadcasting satellite; the remainder is unused spectrum 
lying between the protected frequency in the fixed-satellite band and the edge of the television channel in the 
broadcasting-satellite band. Note also that with a 59 dBW e.i.r.p. broadcasting satellite, the same combinations of 
A0 and A /w o u ld  keep unwanted emissions at the earth station below —210 dB (W /(nr  • 4 kHz)).

For the same satellite e.i.r.p. and maximum permissible pfd, much smaller satellite spacings and/or  
frequency separations are required if it is assumed that the broadcasting-satellite signal carries a line-330 insertion 
test signal. In this case, curve B, of Fig. 5 shows that the following combinations of A0 and A /m a y  be used:

TABLE III

A0 (degrees) 0 1 2 3 4 5

A/ (MHz) 30 20 17 15.5 14.5 14

Unused spectrum (MHz) 16.5 6.5 3.5 2 1 0.5

For a fixed-satellite service earth station receiving a 20 MHz bandwidth carrier, the maximum permissible 
pfd at the (band-edge) protected frequency was cited in § 3 as about -1 7 7  dB(W /(m2 • 4 kHz)). To achieve this 
level of  unwanted emission at the earth station with a 69 dBW e.i.r.p. broadcasting satellite, the interpolation 
between curves A3 and A4 in Fig. 5 shows that for the worst case test signal corresponding to curve A in Fig. 1 the 
following combination of A0 and A f  may be used:

TABLE IV

A0 (degrees) 0 1 2

A f (MHz) 30 18 14

Unused spectrum (MHz) 16.5 4.5 0.5
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Note that for satellite spacings of more than 2°, the required frequency separation is less than half the 
bandwidth of the broadcasting satellite, and there is no unused spectrum. With a 59 dBW e.i.r.p. satellite, a 
maximum separation of about 1° would suffice to reduce the unused spectrum to zero.

If the line-330 insertion test signal corresponding to curve B in Fig. 1 is assumed, interpolation between 
curves B3 and B4 in Fig. 5 shows that for any given value of A0 the required frequency separation will in all cases 
be reduced from 8 to 10 MHz.

5.2 Case 2: co-located satellites (A9 =  0)

If, in order to avoid placing any constraints on either service in the location of  its satellites, the possibility 
of co-located satellites is assumed, the reduction of unwanted emission to the permissible values may have to be 
achieved by frequency separation alone. In this case, the values of maximum permissible power flux-density 
mentioned in § 3, together with the curves given in Fig. 1, can be used directly to deduce the frequency separation 
between the centre frequency of the bottom (or top) channels in the broadcasting-satellite band and the fixed 
satellite protected frequency. For convenience, these curves are reproduced in Fig. 6(a), from which the following 
observations can be made:

— The example of a fixed satellite (data) requiring protection to —171 dB (W /(m 2 • 4 kHz)) in the band 12.5 to
12.75 GHz leads to a frequency separation of about 20 MHz and 28 MHz for curves B and A respectively. As 
previously noted, this frequency separation is not all unused frequency spectrum, since about 13.5 MHz of it 
contains some of the essential spectrum of the broadcasting-satellite emission.

— The example of a narrow-band fixed-satellite transmission requiring protection to about
— 200 dB(W /(m: • 4 kHz)) in the band 10.7 to 11.7 GHz leads to a frequency separation according to
curves B and A, of about 30 MHz and 40 MHz respectively. Again, about 13.5 MHz of this can be
considered to include essential spectrum of the broadcasting-satellite emission.

— The example of a wide-band fixed satellite requiring a protection of —177 dB(W /(m 2 • 4 kHz)) at band-edge
in the band 10.7 to 11.7 GHz leads to a frequency separation of about 22 MHz and 30 MHz for curves B 
and A respectively.

5.3 Case 3: No unused spectrum ( A f  = 13.5 MHz)

In certain cases, up-link interference problems will preclude the co-location of 12 GHz broadcasting- 
satellites and fixed satellites in the adjacent bands. For this reason it is of interest to consider the other special 
case in which the reduction of unwanted emissions to the permissible levels is achieved by orbital spacing alone.

The curves for this case corresponding to the two test signals previously discussed are shown in Fig. 6(b) 
and may be read directly. For example, to protect a fixed-satellite earth station receiving a 20 MHz carrier just 
below the upper edge of the 10.7 to 11.7 GHz band, against a 69 dBW broadcasting satellite just above band-edge. 
requires a satellite spacing of about 2°. For a 59 dBW broadcasting satellite, the spacing drops to about 0.8°.

Both these examples correspond to the worst case 100% colour bar test pattern signal corresponding to
curve A unwanted emission in Fig. 1. With the line-330 test pattern the required spacings are reduced significantly
as shown by curve B in Fig. 6(b). In this case, spacings of about 0.7 and 0.3° may.suffice for broadcasting satellite
e.i.r.p.s of 69 dBW and 59 dBW, respectively.

5.4 Discussion

A consequence of the results presented above is that a set of broadcasting satellites in the geostationary- 
satellite orbit would make certain orbital arcs unusable by satellites in the fixed-satellite service operating in 
adjacent bands, depending on the frequency separation between the closest channel used by the broadcasting 
satellite and the protected frequency of the fixed satellite. This point is illustrated in Fig. 7. An array of 
broadcasting satellites is shown in the 11.7 to 12.5 GHz band at a spacing of 7.5°. (The WARC-BS-77 has made 
assignments at 6° inter-satellite spacing in Regions 1 and 3.) At each point shown the full 800 MHz allocated to 
Region 1 is radiated (different channels being received by different countries). Thus from each point the lowest 
and highest channels are radiated. The separation between broadcasting satellites is purely illustrative but may be 
regarded as typical separation determined by inter-broadcasting satellite interference considerations when adjacent 
broadcasting satellites employ opposite polarizations. The curves shown in Fig. 7 are based on Fig. 5 but the 
vertical axis gives the percentage of orbit available to the fixed-satellite service in the 10.7 to 11.7 GHz band,
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relative to all the orbit being available. Depending on the relative positions of the fixed-service and the 
broadcasting-service satellites, these additional separation requirements will not necessarily lead to the inability to 
find a location for another particular fixed-service satellite.

Scales for broadcasting-satellite beam-centre e.i.r.p. of 59 dBW
-200 -  180 - 160 -200 - 180 -  160

Scales for broadcasting-satellite beam-centre e.i.r.p. of 69 dBW 
Maximum permissible spectral pfd in dB(W/(m: • 4 kHz))

(a) A0 = 0 (b) A/= 13.5 MHz

FIGURE 6 — Frequency separation for special cases o f co-located satellites (A0 = 0) and zero unused
spectrum (A/ = 13.5 MHz)

C: Half-bandwldth of broadcasting satellite channel (13.5 MHz)
Note. — The letters on the curves have the same meaning as In Fig. 5.

The implications of Fig. 7 will need to be assessed for the different parts of the geostationary'orbit in the
10.7 to 11.7 GHz band. For example, in those parts where a high density of fixed satellites is anticipated, orbital 
separation, as shown in Figs. 5 and 6b), may not be feasible for all cases. It may then be necessary to assume no 
orbital separation as the general case for broadcasting satellites in this part of the orbit.

A solution to this problem, from practical considerations, may have to take into account that it would be 
generally unacceptable to reposition a broadcasting satellite whose signals are intended for individual reception.

The above studies did not assume guard bands at the edge of the broadcasting-satellite and fixed-satellite 
service allocations. The WARC-BS-77 has provided for the allocated frequency bands (11.7 to 12.5 GHz in 
Region 1; 11.7 to 12.2 GHz in Region 3). As a result, interference from broadcasting-satellite emissions caused in 
fixed-satellite service systems operating in adjacent allocated frequency bands may not be as severe as indicated in 
these studies. However, these studies did not take into account the possibility of using guardbands for TT&C 
carriers. Further studies are needed to evaluate whether such an operation will increase the level of unwanted 
emissions from broadcasting satellites including intermodulation products between TT&C carriers and television 
carriers.

6. Some technical observations concerning frequency band allocations

Based on the frequency study on unwanted emissions, particularly difficult technical problems arise when 
a broadcasting-satellite service frequency allocation (in which individual reception is permitted) and a fixed- 
satellite service allocation (in which systems are developed employing global beams, large diameter earth station 
antennas, sensitive low noise amplifiers and /o r  narrow-band modulation techniques) are adjacent to each other in 
the Table of Frequency Allocations of the Radio Regulations.
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Illustrative broadcasting-satellite 
locations (A0S = 7.5°)

Geostationary orbit 
11.7 to 12.5 GHz

2 5° E 5° W 12,5° W 20° W 27.5° W 35° W 

Geostationary orbit 10.7 to 11.7 GHz

Y///A V//// . '////A
, 2A6 , H----------M H

10

Unused spectrum 
20 30

Maximum permissible 
spectral power flux-density 
(dB(W/(m2 • 4 kHz)) 
for E$ = 69 dBW 
(59 dBW)

Frequency separation. A/(MHz)

FIGURE 7 — Illustrative example of possible effect of unwanted emissions from 
12 GHz broadcasting satellites on the orbital arc usable by fixed satellites 

in adjacent bands 
C : half bandwidth of broadcasting-satellite channel

Orbit usable by fixed satellites 

Orbit not usable by fixed satellites

Note. — The curves have the same designation as those of Fig. 5.
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Fixed-satellite service earth stations located in the service area of a broadcasting-satellite service will be 
subjected to high-power emissions from the broadcasting-satellite service space stations. These emissions, which 
are in the band adjacent to the fixed-satellite service, if received unattenuated, could cause overloading of the 
fixed-satellite service earth station low-noise receiver and a consequent increase in the effective system noise 
temperature. Therefore, attention must be given to this possible situation during the design phase of the 
fixed-satellite service earth station.

