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corresponds to that required to escape from the earth's
gravitationial field and, in addition, requires a niumber
of satellites in a pattern to provide continuous point-
to-point communicationis. A satellite at about 19,000
nautical miles altitude, variously called a 24-Hour, Sta-
tionary or Synchronous Satellite, becomes initeresting
because only onie satellite is required for continuous,
point-to-point (or point-to-area) commnunicationis for
niearly a hemisphere of the earth's surface. However,
this requiires considerably more energy for injection
than even ani escape imission requires, so that for a giveni
vehicle a lesser payload is possible than for satellites at
lower orbits. At the same time the power requiremenits
have gone up in proportion to the square of the addi-
tional distance or, more realistically, the bandwidth
that can be transmitted has been reduced in proportion
to the square of the (listanice.

These considerations must be balaniced against each
other and against many others in any selection of a
space commnunications system to meet miilitary needs.
The lowv-flying delayed relay satellites appear to have
promiiise of haiidling a great amjiount of the routinie colm-
municationis traffic associated with logistics aind person-
nel operations where mloderate time delays are niot im-
portant and miiay actullylly be less thani that due to nior-
mal HF traffic backlogging. This will relieve the HF cir-
cuits for greater reliability in higher priority miiessages.
The higher altitude satellites caln be used to provide re-
liable real time communications where the bandwidth
requiremiients aire compatible. As launching vehicle ef-
ficienicies improve, in termiis of ponnidls of payload ill
orbit per dollalr, anid as reliability and useful life prob-
lemus are solved, satellites will becomiie inicreasinigly im-
portant for military comimunicatiols.

Communication Satellites*
DONALD L. JACOBYt

Summary-This paper is intended to provide a review of com-
munication satellites starting with their comparatively brief history
and continuing through present developments and future concepts
and the probable impact on global communications.

The advantages and disadvantages are considered for various
types of passive and active devices, for various orbits, and from the
standpoint of both military and commercial applications. Considera-
tion of all major technical and economic factors leads to the conclu-
sion that a system of 3 or 4 repeater satellites in 24-hour orbits will
best meet future world-wide communication requirements. A number
of system conc-epts are described, including time-synchronous and
frequency-sharing systems.

Important aspects of communication satellite design are dis-
cussed including electronics, antennas, power supply, structure, at-
titude and position stabilization, command control, and telemetering.
Selection of frequency is shown to be not critical over a wide range.
Choice of design parameters such as power output, antenna gain,
stabilization accuracy, etc., is largely dependent on the desired capac-
ity of the communication system and the available satellite payload.
Some typical parameters for a high capacity system are presented.

Reliability is an over-riding consideration in satellite design and
it is proposed to achieve desired life by proper choice of components,
by use of redundancy, and by minimization of satellite requirements
at the expense of the ground equipment.

Based on published information on ARPA-NASA programs and
booster capabilities, some estimates are made of the rate of progress
which can be expected in communication satellites, leading to their
eventual use in military and commercial communications. Wide ap-
plication is foreseen because of increasing communication require-
ments which will saturate existing facilities.
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INTROD I CTI()N

HE next ten years will see a revolutioni in world-
wide communiicationis with the advenit of the
communicationi satellite. In this age of jet planes,

nuclear power, and moon rockets, otur comllmunication
facilities have simply become outmoded. These facili-
ties have served us well and will continue to do so in the
future, but they are not good eniough. They will not
handle the greatly inicreased volume of communica-
tions. They will niot support world-wide television
which could contribute to improviing ilntern-ationial
uniderstanding. Present commilunicationis are too easily
disrupted. A slight increase in sunspot activity cani cause
all radio communication to Europe to be blacked out.
A fishing trawler may accidentally cut the North At-
lanitic telephone cable. While these events present dif-
ficult problems to civiliani comminuniicatioins, the imupli-
cations of even temporarily beiing cut off fromii the rest
of the wvorld are far more serious froml a military stanid-
poinIt.

