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Canadian Satellites and
Space Communications

Our guiding principle of developing specialized skills in areas which complement
rather than duplicate those of other parts of RCA has led toward an emphasis on
telecommunications. Among the many modern trends in electronics, telecommunica-
tions provides great opportunity for the growth and future development of technical
products in RCA Victor Company, Ltd.

We had already earned a position of leadership by 1964 in this field through the
successful completion of several major microwave systems, including one spanning
the continent between Montreal and Vancouver. These systems use equipment
developed by our Montreal engineers and engineers of the Broadcast and Communi-
cations Products Division in Camden. Since then, our engineers have completed
development of a new series of solid-state, rr, and modulator-demodulator equip-
ment for use in both overland and satellite telecommunications systems. This expe-
rience, plus our expanded knowledge of antennas and related items, led toward
emphasis on the satellite earth stations described in this issue.

Thus, space communications via satellites continues to be a major influence in
determining our research and engineering development programs. We have worked
closely with Astro-Electronics Division in developing and manufacturing the trans-
ponder for RELAy I and II satellites, and since then have taken on the overall job
of designing and manufacturing the Canadian Isis A scientific satellite, a follow-on
from the successful ALouverTe I and II ionospheric sounding satellites. We served
as prime contractor in the supply of Canada’s first satellite communications earth
station located in Nova Scotia; this facility is now engaged in commercial trans-
atlantic service and will later become a part of NASA’s advanced technological
satellite program. ;

To foster a continued growth of our chosen areas of specialization and achieve a
competitive position in world markets, we must further develop our skills in dealing
with the many problems and opportunities unfolding the world over. We are grate-
ful for the close association between Montreal engineers and their associates in the
U.S.A. An interchange of technical information has, through the years, been of
immense benefit to us. Our goal is to steadily increase this interchange and
enhance further our contribution to the advancement of technology; in so doing, we
strive to play an active role in the growth of RCA’s total business.

B> ol £

J. D. Houlding, President and Director
RCA Victor Company, Ltd.
Montreal, Canada




CONTENTS

Space Activity in ‘Canada; . oo .ui . as s o ae s Seespoe J. A. Collins, G. B. MacKimmie
System Design and Reliability Considerations for

IEMNISITASPACECTALL |, . .oiw soomioriis s s asisaise: sis L. A. Keyes, Dr. W. R. Atkins
Command, Telemetry, and Tracking System for the

ISIS A Spacecraft ...............ccovvvvnnnn. L. A. Keyes, P.T. Caden, J. Zuran
Thermal Design of ‘the: ISIS A SPacecraft . ..uis o onibvmimesien s s e G. G. Gray

Laboratory Studies of Satellite Design Problems ... .F. J. F. Osborne, M. A. Kasha

Electrical and Mechanical Design of the Mill
Village Antenna-Radome Complex: . .. s uis sieios sis o sio s s s s o P. Foldes, I. Scott

Cost Considerations in Designing Earth Stations ....................... P. Foldes

The Wideband Communications System of Canada’s
Mill Village Communications Satellite Earth Station ............. J. A. Stovman

Copyright 1967
Radio Corporation of America *"}/%
All Rights Reserved “*"

14
18

22
21

32



SPACE ACTIVITY IN CANADA

The investigation of space, and the exploitation of it for the betterment of man,
has occupied the attention of increasing numbers of scientists, engineers, law-
yers, politicians and others not only in the United States of America and the
U.S.S.R. but throughout the world. In Canada, the Engineers at RCA Victor Com-
pany, Ltd., have supported such space programs as RELAY, ALOUETTE, and ISIS
with equipment and detailed studies. They have also designed and built Com-
munications Satellite Earth Stations, and are presently competing with several
other companies to obtain a solid position in the world market for these stations.

G. B. MacKIMMIE, Mgr.

Space Systems

J. A. COLLINS, Mgr.
Space Systems Marketing

RCA Victor Company, Ltd.
Montreal, Canada

URRENT SPACE ACTIVITY can be di-
C vided into two broad classifica-
tions: (1) investigation and exploration
of the space environment including the
reactions of men and materials to it, and
(2) the use of space to serve man’s im-
mediate needs. This paper and several
of the following papers describe work
being done by RCA Victor Company,
Ltd., Montreal, Canada under both of
the above classifications.

HISTORY OF RCA VICTOR
SPACE AcChIVITY

Under the heading of investigation and
exploration of the space environment,
Canadian scientists had, even before the
advent of orbiting satellites, attained a
position of leadership in ionospheric
studies. The ionosphere is a logical sub-
ject of specialization for Canada because

of its proximity to the Aurora Borealis
an important phenomenon associated
with the ionosphere. Furthermore,
Canada, because of its sparse popula-
tion and vast area, has a great need of
reliable and inexpensive communica-
tions, the future development of which
may well depend on increased knowledge
of the ionosphere. Out of this interest
and background, the ALOUETTE project
was born in 1959. Canada took advan-
tage of an offer by the U.S.A. to provide
launch facilities for ALouETTE I, the first
of a series of Canadian ionospheric
sounding satellites, and a forerunner of
Avouverte II and Isis A. ArouertE I
and ArouerTE II, launched in 1962 and
1965 respectively, have been outstand-
ingly successful satellites. Isis A is to be
launched in 1968.

RCA Victor first became involved in
the Arouerte-Isis program when the
Government Laboratory constructing the
satellite sought and obtained assistance
in supplying an FM telemetry transmitter

Final manuscript received May 31, 1967.

for ALouerte I. This first order led to a
subsequent contract, calling for progres-
sively increased participation and re-
sponsibility on the part of RCA Victor
for the ALoUuETTE-IsIs program and its
hardware.

Falling under the heading of serving
man’s immediate needs comes the sub-
ject of Communications Satellites, with
their associated Earth Stations and ter-
restrial interconnections.

Studies during the 1950’s culminated
in the decision by NASA to construct the
RELAY experimental communications
satellite, intended to establish the feasi-
bility of satellites for transatlantic trans-
mission of wideband message traffic and
television. ReLay I was launched in
December, 1962, and after a difficult
beginning, became a great success. RCA
Victor, Montreal, held a subcontract
from the Astro-Electronics Division,
Princeton, N.J., for the development and
construction of the all-solid-state trans-
ponder for the ReLAY satellite.

While the work was proceeding at
AED and at RCA Victor on the RELAY
project, senior officials of Government
and the Communications Industry were
busily working on a bill which was sub-
sequently passed by Congress and be-
came known as the “Communications
Satellite Act of 1962.” The aim of this
act is lucidly expressed in one of its
opening paragraphs:

“The Congress hereby declares that it
is the policy of the United States to es-
tablish, in conjunction and in coopera-
tion with other countries, as expedi-
tiously as practicable a commercial
communications satellite system, as part
of an improved global communications
network, which will be responsive to
public needs and national objectives,
which will serve the communications
needs of the United States and other
countries, and which will contribute to
world peace and understanding.”

One result of the Communications Satel-

lite Act of 1962 was the creation of the
Communications Satellite Corporation
(ComSAT), whose purpose it is to im-
plement the policy defined in the Act.
International cooperation and participa-
tion was arranged through the formation
in July 1964 of INTELSAT. Nineteen
countries were original signatories to the
IntelSat agreement, amongst which was
Canada with a 3.75% interest. CoMSAT
became INTELSAT’s manager for the
space segment (the satellites).

While INTELSAT was being formed,
Canada took the decision to proceed with
the construction of an experimental Com-
munications Satellite Earth Station origi-
nally intended to participate in NASA’s
Applied Technology Satellite program.
RCA Victor received a work definition
contract in the summer of 1963 for this
station and shortly thereafter a contract
for the supply of the station itself.

Thus, by late 1963, RCA Victor was
solidly into a scientific space program,
Avrouverte-Isis, and a Communications
Satellite program—Canada’s Earth Sta-
tion at Mill Village. These contracts
were won only by demonstration of
engineering competence in such spe--
cialties as wideband microwave com-
munications technology, RF optics of
large antennas (including feed systems),
and systems engineering. This compe-
tence grew out of earlier in-house de-
velopment work in microwave radio
relay, and work done under various
NASA or NASA-sponsored projects.
Furthermore, RCA Victor Research
Laboratories had been active in many
areas of space technology, and was ready
to support the engineers as required.’