REPORT 8 7 3 - 2

AN ANALYSIS OF THE INTERFERENCE FROM THE BROADCASTING-SATELLITE  
SERVICE OF ONE REGION INTO THE FIXED-SATELLITE SERVICE 

OF ANOTHER REGION AROUND 12 GHz

(Study Programme 33A/4)

(1982-1986-1 9 9 0 )

1. Introduction

The WARC-79 allocated common frequency bands to the fixed-satellite and broadcasting-satellite services 
in'different Regions such that, in the band 11.7-12.2 GHz the fixed-satellite service has an allocation in Region 2 
and the broadcasting-satellite service in Regions 1 and 3, while in the band 12.5 to 12.7 GHz the fixed-satellite 
service has an allocation in Region 1 and the broadcasting-satellite service in Region 2. The broadcasting-satellite 
service in Regions 1 and 3, and in the bands 11.7 to 12.5 and 11.7 to 12.2 GHz, respectively, was organized in a 
plan by the WARC-BS-77. The WARC-BS-77 established values of inter-regional power flux-density as coordina­
tion thresholds, and analogous action was taken by the WARC-ORB-85 in the band 12.2 to 12.7 GHz.

The material presented in this Report discusses some of the problems created by inter-regional sharing 
between different space services and further information on the subject is to be found in Report 809, and relevant 
regulatory provisions are contained in the Final Acts of the WARC-ORB-85.

2. System assumptions

2.1 The fixed-satellite service

For the fixed-satellite service three systems have been postulated with the characteristics identified in
Table I.

TABLE I *

Relevant parameter System A System B System C

Antenna diameter, D/X 60 60 \v o o

Antenna side-lobe gain (dB) 34 -  25 log 34 -  25 log <p 32 -  25 log V?
Transmission mode Digital SCPC Digital SCPC Wide-band data
Reference bandwidth 40 kHz 40 kHz 2 MHz
Clear-sky receiving system noise 
temperature (K) 200 400 100
Clear-sky carrier-to-noise ratio (dB) 12 16 -

Carrier-to-interference ratio O (dB) 20.50 20.50 -

Interference-to-noise ratio (2) (dB) • - 13.50
Acceptable level of interference (J) (dBW) -  168.1 -  161.1 -  159.0

(’) This is based on an interference criterion of C/l = 27.5 + 6 log 5 for “frame rate” dispersal of an interfering video carrier.
(2) This is based on the presence of thermal only internal noise, and a 4% single entry predemodulation interference increment.
(3) Between two systems in the fixed-satellite service.

* This Table needs to be reviewed based on Recommendation 523-3 and Report 1 1 3 4 .
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For the broadcasting-satellite service, an e.i.r.p. of 63 dBW has been assumed for the purposes of this 
study as representative for beam centre emissions.

In addition, it has been postulated that, in most cases, the broadcasting-satellite antenna gain towards the 
“other” region may be held at or below the - 3 0  dB “first side-lobe plateau” of  the relevant antenna reference 
pattern. With these assumptions, the broadcasting-satellite power radiated towards the “other” region will be about 
33 dBW.

It should be noted that Region 2 reference patterns do not have this plateau. By the use of shaped beam 
antennas, the side-lobe characteristics of Region 2 space stations can be improved to meet or exceed this criterion. 
In some situations, where very large antenna discriminations are required over small areas, the use of nulling 
horns has been shown to be effective [CCIR, 1982-1986].

With regard to energy dispersal, the Plan for Regions 1 and 3 imposes a value of 600 kHz of peak-to-peak 
“frame rate” triangular energy dispersal (this, with the assumptions on reference bandwidth in § 2.1 yields 
5 =  0.067). The Plan for Region 2 imposes an energy dispersal in order to produce a spectral power flux-density 
in any 40 kHz band 12 dB below the unmodulated carrier power. According to the information in Report 792, the 
peak-to-peak frequency deviation due to the energy dispersal signal is then 634 kHz which is slightly higher than 
that adopted by Regions 1 and 3; the very slight reductions in interference obtained have not been taken into 
account in the remainder of the study.

Table II shows relevant parameters involving broadcasting-satellite characteristics.

2.2  The broadcasting-sate llite  service

TABLE II — Levels of interference from the broadcasting-satellite service

Interfered-with FSS system System A System B System C

Interfering system e.i.r.p. (dBW) 63-30 63-30 63-30

Interference into FSS systems (dBW) -  138.5 -  25 log <p -  138.5 -  25 log (f -  140.5 -  25 log <£>

3. Interference potential assessment
The level of interference into fixed-satellite systems is a function of the topocentric angle of separation 

between the fixed satellite and broadcasting satellite. To assess the compatibility of the broadcasting satellite 
emissions with the postulated fixed-satellite systems, it is convenient to equate the acceptable levels of interference 
(Table I) with the interference produced by a broadcasting satellite (Table II) which would yield the following 
equations for the required inter-satellite spacing for the three fixed-satellite systems:

— for FSS systems of type A,

-  138.5 -  25 log <p = -168.1 -  M
or 25 logo? = 29.6 +  M

— for FSS systems of type B,

-  138.5 -  25 log <p = -  161.1 -  M
or 25 log ip =  22.6 -I- M

— for FSS systems of type C,

-  140.5 -  25 log ip =  -  159.0 -  M
or 25 logcp = 18.5 -I- M

where M  is an inter-service margin below the permissible single-entry level of interference between networks in the 
fixed-satellite service. The resultant separation angles <p are shown in Fig. 1 for systems A, B and C for margins M 
between + 3  dB and -I-10 dB. Further study is required to determine the most appropriate value of M.
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Inter-service margin* M  (dB)

FIGURE 1 — Minimum topocentric separation angles between 
BSS and FSS systems as a function o f acceptable interference 
inter-service margin below single-entry fixed-satellite inter­

ference level

A: System A 
B: System B 
C : System C

* The values used here are chosen only to illustrate the rela­
tionships involved. Further study is required to determine the 
value of M  to be used in estimating required separation 
angles.

4. The BSS Plans

The practical implication of the inter-regional sharing situation described in the preceding sections is that 
somemetworks of the FSS serving one Region will find it difficult to locate their space stations close to or within 
those regions of the GSO which have been systematically assigned to the BSS. This problem arises because in the 
1977 >BSS Plan for Regions 1 and 3, and in the 1983 BSS Plan for Region 2, the two services are to operate in the 
same frequency band.

Thus, for example, the Region 1 BSS Plan, with its orbit location assignments every 6°, sets up an 
interference pattern for an FSS receiving earth station located at Recife (Brazil) which is illustrated in Fig. 2. 
Figure 2 shows the wanted-to-unwanted carrier ratio ( C / I )  at the Recife location as a function of the orbit 
location of an FSS space station transmitting in the band 11.7-12.2 GHz. The wanted signal is characterized by a
13.2 dBW satellite e.i.r.p. as received by a 49.9 dB gain earth-station antenna with a side-lobe radiation pattern of 
32 -  25 log <p. For the small angular differences between BSS and FSS satellite locations, it should be noted that 
the unwanted carrier is within the main beam of the FSS earth-station antenna.

Figure 3 shows a similar example involving the Region 2 (1983) BSS Plan and an FSS receiving 
earth-station location at Lisbon (Portugal). The left- and right-hand ordinates show the wanted-to-unwanted carrier 
ratios at the FSS earth station for two wanted transmissions: 64 kbit/s and 2.048 Mbit/s PCM-4-PSK signals 
respectively; the common frequency band being the band 12.5-12.7 GHz.
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An analogous situation exists in the Pacific Ocean area where the Region 2 FSS may encounter difficulties 
with the Regions 1 and 3 BSS Plan in the band 11.7-12.2 GHz, the Region 1 FSS with the Region 2 BSS Plan at 
12.5-12.7 GHz, and the Region 3 FSS with Region 2 BSS Plan at 12.2-12.7 GHz. Figure 4 shows an example of 
the Pacific Ocean area interference situation between the Region 2 BSS Plan and the Region 3 FSS. The test point 
for this case is Hong Kong.