During the past two years, communicationi satellites
have attracted considerable interest withini both indus-
try and government. There has been a successful launch-
ing of a communications satellite (Project SCORE), anid
development programs have been initiated both within
the civilian space agency and the Department of De-
fense. Rather than discuss any specific programs, an
attempt at an underlying philosophy of comnmunication-
satellites will be presented, starting with the objectives.
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OBJECTIVES

What should be some of our major objectives in de-
veloping a system of communication satellites? First of
all, we are looking for reliable communications which
provide uninterrupted service over long periods. The
system should have high capacil'ty with capability for
handling large volumes of all types of traffic. It should
be sufficiently flexible to serve the maximum number of
potential users. There should be minimum delay in
transmission. Last but not least, it should be economical
in terms of the cost of the services rendered. Each of
these factors will be discussed in more detail, and the-
communication satellite will he compared with some of
our existing facilities.

Reliability

There are two types of reliability of interest to us.
The first of these is propagation reliability. The high-
frequency band has always been subject to the vagaries
of the ionospheric layers which surround the earth.
Thus, only a portion of the HF band is actually useable
at any given time over a particular path. In addition,
multipath effects seriously limit the amount of informa-
tion which can be transmitted over a given channel.
Added to these limitations are the blackouts which may
result from ionospheric disturbances caused by sunspot
activity. (As indicated in the New York Times last
March, similar disturbances can be introduced by high-
altitude nuclear explosions.) One is forced to the con-
clusion that HF radio via the ionosphere is not highly
satisfactory as a propagation medium.
By contrast, a communication satellite of the active

repeater type employing line-of-sight transmission at
microwave frequencies would be extremely reliable from
a propagation standpoint. However, the communica-
tion satellite introduces a different type of reliability
problem, that of reliable unattended operation for long
periods while in orbit. Some experts doubt that a reli-
ability sufficient to make a communication satellite eco-
nomically feasible can be achieved. It is believed that a
reliable communication satellite can be developed with
a minimum guaranteed life of one year based on the fol-
lowing assumptions: there is major effort to develop
components of proven reliability for this application; all
components are operated well within their ratings; the
satellite design provides adequate protection during the
launching and while in the space environment; and,
finally, adequate use is made of redundancy to further
increase the probability of successful operation. De-
spite the formidable problems, the satellite does enjoy
some advantages. Unlike ground equipment, particu-
larly military, which must withstand extremes of oper-
ating temperature, humidity, atmospheric pressure, and
mechanical shock, the electronic equipment in the
satellite will be provided, once in orbit, with an almost
fixed environment devoid of the factors that generally
contribute to reducing component life.

High Capacity
Through the years we have been dependent, almost

exclusively, on high frequencies in the band 5 to 20
megacycles for our long range global communications.
These frequencies are shared among all countries and
must support both military and civilian applications.
The narrow range of frequencies, and the propagation
characteristics discussed previously, seriously limit the
total communication capacity.

It is not surprising that there is always great interest
in new techniques which promise to open additional
areas of the frequency spectrum to long-range com-
munications. Recent examples are ionospheric and
tropospheric scatter propagation. The communication
satellite will open up the complete range of frequencies
to 10,000 megacycles for long range communications,
thus providing nearly 1000 times the spectrum available
in the HF band.

Flexibility
One of the requirements is to provide sufficient flexi-

bility in our system so that new or changing demands
around the world can be satisfied without major over-
haul or replacement of facilities. A major disadvantage
of the submarine cable, for instance, is its lack of flexi-
bility, being strictly a point-to-point fixed-plant type of
facility. On the other hand, a system of communication
satellites in 24-hour equatorial orbits, by providing wide
bandwidths and essentially global coverage, places a
minimum of restraint on the number and location of
ground stations served and the volume of communica-
tion furnished to each.