DESCRIPTION OF PRESENT PROJECTS

International Satellites

for lonospheric Studies (ISIS)

The third satellite of the ALoUETTE-IsIs
series of ionospheric sounding satellites,
Isis A, is now under construction at RCA
Victor. As is the case for ALOUETTE 1
and 11, the principal experiment aboard
Isis A is the ionospheric sounder. Sound-
ing is accomplished by a pulsed swept-

L. A. Keyes and H. Hore inspecting engineer-
ing model of ISIS A.




G. B. MacKIMMIE received the B. Eng. (Com-
munications) degree from McGill University in
1943. In 1945, after two years with the Royal Cana-
dian Navy as an electrical officer, he joined RCA
Victor where he was engaged for several years in
the field of antenna design. From 1956 to 1958 he
was Manager of the Broadcast and Antenna group
in the Engineering Department. From 1958 to 1960
he was Manager of the Engineering Department,
Technical Products Division, and between 1960 and
1966 Mr. MacKimmie was Chief Engineer of Tech-
nical Products. In 1966 Mr. MacKimmie was ap-
pointed Manager of Space Systems of RCA Victor

frequency signal of 100-microseconds
duration and 400-watts peak power. The
frequency coverage is from 0.1 MHz to
20 MHz. The swept frequency system is
supplemented by a fixed frequency
sounder operating at six selected fre-
quencies between 0.25 and 9.3 MHz.

A unique feature of the Isis A satel-
lite is the long antenna associated with
the sounder experiment. Two dipoles,
one having a length of 240 feet and the
other a length of 6114 feet, are used to
cover the complete frequency band. The
dipoles are extended from the space-
craft when in orbit and, in space, are
self-supporting.

Other experiments carried aboard Isis
A are:

VLF, to measure incidence of lightning
induced waves (whistlers) at very low
frequencies;

Cosmic Noise;

Energetic Particle Detector;

Langmuir Probes, to measure electron
density;

Ton mass spectrometer ;

Ton probe, to measure ion density;

Soft Particle Spectrometer;

Beacon, to measure scintillations, particu-
larly in the auroral zone.

The Isis A satellite will carry a tape re-
corder for data storage: a new feature
not provided in its predecessors.” An en-
gineering model of Isis A has undergone
complete electrical tests, and the flight-
unit structure has been fully tested and
approved. Flight unit electrical subsys-
tems are now being assembled and
engineers are, at the time of writing,
beginning the integration of hardware
onto the flight structure. At present,
approximately forty RCA Victor Engi-
neers with supporting staff are engaged
in this activity.

Company, Ltd. The activity of Space Systems en-
compasses the development and supply of com-
munication satellite earth stations for the global
market and of scientific satellites and subsystems
thereof. Mr. MacKimmie is a member of the Cor-
poration of Engineers of Quebec.

J. A. COLLINS received the B.Sc. Degree from the
University of British Colombia in 1942. He joined
RCA Victor in the same year and for a period of
seven years was engaged in various design, devel-
opment programs covering high power LF trans-
mitters, multiplex equipment and instrument land-
ing systems. For two years he served with the

Communications Satellite Earth Stations

Following the successful completion of
Canada’s experimental Earth Station, a
second station was needed for handling
commercial transatlantic traffic at the
same location. Accordingly, the Canadian
Overseas Telecommunications Corpora-
tion solicited international tenders in late
1966, and after evaluation, chose RCA
Victor as the supplier. The design of the
new earth station differs from the com-
pleted experimental one in the following
main respects:

No radome is used;

Antenna diameter will be 95 feet;

The interconnection between antenna and
control building is accomplished at 4
and 6 GHz, instead of at baseband or
video frequencies; and

The station will be equipped for simul-
taneous reception of nine separate RF
carriers and transmission of two car-
riers.

Both stations are equipped with auto-
matic tracking antennas which can lock
on medium altitude as well as synchro-
nous satellites, although for the im-
mediate future only synchronous satel-
lites will be available for commercial
trafhic.

In addition to the work which is now
beginning on Canada’s commercial earth
station, Engineers at RCA Victor are
busy proposing similar stations to other
countries. The international bidding for
earth stations is highly competitive, with
the leading companies eagerly seeking
to obtain a solid position in what un-
doubtedly will become a substantial
market in years to come. RCA Victor
Engineers have recently lent assistance
to RCA Communications in the establish-
ment of the latter’s temporary earth sta-
tion in Thailand.

Broadcast Engineering group on design of antenna
matching networks and installation and proof of
performance of broadcast transmitters across Can-
ada. In 1951, Mr. Collins was transferred to Mar-
keting operation of Technical Products for the com-
pany, in which capacity he handled sales of radio
relay systems, mobile radio, and special defence
projects. In 1952 he was loaned to the newly formed
Department of Defence Production in Ottawa as a
production officer to assist in the military pre-
paredness program, which embraced the Mid-
Canada Early Warning Line, the Pinetree Line, and
a total step-up in Canada's defence efforts. Upon
his return to RCA Victor in 1954, he served as man-
ager of Government Contracts Department. He
was actively associated with the ASTRA weapons
system contract for the CF-105 project, other major
projects, and the build-up of research and develop-
ment capability within the company. In 1966, Mr.
Collins assumed the position of Manager of Mar-
keting for the newly formed Space Systems opera-
tion of Technical Products. He was instrumental in
bringing about the build-up of capability for
communication satellite earth stations. He is cur-
rently involved in studies of the application of
satellites to serve Canada's growing requirements
for Educational TV, Broadcasting, and general
Communications.

THE FUTURE

In Canada, the direction of space activity
during the next ten years might well be
towards the employment of satellites for
v and telephone service to the north-
land, for augmenting existing east to
west communication facilities, and for
educational Tv (a particularly attractive
application considering Canada’s scat-
tered rural population).

A fundamental question which must
be resolved is whether Canada should
own synchronous satellites for expansion
of its domestic communications, or
whether it should rely on renting cir-
cuits from a satellite system which is
owned by International or U.S.A. in-
terests. In either event, Engineers at
RCA Victor look forward to active par-
ticipation in whatever program is chosen
to serve Canada’s domestic needs.

As far as programs outside Canada
are concerned, it is hoped that there will
be a continuation and growth of the kind
of cooperation with other parts of RCA
which led to the highly successful RELAY
I and II satellites. Space communica-
tions, by its very nature, extends far
beyond national boundaries. The op-
portunities for service to mankind in this
field are unlimited for those who by
training and experience can make use-
ful contributions. It is hoped that
Canadian Engineers, along with those of
the U.S.A. and other nations, will make
the best of these opportunities.



SYSTEM DESIGN AND RELIABILITY CONSIDERATIONS
FOR THE ISIS A SPACECRAFT*

The purpose of the ISIS A satellite is to provide data which will aid in the
solution to the problem of radio-wave propagation in the upper atmosphere:

the main experiments are topside ionospheric sounding with VLF and VHF
equipment and direct particle samplings made within one meter of the space-

craft. The choice of such satellite subsystems as telemetry, power, command,
and aftitude sensing and control are described. Reliability goals, and the
means available to meet them, are discussed. A reliability flow diagram

with estimated yearly failure rates is developed showing unit and system

redundancies from which satellite mission success probabilities are calculated.

L. A. KEYES, Ldr.
Systems Design
Aerospace Engineering
RCA Victor Company, Ltd.
Montreal, Canada

HE Isis A spacecraft will be the
Tsecond of four satellites used in a
program of upper-ionospheric measure-
ments sponsored jointly by the Canadian
and United States Governments. The
National Aeronautics and Space Ad-
ministration (NASA) Goddard Space
Flight Center is responsible for the
launch, tracking, and data acquisition
through the NASA Srtapan network.
The Defence Research Telecommunica-
tions Establishment (DRTE) of the
Canadian Defence Research Board is res-
ponsible for the design, construction,
and testing of the spacecraft as well as
the control of the satellite and data
acquisition from telemetry stations in
Canada. RCA Victor Company, Ltd.,
Montreal, is the prime contractor and
de Havilland Aircraft of Canada is the
associate contractor for the spacecraft
which will be launched by a Delta vehicle
from the Western Test Range at Van-
denberg, California.

The purpose of the spacecraft is to
continue a series of topside ionospheric
sounding begun by Arouerte I (1962)
and ALoveTTE II (1965) and to comple-
ment this with simultaneous direct par-
ticle measurements within one meter
of the spacecraft. The series of Isis
(International Satellites for Tonospheric
Studies) satellites is planned to provide
measurements over a large part of a
solar cycle.

The 500-pound spacecraft has units
mounted within and on a central thrust
tube and equatorial panels (Fig.1). The
spacecraft is to be spin stabilized in a
polar orbit with a 3500 km apogee and
500 km perigee.

Manuscript received April 24, 1967. The work de-
scribed in this paper was done under Contract

CD FE 315000/0030/715-22-30-797 2 PD3-30 De-
partment of Defence Production, Ottawa, Ontario.

Dr. W.R. ATKINS, Mbr.

SYSTEM REQUIREMENTS

The ten complementary experiments on
board Isis A largely dictate the system
requirements. In these experiments,
the composition of the ionosphere is
examined using two methods: (1) direct
measurement of the energy and flux of
particles within one meter of the space-
craft and (2) remote measurement by
swept-radar sounding techniques and by
beacon observation. The data obtained
are to be accurately correlated, in time,
to other ground based observations.

The five direct measurement experi-
ments are:

1) Anelectron (Langmuir) probe in which
a slowly varying voltage is applied to
two electrodes and the resulting volt-
ampere curve is used to determine elec-
tron temperature and density.
A spherical electrostatic analyzer probe
which applies a slowly varying voltage
between concentric, spherical meshes.
From the resulting current, informa-

tion is gained about the energy and
mass of the ambient ions.