320° 324° 328° 332° 336° 340° 344° 348° E
Nominal orbital location of the FSS space station

FIGURE 2 -  Typical variation o f worst-case channel aggregate 
down-link C/l for 64 kbit/s digital carriers versus 
nominal orbital location o f  an FSS space station 

serving Region 2 in the band 11.7-12.2 GHz

Nominal orbital location of the FSS space station

FIGURE 3 -  Typical variation o f worst-case channel aggregate down-link C/l for 64 kbit/s and 2.048 Mbit/s 
digital carriers versus nominal orbital location o f an FSS space station 

serving Region I in the band 12.5-12. 7 GHz
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Nominal orbital location of the FSS space station

FIGURE 4 -  Typical variation o f worst-case channel aggregate down-link C/l 
for 64 kbit/s and 2.048 Mbit/s digital carriers versus nominal orbital location 

o f an FSS space station serving Region 3 in the band 12.2-12. 7 GHz

In Figs. 2, 3 and 4, it should be noted that, at each BSS orbit location, not all frequencies in the shared 
band are subject to the maximum interference that is implied by the curves. Furthermore, the simplistic 
broadcasting-satellite coverage area and antenna radiation pattern models used for establishing the plans and used 
in the derivation o f  these figures are, in general, pessimistic and coordination with actual broadcasting satellites 
will be considerably easier than the illustrations indicate particularly if  the broadcasting-satellite antenna design 
takes into account the inter-regional interference potential.

I t  s h o u l d  a l s o  b e  n o t e d  t h a t  p r o v i s i o n s  h a v e  b e e n  m ade f o r  t h e  
im p l e m e n t a t i o n  o f  i n t e r i m  BSS s y s t e m s  i n  R e g io n  2 a n d  c o n s i d e r a t i o n  o f  s i m i l a r  
p r o v i s i o n s  m ay b e  g i v e n  i n  t h e  f u t u r e  f o r  i n t e r i m  BSS s y s t e m s  i n  R e g io n s  1 
a n d  3 .  A s i n t e r i m  BSS s y s t e m s  may b e  im p le m e n t e d  u s i n g  p a r a m e t e r s  o u t s i d e  o f  t h e  
n o m in a l  p l a n  a s s ig n m e n t  p a r a m e t e r s ,  t h i s  may co m p o u n d  t h e  s h a r i n g  d i f f i c u l t i e s  
d e s c r i b e d  a b o v e .
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4-.1 Criteria for the determination of the need to coordinate fixed-
satellite space stations in Region 2 with BSS assignments of the 
Region 1 and 3 elan

In Regions 1 and 3, Broadcasting and Broadcasting-Satellite Services 
are allocated to the 11.7-12.2 GHz band on a primary basis with the 
Broadcasting-Satellite use subject to the Article 15 and the associated 
assignment plans of Appendix 30. Annex 4 of Appendix 30 provides criteria for 
the coordination of a fixed-satellite space station in Region 2 with respect to
broadcasting satellite assignments in the Region 1 and 3 plan in the
11.7-12.2 GHz band..

In the application of Appendix 30, administrations whose BSS services 
may be affected are identified as those administrations having an assignment 
in the Region 1 and 3 plan whose assigned bandwidth overlaps the assigned band 
of the proposed Region 2 fixed-satellite system when the above power density 
values are exceeded. The same values could also be used to determine affected 
administrations in the application of the Article 14 procedure for the fixed- 
satellite service in Region 2 with respect to the BSS assignments in the 
Region 1 and 3 plan in the 11.7-12.2 GHz band.
5. Amelioration of sharing difficulties

It is apparent that an FSS network which is to provide service in the Atlantic Ocean area to both Region 1 
at 12.5-12.7 GHz and Region 2 at 11.7-12.2 GHz will be faced with difficulties. A temporary avoidance of these 
difficulties would be possible if affected BSS operations were to activate first those channels which would not 
overlap frequencies used by the FSS. In the long run, however, it will be necessary to resort to a number of 
mitigating measures or techniques, if feasible.

Thus, FSS satellite operators and designers might be able to utilize several techniques to reduce the amount 
of interference received from BSS satellites, if feasible:

— choose orbit locations of FSS satellites taking into account the orbital locations of BSS assignments in a Plan;

— avoid assigning sensitive FSS carriers on frequencies with BSS FM-TV carriers;

— use power compensation techniques within transponders where possible. Greater power can be assigned to 
carrier frequencies subject to greater interference from BSS channels;

— use FSS earth-station antennas with an improved side-lobe pattern in the orbital plane; e.g., 29 — 25 log <p 
(for <p < 8°);

— relax the relevant interference criteria to take into account the fact that BSS carriers are unmodulated for a 
small percentage of time;

— use frequencies for FSS operations that are not likely to be implemented by BSS operators during the lifetime
of the FSS satellite or during the lifetime of the Plan.

BSS satellite operators and designers in all three Regions, on the other hand, can employ only a limited
number of interference mitigating techniques to reduce the amount of interference to FSS operations in other
Regions. These techniques, if found to be feasible, are:

— employ improved BSS satellite transmitting antenna patterns to reduce the amount of energy in the side-lobes 
compared with that assumed in the Plan;

— employ adequate energy dispersal in the absence of programming material;
— employ a BSS satellite e.i.r.p. less than that specified in the Plan where consistent with system requirements 

and with possible interactions with other BSS assignments.
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g  ̂ Conclusions

It is clear from the above analysis that inter-regional sharing between the FSS and BSS in the
neighbourhood of 12 GHz may cause difficulties for the location and operation of the space stations of some FSS
networks. The extent of these difficulties is dependent on the specific technical and operating characteristics of 
systems in both services a n d  t h i s  may b e  p a r t i c u l a r l y  i m p o r t a n t  w h e n  i n t e r i m  BSS 
s y s t e m s  a r e  i m p l e m e n t e d .

Existing criteria are available in the Radio regulations which specify
the conditions under which the fixed-satellite service of Region 2 need to
coordinate with BSS assignments in Regions 1 and 3 in the 11.7 - 12.2 GHz band. 
These criteria could be used to identify affected administrations to facilitate 
the application of Article 14.

Inasmuch as the BSS is subject to the provisions of two Plans (Regions 1 and 3. 1977, 
and Region 2, 1983) its characteristics are largely established. Nevertheless, in the actual implementation of both 

,FSS and BSS systems certain specific interference mitigating steps may prove possible and useful.

Some of these techniques and practices have been set forth in the preceding section; however, there may be 
others an d  continued study of this matter is urgently required, with emphasis on interference — mitigating 
measures and improvements in FSS earth-station antenna radiation characteristics and space-station radiation 
characteristics in both services.
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REPORT 713-1

SPU R IO U S EM ISSIO NS FROM EARTH STATIONS  
AND SPACE STATIONS OF THE FIXED-SATELLITE SERVICE

(Question 25/4)

(1978-1982)

1. Introduction

Spurious emissions from space stations of the fixed-satellite service could cause interference at receiving 
stations of other systems and in particular, at stations designed to receive very weak signals. This interference 
could be particularly objectionable at frequencies in bands allocated to the radioastronomy service. The Radio 
Regulations do not, at present, define limits of spurious emissions for transmitters operating at frequencies higher 
than 17.7 GHz, and none for digital transmissions and for the space services beyond 960 MHz.

Spurious emissions from earth stations in the fixed-satellite service might also cause interference. Such 
cases of interference from spurious emissions that do arise might often be dealt with on an ad hoc basis. However, 
the number of earth stations in the fixed-satellite service is increasing rapidly and the geographical separation 
between earth stations obtained in the past may not be obtained in the future. Accordingly, it seems desirable to 
study the problem of spurious emissions from earth and space stations in the fixed-satellite service. Recommenda­
tion No. 66 of the WARC-79 lends urgency to the undertaking of such studies.
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2. The nature and possible power level of spurious emissions radiated from earth and space stations

Little information is available as to the power level of spurious emissions from earth and space stations 
and without such information it is difficult to discuss the problem on a realistic basis. In order to provide a 
starting-point for discussion, a very approximate forecast of the order of magnitude of the power of these 
emissions and their approximate frequency is made in this section. In the following discussion P D WE and F we 
represent the power density and frequency of the wanted emission at the input to the earth station antenna, whilst 
P D WS and F ws represent the e.i.r.p. density and frequency of the wanted emission of the satellite.

Spurious emissions are typically of the following types:
— harmonics and images of the wanted emission;
— fundamentals and harmonics of oscillators used in the frequency conversion process;
— • parasitic oscillations;
— intermodulation products arising from non-linear amplification and perhaps from the presence of non- 

linearities caused by inhomogeneities in conductors in the waveguide/filter/antenna-feed chain, following the 
final amplifier.

There may, however, be other significant sources of spurious emission.
Harmonics of the wanted emission will have a spectral power distribution similar to that of the wanted 

emission. Their frequencies will be multiples of F w , and their maximum power density level might be 
{ P D we - 80) dB(W/MHz) or { P D WS - 50) dB(W/MHz).

Since the lowest frequency allocated to the fixed-satellite service for transmissions from space is 2.5 GHz, 
harmonic emissions will be at 5 GHz or above. These emissions are likely to be spread over a bandwidth of many 
megahertz and their power density levels might fall in the range of — 70 to — 60 dB(W/MHz) for earth stations or 
an e.i.r.p. density of — 10 to — 30 dB(W/MHz) in the case of emissions from satellites.

Image signals will be broadly similar, but their power is likely to have been reduced by band-pass filters in 
the transmitter, to a level of the order of — 90 dB(W/MHz) for earth stations and about — 60 dB(W/MHz) for 
space stations.

