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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)
(1974-1978-1982-1986-1290)

1. Introduction

This Report makes a preliminary examination of some of the technical factors which should be considered
in the design of systems of 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 of these
frequencies would facilitate the design of high-capacity systems. The use of the 30/20 GHz bands, would facilitate
the design of very high capacity systems employing 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) étates
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
- 1x 106 pWO0 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 of 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 10000 pWOp psophometrically-weighted one-minute mean power for more than 20% of any month:
1.2 50 000 pWOp psophometrically-weighted one-minute mean power for more than 0.3% of any month;

1.3 1 000 000 pWO0 unweighted (with an integrating time of 5 ms), for more than 0.01% of any year; "

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.



4 Rep. 552-4

Performance of 14/1]1 GHz systems compliant with Recommendation G.222

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 pWwOp.
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 wsed, 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 .

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 er 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 1I, IIT 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 GHz variations in the level of the wanted and unwanted signals due to
precipitation, and the effects of scatter, have a greater influence on the minimum separation distance obtainable
between earth stations of the fixed-satellite service, and terrestrial stations of the fixed service.

The effect of scatter can be overcome by careful site selection to avoid beam intersection of 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 of 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 of the fluctuation of the wanted and 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 of
hydrometeors, especially rainfall, are particularly important and must be taken into account when the systems are
designed. The most reliable calculation of the effects of hydrometeors may be made on the basis of experimental
distributions of attenuation due to hydrometeors against time. This distribution varies with the frequency and the
time of the year and depends on climatic conditions at the site of 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 of the satellite link
declines with the distance between earth stations and increased intensiveness of 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 of America. The measurement frequencies include 11.7, 13.6, 15.5, 17.8, 19 and 28.5 GHz. Interim
results of the 10 year (1969-1978) experiments have been published in various technical journals and conference
proceedings. [Lin, ef al., 1980} summarizes new results and the previously published results and discusses radio
communication systems. The summary includes the geographic dependence, the frequency dependence, the
diurnal, monthly, and yearly variations of 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 of America locations and a simple empirical model for rain attenuation.

The data indicate that the 28.5 GHz earth-satellite radio link, assuming 20 dB fade margin, will require’
site-diversity protection for most United States of 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 impact 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 of low telephone
activity. Furthermore, multipath fading is frequency selective and interrupts only a fraction of the frequency
band at a time. By contrast, about 35% of 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 order.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 -Figute 2.
The attenuation axis is indicative of 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 AnnexVI 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 ddvantages
and disadvantages of 30/20 GHz systems based on current technology.
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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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Merits ard Demerits of the 30/20 Giz
Band Satellite Commmication Systems

campared with lower frequency bands
MERTTS EMERITS

1. Wide bandwidth, high 1. Higher rain attematicns
transmission capacities campared to lower frequency

bards, i.e., large rain

2. Narrow beamwidth and margins to guarantee the
large anterma gain. available time. Need for

fade caunter measures.

3. Narrow required 2. PRelatively camplex
satellite orbital hardware characteristics
spacing between (e.g. high output power
satellite anterma ard low noise figure).
beamwvidth (large ramber
of satellites on the 3. Relatively high cost of

GS0), easy ccardinaticn
between satellites.

equipment at this early
state of egquipment develcp~

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

5. Easy introduction of
mltiple beam systems
which increase system
availability perfarmance.

4. Relatively limited
experience of
frequency reuse.

Hardware technolcogies such as antermas, high power amplifiers (HPA), low
noise amplifiers (INA), and cther cn~board sub-systems have substantial effects
cn system design. Sare key elements are summarized below.

Artermas at 30/20 GHz can achieve high gains in =mall physical ‘sizes,
capared with lower frequencies. EBowever, surface is more sericus,
perhaps resulting in same degradation in gain or sidelcbe characteristics.

High power amplifiers at 30/20 Giz will contime to improve over the next
few years. The autput power from solid-state (FET) amplifiers, and the
efficiency and size of travelling-wave-tube (TWI) amplifiers, will contirme to
improve.

Iow noise amplifiers are also cotimiing to improve. The noise
temperatires of both FET (field effect transistor) and HEMT (hich electrom
mbility transistor) amplifiers should contime to improve significantly over
the next five to seven years.

On-board switching can be performed both at baseband amd microwave
level. In case of basebamd processing, an-board regeneration also needs to be
implememited, which in turn improves the link budget performance. MICs and
manolithic MICs will be used in transmitters ard receivers to reduce size ard
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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utilizing an optimm satellite arrangement to match the geographical
disn'igy.rtim of service areas, introducing miltiple beam satellite antermas,
using improved sidelcbe small earth station anmtemmas and up-link power cantrol
techniques, a large mmber of satellites with high commmication capacities can
be realized at 30/20 GHz. If it is practicable for new services, a mocderate
availability value should be selected for system design, owing to the strong
deperdence of system capacity on 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 14/1?/11 GHz
frequency bands. In fact, because the propagation losses in heavy ralnfall.
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 s?ch
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 statiom
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 bedm 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, er 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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ANNEX [

SITE DIVERSITY OPERATION

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
of one earth station (main station) is made sufficiently high, so that the performance requirements of 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 GHZ and 14/11 GHz
and/or when the sub-station has to be simplified for technical and operational reasons.

Table Il summarizes the results of sample calculations of the antenna diameter 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) Yamaguchi-Hamada (100 km); both in
Japan.

It is seen from this Table that the antenna diameters required for the 14/11 GHz FM link (14 GHz for
up-link and 11 GHz for down-link) are about 28 m and 19 m for cases (A) and (B), respectively. When the
diameter of 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 of 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 of the required performances (antenna diameter and e.i.r.p.) for the diversity earth
stations are different depending on the diversity configurations. In the design of the balanced diversity link,
calculations have to be based upon the joint probability distribution of the rain attenuation at both locations,
while in the case of the unbalanced diversity configuration, the cumulative time distribution of the rain
attenuation and the conditional probability of the attenuation are required.

The conditional probability P(L"”/L') is the probability with which the rain attenuation at the site of 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 of 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 of 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 II- Sample calculations of the required performances for balanced diversity links

v 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

FM

Required antenna diameter (m) 28 / 32 19722
Required transmit power(l) (W)

(maximum value) 730 510
TDMA(2)

Required antenna diameter {m) 17719 11712
Required transmit power (W)

(maximum value) [ 530 400

(1) Values for 792 channel FDM-FM carrier (25 MHz).
() Values for 4-phase CPSK at 120 Mbit/s with forward error-correction.

Assumptions:
Frequency: 14.5 (uplink)/11.7 (downlink) GHz
Orbital position of satellite: 63°E, 0°N
Satellite e.i.r.p.: 41.1 dBW
Antenna diameters are estimated for two cases, namely:
T,=50Kand Ty = 150K
T,: System noise temperature of earth-station antenna
Efficiency of the earth-station antenna: 65%
Estimates are based on the rain-rate statistics obtained for those locations.

In analogue transmissions such as FM-FDMA, switch-over in transmitting will necessarily cause disconti-
nuity of carrier phase which will result in signal hit at the demodulator output 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 of 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 dummy interval. In the receiving earth stations the dummy intervals should be discarded no matter whether or
not switch-over took place.

The hitless switch-over both in the transmitting and receiving of the diversity system may most
conveniently be achieved in TDMA transmission [Watanabe, er al, 1978]. The dummy intervals are built-in
because TDMA transmission occupies only a part of the TDMA frame. Furthermore, TDMA demodulators are
capable of receiving burst mode carriers of incoherent phase. Therefore, phase incoherency of TDMA carriers
does not cause any difficulty. The only possible problem of site diversity operation of TDMA transmission would
be the necessity of very precise transmit timing control even for the initial transmission from the stand-by station.
This may be solved either by continuously transmitting a dummy burst from the stand-by station or by obtaining
sufficiently accurate ranging data of the satellite which is possible when the TDMA system employs open loop
synchronization. In TDMA transmission, the path lengths of diversity routes can be equalized using the reception
timing of frame synchronization signals. The reception timing of 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 of experiments using the dummy burst technique are described in [Fugono
et al., 1979 Suzuki er 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 of the measuring method of link quality,
care should be taken on selecting the measuring time duration and achievable accuracy [Suzuki er al., 1983].
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Diversity interconnect link

A factor which must be considered is that the CCIR hypothetical reference circuit contained in

Recommendation 352 and the CCIR hypothetical reference digital path contained in Recommendation 521 include
the Diversity Interconnection Links (DIL) to the diversity switching point and any additional modulation/demod-
ulation equipment required. This would mean that system noise budgets must include all the effects of the DIL.

3.1

3.2

Basic configuration

3.1.1  Physical aspects

There are a number of different specific configurations which can be considered and there could be
reasons for preferring one of these. Two of 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 two-hop microwave DIL using either an active, or passive, repeater. (A repeater site is
assumed, since the likelihood of mutual visibility of 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 FDM-FM and
TDM (FDMA or TDMA) are used at an earth station, two parallel links would usually be required.

3.1.2  Modulation requirements

When FDM-FM is used, because the satellite link modulation and baseband configurations are
usually different from those conventionally used for terrestrial systems, remodulation 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 modulation 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 modulation index. The receive
basebands are even more numerous and may only consist of a few channels and these must be
re-combined into the terrestrial basebands. This process requires modulation/demodulaton equipment at
the main earth station site and at the diversity site where conventional design of the DIL is used. All

15

configurations can be implemented using the remodulation technique at the expense of providing duplicate

equipment 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 of remodulation equipment 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 of Fig. 3. When TDM is used (FDMA or TDMA),
either technique could be employed. In the case of TDMA, diversity switching is performed between bursts
(see Annex I, § 2). The same modulation could be used on the DIL as used on the satellite system
although the data rates would not normally be those of a conventional terrestrial digital radio system.

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 CCIR Reports 338
and 720.

3.2.2  Bandwidth requirements

The bandwidth required to implement the DIL can be related to the earth station bandwidth by a
factor which may be unity or less, depe\nding upon whether re-modulation is used or not. If only
frequency translation is used then bandwidth requirements must be MHz for MHz. By re-modulating, a
greater channel density can be achieved by wusing smaller FM modulation indices at the expense of a
substantial multiplex interface.
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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
phenomenon. A dry climate is preferred. Diversity action is a function of the site spacing. It is expected
that about 16 km spacing is the nominal required. The best orientation of a line connecting the sites may
be assumed to be perpendicular to the direction of predominant 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 DIL 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 of 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.

33 1General considerations

Two particular aspects of 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 important 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-modulation 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
. contributions must be accounted for in overall performance. In the special case where the same frequencies are

used.for the DIL as for the satellite svstem, then interference noise allowances must also be made.
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3.3.1  Noise budgets for FDM-FM

The contributions of the DIL to the overall noise of the hypothetical reference circuit have to be
made reasonably small in order to maintain the system performance in accordance with Recommenda-
tion 353 of the CCIR. '

It seems reasonable to assume that the DIL noise contribution would be considered as part of the
earth station budget (usually 1500 pWOp), as the DIL actually provides part of the normal earth station
function. It only needs to be determined that such a contribution can be kept sufficiently small so that the
total of 1500 pWOp is not exceeded. The fading of the DIL will contribute to the overall short-term noise
budget of the link.

The noise contribution from the DIL would have a number of components depending upon the
implementation configuration and the frequency bands used. The components are:

(a) Thermal noise

Conventional CCIR 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 of 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 contribution can be considered to be negligible. For the
special case of using the same frequency re-use design, up-link and down-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) Intermodulation

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 TIT

Sample budgets — Free space conditions

Re-modulation Frequency translation
(2 hops) (1 hop)
Low High Low . High
(pWO0p) (pWOp) (pWOp) (pWOp)

Thermal 2 20 1 10

Baseband intermodulation 50 100 . -
Interference - -~ 10 100
Intermodulation (RF) 100 200 20 50
Total (pWOp) 152 320 31 160

17
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3.3.2  Error budget for TDMA

The contributions of the DIL to the overall error rate of 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 of the re-modulating DIL the errors will be additive whereas in
the case of frequency translation the noise effects will be additive.

3.3.3  Frequency considerations

The fading characteristics as a function of 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 of a diversity pair of earth stations is of the order of 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
of the DIL will probably not exceed 16 km. The margins for such a path length can normally be made
sufficiently high to accommodate short-term outages as low as 0.001% of the time.

REFERENCES

DAVIS, P.G. and CROOM, D. L. [November, 1974] Diversity measurements of attenuation at 37 GHz with solar tracking
radiometers. Electron. and Lett., Vol. 10, 482-3.

FUGONO, N., YOSHIMURA, K. and HAYASHI, I. [October, 1979] Japan’s millimeter wave satellite communication program.
IEEE Trans. Comm., Vol. COM-27, 10, 1381-1391.

GRAY, D. A. [22-24 August, 1973] Earth to space path diversity; dependence of baseline orientation. IEEE GAP International
Symposium.

HALL, J. E. and ALLNUT, J. E. [7-10 April, 1975] Results of site diversity tests applicable to 12 GHz satellite communications.
IEE Conference Publication 126.

SUZUKI, Y., SHIMADA, M., MINENO, H., SHINOZUKA, T., KUROIWA, H. and INOMATA, H. [September, 1983} TDMA
site diversity switching experiments with Japanese CS. IEEE J. Selec. Areas Comm., Vol. SAC-1, 4, 674-680.

WATANARBE, T., SAITOH, H., OGAWA, A, and DEAL, J. H. {October, 1978] Space diversity system for TDMA satellite link.
4th lnternallonal Conference on D|g|(al Satellite Communication, Session 1X, Montreal, Canada.

CCIR Documents

[1978-82): 4/26 (Japan).



Rep. 552-4 19

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 vy, improvement of
C/N is given by: ‘

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

3. Variagble 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 R, /Ry + G5 - G, dB,
where R,: coding rate;
G,: coding gain at operation in clear sky conditions;
R,, G,: same as above for operation in rain ¢onditio£s.

a a

7 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 capablé
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.
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ANNEX 11
UP-LINK TRANSMITTING POWER CONTROL

1. Introduction

Up-link power control (UPC) can be used as a means of reducing the effect of up-link attenuation in the
higher frequency bands (for example 14/11 and 30/20 GHz bands) satellite communication systems. This
technique could be used to achieve efficient operation of a satellite communication 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 of achieving UPC. The most commonly used methods are as follows.

2.1 Open-loop UPC method

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 attenuation, 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 of such environmental
conditions as wind velocity or rain drop-size distribution. Table IV shows an example of potential errors. in
estimating up-link (14 GHz) attenuation from a down-link (11 GHz) measurement.
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TABLE IV — Example of potential errors in estimating up-link (14 GHz) attenuation
Sfrom a down-link (11 GHz) measurement is tabulated below

a) Up-link attenuation of less than 1.0 dB

Elevation angle: Se 15° 25°
Equipment error(1) 0.725 0.725 0.725
Ice attenuation 0.05 0.05 0.05
Water 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 of between I and 6 dB

Elevation angle: 5° 15° 25°
Equipment error(1) 0.725 0.725 0.725
Ice attenuation 0.05 0.05 0.05
Raindrop-size distribution 0.10 0.075 0.05
Water 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
Path 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

¢) Up-link attenuation in excess of 6 dB

Elevation angle: 5° 15° 25°
Equipment error(l) 0.725 0.725 0.725
Ice attenuation 0.05 0.05 0.05
Raindrop-size distribution 0.20 0.15 0.10
Water 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

(1) The equipment error of +0.725 dB assumed above is estimated on the basis of a +0.5 dB error being encountered at 11.7 GHz (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.
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Some potential error sources have been excluded as being too small to éstimate (e.g., ahtenna tracking
error, satellite antenna pointing error, pre-emphasis error, antenna gain degradation, refractive effect at low
elevation angles, rapid rainfall rate fluctuation). Also excluded are error sources of a very rare type (e.g., large
accumulations of wet snow on the antenna, failure in the control or measurement circuits). Various combinations
of these additional error sources could, potentially, make the cumulative up-link power level error larger.

2.2 Closed-loop UPC method

Closed-loop UPC is a method whereby the beacon signal from the satellite is compared with the loop-back
C/N or S/ N of 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 of the approach, however, is that separate
control channels in addition to the communication channel are necessary.

3. Up-link power control (UPC) experiment

An open-loop UPC experiment was conducted using the 30/20 GHz band [Isobe er 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 ,shows the beacon level, Fig. 41, the HPA transmitting power level, and Fig. 4¢ 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 transmitting power.

A closed-loop UPC experiment was also conducted using the 30/20 GHz band with the result shown in
Fig. 5. The control error was kept within 0.3 dB (peak-to-peak).
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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 n
[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 Qf the most important techniques for establishing higher frequency band satellite communica-
tions systems. By using UPC for the higher frequency bands, interference between neighbouring satellite systems

and .terrestria] networks can be reduced. As a result, efficient utilization of the geostationary-satellite orbit and
efficient system operations can be achieved.

Detailed studies will be necessary for more accurate UPC methods.

REFERENCES

lSOBE,. S., SASAOKA, H., KOSAKA, K. and OTSU, Y. [1982] Smali traffic domestic satellite communications svstem with a
K-band transponder. IEEE Global Telecommunications Conference (GLOBECOM, 82), Miami, Fla., USA.

STRICKLAND, J.I. [1974] - The measurement of slant path attenuation using radar
radiometers and a satellite beacon. Journal de Recherches Atmospheriques, 8,
Nos. 1-2.

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 retadins 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
immunit

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. System 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 ui:ilizing 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 antemna and 20 Mbps TDMA

equipment.
3. Olympus

The Olympus-1 satellite, which was launched on 11 July, 1989 to its
orbital location at 199W, 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 COlympus-t payload consists of the following four packages:

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

- a four-channel 12/14 GHz SS/TDMA payload for specialized
or business servicss 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 MHz
narrow band channels and one 700 MHz wide band channel via two independently
stesrable linearly polarized transmit/receive spot beam antennas. with a 0.6°
nominal coverage. The propagation payload consists of thres unmodulated CW
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 carth 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 numecrous
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 payloéds:

- 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.

S. 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 statioms.

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

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

6. Advanced Cammmication Techmology Satellite (ACTS)

ACTS is aneq:erimerrtal 30/20 Gz satellite camumications ‘system ander
develomment by the National Aercnautics 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) Smmmzmmm-AmdmimnystembleMwithaldegreehalf—
power beamwidth and 1 degree per mimrte slew rate. ‘

MULTTEEAM ANTENNA (MBA) - Rapidly reconfigurable pattern of hopping beams
a(xh;)ifbcsispctbemwith 0.3 degrees half-power beamwidth.

—FOARD STORED BASERAND SWITCHED TDMA (OSES/TIMA) =~ A high speed digital
l(::;e-bgr{dpmwssor (B2P) on board the satellite which stores, regenerates and

rartes individual, circuit-switched,messages.

i o ohltd
SATETITTE SWITCHED TOMA (SS/TTMA) - A dynamic reconfigurable intermediate
g)equen:y microwave switch matrix (MsM) which routes high volume point-to-point
traffic and point-to-miltipoint traffic.

(e) mwm-niwmmmmmmatzoamwm.

NETWORK CONTROL - Advanced algoritims to provide flexible, efficiert
l(;):axﬂ Assigrment Multiple Access cammmications.

ADAPTIVE OOMPENSATION FOR SIGNAL IEVEL CSANGES DUE TO RAIN - Techniques
gz:hasrmdmcmmtimuﬁuplinkpaverml (increased power,
redixced burst rate) to autamatically adjust for fades.

The space segment of the ACTS system makes use of two systems, a remcdulating
an-board processor that provides demand assigned time division miltiple access (TDMR)
camumnications, and a microwave switch matrix (MSM) that enables high burst rate
satellite switched TIMA camumications. Both of these systems make use of spot
anterma beams, hopping spot beams for the demand assigned TOMA system and fixed spot
beams far the satellite switched TDMA system. The grourd segment of the ACTS system
is made up of the master comtrol station/RF terminal, located near Cleveland, Ghio
ard varicus 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 dish antennas and must use Serial Minimum Shift Keying (SMSK)
modulation. Data are uplinked at burst rates of 27.5 mega symbol per second
(M symol/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. 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 MM network, the NASA Iink Evaluation Terminal (LET) uses a 4.72 meter
dish anterna and SMSK modulation thoush other modulation schemes may be used in the
MSM mode of operation. Data are uplinked and downlinked at 110 or 220 M symbol/s. The MSM
netwark is designed to accommodate 12 dB of uplink fade to maintain a BER of 1 x 106.
Fade campensation is implemented autcmaticallybyﬁmcreasingtheuplinkpaeerbyB
dB. Fades are sensed by monitoring beacon signals transmitted from the spacecraft,
ane in the up-link bard and two in the down-link band.

Figme ¢ shows a diagram of the principal camponents and functions of the ACTS
space station, earth stations and groumd 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 bopping beam
&ell time in any ane gecgraphical lccation, allows the capacity of the

-

satellite to be efficiently matched to the instantanecus demand for traffic;
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b. Individual voice circuit switching - Store-and-forward in combination with
basebard processing allows both time and space switching. This capability
allows switching at individual voice circuits onboard the satellite, thus
avoiding dauble hops and the attendant delay. This is particularly advanta-
gecus when grournd stations with low to medium traffic are employed, as in the
case of networks employing custamer premises teminals;

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

METHOD OF DETERMINING EARTH STATION ANTENNA CHARACTERIS’I;lCS
AT FREQUENCIES ABOVE 10 GHz

1. Introduction

In communication-satellite systems operating at frequencies above 10 GHz, the specifications of the earth
stations, in particular the figure of merit must take account of G/T losses due to- atmospheric effects and
precipitation. These losses are generally specified for a percentage of time determined by the desired quality of the
system. I

The specification of the G/ T must take account of 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 temperature T.

The formulae given below are designed to standardize the methods used in determining the antenna
characteristics from the standpoint of losses. Information on the general characteristics of earth station antennas is
given in Reports 390 and 868. :

2. Specification of the figure of merit

The general formula used to specify the G/T of earth station antennas at frequencies above 10 GHz is
usually written as follows: )

F _
—Li> (Ki + 20 log .F—> dB(K ™) (1)
0

=HiQ

in the receiving band of the frequéncies F for at least (100 — P;)% of the time.

L;, expressed in dB, is the additional loss on the down-link caused by the climatic conditions specific to
the site of 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 European network ECS:

% — L, > (39 + 20 log Tf—z‘) dB(K~"') . for at least 90% of the worst month.
1 .
G F -1 o
T L, 2|31 + 20 1log 12 dB(K™Y for at least 99.99% of the year.
2 .

(b) The following dual'specification for INTELSAT standard C earth stations:

G Los (394201 F K- to be met by all earth stations for at least 90% of the
'.fx' RS U 39 + og 11—2 dB( ) year. .
G F ’ to be met by earth stations in Europe for at least
- _ -1
T, L2 (32'5 + 20 log m) BT 99.983% of the year. :
G F : to b by earth stations in North America f
— —L,>(29 o -1 o be met by earth stations in Nort merica for at
T, z ( 95 + 20 log 11.2) dB(K™9 least 99.983% of the vear.

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 of reasonably similar antenna
design. Values for other regions are still under study.
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Calculation model

It is proposed to establish a relation D = f (L;, K;, Tg) which may be used to determine the circular

aperture diameter D for the antenna of an earth station with a FGspeciﬁed according to formula (1) and taking

i

account of the receiving equipment noise temperature Tg.

Taking into account the expression for antenna gain G:

DF\?
G = 10 log [n (5-) jl
[

formula (1) may be expressed as follows:

where:

where:

where:

20log D > (L;+K) dB + 10 log T; — 10 log n + 20 logn—;:; )
D: antenna diameter (m),
c: speed of light: 3 x 10* m/s,
F: frequency (GHz),
n: antenna efficiency at receiving port at frequency Fo,
L;: atmospheric attenuation factor (referred to clear sky conditions) expressed in dB,
K;: value specified for clear sky figure of merit at frequency F;, expressed in dB(K 1),
T:: noise temperature of the earth station, referred to the receiving port, expressed in kelvins.

The earth station noise temperature T; is fairly accurately represented by the formula:

L;—1 1
= (Tm—T)+ = | T+ T, + (x=1) T] + Tx K 3)
a L; o

T.: antenna noise temperature due to clear sky,
Ts: antenna noise temperature due to ground,
T otm physical temperature of atmosphere and precipitations,
Tois physical temperature of the non-radiating elements of the antenna feed,
Tg: receiving equipment noise temperature,
a=>1: resistive losses due to non-radiating elements of the antenna feed,
L', = 1: losses due to atmospheric effects and precipitation ratio.

L
L'; = 1070 where L;is expressed in dB.

Formula (3) may conveniently be expressed as follows:

T,: antenna noise temperature in clear sky conditions (L; = 0 dB)
T.+T a-—1
a= Tt Tonss )
(AT,) = additional antenna noise temperature caused by atmospheric and precipitation losses.
L —
(ATY) = (Torm—T0) (6)

aL;
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Inserting relation (3) or relation (4) into relation (2), we can solve

D = (L, Ki, Tg)

using additional data relating to the typical characteristics of earth station antennas operating in the frequency
band considered [ESA, 1976; Hansson, 19817.

4. Sample calculation

In the following example the diameter D of an INTELSAT standard C station antenna meeting the dual
specification of paragraph 2(b) is calculated.

4.1 Assumptions

— the calculations are made at F, = 11.2 GHz for an elevation angle of -about 30° above the horizon

— the antenna performances at receiving port at the frequency F are:

n = 0.67

T. = 15 K| (typical values of contribution to antenna noise temperature at an elevation angle of 30°)
T, = 10K| at Fp = 11.2 GHz

Tom = 270K

Topys= 290 K

a = 1.122 (resistive losses = 0.5 dB)

— the specifications are:

K, = 39dB .
K, = 32.5dB
4.2 Calculation results

Figure 7 shows two series of curves
D = f(L)

parametered according to the dual specification for the clear sky figure of merit (K;) and according to three
receiving equipment noise temperature values T (130 K — 160 K — 190 K).

In the case of the example given above, if Tgx = 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, < 6 dB for 99.983% of the year,
we obtain the following two values for the antenna diameter:
D, = 1680 m,
D, = 17.20 m,

so that we must select D > 17.20 m.



36 Rep. 552-4

. i
A
L /
oL //
ol / (a) ///( b)

18

ol

/// i
/AR
1/ /
b 2 3 /:ttenuatizn L (dGB) 7 8 ot

(]
™~
m
I~

——

Diameter, D (m)

.
N

I N s
\'§
\‘
~

FIGURE 7- Variation in antenna diameter D as a function of attenuation L; -

For two figures of merit at 11.2 GHz:
(a): G/T, = 39dB(K-1)
(b): G/T, = 32.5dB(K™)

and for three receiving equipment noise temperature values Tp:

A Tp = 130K

B: Tp = 160K

C: Tp = 190K
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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 cansider
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 (KE) = 1 - P (2RT x BEP, 2E + 2) (1)

where .BEP is the Bit Error Probability of the system and the number of
errorsis simply given by E = RT x BER. P (X2, v) is known as the

cumulative chi-squared (Xx2) 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 x2
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 initerval considered, and this block of data is the effective parameter
when taking measurements. It is therefore natural to consider a constant
hlock 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) Pl% of the transmitted blocks (RT bits) must be error free.
and the recommendation on BER is generalized to:
ii) P,% of the transmitted blocks (RT'bits) should have a BER <B.

with the parameters in both recommendations being related by the value
cf DED.

