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products and noise cannot be cancelled by the given 
equalizations. 

IX. CoNCLUSION 

A general formula to calculate. the intermodulation in 
.nulticarrier TWT systems, which includes the combined 
effects of nonlinear amplification, AM- PM conversion, 
and additive noise, was obtained in this paper. Several 
examples showing how to use this formula were also 
analyzed. Finally, on the basis of this formula, the possibil- • 
ity of reducing intermodulation was discussed. 
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Communication Satellite Processing Repeaters 
ROBERT Y. HUANG AND PHILLIP HOOTEN 

Abatract- Two kinds of proc-ing rapeat•~ which may find ap­
plication on communication utalllt• In tha nNr future ara dNCribad. 
Tha type I ral)Ntar allo- - only if tha tranamitted aignal con­
tains • predetarmined coda structure. Thia NrvN thraa purpoaN: 
first, unauthorized i.ers are excluded, aacond, co-channel inter­
fering algnala are not retransmitted on th• downlink, ao aa not to 
waste• portion of tha satellite tranamlttar power, and, third, removal 
of the lntart.ranca aignal 11t tha utalllta avoids having to do this at 
tha ground r-lvlng terminal. Thus such a rapaatar would find par­
ticular application whara thara ara a larva number of ground ,_lving 
stations. Tha type 2 rapaatar rout• signals r-ived llt Its N Input 
terminals to ba transmitted st N output terminals, thus acting as a 
"swltchboeird In th• sky." Two pu~ are Nrved: first, the eatallita 
capacity is more fully utllind in tha p- of fluctuating traffic 
demands. and, ucond. singla-frequancy tranamiaaion and r-s,tion 
ar■ poaibla for uur ground stations, thus almpllfying th- atationa 
and still allowlng·coonmunlcatlon to any station in the natworl<. It Is 
established whan the type 1 repeater la able to incrHN th■ sat■I• 
lite communication capability beyond thllt of a almpla rapaatar 
and further that fairly simple filtering la sufficient on tha aatallita. 
For tha type 2 repeater, • proposad frequency control plan mlnlmlz• 
the filtering required on tha utallita whara frequency dlvlaion muitl­
plax I• used and reduce■ tha amount of switching required on the 
utalllte to N aingla-pola N-throw awitch• where time division 
multiplex I• uMld without tha requlramant of any memory on tha Mtal -
lite. A summary of pr .. nt-day tranalllting rapaatars, n uNd In th• 
lnteluta Ill and IV and OSCS II aatallltN, Is Included. 
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1. INTRODUCTION AND SUMMARY 

THIS PAPER describes what we envision to be the 
next step in communication satellite repeaters beyond 
those presently in use or being designed to be in use. 

The present-day repeaters are of various types- channel­
ized or not, saturating or linear, etc.,- but may categori­
cally be described as simply translating in frequency the 
signals received on the satellite uplink to be retransmitted 
on the downlink. The primary reasons for this relative 
repeater simplicity are the constraints on repeater size and 
weight imposed by launch vehicle capability and the re­
quirement for high reliability as a consequence of the large 
initial in-orbit cost. 

This situation is rapidly changing as the communication 
satellite technology matures. Available operational boosters 
such as the Titan III-C can place payloads of two to three 
thousand pounds in synchronous orbit ; by comparison, the 
present generation of commercial comsats, the Intelsat III 
satellite weighs 268 lb without the apogee motor. In addi­
tion, the advent of microelectronic techniques for circuit 
fabrication will reduce considerably the size and weight of 
a circuit to perform a given function. Secondly, the reliabil­
ity of electronic components in a space environment is now 
well proven, and, in most cases, the factors that need to be 
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controlled to increase their mean time to failure are under­
stood. Thus the technology needed to build large complex 
communication satellites, to place them in orbit, and to 
operate them with high reliability is presently available or 
soon to be available. 

One may envision several applications for a satellite 
repeater which does more than retransmit the uplink signal. 
We have named such repeaters "processing repeaters" to 
supply a connotation of complexity beyond that of simple 
frequency translation. In this paper, we consider specifi­
cally two types of processing repeaters: an interference­
removal repeater, and a switching and routing repeater. 
The objective of the first type, as is evident in its name, is to 
remove the effect of an interferer on the downlink transmis­
sion. Two purposes are served: first, the major portion of the 
satellite radiated power is not wasted in retransmitting the 
undesired interference signal, and, second, the modulation 
forms· of the desired signals may be rearranged for down­
link transmission, thus simplifying the ground receiver. 
Thus it may lbe expected that such a repeater would find an. 
application where interference on the uplink is substan­
tially larger than the desired signals and where the increased 
repeater complexity more than offsets the alternative solu­
tion of increasing the repeater transmitted power. Such a 
repeater would find additional application when there are 
a large number of ground receiving stations, so that an 
attractive tradeoff exists in increasing the repeater com­
plexity to simplify the many ground station receivers. 

The switching and routing repeater finds two applica­
tions: first, in reuse of an assigned frequency band and, 
second, in simplifying the ground station transmitting and 
receiving equipment. Frequency reuse is a major item of 
concern, particularly for commercial applications. It is 
envisioned that by using multiple antennas on a satellite 
with narrow enough beamwidths, the amount of relative 
mutual isolation available between antennas-perhaps with 
the aid of polarization discrimination-would allow the 
same frequency band to be used by several of the antennas 
simultaneously. Some form of processing repeater, which is 
able to route signals between antennas, would be necessary 
--0r at least desirable- with such a satellite. At present, the 
Intelsat system uses multidestination carriers; i.e., each 
ground station transmits at only one frequency but needs 
to be able to receive at the carrier frequency of the ground 
station with which it is communicating. This arrangement 
is cumbersome and does not fully utilize the satellite re­
peater capacity unless all ground stations are transmitting 
at their maximum rates. SPADE, an experimental fre­
quency division multiple access (FDMA) demand assign­
ment system built by COMSAT Corporation (1 ], is an 
attempt to overcome part of these objections. A switching 
and routing satellite, which is able to allow each ground 
station to transmit and receive at fixed frequencies, would 
allow a more complete solution. 

The idea of a communication satellite processing re­
peater is not a new one. Perry (2] describes various such 
repeaters, as does Sullivan {3] for military applications. 
Both Schmidt [4] and DeBrunner and Neu [5] propose 
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schemes for processing repeaters for spectrum conserva­
tion, the former for frequency reuse, the latter for minimiz­
ing interference with terrestrial radio links. In this paper, 
we do not attempt a comprehensive categorization of vari­
ous processing repeaters arid applications but concentrate 
instead on the two types previously described. 

Section II discusses those satellite repeater parameters 
that are of interest from a user's standpoint, i.e., the re­
peater characteristics that most affect a satellite user. Four 
ways of accessing a satellite repeater are compared in Sec­
tion III; while Section IV describes three present-day satel­
lite repeaters· and their advantages and disadvantages with 
respect to the previously mentioned parameters. Sections 
V and VI describe the two processing repeaters that are the 
subjects of this paper. 

II. SATELLITE REPEATER PARAMETERS 

From .the standpoint of a user, the communication satel­
lite may be considered to be a communication node which 
may be accessed from a large area on the earth's surface. 
The areas that may access this node are determined by the 
satellite receive and transmit antenna coverage patterns. 
Typically, these antennas provide-earth coverage, but even 
the "spot" beams on the Intelsat IV and DSCS II satellites 
still provide broad coverage- from 2°-4° (approximately 
1000 to 2000 miles for a satellite at synchronous altitude). 