Fundamentals and harmonics of earth-station local oscillators can be expected to be of the order of
— 50 dBW, whilst in the case of emissions from satellites a maximum e.i.r.p. of the order of — 60 dBW can be
expected. However, the actual power level radiated in any particular case will depend greatly on details of design. 
Furthermore, these spurious emissions, being unmodulated, may cause significant interference in sensitive 
narrow-band systems even though the absolute value of the interfering emission may be very low. The effects of 
parasitic oscillations may be similar in nature but more unpredictable in frequency and more severe in degree.

Earth-station intermodulation products will have spectral distributions similar to those of the wanted 
emissions, usually widely spread, and they tend to be concentrated close to F»-. At the edges of the occupied 
frequency band the level of intermodulation products may be of the order of ( P D ,i£ — 30) dB(W/MHz), giving 
an absolute value of about — 20 to — 10 dB(W/MHz).

Satellite intermodulation products will also have spectral distributions similar to those of the wanted 
emissions. At the edges of the frequency band occupied by the transponders of the satellite, the level of
intermodulation products mav be of the order of (P D WS — 20) dB(W/MHz) giving an absolute value of about
0 to -20 dB(W/MHz).

These levels should decline considerably at frequencies several times the width of the occupied band away 
from the band edge.

Signal spectrum components due to modulation but lying just outside the necessary bandwidth are out of 
band emissions and thus excluded by definition from the term “spurious emission", but they too, may be a source 
of interference, particularly when the carrier frequency is close to the edge of the allocated frequency band.

For-earth stations the estimates quoted above are of spurious emission power at the input to the antenna 
of a transmitting earth station. The e.i.r.p. from the antenna will then depend upon the radiation pattern at the 
frequency of interest. As a first approximation it is assumed here that the earth station antenna gain in a given 
direction for spurious emissions is the same as for the wanted emission. In most interference situations of interest, 
it may be assumed that the spurious emission signal is radiated in a direction far removed from the earth-station 
antennas main lobe. A gain of 0 dB has been assumed in this Report.

3. Levels of permissible interference at a receiving station

Before limits could be determined, of the power of spurious emissions by earth stations, it would be 
necessary to relate the power of such emissions to the level of interference that they would cause at typical 
receiving stations of the various services likely to be affected. These levels of interference and the percentages of
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time for which they occur must in turn be related to levels of permissible interference from all sources. The 
determination of these total interference levels and the percentage that may comprise spurious emissions must, of 
course, take place in the Study Groups responsible for the services concerned. The task is a substantial one, since 
existing limits on spurious emissions as set forth in Appendix 8 to the Radio Regulations do not go beyond
17.7 GHz and do not include space services and digital transmissions above 960 MHz. These studies would need 
to take into account:
— the probable number of simultaneous interference entries due to spurious emissions from stations of all 

services;
— the effect that the spectrum of the interfering signal would have on the affected service compared with the 

equivalent amount of thermal noise;
— the most appropriate bandwidth in which to refer levels of interference;
— the sensitivity to interference of the services within the band; and
— in shared bands, the amount of interference that already arises as a result of the sharing of the frequency 

band.
In order to gain some understanding of the problem, this Report has assumed the representative situation 

of a service receiving spurious emissions solely from stations of the fixed-satellite service. Levels of permissible 
interference have been derived from Reports and Recommendations of the appropriate CCIR Study Groups. It 
has been generally assumed that the spurious component should be 10 to 20 dB below the level of the permissible 
in-band interference. This range of values of interference resulting from spurious emission is given for illustration 
only and should be reviewed as the work continues towards answering Question 25/4. However for the sake of 
simplicity the value of 20 dB only has been used in the examples that follow.

3.1 In terference to radio-rela v s ta tio n s fro m  earth s ta tio n s

Earlier studies by CCIR Study Groups 4 and 9, in the context of the determination of inter­
ference potential between earth stations and terrestrial stations, have determined values of permissible interference 
powers. Report 448 provides the long-term permissible levels for radio-relay systems operating at frequencies 
between 1 and 40 GHz. Typical values of the long-term permissible level, for each entry of interference, are 
-151 dB(W/4 kHz) for analogue modulated systems operating at 6 GHz and - 134 dB(W/MHz) for digitally 
modulated systems operating at 30 GHz, these values being applicable when the interference is present continu­
ously.

A limit corresponding to 20 dB below these values might be of the order needed to define a reasonable 
allocation of this interference allowance to spurious emissions from earth stations of the fixed-satellite service, 
which would give values around - 171 dB(W/4 kHz) at 6 GHz and -154 dB(W/MHz) at 30 GHz.

With these assumptions, and also assuming that the source of interference is in the direction of 
maximum sensitivity of the radio-relay station antenna, spurious emissions of which the e.i.r.p. did not exceed 
— 80 dB(W/4 kHz) at 6 GHz or — 54 dB(W/MHz) at 30 GHz should not cause more than the permitted level of 
interference in a radio-relay station receiver situated 25 km away; free-space propagation conditions being 
assumed.

3.2 In terference to  radio-relav s ta tio n s  fro m  space sta tio n s

Earlier studies by CCIR Study Groups 4 and 9 have determined maximum levels of power flux-density 
(pfd) set up by the carriers emitted by satellites of the fixed-satellite service working in all frequency bands shared 
with the terrestrial fixed service. Permissible values of power flux-densities are given in Recommendation 358. For 
angles of arrival of above 25°, these pfd values range from — 144 dB(W/(m: • 4 kHz)) around 2 GHz to 
— 138 dB(W/(m: • 4 kHz)) around 12 GHz; at 20 GHz the corresponding value is — 105 dB(W/(m: • MHz)). An 
e.i.r.p. density limit corresponding to 20 dB below these pfd limits might be of the order needed to define a 
reasonable allocation of this interference noise allowance to spurious emissions from a geostationary satellite of 
the fixed-satellite service, giving values of -2 dB(W/4 kHz) at 2 GHz and 37 dB(W/MHz) around 20 GHz. This 
assumes that the antenna pattern of the space station antenna at the frequencies of the spurious emissions is 
similar to that at the fundamental frequency.

3.3 In terference to  " trans-horizon" s ta tio n s fro m  earth sta tions

As in the case of line-of-sight radio-relay systems, Report 448 gives values of permissible interference 
for trans-horizon systems. Assuming that the level of the spurious component may be 20 dB below the level 
of the permissible interference, a reasonable limit for interference from spurious emission is of the order of
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— 160 dB(W/4 kHz) for 0.01% of the time. With this assumption, the limit on spurious emission e.i.r.p. density 
from an earth station, required to avoid exceeding permissible interference values at a trans-horizon station 
receiver 100 km distant overland, would be — 74 dB(W/4 kHz). The corresponding value for 250 km separation is
— 48 dB(W/4 kHz). This calculation and the other examples of long-distance terrestrial path interference quoted in 
this Report are based on overland propagation data with no site shielding (see Report 569).

3.4 In terference to  “tra n s-h o rizo n "  s ta tio n s  fr o m  space s ta tio n s

The Radio Regulations, No. 2560, require the interference power from a space station at the input of the 
receiver of a trans-horizon station not to exceed — 168 dB(W/4 kHz). Such an interfering signal level would be set 
up if there is direct entry of a signal from a transmitter in a satellite of the fixed-satellite service with a pfd of 
— 189 dB(W/(m2 • 4 kHz)) into the main lobe of the trans-horizon system antenna. It is suggested that a pfd limit 
of 20 dB below that value would be a reasonable allocation for the aggregate of all satellite spurious emissions. A 
small further reduction would be necessary to reach an acceptable value for the spurious emissions from any one 
satellite, to allow for multiple entries, leading to an e.i.r.p. density limit of about — 50 dB(W/4 kHz).

3.5 In terference to  f ix e d -sa te llite  earth  s ta tio n s fr o m  earth sta tions

Report 448 contains sufficient information for the calculation of permissible input powers for interference 
from all sources, with the exception of values for the earth station noise temperature. Making reasonable 
assumptions for the noise temperature, a value of permissible interference power of about — 146 dB(W/MHz) is 
found for frequencies between 1 and 10 GHz, increasing to — 140 dB(W/MHz) for systems operating in the 15 to 
40 GHz range, these figures being applicable, for example, to 0.01% of the time. A limit of 20 dB below these 
values would seem to be a reasonable allowance for spurious emissions. With these assumptions, spurious 
emissions with an e.i.r.p. density not exceeding the following values should not cause more than the permitted 
level of interference at another earth station at a distance of 100 km overland:

for frequencies around 4 GHz: — 35 dB(W/MHz),
for frequencies around 12 GHz: — 29 dB(W/MHz),
for frequencies around 30 GHz: -6 dB(W/MHz).

3.6 In terference to  f ix e d -sa te llite  earth  s ta tio n s fr o m  space s ta tio n s o f  a n y  Service

Earth stations operating in the fixed-satellite service may receive spurious emissions from other satellites 
over the following transmission paths:
(a) directly from unwanted satellites;
(b) indirectly from unwanted satellites after retransmission by the wanted satellite;
(c) indirectly from earth stations of other networks or terrestrial stations after retransmission by the wanted

satellite;
(d) from the wanted satellite, the spurious emissions having originated either in the wanted satellite or in other 

earth stations of the same network.