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‘6, while the

SES recommendation refers to ii) with T' = 1 second and B = 10‘3,

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 neéessary to reexamine this assumption
by looking at more bursty distributions of errors and study how the results
change 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: :

E n
P(SE) =y, (RT x BEP) . _ Rr x BEP (2)
n=0 n ! €

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(CE) = 1-P(2RT x BEP, 2E+2) (3)

where g(x%v) is the cumulative chi-squared (XZ) distribution
function with v degrees of freedom, and it is defined in terms of the
integral:

: 1 x% v

+
1%

P(X’z’\)) (4)

S @-y,
z
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Since what is needed is the variable BEP as a function of R for a
fixed value of the cumulative funstion, 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 x2 value from the
statistical tables without the need for further extrapolation. That is, from
the value of x2 the Bit Error Probability is readily obtained.

BEP = yx2/(2 R T) ‘ (5)

This method avoids the need for inverse extrapolation technigues 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
dlkso 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 dimplications 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 I.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 dBW.
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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 wvarious 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.

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

satellites
Antenna
Satellite Usable Minimum Beam
Designation Transponder Transponder Earth
Bandwidth EIRP* 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 d4BW 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



Rep. 1139 45

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
103 for 0.03% of any month). In such cases the clear sky operating point may
be much better than 1 x 1077 BER long term requirement as stated in
Recommendation 614. Therefore an interference budget similar to Recommendation
523, based on the 1077 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%4 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 10-3 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 10-3 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 10-3 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 10-7 and 10-3. 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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TABLE II INTELSAT 2 048 Mbit/g SERVICF AT _14/12 GH=z K-CLIMAfrE

—= v -
With FEC Without FEC
Fading Depth 6.4 dB 6.4 dB
at 0,2% of the month
with respect to
102 of the month
Difference in C/N -3.0 dB -4.6 dB
between BER 10-7 & 10-3
in Demodulazor¥*
Advantage due to operating ; -0.0 dB -0.0 43
in the non-linear region
of power amplifier at
saturation
Amount of Fade Compensation
Requiredx*#* v 3.4 d3 1.8 dB
* As measured over the entire system
* % Required in ordexr to not impinge on the satellite

spacing 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
sexample 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
ssatellite 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. 1In 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 Yedium High grade Yedium Local
grade grade grade grade
T LE LEe T

Satellite link
(a) A satellite link applied to medium grade and high grade portion .

Local Yedium High grade Yedium Local

grade - grade grade grade
C — >< ,‘ O O O
T LE T

Sateilite link
(b) A satellite link applied to local grade, medium grade and high grade portion
using user premise earth stations

FIGURE 2 - Configuration examples of satellite links applied to one or several sections of
the digital path as substitution for terrestrial systems

Local Yedium High grade Yedium Local
grade grade grade grade
O O O C —0 O
T LE [ >;(: LE T
Sateilite link
(a) A satellite link applied to high grade portion in parallel with
terrestrial systems
Local Yedium High grade Yedium Local
grade grade grade grade
C O C @] —O O
T _LlE L E 7

%

Satellite link
(b) A satellite link applied to medium grade and high grade portion
in parallel with terrestrial systems

FIGURE 3 - Configuration examples of satellite links applied to one or several
sections of the digital path in parallel with terrestrial systems
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Local Yed1um High grade Medium Local
grade grade grade grade
C C :}l/, C O C
T LE SN LE T
Satellite link
53 ‘ 95% 15% 153
L 15% fl_ 35% ! J, J
(1) A satellite link applied to medium grade and high grade portion
Local Yedium High grade Hedium Local
grade grade grade grade
@) - ; :>li C O O
‘ LE T
Satellite link
h 15% 15%
L = . L J
(2) A satellite link applied to local grade, medium grade and high grade
portion
FIGURE 4 - Examples of error performance objective allotments for the HRDP using
satellite 1links
6.2 An_example of satellite communication svystems applied to parts

of the ISDN with terrestrial svstems

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 II shows 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.



FIGURE 5 -

Terrestrial Publi¢c Telecommunications Netwark

CS : Communication Satellite
ES : Earth Station Equipment
TES: Traffic Earth Station

CES: Centralized Control Earth Station
SCY: Satellite channel Control Unit

SXU: Sateilite communication

Systea configuration of
and terrestrial systems

LS : Local Switch
TS : Tell Switch

: Traffic channel

""" : I channel
transit £xchange Unit Control ¢ e

trunk transmission systes comoined satellite systeas

TABLE III - Major parameters of satellite trunk transmission syvstem

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: &)

Clock rate

25.024 MHz

Transmission capacity

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

network

TDMA-Terrestrial

interface

8.192 Mbit/s

Channel

assignment

Demand assignment

51
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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 CCIR,

CONSIDERING
(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 error performance
relative to its value in the absence of frequency sharing:
fc) that it is desirable that the jnterference 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 performance of a network should essentially be under the control of the system designer:
(e) that it is necessary to protect a network in the fixed-satellite service from interference by other such
networks;
(f) that it is necessary to determine the maximum permissible interfering radio frequency power in a satellite

system to establish space station and earth station characteristics such as required protection ratios and minimum
orbital spacing:

(g) that networks in the fixed-satellite service may receive interference both into the space station receiver and
into the earth station receiver;
(h) that it is desirable that the increase in interference from other satellite networks

should be a controlled fraction of the total noise that would give rise to a bit error ratio,
as set out in Recommendation 614;

j) . that the levels of interference between geostationary-satellite networks in the fixed-satellite service below
10 GHz are not expected to exhibit a large variation with time, and under these conditions it is preferable to
define the permissible interference limit as a fraction of the pre-demodulator noise power, as this allows multiple
interference entries to be superimposed on each other on the basis of RF power addition;

k) that in frequency bands between 10 and 15 GHz where very high propagation attenuation may occur for
short periods of time, it would generally be desirable for systems to make use of
some form of fade compensation to counteract signal fading and that under these circumstances
the levels of interference from other satellite systems would also not undergo a large variation with time,
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RECOMMENDS

1. that networks in the fixed-satellite service operating in the same frequency bands below 15 GHz, and using
geostationary satellites be designed and operated in such a manner that the total interference to 3 64 kbit/s ISDN
connection in the fixed-satellite service caused by the earth station and space station transmitters of 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,
should not exceed, for more than 10% of any month as referred to RECOMMENDS 1.1

of Recommendation 614, 25% of the total noise power level at the input to the
demodulator which would give rise to a bit error ratio of 1 in 107;

1.2 in frequency bands in which the network practises frequency re-use, the interference power level,
should not exceed, for more than 10% of any month as referred to RECOMMENDS 1.1
of Recommendation 614, 20% of the total noise power level at the input to the
demodulator which would give rise to a bit error ratio of 1 in 107;

2. that the maximum level of interference power in any 64 kbit/s ISDN connection caused by the
transmitters of another fixed-satellite network, should not exceed, for more than 10% of any month
as referred to RECOMMENDS 1.1 of Recommendation 614, 6% on a provisional basis

of the total noise power level at the input to the demodulator which would give
rise to a bit error ratio of 1 in 107 ;

3. that the maximum level of interference noise power caused to that network should be calculated on the

basis of the following values for the receiving earth station antenna gain, in a direction at an angle ¢ (in degrees)

referred to the main beam direction:
G=132-~25logpdBifor 1° < ¢
G= —-10 dBi for 48° <

< 48°
@ < 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 of this Recommendation:

Note ]. — For the calculation of the limits quoted in §§ 1.1, 1.2 and 2 it should be assumed that thg total noise
power at the input to the demodulator is of thermal nature.

Note 2. — It is assumed in this Recommendation that the interference from other satellite networks is of a
continuous nature at frequencies below 10 GHz: further study is required with

respect to cases where interference is not of a continuous nature above 10 GHz.

Note 3: For existing networks using 8-bit PCM encoded telephony; see Note 3 of Rec., 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 order that the total value recommended in § 1 may not be exceeded. In other cases,
particularly in congested arcs of 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

of the value recommended in § 2 should be disregarded in calculating whether the total value recommended in § !
is exceeded.

Note 5. — The provisional single-entry value of 6% in § 2 has been provisionally taken pending the
results of studies to determine the most appropriate value, taking into account the increase in the effective number
of interferences contributing to the aggregate interferers because of the increasing use of 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 of urgency.
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Note 6. — There is an urgent need for study of the acceptability of an increase in the maximum total interference
noise values recommended in § 1 and more particularly those given in § 1.2 for satellite networks in which
frequency re-use is practised.

Note 7. — In segments of the geostationary-satellite orbit not likely to be crowded, interference allowances less
than those recommended in § 1 above, may be utilized, allowing a corresponding increase in other noise
contributions within total acceptable noise limits. However, § 1.1 and 1.2 above should normally be evaluated with
the assumption 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 Recommendation has —————— an upper frequency limit of 15 GHz, in the
frequency range from 10 to 15 GHz 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 of the interference noise
allowances.

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

Note 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.

Note 11 - The principles of this Recommendation may also be applied to satellite networks providing long-term
performance objectives different from thosein Recommendation 614. This is a subject of further-study.
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REPORT 1134

DIGITAL SATELLITE DEDICATED NETWORKS

(Study Programme 29C/4)

(1990)

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
- multipoin;—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,
guality 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 to 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

$7
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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 to VSATs, and TDMA inbound from
VSATs to hub) are often designed to objectives slightly more scrlngent 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 are
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 and> *
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 apportiomment 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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Table I: Calculated G.821 parameters for models 1 and 2

TE : Terminal Equipment

EFS (%) DM (%) SES (%)
Model 1 97,70 4,53 0,03
Model 2 96,78 4,88 0,005
possible allowance > 96 <5 < 0.06
(G.821)

G.821 error performance

< >
< >4 -
ter::z;rlal satellite link terrestrial

FIGURE 1 - Hypothetical connection including a satellite link

which offers ISDN equivalent quality (e.g. end-to-end

error performance objectives of Rec.

G.821)
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99.22*T 93.67 EFS* o 99.27*
TE o EFS " e ; EFS* —
*
107 ** 807 %% 107
' satellite link
a) earth station at the subscribers premises
98.87% 99.27% 94.87 EFS* 99.27%
T
: EFS LE EFS ' ¢ =EFS o TE
157 %% 107 %% 657Z%* 107%*%
b) one ''remote' subscriber
93 8% * 99 2% J60% EFs §9.2% 94,8%~
EFS EFS EFS  EFS
_ 5% dov vl - A02; 15
/ LE 50% LE

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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6.2 Availability

. A business satellite network is a communications system where one
customer'’'s premises is directly connected to another customer’s premices 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 &/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 reguire 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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ANNEX 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

32 2.

digital satelliie communication systems.

The SDCS system configuration is shown in Figure 4 and the major
system parameters in Table I1. A sSDCS 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
features:

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

2) 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.

3) 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.
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Major system parameters

Frequency band 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 Reference stations = 2
transponder:

Traffic stations =~ 50

Bearer rate 64, 192, 384, 768, 1536,
- 6144 kbit/s
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SDCS circuit configuration
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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
specfally 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 betwéen
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 stationm.

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 system (TELECOM 1)

‘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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3. INTELSAT Business Services (IBS) Network

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 6/4 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 shownbelow.

Comparison of Basic and Super IBS

Performance 6/4 GHz Band Uplinks 14/11 GHz Band Uplinks Units
Objective (6/4 & 6/11-12 GHz) (14/11-12 & 14/4 GHz)
Service Basic Basic Super¥
Unavailability 0.04 1.0 ' 0.04% % per year
Minimum Clear 1078 10°8 10-8
Sky BER
Threshold BER 1073 10°6 | 10-3
System Margin 3.0 2.5 7.0 dB

3.2 Categories of system 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
Telated 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 1076 for 99% of the time; at 14/11 GHz Band
Super IBS provides a BER of 1078 for significantly greater than 99% of the
itime.
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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 TableV . 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 E, /N, (dB)
1073 4.2
10-4 4.7
10-6 6.1
10-8 7.2

The E, /N, 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 1%
+ X135 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 IV - Example IBS reference transmission parameters for
rate 3/4 FEC*
(Closed network, 10% overhead)
Transmission | Occupied | Allocated Cc/T C/N,
Information Rate Bandwidth| Bandwidth [(dB(W/K)) [(AB(W/Hz))
Rate Unit Unit -
(bit/s) (bit/s) (Hertz) (Hertz) 10°8 10-8
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 3.0M 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/Ng

values for 1073 and 10°% are 3.5 dB and 1.1 dB less than those shown for
1078 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.



TABLE V - 1BS open network transmission parameters*
(Open network, 1/15 (about 6.7%) overhead)

Data Rate Occupied Allocated No. of 22.5 c/T C/Ng
Information including Transmission Bandwidth Bandwidth kHz Stots (dB(W/K)) (dB(W/Hz))
Rate Overhead Rate unit unit for Allocated -
(kbit/s) (kbit/s) (kbit/s) (Hertz) (Hertz) Bandwidth 10°8 10°8
64 68.3 137 82 k 112.5 k 5 -172.5 56.1
1544 1638.4 3277 1.97 M 2.318 M 103 -158.7 69.9
2048 2184.5 4369 2.62 M 3.082 M , 137 -157.5 71.2
L_ . _ e 1
* 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 6.8 dB in order to ensure adequate margins. The C/T and C/No values for 10-3 and 10-6
are 3.0 dB8 and 1.1 dB less than those shown for 1078,

"NOTES

1. The assumed data rate (including overhead) Ep/N, is 7.6 dB for a BER of 10‘8.
2. Transmission Rate = (Information Rate ptus 1/15 overhead) x 2.
3. The bandwidth allocated to the carrier in the satellite transponder is a multiple of 22.5 kHz.
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4, EUTELSAT Satellite Multiservice System (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°® 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 cliasses 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

Bit rate $ of time
Type of network (kbit/s) BER y = year

wm = worst month

Distribution, star point

to multipoint, uni- 128 10-¢ 90 y
directional (financial BPSK

data)

Unidirectional, star 19.2 1077 99.9 y
(distribution of news BPSK

text + photo)

Unidirection, point to

multipoint 64 1077 99.9 y
(stock exchange data BPSK
distribution)

Unidirectional, point

to multipoint (stock ex- 19.2 1077 99.9 y
change data distribution) BPSK
Point-to-point bi- 64 . 1078 99.0 wm
directional QPSK
(computer inter-
connection)
Bidirectional, star 9.6 10°6 99 y

BPSK
(Registration and 64 10°°© 99.3 y
delivery of documents) QPSK
Interactive TDM 512
(outbound) BPSK, TDM 10-6 99 y
TDMA (inbound) 64

BPSK, TDMA

Bidirectional star 64 106 99 y
(computer to terminals) QPSK
Unidirectional star point 64 1076 99 vy
to multipoint (distri- QPSK

bution of documents)

Interactive partly 9.6 106 99.5 y
meshed (civil air BPSK
traffic control)

73
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TABLE VI (cont'd)

Bit rate % of time
Type of network (kbit/s) BER y = year
wm = worst month
Interactive TDM/TDMA
star
- collection of 2048
environmental data QPSK-SCPC 10-6 99.5 y
- emergency 512 TDM-64 TDMA
communications BPSK
Interactive star TDM/ 256
TDMA TDM-BPSK 106 99 y
(Terminal to central 56
computer connection) TDMA-BPSK
Fully meshed TDMA 1544 108 99.5 y
(voice, data, video- QPSK
conference)
Interactive star TDM/ 512
TDMA BPSK-TDM 1077 99 vy
(on trial) 128
BPSK-TDMA
Unidirectional point to 19.2
multipoint spread spec- |(2.4576 Mchip/s) 1077 99 'y
trum (Data distribution) BPSK SP. SP.
Unidirectional Point to 19.2
multipoint (2.4576 Mchip/s) 10-7 99.9 y
-(distribution of news) BPSK SP. SP. 10-7 99 y
-(stock exch. data,
reduced quality)
Unidirectional point to 19.2
multipoint (2.4576 Mchip/s) 1077 99 vy
(experimental) BPSK SP. SP.
Interactive star TDM/ 256 10-7 99 ¥y
TDMA BPSK-TDM
64 10-7 99.9 y
BPSK-TDMA .
Unidirectional point to 1920 10-6 99 vy
multipoint broadcast QPSK
star (radio sound
distribution)




10

10

—4

10

Bit error probability

107°

10
1077
10

10-°

10

Rep. 1134

A
Y

. N

Al

101 1 10 102

Percentage of the worst month

FIGURE 6 - Error performance objectives for

digital satellite dedicated networks

in _the EUTELSAT SMS system. The points
given in the figure are used as design
objectives for different applications

Very high quality closed network
High quality closed network
High grade open network

Standard grade open network

75



76 Rep. 451-3

REPORT'451-3

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

(Question 31/4)
(1970-1974-1978-1982)

1. General

The use of 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 of the potential usefulness of inter-satellite links, the 1971 WARC-ST defined the inter-satel-
lite service. The WARC-79 allocated to this service frequencies above 22 GHz.

This Report considers, in broad terms, some of the concepts involved in the development of inter-satellite
links and the technical requirements of inter-satellite link operation.

Although the use of laser beams between spacecraft may be possible, their extremely narrow beamwidths
and other limitations tend thus far to favour the use of millimetre wave or other radio links, and only the
frequency range of 3 GHz to 300 GHz 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 of earth stations and/or associated antennas needed;
— Dbetter circuit utilization of available capacity on paths between Earth and space may be obtained;
— the provision of extensive (global) connectivity for earth stations accessing satellites through spot beams;
— increased flexibility of network arrangements.
In order to illustrate these points consider the extreme hypothetical example of 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 of its associated earth station.

In this extreme example of 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 of inefficiencies in utilization generated by real system circuit connection constraints.

Furthermore, since there would be only one earth station for each satellite, the satellite antenna coverage
requirement would be minimized. Conceptually, this allows using a very narrow beam earth oriented satellite
antenna providing good off-axis rejection of received up-link interference signals from other earth stations, and
minimizes generation of down-link interference to other earth stations. With a reduced level of 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 antenna
beams would be obtained from the single carrier per transponder mode of operation (i.e., reduced intermodulation
and little or 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 of which serves several earth stations, would give the benefits listed above to a lesser degree.

However, CCITT Recommendation G.114 specifies a limit of 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 of the order of 110 ms. The
separation angle between the two geostationary satellites is defined by the formula:

t-C
62 n ——
arc sin TRt H)

where
t: permissible signal delay in a telephone channel on the satellite-to-satellite section,
C: speed of radiowave propagation,
Re: Earth’s radius,
H: Theight of satellite above Earth’s surface.

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

In the near term, with the object of economically augmenting existing capacity with minimum impact on
existing systems, consideration must be given to more limited concepts of 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, pointing/orientation, and RF 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 ¢ (degrees):

— frequency f (MHz);

— antenna diameter D (metres) of 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 of an inter-satellite link may be expressed in terms of its
predetection carrier/noise ratio which can be approximated by the equation:

D4 f2 18
CIN = 372 [;—2;7% 107" ¢))

where k = 1.38 x 10~ J/K is Boltzmann’s constant. This equation holds for small orbital separations. For
@ > 10°, the term ¢ should be replaced by the term 1.31 x 10* x sin? (¢/2). '

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

T(f) = 31.6 (f/6)'"2 K : @

In a real system design the parameters C/N and ¢ 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 of frequency with antenna
diameter as a parameter, in dB against an arbitrary reference and for fixed values of ¢ and C/N. Also shown in
Fig. 1 are the beamwidths of inter-satellite link antennas for the various combinations of D and f Increasing the
antenna diameter on inter-satellite links reduces power requirements in an inverse 4th power relationship. As
antenna size increases, beamwidth decreases and mutual pointing requirements between the two satellites become
increasingly more stringent.

Bands allocated to the
inter-satellite service
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For example, with 20 watts of available power, at a satellite spacing of 3 degrees, a 100 MHz wide
inter-satellite link at 54 GHz with a postulated carrier/noise ratio of 30 dB would require antennas of 0.68 metre
diameter. The beamwidth of such antennas is about 0.56°, and pointing accuracies of about 1/10 of that, or about
0.06°, would be required to utilize the full antenna gain. The carrier/noise ratio of 30 dB has been assumed on the
basis that the inter-satellite link noise should not significantly affect total performance.

Hence, the use of reasonably sized antennas to minimize power at 54 GHz or beyond is likely to require
mutual tracking between satellites with the present state of the art in spacecraft attitude 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
INTELSAT applications, inter-satellite links which can be maintained without mutual tracking.

4. Non-tracking inter-satellite links

When considering inter-satellite links the antennas of 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, AC (dB);
— antenna pointing error due to relative attitude tolerances of the spacecraft, & (degrees).

Typical in-plane and plane-normal pointing. error budgets for nominally geostationary spacecraft are
derived in Annex I. Within the state of the art net error angles between 0.5° and 1° can be realized.

The main lobe gain degradation due to pointing offset, g(8)/go, for a simple feed antenna may be
approximated by:

g (9)/g0 =10 " (©/0,)° (3)

where 8 is the angle off boresight (in degrees) and 8, the half-power beamwidth (in degrees) which, in turn, is
related to the aperture diameter D by:

.214 4 @)

—_— . 1
6, 7D 10 ~ degrees

where,

f = MHz
D = metres.

Considering that the pointing uncertainty involves a boresight error of 8 = § and that two antennas are
involved, each of which may go through gain variations between g, and g(8), one may combine equations (3)
abd (4) to obtain:

20 log (g/g0) = AC ~ 5.24 (3fD)? 10-8 dB , )

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

10 log (p/b) = Bh= C/N+ 20loge — t5log f— 40 log D +

+ 5.24 (3fD)* 10-% — 43.2 dB(W/Hz) (6)

Plots of Py versus f for & = 0.5° and § = 1° and antenna diameters of 0.25, 0.5,.1 and 2 metres (Fig. 2)
show that minimum power requirements may be realized at frequencies below 54 GHz, the lowest frequency
presently allocated to the inter-satellite service. Figure 2 uses an arbitrary reference for P, and considers C/N and
@ to be system constants. How close to the optimum (i.e., minimum F,;) frequency an inter-satellite link can be
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operated depends on the signal level tolerance AC one is willing to accept. Limits for AC = 1 dB and 2 dB are
shown in Fig. 2. The effective optimum frequency is that at which the P, and AC curves intersect. Absolute
minimum power requirements are realized for AC of about 3.4 dB; hence, there is no advantage to be gained by
allowing a greater level variation than about 3 dB. :
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FIGQRE 2— Relt_ztive power requirements in a non-tracking inter-satellite link as a function of frequency
with antenna diameter (D), net pointing error (8) and allowable level variation (AC) as parameters
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These considerations indicate that for antenna sizes greater than 0.25 metres the optimum frequencies for
non-tracking inter-satellite links between closely spaced satellites may lie below 54 GHz, the larger antenna sizes
favouring the lower frequencies.

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

Annex I1 to this Report presents the results and conclusions of an analysis, based on certain assumptions,
of 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 of use can be envisaged for inter-satellite links operating between geostationary
communication satellites:

(a) Links between satellites separated quite widely in the geostationary satellite orbit: (e.g. 60°) to extend the
geographical coverage of 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 communities of earth stations.

The optimum technical parameters for these two types of 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, comparable 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 antenna diameter 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 of 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 of narrow beam antennas even in the absence of antenna
tracking facilities.

6.2 Short inter-satellite links

For the short-hop type of link described in category (b) the relative proximity of the satellites results in
large angular variations in the link path for quite small values of orbital inclination. For example, the maximum
angular variation in a link between satellites spaced 4° apart and each having orbit inclination tolerances
of + 0.1° will be: ‘

.2 R
2 arc tan 0—4— = 5.7

This assumes a “worst-case” situation where the latitudinal excursions of the two satellites are in complete
antiphase. This condition would normally be avoided by suitable choice of orbital parameters and, as shown in
Annex I, it should be possible to reduce the angular variation to + 1°. If antenna tracking were available, high
gain antennas could be used for short-hop inter-satellite links. However, antenna tracking would involve rather
sophisticated satellite devices, probably not currently achievable in a reliable, low-mass form. It is therefore
necessary to use antennas with beamwidths equal, in the example quoted above, to 2.0° plus an allowance of
perhaps 0.15° for satellite attitude errors.

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

Because of 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 GHz 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 GHz 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 of bands of 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 of 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 of 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 of the geostationary satellite orbit and the
angular separation between the beams of inter-satellite links belonging to different systems may be no greater
than~the angular spacing between adjacent satellites. In order to achieve frequency re-use of the spectrum
allocated for inter-satellite links it will be necessary to design for very narrow beamwidths, low side-lobe
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 of 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 major 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 demand can be foreseen for “short-hop™ inter-satellite links to provide interconnection facilities

between communication-satellite networks, and the optimum frequency of 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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ANNEX 1

GEOMETRY AND POINTING ERRORS FOR NON-TRACKING
ANTENNAS IN AN INTER-SATELLITE LINK

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 1. The total error is the root of the
sum of squares (RSS) of the two component classes and affects each satellite independently. '

TABLE [ — In-plane pointing crrors

Error source Error magnitude
1. Long-term variation
Antenna thermal distortion +=0.02°
In-track position error +0.05°

Cross-track position error :

Nominal longitude separation :

2 +=0.47°
3° +=0.31°
4° :0.23"‘
5° +0.19°
2. Bias +0.20°

3. Shori-term variation

Despun platform pointing +0.25°
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TABLE II — Out-of-plane pointing errors

Error source Error magnitude

1. Long-term variation

Antenna thermal distortion +0.04°
Attitude uncertainty +=0.01°
Attitude precession with respect to orbit normal <0.10°

Out-of-plane position error:

Nominal longitude separation :

2° +0.31°
3° +0.21°
4° +=0.15°
5° . +0.12°
2. Bias
Mechanical alignment +0.20°

3. Short-term variation
Spin wobble and nutation +0.06°

The angular pointing errors contributed by orbital motion are a function of 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 sateilites 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 angular pointing error since it is
equal to half the allowable error in satellite separation. A tolerance of =+ 0.1° 'in the satellite separation can be
maintained at a small additional expenditure of propellant beyond that required for normal east-west station-
keeping, if great care is taken. The tolerance is also large enough to allow flexible scheduling of individual
manceuvres.

