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COMMUNICATION IN SPACE OPERATIONS

by

C. M, Crain
R. T. Gabler

The value of space vehicles operating at at distances

from the earth will be dependent to a high gree on the

ability to communicate with these vehicles, The purpose
AL oued of this :p_cmr §s to explore the many practical factors
JRENYS R invo in Wepcommunication problem, to indicate the
factors which will influence most strongly the system

designs, and to point out areas in wvhich research and
development appear needed,

\

The previous po.per' on information theory has given us a good back-

INTRODUCTION

ground on one of the basic theoretical limitations in the camsunication
problem, In spite of the concrete answers that are apparently obtained
from the simple formulas of information theory, it does not really solve
design problems, It essentially establishes a 1imit or goal vhich can
only be considered as the ultimate in the conservation of transmitter
power,

In the design of communication equipment for space travel one will
perhaps be compelled to make some unusual trades and design compromises
vhich will result in odd designs end novel use of components, However,
the means for attempting to meet communication requirements will be found
in applying fundamental principles of communication to radically nev con-

ditions and environments,

#See P-1393 by P, Swerling.
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Fig.I5-1—Possible space communication links
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Figure 15-1 shows a sketch of potential communication requirements.
The recent experiences with the meager links between the earth and

various satellites will be most valuable in future developments.

GENERAL DESIGN CONSIDERATIONS FOR COMMUNICATION LINKS

The ratio of transmitted power to theoretical receiver noise in a

redio communication link is given!l) in decibels, by:

P
t S
10 log, , 5; =AvF (nf) -G, - G_ - (nif) + P +X (15-1)
vhere
Pt = transmitted power
Pn = noise pover in the receiver

% = required signal/noise ratio at receiver

(nf) = noise figure of the receiver
G, = transmitter antenna gain

G_ = receiver antenna gain

(nif) = noise improvement factor
Ap = path attepuation between isntropic radiators =
2,22
log, (4.56 x 10 £2p )

PL = propagation absorption loss

X = polarization loss

The design problem consists of choosing such things as frequency,
antenna gain, transmitter power, etc. in such a manner as to best® meet

the requirements specified.

-
In the sense of proper balance between system performance, cost, ete.
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Since receiver noise figure, antenna gein, propagation loss, etc. are
variables with frequerncy, one must first investigate these factors

individually,

We first consider the case of a redio link with one terminal at the
earth's surface, In the radio spectrum frequencies below at least 10 mega-
cycles can be ruled out because of reflection effects of the earth's
ionosphers, and frequencies above about 30,000 megacycles are generally
unsuitable because of atmospheric a‘tenuation by oxygen and water vapor,
This relates to the factor P, in Eq. (15-1). Thus, on the basis of propa-
gation loss considerations alone, one can restrict the design to frequencies
between about 10 and %0.000 megacycles if one end of the communication links
18 on the sarth's surface. Other undesirable eZfects such as the rotation
of the plane of polarization of waves traversing the ionosphere will fur-
ther restrioct the use of frequencies available unless special antennas
(such as the use of circular polarization) are provided to accommodate
polarization variations. If polarization rotation effects are to be mads
negligibly small, frequenciec atove at least 1000 megacycles must be used,
(Polarization rotation is proportional to l/r2 and the total electron con-
tent slong the transmisesion path,) The 'peculiar' characteristics, i,e,,
the apparent low-frequency modulation on the signals from the Sputniks can
be primarily accounted for by rotation of the plane of polarization of the
waves in the lonosphere and the spia of the vehicle,

It should be pointed out here that {f the communication link is
batween two vehicles, both of which are beyond the earth's ionosphere
(see Fig, 15-1) the above discussion is not appropriate. As a matter of

fact, the communication problem for these links will involve trade-off
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considerations between directive vs non-directive antennas, antenna point-
in3 vs apparatus necessary fc - contro’, low-frequency vs high-frequency
sources and circuit components, and might in some casees indicate the use
of frequencies much lower than permitied when one terminal of the link {is
cn the earth's surface, In such systems a primary consideration in the
design will be that of optimizing life for a given system performance level
and system weight,