An RF quadrupole ion mass spectrom-
eter from which the charge-to-mass
ratio of the surrounding ions (mass
numbers from 1 to 20) is determined.
An energetic particle detector which
is capable of measuring energies from
3 keV to 50 MeV. It consists of scin-
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Scientific Staff Systems
and and Operations Laboratory
Research Laboratories
RCA Victor Company, Ltd.
Montreal, Canada

tillation counters, Geiger counters, and
solid-state detectors.

5) A soft particle spectrometer measur-
ing in the range from a few eV to 10
keV.

These experiments are supplied as pack-
ages ready for integration except for
probe mounting and the necessary power,
telemetry, and command inputs.

The remote experiments are:

1) A swept frequency sounder (the prin-
cipal experiment) which is a pulsed
radar system sweeping over the range
100 kHz to 20 MHz in about 30 sec-
onds, transmitting a 100 microsecond
pulse at 30 or 60 pulses/second. En-
ergy is radiated and received by two
sets of crossed dipoles: one set 240
feet tip-to-tip and the other 61.5 feet
tip-to-tip. Echoes from the ionosphere
as a function of frequency give a meas-
ure of ionosphere electron density from
which ionograms or density profiles
can be made.

A fixed frequency sounder which uses
the same basic apparatus as the swept
sounder to perform finer spatial reso-
lution measurements at one of five
fixed frequencies.

3) The Acc wvoltage of the sounder re-
ceiver which is used to measure cos-
mic noise as a function of frequency.
A detector, which is basically an Acc
audio amplifier, is used to measure
VLF radiations and whistlers in the
range 50 Hz to 30 kHz. This detector
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Fig. 1—ISIS A spacecraft
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LORNE KEYES received the B.Sc. in Electrical
Engineering from Queen's University in 1954. He
has taken a number of graduate courses at McGill
University. He has been employed at RCA Victor
Company, Ltd., Montreal, since 1954 on a variety
of telecommunication problems including airborne
VHF transceivers, UHF troposcatter telephony, and
heavy route microwave telephony. He was en-
gaged in design and system integration of the
NASA RELAY communications transponder and
recently participated in communications satellite
proposals to COMSAT Corporation. He is a mem-
ber of the Quebec Corporation of Professional
Engineers, the Engineering Institute of Canada and
the |EEE. He is currently Spacecraft Systems Engi-
neer for the I1SIS A Program.

W. R. ATKINS received the B.Sc. in Electrical
Engineering from the University of Alberta in 1956,
and remained there the following year for post
graduate studies while holding a lecturer's as-
sistantship. He obtained an Athlone Fellowship to

is connected to one set of sounder
poles and may also be used with a
swept exciter to measure ion-resonance
effects.

5) A VHF beacon propagation experiment
which determines total electron con-
tent and scintillations in the iono-
sphere between the satellite and a re-
ceiving station.

Because coverage beyond that available
in real-time telemetry and command is
required, a tape recorder and a clock
and programmer are included for remote
control and data gathering. A minimum
of four hours per day of sounding should
be possible at the end of one year in
orbit, and it should be possible to oper-
ate continuously for two consecutive
pole-to-pole passes (half orbit) in the
same direction.

The requirement for a reasonable
probability of operation of the spacecraft
for longer than one year is embodied in
the spacecraft system reliability goals.
The most important of these goals is a
0.8 or better probability (60% confi-
dence) of completely satisfactory opera-
tion at the end of one year in orbit
as based on 2000 hours of main mode
operation during that year. (Completely
satisfactory operation is defined as a
fully operational condition in all equip-
ment with the exception of an on-board
tape recorder and certain non-essential
monitoring channels, solar cells, and
programming capability; only one of
completely redundant equipments need
work. Completely satisfactory operation
is a much more stringent criterion than
mission success, which is more difficult
to specify.) Another important goal is
that system design is to be such that the
probability of a first failure causing the
loss of useful data from more than three
experiments should not exceed 0.05.

study in England for the period 1957 to 1959, re-
ceiving a Diploma from Imperial College and an
M.Sc. from the University of London for work on
transistor analog multipliers, and gaining experi-
ence in analog computers and transistor pulse cir-
cuitry. From 1959 to 1960, he was employed by
Canadair working on pulse multiplexing equipment
of quasi-static low-level information and environ-
mental testing of transistor equipment. In 1960,
he joined RCA Victor Research Laboratories, work-
ing on studies connected with radar under ECM
conditions and investigating behaviour of noise at
very low levels. In 1961, he was awarded a David
Sarnoff Fellowship to proceed with his studies at
the Imperial College-of the University of London
under RCA Corporate Sponsorship, receiving his
Ph.D. in 1965 for work on sequential decoding
techniques using decision theory. Since returning to
the RCA Victor Research Laboratories, he has been
advising on technical exhibits for EXPO '67, and
more recently, concerned with spacecraft reliability
and systems studies.

DESIGN APPROACH
Structure

For the required orbit, the Delta launch
vehicle allows a payload weight of 500
pounds. Based on the limits of the max-
imum diameter inside the spacecraft
shroud and the power requirement of
50 watts (average) body-mounted solar
cell arrays were chosen instead of the
mechanically more complex erectable-
paddle arrays. The requirement for
nearly equal power output at all solar
aspects dictated the roughly spherical
shape: this shape results in an average
power output, for random spin-axis
orientation, within a few percent of op-
timum and has satisfactory thermal and
structural properties. The thrust-tube
mounting of components provides good
accessibility for test and installation, ex-
cept for those mounted inside the tube.
To maintain dynamic stability, it is nec-
essary to locate some of the boxes on the
equatorial panels, thus maintaining maxi-
mum moment of inertia about the spin
axis. A principal feature of the mech-
anical design is the great length of the
sounding antennae: 240 feet tip-to-tip
for one set and 61.5 feet for the other.
The large change in moment of inertia
(as the pre-stressed tape antennae are
extended) produces a despin from 90
r/min (at separation) to 3 r/min.
Thermal control is passive by choice
of surfaces and by means of aluminized
mylar heat shields which are placed
over the ends of the thrust tube." Major
heat flow is along the tube and the mylar
blankets introduce a thermal resistance
which reduces this heat flow and, as a
result, reduces the temperature gradient
along the tube. The high temperature
extreme for end-on illumination and the

worst-case combination of a fully charged
battery and full sunlight is +40°C. The
low temperature extreme of —5°C oc-
curs for a discharged battery and end-on
illumination in minimum sun (eclipse).
The average temperature for random
orientation varies by about 30°C. The
thermal blankets are beneath the outer
covering of the spacecraft which must
appear as a closed electrically conduct-
ing sphere for RF continuity. The sur-
face of the spacecraft must also present
a minimum of 1000 square inches of free
metallic area to satisfy experimenters
needs.

The spherical electrostatic probe and
one of the Langmuir probes are mounted
on erectable booms at the top end of the
spacecraft. This position is considered
necessary to keep the probes from being
influenced by the plasma sheath which
forms around the spacecraft as a result
of voltage induced in the sounder poles
as they cut the earth’s magnetic field
(V x B effect). This sheath represents
an equilibrium condition between the
resulting collection of highly mobile
electrons and less mobile ions.’

Telemetry

The choice of transmission bands is de-
termined by compatibility with the ex-
isting 136-MHz and 400-MHz NASA
StADAN facilities.

The sounder data in natural form is a
composite video waveform consisting of
calibration, synchronization and echo
return pulses in a spectrum from pc to
20 kHz. This bandwidth makes pcm pro-
cessing impractical. Although it contains
much redundant information and could
possibly be processed on board into a
more compact form, the simple FM ana-
log transmission system proven on
AvroverTE I and II was adopted. This
system matches the existing facilities for
ionogram preparation, 136-MHz trans-
mission frequency, and 100-kHz channel
bandwidth.

The vLF signals in the band from 50
Hz to 30 kHz are readily accommodated
on the same transmission link either on
a time-shared basis or by straight sum-
mation. The latter technique is possible
because the sounder signals are analyzed
mainly on a time-domain basis while the
VLF signals are analyzed mainly in the
frequency domain. The interfering
sounder spectra which contains a large
proportion of energy at harmonics of the
pulse rate can be filtered out or largely
ignored. Separate but simultaneous vLF
and sounder can be transmitted at the
expense of extra power consumption by
putting the vLr on the 400-MHz link.

A standard 30-kHz Iric ¥m subcarrier
modulates the main carrier and is pulse-




amplitude modulated (pAm) by the out-
put of a 30-channel essential housekeep-
ing commutator. This is multiplexed
with a pulse-width-modulated time code
to satisfy a data processing requirement
that spacecraft time be available on all
data links. The pam essential house-
keeping system is used mainly by the
satellite controller for quick-look moni-
toring of such essential parameters as
battery currents and voltages, which are
also carried on the pcm system.