It may be assumed that (c) will be small and that (d) may be disregarded. Furthermore, an examination 
indicates that the probability of significant interference arriving at an earth station via path (b) is very small;
therefore interference limits obtained in considering case (a) should also be acceptable for case (b) (See Annex I).

In exceptional cases it may be necessary to coordinate the location of satellites to control interference from 
predictable high-level spurious emissions. One such case is band-edge interference from broadcasting satellites. In 
the general case, however, it is desirable that the level of interference should be so low that it can be tolerated 
without coordination. Thus it is suggested that an arbitrary allocation be made of 5% of the total inter-network 
interference budget to cover normal cases (a) and (b) above, i.e., 50 pWp for FDM-FM. No Recommendation has 
been made yet for permissible interference to digital emissions, furthermore, it is unlikely that spurious emissions 
would enter a single wanted channel by both routes (a) and (b), so each may be allocated the 5% share.

Since interference from spurious emissions can arise from a satellite which does not use the same 
frequency bands as the wanted satellite, the normal processes of coordination cannot be assumed to prevent the 
entry of spurious emission interference in the main beam of the earth station. However, if the level of spurious
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emission pfd at the Earth’s surface is so low that an in-beam entry can be tolerated at an earth station with a 
high-gain antenna, it may be assumed that any other spurious emissions which are similarly low in strength will 
have, a negligible effect if they enter via side lobes. Likewise, it is unlikely that a high-gain earth-station antenna 
would suffer direct entry spurious emissions from more than one interfering satellite at a time. Earth stations with 
low gain may suffer more than one direct entry, but this will not matter if the acceptable level is determined by 
the protection of high-gain antennas.

3.6.1 D irect en try  fro m  th e  in terfering  sa te llite  (C ase  (a))

For a first approach to the calculation of acceptable levels of spurious emission, it would be
convenient to follow the pattern set by Recommendation 358, and to divide the spectrum at 15.4 GHz.
Below 15.4 GHz the characteristics of existing earth stations receiving FDM-FM signals at 4 GHz might be 
assumed, the maximum acceptable level of interference spectral pfd being calculated in a bandwidth of 
4 kHz. Above 15.4 GHz it would be necessary to make assumptions as to the characteristics of future earth 
stations receiving at 19 GHz, the limiting spectral pfd being calculated in a bandwidth of 1 MHz.

For a direct entry into a high-gain earth-station antenna, such as INTELSAT Standards A and C,
receiving FDM-FM signals, the interference spectral pfd should not exceed — 221 dB(W/(m2 • 4 kHz)) 
below 15.4 GHz. Above 15.4 GHz the limit might be — 182 dB(W/(m2 • MHz). See Annex I for the 
justification of these figures.

3.6.2 Ind irect entry fr o m  an  in terfering sa te llite  via the w an ted  sa te llite  (C ase (b)j

The gain of a satellite antenna at angles well removed from the main beam can be assumed to be 
0 dB relative to isotropic. This assumption is probably valid for interference received at one satellite from 
another satellite, provided that orbital eccentricity is kept to a minimum.

With this assumption, a spurious emission conforming to the limits in § 3.1 might set up 50 pWp 
of interference in a wanted channel if it entered the earth station indirectly via the wanted satellite; and if 
the separation between the two satellites was about 4 km. (See Annex 1.) This corresponds to the extremely 
small separation angle of 0.006°. The probability that two satellites would be so close for more than a 
brief period of time is small. Thus the pfd limit obtained via Case (a) is also acceptable for Case (b).

3.7 In terference to  ra d io astronom y s ta tio n s  fro m  earth sta tio n s

Report 224 examines the problem of interference into radioastronomy earth stations. Report 224 offers as 
a target the reduction of interference to the point at which uncertainties due to the interfering signal are not more 
than 10% of the uncertainties due to the statistical fluctuation of the astronomical signal when both are integrated 
over 2000 s and an appropriate bandwidth. Recommendation 314 considerings, are also relevant. Applying this 
criterion, the limiting interfering power at the receiver input in typical cases is given approximately as follows:

— for measurements of the continuous part of the spectrum, -207 dBW in a bandwidth of 10 MHz at 2.7 GHz,
increasing to — 192 dBW in a bandwidth of 400 MHz at 24 GHz;

— for spectral line measurements, -222 dBW in 10 kHz at 1.7 GHz, increasing to -209 dBW in 100 kHz at
22 GHz.

If it is assumed that the gain of the radioastronomy antenna in the direction of the interfering source is 
0 dB, then spurious emissions with an e.i.r.p. density not greater than the following values should not cause these 
permitted levels to be exceeded for more than 0.01% of the time in the typical cases mentioned above, when the 
stations are separated by 100 km (or 250 km) overland:

— for measurement of the continuous part of the spectrum, — 75 (or — 50) dB(W/10 MHz) at 100 km (or
250 km) at 2.7 GHz and -36 (or -2) dB(W/400 MHz) at 100 km (or 250 km) at 24 GHz;

— for spectral line measurements: — 96 (or — 71) dB(W/10 kHz) at 100 km (or 250 km) at 1.7 GHz and — 53 (or
-19) dB(W/100 kHz) at 100 km (or 250 km) at 22 GHz.
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3.8 In terference to rad io a stro n o m y s ta tio n s fro m  space sta tions

As in § 3.7 the interference criteria of Report 224 are relevant. For many interference situations it has been 
agreed that protection needs to be provided to the required standards only when the interference is incidental on 
the side lobes of the radioastronomy antenna with an assumed gain of 0 dBi. With this criterion the power 
flux-density of an interfering signal should not exceed the following values in the two radioastronomy bands 
which are taken as examples:

2700 MHz -247 dB(W/(m2 • Hz))
15.4 GHz -233 dB(W/(m2 • Hz))
Values for other frequencies can be obtained from Report 224. These values are specified as being 

necessary for the protection of measurements in the continuous pan of the spectrum; they can be relaxed by 10 to 
15 dB for measurements of spectral lines when the same integration time is used, but the common use of much 
longer integration times for line work reduces the difference.

Now, taking as an example a fixed-satellite transmitter at 4 GHz, the maximum pfd at the ground is 
— 142 dB(W/m2) in any 4 kHz band for elevation angles above 25°, this limit being imposed for the protection of 
terrestrial services in shared bands (No. 2566 of the Radio Regulations). Since the recommended protection level 
for radioastronomy at 2700 MHz, for example, corresponds to — 211 dB(W(m2 • 4 kHz)) for continuum measure­
ments, the protection criteria are met if spurious emissions in the radioastronomy band are 69 dB below the 
maximum permitted flux-density of the wanted signal.

It must be pointed out, however, that while the criteria in Report 224 are acceptable for interference from 
a terrestrial transmitter and even for a single interfering source in the sky, the possible incidence of interference
from a series of satellites distributed around the geostationary-satellite orbit, creates a new situation. Using the
recommended antenna pattern of Recommendation 465, it may be deduced that if the individual satellites just
meet the criteria of Report 224, radioastronomy observations of the area of the sky within ± 20° of the
geostationary-satellite orbit, would suffer harmful interference continuously. It would clearly be of great value to 
radioastronomy if a more stringent protection criterion could be met. A reduction of the spurious emissions by 
10 dB from the value of — 69 dB relative to the main signal would reduce the prohibited region to ±8°, and a 
further reduction of 10 dB would reduce it to ±3°. There is an evident need to study the practicability of
achieving the minimum spurious emissions compatible with the proper functioning of the fixed satellite
operations.

3.9 In terference to space research earth s ta tions fro m  earth sta tions

For earth stations used for deep-space research, Recommendation 365-3 (Kyoto, 1978) proposes an 
interference limit of — 220 dB(W/Hz) at frequencies above 1 GHz, this value not to be exceeded for more than 
5 min in any day. This is usually interpreted as protection for 0.001% of the time. If an interfering signal has an 
approximately uniform spectrum over a 4 kHz band, the limit becomes — 184 dB(W/4 kHz). At 100 km the 
radiated power of a potential source of interference should therefore, for example, be less than — 56 dB‘(W/4 kHz) 
at a working frequency of about 2 GHz.

For reception of signals from near-earth satellites, the same interference can normally be accepted for 0.1% 
of the time; this would allow the interfering e.i.r.p. to be increased by about 3 dB, (Recommendation 364). 
However, for manned missions the additional safety margins that are required necessitate the same degree of 
protection as for deep-space missions (Recommendation 364).

3.10 In terference to space research earth sta tio n s fro m  space sta tions

There is little information in CCIR texts on which to base an assessment of the levels of interference 
which might be acceptable from satellites. Report 536 indicates that the thermal noise level of a deep-space 
receiving station would be of the order of — 214 dB(W/Hz). If continual interference into such a station is to be 
no greater than, say, 20 dB below thermal noise, then the interference e.i.r.p. radiated by a geostationary satellite 
should not exceed about — 104 dB(W/Hz). This assumes a receiving antenna operating at about 2 GHz with a 
main beam gain of 60 dB.