The path attenuation factor, Ap’ as used in Bq, (15-1) is directly
proportionsl to fz.(lee Fig., 15-2). For an antenna of a given size, the
antenna gain (G, or G

t R)
(eee Fig. 15-3). Thus, if both receiving and transmitting antennas are

is proportional also to the sq are of frequency

directive, for antennas of fixed size the higher the frequency of operation
chose:, the more the received power for a given transmitter power, The use
of directive antennas on certain space vehicles will not be very practical
due to the problems of keeping the beam directed toward the antenna on the
eartn's surface, The design tracdcoff here is loss of system gain using a
non-directive antenna versus the weight, energy consumption, and general
control difficulties of orienting the antenna beam from the space vehicle
always toward the earth or receiving antenna., The so-called omai-directiomnal
antenna seems by far the most likely cupproach at this time,

The noise improvement factor (nif) depends on the type of modulation
employed, A general discussion of this term is beyond the scope of this
paper, For amplitude modula*ion this term is zero (in db) and may be
several db in the cas: of frequency modulation if adequate signal level is
available, depending on the type of noise involved, For the purpoee of

this paper, neglecting this term has little effect on the onolusions

reached,
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The tern § , or desired signal-to-nolse ratio, depends on the
particular type of system under consideration., In some cases, a ratio of
10 or less is adequate and in others higher values are required, A tele-
vision picture of average quality has a signal-to-noise ratio of the order
of 100 (20 db), and speech is intelligible with signal-to-noise ratios of
the order of 2 (3 db).

The noise figure of receivers is approximately proportional to fre-
quency in the frequency range of 100 to 10,000 megacycles. At 300 megacycles
noise figures of 2 to 4 have been obtained, vhile at 10,000 MC a value of
20 (or 13 db) is reasonable, Obviously, this indicates the choice of fre-
quencies in the lower range, if possible,

Combining all the above considerations one cen conclude that frequen-
cies in the range of 300 to 3,000 MC appear somevhere near optimum for
earth-to-space systems, At lower frequencies ionospheric effects are
troublesome; at higher frequencies receiver noise may dominate; and at
even higher frequencies atmospheric absorption is a limiting quantity.

There are new type detectors such as masers and cooled-crystal detec-
tors on the development horizon which will greatly reduce the receiver
noise problems at the higher frequencies in our range; however, overall
improvement from using these elements will not be nearly as much as a com-
parison of detector noise figures would indicate, since cosmic noise, solar

noise,’ and man-made noise will impose limitations at a level not very far

*'rhe normal levels of the emissions from these sources are quite
fraquency-dependent, with the intensity decreasing with increasing frequency,
In the frequency range under discussion the levels are such that, in general,
for non-directional antennas cosmic noise predominates and, with narrow beam
antennas directed at sources such as the sun or radio stars, solar or astral
noise predominates, The strongest radio star, Cassiopeia, produces a flux
density of about 2x10-22 watts per square meter per cycle bandwidth at the
earth, at a frequency of 100 MC. This is approximately the same as that
produced by a quiet sun.
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below that now resu.ting from receiver detector noise, These new devices
will be much more attractive for redio astronomy applications whera the
object 18 to detect such things as cosmic and radio star emissions, In
space communication considerations, those emissions are naturally undesir-

abls interference or simply another type of noise,

DESIGN EXAMPLE: VOICE AND VIDEO LUNAR LINKS

Lat us apply our conclusions to the problem of designing a voice
transmission circuit between the earth and a space vehicle near the moon,
We will arbitrarily assume a bandwidth of 1000 cycles at a 1000 megacycle
center frequency, and assume the necessity of a signal-to-noise ratio of
10 db, Also, we will neglect the noise improvement factor in the analysis,
since it will depend on specifying a particular type of modulation,

At a frequency of 1000 megacycles, the prooagation loss due to energy
absorption in the medium should be in the fractional db range, or negli-
gible for the earth-moon path, The path attenuation loss, Ap’ involves
the divergence of energy with distance from a point source and amounts to
205 db at 1000 MC.