Transmission of most direct particle
measurement data could be accom-
plished simply either by an analog sys-
tem of several Fm subcarriers on a single
carrier or by time multiplexing on a
single carrier. However, due to the wide-
spread use of the recommended NASA
pcM time-multiplex system and the
compatibility with present data proces-
sing systems, a PCM system was chosen.
This system lends itself readily to various
data rates by use of super- and sub-
commutation but it necessitates complex
synchronizing and decommutation equip-
ment on the ground. The soft-particle
spectrometer and the energetic particle
detector have data in digital form which
can be conveniently multiplexed into the
bit stream. The format chosen is a 24-
word frame 60 times per second using an
8-bit word. Quantitizing errors are con-
sistent with the 1 percent accuracy aim
for the telemetry system.

Some data are sampled twice per
frame (120 words/sec) while others are
sampled once per second by one of two
60-channel subcommutators. The syn-
chronizing pattern comprises the first 16
bits in a pseudo-random pattern. One
bit of the frame carries time code in a
non-standard 60 pulse/second Bcp for-
mat; one bit carries the output of a 60-
channel flag subcommutator.

The pcm transmission scheme is a
split-phase format modulating a pm
transmitter, as this system gives the
minimum transmitter power (2W) for
the marginal bit error rate of 10™*. The
modulation index is adjusted to leave ten
to fifteen percent of the nominal power
as a residual carrier to permit good
carrier lock for coherent reception.

Transmitter powers and deviations are
based on the principle of limiting mar-
ginal performance at maximum slant
range. Assuming the lowest performance
telemetry receiver system operating at
15-degree antenna elevation, marginally
satisfactory ionograms can be made with
a video s/N ratio of 20 dB.

For both Fm and pm systems, average
performance will be much better than
the marginal limits, since marginal con-
ditions occur for only a short time.

Both ¥M and pm transmitters are di-

plexed together and duplexed with the
command receivers to feed a four-pole
turnstile antenna symmetrically mounted
around the bottom end of the satellite.
This antenna produces an almost omni-
directional circularly polarized radiation.

The beacons radiate through four
equatorially mounted quadraloop ele-
ments fed in quadrature to produce a
nearly omnidirectional circularly polar-
ized radiation pattern.’

The tape recorder requires four chan-
nels: two analog for the sounder and
VLF, one digital for the pcm, and one
analog for time code. The record and
playback speeds are interrelated and are
ultimately controlled by the bandwidth
and power available for the replay link
as well as by the time available for read-
out. The 400-MHz band was the only
feasible choice for the replay link and a
500-kHz channel with a transmitter
power of 4 watts allows 65 minutes of
recording and a 4:1 speed-up on play-
back. This permits a full tape dump on
an overhead apogee pass. Normal record
periods are 16 minutes, but successive
record periods can cover a single pole-to-
pole pass.

The 400-MHz link can also be used
as a real-time back-up for the 136 MHz
FM and pM. The 400-MHz transmitter
has both rm and pm modulation capa-
bility. The sounder, or VLF signals, fre-
quency modulate the carrier while a 93
kHz subcarrier normally carrying the
pcMm data, phase modulates the carrier.
Time code in the form of amplitude
modulation on a second subcarrier also
phase modulates the transmitter. The
transmitter radiates from an annular slot
antenna, flush mounted at the top end
of the satellite, thus there are no pro-
trusions near the particle probes that
might affect the plasma. Although it
would have been desirable not to have
any RF field in the region, it was not
structurally feasible to put the antenna
on the opposite end. In any case, the rRF
field produced probably has a negligi-
ble effect in comparison with the 400-watt
sounder pulse. To provide some control
of the plasma effect produced by the
sounder poles near the spacecraft, loose
insulating boots or sleeves are fitted
over the first few feet at the base of the
sounder poles.” A pc bias may also be
applied to the sounder poles.

Command System

Based on the large number of experi-
ments and the required operational flexi-
bility, over 100 separate commands were
needed. For compatibility, only NASA
command standards were considered.
A system that exceeds the 70-command
capacity of the tone Digital System and

yet is simpler than the pcm Instruction
Command System is an allowable variant
of the Tone Command System. This
system transmits single tones sequen-
tially as AM on a VHF carrier. One of
fifteen tones is assigned as a unique
spacecraft address and is transmitted
first. The execute tones follow to pro-
duce a particular command function and
may consist of up to 3 tones. The system
chosen uses six of the possible seven
execute tones in a 3-tone sequence to
give 6° or 216 commands. Essential
commands are redundant in the decoder,
reducing the possibility of losing both
due to decoder faults.

For command switching, each con-
verter, or separate load, has a latching
relay in series with it which is operated
according to command pulses fed
through a diode steering matrix. The
various modes of operation are described
below:

Main modes activate the experiments
and initiate data transmission or recording
in one of the most commonly used experi-
ment configurations (e.g., “All Experi-
ments On”). These main modes require
only a single command which is storable
for execution at a stored time. This is
achieved by a clock and programmer which
can store up to five turn-on times in a
twenty-four-hour interval and any five of
the ten main-mode commands. Space-
craft main modes are reset to a standard
off condition either by a spacecraft man-
ual turn-off or an automatic turn-off.

Spacecraft sub-modes normally provide
major modifications to main modes. The
modifying commands, which set magnetic
latching relays as do most of the com-
mands, are reset to the standard main-
mode condition when the spacecraft is
turned off, either directly or by automatic
timer.

Equipment sub-modes are used to
switch equipment into relatively perma-
nent states of operation (e.g., to engage
a redundant unit or to turn off a faulty
unit). These commands are not negated
by turn-off.

Experimental sub-modes select the in-
ternal modes in which a particular experi-
ment will operate. These remain fixed
until modified by a further experimental
sub-mode command.

The command system consists of redun-
dant receivers feeding a command de-
coder which distributes command pulses
to the command switching unit and to
other units (Fig. 2). A redundant clock
and programmer supplies timing signals
and time code to other subsystems and
provides remote turn on capability. An
automatic turn-off unit (ATO) with in-
ternal redundancy prevents accidental
discharge of the batteries.

Power System

Power for the spacecraft is generated by
an array of 11,130 solar cells arranged
to form 174 separate circuits with 62
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cells in series. The circuits are mounted
on 16 solar cell panels which are placed
symmetrically around the spacecraft so
that a uniform number of strings are
illuminated for all sun orientations. The
circuits are combined into three separate
charging rails, each capable of produc-
ing a l-amp current early in life. The
effects of charged-particle radiation and
micrometeroid erosion are reduced by a
0.030-inch fused-silica cover glass; the
current from each charging rail will be
700 mA after one year in space. The
N-on-P cells have a resistivity of 10 ohms-
centimeter with a blue-shifted spectral
response.

There are three batteries of 17 nickel
cadmium cells, each having 8.5 ampere-
hour capacity; discharge voltage is
+21.5 *2.15 volts. In normal opera-
tion, each battery can withstand contin-
uous overcharge at one ampere. If any
battery fails, its loads and charging cur-
rents are switched equally to the remain-
ing batteries. The charging current is
then controlled by a coulometer which
integrates the battery current and signals
a fully charged condition at which time
the charging current is reduced to a safe
level. The minimum expected period of
daily operation is still met at the expense
of increased depth of discharge.

The power system loads are divided
into permanent and switchable cate-
gories. Permanent loads such as com-
mand receivers, decoder and clock are
fed from a common diode rail (cpr)
which can be fed by any or all of the
batteries or a charge rail. Some switch-
able loads are switched directly to bat-
teries while others are fed by pc-pc con-
verters of which there are five in the
power conditioning system, one for each

of the three telemetry systems and two
for the sounder experiment.

These converters reduce interference
by operating in the 30-40 kHz range
which is above the highest vLF and below
the lowest sounder frequency. They
provide overload protection and voltage
limiting as a protection against failures
in the primary power system such as a
battery open circuit on charge. Experi-
mental loads connected to batteries are
protected by series circuits against over
voltage or over current, or in some cases
both.

The typical mode of operation re-
quires 90 watts of power which can be
delivered for 13 hours per day in early
life in full sunlight, and for a minimum
of 6 hours per day in minimum sun after
1 year in orbit.

Attitude Sensing and Control

The attitude of the satellite is meas-
ured by a solar-aspect sensor and a 3-
axis flux-gate magnetometer. The solar-
aspect sensor gives an eight-bit reading
of the angle between the spin axis and
the sun line. This value is read out once
per second and is updated at each space-
craft revolution. Magnetometer readings
taken once per second are compared to
the known magnetic field at the satellite
position. These readings and the solar
aspect are used to compute the spin-axis
direction. The phase of rotation is given
by a separate pulse from the solar-aspect
sensor when it passes through the plane
containing the spin axis and the sun.
A schedule of spin and attitude system
operation is arrived at by computer re-
duction of the spin and aspect data, and
manual commands are issued to the
spacecraft.