This broad geographical coverage is both a desirable 
and an undesirable attribute of communication satellites: 
desirable in the single-node accessibility over a large area, 
undesirable in that any emitter in this area and in the same 
frequency range having adequate effective radiated power 
(ERP) acts as an interference source on the satellite uplink. 
This is particularly objectionable for a military communica­
tion satellite, since signals originating from a remote loca­
tion can interrupt communications through such a satellite 
at critical times. The interference-removal type of processing 
repeater discussed in Section V is considered to be a partial 
solution to this problem. 

In addition to the geographical ability to access the satel­
lite, the repeater as a communication node possesses three 
other features that are of direct user interest : ease of access, 
uplink and downlink bandwidths, and downlink ERP. We 
discuss each in tum. 

The downlink bandwidth and ERP of the satellite jointly 
determine the maximum data rate transmitting to a speci­
fied receiving ground terminal. It is convenient to determine 
this maximum rate by first assuming only the ERP con­
straint. The receiving ground terminal can be simply char­
acterized by the parameter G/ T, where G is the gain of the 
receiving antenna and T is the effective noise temperature 
in degrees Kelvin. G/ T is usually expressed in decibels, 
where Tin decibels is referred to I °K. As an example, Fig. 1 
plots the maximum permissible data rates against ground 
terminals of various sizes for some representative satellite 
repeaters. The ordinate is the noise bandwidth in which a 
10-dB signal-to-noise ratio can be obtained, while the 
abscissa is the parameter G/ T. Various points along the 
abscissa are marked with the G/ T of some representative 
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ground terminals; the 32' C band and 97' C band refer to 
receiving antennas of the given sizes to be used with Intelsats 
III and IV, while MT and HT refer respectively to a Medium 
Transportable terminal with an 18' dish and a Heavy Trans­
portable terminal with a 60' dish to be used with the DSCS 
II satellite. If several ground terminals of the same type are 
used to receive from the same satellite repeater, the total 
data rate to these terminals is upper-bounded by Fig. I, 
using the G/T of one terminal. This assumes that the satel­
lite is able to share its ERP among the data to be transmitted 
to the terminals by making the power proportional to the 
data rate to each terminal. In fact, this maximum data rate 
is usually not achievable due to backoff in the output tube 
to avoid excessive intermodulation where multiple carriers 
are used and loss due to time guard bands and synchroniza­
tion where time division multiplex is used. With a mix of 
ground terminals; the satellite should apportion its power 
proportional to RJ(G/1),, where R, is the data rate to the 
ith terminal. 

PROCEEDr.-:GS OF lliE IEEE, FEBRUARY 1971 

0/T lN DIS 

It is important to note in Fig. I the range of noise band­
widths for which a 10-dB signal-to-noise ratio exists with 
planned terminals- in the range of 50-1000 MHz for the 
spot beams in DSCS II and Intelsat IV and 10-150 MHz 
for Intelsat m. Thus in many cases it is not the satellite 
ERP that limits the downlink data rate but the repeater 
bandwidth. 

In the case of the satellite uplink, it is almost always true 
that the uplink bandwidth is the limiting factor on data rate. 
Here, the normally large ERPs of the ground transmitting 
terminals often result in over 20 dB of excess power on the 
satellite uplink. On the other hand, this excess power does 
not solve the interference problem due to other ground­
based emitters. Spread-spectrum operation, as discussed in 
Section V, is a partial solution to this problem. However, 
the extent of interference suppression is limited by the band­
width of the uplink. 

Finally, the ease of access is an important characteristic 
of the satellite repeater as a communication node. In some 
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cases, a major consideration is the complexity of the 
ground terminal equipment: for example, the requirement 
to generate, transmit, or receive over a broad range of fre­
quencies, the amount of data storage and synchronization 
equipment required, the necessity for multiple receivers for 
simultaneous reception from multiple user transmitters, 
etc. In other cases, operational considerations are para­
mount: the degree to which network discipline must be 
maintained and the degradation of communication capac­
ity with the loss of such discipline, the time required to 
access.. the satellite, the degree to which a priori information 
is needed in accessing, etc. These problems are affected not 
only by the multiple access method but by the satellite 
repeater design. 

Ill. MULTIPLE ACCESS TECHNIQUFS 

The techniques for multiple access to a spacecraft have 
generally been categorized into one of the following types: 
FDMA, time division multiple access (TOMA), code divi­
sion multiple access (CDMA), and pulse address multiple 
access (PAMA). Systems which use PAMA are in reality a 
hybrid combination of the techniques employed in FDMA 
and CDMA, so little additional discussion will be provided. 

The techniques employed in FDMA are probably the 
simplest in terms of ground equipment complexity. The 
modulation can be in the form of frequency modulation 
(FM) or phase-shift keying (PSK), with multiple access 
being achieved through frequency band discrimination, 
either in the ground receiver in the case of a wide-band fre­
quency translating repeater, or in the satellite in the case of 
the frequency channelized satellite. The advantage of using 
FDMA in a wide-band frequency translating repeater is 
that it allows the simplest ground station con.figuration re­
quiring no timing by the user and further allows easy deter­
mination of repeater loading. The disadvantages in a wide­
band frequency translating repeater are that intermodula­
tion products generated in the spacecraft rob a percentage 
of downlink radiated power, that uplink power coordina­
tion is required to allow different user information rates, 
and that the system is-vulnerable to discretionary jamming. 

TOMA provides the highest degree of satellite efficiency 
but requires that the earth station complex be synchronized 
to a high degree of precision and be capable of high peak 
power transmission. TOMA avoids power robbing of the 
spacecraft transmitter by intermodulation products, since 
only one user accesses the spacecraft at any time. Additional 
advantages are that uplink power coordination is not re­
quired and a large variation in ground station ERP can be 
tolerated. One drawback is that selective jamming of a 
single user is possible unless time slot scrambling is em­
ployed. 

CDMA is usually divided into two subclasses: frequency 
hopping and direct sequence. In the former, a user imposes 
a preselected frequency hopping sequence on his nonnal 
transmission so that mutual interference between two such 
users occurs only when they are hopped to the same fre­
quency at the same time. In the latter, the transmission is 
characterized by a phase-modulated carrier with a total 
bandwidth occupancy much wider than the information 
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bandwidth. The data are added to the multiple access 
carrier as either frequency or phase mod!ulation. A pseudo­
noise code is used to spread the spectrum and is typically a 
maximal length shift register code [6], [7]. The degree of 
mutual interference between two such users is determined 
by the (aperiodic) cross correlation between the pseudo­
noise codes of the two users, hence the utilization of codes 
with low cross correlation is important in maximizing the 
total number of simultaneous users. A class of multiple 
access codes described by Gold [8] is an example of such 
codes. These Gold codes are not maximal length sequences 
and have bounded cross correlation properties. In the same 
manner, frequency hopping codes can. be chosen to have 
minimal mutual interference and have been proposed by 
Cooper [9] and Solomon [IO]. Perhaps the distinctive fea­
ture of CDMA is that it allows a potential number of users 
much larger than the maximum number of simultaneous 
users, with no necessity for system monitoring and control, 
by assigning each user a different multiple access code. On 
the other band, the number of allowa hie simultaneous users 
is usually much less thari is possible with techniques such as 
FDMA and TOMA (approximately 0.1), due to mutual 
interference. 