The cross-track error arises because neither satellite can be maintained in a perfectly circular orbit without
daily velocity corrections. Thus the altitude of each satellite will undergo a 24-hour variation about a mean value.
The mean altitude of each satellite will be nearly the same as a consequence of 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 of the individual altitude variations, or 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
manceuvres, and would require close co-ordination of the normal east-west manceuvres performed on the two
satellites. Without introducing 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 of 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 manceuvres performed on each satellite.

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

— 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 of the total sum is individually a low probability, nominally 3o, value, the total pointing
error is likewise a low probability, nominally 3o, 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 of the link.

TABLE I — Pointing error versus satellite spacing

Spacing Eflective pointing crror
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.

ANNEX II

FREQUENCY RE-USE AMONG GEOSTATIONARY INTER-SATELLITE
LINKS USING TRACKING ANTENNAS

1. Introduction

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

Stipulating widespread use of inter-satellite links between geostationary satellites, the questions arise as to
how many 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,
(A — A1) < fi). 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.
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The antenna patterns for both transmit and receive antennas are assumed to be identical and are
characterized by the pattern equation:

‘;3 2,571 -1t
g (€) = 6750 q)gz[l + (—) ]
Po

g (&)

whichever is
the greater ™

0.1

where 2 @, is the half-power beamwidth of the transmit and receive antenna and & is the angle off the main beam
axis (discrimination angle).

3. Interference between identical short inter-satellite links

We consider first the simple case of 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
of the geocentric angle 8’ between the two “left” satellites of either link may be quite small; for appropriate
assumptions regarding orbit eccentricity, and isolation of the order of 30 dB, it is generally less than 1° of 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.

a) Frequencies counter-directional; ¢) Frequencies co-directional;
links separated in the orbit. links separated.

b) Frequencies counter-directional; d) Frequencies co-directional;
links interleaved. 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 than two inter-satellite links with counter-directional frequency assignments along
the orbit, every other link will, necessarily, have co-directional frequency assignments.

85
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3.2 Co-directional frequency assignments

These correspond to the arrangement illustrated in Figs. 3 ¢) and d). When more than two links are so
arranged it can be shown that the link separation angle 8’ is a function of the link “length™ 8, of the inter-satellite
link antenna beamwidth 2¢,, of the necessary isolation C/I, and of the maximum radial deviation Ah of the
space stations from the normal orbit altitude (a function of orbit eccentricity and the maximum east-west drift rate
between station-keeping manceuvres). Representative currently achievable values for Ah vary between 15
and 100 km.

Detailed analysis shows that there is minimum link “length” 8 which allows such links to be “interleaved”:
see Fig. 3d). Further, the greater link length 8, the more identical inter-satellite links may originate within any
given link’s occupied arc. Figure 4 shows the interleaving “cut-off” link length, and the number of interleaved
links n which may originate within a link arc.

2 /1 7 ///// /S
. o/ |s'f S
,4 [ S

. VAR
. VAV

Number of interleaved links n per link “length” @

4 V)
.4
Interleaving cut-off

0° 10° 20° 30° 40° 50° 60°

Inter-satellite link “length”, 8 (degrees)

FIGURE 4 — Number of interleaved links n per link “length” 6 as a function of link “length”,
for various combinations of o3, Ah and C/I

A: ¢ = 0.25° Ah = 40 km
B: @y = 0.25°; Ah = 15km
C: g = 0.25°; Ak = 100 km
D: ¢g = 0.125°; Ah = 40 km
E: ¢y = 05° Ah= 40km
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 number of links which can be accommodated along the entire
geostationary orbit (right-hand ordinate) and link length, for various parameter assumptions. The left-hand
ordinate shows relative frequency re-use density (orbit utilization) against an arbitrary reference. The curve
sections to the left of the major vertical “steps™ reflect non-interleaved links, those to the right increasingly greater
link interleaving. The actual curves would be in the form of steps indicating the link-by-link addition, as shown
for one example; for all other cases only the step envelopes are shown.
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FIGURE 5 — Maximum relative frequency re-use density (orbit utilization)
Jor identical inter-satellite links as a function of link “length” 6,
JSor various combinations of ¢y and Ah

A: @y =0.25°; Ah = 40km
B: ¢ = 0.25°; Ah = 15km
C: ¢y = 0.25°; Ak = 100 km
D: @y = 0.125°; Ah = 40 km
E: 95 = 0.5°; Ah = 40km
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Non-identical inter-satellite links

It can be shown that, to an existing array of short links, additional sets of links can be added as shown in

Fig. 6. This is achieved by making the links of 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 of the original
“short™ link set, until link lengths are reached which would start to intercept the Earth (around 160° of arc).

6.

FIGURE 6 — Geometry for the interleaving of two link sets
with link “lengths™ 6 and 8~ )

Conclusions

A preliminary investigation of the geostationary frequency re-use potential of 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 of
several hundred inter-satellite links to be accommodated within acceptable interference bounds.

Major factors which affect the frequency re-use potential are the antenna side-lobe discrimination and the
orbit ellipticity. It is found that high side-lobe discrimination (narrow antenna beams and/or 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 of particular interest to early users of the inter-satellite service cannot overlap. The smallest length
of similar inter-satellite links for which overlapping is possible, depends on antenna 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 of sufficiently different link length allows frequency re-use to be
increased to a multiple of that achievable with a single set of short identical links.

No consideration was given to the problem of frequency re-use of 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 of 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—-1990)

1. Form of the hypothetical reference circuit

The concept of the hypothetical reference cikcuit (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 o ihe
fixed-satellite service (FSS) is given in Recommendation 352 which includes provisions
for the possibility of the use of diversity at the higher fregquency hands
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 pwWOp. 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 gquite
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 4B of margin, the short term
noise could reach a level of 100,000 pWwOp, 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 recogrized 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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23 Allowable noise in the hypothetical reference circuit: television

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 equais 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 foilowing 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-capacity
frequency-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 itnk. In this event, a wider
baseband may be needed to accommodate the sound signal (e.g.. on a separate sub-arrier in the baseband).
Alternatively, the sound signal might be transmitted by time-division multiplex with thz video signal, e.g.. using
the synchronizing pulses or the blanking intervals, without the need for a wider basebanc. 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 K 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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ANNEX 1

NOISE PERFORMANCE OBJECTIVES FOR SATELLITE
TELEPHONE CIRCUITS — RELATED TO USER PREFERENCES

1. Introduction

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

However, if one examines the philosophy underlying the method of arriving at terrestrial circuit noise
standards the most important feature is the quality of service given to telephone users under average and extreme
conditions within the network.

Whilst distances impose a major constraint on transmission performance in terrestrial circuits, satellite
circuit noise and attenuation (or loss) are largely independent of distance. Therefore it would seem more
appropriate to determine a value, or range of values, that will provide satisfactory connections irrespective of the
distances spanned by the satellite circuits. In the light of these considerations it may be desirable to examine the
feasibility of departing from the noise levels allowed by Recommendation-353, and the effects of such a departure
on the quality of telephone 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 of circuits used in a national traffic situation, the standards 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 of this for all connections and some special arrangements may
be necessary to ensure conformity with international requirements when these “national standard” satellite circuits
are to be connected to an international circuit. There are, of 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 of 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 pWO0p value depends on
the system configuration considered, but can offer as much as 100% increase in the total number of channels per
transponder in return for 6 dB relaxation from Recommendation 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 of 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 of only type (c) circuits with very few of the other types being
necessary. This arrangement would have the advantage of simplifying the special international switching
arrangements 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 pWO0p
circuit standard, then it will be desirable to re-examine both the total allowance of non-thermal noise (assumed to
be constant at 6000 pWOp) and also, the interference component of 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 of thermal noise, some economic benefits might occur in terms of 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, standards for satellite circuits can be chosen that should provide
equivalent or somewhat better performance than comparable 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 of establishing the satellite circuit objectives
rather than the simple application of the Recommendation 353 standard, 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.

REFERENCES

FEDER, A. [1976] Transmission performance objectives for national satellite telephone circuits. Austral. Telecomm. Res., Vol. 10,
2, 59-74. '



1

Rep. 997-1 . 97

REPORT 997-1

CHARACTERISTICS OF A FIXED-SATELLITE SERVICE
HYPOTHETICAL REFERENCE DIGITAL PATH FORMING 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 telecommunications network has
been to provide a high quality and reliable international transmission facility between administrations. It is
envisaged that the international FSS hypothetical reference digital path (HRDP) will fulfil a similar role within the
integrated services digital network (ISDN).

This Report discusses the performance objectives that an FSS HRDP will need to achleve when it forms
part of a hypothetical reference connection (HRX) in an ISDN. The ISDN HRX for a 64 kbit/s circuit switched
connection is defined in CCITT Recommendation G.821 (CCITT Red Book 1984, Volume I11.3) which uses three
circuit classifications for performance quality definition: local, medium and high grade. International satellite
circuits are considered part of the high grade performance section.

The apportionment of the overall ISDN HRX performance objectives to the FSS and the impact of this
apportionment on the design of FSS systems are presented in the following sections of this Report.

System and performance aspects for connections operatlng 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 Sazellite system error performance objectives

The performance of satellite systems is generally given in terms of bit error probability while CCITT
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 of one month. This section presents the method
that has been used for converting from the CCITT specification to the form of performance objective used for
satellite systems, and gives the satellite HRDP performance requirements that result from applying this method to
the values quoted in Recommendation G.821.

A careful distinction between bit error probability (BEP) and bit error ratio (BER) has been made in this
Report. Bit error probability, 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 number of measurements each lasting a
sufficient time, the bit error probability 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
th 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.

The bursty errors due to error correction techniques are treated in
Annex IV.

2.1.2 CCITT Recommendation G.821 requirements

Table | summarizes the end-to-end performance objectives given in Recommendation G.821 and the
satellite HRDP objectives. For each performance classification the overall end-to-end requirement is given, along
with the requirement on a satellite HRDP assuming a satellite allocation of 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 | — Overall end-to-end and satellite HRDP error performance objectives for international ISDN connections

Perf assificati Overall end-to-end objective Satellite HRDP objectives
erformance classification (Note 4) (Note 4)
(@) . Fewer than 10% of 1 min intervals to have a bit error Fewer than 2% of ! min intervals to have a bit error
(Degraded minutes) . ratio worse than 1x10-6 ! ratio worse than 1x10-6
(Notes 1, 2) (Note 3) (Note 4)
(b) Fewer than 0.2% of 1 s intervals to have a bit error Fewer than 0.03% of 1 s intervals to have a bit error
(Severely errored ratio worse than 1x10-3 ratio worse than 1x10-3
seconds)
(Note 1)
() Fewer than 8% of 1 s intervals Fewer than 1.6% of 1 s intervals
(Errored seconds) to have any errors to have any errors
(Note 1) (equivalent to 92% error-free seconds) (equivalent to 98.4% error-free seconds)

Note I. — 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, of this level of performance.

Note 2. — The | 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.

Note 3. — For practical reasons, at 64 kbit/s, a minute containing four errors (equivalent to an error ratio of 1.04 X 10-6) is not considered
degraded. However, this does not imply relaxation of the error ratio objective of 1 x 10-¢.

Note 4. — Overall end-to-end and satellite HRDP performance objectives are expressed in terms of available time (see § 2.1.5).
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2.1.3  Bit error probability models required 10 meet CCITT Recommendation G.821

Annex 1 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 of 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

rgquiremems 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 as indicated by the breaking points of Figure 4
of Ammex 1 .are as follows:

— BEP =1 x 1077 for 90% of the worst month;
— BEP =1 x 107% for 98% of the worst month.
This model is identified in Annex I as model d).

The performance of the model is summarized in Table 1I in terms of degraded minutes, errored seconds
and severely errored seconds. The performance is listed in terms of both total time and available time in order to
show the relationship between system design calculations and the objectives of Recommendation G.821.

The short-term * breakpoint (i.e. BEP = 107?%) used in these models was 0.2% of. the month (total time)
with a propagation availability factor of 10% (see Annex I and §2.1.5). )

TABLEII
| Objectives Performance
Total time (o) , Available time (%)
Degraded minutes 2.05 : 1.87
Errored seconds ) 1.74 1.56
Severely errored seconds 0.204 0.024

2.1.4 Sarellite 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 $, the effects of propagation disturbances on digital transmission performance can be predicted.

Annex Il 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 Figs. 5 and 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 of forward error correction, power control and site
diversity which can significantly improve system performance has penaities of decreased capacity and/or 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 disturbances on
satellite digital channel performance and welcomes further information on this topic.

hd In this Report the phrase “short term” refers to the period of time when the satellite portion of the connection is
experiencing extremely degraded performance (i.e. error performance > 1 x 1073). The words “long term™ refer to the
period of time when the satellite portion of the connection is not experiencing degraded performance (i.e. error
performance < 1.0 x 10~%). )
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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 I, 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-* 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 of 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 attenuation statistics include significant portions of unavailable time and therefore are not appro-
priate for use in the determination of margin requirements to meet the severely errored seconds specification of
Recommendation G.821. More appropriate statistics would be those corresponding to propagation attenuation
which does not result in unavailable time. .

A summary of propagation measurements showing propagation attenuation events which do not result in
unavailable time is given in Report 706. The conclusion of the Report indicates that of the total time when
attenuation levels likely to cause a BER worse than 1077 are experienced, only some 10% is made up of periods
that would be defined as “available time” by the CCITT criterta. The remainder would be unavailable time.

An availability factor of 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 of 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
number of events (and thus unavailable time) is generally small.

The unavailability objectives of a satellite HRDP due to equipment and propagatxon are given in CCIR
Recommendation 579. A provisional value of 0.2% of a year is assigned to the equipment unavailability objective,

whilst a suggested value of 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%
of the month, for atteniuation 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 CCITT Recommendation G.821, i.e. 0.2%
of the month. Consequently, it was recommended that this value be adopted in Recommendation 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 of a transmission system (employing techniques such as TDMA), 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 10~2) for several seconds.
Since it usually takes several round trip times for acquisition in the TDMA system, synchronization cannot always
follow momentary recoveries of 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~%, but due to synchronization delay the circuit may have a
measured BER worse than 10~ 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
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Although the major error contributions in digital satellite systems will be due to propagation and
interference effects, other error mechanisms do occur. This section provides some information relating to the
frequency and duration of 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 of 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 10s duration or less. Further information on mechanisms causing
.unavailability is given in Report 706.

The following corresponding mechanisms have been identified as producing bursts of 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 1. Typical results are summarized in Table HI.

TABLE 111 — Typical examples of 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 111 cause a 1 x 10~¢ per minute objective to be broken, meaning that some of the time
for which 10~¢ is permitted to be exceeded must be allocated to these effects:

— the total number of events in Table

degraded:

111 is 4.2 per month, hence on average 0.0097% of 1 min. periods will be

— each of the events in Table 111 lasts Jess 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 4.2 occurrences per month represent only 0.01% in degraded minutes-
and 0.00016% in SES, whereas CCIR Rec. 614 has a safety margin of 0.137 and -
Therefore the mask of the present recommendation does
not reguire modification to ceter for the possible existence cf burst errors

0.0067 respectively.

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 GCITT 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.

CCIR Documents

REFERENCES

{1986-=90]1: a. 4/125 (Japan); b. 4/4 Att. 10 (Sweden).
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ANNEX 1|

ERROR-PERFORMANCE CALCULATIONS AND MODELS

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 of 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 imporiant 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 (within
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
egreement 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 order 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 i2 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 subsequent calculations.

To illustrate the method of calculation, the percentage of errored seconds (ES), severely errored seconds
(SES), and degraded minutes (DM) are determined as follows:

(a) divide the percentage of time axis of the model under consideration into many sections such that the curve
may be represented by a ladder approximation. Each stepped interval then possesses a constant BEP;

(b) for the BEP value of each stepped section, determine from Figs 2 or 3 the probability of ES, SES,
or DM as appropriate;

(¢) 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 of all contributions = X [(1 ~ P(E, N, BEP))AT]

wh.ere.AT is the time interval of the stepped section and P(E. N, BEP) is the probability of the particular
objective where E is the error threshold, N is the number of bits in the time interval of the performance .
" parameter under consideration and BEP is the bit error probability.

(e) An adc%itional term must be added to the total for severely errored seconds to includc those contribuied from
the periods that have a BEP in excess of 10~* 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 number of different
satellite system performance models that will meet or exceed the objectives of Recommendation G.821. Four such
models are shown in Fig. 4.

The long-term break points of these models (expressed in terms of the total time of the worst month) are
as follows:
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10-7 for 95% of the worst month:

— model a): BEP

— model b): BEP = 2 x 10-7 for 90% of the worst month,
BEP = 107¢ for 99.4% of the worst month:

— model ¢): BEP

— modeld): BEP 1 x 1077 for 90% of the worst month,
REP = 1 x 10-° for 98% of the worst month.

10-8 for 89% 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-%) 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 (model a)) the aim was to
assess the impact on the long-term BEP break point of adopting a BEP of 10-". 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~° for 99.5% of the month to more closely model system performance at around
these time percentages. This mode] will probably be appropriate in situations where there is little rain attenuation
or where the system is inter- and intra-system 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~%) point and it is important to identifv how this
point enables the models to comply with the severely errored second objective b) of Recommendation G.821. This
objective is 10~* 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 107%) 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.§21
requirements.

The values shown in Table IV have been computed on the basis of a short-term break point
(i.e. BER = 1 x 1073) of 0.2% total time and a propagation availability factor of 10%.

TABLE IV
Performance (% of available time) T
Objective
Rec. G.821 Model a) Model b) Model c) Model d)
Degraded minutes 20 1.97 0.75 1.97 1.87
Errored seconds 1.6 1.59 1.60 1.06 1.56
Severely errored seconds 0.03 0.024(1Y o0.0220 0.024(1) 0.024(1)

() 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 significant difference between model b) and the other models can be seen from Table IV in that
models a), ¢) and d) result in nearly all the parameters equally meeting the objectives of Recommendation G.821,
whereas with model b) performance is dictated quite clearly by the errcred second requiremeént.

It is clear that any satellite system design objectives could be written in terms of total time (as has been
adopted in the past) or of available time. The principal advantage of adopting the latter approach is that it is
more immediately apparent that the objectives are consistent with Recommendation G.821 since no assumptions
about percentage unavailable time have to be made. In the event that a designer does require total time
percentages, he can employ a conversion factor appropriate to the frequency band and climatic region being
considered. This could well lead, in many cases, to objectives that are not quite so severe as those in a “total time™
objective since these have a “percentage unavailable time™ assumption incorporated in them.
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The curves of Figures 1 and 2 have been calculated using the
following Poisson distribution formula:

13
. K . (a-N-BEP
P(E or fewer errors) = Z (N BEP)” - (¢ )
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
BEP: bit error probability.
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ANNEX 11

EXAMPLES OF TYPICAL SATELLITE LINK PERFORMANCE

.T}.ﬁs 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 of 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
ot 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 a satellite ISDN HRDP.

fhe results of the link budget calculations are curves of bit error probability as a function of 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. Attenuation model

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
vear 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 0.01% of an average year;
— earth-station height above mean sea level; '
— earth-station elevation angle to the satellite;

— earth-ctation latitude,

With these parameters, the attenuation due to rain that will be exceeded for 0.01% of a year is calculated.
Atcruation values for sther percentages of a year are determined using the following formula: '

Ap = b Ay P°°

where:
Ap: attenuation for the desired percentage of the year,
Aoor : attenuation for 0.01% 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
fotiowing retationship:

P, =029 Pt
where:

P.: yearly percentage,

P.: worst month percentage.
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This method was used to arrive at the INTELSAT-V performance 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 25° and
the ltalian 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 of 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. Transponder 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 of 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 1o operating point
changes caused by up-link fading were included. Neither of the INTELSAT system curves assume the vse of any
error correction coding. It should be noted that all INTELSAT TDMA terminals 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
of at least 3 dB for an input bit error ratio of 1 x 10~%,

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 measurements 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 of the year.
By contrast the long-term objectives are quoted in terms of percentages of worst month. The objectives of CCITT
Recommendation G.821 are also quoted as percentages of a period of time of the order of 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% of the year, a factor of
between 4.5 and 6.5 is given, depending on climate.

/ith 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
ratc.7=, better than 10‘4, 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 ES,
respectively. The SES recorded were between 0.01% and 0.02%.

These results do not show the unavailability due to scintillationv

prhenomena 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. )
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ANNEX II1

OTHER ERROR MECHANISMS

This Annex discusses briefly mechanisms other 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 of 1F and RF switching to bring stand-by equipment into use because of
failures or routine maintenance requirements.

To determine the frequency of switching events, it is necessary to look at the mean time between failures
(MTBF) for various components. From this, the number of switch-overs per month can be deduced. An example
of some typical MTBFs is given in Table V along with the resulting average switch-over frequency.

TABLE V — Typical earth-station equipment failure rates

Device MTBF (h) Average switch-over frequency

(per month)
HPA 2 000 0.36
Up converter 4000 0.18
Modem > 4000 < 0.18
LNA 8 000 0.09
Post LNA cabinet 50 000 0.01
Down converter 4000 0.18
Total ’ 1.0

The “total” figure given in Table V relates to a one-way link incorporating one transmit and one receive
earth station. It does not, of course, make any allowance for the fact that statistically some months will be worse
than this average. The possible need to allow for this requires further study.

The duration of each switch-over will be typically 150 ms including control circuit reaction time.

2. Sﬁitching at baseband

Because of the limited application of digital baseband equipment to date, there is very little experience
from which to derive failure rates. The only information available relates to TDMA equipment which is expected
to return overall MTBFs of 3000 h for central terminal equipment and 2000 h for interface modules. Taken
together these will result in 0.6 failures per month, or 1.2 per month total on a complete link. This is a figure
which can be closely controlled by use of good design practices.

The switch-over time when failures do occur is very short but the effect on traffic can last rather longer.

" The result can be anything from 2 or 3 bit errors up to loss of a mulii-frame, i.e. 128 bits on any one 64 kbit/s
channel.

3. Power supply transients

This effect is very difficult to quantify. The best evidence available is that within the 1F/RF equipment,
twice as many switch-overs are, on average, the result of these spurious effects as are caused by actual equipment
failures. Based on the 1F/RF information given above, a figure of two switch-overs per month can therefore be
attributed to this effect.

4. Signal path switching in the satellite

A}though no data is currently to hand on this effect, it is considered unlikely to be as frequent as
f:arth-statlon path switching. However, this may change as more complex satellites are put into service, especially
if on-board switching or processing is employed, and the subject therefore requires further 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 impact of specific FEC schemes on the
digital satellite link and introduces preliminary mathematical models that can
be used to describe burstiness. )

7
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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 czan detect threse
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 techniques
is also a typical FEC scheme and being introduced into many satelllte 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:
Lp /2

L, + Egy

Pe (BER after decoding) =

where the average interval between burst errors E;, can be derived as:

Egp = (1/(2 Pe)- DL, ¥ 1, /(2P,)
and L, 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"%., 1In Fig. 11(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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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

T 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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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.
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FIGURE 14 - Percentage degraded minutes for a 64 kbit/s channel
multiplexed (Rec. G.704) in a 2048 kbit/s bit stream
(rate 3/4 FEC, self-synchronizing scrambler in
accord with INTELSAT IDR specification)
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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, fm and Rw. Case a is the
random case considered in report 997. Cases Bm and Rw assume that the errors
are clustered but the bursts themselves occur at random. Case Bm (m for
moderate) assumes that there are systematically 3 errors per burst. Case Rw
(w for worst) assumes that there are systematically S5 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 Rw is the worst
case distribution as concerning this parameter [Pham, 1989].

If the error distributions of Figures 9a and 9b (at BER = 1073) 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 resuits
of such studies care should be exercised in the design of systems utilizing FEC
in meeting DM objectives.

TABLE VI

Objective Performance (% of available time)

Rec. G.812 single double error error

errors errors bursts bursts
(1/2 code) (3/4 code)

Degraded 2.0 1.87 2.67 6.2 6.7
minutes
Errored 1.6 1.56 . 1.4 1.2 1.16
seconds ’




Rep. 997-1 125

Bit Error Probability

10_5 4 1
—H
il
s ]
2 /
“
A
10-8 7 AL
: — VA
-
5 1" e y4
/
—'/ 1
e
2 | ST Bl ] B,
g /
10-7 L/
2 5 2 8
10— 2 3 1 10 102 (%)
Probability of 5 errors or more in 384 x 104 Bits
(i.e. Probability of degraded minutes for 64 kbit/s)
FIGURE 18 - Probability of degraded minutes assuming
constant bit error probability
Case ¢ : Random Error Channel
x% %3 x!
DM(p) = 1-(l+x+ —+ —+ =) e°% x= 384-10%p
2t 31 41
Case R, : Moderately Bursty Channel (3 errors per burst)
DM(p)=1-(1l+x)e ¥ x= 384-10"%p/3
Case R, : Worst - Case Bursty Channel (5 errors per burst)
DM(p)=1-e" X x= 384-10%p/5

= Bit Error probability
probability of degrated minutes

el
I

DM(p)

i



Rep. 997-1

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 thftee 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)® -NA i k' (na)k o-KBEP/A

n! k=0 k!
where

P(n) is the probability that n errors occur in N transmitted bits, NA is the
average number of bursts and BEP/A is the mean value of errors per burst. Then
the probability of error free seconds and degraded minutes can be determined,
respectively by:

X
P(o) = e AN f’: (®a) =, -KBEP/A - ith N - 64000 bits
k=0 k!

4
P(DM) = 1 - ) P(n), with N = 3.84 Mbits
n=o0

4.2 Analytical representation for a BCH code

Yhan the trencmiccion 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).
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TABLE VII

Summary of formulae to compute the percentage errored seconds,
degraded minutes and severely errored seconds

7/8 BCH

3
o

100 x {1-Exp(-L)} x u

L = BEP x 42333.3

u = 0.667 For case (a)
u = 0.881 For case (d)
$DM | P=100 x {1-(1 + L + L* /2! x (1 - u2) + L3 /3! x (1 - u3)

+ L% /41 x (1-ud) ) x Exp(-L)}

L = BEP x 2.54E+6
u2 = 0.227 u3d = 0.506 ud = 0.702 For case (a)
u2 = 0.111 u3 = 0.510 ud = 0.713 For case (d)

$SES | P =100 x {1-(1 + L + LY /2! + ... + L8 /381) x Exp(-L))

L = BEP x 42333.3

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 1077 and 1073 is larger than the corresponding expected fade
levels difference between 10% 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 1077 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 1077 is needed
for 10 % 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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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
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REPORT 706-2

AVAILABILITY OF CIRCUITS IN THE FIXED-SATELLITE SERVICE

(Question 24/4, Study Programme 24A/4)
(1978-1982-1986)

1. Introduction

This Report discusses the concept of availability as it applies to the hypothetical reference circuit
(Recommendation 352) and the hypothetical reference digital path (Recommendation 521) in the fixed-satellite
service.

It indicates the philosophy which has been applied in deriving availability criteria, and provides
information on some of the parameters which affect them.

The concepts of 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,
between corresponding considerations for radio-relay systems and for the fixed-satellite service.