4. Form of presentation of limits

Appendix 8 to the Radio Regulations expresses spurious emissions in terms of the mean power level of 
any spurious component supplied by the transmitter to the antenna transmission line. It specifically indicates the 
maximum permitted level in two ways. First, for any spurious emission component the minimum required 
attenuation is expressed as the mean power within the necessary bandwidth relative to the mean power of the 
spurious component. Secondly, the spurious emission component shall not exceed specified absolute mean power 
levels.
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Recommendation No. 66 of the WARC-79 also recommends that any new maximum permitted level of 
spurious emissions be expressed in these terms. However, it also recommends that the CCIR establish appropriate 
measurement techniques for spurious emissions, including the consideration of reference levels for wideband 
transmissions and the applicability of reference measurement bandwidths.

Thus, Recommendation No. 66 of the WARC-79 expresses the need to study spurious emissions in terms 
of “mean power” and to develop appropriate CCIR Recommendations to facilitate the interpretation and 
measurement of “mean power” as it applies to the various classes of emission.

5. Conclusions

5.1 Spurious em issions fro m  space s ta tio n s o f  the fix e d -sa te llite  service

The following very tentative conclusions are drawn from this preliminary examination:
— The probability of interference to terrestrial radio-relay stations by spurious emission from space stations of 

the fixed-satellite service does not appear to be high, but further examination of radiation levels and their 
aggregate effects should be made.

— It may be necessary to limit the emissions by satellites of inter-modulation products in the immediate 
neighbourhood of the occupied band to prevent significant interference to fixed-service earth stations using a 
nearby satellite and occupying an adjacent band; the same may apply when trans-horizon services use an 
adjacent frequency band. However, it seems probable that severe interference will be suffered by radio- 
astronomy stations from direct entries of harmonic radiation and possibly image signals, local oscillator 
harmonics and parasitic emissions from fixed-satellite space stations and also from intermodulation emissions 
in cases where the radioastronomy and the fixed-satellite services have adjacent frequency band allocations. 
Interference entering in the far side lobes of the antennas of radioastronomy stations may also be a cause of 
serious difficulty, but in these cases the problem is perhaps more open to solution.

5.2 Spurious em issions fro m  earth s ta tio n s o f  the fix e d -sa te llite  service

Interference in excess of levels thought likely to be permissible may arise at various kinds of receiving 
stations due to spurious emissions from earth stations' of the fixed-satellite service, depending, among other 
factors, upon the distance between the stations, causing and suffering the interference. For example, interference 
may be significant at distances of a few tens of kilometres at radio-relay receiving stations and at distances of a 
few hundreds of kilometres at trans-horizon receiving stations and radioastronomy stations; other eajth stations of 
the fixed-satellite service are intermediate in susceptibility to interference. Other services using very sensitive 
stations, not considered in this Report, may also need to be considered.

5.3 General

Before it is possible to draw up Recommendations limiting spurious emissions from space and earth 
stations of the fixed-satellite service, further studies in the appropriate Study Groups will be needed:

5.3.1 to identify all services with stations likely to be susceptible to interference from these emissions and 
to determine, with sufficient precision, the levels of interference that may be permitted and the relevant 
frequency ranges, having regard to the possible interference from other sources and to such factors as the 
percentage of time that the interference is present, and the bandwidth and time over which interference 
should be integrated;
5.3.2 to determine what level of spurious emissions would arise in the various frequency bands from
space and earth stations of the fixed-satellite service and the e.i.r.p. densities of spurious emissions from
earth stations, particularly in the direction of the horizon;
5.3.3 to consider the limits of spurious emissions as a function of frequency separation especially as
applied to adjacent frequency bands;
5.3.4 to consider whether it is necessary and if so, to what extent it is technically and economically 
feasible, to improve on the levels identified in § 5.3.2 in general, at all frequencies. Alternatively, it may be 
desirable to identify more stringent limits on spurious emissions in frequency bands which are allocated to 
services which use particularly sensitive receivers, with more relaxed limits applied at other frequencies;
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5.3.5 to establish appropriate measurement techniques for spurious emissions, including the applicability 
of reference measurement bandwidths and the determination of reference levels, and to study the 
categorization of spurious emissions in terms of  mean power as well as their interpretation as it applies to 
the various classes of emission.
It may also be desirable to consider provisions for limiting the level of out-of-band emissions for certain

cases.

ANNEX I

Derivation of values of acceptable power flux-density

The following assumptions have been made in the derivation of values of acceptable power flux-density:
To protect fixed-satellite bands below 15.4 GHz, pfd values are calculated for 4 GHz. For the protection of 
fixed-satellite bands above 15.4 GHz, pfd values are calculated for 19 GHz.
The wanted satellite network employs FDM-FM telephony transmission with a down-link thermal noise 
contribution of 5000 pWOp.
The maximum acceptable interference in a telephone channel from spurious emissions is 50 pWOp.
The earth-station antenna gain (Ge) is 60 dB at 4 GHz and 64 dB at 19 GHz.
The earth-station system noise temperature (Ts) is 60 K at 4 GHz and 250 K at 19 GHz.
The reference bandwidth (B) is 4 kHz at 4 GHz and 1 MHz at 19 GHz.

Then with these assumptions, the maximum acceptable interference pfd/ due to a spurious emission is given

p fd j = 10 log kTsB + 10 log _ Ge -  10 log5000 47t

= -221 dB(W/(irr • 4 kHz)) at 4 GHz 
and — 181.6 dB(W/(m: • MHz)) at 19 GHz.

2. Spacing required between two geostationary satellites

From § 1 above the interference spectral pfd should not exceed — 221 dB(W/(m: • 4 kHz)) at 4 GHz. This 
corresponds to an interference spectral power density at the earth station receiver input of — 195 dB(W/4 kHz) 
and an interference e.i.r.p. from a geostationary satellite of — 58 dB(W/4 kHz).

The following assumptions are made, in addition to those made for § 1:
— The gain of the wanted satellite antenna in the direction of the interfering satellite is 0 dB relative to 

isotropic.
— The transmission gain of the wanted system from satellite receiver input to earth-station antenna output is 

-20 dB.
— The spectral e.i.r.p. density of the spurious emission at the frequency received by the wanted satellite is 

-58 dB(W/4 kHz).
The path loss between the two satellites equals 20 log A n d / a .

Then, if the interference power density at the earth-station receiver input may not exceed 
-195 dB(W/4 kHz),

- 195 <  - 58 -  20 - 20 loĝ
 A

therefore, d  > 4 km.
At 4 GHz the corresponding geocentric separation angle is 5.7 x 10~3 degrees. At 19 GHz the minimum 

satellite separation distances would be less.

1.

by:
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REPORT 874

FREQUENCY SHARING BETWEEN THE INTER-SATELLITE SERVICE WHEN 
USED BY THE FIXED-SATELLITE SERVICE AND OTHER SPACE SERVICES

(Question 31/4)
(1982)

1. Introduction

Inter-satellite links are expected to play an increasingly important role in the utilization of the geosta­
tionary-satellite orbit by the fixed-satellite service. In view of this and the fact that, although representing a service 
of their own (the inter-satellite service), they derive their existence and use solely from the existence of other space 
services, they will necessarily impose their own characteristics and constraints on the service(s) making use of 
them.

This Report investigates the technical and operational sharing aspects of links in the inter-satellite service 
in relation to their use with systems in the fixed-satellite service.

2. Sharing with the earth exploration-satellite service (passive) and with the space research service (passive)

The WARC-79 allocated the frequency bands 54.25 to 58.20 GHz, 116.00 to 126.00 GHz and 174.5 to
176.5 GHz to the inter-satellite service and to the earth exploration (passive) and space research (passive) services.

To the extent that these space services use non-geostationary space stations, interference from a geosta­
tionary or a non-geostationary inter-satellite link is a matter of statistics and modest, if any, sharing constraints 
need likely to be imposed upon any of the services. Nevertheless, little having been done in assessing the sharing 
question, additional study is required, particularly for the case when interfering systems use the geostationary- 
satellite orbit.

3. Sharing with the broadcasting-satellite service

The WARC-79 allocated the frequency band 22.55 to 23.00 GHz to the inter-satellite service (ISS) and to 
the broadcasting-satellite service (BSS) in Regions 2 and 3.

Report 951 examines the probability and severity of interference from the relatively - high e.i.r.p. 
broadcasting satellites to receivers in the inter-satellite service which are part of a geostationary inter-satellite link.

The assumptions made'in Report 951 postulate,

3.1 for the inter-satellite link:
— a 1° circular half-power receiving antenna beamwidth;
— a receiving system noise temperature of 1000 K;
— a receiving antenna side-lobe pattern conforming to that composed of curves A, B and C of Fig. 11 of

Report 558;
— a n  interference objective of I / N  of no greater than —10 dB within a 40 MHz bandwidth;

3.2 .for the broadcasting satellite:
— ;a maximum main beam e.i.r.p. of 70 dBW;
— a 2.5° circular half-power transmitting antenna beamwidth;
— a transmitting antenna side-lobe pattern conforming to that stipulated by the WARC-BS-77.