The receiver noise power 18 evaluated from the theoretical thermal

nolse expresesion

-N
P = 4 x 1077 . recetver bandwidth, (15-2)

For our case, we have assumed that a bandwidth of 1000 cycles is

adequate for volce transmission, Thus

8

o I (o Mot s (15-3)

P o L x 10
Il
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Noise figure (nf) of the 1000-megacycle receiver will be close to
8 db if we assums the use of present type equipment, The question now
arises as to the noise power radiated from the moon itseelf. If we point
an antenna at the moon, how much noise 1is received relative to cosmic
noise? Bome data avalilable on such problems as this indicate noise tem-
peratures up to several hundi :d degrees Kelvin in the microwave region,
The need for more data of this type is indicated; ! @ver, for our parti-
cular design, such noise is not a limiting quantity,

Summarizing our design we have

8

g = 10

Pn - 40X 10-18

(of) = 8 1b
(nif) = 0 by assumption

P, = 0 (due to proper choice of frequancy)

=

Ap = 205 db from chart (Fig, 19-2)

0t « 0 (isotropic transmitting antenna in the space vehicle)
or
Pt
10 log ————~p = 205 +10 + 8 -0 - G, -0-0 (15-4)
L x 1o ™
- 225 - GR

Thus, wo can choose arbitrarily the space vehicle transmitted powor
and the earth-based antenna galn to satisfy the alove equality., Making
Pt large is undesirrble because of the energy consumption factor for the

space vehicle, and making G_ large 1s undesirable because of mechanical

R
problems in positioning, difficulties in tracking withwry narrow beams,

cost, etc,
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If ve assume P, el vatt, we can calculate immediately that
G = 223 - 1T = 49 av.

A 49 db gain parabola operating at 1000 mc/s has a nominal diameter
of 105 feet as shown in Fig. 15-3. The beam width of such an antenna
18 0.7 degree. A steerable parabolic dish of this size will cost several
aillion dollars, and the cost increases?) exponestially as the size increases.

If we dscrease Pt to, say, 0.1 watt, the corresponding antenna dia-
meter and beam angle are 350 feet and 0.2 degree. The beam from this
antenna would cover only two parts per million of the hemisphere, Due to
practical problems such as refraction and scintillations in the angls of
arrival of radio waves in traversing the atmosphere, satisfactory systea
performance with such an antenna may prove most difficult, If the trans-
mitter's position in space were exactly known the acquisition and tracking
problem would be bad enough; if the position were unknown, the problem of
acquisition and continuous tracking would appear most formidable even with
the use of advanced and complex searcning techniques. It would appear that
for this example, the use of transmitted powers of a watt or more would be
a practical requirement,

If we wish to transmit live pictures from the vicinity of the moon
using television equipment. of somevhere neer the present broadcast quality
we can calculate by the above procedure the system requirements, If we
assume the transmission is at a frequency of 1000 megacycles as before, we
obtain for a 4 megacycle bandwidth and a signal-to-noise ratio of 10 db,

P
t
10 log,) ————y; = 223 -G (15-5)
10 1.6x 10‘ R

.An alternate method of picture transmission will involve photography,
film, and a film scanner, The TV system requirements are not nearly as
elaborate, as the scanningcan proceed at an arbitrarily slower rate, A com-

plete comparison of the advantages end disadvantages of these systems will
not be undertaken here,
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Assuning the 100-foot, or 49 db, parabola on the earth (as used in the
audio link), we obtain

P
t
10 log), — S = 174
10 L6 x 10~
or
P, = 2.5x20'7 x1.6x 100 & 4000 watts

An additional factor which can complicate our problem is that of
doppler shift, Let us imagine using a simple system in vhich.we transmit
a stable frequency, say 1000 megacycles trom the earth or space vehicle
antenna vith a 1000 cycle system bandwidth, as in our sudio link example,
The received frequency is different from the transmitted frequenscy by the
amount of the doppler shift (due to the relative velocity between the
transmitter and receiver), This shift is given by the relation

- ftran.mitted v/ T

1 - 2 3
e
vhere
fD is the doppler shift
v 1s the relative velocity between transmitter and receiver

¢ 4s the velocity of light

If we assume that the relative velocity is esmall enough to ignore relativity
effects, the relation becomes

rD o ft:ra.nerrd.f:t:ed. v/e
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For

v = 15,000 meters/sec and f(transmitter) = 1000 megacycles

k
-10911.};10 -5110“0:‘90!“2.
3 x 10

)