2. Definition of availability

In the context of an-end-to-end connection, availability comprises a number of component parts, and these
are discussed in CCITT Recommendation G.106. As applied to the satellite HRC and HRDP, availability is
concerned only with equipment availability and propagation availability.

A precise definition of availability of satellite circuits is given in Recommendation 579, which also gives
availability objectives.

Referring to the term of “any vear”, see Note 11 of Recommendation 353.



Rep. 706-2 131

3. General considerations

The availability of a telephone or television circuit in the fixed-satellite service is determined by
interruptions. An interruption is a period in which there is complete or partial loss of signal, excessive noise, or a
discontinuity or severe distortion in the signal. Several aspects have been considered:

— a definition of that which constitutes an interruption;

— a description of the time aspects, such as the length of an interruption, the period between successive
interruptions, etc.; .

— a determination, for the purposes of specifying availability objectives, of whether all interruptions should be
included within the objective, or if not, what specific types of interruption should be excluded.

In the case of telephony an interruption is taken into account in the determination of availability if it
would cause a call to be disconnected making it necessary to re-establish the connection. Any interruption of a
circuit of 10 consecutive seconds or more is considered to make the circuit unavailable.

The Handbook on Satellite Communication (Fixed-Satellite Service), Geneva, 1985, contains an extensive
discussion on availability. In particular, it discusses the impact on availability of factors such as the following:

— mean time between interruptions. This is to ensure that interruptions of extended duration do not occur too
frequently;

— total interruption over a long period. This ensures a maximum value of availability for the system:

— mean duration of interruption. This ensures that, if an interruption occurs, it is not too long:

— the rate of occurrence (e.g. measured on an hourly basis);

— the total interruption‘time over a period (e.g. of any month or year);

— the statistically defined duration of interruptions, which could be specified by several points on a statistical
distribution.

4. Equipment availability

A number of different causes of interruption are included under this heading. They are:

— satellite-related effects, including partial or complete failure of any of the systems on board, plus eclipse
outages; :

— earth-station related effects, including failure of any equipment as far as the terrestrial network interface,
outages caused by human error, sun transits and the effects of natural disasters. ’

Substantial discussion of many of these mechanisms, plus information regarding availability achieved in
practice with operational satellites and earth stations is given in the Handbook on Satellite Communications
(Fixed-Satellite Service) referred to above.

5. Propagation availability

This heading covers interruptions caused by interference and propagation effects. Limited information is
available at present on the impact of intra- and inter-system (including radio-relay) interference as they affect
availability, and studies in this area are necessary.

Some studies have been carried out into the impact of propagation on availability. In particular, it has
been found necessary to distinguish between short breaks due to propagation mechanisms of less than 10
consecutive seconds which are covered by performance recommendations, and those of 10 consecutive seconds or
more which contribute to unavailability. In this respect an “availability factor™ has been used which can be
defined as:

total time for which outages of < 10 s duration occur
total time for which all outages occur

availability factor = X 100%

The meaning of “outages™ depends on whether an analogue or digital circuit is considered, and a precise
definition in each case is given in RECOMMENDS 4 of Recommendation 579.
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(VII) — Canadz, 13 GHz, elevation = 31°, climateE
(IX) - Canada, 13 GHz, elevation = 29°, climate K
6. Effect of propagation on availability

This section summarizes the information available to date on the way propagation effects contribute to
unavailable time. Much of the information has been studied by Study Group 5, who have analysed the data in
terms of available time (with attenuation events less than 10 s, corresponding to “severely errored seconds™) and
unavailable time (with attenuation events greater than 10 s), in accordance with the definition of unavailable time
given in Recommendation 579.

The limited information available is presented in Tables I and II as percentages of worst month. Table 1 is
derived from satellite beacon measurements, Table Il from radiometer measurements.



TABLE 1 — Percentage of the worst month for which the indicated values of attenuation were exceeded
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A division into available and unavailable time (see Recommends 4 of Recommendation 5§79) has been made at each attenuation value.

Denmark Denmark UK Japan
Elevation 26.5° Elevation 12.5° Elevation 29.9° 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
d
(@B) Single site Site division Single site Single site Single site Single site Single site
(% of month) (% of month) (% of month) (% of month) (% of month) (% of month) (% of month)
Available |Unavailable{ Available |U Available Ui Available |Unavailable Available |Unavailable| Available {Unavailable] Available |Unavailabl
time time time time time time time time time time time time time time
2 0.0070 |0.112 0.0110 | 0.143 [0.0165 | 0.213 |0.0343 |0.201 0.015 0.16 0.03 0.30
3 0.96 5.7
4 0.00053 | 0.0222 1] 0 0.0038 | 0.0462 | 0.00355| 0.0215 | 0.0022 | 0.035 | 0.009 0.10
6 0.00028 | 0.0106 0 0 0.00070| 0.0138 | 0.00035| 0.00305| 0.0008 | 0.014 | 0.0022 | 0.033 { 0.16 1.84
8 0.00047 | 0.0056 ] 0 0.0013 § 0.0039 0 0.00131| 0.0005 | 0.006 | 0.0009 | 0.016
10 0.000096| 6.0033 0 0 0.00014 | 0.00070 (4] 0 0.027 0.52
15 0.00017 | 0.00054 0 0 0 0 0 0 0.008 0.17
20 0 0 0 0 0 0 0 0

TABLE 11 — Percentage of the worst month for which the indicated values
of attenuation were exceeded in Canada

. Climate K Climate E
Attenuation 13 GHz 13 GHz
level
exceeded Site 1 Site 2, ; °
(dB) elevation 20° elevation 29° Elevation 31
Available |Unavailable| Available [Unavailable|{ Available |Unavailable
time time time time time time
2 0.017 1.10 0.0081 0.51 0.014 0.68
3 0.007 0.54 0.0042 0.31 0.0046 0.22
4 0.0039 0.36 0.0028 0.22 0.003 0.11
6 0.0022 0.16 0.0017 0.16 0.0004 0.058
8 0.0011 0.089 0.0017 0.12 0.0005 0.041
10 0.0007 0.056 0.0007 0.099 0.0004 0.031
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The following general conclusions have been drawn from Table I:

— For elevation angles in the range 26°-30° and for attenuation values of 2-8 dB, the ratio of attenuation time
during available time to that during total time was found to be between 3% and 10%. At greater values of
attenuation, this proportion tended to increase, since event duration would decrease as the attenuation
approached its maximum value.

— At lower elevation angles, 6°-12°, the ratio of 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 of attenuation, the above ratio is likely to increase again. Scintillations
would be expected to make a greater contribution to the attenuation time at the lower elevation angles than in
the cases for the measurements corresponding to the higher elevation angles. )

The site diversity data are based only on attenuation values of 2 dB; no simultaneous attenuation value of
4 dB was measured at both sites during the experiment in Denmark. The only data supplied therefore correspond
to the 2 dB value. The ratio of attenuation time during available time to that during total time was found to be
very close to that for a single site. However, for regions of the world with higher rainfall rates, the ratio in the
diversity case may be greater than for a single site as a result of the increased impact of site diversity in such
climates.

The data contained in Table I are based on radiometer measurements made in Canada at 13 GHz.
Propagation 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 or equal to 10 s. Results for two typical
K climate 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 margins in the 3-6 dB range, a total unavailable time of up
to 0.54% of the worst month could be experienced.

Further information was provided by Australia where propagation measurements [CCIR, 1982-86a] at 11
and 14 GHz for three different locations, including both tropical and more temperate zones, show that the
availability factor is of the order of 4% or less.

From consideration of all the information presented above, it is concluded that an availability factor of
10% is a conservative working value.

REFERENCES

CCIR Documents
[1982-86]): a. 4/297 (Australia).
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REPORT 214-4

THE EFFECTS OF DOPPLER FREQUENCY-SHIFTS AND SWITCHING
DISCONTINUITIES IN THE FIXED-SATELLITE SERVICE

(Question 7/4)
(1963-1966-1974-1978-1986)

1. Introduction

In the fixed-satellite service system, the received signal will be subject to the following phenomena:
— Doppler frequency-shifts due to the relative velocities between satellite and earth stations;

— discontinuities of transmission delay and of Doppler shift due respectively to the difference in the lengths of
the radio paths and in the different relative velocities, on switching from one satellite to another.

This Report considers the probable magnitude of these phenomena and their effect on various types of
communication signal. ’

2. Doppler frequency-shifts (applicable to non-geostationary satellites)

The magnitude of the total Doppler frequency-shift between the terminals of a system in the fixed-satellite
service depends upon the wavelengths used and the relative velocities of the satellite with respect to the earth
stations. The major component of the effect of the Doppler shift, i.e. the shift of the carrier or a reference-
frequency of the transmission, can be removed in the receiver: however, it may be necessary also to compensate
for the differential shift across the radio-frequency spectrum of the signal that produces a frequency “stretch™ or
“shrinkage™ of the baseband signal. Depending upon the relative locations of the earth stations and the orbit, the
Doppler shifts between transmitting earth station and satellite and also between satellite and receiving earth
station can either add or subtract. If 5000 km is taken as a probable minimum orbital height for a communication
satellite, then the “stretch™ or “shrinkage” of the baseband signal will not exceed 2 parts in 10°. In most practical
cases, the orbital height will be greater and the Doppler shift would be considerably less than this. and in the
particular case of the geostationary satellite, there would be no significant Doppler shift.
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The maximum value of the Doppler shift, resulting from transmission to, or from, a space station on a
satellite in a circular orbit, can be estimated from the relationship:

AF~ £ 154 x 107 x Fx s (1)
where
AF: Doppler frequency-shift,
F: operating frequency,
s: number of revolutions per day (24 hours) of the satellite with respect to a fixed point on the Earth.

This relationship may also be used for calculating the maximum differential Doppler frequency-shift over
a frequency band. A few values of s for various circular equatorial orbit altitudes are provided below (Table I) to
facilitate the calculations for individual cases.

TABLE 1
: Altitude for circular .
Revolutions per day h h Period
relative to the Earth, s equat(()lr(lal orbits (h)
m)
0 35600 24
1 20240 12
2 13940 8
3 10 390 6
4 8 080 4.8
5 6420 4
6 5170 : 34
7 4190 3

In a frequency-division multiple-access (FDMA) system, each participating station uses a portion of the
frequency band of the satellite repeater. Since the transmissions from each station are independent in time, there is
no adverse effect from any relative time-shift. There will, however, be a Doppler frequency-shift in the
transmission from each station which varies with time. ‘

For satellites employed to relay signals simultaneously from a number of earth stations, special considera-
tion of Doppler shift may be necessary.

Table Il shows the maximum possible Doppler frequency-shifts at the satellite at 6 GHz. The figures are
based on equatorial orbits and assume that the satellite moves in the sameé“direction as the surface of the Earth.

Because of various perturbing forces, the position of a geostationary satellite varies. If the satellite position
is maintained within £ 0.1° of longitude and latitude, the maximum relative velocity of a satellite with respect to
an earth station is less than approximately 3.8 m/s, and the maximum Doppler frequency-shift will not
exceed 76 Hz at 6 GHz.

To prevent interference between adjacent radio-frequency channels caused by Doppler frequency-shifts,
guard bands can be used. Depending on the location of the stations. the signal transmitted by one station may be
shifted upward, while that from a station on an adjacent channel may be shifted downward. Alternatively, the
frequency shifts may be corrected by available techniques.

For example, allowing a guard band equal to the maximum possible Doppler frequency-shift shown in
Table 11 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 I — Maximum Doppler frequency-shift

Period (h) . : 6 8 2 24

Approximate altitude (km) 11 000 14 000 20 000 36 000

Minimum elevation of antenna.: 5° v
Maximum Doppler frequency-shift at 6 GHz (kHz) 27.7 18.5 9.3 0.0

In the time-division multiple-access (TDMA) system, all earth stations transmit on the same nominal
carrier frequency. This requires that the transmitter carrier be on only during that interval of the frame assigned to
the station. During transmission, the carrier would probably be modulated by phase-shift keying or frequency-shift
keying. Because of the Doppler frequency-shift. transmissions will arrive at the satellite and be repeated at
frequencies which vary above and below the nominal carrier frequency. To accommodate this shift, the
earth-station receivers must be capable of adjusting to the sudden changes in carrier-frequency which will occur.
This may impose the requirement for increased interburst guard time and for more time within the burst to be
allowed for carrier recovery and burst synchronization for satellites in a non-geostationary orbit {Gabbard, 1968).

2.1 Telephony

When frequency-division multiplex telephony is used, it is necessary to limit the bandwidth or the
apparent geocentric angular velocity of the satellite to prevent unacceptable differential Doppler frequency-shifts
(unless corrections are applied to compensate for the Doppler effects).

According to CCITT Recommendation G.225, the difference between an audio-frequency applied to one
end of the circuit and the frequency received at the other end should not exceed 2 Hz. The question of error in
reconstituted frequency is still under study in CCITT Study Group XV.

It may be noted that an error of 2 Hz is not exceeded in a single satellite link, if the product of the
baseband (MHz) times the number of revolutions per day of the satellite relative to the Earth, s, does not
exceed 0.666; however, additional error is likely to be introduced by the multiplex equipment.

Doppler effects will also shift the pilot frequencies used in FDM telephony for satellites with such angular
velocities. Possible methods which could be used for correction of these shifts are:

— a suitable variable time-delay device;

— the carrier-frequenciés used in the frequency-division multiplex equipment could be automatically controlled
to compensate for the effects of Doppler shift and so reduce the overall frequency errors to acceptably small
values.

The first of these methods has the advantage of effectively cancelling the errors resulting from the
movement of the satellite, in a manner similar to that in which they are introduced (i.e. by change in transmission
delay during the pass). This method would, therefore, also eliminate all the effects of Doppler shift on the
baseband signals .and by suitable arrangements, would avoid switching discontinuities when transferring the
information flow from one satellite to the next in the orbital pattern. Control of the variable delay could be
performed, either by using predicted orbit information or on a servo basis employing a pilot signal transmitted
from the earth station to the satellite and back to the same earth station (loop method). The loop method has the
following advantages: .

— it would ensure that only the correct frequencies were received at the satellite. This facility could be of
particular importance for certain systems, for example, those using closely-spaced channels or blocks of
channels with single-sideband modulation in the Earth-to-satellite direction:

— Doppler frequency “stretch™ might to some extent be obviated, e.g. by splitting the receiving bandwidth into
appropriately separated portions and providing independent compensations for the blocks of circuits arriving
from each of the other earth stations.
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Alternatively, compensation for the variable delays could be applied only at the receiving end and
controlled by pilot signals originating at the distant stations. In this case, the Doppler frequency “stretch™ or
“contraction™ of the baseband would need to be accommodated by adaptations of the frequency-division multiplex
equipment at each earth station. Administrations are requested to submit to the CCITT their recommendations, or
findings concerning such adaptations involving control of the earth-station frequency-division multiplex equip-
ment, either on a loop basis, as is described under the first method above, or on a route-by-route basis.

Doppler-shift correction may be necessary in any system in the fixed-satellite service using single-sideband
amplitude modulation.

22 Telegraphy and data transmissions

If telephone channels comply with the requirement of CCITT Recommendation G.225 this implies that,
for telegraph and data channels derived from such telephone channels, the effect of Doppler frequency-shift may
be ignored or has been adequately compensated for (see § 2.1).

23 Phototelegraphy

If phototelegraphy channels are derived from telephone channels complying with the requirement of
CCITT Recommendation G.225, the effect of Doppler frequency-shift may be ignored as being adequately
compensated for. ,

.

2.4 Wide-band data

It should be noted that Doppler correction would need to be provided for carrier-derived phototelegraphy
or data channels requiring wider bandwidths than a single telephone channel (e.g. group or supergroup
bandwidths).

25 Television

The change in field frequency introduced by Doppler frequency-shift is very small. In normal mono-
chrome television practice, the accuracy of the field frequency at the programme source is likely to be the limiting
factor as far as disturbance to domestic receivers is concerned and Doppler shift will not be of concern.

It may ultimately be desirable to correct for the effects of Doppler shift on colour television signals, but
the initial tests made with the satellites have demonstrated that standard colour receivers and, in particular, those
using crystal controlled sub-carrier oscillators, will operate satisfactorily, with the order of Doppler f'requency -shift
likely to be encountered in a practical system in the fixed-satellite service.

3. Switching discontinuities (applicable to non-geostationary satellites)

Satellites which rise and set can be used by any two or more earth stations only while mutually visible.
These stations must then switch or “hand-over™ to another mutually visible satellite, to maintain communication
with some orbit systems, or with excessively separated earth stations; relatively long interruptions may occur when
mutual visibility of the first satellite is lost before another satellite has been acquired. Such interruptions can be
avoided by the use of controlled, equally separated satellites of sufficient number in orbits having a recurrent
earth-track [Dalgleish and Jefferis, 1965]. Such satellite orbit systems are often referred to as systems of phased
satellites. The phased circular equatorial orbit system is the simplest and best-known such system.

Even though such systems can prevent hand-over interruptions, there will generally be slight discontinuities
of overlap of communication between two stations at the instant of hand-over, depending on whether the
propagation path via the new satellite is shorter or longer than that via the former satellite. The calculation of
these propagation path lengths or delay times, and their difference, is dependent upon simple geometric
relationships which are explained in Report 383 on the effects of transmission delays.

In the case of multi-hop connections, the switching discontinuities in the differerit‘ hops will not often be
coincident in time, so that the number of discontinuities per 24 hours will be approximately n x m, where n is the
number of hops and m the mean number of switching discontinuities per 24 hours per hop. With systems
employing phased satellites, the time differences for some pairs of earth stations would not exceed 10 ms; whilst
for other pairs of earth stations, the time differences would be up to 20 ms or even more. In unphased satellite
systems, the time differences would have durations between 0 and 30 ms or more. It should be noted that these
discontinuities are predictable and that counter-measures are possible. The use of variable delay devices could
reduce these switching discontinuities to negligible proportions.
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Note. — An earth station using any satellite, non-geostationary or geostationary, may have its circuits interrupted
for predictable periods when the satellite in use has approximately the same orientation from an earth station as
the Sun or another satellite at the same frequency, or when the satellite uses a solar power supply without
batteries and is eclipsed by the Earth. To avoid interruptions of these types, alternate routing via surface circuits
or via a different satellite may be used during periods of outage.

3. 1 Telephony

Time differences, of up to perhaps 20 ms during transfer from one satellite to another, should not cause
difficulty with telephone conversations.- However, a discontinuity in transmission of this duration can cause errors
in existing telephone MF signalling systems such as the Intercontinental CCITT No. 5 and TASI. Signalling
techniques, (such as CCITT No. 6), that employ high-speed pulsing rates, may be much more susceptible to errors
from this source. '

3.2 Telegraphy and data transmissions

The effects of present interest are those due solely to differences in transmission time between one satellite
path and another, and these are of two types:

— lengthening or shortening of telegraph elements when the transmission time differences are relatively large,
i.e., exceeding a significant part of an element;

—~ phase discontinuities of voice-frequency tone, sometimes giving rise to telegraph distortion, whenever the
transmission time differences exceed a fraction of the time occupied by one cycle of the highest baseband
frequency utilized by a telegraph channel of a broadband system carrying voice-frequency telegraphy [Zuhrt,
Reger and Vollmeyer, 1959].

According to preliminary information from one source (see Annex I), it appears that, in an unprotected
50-baud start-stop telegraph channel the average number of character errors caused by discontinuities of up to
about 7.5 ms may not exceed about 0.25 per discontinuity. The average number of character errors increases
probably to about 1.0 for discontinuities of duration about 10 to 12 ms, whilst it may approach 2.0 or more for
discontinuities of duration up to 20 ms or 30 ms.

Time duration of the discontinuities likely to be encountered in non-geostationary satellite systems would
cause character errors in synchronous telegraph systems and in time-division multiplex telegraph systems. Time
discontinuities can falsify selection signals such as used in telex, causing incorrect routing and, particularly on
automatic systems, the possibility of incorrect charging might arise.

Automatic error-correcting (e.g. ARQ) equipment is used on some telegraph circuits, for example when the
traffic is extended over HF radio links. It may be noted that ARQ would not only protect against errors arising
from switching discontinuities, but also against errors arising from other causes. Justification for:any special
treatment of circuits routed through systems in the fixed satellite service should take into account:the relative
frequency of error producing disturbances in the satellite links and in their terrestrial extensions as well as in
international circuits using other means. If, after account has been taken of the various sources of error in
telegraph channels, it seems necessary to take special measures to deal with errors caused by satellite switching
discontinuities, then it appears that consideration might be given to the possibility of using some device such as a
buffer store. This might commence to store the telegraph signals on receipt of a “satellite change™ signal, and
would retransmit at a slightly higher rate after the satellite switching operation.

Another method of reducing the number of errors due to satellite switching would be to use a suitable
variable delay device.

Switching discontinuities of up to perhaps 20 ms would affect data transmission by causing:

— errors to occur in one or more blocks,
— loss of block phase.

Provided the switching from one satellite to another is fairly infrequent, the errors of the first type would
not be serious, and would in fact be similar to the effects of occasional switching or noise disturbances to be
expected on normal line circuits. The loss of block phase results directly from the time discontinuity and has no
equivalent in line systems. :

Block phase would thus need to be re-established on data circuits each time a switch from one satellite to
another occurs, unless means are adopted to compensate for the delay discontinuity. However, if the switch-overs
are not unduly frequent, and re-phasing of the data transmission system is arranged to take place automatically,
the loss of circuit time due to this cause would not be a serious disadvantage.
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33 Phototelegraphy

The effect of these discontinuities would be an immediate displacement (either in an advance or a retard
direction) of any succeeding elements of the picture, relative to the position before switching. For equipment
conforming to CCITT standards and using a drum speed of 60 r.p.m., a delay discontinuity of 20 ms would
produce a displacement of about 2% of the picture width, e.g. 0.5 cm displacement in a picture 25 cm wide. This
displacement would be a serious defect in most pictures or in typescript, meteorological charts, etc. With higher
scanning rates, the displacement would increase in proportion. The amount of such displacement that could be
accepted as tolerable is, of course, a matter to be decided in consultation with the CCITT. It seems likely,
however, that switching discontinuities of the order of 20 ms would produce unacceptable distortion in the
majority of cases, and would, therefore, need to be avoided, either by suitable delay-compensation techniques or
by arranging that the picture transmissions do not occur during switching times.

3.4 Television

Switching from one non-geostationary satellite to the next is very similar to, and will generally produce the
same effects as, switching between “non-synchronous” programme sources, and can result in temporary distur-
bance to the receiver field time-base. The actual time over which the disturbance exists will vary in practice
depending upon the relative phase relationship at the moment of switching, but will normally lie between 0.5 s
and 2.0 s.

The change in transmission delay on switching may introduce a small discontinuity in the sound signal
which, although noticeable, should not be disturbing.

As switching in a system in the fixed satellite service will be infrequent, the effect on both vision and
sound signals would not prove too serious.

4. Summary

The significance of Doppler frequency-shift and switching discontinuities in systems in the fixed-satellite
service varies with the type of service or signal transmitted, and with the characteristics of the satellite orbit. In
general, geostationary satellites are not expected to introduce significant Doppler frequency-shifts or switching
discontinuities. Non-geostationary satellite systems will introduce greater Doppler frequency-shift and switching
discontinuities. '

The major component of the Doppler frequency-shift can be removed in the radio-frequency receiver, but
there will remain a “stretch™ or “shrinkage™ of the baseband spectrum due to differential frequency shift. The
effect on monochrome television will be insignificant and the effect on colour television will probably be tolerable.
In telephony, with the general use of broadband single-sideband frequency-division multiplexing techniques, the
changes in baseband spectrum (differential Doppler) will require compensation in the form of transmission delay
equalization of the entire baseband or of automatic control of the carrier frequencies used in the multiplex
equipment. It is felt that such compensation is feasible. Telegraph, data and phototelegraphy channels, derived
from channels adequately corrected for telephony, should not require any further consideration of Doppler effects.

It appears that, unless special steps are taken, time discontinuities due to satellite switching may lead to
error rates on telegraph channels which, for certain pairs of earth stations with particular orbital configurations,
could exceed the desirable limit suggested in CCITT Recommendation R.54 of 2 errors per 100 000 telegraph
characters. Some discussion of this matter, and of possible means of mitigating the effects on telegraph
transmission, is given in Annex I.

The attention of the CCITT and the CMTT is drawn to the problems which may arise in systems in the
fixed-satellite service due to Doppler frequency-shifts and switching discontinuities; the CCITT with regard to
telephony, telegraphy and data transmission and the CMTT for television transmission, including the related
sound channel.

REFERENCES

DALGLEISH, D. 1. and JEFFERIS, A. K. [January, 1965]. Some orbits for communication-satellite systems affording multiple
access. Proc. IEE, Vol. 112, 1, 21-30.

GABBARD, 0.G. [August, 1968] Design of a satellite time-division multiple-access burst synchronizer. IEEE Trans. Com. Tech.,
Vol. COM-16, 589-596.

ZUHRT, H., REGER, W. and VOLLMEYER, W. [June-July, 1959] Telegraph distortion and error rates in voice-frequency
telegraphy due to interruptions and phase-jump (in German). NTZ, 12, 6 and 7.



Rep. 214-4 ' 141
ANNEX 1

1. . CCITT Recommendations

CCITT Recommendation R.57 calls for a maximum isochronous distortion over a single telegraph link not
exceeding 10%. :

CCITT Recommendation R.54 suggests, in the considerings, an error-rate not exceeding 2 per 100 000 tele-
graph characters due to distortion as a desirable overall transmission objective.

2. Telegraph error-rates in 50-baud start-stop telegraph systems

In a preliminary series of experiments, the relationship between the duration of 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 of the transmitted text. It appears that the error-rate may not vary greatly when the
duration of the switching discontinuity is varied between 0 and about 7.5 ms; the average number of errors is then
about 0.25 per switching operation. For durations exceeding about 7.5 ms, the error-rate increases; this may be
explained by the evident fact that, in these circumstances, the lengthening.or shortening of the telegraph elements
approaches or exceeds 50% of the duration of the elements. The preliminary experiments suggest that the average
number of character errors per discontinuity may be about 1.0 for discontinuities of duration of about 10
to 12 ms, whilst it may approach 2.0 or more for discontinuities of duration up to and exceeding 20 ms. These
~ results, as stated above, apply to telegraph signals at a speed of 50 bauds: the duration of each element is 20 ms

and it is not unreasonable to find that, for discontinuities of a duration up to about 30 ms, there may not be more
than two telegraph character errors. )

3. Compensation by means of variable-delay correction devices

3.1 Compensation with moderate accuracy

It would be possible to greatly reduce character errors due to satellite switching if suitably controlled
variable delay devices could be connected in tandem with satellite links, so that the overall signal delay could be
kept constant. Compensation to an accuracy of the order of 200 us would deal with character errors due to the
lengthening or shortening of telegraph elements. The development of such broadband delay devices would have
the additional advantage of substantially eliminating differential Doppler-shift effects in the transmitted baseband:
these would otherwise call for special control of supergroup and group translation oscillators to preserve the
centering of voice-frequency telegraph signals in their appropriate filter bandwidths.