3.3 From the results of the study, the following is concluded:

— that it is feasible to share between the broadcasting-satellite service and the inter-satellite service in the subject 
frequency band when their orbital positions can be coordinated;

— that for a short inter-satellite link (up to about 7° of arc) it is not feasible to place a broadcasting satellite
between the two stations comprising the inter-satellite link;

— that for longer inter-satellite links it becomes possible to insert one or more broadcasting satellites, depending
on the actual inter-satellite link length;
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— that the longer the inter-satellite link, the larger would be the portion of orbital arc in which broadcasting 
satellites could be placed while meeting the assumed interference objective in the inter-satellite link;

— as for interference to the BSS receiver by emissions in the ISS, there may be no interference by short ISS 
links with tracking antennas; however, the worst case of interference may arise from short ISS links with 
non-tracking antennas for an orbital separation between two ISS satellites less than 6° and between two 
satellites in the BSS and ISS nearly equal to 0°. Interference from inter-satellite links with mutually tracking 
antennas may be acceptable when the beamwidths are no greater than about twice the expected pointing 
errors (see Table II of Report 951);

— considering the limited available orbital arc and the high frequency reuse potential in the inter-satellite service 
(see Fig. 3 of Annex II to Report 451), there may be severe conflicts between space stations of the two 
services for the same arc of the orbit.

Since both broadcasting satellite and inter-satellite link characteristics may differ from those of the 
assumptions, further study is desirable to provide additional information on the subject.
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D E C I S I O N S

DECISION 2-7

FREQUENCY SHARING BETWEEN RADIOCOMMUNICATION SATELLITES

Technical considerations affecting the efficient use 
of the geostationary-satellite orbit

(Study Programme 28A /4) 

( 1 9 7 0 - 1 9 7 4 - 1 9 7 6 - 1 9 7 8 - 1 9 8 0 - 1 9 8 1 - 1 9 8 4 - 1 9 8 5 - 1 9 8 9 )

CCIR Study Group 4,

CONSIDERING

(a) that studies on the technical factors affecting the efficient use of the geostationary-satellite orbit need to be 
carried out urgently in view of the foreseeable congestion in certain parts of that orbit;

(b) that the World Administrative Radio Conference, Geneva, 1979, in Recommendation No. 708 requested 
that studies on a number of subjects related to this matter should be started or continued as a matter of urgency;

(c) that the CCIR was charged with carrying out certain studies during 
the WARC ORB intersessional period, and that there is a continuing need to 
improve Orbit efficiency now that WARC ORB-88 is over;

(d) the WARC ORB-88 referred certain topics to CCIR for study in 
Resolution GT PLEN/3 and Recommendation COM 6/D of that Conference. Study 
Group 4 assigned these topics to IWP 4/1 for consideration^

(e) that topics relevant to Study Group 4 may be on the Agenda of the 
WARC-92.

DECIDES

1. that Interim Working Party 4/1, established on the initiative of the Geneva Interim Meeting, 1968, should
continue with the following terms of reference with respect to the fixed-satellite service:

1.1 to stimulate the collection when necessary and the critical analysis of relevant data needed to produce a
synthesis of views on technical means of achieving the efficient use of the geostationary-satellite orbit w i t h  
p a r t i c u l a r  e m p h a s i s  o n  p r a c t i c a l  a s p e c t s .  ( S e e  S t u d y  P ro g ra m m e  2 8 A / 4 ) ;
1.2 to hold further meetings at such times as may be agreed;

1.3 to review and consider such contributions as will have been received at the meetings of the Interim
Working Party and to present reports on these contributions in a form which will best facilitate the work of Study 
Group 4 on achieving the efficient use of the geostationary-satellite orbit;
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2. to submit reports on the results of studies on the topics identified in 
Annex I to the Study Group (or to the body referenced in DECIDES 3.1 (where 
necessary);

3. as a matter of urgency, to hold one meeting at time compatible with the 
schedules of related activities to provide for the critical analysis needed to 
produce the guidance requested for the 1992 WARC;

3.1 to submit reports on the results obtained on the topics relevant to
Study Group 4 to the Joint Interim Working Party charged with producing the CCIR 
report to the 1992 WARC;

4. that IWP 4/1 should be composed of representatives nominated (one from 
each administration) by the Administrations of Algeria, Germany (Federal 
Republic of), Australia, Brazil, Canada, Chile, China (People's Republic of),
Colombia, Denmark, United States of America, France, Guinea, India, Indonesia,
Iran (Islamic Republic of), Iraq, Italy, Japan,Republic o f  Korea, Luxembourg, Papua New 
Guinea, the Netherlands, Poland (People's Republic of), German Democratic 
Republic, United Kingdom, Sweden, Switzerland, Turkey, USSR, Yugoslavia (Federal 
Socialist Republic of) as well as observers from the European Broadcasting 
Union, European Space Agency, EUTELSAT, INTELSAT, and the IFRB.

5 ’ that the coordination o f  the work o f the Interim Working Party, which should be conducted as far as is 
feasible by correspondence, and the chairmanship o f the Interim Working Party be undertaken by a representative 
o f the Administration o f  the United Kingdom;

6 .  that the activities o f the Interim Working Party should not involve any expenditure, other than normal on 
the part,of the ITU.
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ANNEX I

TOPICS FOR INTERIM WORKING PARTY 4/1 STUDY 

DURING THE 1990-1994 PLENARY PERIOD

TOPIC OBJECTIVE FOR CCIR VOLUME IV PART-1

1 Simplified methods of estimating 
interference between satellite 
networks.
Rep. 454

To refine methods which improve the 
accuracy of interference estimates 
compared with the Appendix 29 method 
for determination of the need to 
coordinate.

2 Efficient use of the GSO for 
multi-band and multi-service 
satellite networks.

To fully identify the technical means 
of facilitating the coordination of 
such satellite networks.

3 Technical implications of 
steerable and reconfigurable 
satellite beams.

To fully identify the implications of 
steerable and reconfigurable satellite 
beams for coordination exercises.

4 ABCD parameters used in the 
FSS Allotment Plan, and other 
generalised paramter sets.

To consider the various aspects of 
expressing allotments in ABCD terms, 
and describe examples of the 
flexibility thus afforded when 
allotments are converted to 
Assignments. Also orbit management 
techniques related to the allotment 
plan.

To remove unnecessary text.

5 Antenna beam discrimination 
Rep. 998, Rep. 558, Rec. 465 
Rec. 580, 672 .

To review and propose CCIR Recommen­
dations and Reports for satellite and 
earth stations reference patterns, 
as related to the efficient use of the 
GSO.

6 Stochastic approach in the 
evaluation of interference 
between satellite networks. 
Rep. 1137

To present further statistical 
information and describe methods for 
its inclusion in interference 
assessments, with the aim of establi­
shing, during the next plenary period, 
Recommendations to ameliorate worst 
case assumptions in coordination 
exercises.

7 Improved methods of energy 
dispersal for TV carriers. 
Rep. 384

To present results of measurements 
of the dispersal provided by combined 
frame and line rate waveforms, and of 
alternative waveforms giving improved 
energy spreading, and to present 
assessments of other implications of 
their use.
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TOPICS OBJECTIVES FOR CCIR VOLUME IV PART-1

8 Maximum permissible interference 
levels in FSS analogue and 
digital channels, caused by 
other FSS networks.
Rec. 466, Rec. 523, Annex IV 
to Rep. 455.

To revise the single entry and 
aggregate limits.

9 Optimisation methods to iden­
tify satellite orbital positions 
in the Improved Procedures 
bands.
Rep. 453, Rep. 1135.

To describe methods of interference 
calculation which would assist in 
selecting locations for new satellites 
in congested parts of the GSO.

10 Improvements in geostationary 
satellite antenna pointing 
accuracy.
Rep. 1136

To present further evidence supporting 
a design target for antenna pointing 
accuracy of + 0.2°.

11 Polarisation discrimination 
between adjacent satellite 
networks.
Rep. 555, 1 141.

To present further evidence of 
satellite and earth station off-axis 
cross polar discrimination for both 
circular and linear polarisations in 
order to establish cross-polar 
reference patterns.

12 Improvements in earth station 
off-axis e.i.r.p. density. 
Rep. 1001, Rec. 524

To further revise the current limits 
for 14/11-12 GHz band.

13 Interference from TV carriers 
into SCPC carriers.
Rec. 671 ; Rep. 867

To present further evidence on the 
protection variation with frequency 
offset from TV band centre, e.g. using 
MAC encoded TV. To assess the 
cummulative effect of multiple 
interference entries.

14 Calculation of interference and 
impairment into analogue TV 
systems.
Annex III to Rep. 455

To assess the validity of this method, 
and the practicability of its use in 
operational circumstances, for NTSC, 
PAL, SECAM and MAC TV systems.

15 Intra FSS sharing aspects of 
slightnly inclined orbits. 
Rep. 1138

Further studies of inter-system 
interference for general cases 
involving two or more satellites in 
its slightly inclined geostationary 
orbits.