Minimum Delay
Another of our objectives is to speed up our com-

munications. All too frequently urgent messages are de-
layed because our facilities are congested or because
propagation conditions are poor. Recently, a television
program was seen in the United States only a few hours
after it was broadcast in England and this was consid-
ered a major achievement. Some of the advantages of
communication satellites previously discussed, such as
the wide bandwidth, will not only make possible world-
wide television broadcasting in real-time, but will re-
duce delays in all types of communications.

Economics

If one accepts the fact that communication satellites
will improve global communications, it is still reasonable
to ask how much they will cost. Here we find that com-
munication satellites have some unique characteristics.
In the first place, the quantity of satellites required is
not sufficient to warrant production tooling, and, there-
fore, they will always be expensive by comparison with
mass-produced equipment. Of far greater significance,
however, is the cost of the launching vehicles, which
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may run 5 to 10 millioni dollars or more depending oIn the
satellite weight and the orbit. The present state of the
art requires perhaps three launchings to insure one suc-
cessful satellite, but missile experts hope that this ratio
can be improved in the future. If the most pessinistic
figure is taken, it could cost as much as 90 millioni dol-
lars for the vehicles alone for a system of 3 satellites in
24-hour orbit. Once in orbit, a communication satellite
has no operatinig and mainitenanice costs in the usual
senise. However we must plani oni periodically replacinig
satellites which have failed. It is easy to see that, oni a
lonlg terIm basis, the cost of a commiiiiuinicationi satellite
systemn is thus intitmlately tied to the reliability of the
satellite, and a few millioni dollars to improve reliabil-
ity duriing development would save maniy timnes that
amounit durinig each year of operation.

SU RVEY OF TYPES OF COMMt NICATION SATELLITELS

Thorough review of all factors has led to the conlclu-
sioII that anl active repeater type of satellite in a 24-hour
equatorial orbit offers the Imlost promise for advancing
global communications. However, in view of the relia-
bility problems anid the anticipated costs of a comnmunii-
cation satellite program, it would be well to briefly re-
view the pros and cons of alternative approaches which
are under development or have been proposed.

Passive Reflector
A concept which has attracted considerable interest is

that of the passive reflector satellite as described re-
cently.' Some of the advantages of such a system are its
inherent reliability anid the possibility of being shared
by a large number of users operating over a wide ranige
of frequencies. However, a typical system operating be-
tweeni two locations 2000 miles apart would require a
total of 24 100-foot balloonis in ranidomly spaced orbits
at 3000 miles altitude for an outage time of 1 per cenit.
In addition, to support meaniingful communication
bandwidths, extremely large transmitter powers, low-
noise temperature receiving systems, and large track-
ing antennas with beamwidths of the order of 0.050 are
required. Substantially greater numbers of satellites
would be required to provide longer range or wider
coverage than the examples cited and, therefore, they
do Inot appear to be anl ecotnomical solutioni to providing
truly global communiicationis.
The passive reflector satellites would be more attrac-

tive if they could be stabilized in attitude, permittinig
use of more efficient reflecting surfaces, or if the satel-
lite orbits could be synchronized so as to reduce the
number of satellites required. However, the satellites
then cease to be "passive" and reliability is no longer
inherent in the system.

J. R. Pierce and R. Kompfner, "Transoceanic communications
by means of satellites," PROC. IRE, vol. 47, pp. 372-380; March,
1959.

Delayed Repeater Satellite
This concept envisonis a satellite in low-altitude (300

to 2000 nmiles) orbit providiiig Comml.llunications between
a numuber of grouind stations. Each groundci station p)ro-
vides facilities for storinig comilmunicationi traffic des-
tined for other stationis and transm'itting thils traffic to
the satellite during the time the satellite is in view. Si-
multaneously, the grounid statioii will receive froim1 the
satellite traffic fromii other grounid stationls which have
been stored in the satellite. The satellite is equipped
with recorders and appropriate conitrol circuits which
can be commanided fromii the grouiid or perhaps operate
on a prearranged programii.
A satellite in equatorial orbit canl provide commiiiiunii-