‘The effects of phase jumps at the instant of satellite switching would remain, and while the character
error-rate would be less than that estimated to occur without compensation, a reliable estimate of .the probable
error-rate would require experimental investigation.

3.2 Compensation with high accuracy

To avoid character errors due to phase jumps at the instant of satellite switching, delay compensation to
an accuracy corresponding to * 15° at the highest baseband frequency involved appears to be necessary. For
telegraph channels carried in the highest frequency telephone channels of a 1200-channel! system with baseband
frequencies up to 5 MHz, an accuracy of some 0.01 us would be required. The probable limit of predicted satellite
slant range, and therefore of transmission delay, is of the order of 50 us. Consequently, direct compensation on a
predicted basis in a single step to an accuracy sufficient to substantially remove telegraph errors is impracticable.
Consideration might, however, be given to additional measures, for example, an electronically controlled
variable-delay device, which has its delay changed until the baseband signals over the two satellite paths dlsplayed
complete correlation in time, the switch-over then taking place.

Another possibility to which attention might be drawn is the employment of a relatively slow “fade-over”
instead of an abrupt switch-over. The major effects of sudden phase changes might thereby be avoided and only a
small proportion of telegraph channels suffer from amplitude effects. FM voice-frequency telegraph systems can
tolerate at least 15 dB reduction of signal level and printed error-rates of the order of one in 80000 might be
achieved, but this possibility requires theoretical and experimental investigation. The effect of such a “fade-over™
on telephone. data and facsimile circuits would need to be assessed.

4. Summary of means of compensation

In considering possible methods of mitigating the effects of switching discontinuities on telegraph
performance. it'must be borne in mind that in any telegraph channel there may be a number of causes of error.

Telegraph errors due to satellite-switching discontinuities might be reduced in number by:
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“buffer store™ systems, which would commence to store on receipt of a “satellite change” signal

transmitted over the system and re-transmitted at a slightly higher rate after completion of the change;

4.2 - time discontinuity correction of moderate accuracy used in conjunction with any of the‘ following
measures:
4.2.1 placing of the telegraph channels in the lower part of 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 introducing slow “fade-over” devices to mitigate transients caused by rapid switching between
satellites;
424 recoding of the telegraph information into special codes, such as those developed by Hamming,
which give correction facilities without the necessity for retransmission;
43 precise compensation of transmission delays to minimize the delay discontinuity at change-over.

In addition, it would be possible to use ARQ or some equivalent system; this would be particularly useful

in the event that the satellite link is extended by an HF radio link or another type of link liable to introduce a
relatively large number of telegraph errors.
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SECTION 4C: EARTH STATION AND BASEBAND CHARACTERISTICS -~ EARTH STATION ANTENNAS

~ MAINTENANCE OF EARTH STATIONS

REPORT 391-6

RADIATION DIAGRAMS OF ANTENNAS FOR EARTH STATIONS IN THE
FIXED-SATELLITE SERVICE FOR USE IN INTERFERENCE STUDIES
AND FOR THE DETERMINATION OF A DESIGN OBJECTIVE

(Question 1/4 and Study Programme 1A/4)
(1966-1970-1974-1978-1982-1986-1990 )

1. Introduction

In the determination of coordination distance or for the assessment of interference between earth stations
and radio-relay stations, and for coordination studies between earth stations and space stations of different
satellite systems sharing the same frequency bands: it is required that the gain of the earth-station antenna be
known in the relevant direction. It is also desirable that radiation characteristics in planes other than the principal
planes be known, particularly in the case of interference calculations between satellite systems.

In addition, as discussed in Report 390, it is necessary to assemble data on the side-lobe performance of
new antennas in order to establish an appropriate design objective for side-lobe levels.

2. Characteristic radiation patterns of antennas

In calculating mutual interferences between radio-relay systems and satellite communication systems, it is
preferable that the statistical properties of antenna side-lobe levels, as well as those of side-lobe peaks, are known.
This is particularly true when there is more than one interfering source. Measurements made on a number of
existing antennas, also theoretical studies, have shown that the statistical distribution of the antenna side-lobe
amplitudes are approximately expressed by the Rayleigh distribution function. The median (50%) value of the
side-lobe peaks is about 2.0 dB higher than that of the side-lobe level distribution.

Using the above information, reference curves for earth-station antenna side-lobe characteristics have been
computed and are shown in Fig. 1 [Shinji ef al, 1976].

Measurements made on offset-fed parabolic antennas [Grace and Miller, 1966] and on Gregorian-type
asymmetric antennas have shown that the side-lobe peaks of these types of antennas follow the log-normal
statistical distribution. This is maintained both in the angle dependent and angle independent side-lobe regions
and allows the side-lobe characteristics to be described in terms of the mean value and standard deviation of

side-lobe peak statistics.
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FIGURE 1 - Statistical side-lobe relationships for 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 Representation of measured dara on antenna of largc diameter to wavelength ratio (D/}. > 100) by a

reference radiation diagram

Data obtained in 1976 for earth station antennas of 26 to 32 m in diameter
(D/X = 550 to 670) and the theoretical studies referenced above became the basis
for adopting the formula

G =32 - 25 log ¢ ~ (dBi) ' 1)

where G is the gain relative to isotropic antenna and ¢ 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. '

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/)\
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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Angle between the axis of the main beam and

the direction in question, ¢ (degrees)

co-polar patterns for INTELSAT Standard A Antennas

" Transmit side-lobe pattern analysis

|¢——p{ sample width

maximum value
worst 10%
median value
best 10%

minimum value

58, number of samples

Antenna data:
Type:

Diameter:
Frequency:

Polarization: Left and right hand co-polarization

approx. 30 m
5990 - 6400 MHz

INTELSAT Standard A (G/T requirement prior to 1984)
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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/X > 100).
The method described in Annex II gives realistic statistics that take account of
the slope of the pattern within the sample window.

Measurements conducted by INTELSAT on 93 INTELSAT antennas installed between 1977 and 1984 demonstrate
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 ¢, and that approximately half of these antennas meet the proposed new reference radiation
gain envelope of G = 29 — 25 log ¢ for that range of angles.
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Large antennas with improved side-lobe characteristics (D/h\ > 100)

An offset-fed reflector antenna has low side-lobe characteristics because there is no aperture ‘blockage. An
example of side-lobe characteristics for this type of antenna is given in Fig. 3c. This antenna has a shaped
sub-reflector and a beam waveguide feed, while the main reflector is part of a paraboloid of revolution. Further
details about this type of antenna can be found in Annex I of Report 390.

Careful study to define the various antenna components may, however, improve the characteristics, even in
the case of a conventional Cassegrain antenna as shown in Figs. 3a and 3b.

The radiation patterns of a 32 m Cassegrain antenna designed to cover the 875 MHz bandwidth at 6 GHz
and the 800 MHz bandwidth at 4 GHz were obtained and processed in accordance with the method described in
Annex II. Figure 3b shows the levels exceeded by 10% of co-polarization side-lobe peaks of 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 ¢ 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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Gain relative to an isotropic antenna (dBi)
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23 Reference radiation pattern for D/X < 100

Theoretical considerations and the available data concerning radio-relay antennas (Report 614) sugge.sted
that the reference diagram given by the formula (1) may lead to error if attempts are made to apply it to
antennas with D/A < 100, and a new formula for the reference radiation diagram has been suggested. This is

given by:
G =52 ~—-10log (D/X) — 25 log @ dBi (2)

However, offset antennas are capable of providing improved performance as noted
in section 2.4.
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As an example, results of measurements of the statistical distribution of the side-lobe peaks for a small
antenna with a conventional symmetrical parabolic reflector of 3.3 m diameter (D/A = 66) are given in Fig. 4.
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FIGURE 4 - Statistical distribution of side-lobe peaks for
a small compact Cassegrain antenna with
D/A = 66and D = 3.3 mat f = 6.0 GHz

Further details about the theoretical background for such a formula can be found in Report 614. This
formula should not be used for D/A > 100.

It should be noted that this formuld should be assumed to apply only to the region beyond the first
side-lobe peak, that is, at and beyond ¢ (degrees) =~ 100 A/D. In addition, it should never be assumed that the

reference antenna gain falls below — 10 dB relative to isotropic.

In cases where D/A is not given, it may be determined from the expression 20 log (D/X) = Gy — 7.7
where Gy is the main lobe antenna 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 mainufactured from designs
predating 1982, was measured in accordance with the methodology described in
Annex II. This data is presencted in Figure S. Th2 reference earth station
antenna radiation pattern depicted in this figure is plottad as an envelope
formed by the diameter-to-wavelength ractios (9€ to 35) which apply. It ‘can'be
seen that, with the exception of side-lobes clwse 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.
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2.4 Antennas with improved side-lobe characteristics (D/X < 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 diagram is that which is obtained in the principal plape of the antenna .with.a
co-polarized test antenna. Mutual interference between stations, partAicularly earth statnpns and space stations in
different systems, is directly dependent upon the discrimination obtained through the .Slc!e lob.es of the. respective
antenna system. For the co-polarized case (i.e. matched polarization) the reference fadlgtxon dl_agram given in th.e
formula in § 2.1 is appropriately used. When systems operate in orthogongl .polanzat\o‘ns, this dxscnmmat}oq is
expected to be enhanced. Few data are available at the present time and it is not possible to develop a similar
reference diagram. The question of polarization is discussed in detail in Report 555 and Report 1147.
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3. Design objectives for future earth-station antennas

Based on the information contained in this Report and the work carried out by Interim Working Party 4/1
~in relation to the importance of antenna radiation pattern in the utilization of the geostationary orbit,
Recommendation 580, is concerned with the radiation diagrams for use as design objectives for earth-station
antennas. In order to review this —— Recommendation at a later date, administrations are invited to continue to
submit data relating to patterns of earth-station antennas with improved side-lobe characteristics.

Report 998 outlines measures which may be taken to reduce the side-lobe levels of small antennas. It
should be noted that, in the past, there has been a tendency to design large axisymmetric antennas with a
uniformly illuminated aperture. Report 998 considers the impact of the use of tapered illumination, as has been
previously reported for only asymmetric antenna designs.

4. Conclusions

Because of the wide variety of applications when sharing of frequency bands is involved, studies are
needed, both for antennas with D/A < 100, and for antennas with D/A > 100, so that the most useful and
practical reference radiation diagram is available. Reports 390 and 998 give a useful discussion of the characteris-
tics in the side-lobe regions.

To ensure that the information contained in this Report (as well as in the resulting Recommendations) be
representative of current practice, administrations are requested to submit measured antenna pattern data,
particularly in regard to peak side-lobe characteristics and polarization pattern characteristics. The side-lobe
pattern gains should be given relative to isotropic gain referred to the feed horn flange. Administrations are also
requested to provide brief technical descriptions of the antennas with particulars of the steps taken to ensure a low
side-lobe performance. Preferably the peak side-lobe data should be given as the statistical distribution of the
peaks within suitable sample widths of the angle relative to the main beam axis (see Fig. +38 A method for
evaluation of side-lobe data taking account of the slope of the antenna side-lobe characteristics within an angular
.segment is given in Annex II. Administrations should preferably take account of the slope of the antenna
side-lobe characteristics in preparing statistical data intended for this Report.
The information should be suitably annotated with relevant data such as
antenna diameter, frequency of operation, type of antenna, polarization, and if possible, including some
indication of site effects. i
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ANNEX 1
REFERENCE PATTERN OF THE WARC-79

The reference pattern in Fig. 6, as agreed to by the WARC-79, is given by the following extract from
Appendices 28 and 29 of the Radio Regulations:

G
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FIGURE 6 — Reference radiation pattern of an earth-station antenna
(after the WARC-79)
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Determination of the antenna gain

“The relationship @(a) may be used to derive a function for the horizon antenna gain, G(dB) as a function
of the azimuth «, by using the actual earth station antenna pattern, or a formula giving a good approximation.
For example, in cases where the ratio between the antenna diameter and the wavelength is not less than 100, the
following equation should be used:

G(9) = Gy — 2.5 x IO“-‘(%p)' for 0<@<Qu : (39a)

G(p) =G, for g, <@ <o, (39b)

G(9) =32-25logo for ¢, <@ <48° (39¢)

G(p)=-10 for 48° < @ < 180° (39d)
where:

D: antenna diameter L .
expressed in the same unit
A:  wavelength

G,: gain of the first sidelobe = 2 + 15 log—g—

)
@y = % Y G — G| (degrees)

D\-ve
¢, = 1585 (T) (degrees)

. . .. D -
When it is not possible, for antennas with x of less than 100, to use the above reference antenna pattern

and when neither measured data nor a relevant CCIR Recommendation accepted by the administrations
concerned can be used instead, administrations may use the reference diagram as described below:

G(@) = Gy =25 %107 (0] for D<o <a, (402)
x
G(y) = G, for ¢, < <1005 (40b)
D A .
G(p)=52—10log— —25log ¢ for 100~ < ¢ <48 (40c)
A D
G 0 log 2 for 48° 180°
(@) =10-10 0g 3 or <@< ‘ (40d)
where:

D: antenna diameter

expressed in the same unit
A:  wavelength } P

G, = gain of the first sidelobe = 2 + |5 log?

20%
P = T vV Gmax - Gl (degrccs)

The above patterns may be modified as appropriate to achieve a better representation of the actual
antenna pattern.

>

D . . . . .
In cases where X is not given, it may be estimated from the expression 20 log — =~ G,

max — 1.7, where
e '

G,.ax 1 the main lobe antenna gain in dB.”
The equations quoted above include the evaluation of antenna radiation pattern close to the axis of the

main beam, which is not a part of the radiation pattern currently quoted in the CCIR and recent experimental
data has indicated that it may be necessary to modify the equation quoted above for the gain of the first side lobe.
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Measurements made on a number of symmetric Cassegrain antennas have shown that the relative first
side-lobe levels (generally < —14 dB) do not exhibit a clear dependence on D/A. Figure 7. shows the data which
has been converted into absolute first side-lobe levels from the knowledge of the peak gain of each antenna. It can
be seen that the above formula for G, under predicts the first side-lobe gain particularly for larger antennas. Based
on these considerations, the following equation is considered to be a more appropriate representation of the first
side-lobe gain: : o

G, = 20 log (D/A) — 7 dBi
Whereas this equation represents an approximate mean of the measured data, it is evident that individual

design features of an antenna, e.g. aperture illumination efficiency, would produce variations in the first side-lobe
levels as is indicated by the spread of the data shown in Fig. 7.
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FIGURE 7 — Measured absolute first side-lobe levels for
symmetric Cassegrain anlennas

UK Japan
O 3 m (11/14 GHz) A & 10 m (4 GHz) G 4 13 m (6/4 GHz)
A 27.4m (4/6 GHz) B® 6 m (6GHz) H A 27.5m (6/4 GHz)
® 19 m (11/14 GHz) C ® 13 m (12GHz) 1 A 29.6m (6/4 GHz)
D ® 13 m (19.5 GHz) J A 32 m (6/4GHz)
E ® 2 m (19.5GHz) K A 34 m (6/4 GHz)
F O i1.5m (19.5/29.5 GHz) '

For angles beyond 1° to 1.5°, however, the above equations simplify to those now used in the CCIR for
antenna of D/A > 100.

Furthermore, it is recommended that the compatibility of these formulas with the search for an efficient
utilization of the geostationary orbit should be studied.
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ANNEX I

STATISTICAL PROCESSING METHOD OF SIDE-LOBE PEAKS

The measured data may be processed following the guidelines given below:

In compiling statistical data it is necessary to exclude peaks that result from experimental error or are in
other ways not significant.

The following definition of what 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 angular regions within which the samples are taken shall be defined as those shown in Fig. 8. A
side-lobe peak exactly on the border of two angular regions or windows is included in the lower window.
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Figure 8 -. Example of distribution cf side-lobe pezks
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Within each of the above windows, the levels of each peak should be normalized to th'e ge.ometric angular
mean of the window by taking into account the slope of the reference pattern that relates to this window, thus:

NIE ‘DH) &)

P'i= P—mlog(

PP

where:

P: measured peak amplitude (dB),

P;: normalized peak amplitude (dB),

m: slope of the reference pattern (see Note 2),

@1, @y : angular limits of sample window i

®r: off-axis angle of peak P(¢. < ®p < @p).

The statistical data in specific angular regions is then drawn in the middle of the respective angular region.
Note 1. — Further studies are required in the definition of a peak in order to have refined methods for-

processing side-lobe levels. The studies should consider actual side-lobe angular widths accounting for the total
operating frequency range and the D/A of the antenna. Special attention is also required in the case where an
insufficient number of side-lobe peaks (less than 10) is present in the specified angular regions.

When the number of side-lobe peaks is less than 10 in the
specified angular regions, side-lobe levels may be evaluated
following the method given below. As shown in Fig. Y , the ratio
between the sum of angular width4¢{ occupied by each side-lobe peak
exceedlng the reference diagram and the total sampled angular width @
is not greater than 10%Z:

ZAhp;/ e <10%

Studies are also required in the adoption of the figures such as
107 and 10 side-lobe peaks used in this method.

3

Note 2. — Presently, the brocessing of the data has used the slope of —25log ¢. If the slope changes in the
future from this value (for example, due to new technological development) statistical distribution _process will
have to change accordingly.
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Figure 9 Angular width of side-lobe peaks
exceeding the reference diagram



Rep. 390-6 . 159

REPORT 390-6

EARTH-STATION ANTENNAS FOR THE FIXED-SATELLITE SERVICE
s{Question 1/4 .and Study Programme -1C/4) -

(1966-1970-1974-1978-1982-1986-1990)

1. Introduction

The desired characteristics for most earth-station antennas are:

— high gain in the direction of wanted signals;

— low gain in the direction of unwanted signals;

—  high efficiency;

— low effective noise temperature for the entire receiving system;

— - steerability over the expected range of satellite positions;

— continuous pointing towards the satellite with the required accuracy;-

— minimum variation in performance due to local conditions of wind and weather;
— minimum variation in illumination of the satellite by the earth station;

— high discrimination between orthogonally polarized signals.

For some applications, multi-beam and/or multi-band antennas will be advantageous.

2. Mechanical and structural aspects

2.1 Construction of reflectors and associated support structures

The design of support structures must ensure that the shape, relative position and relative attitude of the
various reflecting surfaces is very accurately maintained in spite of changes in elevation angle, wind velocity,
ambient temperature, ice load and solar heating.

2.2 Surface accuracy of reflectors

The shape of reflecting surfaces must be accurately set and maintained under all operating conditions to
avoid loss of gain and a consequent increase in side-lobe levels. This loss may be conservatively estimated from
[Ruze, 1966] by:

loss of gain = 0.00761 €2 > . dB : [¢))

where,
e: surface r.m.s. error, in mm;
f: frequency in GHz.
For example, at 11 GHz, an error of only 1 mm may reduce the gain by as much as 1 dB.

At 4/6 GHz, errors in the main reflector profile of approximately 1 mm r.m.s., correlated over distances of
about 1.5 m, make a major contribution to side-lobe levels within about 2° of the axis; errors of 0.5 mm r.m.s.
within individual reflector panels make a significant contribution to the side-lobe level between 2° and 10° off
axis. Improvements in panel profile accuracy can therefore lead to a useful reduction in overall side-lobe level,
dependent on contributions from other sources. '
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23 Antenna pointing and tracking requirements

For many systems, loss of signal due to imperfect pointing must be held to a few tenths of a dB. For a
30 m diameter antenna operating at 4 GHz, this would dictate a pointing accuracy of about 0.01°. This can be
accomplished either by automatic tracking of a beacon signal or by computer programme steering.

Automatic tracking can have several methods of implementation. The most sophisticated type derives error
signals from the misalignment of the antenna beam with the satellite direction. The simplest system is the hill
climbing or simple step tracking system which emulates the manual process of peaking up the received signal. A
third category is the smoothed step track approach which takes advantage of the fact that the orbits of nominally
geostationary satellites are highly predictable and processes data from several well chosen step cycles to update a
mathematical model of the track. The antenna is then positioned on predictions from the model and will maintain
a very high pointing accuracy since noise perturbations on the stepping data are smoothed out over a period of
time [Edwards and Terrell, 1983].

Automatic correction, or automatic tracking, may be carried out not only by means of satellite beacon
signals but by also using wideband working signals. The pointing inaccuracy of an antenna equipped with an
autotrack system should be defined not only by the angular misalignment between the equi-signal direction and
the satellite direction, but also by the gain losses in the satellite direction as compared with the maximum gain.

For smaller antennas operating with geostationary satellites, manual positioning at infrequent intervals
might suffice.

If the satellite position is maintained within a narrow angular range, economy may be effected by limiting
the operative pointing angle of the antenna. Such a limited steerable configuration is particularly suitable for an
offset type antenna with an asymmetrical reflector. A polar-mount type antenna fed by a system of reflectors may
be one of the various possibilities for a limited steerable antenna. Another limited steerable antenna is a
beam-steerable antenna which is capable of having access to multiple geostationary satellites without moving the
main reflector. Offset type beam-steerable antennas using a torus reflector or a spherical reflector may be useful
for conserving the frequency spectrum because of their low side-lobe performance, as well as reducing the cost of
earth stations; these factors are discussed in Annex V. It should however, be realized that limited steerability may
impose penalties on certain operational features of the earth station, e.g. with respect to maintenance and testing
using a radio star.

It should be noted that the possibility of using earth-station antennas with small diameter without tracking
and therefore of low cost and easy to operate, is very dependent on the orbital inclination of the geostationary
satellite and on the geographical location of the earth station relative to the sub-satellite point. On the basis of
studies carried out in Italy [Quaglione and Giovannoni, 1983] it was concluded that a difference in longitude
between the earth station and the sub-satellite point may significantly reduce the need for angular tracking. For
example, if this difference in longitude is 50°, the antenna diameter could be increased by about 20% for an earth
station located at 30° latitude. It was further concluded that for the worst case of an earth station located on the
same meridian as the sub-satellite point, in which the latitude of the earth station does not have a significant
impact: :

— for a maximum acceptable loss of gain of 1.0 dB and assuming an orbital inclination of 0.1°, the earth-station
antenna gain must not exceed 52 dB (corresponding to about 8 m diameter at 6 GHz, 3.5 m at 14 GHz and
1.6 m at 30 GHz) if tracking is to be avoided.

—~ for a maximum acceptable loss of gain of 0.5 dB and again assuming an orbital inclination of 0.1°, the
antenna gain must not exceed 48 dB (corresponding to about 5 m diameter at 6 GHz, 2.2 m at 14 GHz and
1.0 m at 30 GHz).

24 Weather protection

The possibility of ice formation on antenna surfaces and the effects of frozen precipitation such as snow,
sleet and freezing rain are additional factors which affect the design of antennas for operation in freezing climates.
Some 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 of the support structure;

— the antenna should be designed to withstand extreme conditions of combined wind and ice loading.
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The provision of a radome for weather protection of a steerable antenna is no longer thought necessary
and has the serious disadvantage of degrading the system performance.

Rain on reflector surfaces of Cassegrain antennas causes distortion of the antenna radiation patterns. Both
the main-lobe direction and the tracking beam minimum are shifted but the effect is small and can be ignored in
practice. More important effects are the degradation of gain and increase of the minimum of the trackmg lobe,
and they can be sxgmﬁcant at frequencies exceeding 10 GHz [Marin¢i¢-and Popovic, 1975].

3. Performance of earth-station antennas

3.1 Types of antennas
Several kinds of earth-station antennas are now in use: parabolic reflectors with Cassegrain, Gregorian or
focal point feeds; and horn reflectors.

Parabolic reflectors with Cassegrain feeds are the most common and can be divided into several types:
near field and point source feed, both designed for high efficiency. Multi-reflector feeds of the near field type are
expected to come into common use.

3.2 Gain of the main lobe

161

The maximum gain achievable is largely a function of the uniformity of illumination of the antenna

aperture and the accuracy of the reflector surface. High efficiencies may be achieved by suitably shaping the main
and sub-reflectors, so that they no longer are truly paraboloidal or hyperboloidal respectively. Shapmg results in
an almost uniform illumination while still maintaining a plane wave front.

3.3 The level of side and back lobes

The side lobes of earth-station antennas have a direct influence on the level of inter-network interference.
This is particularly important for those antenna side lobes that lie within a few degrees of the direction of the
geostationary orbit. Every effort should therefore be made to develop earth-station antennas with the lowest
“practicable side-lobe envelope gains.

The side and back lobes of an antenna depend primarily on the amount of energy which spills over the
edges of primary and secondary reflectors, the amount of energy obstructed by and reflected by various parts of
the structure and the prlmary feed pattern; these factors are discussed in detail in Annex 1.

In the case of a small antenna (D/X < 100), the side-lobe level in the angular region near the principal
axis is generally higher than that of a large antenna. An off-set dual reflector antenna, such as an off-set
Gregorian or off-set Cassegrain antenna would however have superior side-lobe characteristics rclanve to the

conventional symmetrical reflector systems in the angular. region quoted above viz., that region which is of

concern in systems using closely spaced satellites. This aspect is discussed further in Report 998.

Existing earth-station antennas exhibit radiation patterns which generally follow the reference radiation
diagram expressed by the equation:

G =32 - 25tog o

indicated in ‘Recommendation 465. Experimental confirmation of the superior properties of off-set antennas is
given in Report 998, where a number of antennas of this type are described. This experimental data shows that
earth-station antennas designed to achieve low side-lobe levels could satisfy a more stringent design objective than
the one described by the present reference radiation pattern. :

Further data are required to establish an appropriate design objective. Administrations are therefore
encouraged to submit measured radiation patterns of earth-station antennas as requested in Report 391. It is
particularly necessary to obtain data on antennas covering a wide range of D/A and frequenc;es so that the range
of application of the design objective can be established.

34 Noise temperature

All side and back lobes of an antenna, as well as the main beam, contribute to its noise temperature. For
most purposes it is sufficient to assume that side lobes at elevation less than —10° “see™ ground at a temperature
of 290 K. Between —10° and 0° the temperature may be taken to be 150 K; between 0° and 10° to be 50 K and
between 10° and 90° to be 10 K. The power in the side Iobes may be expressed as a percemdge of the total power
and divided among these four regions. .
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Noise temperature contributions due to extraterrestrial sources are discussed in more detail in Annex Il to
this Report.

A typical breakdown of noise temperature for a large Cassegrain antenna designed for a 4 GHz, and
operating  at 5° angle of elevation might be:

Mainbeam . . . ... ... . ... ... e e e e 25 K
Near side-lobes . . . . . . . . . e e e e e e e e e e 2K
Sub-reflector spill-over . . . . . . L e e 8 K
Main reflector spill-over . . . . . . L e e e e 5 K

Typical cryogenically cooled preamplifiers have a noise temperature of about 20 K, bringing the total
system noise temperature, including waveguide losses to about 70 K. If a non-cryogenically cooled (uncooled
parametric) preamplifier were to be used, the system noise temperature might be of the order of 80 to 120 K.