PAMA is a combination of code addressing, as in CD MA, 
and FDMA where the code is used to generate a particular 
frequency pattern for use as a method of multiple access. 
In general, PAMA exhibits the following characteristics: 
rapid synchronization, no requirement for network timing, 
and a relatively large number of accesses. Spira [11] has 
defined a class of codes particularly applicable to PAMA 
systems. 

A comprehensive study of multiple access techniques has 
been prepared by Kaiser [12] and Aein (13]. The best tech­
nique depends on the application and on .particular user 
parameters. 

IV. PREsENT-DAY REPEATERS 

This Section compares the repeaters in three present-day 
communication satellites: the Intelsat III, Intelsat IV, and 
DSCS II satellites. The pertinent repeater characteristics 
from a user's standpoint are listed in Table I, while simpli­
fied block diagrams of these repeaters are shown in Fig. 2. 

While Intelsat III is an operational satellite, both Intelsat 
IV and DSCS II are presently being constructed and are 
planned to be launched in 197 I. It is interesting to compare 
the differences between Intelsats III and IV, as well as be­
tween the latter and DSCS II. 

Aside from the obviously larger transmitter power avail­
able in Intelsat IV as compared to Intelsat III, two differ­
ences are worthy of note : first, the much narrower band­
width per channel for Intelsat IV (36 MHz as compared to 
225 MHz) and, second, the use of spot beam antennas in 
addition to the global coverage antenna. The twelve 36-
MHz channels for Intelsat IV occupy the same total band­
width as the two 225-MHz channels for Intelsat III. How­
ever, because of the spot beam antennas, the former tends 
to be bandwidth limited, while the latter is ERP limited 
(Fig. I). The receive antennas are earth coverage on Intelsat 
IV since, as mentioned in Section II, uplink power is gen-
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Number of channels 

Channel bandwidth (MHz) 

Channel center spacing (MHz) 

Receive bands (MHz) 

Transmit bands (MHz) 

Antenna beamwidtbs (deg) 

ERP at beamedge (dBW) 

Repeater type 

Intelsat lII 

2 

225 

265 

593(}-6420 

3705-4195 

17 

23.0 

frequency-translating 
noncbannefized 
global coverage 

TABLE I 

PRF.sENT-D A y REPEATER CHARACTERISTICS 

Intelsat IV 

Global Spot Beam 

4 4 

36 36 

40 40 

5932-6418 

3700-4200 3707-3993 

17 4.5 

23.0 34.7 

frequency-translating 
channeliz.ed• 

Spot Beam 

4 

36 

40 

3747-4033 

4.5 

34.7 

global coverage receive, 
selected coverage transmit 

• Channelized is defined here as having more than one frequency channel per beam. 
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DSC II 

Spot Beam 
Global to 

Global 
Spot Beam to Global to 
to Global Spot Beam Spot Beam 

125 50 185 50 

7975-8100 8125-8175 821S-,8400 ·7900-7950 

7250-7375 7400-7450 7490-7675 7700-7750 

l 7 global, 2½ .. spot beams 

28.1-global 
41.2-spot beam, 2 dishes radiating 
44.6-spot beam, I dish radiating 

frequency-translating 
nonchanneliz.ed, 
cross strappc<j 
global and spot beam receive 
global and spot beam transmit 
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crally excessive, but each of the two spot beam antennas for 
transmit, as well as the earth coverage antenna on transmit, 
only transmit 4 each of the 12 total channels. Thus Intelsat 
IV reflects technological advancement in the use of spot 
beam antennas to achieve higher ERPs. It also reflects a 
desire to use multiple channelized narrower band repeaters 
rather than a few much wider band repeaters. Wide-band 
repeaters require many users to share the same repeater; 
since the amount of downlink power allocated to a particu­
lar signal is proportional to its strength as received at the 
satellite, and since optimum use of satellite power requires 
proportioning the downlink ERP to the data rate (Section 
II), satellite ERP is utilized efficiently only by relatively care­
ful control of the ERP of each transmitting ground tenninal. 

In addition, to avoid excessive intermodulation between 
the multiple carriers in a wide-band repeater, it is often 
necessary to operate the repeater in a quasi-linear mode, by 
setting the gain so that the output tube is slightly backed off 
from saturation. Again, this requires the user ground trans­
mitting terminals to hold their ERPs constant and does not 
use the satellite ERP efficiently. The narrower band chan­
nelized repeater results in one or sometimes only a few users 
per channel. Thus power control and intermodulation prob­
lems are reduced. More importantly, the large ERP in the 
36-MHz bandwidth can allow the use of TOMA even for 
the smaller terminals. In such a case, since only one carrier 
is present in the repeater at any time, no power control and 
intermodulation problems exist. 

By comparison, the primary differences between the 
Intelsat IV and the DSCS II are that, first, the latter is not 
channelized and, second, it has a spot beam receive an­
tenna in addition to a global coverage receive antenna. The 
reason for the spot beam receive antenna for DSCS II is for 
interference rejection purposes only, since, as previously 
discussed, there is excess uplink power available. 

It is worthwhile noting the wide-band repeaters on DSCS 
II compared to the narrow-band ones on Intelsat IV. The 
difference is primarily due to two factors: the degradation 
in transmission quality due to a temporary loss of net con-

trol is a direct financial loss in a commercial application, 
while in a military application even unfriendly interferers 
have to be tolerated ; second, much more bandwidth is 
needed for interference suppression reasons than is strictly 
required from that supportable by a given signal power. 

V. PROCESSING REPEATER- TYPE I 

The type I processing repeater allows access only if a 
predetermined code structure is irnbedded in the trans­
mitted signal. Three purposes are served: first, unauthorized 
transmitters are not able to use the satellite as a communi­
cation repeater; second, an interference signal not contain­
ing the predetermined code is not retransmitted on the 
downlink which otherwise wastes some portion of the 
downlink ERP; and, third, the ground terminal receivers 
can be simple since all the uplink interference rejection is 
performed at one place, viz., the satellite, rather than 
separately at each ground terminal. 

A general block diagram of such a processing repeater is 
shown in Fig. 3. The ground terminal transmitted signals 
have the form of CDMA signals and may be either direct 
sequence or frequency hopping. The pseudonoise code used 
in the direct sequence modulation or the code which dictates 
the frequency hopping sequence constitute the "key" which 
allows the ground transmitter to access the satellite repeater. 
Each l!'.[ound transmitter is assigned such a key, which may 
or may not be identical for all transmitters. The box la­
belled "code remover and demultiplexer" in Fig. 3 provides 
n separate channels containing the n uplink transmissions. 
Any authorized users or interference signals not having the 
proper key are spread in frequency and are attenuated 
when passed through the subsequent narrow-band filters. 
These filter outputs may be further demodulated and re­
modulated in a format suitable for downlink transmission. 
Alternatively, this operation may be omitted. 