cationis to stations in the equatorial zonie oni each satel-
lite orbit. In orbits other thani equatorial, a satellite
will serve a larger area but will in geineral serve a lpar-
ticular station less frequently. TI:he higher the altitude
of the satellite, the longer is the timiie in view for each
grounid stationi anid the larger is the area served.
The delayed repeater satellite appears to be an1 eco-

nomical method of providing comiimunicationis where
delays of 2 to 3 hours are tolerable. It is milost efficient
whein operating in the region of the equator. It is iiot
intenided to provide global coverage or commun-icatlion
of a high priority nature.

COMMUNICATION SATELLITE IN 24-HoUR ORBIT
-SYSTEM DESIGN

This concept is illustrated in Fig. 1. Three satellites
at an altitude of 22,300 miles and equally spaced over
the equator circle the earth in 24-hour equatorial orbit.
Because of the earth's rotationi, they appear to remiiain

Fig. 1-Concept of three communication satellites in 24-hour equa-
torial orbit, showing geometrical relationships in the equatorial
plane.
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fixed to an observer on the earth. Such a satellite system
will provide complete global coverage with the excep-

tion of the extreme polar areas. Each satellite will be
equipped to receive, amplify and retransmit signals orig-
inating at stations within its area of coverage and in-
tended for other stations in the same area. Switching be-
tween areas could be accomplished by direct relay be-
tween satellites, but since this might prove difficult to
control, a preferred method is to locate ground repeat-
ers in the areas visible to 2 satellites, as shown in Fig. 2.

Within the concept described there are at least three
approaches to system design. In the first of these [see
Fig. 3(a) ] and the most straightforward, two frequency
bands are bmployed, one for transmissions from satel-

OSATELLITE ° SATELLITE
# *#\ 42

Fig. 2-Method of switching between areas in a 24-hour
satellite communication system.
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lite to ground and the other for transmission from
ground to satellite. These frequency bands are sub-
divided, not necessarily equally, among the ground sta-
tions and the inter-area repeaters.

In the second approach [see Fig. 3(b)] all stations
would have common frequencies, but would transmit
and receive at different times. This system entails great-
er complexity than the first because of the need for
maintaining precise synchronism between stations and
the probable variations in delay time in the transmis-
sion path due to fluctuations in satellite position.
A third approach would again have all stations shar-

ing common frequencies, but with all stations transmit-
ting and receiving simultaneously. Each signal would
be furnished with an identifying code. Separation of
signals at receiving stations would be by correlation de-
tection techniques [Fig. 3(c)].
Some discussion of frequencies to be employed for

these systems seems appropriate at this point. Frequen-
cies below a few hundred megacycles should be avoided
because of ionosphere effects. Frequencies above 10,000
megacycles are subject to attenuation in the atmosphere
due to oxygen, water vapor, and rain in varying degrees,
the attenuation being most pronounced for grazin-g
paths and less significant for paths normal to the earth's
surface. Having established rough upper and lower lim-
its on frequency, the basic formula for transmission in
free space will be examined.

PR = PT + GT + GR - 37 - 20 log f - 20 log d

where

PT-transmitted power in dbw,
PR=received power in dbw,
GT=transmitting antenna gain in db (relation to iso-

tropic),
GR = receiving antenna gain in db (relation to iso-

tropic),
d=distance in miles,
f=frequency in megacycles.

If we now decide that the satellite antenna should have
a fixed beamwidth such that it exactly illuminates the
earth, and if we further establish a practical limit on the
size of the ground antenna, only one of the antenna
gains will be a function of frequency and PR will then
be independent of frequency. Thus, the actual choice of
frequency boils down to availability of reliable compo-

nents, such as tubes having necessary power output,
bandwidth, efficiency, and considerations of mutual in-
terference with other users of UHF and SHF frequen-
cies.