3.5 Figure of merit of the system

A very useful indication of the performance of an earth station is the figure of merit defined as:

antenna power gain
P8 @)

T =
¢l 10 log system noise temperature (K)

Antenna power gain and system noise temperature are conveniently referred to the input of the low-noise
receiver, noting that the noise contributions of the receiver stages following the reference point are included. Thus,
in the case of an antenna of 58.8 dB gain and a system temperature of 65 K, the value of G/T would be
40.7 dB(K ).

The G/ T of an antenna may be measured directly by the use of a radio star as a reference source. This
procedure is outlined in Annex III.

Alternatively, the G/T of an earth station may be determined by separate measurement of system noise
temperature and of antenna gain, where the antenna gain is measured by conventional techniques.

3.6 Multi-band antennas

Additional factors must be taken into account if the antenna is to be usable over a wide range of
frequencies without appreciable degradation of its characteristics. Paraboloidal antennas with focal point feeds are
not suitable for multi-band operation. Horn reflectors are suitable for multi-band use, but they present difficult
construction and structural problems.

Cassegrain antennas can be used for multi-band operation by optimizing the design of the primary feed
horn and the sub-reflector system. Such an antenna has been designed and built for operation at 4, 6, 20
and 30 GHz [Mori, 1973]. This 12.8 m diameter antenna has a focused beam feed, with the band separation
equipment located in the fixed antenna pedestal. Aperture efficiencies, excluding band separation system losses are
between 50 and 62%. Median values of side-lobe peaks are almost always below the value 32 — 25 log ¢ (dB)
where ¢ is the angle between the axis of the main beam and the direction in question; noise temperatures are
48 K and 68 K at 4 and 18 GHz respectively, at an angle of elevation of 5°.

3.7 Polarization discrimination

In many situations earth-station antennas may be required to provide a high degree of discrimination
between orthogonally polarized signals, of the order of 30 to 35 dB; this is discussed further in Report 555
and Report 1141
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38 Wideband characteristics of a large aperture antenna

To cope with increasing traffic requirements, it may be required that earth-station antennas utilize the
additional bandwidth now allocated to the fixed-satellite service. A Cassegrain antenna capable of transmitting in
the frequency range 5850-6725 MHz (875 MHz bandwidth) and receiving in the range of 3400-4200 MHz
(800 MHz bandwidth) was constructed recently in Japan. The measured results of antenna performance characte-
ristics showed that:

—  side-lobe envelope is below the value of 32-25 log ¢ (dBi);

— axial ratio is better than 0.34 dB in the 6 GHz band and 0.41 dB in the 4 GHz band. Measured results of
axial ratio of the antenna system can be found in Report 555.

4, Radiation hazards associated with earth-station antenna systems

The transmitter powers required at earth stations may be of the order that will produce high power
flux-densities in specific areas in the near and far field of the antenna system, which may be a hazard to humans.
A method of predicting the power flux-densities for a 30 m antenna system is described in Annex IV, which will
be of assistance in determining whether or not a safe radiation level wi!l be exceeded.

5. Measurements of antenna patterns of earth stations

Antenna patterns are usually measured using a remote signal source which may be terrestrially located
(boresight) or located in a geostationary satellite.

The boresight method is sometimes difficult, expensive and inaccurate due to effects of 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 removed by sub-reflector displacement in the case of Cassegrain
antennas [Claydon, 1970; Teshirogi, 1978]. It was recently demonstrated that a 32 m antenna main beam gain and
near in side lobes could be measured with an accuracy of better than 1 dB at 6/4 GHz by using a boresight
facility located about 5 km away from the antenna [CCIR, 1982-86].

In order to achieve adequate receiving sensitivity for the measurement of side lobes distant from the main
beam and within the capability of current satellite transmitters, a narrow-band receiver with a frequency sweep
technique must be employed. For example, a receiving bandwidth of 10 Hz has been used by the French
Administration in conjunction with a frequency which is sweeping at the rate of 10 Hz/s. The extent of the sweep
frequency should more than cover the expected nominal drift of the satellite transmitter. The system as designed
has enabled the measurement of side-lobe levels down to 0 dBi to be achieved using a geostationary satellite with
an e.i.r.p. of 10 dBW. .

If a second antenna is available at the same site for transmitting and receiving a constant reference signal,
a coherent detection method can also be used. This allows precise transmit and receive pattern measurements at
operational elevation angles via a geostationary satellite down to —10 dBi or even lower. Several tests have been
carried out with two Intelsat Standard-A 32 m antennas at the same site, using Intelsat-V satellites as a source. A
reliable measurement of side lobes was possible down to —80 dB from beam centre level.
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ANNEX 1

RADIATION CHARACTERISTICS OF ANTENNAS OF
EARTH STATIONS OUTSIDE THE MAIN BEAM

In the planning and construction of earth-station antennas, with respect to the most effective use of the
geostationary orbit, it is necessary to have an understanding of the factors contributing to the generation of side
lobes and methods of reducing these side lobes by special techniques or the use of different types of antennas.

1. ©  Factors which influence side-lobe levels

11 Influence of aperture illumination

Various techniques, such as tapered illumination, can be used to obtain low side-lobe levels.

In the choice of illumination functions, a compromise has to be made between side-lobe suppression and
aperture efficiency. If it is, for instance, desired to minimize side lobes near the main lobe, an illumination
function has to be chosen which leaves the edges of the feed and the reflectors practically free of current, resulting
in lower aperture efficiency. The design objective is an illumination which is as symmetrical with respect to
rotation as possible, so that the illumination of the H-plane of the aperture is equal to that of the E-plane; this
symmetrical illumination can be achieved by dual mode excitation and/or hybrid mode excitation of the feed
system.

1.2 Influence of spillover

To illuminate the sub-reflector of a symmetrical Cassegrain antenna, a feed radiating in the direction of
the main beam of the antenna is required. Hence, there are interfering radiation contributions in the forward
direction due to spillover of the feed main lobe past the sub-reflector and to side lobes of the feed itself.

In large antennas the influence of spillover is considerably lower than that of other phenomena for
angular directions within about 5° of the main beam (see Fig. 1), but becomes increasingly significant beyond this
angular direction. One approach to reducing this effect is by ensuring that the sub-reflector extends to at least the
—20 dB point of the feed radiation pattern.

For some. large antennas, side lobes of the feed dominate the antenna side-lobe pattern at angles
between 20 and 80° from the main lobe. This contribution to the antenna side-lobe pattern can only be avoided
by the use of feeds with inherently low side lobes.

It is possible to direct spillover radiation away from the main beam by employing an offset t)./pe antenna.
Offset feeding also allows the use of a larger sub-reflector, which will intercept a very high proportion of the feed
main lobe radiation, without incurring the penalty of high aperture blockage:

1.3 Influence of blockage and diffraction

The feed or sub-reflector placed in the aperture of a reflector antenna, together with its supports, have a
serious effect on the antenna side-lobe pattern because, by blocking the antenna aperture, they alter the aperture
illumination pattern and therefore the radiation pattern [Boithias and Béhé, 1971; Kreutel, 1976]. The effects of
this blockage can be reduced by decreasing the blocked area of the aperture, or by using antenna types which do
not have significant physical blockage, such as horns or offset-fed reflectors [Mizuguchi er al., 1976].

Microwave energy can be diffracted over wide angles by the edges of the sub-reflector and main reflector,
the magnitude of this effect depending on the edge illumination level of these reflectors. This effect may be
reduced by attaching a microwave absorber around the edges of the sub-reflector and main reflector with only a
small effect on the antenna noise temperature.

1.4 Influence of scatter

A plane wave from the main reflector of a symmetrical antenna is scattered by the feed or sub-reflector
and their supports, producing side lobes determined by the position and orientation of the supports. If the
supports are attached within the main reflector, a spherical wave originating at the focus of the main reflector is
also scattered by the supports. It has been observed that circular and elliptical struts produce a smaller number of
side-lobe peaks than solid polygons and periodic lattice struts {Claydon and Dang, 1982]. The scatter may be
reduced by surface treatment of the struts to randomize the scatter, curving the struts or attaching microwave
absorbers to them, although this latter action may tend to increase the antenna noise temperature.
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1.5 Influence of phase distortion on the feed pattern

Phase distortion in the aperture illumination of a parabblic reflector results in an expansion of the main
lobe and an increase of the side-lobe levels. This phase distortion may arise if the feed system has no point shaped
phase centre and thus no spherical phase front.

In Cassegrain antennas, phase distortion arising in the feed horn can be equalized by changing the shape
of the main reflector. It should be noted that such phase distortion can result in beam deflection in systems with
multiple reflector.feed systems.

1.6 Influence of surface tolerances of the main reflector

Surface errors due to manufacturing tolerances, wind, temperature differences and gravity, result in an
increase in the side-lobe levels.

Deformation due to the weight of the upper and lower halves of the main reflector causes a cubical phase
error across the aperture. This phase error produces side-lobe asymmetry in the elevation plane.

1.7 Polarization

Some of the above-named contributors to the antennas side lobes in the principal plane of polarization
can also give rise to side-lobe levels in other polarization planes. Further information on polarization in the side
lobes is given in Report 555.

2. Quaﬁtitative contributions of major contributors

The side-lobe levels at a given angle for a large Cassegrain type antenna are a summation of the field
components radiated from different parts of the antenna system simultaneously. Examples of the relative
contributions of these parts are given in Fig. 1.
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3. Comparison of earth-station antenna types

3.1 ' Comparison of types of antennas

In order to compare relative side-lobe characteristics, radiation patterns of practical antennas were
measured in the United States of America according to type, as follows:

— Cassegrain antennas,

— prime focus fed antennas,

—  off-set reflector antennas,

— horn reflector with conical horn feed, or
— Cassegrain feed (Casshorns).

For comparison purposes, Fig. 2 shows measured patterns of the different antennas listed above. The
envelope of these patterns could be described by a general expression of the form:

GG(‘P) - ’(p w for 2 <2< 100 : 3)
1+ |— 0
(‘po)

with G representing the main beam gain of the antenna. (For n = 2.5, this formula shows the same rate of
decrease in side-lobe level as a function of ¢, the angle of the main beam axis, as does the formula of thé
reference radiation diagram, G (¢) = 32 — 25 log ¢.) The patterns are normalized in terms of half beamwidths,
i.e., /g, where @ is the off-axis angle and 2¢, is the half-power beamwidth.

The improvement of the off-set fed reflector and horn reflectors is basically due to the fact that aperture
blockage is practically non-existent in these antennas, and direct radiation from the feed is reduced in the forward
sector relative to (\Jassegrain antennas. Design aspects of small earth-station antennas are discussed further in
Report 998. ) :
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FIGURE 2 — Measured patterns of various types of antenna
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3.2 Reduction technique of side lobe due to scattered radiation by subreflector supports

Scattered radiation strongly appears at angles determined by the position and orientation of supports,
because the phase of induced current on the supports coincides with the direction of those angles. Therefore, if the
incident wave to the supports is scattered randomly to all directions, side-lobe degradation at specified angles can
be reduced [Ogawa er al.,, 1977 and Matsunaka et al., 1981]. Figure 3 shows an example of the reduction in side
lobes attainable as a result of reduced scattering from supports with microwave scattering material.
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FIGURE 3 — Reduction effect of scattered radiation by corrugated metal
(Linear polarization, 29.5 GHz)
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Figure 4 shows some results of an experimental investigation made on an axisymmetric Cassegrain model
antenna of 3 m at 36.25 GHz. A suitable combination of curved struts and a properly designed scattering structure
on it, produced the best results.

4. Characteristics of antenna radiation fields of special interest

4.1 Radiation fields close to earth-station antennas

There is special interest in the nature of radiation fields in the back of, and close to earth-station antenna,
to evaluate the possibility of re-using earth station frequencies for terrestrial systems.

Theoretical calculations of such fields have been made, and patterns have been taken to confirm them.
Signal levels were measured in the rear sector of a Cassegrain antenna having a ratio of diameter to
wavelength D/A, of the order of 600. Figure 5 shows the gain of the antenna relative to isotropic, taken on an arc
some 30 m distant from the rear of the antenna. Figure 6 shows the apparent gain measured along a straight line
in the back of the antenna in the plane of the axis of the main beam. (Apparent gain is obtained from the
measured field corrected for free-space loss, and is given in dB above an isotropic antenna.) -

These measured values were of the order of those indicated by both the near-field theoretical calculations,
and by the far-field radiation 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 of shielding from unwanted radiations by
means of obstacles in the antenna near- or far-fields. The site shielding factor may 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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FIGURE 4 — Improvement in the side-lobe performance of a symmetrical antenna
by using an optimized support configuration

In one example a pit was constructed to encircle a 10 m diameter antenna which could operate with
satellites in_a segment of the geostationary-satellite orbit. Measurements of the shielding ‘properties of the
antenna-pit combination were made in the 4 and 6 GHz fixed satellite bands. Figure 7 shows a composite of
measurements taken in the 4 and 6 GHz bands for satellites at different locations in the orbit segment. A
reduction of approximately 25 dB was measured between the shielded antenna data points and the unshielded
pattern.
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A method of determining site shielding factor is by calculation of obstacle knife edge diffraction loss but
this is inaccurate when it is applied to obstacles within the antenna near-field. A computer study based on
fundamental principles has therefore been carried out [Dalgleish, 1975; Streete and Shinn, 1974] on the effect of
knife edge diffraction in the near-field of a large 4 GHz antenna and the results show good agreement with
practical tests scaled to 9 GHz.

It can further be shown that a simple modification of the basic kmfe edge diffraction formula may be
made to take account of the expected side-lobe response of the antenna. This modification permits the calculation
of site shielding factors due to nearby obstacles which, subject to certain constraints, (in particular that the
obstacles are beyond the Rayleigh distance, defined as D?/2A, where D = antenna diameter and A = wave-
length), are within 3 dB of the computer method.

The calculated site shielding factor then becomes:

n20
20 log (90 1/;) + 25 log

where the other symbols are given the meaning shown in the legend to Fig. 8. The first part of the expression
determines the basic attenuation of interference due to the knife edge ridge and the second part is the correction
for the change of direction of arrival of the interference due to the obstacle.
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FIGURE 8 — Site shielding for 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 of an earth station may be modified by electronic means (see
Report 875). Typically, the signal received by a reference antenna is combined with the signal received by the
main antenna in the proper phase and amplitude to effectively cause the side-lobe gain to become zero in the
direction of an undesired signal. This effectively cancels the interfering signal.

These devices have been in limited use for some time but have not yet been perfected so that they can be

relied on for operational use. Their further development should be encouraged in the interest of spectrum
conservation.
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ANNEX 11

NOISE TEMPERATURE CONTRIBUTIONS DUE TO EXTRATERRESTRIAL SOURCES

1. Introduction

At the frequencies of interest to the fixed-satellite service, the contribution to antenna noise temperature by
the background component of cosmic noise, may be neglected and only the discrete sources need be considered.
These discrete sources, such as the Sun, the Moon and some of the more intense radio nebulae, such as
Cassiopeia A, Taurus A, Cygnus A and Orion A, are distributed over the celestial sphere, but have small angular
dimensions and are only rarely intercepted by an earth station receiving antenna.

In practice, only the Sun and the Moon will give rise to a significant contribution to the antenna noise
temperature of an earth station. In the case of the Sun, its apparent temperature (the antenna temperature depends
.on the apparent solar temperature and the fraction of the antenna beam included) is very high, and the noise
received in the side-lobes of the earth-station antenna may also be important. '

The apparent noise temperature of the quiet Sun at 4 GHz varies from 23 000 K at sunspot minimum to
90 000 K at sunspot maximum. The temperature of the quiet region is observed as 12000 K at 12 GHz and
9200 K at 18 GHz with a 13 m antenna, respectively, and the apparent diameter of the Sun is observed as 0.6°.
‘The variation of the average temperature of the solar disc is about 3 dB to the quiet value at 9.4 GHz and less
than 1 dB at 17 GHz at the maximum activity, showing the inverse tendency to frequency.

In addition, solar radio bursts may give rise to an increase in the noise temperature. These occur most -
frequently at sunspot maximum, when for 1% of the time the apparent noise temperature at 4 GHz will be
about 50% greater than that of the quiet Sun. For smaller percentages of the time, the increase in apparent noise
temperature will be considerably greater.

At maximum, noise from the Moon can increase the system noise temperature by about 250 K at 4 GHz.

2. Occurrence of solar noise interference

A detailed study of the occurrence of solar interference in the receiving system of an earth station antenna,
in the case of equatorial satellite orbits, has been carried out in the Federal Republic of Germany [CCIR, 1963-
66).

A zone of interference is defined which depends on the angular width of the source, the antenna radiation
diagram, and the permissible increase in noise temperature of the earth-station receiving antenna, of the order of
15 dB. This zone is approximately circular, and appears to be about 1.0° in angular diameter when received by
typical 30 m antennas at 4 GHz. Interference occurs when the radio sun enters the zone of interference. The given
angular diameter was calculated for the case of a quiet sun at sunspot minimum (26 000 K at 4 GHz). Sunspot
activity would lead to an extension of the zone of interference.

For satellites in equatorial orbits at altitudes greater than, or equal to, 10 400 km, no earth station is free
from solar interference. For stations located in the northern hemisphere, interference occurs only in the six-month
period between the autumnal and vernal equinoxes, and for stations in the southern hemisphere it occurs only in
the remaining six months. At any station, there are two periods in the particular six-month interval in which
interference occurs; each of these periods may include several consecutive days. For geostationary satellites,
interference occurs once a day.
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The difference in time between the occurrence of interference at two different earth stations may be
calculated from a knowledge of the satellite position and the earth-station coordinates. The time difference in
occurrence between earth stations in the same hemisphere is approximately 35 minutes at maximum and shows
little variation with satellite longitude over a wide range of values.

The duration of any individual occurrence of interference can be deduced from the size of the zone of
interference and the angular velocities of the Sun and satellite relative to the earth station. The maximum duration
of interference for an angular diameter of the zone of interference of 1.0° is about four minutes for geostationary
satellites.

_ The expected duration per year of solar interference when operating with synchronous satellites can be
obtained by applying the following procedures with reference to Figs. 9-11:

— use Fig. 9 to find the maximum increase in noise temperature according to the operating frequency and the
diameter of the earth-station antenna. Note that Fig. 9 is based on a quiet Sun noise temperature of 26 000 K
at 4 GHz. Correction would be needed if the actual Sun noise temperature exceeds this value;

— determine the allowable increase in system noise temperature according to the required quality of signal;

— from the ratio of the allowable to the maximum increase in noise temperature, use Fig. 10 to deduce the size
of the zone of interference according to the D /) of the earth station;

— for the size of the zone of interference found above, use Fig. 11 to find the expected duration per year of
solar interference taking the latitude of the earth station into account.
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ANNEX III

MEASUREMENT OF THE RATIO G/T WITH THE AID OF RADIO STARS

1. Introduction

It is desirable to establish a practical method of measuring the ratio G/ T with high accuracy, which will
permit comparison of values measured at various stations. This Annex describes a method for the direct
measurement of the ratio G/ T using radio stars. It should be noted however, that the radio star method is not
practical in certain cases and a possible alternative method for the direct measurement of G/ T is to use a carrier
signal transmitted from a satellite as described in [Sion, 1981]. It could be a useful operational method since it is
less complicated than the radio star method, but care should be taken not to exceed the maximum permissible
power flux-density specified by the Radio Regulations whilst the measurements are being conducted. The method
should be verified in practice.

2. Method of measurement

F
By measuring the ratio, r, of the noise powers at the receiver output, the ratio G/ T can be determined
using the formula: :

G _8nk(r—1) 5)
T Ao ())
where:

k: Boltzmann’s constant;

A wavelength (m);

®(f): radiation flux-density of the radio star at the frequency (f) at measurement (Wm~—2 Hz~');

r= (P,+ P)/Py; '

P,: noise power corresponding to the system noise temperature T

P,: additional noise power when the antenna is in exact alignment with the radio star.

G (antenna gain) and T (system noise temperature) are referred to the receiver input.

In equation (5), account is taken of the fact that the radiation of the star is generally randomly polarized
and only a portion corresponding to the received polarization is received. The radiation flux-density ®(f) is
obtained by radio astronomical measurements.

This method has a basic advantage when compared with the calculation of G/T from G and T measured
separately; instead of two absolute measurements, only one relative measurement is necessary to determine the
ratio.

3. Suitable radio stars

The discrete radio sources Cassiopeia A, Cygnus A and Taurus A appear to be the most appropriate for
measurements of G/ T by earth stations. The flux-density’ of Cygnus A, however, may not be sufficient in every
case.

The declination of all these radio stars is such that they may not be entirely suitable sources for earth
stations situated in some southern latitudes.

Table 1 gives values of the flux-density of the radio stars indicated [Satoh and Ogawa, 1982].
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For the measurements at frequencies above 10 GHz, the use of the radio waves from planets, Venus for
example, as well as above-mentioned radio stars is advantageous. The radio waves from planets have such
advantages that flux-densities increase with frequency and their solid angle is very small giving rise to negligible
correction errors due to angular extension. The flux-density ®(f) is expressed by:

4nk Th
d)(f):—"xzi)(l—cos‘v) 6)
where,
Tb(f): brightness temperature of a planet (K),
W semi-diameter.
TABLE 1 — Flux-densities from radio sources
Radio Source Cassiopeia A Taurus A Cygnus A
)
) -26 -26 26
Flux-density at 4 GHz 1067 x 10 679 x 10 483 x 10
(Wm-2 Hz-t)
(C10)] ® )
o(f) - -0.287 -1.198
Flux-density o (£)07? o (L) o (£)
at f GHz 4 4

(") Value for January 1965 (see § 4.3).
(2) Where fis between 1 and 16 GHz. The formulae may be used provisionally up to 32 GHz.
(3) Where f'is between 2 and 16 GHz.

The value of ®(f) derived from equation (6), is substituted in equation (5) to obtain the value of G/ T of
an earth station. The value of y can be found elsewhere in American Ephemeris and Nautical Almanac
(US Government Printing Office, Washington DC 20402). In the case of the planet Venus, the values Tb(f) are
thought to be about 580 K and 506 K at 15.5 and 31.6 GHz, respectively [Yokoi er al., 1974]. Since the values of
Tb(f) are based on a limited amount of measured data at the frequencies mentioned, and has not yet been
determined for other frequencies, administrations are urged to make and contribute studies of the value of Th(f),
as a function of frequency over as wide a range of frequencies as possible, to confirm and extend the results given
here.

4. Correction factors and assessment of errors

The corrected value of G/ T is given by:

G/ =G/T+ G+ G+ G+ G @
where:
G, : atmospheric absorption;
G, : correction for angular extension of radio stars;
G; : change of flux with time;
C, : change of flux with frequency.
All factors to be given in decibels.
4.1 Atmospheric absorption
A simple correction for atmospheric absorption for angles of elevation above 5°, is given by:
C = A/sina ’ ®)
where:

A is the one-way absorption for a vertical path in dB,
o is the angle of elevation.
At 4 GHz, A = 0.036 dB; the value at other frequencies is shown in Fig. 12.
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4.2 Angular extension of radio stars

If the angular extension of the radio star in the sky is significant compared with the antenna beamwidth, a
correction must be applied. This correction, C,, is shown in Fig. 13.

The curve for Cassiopeia A is calculated [Kanda, 1976] by numerical convolution of the observed
brightness map [Rosenberg, 1970] with the antenna power pattern, approximated by a (sin x)/x function. The
brightness distribution of Cassiopeia A can be well modelled by the annular distribution shape of which the inner
diameter is 0.044° and the outer diameter is 0.071°, and the ratio of inner-to-outer brightness is 0.391. Using this
model, the correction factor can also be calculated easily by combining two disc models for which the correction
factor can be expressed by a conventional formula. The results using this model agree with the detailed calculation
by Kanda within the error of 0.06 dB.
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The curves for Taurus A and Cygnus A have been obtained by the same method as that used for the curve
for Cassiopeia A. The calculations were based on the high resolution brightness distribution maps observed at
5 GHz for Taurus A [Wilson, 1972}, and observed at 5 GHz for Cygnus A [Hargrave and Ryle, 1974].

The measured brightness' distribution for Cygnus A can be adequately described by the dual columnar
shape with 0.02 min of arc in each column’s diameter and 2.06 min of arc in angular distance.

If the annular model for Cassiopeia A and the dual columnar model for Cygnus A are adopted, a

d

convenient approximation is available for the correction factor. These models may also be useful to measure the
half-power beamwidth of antennas by observing half intensity width of the drift curve. This also means that the
correction factor for the angular extension of radio stars can be determined from the observed drift curve itself
without the knowledge of the half-power beamwidth of the antenna.

43 Change of flux with time

Cassiopeia A is subject to a frequency dependent reduction of flux with time [Dent er al., 1974]. The
correction may be obtained from:

C; = (0.042 — 0.0126 log f)n dB )

where:
n: number of years elapsed, with n = 0 in January 1965;
S frequency (GHz).

44 Change of flux with frequency
/The variation of flux with frequency is also shown in Table 1.

4.5 Polarization effects

Taurus A is elliptically polarized and it is necessary to use the mean of two readings taken in two
orthogonal directions. These precautions are not necessary for measurements using Cassiopeia A or Cygnus A.



Rep. 390-6 _ 179

4.6 Assessment of errors
The maximum relative error is given by:

A(GIT) _ AD(f) + Ar - (10)

GIT ~— o)) r (r—1

where errors in ®(f) and r are considered.

The relative error which results from the measurement of the power ratio r is particularly marked when the
star noise (P,) is insufficient in relation to the system noise (P,), because r/(r — 1) - oo when r— 1. The
measurement accuracy would be considerably reduced when ris less than 2 dB. This would occur at the following
values of G/ T:

Cassiopeia A: 36 dB(K 1)
Taurus A: 37 dB(K™Y)
Cygnus A: 39 dB(K ).

If r = 2.5 (4 dB), for example, r must be measured to * 0.01 (0.05 dB) if the error term is not to exceed
0.02 (approx. 0.1 dB).

The error contribution due to:

Ad (/)
o (f)

is approximately 0.02. There is an additional uncertainty of % 0.01 in the corrections applied. Thus the total
maximum error, for high elevation angles, is about 0.05 or approximately = 0.2 dB.
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ANNEX 1V

SAFETY ASPECTS OF RADIO-FREQUENCY RADIATION
FROM FIXED EARTH-STATION ANTENNA SYSTEMS

This Annex provides information from which the maximum power flux-densities to be expected from an
earth-station antenna system using paraboloidal type antennas may be calculated with respect to the power
radiated at the antenna feed.

The maximum power flux-densities have been evaluated for the following three zones:
— the far-field zone, defined as that extending from infinity to (2 D*)/A
where:
D: antenna diameter in metres,
A : wavelength in metres;
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— the near field zone, bounded by the antenna aperture and (2 D?)/A;
— the zone bounded by the feed primary (and secondary, if any) reflectors and the radiating aperture.