A. Single Access Repeater 

Consider first the type I processing repeater designed 
only for a single access. A block diagram is shown in Fig. 4. 
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When does such a processing repeater increase1he satellite 
capacity beyond that of a simple repeater? Consider the 
simple translating repeater. Given a signal modulation 
technique and a ground receiving terminal G/T, two con­
straints on maximum downlink bit rate exist: first, Ute finite 
downlink ERP limits this to some value R1 bit/s, say, based 
perhaps on a maximum acceptable bit error probability; 
alternatively, the finite repeater bandwidth limits this to 
another value R2 bits per second, based perhaps on a maxi­
mum acceptable amount of distortion. If R1 -#- R2, the 
modulation technique may be changed to provide an in­
creased bit rate. Where R1 <R2, a higher order alphabet or 
error correction coding may be used to increase the former. 
Where the reverse is the case, a modulation scheme such 
as multiphase PSK may be used which requires less band­
width for a given bit rate, but is perhaps less efficient in 
power utilization. 

For a given modulation scheme, and for a particular 
satellite- ground terminal combination, suppose that 
R1/R2 =a. Suppose also that the desired transmitter has 
only 1/k times the power of an uplink interference signal. 
For the simple repeater, only 1/(l + k) of the downlink ERP 
is used for the desired signal, and so the maximum downlink 
data rate due to the downlink ERP constraint is 

where RI is the maximum data rate in the absence of inter­
ference. Thus it would appear that whenever R; < R2, a 
processing repeater is able to increase the satellite downlink 
capacity. This is not, however, completely true. 

This would be the case if the interference signal were 
narrow-band and a priori known. In this case, the ground 
transmitter merely avoids the frequency of the interference 
signal, and the processing repeater may simply notch out the 
narrow-band interference. In a more realistic case, the inter­
ference signal frequency is unknown, may not be narrow­
band, and there may in fact be more than one interference 
signal. In this case, the direct sequence or frequency hopping 
modulation used allows discrimination against arbitrary 
interference signals, provided that they do not contain the 
proper key. The penalty in the use of these spread-spectrum 
modulations is that they require more bandwidth than is 
strictly needed • for information transmission, in fact, 
typically, yk times larger, where 'I is approximately equal to 
10.1 Thus the use of a processing repeater for a given 
repeater bandwidth constraint would result in a maximum 
data rate of 

1 The spread-spectrum process may be modelled as foUows : let s(t) be 
the signal before spread-spectrum modulation. Toe transmitted signal 
has the form s[r-.x(r) ], where x(t) represents either phase or frequency 
modulation and spreads s(t), say, by a factor yk . The received signal is 
y(t) "'s[t-.x(t)) + /(t). where /(t) is an inte.rfere11cc signal. The receiver 
performs the inverse operation, i.e., y(t+x(r) ]"'s(1)+/[1 +.x(1)), which 
spreads/(/) to the same bandwidth as s[t - x(t)). The signal-to-noise ratio 
in the bandwidth of s(r) is approximately ;• which has to be about 10 for 
good detection performance. 

PROCEEDINGS OF TI{£ IEEE, FEBRUARY 1971 

where R2 is the maximum data .rate without the use of 
spread spectrum. Hence 

R~ k - = yr,.-- ~ .yr,. 
R2 l + k 

(I ) 

for large k. 
This says that if a> 1, R'1 >R2. In other words, if the simple 

repeater is bandwidth limited· rather than ERP limited· in 
the absence of interference, the processing repeater cannot 
increase the satellite capacity in the presence of interference. 
Alternatively, if«'/ < 1, then R'1 < R2, or that if the simple 
'repeater is strongly ERP limited rathet than bandwidth 
limited in the absence of interference, then the use of the 
processing repeater can increase the satellite capacity in the 
presence of interference. 

From Fig. l, it is seen that even for the smallest downlink 
ERP considered (DSCS II with earth coverage beam) and for 
the smallest ground terminal indicated (MT), the support­
able downlink bit rate due to the ERP constraint is ap­
proximately 20 Mbit/s, while the repeater bandwidth is 
between 50 and 125 MHz. Thus the ground receiving termi­
nal would need to have a G/T much less than that· for the 
MT terminal before a processing repeater is beneficial. 

Thus it is seen that with satellites of the DSCS II class or 
larger, the primary utility of this repeater is in connection 
with small ground receiving terminals. Not only can it in­
crease the satellite capacity for these terminals, but it also 
simplifies the receiving equipment by performing the spread­
spectrum code removal on the spacecraft. This is particularly. 
advantageous where there are a large number -of•smaU 
receiving terminals. 

The previous arguments can be extended in regard to the 
narrow-band filter in Fig. 4. Suppose that the· repeater 
bandwidth is B and that the filter bandwidth is PB. Suppose 
further that with such a filter the uplink interference signal 
is attenuated by p (a reasonable approximation). Then the 
maximum downlink data rate due to the downlink ERP 
constraint is 

where R1 is the maximum data rate in the absence of inter­
ference. Decreasing P increases R'{, but there is no ad­
vantage in increasing it beyond R2. Hence the~ which does 
not degrade satellite capacity is where R'[ ~ R2, or 

or 

(2) 

for large k. 
On the other hand, p is constrained to be no less than 

1/yk since that is the filter bandwidth needed to reject the 
interference to the desired degree at the ground terminal 
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receiver. Setting 

we see that if ct~ l /y2k, ct{l can be chosen which will attenuate 
the uplink interference sufficiently so as not to cause the 
downlink ERP to be a constraint on data rate, yet suffi­
ciently large that it does not cause a decrease in maximum 
data rate by the filter being too narrow-band. Thus aside 
from the case of extremely small ground receiving terminals, 
the filter used on the satellite for interference rejection pur­
poses can normally be much wider than the information 
bandwidth, thus it may be sufficiently wide to allow for 
carrier frequency uncertainties due to Doppler and drift. 
Therefore, it is likely that simple passive filters, rather than 
tracking filters, are sufficient. 

B. Multiple-Access Repeater 

Spread-spectrum modulation is used on the uplink to 
deny access to unauthorized transmitters and for interfer­
ence rejection. This same modulation may also be used for 
multiple access. A block diagram of a repeater using CD MA 
is shown in Fig. 5, where the biphase modulator is used if 
direct sequence is the spread-spectrum method and the 
frequency synthesizer is used if frequency hopping is the 
spread-spectrum method. Suppose that there are n users, 
each having the same data rate and ground transmitter 
power. In CDMA, the (n-1) other users appear as inter­
ference to each user. The arguments in Section V-A would 
lead one to the same conclusion as (l); i.e., the condition 
when a type 1 processing, repeater is beneficial is indepen­
dent of whether it is a single or multiple access repeater. 
This conclusion can be expected by imagining the rest of the 
accesses (n-1) as included in the total interference power k. 
The bandwidth {JB of each narrow-band filter in each chan-

nel in Fig. 5 is further constrained than is given by (2). The 
reason is the possible overlapping of the unfiltered noise of 
one channel into the desired signal of another channel in 
the summation node in Fig_ 5. For this reason in addition 
to (2), fl must also be no larger than 2/n. 

Alternatively, it is possible to combine the spread-spec­
trum modulation with a more conventional multiple access 
technique, such as FDMA and TDMA. In the case of the 
former, each user transmitter is assigned the same pseudo­
noise code (for direct sequence) or frequency hopping pat­
tern, but each transmitter is offset appropriately in carrier 
frequency. Thus the output of the first mixer in Fig. 4 exhib­
its the normal FDMA spectrum. A single narrow-band filter 
could be used to filter out interference signals, and the 
entire FDMA spectrum is translated in frequency for 
downlink transmission. Thus the n channels of Fig. 5 can 
be replaced by the single channel of Fig. 4. Frequency 
guard bands are necessary between channels, as usual, to 
allow for transmitter frequency uncertainties due to Dop­
pler or oscillator drift. One advantage of this scheme is that 
mutual interference between users is avoided, hence is at­
tractive where n approaches k. A problem with the single 
channel configuration of Fig. 4 is the-necessity for control 
of the user transmitter ERPs, as in a conventional FDMA 
scheme. 