Noise is not expected to be a serious problem in the
ground-to-satellite path since high-power transmitters
may be employed. However, satellite transmitter pow-

er may be limited by payload restrictions in which case

use of parametric amplifiers or masers may be required

to minimize the effective nioise temperature of the
ground receiver.

FREQUENCY - .

(c)
Fig. 3-System design approaches in a 24-hour

satellite communication system.
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Table I lists typical system parameters for a hypo-
thetical communicatioin satellite systeml haindlinig 12
PCM voice channiiels between a pair of grounid stations.

TABLE I

Frequency

Trauismitter Power
Anitennia Gaini
Receiver Bandwidth
Receiver Noise FiguLre
Carrier to Noise
Channiel S/I

Satellite

2000 megacycles
18 decibels

I megacycle
10 decibels
37 decibels

GroLunid

2000 megacNx cdes
49 decibeis

I megacycle
3 decibels

24 decibels
60 decibels

SATELLITE DESIGN

Some aspects of communication satellite designi,
which are of particular significanice if we are to miieet
our over-all system objectives, will nlow be briefly dis-
cussed. More detailed informiiationi is available in a re-
cent paper.2

Weight Limitation

For the next few years we will be severely limited in
the payload that can be placed in orbit by available
boosters. These capabilities canl be expected to increase
and within 10 years we should be able to place payloads
of several thousand pounds into 24-hour orbit. However,
it is generally true that the heavier the payload, the
greater will be the cost of the booster to place it in a
given orbit. Therefore, it is important to desigin for
minimum weight by use of materials and structures with
maximumii strength-to-weight ratio, by emnployinig the
most efficienit power sources, anid by miniimizinig power
requirements.

Stabilization
Attitude stabilizationi of the satellite is essential to

positive control of the satellite orbit and is also a major
factor in weight reduction. It permits use of a directiotn-
al antenna with consequent reduction in power require-
menits. It also permits the incorporation of solar cell
platforms that rotate to always face the suIn, thus im-
proving power supply efficienicy by a factor of 6. Atti-
tude stabilization may be achieved by means of sunI anid
star trackers, horizon senisors, or radio sigiials fromii the
grounid, conitrolling a systenm of gas nozzles.

A1 ntennas-
The satellite antenna may be a single fixed parabola.

Liinear polarization is satisfactory, provided that the
groutnd antenna is circularly polarized. In the case of a
24-hour satellite, a beamwidth of 200 wvill illumiinate the
earth with some margin provided for attitude varia-
tionls. Higher gain anitennas may be employed to illumi-

2 J. E. Bartow, G. N. Krassner, and R. C. Riehs, "Design con-
siderations for space communication," 1959 IRE NATIONAL CONVEN-
TION RECORD, Pt. 8, pp. 154-166.

nate specific areas or increase systemii imiargin but this
either places more severe requiremnents oIn attitude sta-
bilizationi or requires some formii of steerable or elec-
tronicallvf scain ned anitenniia.

Power Suipply
As discussed previously the m1-iost efficienit power sup-

ply in the foreseeable future is a solar cell platformn
which rotates so as to always face the suIn. Presenit solar
cells have ani efficienicy of 10 per cenit anid will provide
approxim11ately 10 watts per square foot of platformii
area. Somle improvemiient in efficieiicy, perhaps to 13 per
cent, is foreseeni in the future. A battery supply should
be added in parallel with the solar cell supply if opera-
tioIn is desired durinig periods wheni the satellite is in the
earth's shadow. This ankiounits to less thaii 1 per ceiit of
the timiie for a satellite in 24-hour orbit.