Control torque for spin and attitude is
provided by passing current througha
pair of air-core coils which are wound
about a spacecraft meridian to produce
an azimuthal magnetic moment. The
spin rate, nominally 3 r/min can be in-
creased or decreased by reversing the
coil current in the correct phase. The
system is capable of about 0.1 r/min
change per orbit and is turned off auto-
matically after one hour of operation.

Attitude is controlled by switching
the coil current under the control of
four solar sensors. These sensors are
mounted on the equator and give a pulse
each time they pass through the sun
spin-axis plane. The system is capable
of about 2.5-degree change per orbit at
nominal spin rate in 1009 sun. Either
system is switched off automatically to
conserve power if the earth’s field is less
than one-tenth oersted.

Reliability

The system reliability goals were trans-
lated into unit reliability goals by ap-
portionment in ratio to the number of
components in each unit. Generic fail-
ure rates for the components were used
to establish relative failure rates, there-
by setting a realistic goal for each unit.
(A unit is defined as an engineering mod-
ule or subdivision uniquely concerned
with a particular combination of experi-
ments.) Grouping all units affecting
the same combination of experiments
permits the construction of a reliability
flow diagram; the flow diagram for the
final system is shown in Fig. 3, where
housekeeping is treated as another ex-
periment with a subdivision for essential
housekeeping. Fig. 3 is simplified in that
it does not show those relationships hav-
ing a negligible effect on reliability, and
some of the equipment groupings are
rather coarse. With this diagram it is
convenient to assess the relative critical-
ness of the groups and determine system
failure propagation.

Neglecting the redundancy indicated
in Fig. 3, it is obvious that all equipment
at the top of the diagram affects all ex-
periments, and in addition their failure
rates are relatively significant. Therefore
redundancy is introduced to improve
overall reliability and reduce the prob-
ability of a first failure effect. Thus, the
command receiver, clock and program-
mer, and ATO unit have redundant units.
The back-up clock and programmer,
which can be made operational by com-
mand, is a simpler unit than the original
with less flexibility and fewer program-
ming stores. Although not shown in the
simplified diagram, most of the critical
units have considerable redundancy. For
example the power system requires only




two out of three batteries, and the
Command Decoder has redundant codes
for essential commands with additional
safety in the command flexibility. Loss
of spin and attitude control would not
jeopardize all experiments provided that
attitude data were available. Loss of the
400-MHz transmitter would still leave all
data available in the direct transmission
mode; the 400-MHz transmitter can act
as an alternate path for real-time data
transmission. but this is not shown in

Fig. 3.

Further down the flow diagram, the
pcm encoder affects six experiments, and
a single failure will probably jeopardize
more than three of them. Thus, a pas-
sive redundant encoder is included.
The mode power switches tended to
contribute a significant failure rate, so
redundant active contacts were used.
The remaining groups with relatively
large failure rates are in the, sounder
system, but it is impractical to use
redundancy because there is no unit that
has a significantly large failure rate; the

Fig. 3—Simplified reliabjlity flow diagram for the ISIS A spacecraft
showing failure rates per operating year.
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complexity is inherent in the experiment
and little can be done for improvement.
Redundant transmitters are included at
the customer’s request and reduce the
probability of a first failure effect. The
remaining equipment affecting only one
experiment has no redundancy.

Even after the preceding improve-
ments, the clock and programmer still
has the largest failure rate, since it con-
tains over one-third of the total number
of components (solar cells excepted) ;
however, further increases in reliability
are impractical. Loss of the clock and
programmer would mean loss of remote
operation and considerable inconve-
nience in the direct transmission mode;
however, experimental data would still
be available.

Failures will occur, however, so it is
important to design such that failures
cause minimum possible data loss. For
example, the command decoder can af-
fect all experiments, but a single gate
failure affects only a localized area of
circuitry. Therefore the command allo-
cations should be such as to place com-
mands affecting a single experiment in
this localized area so that a failure
affects only one experiment (with the
exception of redundant commands). A
similar approach was used in the design
of the commutating circuits. Alterna-
tively when such a separation cannot
occur, the design should be such that a
failure will only reduce flexibility rather
than cause complete data loss.

With the preceding improvements, and
the redundancy as indicated in Fig. 3,
the calculated probability of completely
satisfactory operation at the end of one
year in orbit is 0.813, and the probability
that a first failure would affect more than
three experiments is 0.041. These fig-
ures show that the Isis “A” system
meets the reliability goals, provided that
the units meet their individual reliability
goals. Even if the tape recorder were in-
cluded in the reliability calculations, the
probability of completely satisfactory
operation is still 0.79. When a mission
success is defined to require experimen-
tal data in the direct transmission mode
only, then the clock and programmer
and associated remote operation equip-
ment do not enter reliability calculations.
The probability of a mission success at
the end of one year in orbit is then 0.89
with a 609 confidence level.
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COMMAND, TELEMETRY, AND TRACKING
SYSTEM FOR THE ISIS A SPACECRAFT

The ISIS A satellite telemetry, command, and tracking systems are described in
some detail as are the antennae and units making up the systems. The telemetry
system includes two 136-MHz real-time data links, one FM for sounder video trans-
mission, and one PM for PCM transmission. A 400-MHz link of increased band-
width is used to playback tape recorded data at four times the record speed and
to act as a real time back-up for the 136-MHz system. Commands corresponding
to main modes of operation of the satellite are stored, along with stored times, in
a content-addressed magnetic memory in the clock and programmer. The
antenna system includes a four-element VHF turnstile fed by a low-loss diplexer
and duplexer featuring strip-line couplers and an annular slot 400-MHz radiator.
The extendible sounder antennae are briefly described.

L. A. KEYES, Ldr., P. T. CADEN, Ldr., J. ZURAN
Systems Design, Digital and Analog Equipment Design, and Antenna Design

Aerospace Engineering RCA Victor Company, Ltd.

Montreal, Canada

HE Is1s A ionospheric sounding satel-

lite is now under construction at
RCA Victor. The principal experiment
aboard this satellite is the ionospheric
sounding which is performed by a pulsed
swept-frequency signal. The frequency
coverage is from 0.1 MHz to 20 MHz.
The swept frequency system is supple-
mented by a fixed frequency sounder
operating at six selected frequencies
between 0.25 and 9.3 MHz. A unique
feature of Isis A is the antennae asso-
ciated with the sounder experiment.

TELEMETRY AND TRACKING SYSTEM

The telemetry and tracking system (Fig.
1) consists of two main subsystems: one
for use in direct real-time transmission
and the other for transmission of tape
recorded data with a speed-up playback
(4-1). The first subsystem operates in
the 136-MHz telemetry band,” and the
second operates in the 400-MHz band.
The 136-MHz portion consists of two
redundant pairs of transmitters: one pair
of FM transmitters with a 100-kHz trans-
mission bandwidth and one pair of pm
transmitters with a 50-kHz transmission
bandwidth. Either rm transmitter is se-
lectable on command and is modulated
by a sounder video waveform which is an
analog signal (pc to 15 kHz) consisting
of synchronizing and calibrating pulses
at 30 or 60 pulses/second plus echo re-
turns. It may be modulated also by the
output of a VLF receiver in the 50-Hz to
30-kHz band, either on a time-shared
This work was done under Contract CD FE315000/
0030/715-22-30-797 2 PD3-30 Department of De-

fence Production, Ottawa, Ontario. Final manu-
script recetved May 15, 1967.

basis with the sounder or combined with
the sounder. The carrier is continuously
modulated by a 30-kHz 1ri¢ ¥m subcar-
rier® which is normally modulated by the
output of a 30-channel essential house-
keeping commutator. The commutator
output is replaced by clock and program-
mer data (60 pulse/second BcD code) for
five seconds at the beginning of each
minute. The FM transmitter output is
fed to a diplexer which feeds a four-
element turnstile antenna.

Data from all experiments other than
the sounder and VLF are time multiplexed
and encoded using one of a redundant
pair of pcm encoders’. The output of
the encoder in split-phase format is used
to phase modulate one of the pM trans-
mitters. The transmitter output is du-
plexed with the command receivers and
feeds the same duplexer and turnstile
antenna as the ¥M transmitter. All de-
signs must meet specifications over a
temperature range of —5 to +40°C and
must operate over the range —50 to
+75°C.°

136-MHz FM Transmitter

The 136 MHz M transmitter is a four-
watt unit with a basic design that has
proven successful on ALoueTTE I and II.
It consists of a 17-MHz crystal oscil-
lator employing crystal pulling for
frequency modulation. This method re-
quires careful control of spurious modes
of crystal oscillation to control stability
and modulation distortion. The oscillator
is followed by three stages of buffering,
and doubling by varactor multipliers.
The final amplifier is a single 2N3375

transistor feeding the output via a band-
pass filter which is necessary to meet the
NASA spurious emission requirements.’
The design employs conventional dis-
crete components and the construction is
by a series of individual compartments
milled from an aluminum block.