TDMA may also be used, and, as in conventional TDMA. 
user transmitter ERPs need not be controlled. In this case, 
each transmitter simply transmits in its assigned time slot 
using the spread-spectrum code appropriate at that time. 
Instead of the frequency guard bands necessary in FDMA 
for frequency uncertainty, time guard bands are needed in 
TDMA. These depend on the accuracy to which time syn­
chronization can be achieved and it is discussed in Section 
V-C, as well as in Section VI. The increase in transmitted 
instantaneous data rate from each ground terminal neces-
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sary for TOMA also means a lesser interference rejection 
capability for a fixed repeater bandwidth B which needs to 
be offset by an increase fa instantaneous transmitter power. 

C. Synchronization 

Perhaps the principal problem in using spread-spectrum 
modulation is that of synchronization. The transmit and 
receive codes need to be aligned in time; how long it takes 
to do this is a function of both the available initial and de­
sired final timing uncertainties. The latter depends on the 
spread-spectrum technique used. In general, frequency 
hopping does not require as accurate final timing uncertain­
ties as direct sequence and is preferable from this stand­
point. The former depends on the clock stabilities used and 
the time elapsed since synchronization was last established. 
Standard results are available in this area. 

For synchronization, there are important differences in 
the type I processing repeater compared to the standard 
spread-spectrum communication system. The satellite re­
peater configuration requires only that the transmitter be 
synchronized to it; one has the option of varying.the satellite 
clock to synchronize with each ground transmitter or of 
varying each.ground transmitter to synchronize with a (free­
running) satellite clock. The first option would require a 
separate satellite clock and separate synchronization cir­
cuitry for each ground transmitter; this is clearly undesir­
able. The problem in the second option is that of conveying 
the information that synchronization has been achieved 
when it has so that the ground transmitter can stop its 
search. The two parts to this problem are: complication 
of detection circuitry on the satellite to decide that synchro­
nization has been achieved and the round trip delay of ap­
proximately 0.2 s (to a synchronous satellite) which would 
result in an unacceptably long synchronization time. 

Both of these difficulties can be alleviated by allowing the 
satellite clock to be broadcast, so that each transmitting 
ground terminal can adjust its clock to be synchronous. 
with that in the satellite. However, for the ground terminal 
transmission to be in time synchronism with the satellite 
dock when it arrives at the satellite requires further that the 
range from the ground transmitting terminal to the satellite 
be accurately known. Conventional space-ground ranging 
systems provide accuracies on the order of 50 ft; thus the 
ground transmission may be received at the satellite in time 
error by the equivalent of i 00 ft, or 0.1 µs. Thus if it is neces­
sary to synchronize to an accuracy better than this, fine 
synchronization of some kind is needed on board the satel­
lite with attendant complexity. 

VI. PROCESSING REPEATER-TYPE 2 
The type 2 processing repeater may be classified as either 

fixed or variable routing depending on whether message 
routing within the repeater may or may not be changed. A 
simple example of a fixed routing repeater is the DSCS II 
repeater, as shown in Fig. 2(c). 

Consider the repeater as a communication node having n 
input and n output ports. The signal received at the ith 
input port needs to be routed to one or more output ports 
for retransmission. Further, which portions of the signal go 
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Fig. 6. Switching and routing repeater block diagram. 

to which output port may change-with time, depending on 
traffic requirements.- A representation .of such a repeater is 
shown in Fig.' 6, illustrating a satellite-with k antennas, all 
presumably disjoint in area of coverage with m; transmitters 
and receivers attached to the ith antenna (this assumes 
downlink capacity equals the uplink capacity for each 
antenna). The mi transmitters are presumed disjoint in fre­
quency band and similarly for the mi.recei:vers. With · 

Fig. 6 may be considered as an n-port repeater having k 
antennas. Fig. 6 may be envisioned to be a future enlarge­
ment of the Intelsat IV satellite, for example, having m1 

channelized repeaters. on the ith antenna, with k fairly 
large (>4). 

A. Frequency Reuse 

The principal reason for the, k antennas is "frequency. 
reuse." This is a term implying that several uplinks on the 
same satellite may share the same frequency band, and it is 
similar for the downlinks. This may be achieved by provid­
ing sufficient mutual isolation between the antennas; its 
practicality is presently still being-investigated. Fuenzalida 
and Podraczky (14] have studied~ome of the factors in pro­
viding this isolation; here we, briefly review some ·of·the 
considerations. 

How closely one can place two antenna beams without 
unacceptable interference depends on the beam shape and 
sidelobe levels. A typical beam shape for a parabolic reflec­
tor is shown in Fig. 7. A first consideration is .whether the 
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DEGREES 

Fig. 7. Paraboloid power pattern H plane. 

sidelobes are sufficiently suppressed; if not, the beams have 
to be spaced far enough so that the large sidelobes of one 
antenna do not appear on the main beams of any of the 
other antennas. If all sidelobes are acceptably low, the 
steepness of the main beams determines how closely two 
such beams can be placed. For example, in Fig. 7 the 3-dB 
beamwidth is I .5°. If the antenna gain were to drop abruptly 
at that point, two such beam centers could be located 
within 3°· of each other. In the actual case, assuming that 
the 30-dB down first sidelobe is acceptable, two such beams 
can be placed no closer than 5° apart. 

Polarization diversity is seen to be another means of in­
creasing mutual isolation, with two adjacent antenna 
beams being either cross-circularly or cross-linearly polar­
ized. The latter is easier to feed with lower cross-polarized 
components; the former does not require polarization 
tracking, certainly an attractive feature, and should be less 
susceptible to atmospheric effects. Several factors contribute 
to the amount of cross polarization for a parabolic antenna: 
the amount of reflector curvature (f/D ratio), strut and 
feed scattering, and the kind of feed used. Horn feeds, in 
particular, can provide excellent polarization purity. The 
amount of polarization isolation practically achievable is 
still unknown; Fuenzalida and Podraczky [14] state that 
10 dB is achievable with cross-linear polarization. This- is 
perhaps conservative but is also a function of the total 
bandwidth over which polarization is-olation is desired. 

B. Traffic Considerations 

The degree of variation of traffic between the n ports de­
termines the amount of routing flexibility the repeater has 
to provide. Between the m1 ports connected to the ith an­
tenna, one has the option of minimizing the variation in 
traffic flow by requiring the user ground terminals to access 
a different port on the same antenna by changing its fre­
quency, at the expense of increasing the terminal complex­
ity. On the other hand, no such option exists when traffic re­
quirements between antennas change with time. 

Here we consider the case where it is desired to route even 
between repeaters connected to the same antenna, thus al­
lowing each ground terminal to transmit and receive al­
ways on the same frequency, regardless of the destination 
or source of the messages. The desired traffic at any time 
between the n ports may be expressed as an n x n matrix, 
with the ijth entry being the data rate from the ith receiver 

I 
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Fig. 8. An assumed traffic pattern with four states. 