Ground reflections may have a significant effect on the power flux-density observed at certain locations,
and in computing the expected flux-density it has been assumed that the effective flux could increase by a factor
of 4 as compared with the free space field. This means that the calculation should produce conservative results.

In order to illustrate the use of the information given in this Annex an example calculation has been
performed in which a maximum power flux-density of 10 mW/cm? has been assumed. The resulting data are
shown in Fig. 14, in which for a particular value of antenna diameter, the maximum powers radiated from the
antenna feed are shown for:

— the far field
— centre of aperture -
— near-field peak.

The field in the zone bounded by the feed and the radiating aperture is not shown in Fig. 14. This field
will be very high in certain directions and is unlikely to be intercepted by humans in the normal operation of the
earth station.

Although 10 mW/cm? has been used in the above example, other values of the safe power flux-density can
be accommodated in Fig. 14 by a simple movement of the ordinate scale. In this respect administrations should
use the value of power flux-density they consider most appropriate.

105 7
yA V4
A V4
s 7 7
,/ /
/ ,/
2 / A |1/
/ /1 ([
y
104 Vi
—Z V4
VA /I
Y,
~ 5 /
g %
q‘_ A// B/ C/
8 2
3 /1 /
= /
o«
5 10 - y.
2 7 //
°
g 17 A7
35 / 4800 4
& 7 1/
7 y.any.
/ /’
102 f /
5 V4
7 VA
7
5 7 /‘
l" /
/ /
2 7
Vi
4 y
10 L
1 2 5 10 2 5 102 2 s 103

Diameter of radiating aperture, D (m)

FIGURE 14 — Radjo-frequency radiation hazards. Calculated levels of radiated power for the assumed .
maximum safe exposure limit of 10 mW/cm- on axis of radiated beam

A Far-field boundary
B : Centre of aperture plane
C: Near-field peak

Note. —1f 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/cm?) could be exceeded in the zone(s) indicated by the title(s) of the curve(s) to the right of
the point.
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ANNEX V

FEATURES OF BEAM-STEERABLE ANTENNA FOR EARTH STATIONS

A beam-steerable antenna that can have access to geostationary satellites without moving the main
reflector has the following features:
— fixed main reflector system without heavy bearings and drives;
— operative in a strong wind;
— surface accuracy unchanged in spite of the change in elevation angle of antenna beam;
— multi-beam capability for multi-satellite operation.

A beam-steerable earth-station antenna using a torus reflector has been constructed. Such a simple single
reflector system might not be able to be used for a large-scale antenna, because the reflector reduces antenna gain
and bandwidth due to phase errors caused by spherical aberration {Kreutel, 1980]. Furthermore, asymmetry due to
the offset configuration degrades cross-polarization characteristics.

An offset spherical reflector antenna with satisfactory electrical performance has

been developed [Watanabe et al, 1984]. The antenna is composed of an offset type spherical main reflector, two
sub-reflectors and a feed horn. Both spherical aberration of the main reflector and asymmetry due to the offset
configuration are successfully cancelled by the use of specially shaped multiple sub-reflectors. An experimental
antenna at 52/34°GHz. which is a scaled model of a 20 m class antenna in the 6/4 GHzband, was
constructed. Scanning angles of + 8° in the azimuth direction and *1° in elevation directionkeeping the aperture
efficiency of about 60% have been suc_céssfully demonstrated. Furthermore, the side lobes are about 10 dB lower

than the reference radiation diagram of Recommendation 380.

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 C€S3-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-1lobe
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/X 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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REPORT 998-1

PERFORMANCE OF SMALL EARTH-STATION ANTENNAS
FOR THE FIXED-SATELLITE SERVICE

(Question 1 /4 and Study Programme 1A /4)

(1986-1990)

1. Introduction

Inter-network interference due to radiation from earth-station antenna side lobes and reception through the
side lobes is one.of the dominant factors which determines the minimum separation between satellites. A reduction
in the minimum required spacing could substantially increase the number of networks that could use the
geostationary-satellite orbit. '

The radiation diagrams of large earth-station antennas have been studied extensively in the CCIR (see
Report 391). The performance that can be obtained with careful design with an axisymmetrically fed Cassegrain
antenna is now well understood and Recommendation 580 gives a side-lobe gain design objective. There are less
data for smaller antennas and it is often assumed that their side-lobe performance is worse than that of the larger
antennas. However, this is not necessarily so; techniques for improving side-lobe performance may be more easily
implemented in the design of small antennas.

At a time when the demand for domestic satellite communication is increasing rapidly, it is important that
urgent consideration be given to ways in which good side-lobe performance can be obtained from small antennas.
The relevant factors which contribute to the side-lobe performance are itemized in this Report and special
attention is drawn to the limiting effect these factors have when the electrical size of the reflecting surfaces is
small.

2. Axisymmetric antennas

2.1 Dependence of side lobe level on aperture illumination

There are a number of factors which affect the side-lobe performance of an antenna. These can be
summarized as:

— aperture illumination function,

— edge illumination of main and sub-reflector,
— edge diffraction of main and sub-reflector,
— blockage effects,

— feed spill-over,

— phase errors.

The side-lobe envelope due to the aperture illumination function provides the basis of the complete
envelope for the antenna. If all other factors, such as spill-over, edge diffraction and aperture blockage, were
effectively removed, then the illumination function would determine the level of side-lobe suppression.

As an example, for a 100 wavelength diameter circular aperture with a tapered illumination function of
—15 dB at its edge, the various practical aperture distributions produce different idealized radiation envelopes,
viz: :

Distribution Side-lobe envelope
Parabolic 25 — 36 log ¢
Parabolic squared 17 — 24 log @
Gaussian 20 — 28 log @
Inflected Bessel 17 — 22 log @
Hansen one dimensional 21 — 30 log @

For reference, the side-lobe envelope with uniform illumination would be 31 — 30 log ¢.
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The forms of these aperture distributions are shown in Fig. 1a. These results are supported in [Rusch and
Potter, 1970] which also shows that the wide angle radiation envelope is dependent only on the illumination taper
at the edge of 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

' Figurelb 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 lbillustrate the
degradation of aperture efficiency with first side-lobe level for the various
illumination distributions.

2.2 Effect of blockage

It would seem that by choosing the correct illumination function, almost any practical radiation envelope
could be accommodated: however, aperture blockage, which appears in axisymmetric systems, will be seen to be a
limiting factor:

Typically, for a sub-reflector of diameter d wavelengths and a main reflector of D wavelengths, a pattern
is generated whose axial gain is given by [Rusch and Potter, 1970]:

Gg = 20 log (1[ . %) 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. o

2.3 Predicted radiation patterns of Cassegrain antennas

The composite effect of limiting factors such as sub-reflecter 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 Cassegrain with —15 dB edge taper. Two intermediate distributions “B™ and “C” are also shown. The
effect of aperture illumination on the first side-lobe level is summarized in Table | (see also [James, 1980]).

Also shown in this table is the increase in level due
to the central blockage for the ax1symmemc antenna. Note the rapid deterioration in side-lobe level as the
blockage increases for the low side-lobe level design. Other effects such as reflector surface error, feed spill-over
and the sub-reflector diffractions will also affect the side-lobe level of low side-lobe level designs. Figure &4 shows
the first side-lobe level relative to isotropic for an axisymmetric antenna with d/D = 0.1, for D/A = 150, 75.
and 50 with aperture illuminations as indicated in Fig. 3.

It is evident from Fig. 4 that it will be necessary to taper the aperture illumination to ensure that the first
side-lobe level is below the suggested specified curve.

Figure 5 shows the calculated side-lobe level for an axisymmetric antenna with D/A = 75, d/D = 0.1 and
aperture illumination “B”. The pattern is between the planesof the struts and the surface error component of
radiation has been neglected. The dots indicate the side-lobe peaks calculated from the reflector currents. The
departure from a gradual decrease in level for each consecutive side lobe is due to the central blockage. For
@ > 550(A/ D), feed spill-over and reflector edge diffraction effects predominate (continuous curves). A compar-
ison of the two curves shows that when the sub-reflector edge taper is reduced from —15 dBto —20 dB, the
overall level of this contribution is reduced by approximately 3 dB. However, the feed must be carefully designed
to ensure that the phase remains 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/ 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/X decreases.

Although phase errors are also relevant to the radiation performance of antennas, the effect is not a
limiting factor in this consideration. Detailed analysis has been reported over many years, for example
[Harris, 1978] and the control of phase errors is well understood. In principle there is little difference between the
mechanisms at work in the larger antenna field and those under consideration here.
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FIGURE 3 - Four typical design aperture distributions for

a Cassegrain antenna using shaped reflector profiles

Cases “A™

“B” and “C” . intermediate distributions

“D” . classical Cassegrain

: uniform giving maximum gain

TABLE 1 — Effect of aperture distribution on gain and £irst side-lobe level

Required increase in reflector Relative level of first side lobe (dB)
L Relative dimensions to restore gain to
Distribution gain uniform case “A” Sub-reflector size (d/ D)
(see Fig. 3) (dB)
Diameter Area 0 01" 0.15(")
“A” (uniform) 0 0 0 ~175 —-17 —16
“B™ —-04 5% 10% -20.5 -19 -175
“C™ —-0.6 7% 15% -23 -21 -19
“D" (classical) -1.0 12% : 25% -29 —-24 —21.5

(")In plane of struts, first side-lobe level is increased by approximately 1 dB for case “A” and 2 dB for case “D".
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Gain relative to an isotropic antenna (dBi)
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e  Axisymmetric antenna with d/D = 0.1. Each dot corresponds to the four
aperture distributions “A”-*D” (“‘A™ at top) shown in Fig. 3.

Also shown are possible side-lobe limits where X is defined by G =K -~ 25logy (dB1 )
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2.4 Measured radiation patterns of axisymmetric 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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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/X = 95

receive: f=4.1GHz, G = 44.5 dBi, efficiency = 75%, D/X = 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/ 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/X = 85.5) designed for 14/12 GHz receive-transmit operation. The

near-axis side lobes are below 29-25 log®(dBi). The aperture efficiency is above

60% in both bands.



Rep. 998-1 ) 191

-20 /
- AN

a \

; \ 29-25 log @
& —40 .

o !

2 L N\

] // Z\

—

‘59-% -50 o ‘N

ANGLE ¢

FIGURE 7 - Measured radiation pattern of a 1.8 m diameter prime focus
feed antenna at 14.25 GHz (D/\ = 85.5

Summarizing therefore, some kinds of axisymmetric small antennas can
have low side-lobe characteristics such as 29-25 log ¢ 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. Asymmetric (offset) antennas

Although the geometry of an asymmetric or offset antenna is less straightforward than that of an
axisymmetric reflector, the removal of all blockage effects brings about major improvements in the antenna
side-lobe performance in both the near-in and far-out angular regions. A further advantage of the offset
configuration is that the reaction of the reflector upon the primary feed can be reduced to a very low order.

The offset configuration has suffered from cross-polarization problems especially in front-fed designs.
When illuminated by a linearly polarized prime focus feed, the offset reflector generaies a cross-pelarized
component in the radiated field. In the case of circular polarization, the phase relationship of this effect causes a
recombination of the radiated linear fields into a circularly polarized component of the same hand. The effect
results in a phase gradient across the aperture and hence a beam squint on one side or the other of the elcctrical
boresight, depending on the hand of circular polarization.

For these reasons, and the problem of mechanical asymmetry, and also from cost considerations, the offset
antenna has been somewhat neglected in the past. However, it is now common and widely used at sm:1l earth statfoms
In the following paragraphs the advantages of the configuration are shown to be exploitable and the -Tormance
disadvantages avoidable, in order to go beyond the limitations of axisymmetric systems at cmailer ditinciers.
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3.1 Types of offset antenna

Similar to its axisymmetric counterpart, the offset parabolic reflector can be utilized as a single reflector
fed from the vicinity of its prime focus or arranged in a dual reflector system where the main reflector is
illuminated by a combination of a primary feed and sub-reflector. For both Gregorian and Cassegrain systems,
two types of antenna design can be considered, one using conic section reflectors and the other 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/X = 70 ~ 90). The near-in side-lobes
are below 29-25 log ¢ (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.
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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 = 85.5)

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/X = 19 to 29)
satisfies the 49-10 log (D/A) - 25 log ¢ (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/X ratios down to 20 can meet the 29-25 log ¢ (¢ > 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.
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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/x = 22)

As another example, the measured side-lobe envelopes of offset
parabollr antennas with quasi-elliptic shaped edge reflector of
D/Xx = 32 (the aperture in the major axis: 4m, 2.4m) using the 3.95GHz band
are shown in Figure 9. [Inoue and Masamura, 983] They indicate better
performance than G = 49 -10 log(D/X) -25 log ¢ for ¢ between (100 A/D)° to 40°
measured in a plane containing the major axis of the reflector.
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FIGURE 9 - Peak envelope patterns of offset parabolic antennas

(Frequency = 3.95 GHz)

D/A = 53

1.89° < ¢ & 40°; D/X = 53 ((100 A\/D)° < ¢ < 40°)

3.3 Offset dual reflector antennas

A dual offset reflector has been reported [Burdine and Wilkinson, 1980] for operation in the
6/4 GHz bands. This has a main aperture size of 7.6 m with a Gregorian optical arrangement. The main retlector
aperture distribution has a —20 dB edge taper with absorber placed around the sub-reflector. Figure10shows the
near side lobes. The side-lobe envelope of this antemna is approximately 32 - 50 log ¢ out to 5° and
32 — 40 log ¢ out to 16°in both receive and transmit bands .At angles greater than 40° from boresight, the peak
radiation side-lobe level is about —25 dBi.
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G = 48dBi
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FIGURElO— Near side-lobe patterns for Gregorian dual offset 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 diffraction and scatter which cause some of the antenna side-lobes, a microwave absorber
can be attached to the outer edges of the reflectors and to the support structure. This technique can produce an
appreciable improvement in side-lobe levels for off-axis angles in excess of about 50°, and the increase in noise
temperature due to the absorber is estimated to be less than 4.4°K at all elevation angles. In [Mizuguchi, er
al., 1976] the side-lobe envelope of an offset Gregorian antenna of D/A = 66 is expressed as being:

44 — 10 log (D/)X) — 33 log o for 1.5° < ¢ < 25°
and:

T .- 22dBi for ¢ > 25°

These examples prove the advantages of an unblocked system and the following sections describe the
theoretical approaches which can be applied to circumvent the previously mentioned disadvantages and improve
the radiation patterns of the basic designs. !



196 Rep. 998-1

34 Shaped offset dual reflector antenna

It has been shown [Westcott and Brickell, 1978] that not only can the reflector profiles be designed to
eliminate the cross-polarized component, but at the same time control over the aperture illumination distribution

in the offset plane of the antenna can be exercised.

Mittra et al. [1982], Westcott and Brickell [1978] and Bjentegaard and Pettersen [1983] have published
differing approaches.. They all formulate the problem in terms of simultaneous non-linear partial differential
equations. There are several paths to a solution from this point. One method uses numerical integration and
assumes no general solution exists but produces good approximate solutions in important cases. Another method
adopts the exact solution approach and solves a non-linear second order differential equation of the Monge-
Ampere type. In general, the methods can lead to either offset Cassegrain or Gregorian designs from baseline

conic sections.

The synthesis procedure for the design of offset dual reflector antennas described by Bjentegaard and
Pettersen [1983] enables a prescribed aperture illumination distribution to be produced whilst maintaining
rotational symmetry of phase fronts, i.e., negligible cross-polarization. The procedure has been applied to the
design and manufacture of small earth-station antennas for the 11-12 GHz and 14 GHz bands. Antennas with
aperture diameters of 1.8 m and 3.3 m are now available with high efficiency, low side lobes and high cross-polar

discrimination. A typical measured azimuth pattern is shown in Fig. 12.
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FIGURE 11 — Measured azimuth pattern of a shaped

offset Gregorian antenna (f = 12 GHz, D = 1.8 m,
D/A =72)

Lee et al. [1979] and Westcott and Brickell {1978] describe computations which follow the above
approaches with practical solutions 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]
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FIGURE 12 - Measured azimuth pattern of a shaped offset Gregorian antenna
(f =14.5 GHz, D =1.8 m, D/X = 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(¥®) dBi, which is superior to that of
Recommendation 580 by 7 dB to 10 dB.

0
10 f= 145GHz
G= 43.9dBi
—20 7= 73.9%

Relative gain (dB)

1L 1 ! 4N N L
—-16-—-12 -8 —4 0 4 8 12 16
AZIMUTH ANGLE ¢ (degrees)

FIGURE 13 - Measured radiation patterns of 1.2 m shaped offset Gregorian
antenna (f = 14.5 GHz, D/)\ = 58)

3.5 Polarization performance of conic section reflector designs

In an offset reflector antenna the tilted field, however, will have a cross-polarized component in the
reflector coordinate system, although it has pure polarization in the coordinate system orientated to its own axis.
It has been demonstrated [Rudge and Adatia, 1975; Jacobsen, 1977] that for a single reflector antenna, an
improved feed design can reduce or eliminate the undesirable cross-polarization component as well as eliminating
the beam squint in a circular polarized offset antenna.

In the case of the dual reflector system we have a further additional degree of freedom in the geometrical
configuration. In their simplest form, these have the axes of the main reflector and sub-reflector co-linear. Thus,
for a perfectly linear polarized feed in this arrangement it can be established by vector resolution that the field
lines in the feed aperture, map into a family of curved lines in the antenna aperture with an implied presence of
cross-polarized components (see Figl4 ). This field curvature must therefore be eliminated to produce a purely
polarized symmetric aperture field distribution.
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Mizuguchi ef al. [1976] produced a geometrical relationship to allow a dual reflector system to be
optimized for low cross-polar performance. The relationship is given by:

(1 — BY)sina
(1 + B*)cosa — 2B

cos Yy (degrees) .=

where B is the inverse of the eccentricity of the sub-reflector. The other parameters are shown in Fig. 15.

FIGURE 14

a) Offset parabolic reflector cross section
b) Projection of concentric circles onto aperture plane
¢/ Aperture field lines for linearly polarized primary feed
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FIGURE 15 — The dual offset antenna geometry and parameters

A : hyperbolic axis
B : parabolic axis

4. Summary and conclusions

If side-lobe levels, especially those close to boresight,' are required
to be significantly reduced below 32 - 25 log ¢ for antemnnas 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 of any asymmetric or offset dual reflector system is less straightforward than that
of the former system, the removal of all blockage effects brings about major improvements in side-lobe
performance. Moreover, it is apparent that design techniques exist that can circumvent the cross-polarization
performance limitations hitherto experienced with the offset configuration. Recent design studies and experimental
work on asymmetrical antennas have shown that the Recommendation 580 objective should be attainable by
antennas smaller than 150 wavelengths, with a substantial margin [Claydon et al, 1983; Bjontegaard and
Pettersen, 1983].

In the effort to promote effective use of the geostationary orbit it is necessary to draw: the attention of
administrations to the limitations of small antennas with respect to their side-lobe envelopes. In order to relieve
the problems of frequency sharing and coordination with terrestrial systems, it is very desirable that administra-
tions should encourage the development of antennas with improved side-lobe performance.

Administrations are invited to submit data on the performance of small earth-station antennas.



Rep. 998-1 201

REFERENCES

BEGOUT E., BOURGEOIS A. and LAPEYRE P. [1987] - High Performance antennas for
TVRO, data RO and USAT applications. APS (Session AP 22) URSI meeting 1987 -
Blacksburg (virginia, USA) - Vol. 2, p. 910-913.

BJONTEGAARD, G. and PETTERSEN, T. [1983] An offset duali-reflector antenna shaped from near-field measurements of the
feed horn: theoretical calculations and measurements. /EEE Trans. Ant. Prop., Vol. AP-31, 6, 973-977.

BURDINE, B.H. and WILKINSON, E.J. A. [November, 1980] Low sidelobe earth station antenna for the 4/6 GHz bands.
Microwave J., Vol. 11, 53-58.

CLAYDON, B, STEVENS, F.A, BUTCHER, M.E. and MEHLER, M.J. [April, 1983] A low side-lobe offset Gregorian
antenna for small earth stations. IEE Conf. Publ. No. 219, Part 1, IEE Third International Conference on Antennas and
Propagation (ICAP "83), University of East Anglia, Norwich, UK.

EKEIMAN, E.P. AND GIIMORE, S.W. [January 1986] - Comments on "A note on the-
shaping of dual reflector antennas”. IEEE Trans. Vol. AP-34, No. 1.

GHOSH, S. AND ABUD FILHO, E. [July 1987] - A new technique to account for the
various blockage effects in the analysis of a "horn sub-reflector"
configuration. 1987 SBMO International Microwave Symposium, Rio de Janeiro.

GOTO, N. AND WATANABE, F. [1978] - The optimumAaperture efficiency of Cassegrain
antennas with a specified side-lobe level. Trans. IECE Japan, Vol. 61-B, 5,
321-326.

HARRIS. A. B. [1978] The contribution of the reflector profile errors to antenna side-lobe radiation. Electron. Lert., Vol. 114, 11,
343-345.

INOUE, T. and MASAMURA, T. [1983] - Satellite communication system using TDM and
SSMA. IEEE Vol. AES-19, No. 6, 906-914. :

JACOBSEN, J. [1977] On the cross-polarization of asymmetric reflector antennas for satellite apphcauons 1EEE Trans. Ant.
Prop., Vol. AP-25, 276-283.

JAMES, G.L. [1980] Analysis of radiation pattern and G/T for shaped dual-reflector antennas. Proc. IEE, Vol. 127, Pt. H;
52-60. '

JAMES, G.L. (1987] Radiation-pattern control of Cassegrain antennas.
Proc. IEEE, Vol. 134, Pt. H, 217-222.

LEE, J.J, PARAD, L.I. and CHU, R.S. [March, 1979] A shaped offset fed dual reflector antenna. IEEE Trans. An. Prop
Vol. AP-27, 2, 165-171.

MITTRA, R., HYJAZIE, F. and GALINDO-ISRAEL, V. [1982] Svnthesis of offset dual reflector antennas transforming a given
feed illumination pattern into a specified aperture distribution. IEEE Trans. Ant. Prop.. Vol. AP-30, 2.

MIZUGUCHI, Y., AKAGAWA, M. and YOKOI, H. {October, 1976] Offset dual reflector antenna. IEEE Antennas and
Propagation Society (AP-S) International Symposium, Mass., USA."

Nomoto and Watanabe [1988] Shaped reflector design for small-sized offset dual
reflector antennas. The Transactions of the Institute of Electronics, Information
and Communication Engineers, Vol. J71-B, 11, pp. 1338-1344.

RUDGE, A.W. and ADATIA, N. A. [27 November, 1875] New class of primary-feed antennas for use with offset parabolic-
reflector antennas. Electron. Leit., Vol. 11, 597-599.

RUSCH and POTTER ([1970] Analysis of Reflector Aniennas. Academic Press. 96.

WESTCOTT, B.S. and BRICKELL, F. [November, 1978] Geometrical optics shaping of dual offset reflectors for zero
' cross- polarization. IEE Conf. Publ. No. 195. IEE International Conference on Antennas and Propagation, London UK.

BIBLIOGRAPHY

WESTCOTT, B.S., STEVENS, F. A. and BRICKELL, F. [February, 1981) GO synthesis of offset dual reflectors. Proc. IEE,
Vol. 128, Pt H, 1, 11-18.




202 Rep. 868-1

REPORT 868-1+

CONTRIBUTIONS TO THE NOISE TEMPERATURE OF AN
EARTH-STATION RECEIVING ANTENNA

Antenna noise temperature measurements
(Question 13/4)
(1982-1986)

1. Introduction

The noise temperature of an earth-station antenna is one of the factors contributing to the system noise
temperature of a receiving system, and it may include contributions associated with atmospheric constituents such
as water vapour, clouds and precipitation, in addition to noise originating from extra-terrestrial sources such as
solar and cosmic noise. The ground and other features of the antenna environment, man-made noise and
unwanted signals, and thermal noise generated by the receiving system which may be referred back to the antenna
terminals, could also make a contribution to the noise temperature of the earth-station antenna. Numerous factors
contributing to antenna noise, particularly those governed by meteorological conditions, are not stable and the
resulting noise will therefore exhibit some form of statistical distribution with time. A knowledge of these factors
and their predicted variation would be a valuable aid to earth-station designers, and there is therefore the need to
gather information on the antenna noise characteristics of existing earth stations in a form which can best be
interpreted for future use.

This Report presents results of antenna noise measurements made at 11.45 GHz, 11.75 GHz, 17.6 GHz,
18.4 GHz, 18.75 GHz and 31.65 GHz. From the results measured at 17.6 GHz and 11.75 GHz, cumulative
distributions of temperatures have been derived together with the dependency of the clear sky noise temperature
on the elevation angle.

2. Measuring equipment

The antenna noise temperature measurements have been performed in the Netherlands using a series of
radiometers equipped with a 10 m Cassegrain antenna fed by a corrugated horn. These measurements have also
been performed in Japan using noise adding type and Dicke type radiometers equipped with 13 m and 10 m
Cassegrain antennas, and an 11.5 m offset Cassegrain antenna.

Noise measurements made in the Federal Republic of Germany were carried out on a 183 m diameter
antenna using the y-factor method, under clear sky conditions.

* This Report should be brought to the attention of Study Group 5.
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3. Results of measurements

Figure 1 shows the cumulative time distribution of the measured antenna noise temperature at 11.75 GHz
and 17.6 GHz. The noise temperature shown in Fig. 1 is the value measured at the output flange of the feedhorn.

The main contribution to the antenna noise temperature is caused by atmospheric attenuation. Other
contributions are caused by cosmic effects and radiation from the ground.

The measurements presented in Fig. 1 have been performed at an angle of elevation of the antenna of 30°.
The measurement period was between August 1975 and June 1977. The conditions during the measuring period
can be considered as being typical for the local rain conditions.
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FIGURE | — Measured antenna temperature as a function of the percentage of 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 of the antenna noise temperature at clear sky conditions. The
value of antenna noise temperature of Fig. 2 corresponds to those of Fig. 1 at the 50% time percentage. An~
analysis of the measurement results given in Fig. 2 showed that the antenna noise temperature consists of an
elevation dependent part and a component which is roughly constant.

This constant part is formed by:

— cosmic background microwave radiation having a value on the order of 2.8 K [Penzias, 1968];

— noise resulting from earth radiation. This contribution changes slightly with the angle of elevation of the
antenna due to the side-lobe performance of the radiation diagram. A value on the order of 4 to 6 K is
expected from this source;

— a noise contribution due to ohmic losses of the antenna system which is of the order of 0.04 dB. This
component is expected to be 3 to 4 K.