136-MHz PM Transmitter

The 136-MHz pM transmitter is a two-
watt unit consisting of a 34-MHz crystal
oscillator with two sages of buffering and
varactor doubling, followed by a final
amplifier and filter. The phase modula-
tor is a two-varactor high-pass low-pass
interstage filter design. In this arrange-
ment, the incidental amplitude modula-
tions are complementary and so tend to
cancel, while the phase modulations add
and some of the modulation non-linear-
ities cancel. The design of the trans-
mitters is similar to that of the FM units.

PCM Encoder

The pcMm encoder employs a frame of 24
words of 8 bits each (192 bits), with 60
frames per second (11,520 bits/sec).!
Some data are in the form of slowly
varying voltages in the range 0 to +5
volts with frequency components not over
25 or 50 Hz. These are sampled once or
twice per frame, according to the band-
width required, by a commutator con-
sisting of analog gates connected to a
common output. These gates use field
effect transistors (FET) as analog
switches, and are opened in a sequence
defined by a counter using integrated
logic circuits. The samples are held by
a sample and hold circuit and then
encoded by an A/D converter of the
cascaded feedback type. The encoder
output is stored in a shift register and
clocked out at the appropriate time
with the most significant bit appearing
first in the output. Some data, which
are already in the form of bits stored in
experiment shift registers, are fed word
sync pulses at the appropriate time and
bit sync which is then used to clock
out the contents of the shift registers.
During these intervals, the commutator
and A/D converter are inactive.

Two words are available as 16 par-
allel access bits for a digital flag sub-
commutator and various high speed
flags such as a solar aspect sensor and
a 60 pulse/second BCD time code. Two
analog words are used to carry the
output of two 60-channel analog sub-
commutators. Frame sync consists of
the first sixteen bits in a pseudo-random
pattern. Inputs to the redundant en-
coders are normally fed by separately
buffered outputs but in some cases may
be connected in parallel. The encoder
design attempts to minimize the prob-
ability of loading parallel inputs under
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failure conditions. The inactive en-
coder as well as all inactive units using
FET’s as series switches are maintained
in the pinched-off condition by a per-
manent “keep alive” voltage. The de-
sign uses discrete components and inte-
grated circuits on single-side printed
circuit boards mounted in sandwich style.

Analog Subcommutator

Each analog subcommutator scans 60
channels/second, giving an individual
channel sampling rate of one/second.
The commutators are not redundant be-
cause the experimental data on either
subcommutator are not earried by both
units nor by other means. Thus, the
commutators are designed as five-layer
trees to reduce the possibility of catas-
trophic failure. A combination of rela-
tively low source resistance for experi-
mental outputs (~ 10K) and a high
input resistance (1 Meg) in the pcm
encoder ensures that the 19 pcMm ac-
curacy aim is not compromised by the
series elements. Fifteen channels on
each commutator arranged in 5 groups
of 3 are available as low-level inputs
(100 mV full scale). These channels
are amplified by a single differential
amplifier after commutation. This
method minimizes the number of am-
plifiers used, at the expense of lower ac-
curacy in these channels due to ampli-
fier input leakage current flowing
through series FET switches. Subcom-
mutator synchronization is achieved by
resetting the counters to the “channel
one” condition with a separate divide-
by-60 counter which also provides sub-
commutator sync indication as a “true”
condition on the first three bits of the
sixteen parallel-access pcm bits. The
design uses both discrete and inte-
grated circuits and construction is by
single-side printed-circuit mother boards
mounting “flat pack” logic integrated
circuits and “cordwood module” dis-
crete components.

Digital Subcommutator

The digital subcommutator is a 60-input
unit using gated counters scanning a
5x12 matrix. It is driven and synchro-
nized in the same way as the analog
subcommutators to give a channel in-
formation rate of one bit/second. In-
puts are compatible with flat-pack
logic (0 and +5 volts) or with relay
contact closures (short or open) and are
designed for greatest noise immunity.

Tape Recorder

The tape recorder is a four-track unit
in a pressurized container which re-
cords sounder video, VLF, PcM and time
code on separate tracks. The sounder
video modulates the period of an oscil-
lator in the recorder whose output gives
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saturation recording on one track; VLF
signals are recorded on a normal Ac-
biased track. pcm signals are provided
in NrRz-c format but are converted by
the recorder before recording, to a
split phase format. Time code in a 60
pulses/second Bcp pulse-width format
is used to amplitude modulate a ref-
erence PcM bit rate signal which is
recorded on the fourth track. The tape
recorder is controlled remotely by com-
mands stored in the clock and program-
mer and may record for several periods
for a total of 65 minutes. The normal
record period is 16 minutes at 5 in/sec
and the playback is in reverse order
at four times this speed. A period dis-
criminator restores the sounder video
waveform and the split phase recorded
pcm data is restored to NRz-c format.
vLF and time code are available with-
out special processing in the tape re-
corder. The outputs are played back
over the 400-MHz link.

400-MHz Transmitter

The 400-MHz transmitter is a four-watt
unit with both rM and pm modulation
capability and contains a latching relay
switching unit for input signal switch-
ing of played-back data or real-time
data. The r¥ portion of the transmitter
consists of a 17-MHz crystal oscillator,
capable of frequency modulation by
crystal pulling, feeding a buffer and
varactor quadrupler. For this applica-
tion, the crystal must be free of spuri-
ous resonant modes over an unusually
large band because of the modulation
frequencies involved which can be up
to 80 kHz. This stage feeds a buffer
and tripler circuit via a single tuned
phase modulator interstage network.
A further buffer and doubler circuit
provides 2 watts of power at the out-
put frequency which is then used to
drive the final amplifier to the required
four-watt output level.

A final filter is required to keep crys-
tal harmonics from exceeding the speci-

Fig. 2—Command system
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fied output level. The power output is
fed directly to an annular slot antenna
mounted on one end of the spacecraft.
As well as providing input signal
switching, the transmitter also contains
a non-standard 93-kHz sco which may
be modulated by various played-back
or real-time data. The sco and the
played-back time code which appears
as a 240 pulse/second modulation on a
46,080 Hz carrier produce phase modu-
lation of the 400-MHz carrier while
the sounder and vLF frequencies modu-
late the carrier. The transmitter con-
struction is nearly identical to that of
the 136-MHz ¥m and pM units.

Experimental and Tracking Beacons

These units which are identical except
for their frequency, radiate 100 mW of
unmodulated power and together pro-
vide stable frequencies at about 136
and 137 MHz. Their outputs are di-
plexed together and radiate through
four equatorially mounted quadraloop
elements. One frequency satisfies the
requirements for a tracking beacon
compatible with NASA Stapan® facil-
ities while the two together are used to
study ionospheric irregularities.

The beacon design consists of a
seventh-overtone crystal oscillator oper-
ating at the output frequency, followed
by a buffer and final amplifier. Par-
ticular care is taken in the design to
minimize the effects of temperature and
voltage fluctuation on frequency. Low
power dissipation in the crystal also
minimizes long term aging effects.
Worst case combination of voltage fluc-
tuation and temperature shock still re-
sult in stabilities better than 107 with-
out the use of crystal ovens. Tests at
atmospheric conditions have shown that
the difference frequency between bea-
cons may vary as little as 10 for pe-
riods of 10 minutes during thermal
transients. This is probably because
of nearly identical construction and
frequency-temperature characteristics.

Fig. 3—Command decoder
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COMMAND SYSTEM

The command system accepts approxi-
mately 150 commands via radio link
from ground stations, decodes these
commands into control signals for
spacecraft equipment either immedi-
ately on reception or after a command
delay, and ensures that spacecraft
equipment is turned off after a suitable
operating period in the event of no
reception of a deliberate turn-off com-
mand.

Reliability and system design of the
spacecraft system and experiments dic-
tate different reliability requirements
for different commands and functions
of the command system. The command
switching design separates the commands
into four categories: main modes, space-
craft submodes, equipment submodes
and single commands.

The command link to the spacecraft
consists of an amplitude modulated
VHF carrier, which carries a 7-ary se-
ries of tones to the spacecraft in groups
of four tones. The first tone is an ad-
dress tone, and the next three represent
one of 216 6-ary characters.

The commands decoded by the com-
mand decoder affect operating space-
craft units directly. However, the clock
and programmer is an alternative
source for some commands (main
modes). The clock and programmer is
a simple computer with a content-
organized memory of ten words. Each
memory word can contain a number
from one to ten (ten main modes) and
a time of day. The memory contents
are continually being scanned and com-
pared to a clock; when the clock time
agrees with the time stored in a mem-
ory location, the associated stored main
mode command is executed. The memory
of the clock and programmer is filled
by simple commands designated for this
purpose.

As the capacity of the spacecraft
equipment to dissipate power exceeds
the capacity of the solar cells, the main
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power drain of the spacecraft is called
upon intermittently and is drawn from
storage batteries. This arrangement
requires that the storage batteries be
never fully discharged; the automatic
turn-off unit is designed to guarantee
this condition. When certain space-
craft functions are turned on by com-
mand, the automatic turn-off unit is
turned on also, and (after a suitable
interval) causes the appropriate space-
craft function to turn off. Thus power
consumption is limited in the event of
failure to receive a transmitted turn-off
command. Fig. 2 is a block diagram
showing the interconnection of the
units in the command system.