Sums of 
Columns 
(Transmitter s ) 

3 7 l 4 l 
2 2 6 7 7 
4 I 3 4 9 
8 3 0 4 
3 4 5 2 

0 1 7 18 0 24 

Sum s of Rowe 
(Receiver s) 

t 
18 
24 
21 
16 
20 

Fig. 9. Maximum traffic matrix for Fig. 8. 

S ums of a ll 
entries = 99 

port to the jth transmitter port. This matrix changes with 
time according to traffic demands; an example may be as 
shown in Fig. 8. Here n = 5 and it is assumed that each 
channel has the same capacity, normalized to 16 (MHz). 
At state S0 , for instance, a message with bandwidth of 7 
MHz is passed from the second receiver port to the fourth 
transmitter port. At S0 , it is seen that all channels are fully 
loaded (sums of all rows and all columns equal 16). On the 
ot-her hand, at S1, this is no longer the case since, for in­
stance, the sum along the second row gives 14 instead of 16. 

Suppose that the four states ~ . • • • , S3 represent the 
the total traffic variations. First of all we s-ee that the channel 
capacities [16] are never exceeded, so that the satellite 
capacity is adequate if sufficient routing flexibility is pro­
vided by the repeater. On the other hand, suppose that no 
routing flexibility is provided. One has the alternative of in­
creasing the capacities of each of the receivers and trans­
mitters . to accommodate the maximum demand. Fig. 9 
shows this maximum traffic matrix which has as its ijth en­
try the largest of the ijth entries in the four states of Fig. 8. 
On the other hand, Fig. 9 also gives the sums of the rows 
and columns of this maximum traffic matrix. It is seen that 
the receiver capacities all have to be increased (with one 
exception). The total receiver capacity required is increased 
from 80 MHz ( 16 x 5) for the repeater with switching, to 99 
MHz for the repeater without switching, and similarly for 
the transmitter capacity. 

This example merely illustrates the degree to which 
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traffic variations determine the desirability of a repeater 
with variable or fixed routing. It is seen that even the rela­
tively minor traffic .variations between the four states in 
Fig. 8 require a repeater with 25 percent greater capacity if 
fixed routing is employed. 

C. Repeater Configurations 

We first consider. a repeater with fixed routing, using the 
traffic matrix of Fig. 9 as an illustrative example. In order to 
route signals.received at port 1 to .be.distributed for trans­
mission through ports 1-5, one must have a means of sep­
arating the received signals at port 1. If the signals at po.rt 1 
consist of a single bit stream on one carrier, one may de­
modulate the bit stream, identify the destination of the 
various bits if they ai:e suitably coded, and redistribute them. 
However, aside from the complexity, it is desirable that the 
repeater structure be flexible enough to accommodate 
multiple earth terminal origins for the signals at each port 
so that these signals will not in general be on a single bit 
stream on a single carrier. One could of course demodulate 
each earth terminal transmission separately, but this would 
be excessively complicated. The other obvious alternatives 
are frequency and time division multiplex. 

In time division multiplex, the time-location of a message 
is its destination code. Consider first the fixed routing 
case, using Fig. 9 as an illustration. For receiver port l, the 
time slot may be divided into .18 equal parts, each of dura­
tion, say, T0 . From t=O to t=3T0 , receiver port 1. is con­
nected to transmitter port. I; from t=3T0 to t=l0T0 , re­
ceiver port l is connected to transmitter port 2, etc. A prob-­
lem with this straightforward approach is that more than 
one receiver port carrying more than one message may be 
simultaneously connected to a transmitter port. A solution 
is a suitable memory on the satellite repeater to properly 
format the signals for retransmission. However, this is 
obviously an unattractive solution. 

The question arises as to whether, given any traffic matrix, 
it is possible to format the ground terminal transmissions 
so that no two messages destined for the same transmitter 
port are allowed to occur simultaneously; for then, the 
satellite. repeater could consist of memoryless swHches. It 
can be shown that if the sums of each row and column of the 
traffic matrix are -identical, as in state S0 of Fig. 8, this can 
always be done. The proof follows: consider.a permutation 
matrix P of order n, meaning a matrix possessing exactly 
one nonzero element of value one in each row and column. 
If a traffic matrix is a permutation matrix, the required 
switching can obviously be satisfied with fixed switches, 
with the ith receiver port permanently connected to the 
jth transmitter port if the ijth matrix element is one. Second, 
a traffic matrix (with capacity normalized to one) is a 
doubly stochastic matrix, where the elements of a doubly 
stochastic matrix, by definition, satisfy the conditions 

aii ~ 0 

1:aij = 1 
j 

~>ij = 1 
i 
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Fig. 10. Time division format for fixed routing. 
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Fig. 11. Repeater configuration for time division multiplex. 

Third, it is obvious that any (normalized) finite sum of 
permutation matrices is a doubly stochastic matrix and, 
further, that any traffic matrix constituted in this way can be 
implemented with a switch matrix consisting of the switch 
positions specified by each permutation matrix sequentially 
switched. Finally, any doubly stochastic matrix can be 
written as a (normalized) finite sum of permutation matrices, 
the last result being due to Birkhoff [15}. 

The question arises when the rows and columns of .the 
traffic matrix do not have identical sums. In this case, it is 
necessary for all data rates transmitted and received by the 
satellite to be identical and in synchronism so that all lower 
capacity ports (from a traffic requirement standpoint) need 
to have the capacity of the highest capacity port. For in­
stance, for the matrix of Fig. 9 even though receiver port l 
only requires 18 MHz, it has to operate at the rate of the 
highest capacity port, receiver port 2, which requires 24 
MHz. Thus receiver port I would be idle (24-18)/24= 25 
percent of the time. 

An example of the receive- transmit format using mem­
oryless switches for the traffic matrix of Fig. 9 is shown in 
Fig. l 0. Here the rows represent the receive ports, and the 
numbers represent the transmit port to which the receive 
port is connected at the given time. The abscissa is in 
units of time, quantized to, say, T0 . For example, Fig, IO 
shows that receiver port l is connected to transmitter port 2 
from t = O to t=5T0 , to transmitter port l from t = 5T0 .to 
t = 7 T0 , etc. That no transmitter port is connected .to more 
than one receiver port simultaneously is evidenced by the 
fact that no two numbers are alike in every column of Fig. 
l 0. The times when the receiver ports are idle a.re indicated in 
Fig. 10 by a dash mark. 

The repeater configuration for this case is given in Fig. 11 
with then receive and transmit ports connected by n single-
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Fig. 12. T ime division with variable routing for four states. 

pole n-throw switches. Fig. 11 is shown with the single pole 
connected to the transmitter port rather than to the receiver 
port, since one never desires to connect two receivers to the 
same transmitter, but one may sometimes desire to connect 
two or more transmitters to the same receiver, as in a broad­
cast mode. 

A penalty for this relative repeater simplicity is a further 
increase in required satellite capacity. For the example of 
Fig. 9 each port has to have the capacity of the highest 
capacity port, viz., 24, resulting in a total required satellite 
capacity of (24 x 5) = -120 MHz or a further increase of ap­
proximately 20 percent. 