The elevation dependent part of the antenna noise temperature is caused by losses due to water and
oxygen in the atmosphere and in order to estimate this elevation dependent part the curves of measured points in
Fig. 2 may be approximated by the following function (see Report 720), and is accurate to 1% for elevation angles
greater than 15°:

TA = Tt + Tm (1 - BUL‘OSCC(I) K (1)

where:
T, : antenna noise temperature;
T.: constant part of the noise temperature; _
T, : mean radiating temperature of the absorbing medium;
B,: transmission coefficient of the atmosphere in the zenith direction;

o : angle of elevation of the antenna.
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FIGURE 2 — Antenna noise temperature (T,) as a function of the angle of
elevation (a}‘_of the antenna under clear sky conditions
Note 1. — Curves 1 to 6 are identified by reference to Table L.
Note 2. — Measurement conditions were as follows:
. Relative Absolute Barometric
Characteristics . Temperature humidity humidity pressure
(%) (g/m?) (mbar)
Curves.1 and 3 279 82 6 1016
Curve 2
A: calculated 294 51 10 1018
B: measured
Curve 4
a: measured 296 50 10- 1006
Curve §
e: measured 290 49 7 1013
Curve 6
o: measured "281.5 66 6 1017
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In the range of angles of elevation between 5 and 90°, the constants of the function T, are as given in

Table 1.

TABLE 1
Ref;rence Frequency Antenna T. Measuring Reference
Ny (GHz) diameter (K) B technique station
(see Fig. 2) (m) q
1 11.75 10 83 0.9858 Radiometer 10 m OTS
Netherlands
2 11.45 18.3 7.3 0.988 y-factor 18.3 m OTS/1S-V
Federal Republic
of Germany
3 17.6 10 8.3 0.9738 Radiometer 10 m OTS
Netherlands
4 18.4 13 9.3 0.940 Radiometer 13 m CS
Japan
5 31.65 10 11.5 0.934 Radiometer 10 m ECS
Japan
6 18.75 11.5 4.5 0.970 Radiometer 11.5m CS
Japan

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 of the zenith sky temperature caused by atmospheric attenuation. The zenith
brightness temperature can be found by the addition of the zenith sky temperature and the cosmic microwave
background radiation temperature. In this particular case, where atmospheric losses are very low, simple addition

is allowed.

The zenith sky temperature can also be calculated using the humidity at the earth surface as input
parameter (see Report 720). The result of such calculation and the value found by measurements are summarized

in Table IL
TABLE 11
Zenith sky temperature Zenith brightness
Frequency temperature
(GHz) Calculation | Measurements measurements
(K) () (K)
11.75 3.2 3.9 © 6.7
17.6 7.8 72 10.0
18.4 147 16.7 19.5
31.65 14.3 18.3 21.1
Note. — Administrations are invited to submit further data on noise temperature of earth-station receiving

antennas in the form which will enable Question 13/4 to be addressed.
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REPORT 875-1

A SURVEY OF INTERFERENCE CANCELLERS
FOR APPLICATION IN THE FIXED-SATELLITE SERVICE

(Study Programme 32B/4)
(1982-1990)

1. Introduction

One of the principal limitations in achieving greater utilization of the RF spectrum and geostationary orbit
for the fixed-satellite service (FSS) is mutual interference among satellite networks serving the same or adjacent
geographical areas. Primary attention has been focused on antenna radiation characteristics of earth stations as a
means of reducing satellite orbit spacings. Other approaches for increasing communication capacity include
frequency reuse techniques such as co-channel cross-polarization transmission, improved modulation techniques,
higher power satellite transmitters, and lower noise receivers, among others. The associated technical parameters
have been identified in Report 453.

Some of these techniques increase the susceptibility of satellite networks to mutual interference, so their
efficacy must be measured by the overall performance of the system to be improved. However, the deleterious
effects of some of these techniques may be reduced through the employment of interference cancellers. This
technique has experienced a long period of development in related technologies associated with relatively costly
equipment implementation, primarily because the applications were associated with interference environments
assumed to be deliberate and hostile. However, this is not the case with domestic or international commercial
communications systems where the basic RF characteristics of potentially interfering systems are known. Thus, the
opportunity exists for the introduction of interference cancelling devices which are cost effective. Some recent
developments applicable to satellite communication systems are reviewed in the following paragraphs.

2. General applications

There are two general sources of interference in which cancellers are being applied. One source is caused
primarily by environmental factors, such as heavy precipitation, which distort the signal characteristics of a system
during up-link and down-link transmissions. Systems using cross-polarized channels in the same frequency band,
particularly above 10 GHz, are susceptible to this type of intra-system interference. The distortions are in the form
of attenuation and phase shift differences in the orthogonal components of the signal which degrade the original
polarization isolation levels. Devices have been developed which correct the depolarization effects and essentially
cancel the non-orthogonal elements in the affected channels. These techniques are discussed in ‘Report 555 and
[White et al.,, 1975; Chu, 1971; Persinger ef al., 1981; Nouri and Braine, 1980; Pelchat and Baird, 1977].

The other more familiar source of interference is from external systems operating in the same frequency
band within the field of view of the desired system. Inter-satellite interference protection is primarily achieved by
earth-station antenna discrimination. However, other techniques can contribute to the reduction of interference or
the effects of 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 Corpora-
tion, 1974; Horton, 1976; Shklarsky et al., 1979; White et al., 1975; Kaitsuka and
Inoue, 1984). 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 of interference cancellers

A few examples of 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 thermal noise.

31 Baseband interference cancellers

For angle-modulated carriers, a method of interference cancellation at baseband [Pontano, 1980] was
achieved by mixing wanted and interfering RF signals into the experimental system depicted in Fig. 1. It should
be noted that this approach requires that the interference be received directly as the input for the interfering
channel. This can be achieved by having a separate antenna directly facing the interference source. The
interference signal is mixed with the wanted carrier at RF or IF. The low frequency components resulting from
this process were shown to be the replica of the baseband interference. Cancellation was achieved by subtracting
this replica from the demodulated baseband signal plus interference. Laboratory tests showed this method reduced
interference by about 15 dB for a wide range of operating parameters.

Wanted channel
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NPR 1 and interference channel
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FIGURE | — Block diagram of test set-up
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In cases where a separate interfering signal is not available for purposes of control or reference, another
technique has been proposed for angle modulation signals [Pontano and Fuenzalida, 1971]. In this approach, the
information contained in the envelope waveform of the combined wanted and interfering carriers is used to
reconstruct the baseband interference. For effective cancellation, the interference source should be separated from
the wanted carrier by the sum of the highest modulating frequencies. Analysis and experiments revealed that the
detected envelope of the desired carrier plus the interfering carrier is equal to the demodulated interference
component shifted by plus or minus 90°. Once identified, the interference can be removed by subtraction. As
much as 15 dB of interference reduction was achieved for a range of tested parameters (frequency separation,
carrier-to-interference ratios, and modulation indices). The best results .occurred at the lower modulation indices
and larger carrier frequency separations.

- For frequency modulation (FM) signals where the interfering signal is small and cannot be received
separately, it is possible to detect the interference at baseband with a crystal detector. A pure FM signal has a
constant envelope and the addition of interference results in ampliitude modulation which can be detected, and
thus removed by subtraction. However, in laboratory tests, this technique was successful in cancelling only those
interference components which had not experienced spectral foldover. Since only the first order component can be
assured of cancellation, the interference must be small compared to the wanted FM signal.

The higher order terms become troublesome if the interference power is significant. They limit the degree
of 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 circumstances is to cancel interference at RF or IF prior to demodulation, where all orders of
the baseband interference spectrum are suppressed.

3.2 Cancellation at IF

Another technique investigated for FM systems was to subtract the IF or RF spectra of an interfering
signal prior to the receiver demodulator as shown in the test set-up of Fig. 2. It was assumed in this case that the
interfering signal was available separately. It should be emphasized that the auxiliary channel (interference only)
required “virtually identical” down conversion and filtering as the main channel (wanted signal plus interference).
Also, the electric lengths for the interference signal in the two channels had to be nearly identical in order that the
modulation on the two signals at the cancellation point was coherent. Phasing of the cancellation signal was
refined with a variable phase shifter. Test results showed that the IF interference spectrum was reduced by
approximately 25 to 30 dB across the IF filter bandwidth. The advantages of this technique were:

— simplicity;
— first order and higher order terms are cancelled simultaneously;
— cancellation was possible with any value of C/I; and

— lower impulse noise was experienced compared to baseband cancellation methods.

33 Interference suppression bridge

Another passive technique, demonstrated in laboratory tests, uses a bridge network to suppress the
interfering signal at the receiver with an auxiliary signal derived from an interference channel. A simplified block
diagram of this set-up is shown in Fig. 3. Ideally, the bridge circuit output phase angle must remain at 180° and
the power amplitude must remain equal to the interference across the desired frequency band and continuously
with time. The objective of the test was to determine the performance of the system for various phase angle and
power amplitude errors generated by the bridge.

Tests were conducted using a signal tone at approximately 3807 MHz and interfering signals at
3809 + 4.5 MHz and 3950 MHz. Suppression of the interfering signals from 15 dB to 50 dB was achieved with
this technique, the latter associated with relatively narrow band interference signals under clear weather
conditions. ,
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34 Adaptive cancellation systems

Active or servo-controlled cancellation systems capable of 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 2
nearby transmitter 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 of the desired and interfering signals (such as direction
of arrival, amplitude, polarization, modulation, etc.) can be used for purposes of discrimination. A functional
block diagram of 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
automatic adjustments of amplitude, time delay and phase to compensate for variations of these properties due to
propagation effects. A coupler samples the output signal to the receiver, and if canceliation is imperfect, an error
sighal 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 amount of cancellation attainable depends on the
instantaneous bandwidth of the interfering signal. For narrow-band signals, 60 dB of 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 of 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 of the interfering signal is
subtracted from the desired plus interfering signal in the power combiner 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 amplitude and phase of the interfering signal
to provide this replica. The adaptation is accomplished using a least mean square algorithm. The quadratwre
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 of the correlator act as control voltages
to drive the attenuators in the adaprive. 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// levels.

An early application of auaptive cancelling techniques was that undertaken by the United Kingdom when
they experienced severe interference at the Goonhilly earth station caused by a radio-relay station located some
300 km away. An adaptive tuneable canceller operating at IF was developed and brought into operation early in
1975 and was instrumentai in reducing the effects of the interference to an acceptable level [White er al., 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, 198,/. 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 intégrator
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
char'lges 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.

For the cancellation of interference from a satellite in a neighbouring
satellite system, when the direction to the interference source is known with an
accuracy determined by the satellite'’'s station-keeping systee,in some cases it
is more cost-efficient to install an additional feed in the primary antenna of
the receiving earth station than to use an auxiliary antenna. The offset of this
feed from the main one will depend on the angular separation between the wanted
and interfering satellites.

The efficiency of the canceller may be significantly increased by using
a priori parameters referring to the wanted and interfering signals (e.g.
specially inserted pilot signals in the free parts of the spectrum or in free
time slots, energy dispersal signal, etc.).

In the USSR such a dual-feed antenna system with a 4 m dish was used in
the "Moskva Globalnaya" satellite system for interference cancellation from the
"Moskva" satellite system. The additional feed (a pyramidal horn) was connected
to the main one via a directional coupler and an electrically controllable microwave phase
shifter and attenuator. The angular separation between the wanted and
interfering satellites was 3°. This adaptive cancellation system used the
distinction between the wanted and unwanted dispersal signals and secured
additional interference suppression up to 20 dB,

33 Adaptive filiering of narrow-band inierference

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 {Shkilarsky
er 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 sysiems. The results of the experiments

carried out in the USSR show that it is possible to use an additional feed in
the primary antenna for the cancellation of interference from a neighbouring
satellite when the direction to the interfering source is known. This method
seems to be in some cases more cost-efficient compared to the use

of an auxiliary antenna,
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On the other hand, a great deal of interest has been evidenced [Chu, 1971; Persinger et al., 1981; Nouri

and Braine, 1980; Pelchat and Baird, 1977; Makino et al.,, 1980] in the development of interference cancellers for
intrasystem applications associated with cross-polarization techniques. Since the interfering signal can be charac-
terized and defined internally, the developments in this field are likely to result in practical, commercial

equipment in the near future. The products of this type of interference canceller will likely benefit the
development of inter-system applications.
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REPORT 212-3

USE OF PRE-EMPHASIS IN FREQUENCY-MODULATION SYSTEMS
FOR FREQUENCY DIVISION MULTIPLEX TELEPHONY
AND TELEVISION IN THE FIXED-SATELLITE SERVICE

(Study Programme-27A/4)
(1963-1966-1970-1974)

1. Introduction

The use of pre-emphasis in systems in the fixed-satellite service for frequency-division multiplex telephony
using frequency modulation results in a useful improvement in the signal-to-noise ratio in the higher frequency
channels of the system and thus enables the space-station transmitter power and bandwidth requirements to be

reduced.

The use of pre-emphasis for television modifies the energy distribution in the radio-frequency emission of
systems in the fixed-satellite service, in such a way as to reduce, substantially in some circumstances, the
possibility of interference within and between systems in the fixed-satellite service and between systems in the
fixed-satellite service and radio-relay systems using the same frequency bands.

The use of pre-emphasis for television may also enable the effective frequency deviation of the system in
the fixed-satellite service to be increased, thereby improving the signal-to-noise ratio; however, too large an
increase in deviation could offset the reduction of interference potential.

The deviation and pre-emphasis used to obtain the best possible transmission of some television signal
standards may differ appreciably from those recommended for telephony.

The use by different administrations of the facilities offered by active systems in the fixed-satellite service,
including the shared use of space-station repeaters, would be facilitated by the use of agreed pre-emphasis’
characteristics for such systems employing frequency-modulation.

At the present time it has not been found possible to recommend a preferred pre-emphasis characteristic
for systems in the fixed-satellite service used for television. This matter is a subject for further study, but some
information which may be of assistance in these studies is given in § 3 of this Report. »

2. Telephony

The effect of pre-emphasis will be to improve 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 worst channel reaches 50000 pWp at a point of zero relative level. Each of these effects will have
repercussions on the satellite power and bandwidth required to meet the noise objectives of Recommendation 353.
Furthermore the optimum characteristic for a system operated at or below threshold for a considerable proportion
of the time may not be the same as that for systems which normally operate above threshold.

The threshold margin of present satellite systems is generally sufficient to prevent them from operating
below threshold for all but very small proportions of the time and the same is expected to be true for future
systems. For general use, therefore, a pre-emphasis characteristic with a relatively wide range of attenuation will
be optimum.

Measurements of signal-to-noise ratios in an operational system have confirmed that the network described
in Recommendation 464 which has an 8 dB range of attenuation, gives satisfactory results in practice.

However, for systems operating nearer to threshold, a narrower range of attenuation may be found to be
optimum.

3. Television

In the transmissionof colour television signals, special attention must be paid to:

— noise in the video bandwidth;

— distortion, especially that which may affect the chrominance channel video frequencies (around 4.4 MHz for
625-line systems);

— subjective threshold ofithe receiver.
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The insertion of a pre-emphasis network has the goal of:
— improving the signal-to-weighted noise ratio;
— reducing distortion.

These goals must be attained with minimum impairment of the receiver subjective threshold.

For a given system bandwidth, the signal-to-weighted noise ratio can be improved by modifying the shape
of the video noise spectrum, i.e., by modifying the deviation that the various components of the video signal
produce on the radio-frequency carrier.

The criteria which influence the design of an optimum emphasis characteristic may differ in different
colour television systems. In the following sections the results of studies made by some administrations on the
PAL and SECAM systems are given.

The optimization of the pre-emphasis characteristic for colour television is closely dependent upon the
form of the weighting curve adopted for noise measurement. Although this is specified for 625-line system I in
Recommendation 567, it has not been universally adopted and thus it will be difficult to agree on a single new
pre-emphasis characteristic. The work reported here indicates a possible approach to the problem.

3.1 625-line PAL systems B, G and H

Theoretical calculations have shown [CCIR, 1966-69a] that, for a given signal-to-unweighted noise ratio,
the maximum signal-to-weighted noise ratio is obtained when the de-emphasis characteristic produces a spectrum
of noise which is uniform with frequency across the video band (0-5 MHz). Applying this principle to a particular
noise weighting curve [CCIR, 1966-69b] a new pre-emphasis curve shown in Fig. 1 has been derived which can be
shown to improve the signal-to-noise ratio by about 2 dB (assuming a triangular noise distribution). This
compares with an improvement of about 1 dB using the pre-emphasis curve of Recommendation 405 (with the
same noise weighting curve).

Experiments made to investigate the influence of a limitation in the radio-frequency band using the new
pre-emphasis curve have shown that the differential distortions in the presence of emphasis were reduced by a
factor of between 5 and 15 depending on the form of the modulating signal, compared with distortions measured
without emphasis. On the other hand, the luminance-to-chrominance ratio was slightly increased. The overall
picture quality measured subjectively was essentially unchanged. Other experiments made with a receiver operating
close to threshold, showed that in general the use of pre-emphasis raised the level of threshold assessed
subjectively, for example, by 1.5 to 2 dB for the emphasis of Fig. 1 of this Report, or Fig. 1 curve B of
Recommendation 405 or certain other pre-emphasis curves.

Other studies [Lari and Tomati, 1972] also show that by a suitable selection of a pre-emphasis curve, it is
possible to achieve some saving, either in satellite transmitter power or in the bandwidth required, for the same
values of signal-to-weighted noise ratio and margin above subjective threshold.

10 - - - !

=15

[ (Hz)

FIGURE | — Experimental pre-emphasis characteristics for the PAL system



218 Rep. 212-3

3.2 625-line SECAM system

In the SECAM colour television system, in which the colour information is transmitted by frequency
modulation of a sub-carrier at 4.43 MHz, the demodulation of the sub-carrier is subject to the well-known
behaviour of frequency demodulators at threshold. Thus, when the noise in the chrominance channel becomes
significant, the picture deteriorates rapidly. It becomes necessary to determine the limits of noise in both the
luminance and chrominance channels.

These limits have been derived from subjective tests of pictures degraded by thermal noise [CCIR,
1970-74a]. For the degradation of the chrominance signal N., to be equal to the degradation of the luminance
signal N, the following relationship should be satisfied:

N
8.5dB < 10 logN—z < 95dB (1)
1

where N, is the power of the weighted noise in the luminance signal measured at the output of the network as
described in Recommendation 567 and N, is the power of the filtered noise in chrominance signal measured at
the output of the band-pass filter as described in Recommendation 567.

The pre-emphasis network designed for black and white 625-line television systems, described in Recom-
mendation 405, is now used for colour television. When so used, it produces the non-optimum value of 12 dB as
shown in equation (2):

N .
10 log N—Z ~ 12dB (2)
3

Therefore, a new pre-emphasis network for SECAM colour television seems desirable. The network and its
transfer function are similar to the one described in Recommendation 405:

_ 1 1+ jor, 3)

1 T
Y + jo £
y

where 20 log v is the maximum attenuation of the network in dB, and 1, is the time-constant of the network in ns.
Values proposed for this transfer func.ion are:

v =38 (instead of v = 5 as in Recommendation 405):
T, = 227 ns (instead of t, = 508 ns as in Recommendation 405).

These values are in conformity with the limits given in relation (1).

Figure 2 shows this characteristic in relation to the one given by Recommendation 405 for 625-line
television systems at equal overall image impairment. It is clear that the new curve is below the former one in the
greater part of the video band; therefore, the radio-frequency spectrum congestion will be less with a network of
this type than with the network presently recommended, and the non-linear video distortions due to the bandwidth
limitation will be reduced.

Further studies are necessary to ensure that satellite links using the new characteristic will conform in all
respects with the specification of Recommendation 567 concerning the hypothetical reference circuit.

33 623-line PAL system 1

A study has been carried out [CCIR, 1970-74b] to check the validity of the pre-emphasis characteristics
shown in Figs. 1 and 2 for the case of 625-line PAL system 1. The subjective effect of signal/noise degradation has
been evaluated using the method of “impairment units™ (imps) [Lewis and Alinatt. 1968} and using the noise
weighting networks specified in Recommendation 567.

The noise was assumed to have a substantially triangular characteristic as will normally be the case when
the system is operating near the threshold. The results of this evaluation indicated that. for PAL system I, the
network of Recommendation 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 bandwidth or different
chrominance sub-carrier modulation and for different noise weighting networks. Whilst it may eventually be
possible to find a new pre-emphesis characteristic which will show some improvement over that of Recommenda-
tion 405, there seems to be no justification for a change at present. Further study is required which should include
the effect on various distortions in addition to signal. noise ratio.
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REPORT 384-6%*

ENERGY DISPERSAL IN THE FIXED-SATELLITE SERVICE

(Study Programme 27A/4)
(1966-1970-1974-1978-1982-1986-1990)

1. Introduction

It is clear from studies of frequency sharing between the fixed-satellite service and terrestrial radio-relay
systems and between different fixed satellite networks that, to ensure that mutual interference between the systems
is kept to a tolerable level, it will be essential in most cases to use energy dispersal techniques to reduce the
spectral energy density of the transmissions of the fixed-satellite service during periods of light loading. The
reduction of the maximum energy density will also facilitate:

— efficient use of the geostationary satellite orbit by minimizing the orbital separation needed between sateilites
using the same frequency band; and
— multiple-carrier operation of broadband transponders.

The amount of energy dispersal required obviously depends on the characteristics of the systems in each
particular case and this question is appropriate to studies of frequency sharing under Study Programmes 27A/4.
It is clear, however, that it is desirable that the maximm energy density under light loading conditions
should be kept as close as possible to the value corresponding to the conditions of busy hour loading.

In this Report, the results of some theoretical and experimental studies of energy dispersal techniques,
separately applicable to analogue frequency-modulation and to digital radiocommunication-satellite systems, are
reported. :

It is concluded that substantial energy dispersal can be obtained in most circumstances. However, there are
some possible limitations on the efficiency of the dispersal and these are merntioned in the Report.

2. Energy dispersal for analogue FM systems

2.1 Multi-channel telephony systems

Annex I examines a number of methods of maintaining a high degree of carrier energy dispersal in
telephony systems, with particular reference to the dependence of the obtainable dispersal on the-complexity of
the means of dispersal and the attendant increase in occupied radio-frequency bandwidth as a function of
distortion. The methods fall into one or other of two general cases; one which adds a dispersal waveform not
necessarily of constant magnitude to the input signal and the second which, in addition, effectively controls the
deviation sensitivity of the frequency modulator. Various arrangements of these two methods are discussed in
Annex | and illustrated in Fig. 1.

Method 1(a) is the simplest; consisting of the addition of a dispersal waveform of fixed magnitude. The
relative effectiveness of this method (i.e. the ratio of the maximum dispersed power per 4 kHz to the maximum
power per 4 kHz under full load conditions), using each of four low-frequency dispersal waveforms is shown in
Fig. 2 for an assumed 10% increase in occupied radio-frequency bandwidth. The four waveforms are considered in
greater detail in Annex 1.

It is evident from Fig. 2, that the low-frequency triangular waveform (Curve D) is the most effective of
these waveforms, but it suffers from the disadvantage of producing a higher level of interference into some
single-channel-per-carrier (SCPC) systems due to the long dwell time of the dispersed unwanted signal within the
bandwidth of the wanted signal. (Other methods of dispersal which cause less interference to SCPC transmissions
are mentioned in § 4.) Apart from this, the only one that appears to offer possibilities for general application is
that of low-frequency noise (Curve C). Dispersal by low-frequency noise has the advantage that the frequency
band can be readily altered to suit whatever sub-baseband range is available, and that it does not depend for its
effectiveness on a precisely specified waveform. However, 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 CMIT.
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On the other hand, for the triangular wavelorm, careful attention has to be paid to the linearity of the
waveform since departures from linearity will cause variations in the spectral density with consequent deteriora-
tion in the dispersal efficiency. Removal of the high order harmonics of the triangular waveform by means of a
filter will cause non-linearity in the form of rounding of the peaks which will again reduce the effectiveness of 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 employ such a filter in any particular case will need to take account of the
conflicting requirements to minimize 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 of using, instead of noise, a known pseudo-random signal with
uniform spectrum in the low-frequency band. This would make it possible to suppress the signal at the receiver,
thus avoiding certain dicadvantages of this method.

Considering now the methods of application of the dispersal waveform, the use of Method 1(a) would
result in an undue increase in the occupied bandwidth if it were desired to approach the busy-hour loading
conditions. Hence, Method 1(b), which incorporates automatic means of adjusting the degree of dispersal applied
according to the state of the loading of the system, offers a much more attractive arrangement.

Method 2 is more complicated than Method 1, but turns to advantage the need to provide energy dispersal
by improving system noise performance when the deviation sensitivity is increased under light loading conditions.
The obvious disadvantage of this method is the need to provide overall gain regulation, while the extent of the
advantage which would accrue under conditions of light loading is dependent on traffic loading outside the busy
periods of the day. Of the variants of Method 2 discussed in Annex I, Method 2(a) would seem to be the most
suitable for general application.

With any method which requires the amount of added dispersal to be changed abruptly as the loading
varies, careful attention must be paid to the choice of delay time between the change in loading and the time of
switching the dispersal.

In considering the amount of dispersal which can be achieved in practice, it has to be borne in mind that
the fully loaded condition will not necessarily provide the degree of dispersal postulated by the Gaussian
distribution as in Annex I, § 1 (see Report 792). It would be unwise to assume that, in practice, this ideal
condition is attained, until there is some convincing support for such an assumption. It has been shown by
practical measurements using white noise loading that systems which apply a triangular dispersal waveform can
maintain the dispersal of carrier energy to within 2 dB of the dispersal under simulated fully busy-hour loading
conditions. it is not yet known how closely this condition will be approached with actual traffic loading but it
seems unwise to assume that the energy will be dispersed to within less than 3 dB of that applying with busy-hour
load conditions, without some increase in radio-frequency bandwidth.

2.2 Television systems

Annex Il considers the general problem of energy-dispersal techniques for television systems and gives the
results of an experimental study, to determine the subjective effects of the addition of various low-frequency
waveforms to 625-line/50 fields-per-second television signals. The results show that a “symmetrical™ triangular
waveform is preferable to other waveforms considered and that the subjective effect of adding this waveform, (of
peak-to-peak amplitude up to 50% of the peak-to-peak amplitude of the video signal before pre-emphasis), is
negligible, provided that:

— the dispersal waveform is locked in both phase and frequency to the field frequency;
— suitable simple means of removing the added waveform are used at the receiving earth station:

— the transmission system does not introduce intermodulation between the dispersal waveform and the vision
signal. :

By a “symmetrical” triangular waveform is meant a wave in the form of an isosceles triangle (i.e. with
equal rise and fall times). Sawtooth waveforms, with either rise or fall times approaching zero were also
considered (see Annex I).

Studies have shown that when a TV signal modulated by a dispersal waveform interferes with terrestrial
and satellite multichannel FDM telephone systems, the spectral power density at the frequency detector output
acquires a predominantly discrete character. The spectral components of the interference are separated from each