The command receiver decoder com-
bination is redundant providing two
receiver decoder pairs, each handling
108 different command codes. Those
commands requiring redundancy for
enhanced reliability are made up of
outputs associated with two command
codes, one from each receiver decoder
pair, combined in a diode “or” circuit.

Some of the decoded commands,
redundant and single, go to the clock
and programmer, and some to the other
spacecraft units. Delayed mode selec-
tions originating in the clock and pro-
grammer provide alternates for ten of
the forementioned commands.

Command Decoder

Each section of the command decoder
(Fig. 3) includes equipment perform-
ing the following functions: filtering,
format checking, memory, and decod-
ing. The detected signal from the com-
mand receiver is presented to seven
filters, where the tone is classified as
“address” or some ‘“number” one
through six. If the tone is an ‘ad-
dress”, power is applied to the de-
coder logic; “number” tones following
the address tones are stored as decoded
lists in flip-flop registers. Upon recep-
tion of the third “number” tone, if the
message has consisted of one address

Fig. 4—Clock and programmer
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and three numbers, and if the dura-
tions and spacings of the tones have
complied with the required format.
voltage is applied to the top of a
three-layer tree of transistor switches,
3 in the top layer, 6 in the next, and
108 in the bottom layer. The appropri-
ate switches are held open by the con-
tents of the flip-flop memory, resulting
in a current flow from one of the 108
outputs corresponding to the command
code received.

Clock and Programmer

The clock and programmer (Fig. 4)
consists of an accurate clock, a pro-
gram store, command inputs. command
outputs, serial data outputs, timing
pulse outputs, and control logic. The
clock is an accurate (0.5 part in 107)
temperature compensated crystal oscil-
lator, whose output is divided down by
a counter to provide a time code. The
program store is a content-addressed
magnetic memory of ten words, each
word capable of storing a time of day
and one of ten characters correspond-
ing to the ten main modes. The con-
tents of the program store is defined by
a series of commands from the com-
mand decoder.

The time of day portions of the pro-
gram store words are being continually
compared to the time code, and when
agreement is observed, the associated
mode command is issued, and the time
portion of the word is replaced by an
inadmissible time (29:00 hours).

The clock and programmer is paral-
led by the back up clock for relia-
bility. These two units receive power
via a type-C magnetic latching relay.

Avutomatic Turn-Off Unit

The automatic turn-off unit is essen-
tially a redundant pair of clocks timing
the turn-off of the spacecraft equip-
ment. The main unit consists of a
magnetic shift register, counting min-
ute pulses provided by the clock and
programmer. This counter is turned
on automatically, and times for sixteen
minutes. By command, this time can be
changed to eight or twenty-four min-
utes. The main unit is paralleled by
the back-up automatic turn off unit,
which consists of an oscillator and thirty-
minute magnetic counter.

RADIATING SYSTEM
The antenna complement of Isis A is a
set of crossed dipoles, 61.5 feet and
240 feet long for ionospheric sound-
ing, a VHF broadband turnstile array
for telemetry and command, a telem-
etry UHF annular slot antenna, and a
quadraloop antenna array for the bea-
con and beacon experiments. The loca-
tions and orientations of these antenna
elements provide optimum radiation

patterns at minimum mutual coupling.

The vHF telemetry and command sys-
tems share the same antenna. In orbit,
the attitude of the spin-stabilized space-
craft continuously changes with respect
to earth and a nearly isotropic radiator
is required for continuous telemetry
and command operations. A broadband
circularly polarized monopole array in
turnstile configuration provides the best
solution at vHF frequencies. The array
is located around the end of the space-
craft thrust tube which is attached to
the launching rocket by a marman
clamp. The sleeve-type monopole ele-
ments of the turnstile array have a
broadband characteristic with 309 fre-
quency bandwidth and have a nominal
input impedance of 50 ohms. The pm
and FM transmission use opposite rota-
tions of polarization controlled by the
phasing characteristic of the telemetry
diplexer. The design of the telemetry
antenna system is governed by bandwidth
requirements; isolation requirements be-
tween transmitters and receivers; attenu-
ation of harmonics; and high isolation
between transmitters to prevent cross
modulation between the two transmitters.

The heart of the telemetry antenna
system is the S-type diplexer which
combines a broadband characteristic
with a low insertion loss, low vswr, and
high isolation between transmitter input
ports. The S-diplexer, which is a 3-dB
strip-line coupler using Faraday screen-
ing, offers particular advantages over
the conventional coaxial hybrid when
antenna arrays are to be connected in
phase quadrature over wide frequency
bands. The diplexer provides an isola-
tion in excess of 45 dB between telem-
etry transmitters at an insertion loss
below 0.2 dB. The vswr at the input
terminals of the diplexer is less than
1.05. The power ratio at the two an-
tenna ports is within #=0.25 dB. The
deviation from phase quadrature at
transmitter and receiver frequencies is
within 2 degrees.

The main and standby rm and pm
transmitters are connected to the switch-
ing unit, which is operated on com-
mand. A system of sppt latching relays
connects the selected rm transmitter to
the diplexer and feeds the selected pm
transmitter into the duplexer. The
switching unit is combined with the
telemetry/command diplexer.

The telemetry/command duplexer
isolates the transmitters from receivers
by 50 dB and provides an additional
50-dB attenuation of 2nd harmonics in
the path of the pm transmitters. The
output port of the duplexer is con-
nected to the common transmitter/
receiver terminal of the telemetry/com-



mand diplexer. In the command an-
tenna system, the RF signal which is
intercepted by the turnstile antenna is
fed into the diplexer and picked-up at
the common transmitter/receiver ter-
minal of the diplexer. From this ter-
minal, the receiver signal is fed into
the duplexer which provides a 3-dB
power split with an isolation of 40 dB.
The two command receivers which are
connected to the duplexer feed the
command decoder.

The duplexer is designed as a com-
bination of a folded comb-line filter and
an S-type 3-dB strip-line coupler using
the same basic design as the telemetry/
command diplexer. The height of the
resonators of the comb-line bandpass
filter is less than one-sixteenth of a wave-
length at 136 MHz, thus resulting in a
compact lightweight unit.

The broadband metallic matching
sleeves of the turnstile monopole ele-
ments are attached to base-mounts by
threaded fittings enabling the antennas
to survive the high vibration levels at
launch. The nominal input impedance
(50 ohms) of the monopoles permits
connection of dummy loads at the base
of antenna mounts for rapid check-out
of the telemetry system prior to launch.

The broadband diplexer provides
high stability of operation at wide tem-
perature variations from —50°C to
470°C. Due to the inherent phase
quadrature at the ports of the diplexer,
the r¥ harnesses feeding each pair of
monopoles are identical. As a result, a
small number of soldered cable junc-
tions is used, reducing the harness in-
sertion loss and increasing the relia-
bility of operation of the system.

The 400-MHz telemetry antenna sys-
tem utilizes an annular slot antenna
with a back-up cavity. A broadband
radial transmission line transformer,
forms an integral part of the cavity and
matches the antenna to the transmitter
over a wide frequency band. The an-
tenna system is trimmed for minimum
reflection (1%) at the transmitter fre-
quency using a shorted coaxial stub.

The annular slot antenna is designed
to operate as an electrically short radi-
ator near the lower cut-off frequency
with surface currents flowing across the
near-spherical spacecraft body of one
wavelength diameter. The combined
effect is a good omnidirectional, lin-
early polarized, radiation pattern. The
broad doughnut pattern has two nulls
in both directions of the spin axis.

The supporting booms for the Lang-
muir and ion probes are mounted close
to the annular slot antenna and are
decoupled from the antenna surface
currents by a system of ferrite chokes
mounted along both booms. The effect
of the metallic booms on the antenna

radiation pattern is thus reduced.

The antenna surfaces are highly pol-
ished and form a part of the heatshield
of the spacecraft. For the same reason,
the antenna back-up cavity is em-
bedded in a thermo-insulated container.

The beacon radiating system has mani-
fold functions. The antenna array radi-
ates a 136-MHz cw signal for tracking
purposes in conjunction with a 137-MHz
beacon for the study of ionosphere irreg-
ularities and electron content of the ion-
osphere.

The University of Western Ontario
is the principal user of the beacon fa-
cility for studying isolated inosopheric
irregularities. Small-scale variation in
the total electron content of the iono-
sphere are studied using the differential
polarization method (measuring the in-
stantaneous difference angle between
polarization received at the two beacon
frequencies).

The closely spaced frequency method
is used to determine the total electron
content of the ionosphere averaged over
several degrees of orbit path. Simul-
taneous amplitude and phase scintilla-
tion measurements of the received sig-
nal provide information for establish-
ing the ionic inhomogeneities responsible
for these scintillations.