16 Investigation of technical 
matters relevant to Study 
Group 4 preparation for 
WARC-92.

To ensure that the JIWP/WARC-92 is 
fully advised of the technical 
aspects relevant to the FSS.
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DECISION 64-1

UPDATING OF THE HANDBOOK ON SATELLITE COM M UNICATIO NS

(Fixed-Satellite Service)

( 1 9 8 5 - 1 9 8 9 )

CCIR Study Group 4,

CONSIDERING

(a) that the Handbook on Satellite Communications (Fixed-Satellite Service) has been prepared in order to 
provide administrations and organizations with tutorial documents to assist them in the preparation o f  their 
programmes and in the education o f  their personnel;

(b) that advances in the technology o f satellite communications and the expected evolution o f  the regulatory
and planning environment, would justify periodic updating of the Handbook on Satellite Communications;
(c) that the proper method to prepare updated versions is to establish a Group which could operate with 
methods similar to those used for the present Handbook, i.e. by correspondence and by som e periodic meetings;

(d) that the updating procedure and content should, as far as possible, keep in step with the current 
Volume IV editions;

DECIDES

1. that a Group for updating the Handbook on Satellite Communications should be m a in ta in ed  in the 
framework o f Study Group 4;

2. that, the Handbook Group should consider providing periodic revisions 
of the Handbook, in the form of supplements and, when appropriate, of a new 
Edition;

3. that the Group will provide Progress Reports to the Study Group 4;

4. that the Chairman o f  the Group will be Mr. J. Salomon (France);

5. that the Group should be composed o f representatives from the following Administrations and Interna­
tional Organizations: Germany (Federal Republic of), Brazil, Canada, China (People’s Republic of), United States 
o f  America, France, India, Italy, Japan, United Kingdom, swiczerland; USSR, EUTELSAT and INTELSAT.
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DECISION 70-1 

IM PLEM ENTATION OF DIGITAL SATELLITE SYSTEM S

CCIR Study Group 4,

CONSIDERING

(a) that new digital telecommunications services are under study in the CCITT, notably in the area of ISDN, 
where end-to-end user requirements for a wide range of digital services are being developed;
(b) that this development may put different demands on transmission systems, including satellites that are used 
in digital networks;

(c) that a great deal of study by Study Group 4, in coordination with the CCITT, will be required to ensure
that satellite systems are developed to satisfactorily meet these demands;

(d) that the schedule of meetings of Study Group 4 does not always conveniently match that of CCITT Study
Groups,

DECIDES

1. that Interim Working Party 4/2, established on the initiative of the Director of the CCIR and the
Chairman of Study Group 4 during the 1982-1986 study period, should continue with the following terms of
reference with respect to the fixed-satellite service:

1.1 to carry out detailed studies on digital satellite systems and to develop text for new Reports and 
Recommendations, as necessary, to ensure that satellite systems will meet the new requirements of these 
developing digital services;

1.2 to hold further meetings at such times as may be agreed;

1.3 to study the latest CCITT output documents relevant to Study Group 4 and to make timely responses to
the CCITT when differing CCITT and CCIR schedules occur;

1.4 to review and consider contributions made to meetings of the Interim Working Party, and to present
reports of its activities to Study Group 4;

2. that the Interim Working Party shall be composed of representatives of
the following Administrations and International Organizations; Germany (Federal 
Republic of), Australia, Brazil, Canada, China (People's Republic of), United 
States of America, France, India, Indonesia, Italy, Japan, United Kingdom,
Sweden, Switzerland, USSR, EUTELSAT and INTELSAT;

3. that the coordination of the work of the Interim Working Party , which should be conducted as far as is 
feasible by correspondence, and the chairmanship of the Interim Working Party be undertaken by a representative 
of the Administration of the United States of America;

the arLof t h ^ T L J V,tieS ^  ^  Int£rim Workin8 Party shou,d not involve any expenditure, other than normal, on

(1985 - 1 9 8 9 )
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SATELLITE NEWS GATHERING (SNG)

(Question 13/CMTT, Study Programmes 13H/CMTT and 22D/CMTT)

(1987-1989)

CCIR Study Groups 4, 10, 11 and CMTT,

CONSIDERING

( a )  that satellite transmissions using transportable or portable earth 
stations is an invaluable and at times the only viable solution to the timely 
transmission of television news from remote locations;

( b )  that throughout the world, where news events take place, standardized and 
uniform technical and operating procedures should be established to ensure 
prompt activation of SNG service;

( c )  that there was a unanimous Recommendation of the Fifth World Conference of 
Broadcasting Unions in Prague, 1986, on the use of international auxiliary 
broadcast frequencies and transportable earth stations;

( d )  that the special characteristics needed for transportable or portable 
transmitting earth stations may necessitate acceptance of performance objectives 
differing from those specified in Recommendation 567 for general purpose 
satellite television connections;

( e )  that there will be a requirement to provide, on the same uplink service, 
auxiliary circuits for programme and technical coordination, and for the 
management of the transportable earth station interface;

( f )  that SNG services from any specific location will be classified as 
occasional and/or temporary;

( g )  that the very nature of SNG requires that earth stations be activated in 
an expedient manner, the philosophy of which is not compatible with the long 
advance notice periods normally established for fixed permanent services;

( h )  that it is expected in the future that HDTV transmissions could originate 
from portable uplink facilities;

( j )  that the ITU Constitution states in its Preamble: "...fully recognizing 
the sovereign right of each State to regulate its telecommunication... ."

DECISION 7 6 - 1 *

*) This Decision is also published in CMTT as Doc. CMTT/1070

D0C\12E1070.TXS
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DECIDE

1. that Joint Interim Working Party JIWP CMTT-4-10-11/1 be continued, to 
prepare, within the Terms of Reference of Study Groups CMTT, 4, 10 and 11, an 
overall strategy for SNG transmissions, proposals intended to solve the 
technical, operating and organizational aspects associated with the use of 
transportable or portable transmitting earth stations for SNG;

2. that the Terms of Reference of the JIWP should be as follows:

2.1 to define the technical quality specifications for the programme video 
signal acceptable for SNG;

2.2 to define the number and the technical quality specifications for the 
programme audio signals acceptable for SNG;

2.3 to define the number and the technical quality specifications of auxiliary 
circuits required for SNG operations;

2.4 to study uniform technical parameters for SNG that may be applicable on a 
geographically wide scale;

2.5 to study uniform operating procedures for SNG that may also be applicable 
on a geographically wide scale;

2.6 to study the overall transmission and performance objectives for HDTV 
transmission by portable satellite earth stations for SNG;

2.7 to determine the technical characteristics of the specific equipment 
required to meet the objectives in 2.6;

2.8 to identify the operational requirements related to HDTV transmission by 
portable satellite earth stations for SNG;

2.9 to prepare draft Recommendations on the study items above;

2.10 to investigate and prepare a Report on means to simplify the procedures 
required to obtain, as expeditiously as possible, temporary authorization to 
operate SNG facilities;

3. that, in accordance with §2.3.3 of CCIR Resolution 24, Study Groups CMTT,
4. 10 and 11 are jointly entrusted with the responsibility of the work of the 
JIWP, and in accordance with §2.3.9 of Resolution 24, CMTT is designated to 
coordinate the work of the JIWP. The JIWP shall submit its reports and results 
of its work to joint meetings of these Study Groups, when possible;

4. that the work of the JIWP should be completed in the course of the current 
Study Period; a report and the results of its work shall be submitted to the 
Final Study Group Meetings in 1993;

5. that the JIWP should, as far as possible, work by correspondence; however 
it may meet when this is considered necessary by its Chairman, by the Chairmen 
of Study Groups CMTT, 4, 10 and 11, and by the Director, CCIR;



D. 76-1 7 6 5

Mr. Joseph A. COLSON (NANBA) Telephone
Chairman, NANBA Technical Committee Telex
CTV Television Network Limited Telefax
42 Charles Street East 
Toronto, CANADA M4Y 1T5

and the Vice-chairmen will be:

6. that the JIWP will be chaired by:

Mr. D. PHAM THAT (EBU) Telephone
Telediffusion de France (TDF) Telex
Direction de l'Equipement Telefax
21-27 rue Barbes 
B. P. 518
F-92542 MONTROUGE CEDEX 
France

Mr. Gabor HEGYI (OIRT) Telephone
Administration centrale des Telex
Postes et Telecommunications de Hongrie Telefax
Krisztina krt 6/8 
1540 BUDAPEST 
Hungary

and

Mr. Kuniharu ASANO (ABU) Telephone
Senior Engineer Telex
Engineering Planning Bureau Telefax
Japan Broadcasting Corporation (NHK)
2-2-1 Jin-nan, Shibuya-ku 
TOKYO 150

+1 416 928 6170 
06-22080 

+1 416 928 0907

+33 1 46 57 1115 
tedif 250738f 
+33 1 46 54 3341

+36 155 0550 
221193 gentel h 
+36 156 0855

+81 3 465 1234 
22377 Radio NHK 

+81 3 485 0952

Japan
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DETERMINATION OF THE COORDINATION AREA 
Appendix 28 of the Radio Regulations

This text may be found in the Annex to Volume. IV/IX-2.

DECISION 87*

(1989)

*) According to the decision of Chairmen and Vice-Chairmen's Meeting (Geneva, 
4-6 JJuly, 1990) the tasks of JIWP 2-4-5-8-9-10-11/1 on the determination of the 
coordination area are transferred to Study Group 12 for study by Task Group 
12/3..
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