On the other hand, the repeater configuration of Fig. 11 
can be used without modification for variable routing, and 
there is no reason to suffer the degradation due to fixed 
routing. For example, the four states in Fig. 8 are imple­
mented as shown in Fig. 12. Since the maximum port capac­
ity required in all four states of Fig. 8 is 16 MHz, this is 
also the capacity required for each port, and the total 
satellite capacity requirement is simply (16 x 5)=80 MHz, 
the minimum achievable with variable routing. Thus the 
previously mentioned method of time division multiplex 
appears as a very attractive possibility for a variable routing 
satellite repeater. 

The second alternative is frequency division multiplex. 
Consider fust the situation with fixed rooting. For the as­
sumed traffic of Fig. 8, the maximum traffic matrix of Fig. 9 
still applies. The traffic entering the ith receiver port has to 
be separated in frequency by the use of filters and reassem­
bled at each transmitter port. The difficulty is that the 
signals from the n receivers are in general at the wrong fre­
quencies for reassembly without an intermediate frequency 
conversion, and the difficulty is exactly analogous to the 
problem of having more than one receiver connected to the 
same transmitter at the same time in the time division multi-

2 6 2 3 I 

l I 5 0 0 

2 0 I 2 6 

7 2 I 0 l 

I 3 4 3 0 

Fig. 13. Minimum 1raffic matrix for Fig. 8. 
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plex case, and which can be solved in a similar way if de­
sired. In this case, considering the abscissa as a frequency 
rather than a time axis, Fig. IO may be viewed as a frequency 
plan for the five receive ports for the traffic matrix of Fig. 9. 
For instance, 0 to 5 MHz (reading from left to right) is re­
served for those earth terminals wishing to transmit to re­
ceive port l to be retransmitted through transmit port 2 ; 5 
to 7 MHz is reserved for retransmission through transmit 
port I, etc. As Fig. IO shows, frequency conversion is neces­
sary to reassemble the signals at the transmitter ports, since 
all frequencies need to be disjoint at the transmitter port. 
Unlike time division multiplex, where each channel has to 
have the capacity of the largest channel, this is not the case 
in frequency division. F:or instance, receiver port 1 only has 
to have a bandwidth of 18 MHz, while the maximum band­
width, for receiver port 2, requires 24 MHz. On the other 
hand, the frequency plan is not perfectly efficient, as evi­
denced by receiver port 3 requiring 22 MHz instead of its 
minimum of 21 as given by ·Fig. 9. Also, transmitter ports 3 
and 4 require I and 2 mor.e MHz than necessary, as will be 
seen by inspecting Fig. 10. On the other hand, what is now 
needed are sixteen I-MHz filters for each receive port with 
only a simple summation at each transmit port. 

Consider next the receiver with variable routing. For a 
given traffic pattern, one may identify a minimum traffic 
matrix having an ijth entry which is the smallest of the ijth 
entries for the traffic matrices constituting the specified 
traffic pattern. For example, Fig. 13 is the minimum traffic 
matrix for Fig. 8. The minimum traffic matrix specifies that 
portion of the traffic pattern that does not vary as the traffic 
pattern varies and, thus in the present context, represents the 
maximum amount of fixed routing that may be accepted 
without requiring an increase in repeater capacities. Thus 
the receiver may be conceived of as having two parts: a 
part with fixed routing, as specified by the minimum traffic 
matrix, and a part with variable routing. A possible con­
figuration, for the case of Fig. 8, is the following: divide the 
traffic flow into integral factors of the smallest unit of traffic 
flow, in this case 1 (MHz). Each ground terminal transmits 
multiple carriers, each carrying 1 MHz of data, the number 
of carriers depending on the total data rate. For instance, re­
ferring to Fig. 8, the ground terminal(s) transmitting to re­
ceive port I uses 16, 16, 16, and 15 carriers respectively over 
the four states. A repeater configuration may be as shown in 
Fig. 14. The top halves of the two parts of Fig. 14 show the 
fixed routing of Fig. 13. The lower halves are those parts for 
which variable routing is needed. The division simplifies the 
required switch matrix and reduces the number of frequency 
conversions required. However, Fig. 14 does not show, ex­
plicitly, frequency synthesizers (or equivalent) to convert to 
a variety of frequencies, nor does it show the filters required 
to eliminate spurious products. 
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Fig. 14. Repeater configuration with variable routing (state Si of Fig. 8 shown). (a) Receiver pon 1. (b) Transmitter pon I. 

These frequency conversion problems can also be elimi­
nated by a frequency management scheme as given by Fig. 
12 for the case with variable routing. Here the outputs of 
each 1-MHz filter are connected to a switch matrix which 
would connect them to the appropriate transmitter port de­
pending on the state S1. For instance, the output of receiver 
port 1 in the frequency range 15-16 MHz (right-most posi­
tion) would be connected to transmitter ports 3, 5, and 2 for 
states So, Si, and S2 , .respectively. For state S:i, the receiver 
port is not used. As in time division multiplex, one has the 
alternative of connecting a receive port to one of several 
transmit ports or of connecting a transmit port to one of 
several receive ports, the latter providing a broadcast 
capability. In the former case,p single-pole n-throw switches 
are needed at each receive port where p is the ratio of the 
port capacity to the lowest data rate to be switched (in this 
case, 16); hence np single-pole n-throw switches are re­
quired altogether. In the latter case, one ·single-pole np­
throw switch is needed at each transmit port, hence n 
single-pole np-throw switches a.re required altogether. 
Similarly, np filters are needed altogether, one at each re­
ceive port. The number of switches and filters needed for a 

specified traffic pattern, such as in Fig. 8, may be reduced 
from the previously stated number by taking advantage of 
the minimum traffic matrix of Fig. 13, since a possibly sub­
stantial portion of the traffic need not"be switched. 

In comparing frequency and time division multiplex, it 
appears that both can be implemented with either fixed or 
variable routing with a reasonably modest amount of equip­
ment complexity. Time division is attractive in that no 
multiple-carrier intermodulation problems are present, and, 
in addition, it does not require multiple frequency separa­
tion filters at the spacecraft and requires less complex 
switching. Further, it is compatible with presently planned 
TDMA modems. The main disadvantages of time division 
multiplex are ·two: the requirement for fast switching and 
th~ntrol ·Iogic necessary for fast switching. We discuss 
some detailed problems in Section VI-D. 

D. Time Division Multiplex 

It is envisioned that, together with the repeater con­
figuration of Fig. 11, the ground terminal transmitters and 
receivers operate similarly to the presently planned TDMA 
mode (I 6 }-(18 ], Between each burst of data with duration 
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T0 , there is a guard band, together with a data preamble, 
which allows timing errors and reacquisition. It has beeo 
estimated that a guard time of 100 ns is adequate for a syn­
chronous ~tellite with a simple repeater. Where the re­
peater is required to switch between bursts as in Fig. 11, 
additional guard time needs to be allowed for switch timing 
errors, switching time, etc. The switching time can be a 
function of the number of positions n of the switch, the 
loss through the switch, and the isolation desired. T0 is 
chosen long enough so that a relatively small proportion of 
it is used for guard time and synchronization aod yet short 
enough so that ground terminal data buffering require­
ments are minimal. The maximum data buffering required 
is over a frame time where a frame, in the case of Fig. 8, 
would be 16 To, Thus the ratio of the frame time to T0 is the 
ratio of the maximum port capacity to the lowest data rate 
to be separated for retransmission. An attractive solution to 
reducing this ratio is the use of what is equivalent to sub­
commutation. In this way, the high data rate ground termi­
nals would operate at a higher frame rate, the low data rate 
terminals at a lower frame rate, allowing one to adjust the 
data storage/buffering requirements to fit the ground 
terminal size. 