Thus, the received signal frequency is 50 kilocycles different from
the transmitted frequency. If we are attempting with our nerrow-beam
antenna and narrow-band sensitive receiver to receive the space vehicle
transmissions and do not know the frequency we are attempting to receive,
we obviously have severe acquisition problems, This problem can be allevi-
ated on the ground end of the link by using more complex receiving equip-
ment (for example, many separate narrow-band receivers). However, this
procedure does not appear attractive for the space vehicle installation
vhen we think of the weight, volume, and electrical energy consumption
factors involved, We will not pursue further possible solutions to this

problem in this limited discussion,

ELECTRICAL ENER-Y FACTORS

In current communication links one is normally concerned primarily
vith power considerations. For space commumication links total energy
consumption will probably be a more important factor than power consumption
alone. One vill be interested not only in the system requirements for a
given task but also in the life of the link,” If electrical energy is to
be supplied from stored energy of some form in the space vehicle itself
one can arrive at a reasonable life estimate from the simple relation

.'I'he relatively short radio communication life of the recent satellites
is a pertinent example,
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Life = watt-hours per pound of energy source x pounds of energy source
total power consumption of communication system

For example, the l-watt transmitter in our previous example would
consume a total of perhaps 10 watts, when auxiliary system components,
filament power, amplifier efficiency, etc,, are considered,

Practical energy sources can delivver,' say, 50 watt-hours per pound.
Thus, the voice transmitter for the lunar link would have some five hours
of life per pound of electrical erergy source, The video transmitter
(4000 watts radiated power) would have a total power consumption of perhaps
10,000 watts, Thus, it would require 10,000/50 or 200 pounds of electricel
energy source for each hour of transmission,

(In the above examples, the assumption is made that the acquisition,
tracking, doppler shift, and other problems have been solved so that the
system actually performs as advertised,)

The use of devices such as currently available solar cells appears
quite attractive for space communication applications, since the energy
is supplied by an external source instead of being carried in the space
vehicle, Solar radiation amounts to about 2 KW per square meter ir outer
space and can be converted to electrical energy in presently available
silicon cells with about 10 per cent efficiency. The performance of these
devices under the influence of meteor and cosmic bombardment is yet to be
ascertained,

The use of nuclear sources for electrical energy appears feasible,
particularly for large energy-consuming systems ; however, the use of such
sources in the vicinity of transistors and other components of communication

systems may involve special considerations in shielding, etc,
.50. 9-1318 b}' J. Ho Hutho
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SUMMARY

In this paper, we have attempted to present a somevhat general picture
of the nature of the space communication problem and have slanted the
discussion toward systems in which one end of the link is on the earth's
suriace, Specific examples of an audio link and a video link to a lunar
distance were presented to indicate somewhat specifically how various
factors affect the overall communication problem, It would appear that
the problem of satisfactory communication with space vehicles at lunar
distances or beyond may be quite difficult (depending on the weight limi-
tations) and will also be quite expensive even if the rate of information
transmission is quite small relative to current standards.

Areas of research and development (other than building larger and
larger payload vehicles)vhich appear most important to achieving various
practical communication systems for space operation include:

o Radiation characteristics, both thermal and non-thermal, of

the various extra-terrestial sources such as the sun, moon,
Planets, radio stars, and the galaxy.

0 Design and performance of large antennas with steerable beams,

o0 Antennas for space vehicles.

0 Sources of electrical energy for space vehicles and their oper-

ational characteristics in a space environment.

0 The effect of the earth's troposphere and ionosphere on the

transmission of radio waves of various frequencies,

0 System components such as transistors, tubes, and low noise

detectors,
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© Best methods of acquisition and tracking of sources having low
intensity and variable frequency emission.

© The composition of space outside the earth's atmosphere, including
the solar and lunar atmosphere,

© Methods of encoding information for most efficient transmission,

0 Means of obtaining reliability for unattended operation in space
envirocument,

1, Reference Data for Radio Engineers, Fourth Edition, 1956.

2, Krsus, Proc, I.R.E,, Vol. 46, No. 1, 1958, p. 92.