Communicatlon Electronics

The major emphasis in the desiggn of the commnumica-
tioni electroinics milust be oni reliability. We mIust select
onily comiiponents of proveni reliability; we Imlust oper-
ate them well within their ratinigs; anid components
mlust be protected from damiiage by mlicromneteorites and
radiationi. Presenit inicrowave tubes are niot capable of
operatin-ig continuously for a year or mnore for this ap-
plicationi and extenisive research anid developmetnt is
required in this area. Reliable componienits will be sup-
plenmenited by prudent use of redunidanicv to inlsure
maximium useful life of the satellite. A likely circuit coni-
figuration is showni in Fig. 4. Trhis is basicallv a hetero-
dynle repeater, with traveling-wave tubes a logical
choice for the wide-band amiiplifier- stages.

Fig. 4 Basic design of coiunailiiicationi satellite repeater.

Command System
The satellite will undoubtedly require some degree of

conitrol froim the ground through a commanid link. Such
a linik could provide cointrol of satellite positioII as well
as commiands to activate or deactivate portionis of the
satellite communication-s equipment and other funic-
tion-s. Comman-ds would be in coded formn to minimize
the possibility of initerferenice.
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Telemetry System

There is also a requirement for a telemetry link from
the satellite to the ground to provide information vital
to operation of the communication satellite system. The
telemetry system will monitor the performance of the
communication equipment, the power supply, and the
attitude stabilization system and will provide acknowl-
edgment of commands and verification that they have
been acted upon. During the research and development
phase, the telemetry link serves the additional important
function of checking the adequacy of the design, the in-
formation derived serving as a basis for design modifi-
cations in later satellites.

Orbit Correction

Ideally, a satellite in a 24-hour equatorial circular
orbit will remain over a fixed point on the earth. In prac-

tice it is anticipated that initial inaccuracies together
with effects of the moon's gravity, solar radiation pres-

sure, etc., will bring about perturbations in the orbit
requiring periodic correction during the useful life of the
satellite. In order that the satellite orbit may be proper-

ly controlled from the ground, it is likely that a track-
ing beacon will be incorporated in the satellite. Track-
ing will be required at a number of ground locations un-

less the tracking beacon is of a transponder type, sup-

plying range in addition to angle information. Doppler
measurements are useless in tracking a 24-hour satellite
because of the small magnitude and unpredictable vari-
ations of differential velocity. Information from the

ground tracking stations will be fed to a computer which
will determine the direction and timing of the corrective
thrusts which must be applied to the satellite. It appears
feasible to maintain a satellite within 1 or 2 degrees of

its desired location by these techniques.
The command, telemetry, and tracking systems may

operate close to the communication band and share

common antennas. However, they do not require wide
bandwidths and could operate at considerably lower

frequencies. The decision may depend on whether track-

ing and position control are performed at the commiiiiunii-
cation ground station or at separate locations.

Structure
As discussed previously, there will be a maximum

weight for the satellite. There will also be maximum
dimensions for the satellite during the launching period
as dictated by the final stage rocket configuration.
Hardware which will project from the main body of the
satellite, such as the solar cell platform and the anten-
na, will be in a collapsed position during launching, and
extended only after separation from the last stage. The
satellite must be designed to withstand the conditions of
vibration and shock during launching and to have a
maximum degree of dynamic stability in orbit.

Thermal Design

The satellite must provide a satisfactory thermal en-
vironment for the electronics and other components.
The power dissipated in the form of heat by the elec-
tronic equipment must be brought to the outer surface
whence it can be radiated. The outer surface must be
designed, using special coatings as required, to strike a
balance between radiation and absorption such as to
maintain internal and external temperature within de-
sired tolerances. In the particular case of the solar cells,
it is essential that close thermal control be maintained,
since their efficiency drops off rapidly at higher tem-
peratures. Thermal storage devices may be required to
prevent wide variations in thermal conditions as the
satellite traverses its orbit.

CONCLUSION

Serious shortcomings exist in our present global com-
munication facilities. Communication satellites promise
greater capacity, wider coverage, more flexibility, and
fewer delays than present transmission systems. The
operating cost of communication satellites is intimately
tied to the problem of reliability. With sufficient empha-
sis on the reliability aspects, satellites will assume the
prominent role in communications for which they ap-
pear destined.
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