The presently envisioned TDMA mode of operation 
with a simple satellite repeater uses a ground station as the 
master clock. This master ground station transmits a peri­
odic burst through the satellite repeater, allowing any other 
transmitter to receive this burst and to time-phase its trans­
mission through the satellite with respect to the burst. The 
satellite is indifferent to the user system timing. This is not 
the case, however, for the repeater configuration of Fig. l l 
since the times at which the switches operate must be in 
synchronism with the user transmissions. This requirement 
is similar to the type I processing repeater discussed in 
Section V, and it is similarly proposed that the satellite may 
be kept simple by allowing all ground terminals to syn­
chronize to it. In this case, the satellite contains a master 
oscillator, which determines the time T0 at which the 
switches should operate, but receives instructions from a 
master ground control station as to the connectivity as a 
function of time. Since it is envisioned that traffic require­
ments change relatively slowly (~ hours), instructions from 
a master ground station are loaded into a memory on the 
satellite which is read out every T0 seconds. 

It is necessary for each ground terminal to synchronize 
its transmission to the satellite clock to an accuracy of ap­
proximately 100 os. This can be simply done by letting the 
satellite transmit a burst in place of that presently to be 
transmitted by a master ground station, provided that each 
ground terminal transmitter can receive its own transmis­
sion through the satellite repeater. The latter may not be the 
case with k antennas with disjoint ground coverage if the 
repeater is configured only to satisfy traffic requirements 
(i.e., traffic requirements may not necessitate connecting 
the transmitter for node I to the receiver for node I at any 
time). In this case, some additional capacity would be 

·needed to allow each ground terminal to receive at least part 
of its own transmission to allow synchronization. 
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Finally, synchronization to within 100 ns requires digital 
logic on the sateHite toaoperate in the range 1- 10 Mbit/s, 
certainly acceptably modest. 

VII. CONCLUSIONS 

In this J'aper, we have examined in some detail two types 
of processing repeaters. The type I processing repeater is 
able to discriminate against unauthorized users, to con­
serve the capacity of the repeater to only those users who 
possess a predetermined key. At the same time, undesired 
interference signals are rejected. It appea,s that such a re­
peater is most useful in the situation where there are a large 
number of small receiving terminals to optimize the satellite 
capacity with respect to these terminals and to simplify the 
processing otherwise needed at these terminals. The type 2 
repeater acts somewhat as a "switchboard in the sky" in 
being able to route signals transmitted through one antenna 
at one frequency to another antenna at another frequency 
where the desired routing may be changed as a function of 
time. In this way, the satellite capacity is utilized fully in the 
face of changing traffic demands. Also, transmitting and 
receiving terminals are simplified. 

In both of these processing repeaters, complexity is added 
for two reasons: to fully utilize the satellite capacity and to 
simplify the user ground terminals. As communication 
satellites become larger, so that a small saving in communi­
cation capacity may allow the addition of substantially more 
equipment, and as users of these satellites become more and 
more numerous, it appears to us that one or both of these 
processing repeaters will find application in the near future. 
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A Variable-Coverage Satellite Antenna System 
ANDRE R. DION, MEMBER, IEEE, AND LEON J. RICARDI, SENIOR MEMBER, IEEE 

Abstract-A multibaem ·antenna system and· combiner switch 
capable of producing • variable-coverage radiation pattern are de­
scribed. The antenna consists Qf a waveguide ·lens illuminated by a 
19-element feedhorn array. The combiner switch consists of a corpo­
rate arrangement of variable power dlvidars:·the letter is made up of 
two phase shifters end two conventional hybrid power ·dividers. An 
earth-coverage radiation p&ttarn with 1 ... than 2-dB rippla end an 
antenna gain :,; 20 dB is obtained by equally exciting all bNms of the 
multlbaam antenna simultanaou■ly. Excitation of a single faedhorn 
results in a narrow beam with an antenna gain :,:30 dB end a near-in 
sidelobe level 1 ... - 20 dB. The sldalobe level can ba reduced appre­
ciably by appropriately aaciting the adjacent fNClhorns. Th■ frequency 
bandwidth corrNponding to 0.6-d B dacraasa in antenna gain is 10 per­
cent. A technique for computing the radiation proparti■s of the an­
tenna is daacribad; the agreement with measured data is shown to be 
excellent. 

I. INTRODUCTION 

ONE OF THE principal functions of a satellite •is 
that of a communications relay station. This paper 
describes an X-band antenna developed for a three­

axis stabilized synchronous satellite whose radiation pat­
tern can be controlled from the earth. The wide variety of 
radiation pattern shapes available includes an " earth• 
coverage" pattern and a narrow beam with a 3° one-half 
power beamwidth (HPBW). The circularly polarized an­
tenna consists of a waveguide lens illuminated by an array 
of feedhoms. Excitation of a feedhorn produces a "pencil 
beam" radiation pattern and all the beams are approxi­
mately "mutually orthogonal." A multi pole multithrow 
power dividing system permits a wide variation in the dis­
tribution of power among the narrow beams or "weighing'' 
of the signals received by the horns in the feed. 

The earth-coverage and switchable pencil beams are of 
primary interest; the combination of two or more pencil 
beams permits the synthesis of practically any pattern shape 
that is capable of being formed by the 30-in-lens aperture. 
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The accuracy with which a desired coverage may be ob­
tained increases as the HPBW of the narrow beam is de­
creased and as their number is increased. The 30-in-diameter 
aperture imposes a· minimum HPBW; the antenna effi­
ciency and feed complexity place a practical limit on the 
maximum number of beams. This paper includes a discus­
sion of these fundamental limitations in addition to a. de­
tailed description of the lens and its feed, the power dividing 
circuit, and some measured and computed results. 

II. MULTIBF.AM ANTENNA 

In general, the ·synthesis· of an input function can be 
greatly simplified if the desired output and transform func­
tions of a given network can be expressed in terms of a set 
of orthogonal functions. The orthogonality must hold over 
the domain of interest and some deviation from or­
thogonality can be tolerated. The classical set of 
sin ( a0 - me)/( a0 - nn) functions are . orthogonal and the 
required weighing coefficients are given by F(nn/a) where 
n =I, 2, 3, etc., and F(0) is the desired function. Clearly the 
resulting sum of sin x/x functions equals F(0) only at 
0=nn/a but the orthogonal property of the sin x/x func­
tions guarantees that F(8) is more accurately produced as 
N, the number of terms in the sum, is increased. If the func­
tions are not orthogonal, increasing the number of terms 
will not, in general, increase the accuracy of the represen­
tation of F(0) by the summation. 

It is at least impractical to construct a lens with a multiple 
horn feed which will radiate " orthogonal" beams; how­
ever, a reasonable approximation may be obtained by 
choosing the feedhom spacing and aperture such that the 
angle e. at which the peak of the nth beam occurs corre­
sponds to the angle at which the first minima of all the 
juxtaposed beams occur. Under th.is condition, the radiated 
energy of the multibeam system at 0=0. is determined 
principally by the fraction of the total radiated power that 
is transmitted by the nth beam. This is also true on reception 
when the feed network is a reciprocal device. 