Depending on the experiments, either
circular or linear polarization is used.
The antenna provided for these experi-
ments is an array of four loop antennas
mounted on the equatorial panels be-
tween the sounder antenna monopoles.
The antennas are fed in phase quadra-
ture, providing a circularly polarized
pattern in the direction of the spin-axis
of the spacecraft and mainly linear po-
larization in the direction perpendicular
to the spin axis. The quadraloop antennas
are shorted quarter-wave transmission-
line radiators, capacitively loaded at the
open ends by slug-type capacitors.

The individual quadraloops have a
nominal input impedance of 50 ohms
and are fed by a coaxial-cable phasing
network. The common cable junction
has an input impedance of 12.5 ohms.
The transformation to 50 ohms is
achieved by two quarter-wavelength
50-ohm cable sections in parallel. Thus,
the same cable is used throughout.

The beacon antenna system features
a novel type of strip-line diplexer, com-
bining the two transmitters operating at
closely spaced frequencies into a com-
mon 50-ohm antenna terminal. The
diplexer consists of a half wavelength
3-dB coupler with Faraday shielding
posts, assisted by two helical resonators.
With matched output terminals, the
diplexer provides isolation between
transmitters in excess of 45 dB at 1%
frequency separation over a tempera-
ture range from —50°C to -+70°C.

The insertion losses are 0.9 dB and
0.7 dB between the output and the two
input ports of the diplexer. The vswr
at input ports does not exceed 1.1:1.

The sounder antenna system is es-
sentially the same as those for
Avoverte I and Avouerrte II. The
sounder array has a crossed dipole con-
figuration mounted in the equatorial
plane of the spacecraft. The dipole
radiation pattern is derived from two
pairs of monopoles, each pair driven in
antiphase by a quasi-coaxial feed sys-
tem. The pairs operate sequentially in
two bands over the frequency range of
0.1 MHz to 20 MHz, with a crossover
frequency at 5 MHz. The length of
the shorter dipole and the crossover fre-
quency are determined by the pattern
requirements allowing a maximum side-
lobe level of 10 dB below the main lobe
and also to ensure antenna efficiency at
the lower end of the high frequency
band. The antenna elements are made
of preformed tubular beryllium copper
tape, and stored in the antenna module
before and during launch. The antenna
elements are individually extendible in
orbit by means of an electric motor
mechanism activated on separation from
the launching vehicle or on command.

The antenna modules are equipped
with speed control circuits which main-
tain correct de-spin rate of the space-
craft during deployment of antenna
elements. The modules are double
shielded coaxial units with r¥1 shielding
in excess of 100 dB.

The four modules are radially
mounted on the thrust tube of the
spacecraft and fed via a combining
crossover network mounted inside the
thrust tube. The crossover network
consists of a low-pass high-pass filter
and a TR switch. In orbit, the long
sounder antennas cut the lines of
earth’s magnetic field and build up a
potential proportional to VxB-L,
where V is the spacecraft velocity, B
is the earth’s magnetic field and L the
length of antennas. To free the space-
craft from the ion sheath generated by
the VxB-L effect, all four antenna
modules are equipped with ion guards
in the form of cylindrical 3-foot-long
silicone rubber sleeves mounted at the
root of each antenna element. In addi-
tion, the antennas are coupled capa-
citively to the crossover network to pre-
vent pc from reaching the spacecraft.
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THERMAL DESIGN OF THE ISIS A SPACECRAFT

The thermal design of the ISIS A spacecraft was dictated by details of the
structure, orbit mission, on-board temperature limits, and payload power dis-
sipation. Consideration of these factors showed that 'passive' thermal control
of the spacecraft was feasible. A computer programmed multi-node heat
balance analysis is described which has been developed and used to predict
spacecraft flight temperatures and evaluate design parameters. The scope of
a thermal-vacuum test program required to establish design integrity is outlined.

LL the experiments and electrical
A systems are on the Isis A spacecraft
thrust tube and equatorial panels. (A
complete description of the spacecraft is
given in Reference 1). Because Isis A
will be spin stabilized (with a design
spin rate of 3 r/min) net heat inputs
will tend to be axially symmetric for any
sun-spin vector orientation. As the spin
stabilization does not prevent long-term
large-amplitude spin-axis excursions all
sun-spin vector orientations must be con-
sidered. Thus sixteen sloping trapezoidal
solar cell panels were used to provide
fairly constant solar cell aspect ratio for
the complete range of sun-spin vector
orientations, without allowing the abso-
lute minimum aspect ratio to fall signifi-
cantly below the mean. (The solar cell
aspect ratio is the projected solar cell
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315000/0030/715-22-30-797 2 PD 3-30 Department
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area in any direction divided by the total
solar cell area of the spacecraft.) Solar
aspect ratio of a sphere is 0.25; values
for Isis A range between 0.215 and 0.260.

The estimated electrical power dissipa-
tion for the electrical systems is 60 watts
continuous over an entire orbit. Depend-
ing upon the mode of equipment opera-
tion, the instantaneous dissipation range
can be from 120 watts to nearly zero. The
required flexibility is provided by 51
nickel-cadmium storage cells grouped
into three 17-cell batteries; these can
supply power.in addition to the conver-
sion rate at peak demand and low solar
input, and store energy during low de-
mand and high solar input.

The temperature constraints of vari-
ous components of the spacecraft, includ-
ing the storage batteries, are —5°C to
+40°C. These limits must prevail for all
satellite orbit and attitude configurations.
This includes the launch phase during
which time the spacecraft will not be
spinning and for which a special ascent
heating calculation must be performed.

THERMAL CONSIDERATIONS

The thermal design techniques used for
AvroverTes I and II were developed
further for Isis A.

The average surface properties of the
spacecraft are based on the maximum
and minimum heat inputs averaged over
an orbit. The inputs come from the sun,
the earth, and from spacecraft internal
heat dissipation (Fig. 1).

There are two heat inputs from the
earth: infrared radiation due to the
earth’s internal temperature, and re-
flected radiation from the sun (albedo).
The earth infrared input to the space-
craft is a function of altitude, while the
solar reflected radiation is a function of
both altitude and the angle between the
earth-sun and earth-spacecraft vectors.
For the nominal Isis A orbit, the average
infrared input is about 109 of the solar
input, and the reflected solar radiation
can vary from a maximum average over

one orbit of about 109 of the solar in-
put to zero, depending on the angle be-
tween the sun-earth vector and the orbit
plane. The maximum instantaneous
value of reflected solar radiation is al-
most 50% of the direct solar input. The
extreme conditions possible are listed in
Table I.

In addition to variations in heat flux,
there is the possibility of variations in
spacecraft-sun aspect. Due to gravitation
forces, the orientation of the spacecraft
spin axis can change through a large
amplitude for periods of several weeks.
Thus, the surface of the spacecraft must
be designed so that the heat intake is, as
near as possible, independent of the spin-
axis orientation.

For Isis A, the solar cells are on panels
which are part of the external shell. The
distribution of solar cells on the surface
is dictated by the necessity for having a
constant rate of conversion of solar
power, independent of the spin-axis
orientation.” Fortunately, this tends to
agree with the thermal need for a con-
stant (a/e)xArea, independent of
orientation.

In the direction normal to the spin
axis, the average heat intakes are:

Direct solar radiation = A, @, SP (1)
Earth reflected radiation — A, @, R (2)
Earth infrared radiation = Ay e, £ (3)
Payload power dissipation = P’ (4)

The heat loss is
Az oT* (5)

Thus, the heat balance is

At oT* = Ayay (SP+ R) + AuytuE + P’
(6)

In general, similar equations can be
written for any orientation of spin axis.
Therefore, the spacecraft mean tempera-
ture is a function of a/¢ for the various
external surfaces, and, to some extent, is
a function of |z|.

Thus, temperature of an earth satellite
is affected by surface configuration, radi-



LIST OF SYMBOLS

A Surface area
An Horizontal projected area
E Earth infrared heat flux

Fij Black body radiation shape factor
from node 7 to node j

M Thermal mass

P Percent sun

P’ Payload power dissipation
Earth reflected solar radiation

Heat flux from sun

R

S

T Absolute temperature

t Time

a Solar absorptivity

B Solar aspect. ratio

kij Conductance from i to j

7" Node solar radiation conversion efficiency

e¢ Infrared emissivity

1 exp(—n?)

A A 2s\/7r ‘

sy ol / (1 — evyin)

F — —dA
A A 2s

C  Accommodation coefficient

14

Number of molecules/unit volume
¢ Stefan Boltzmann’s Constant
To Free stream temperature
u Mass velocity
6 Average heat transfer/unit area
Y" Ratio of specific heats
Tw Temperature of wall

s Ratio of most likely molecule speed
to spacecraft speed

S sin g
6 Angle of incidence

v Earth aspect ratio

Average values denoted by a bar.

Fig. 1—Radiation inputs to spacecraft.

RADIATION
ARRIVING AT SPACECRAFT

REFLECTED EARTH PAYLOAD
SOLAR SOLAR INFRARED HEAT
BTU/HR BTU/HR BTU/HR BTU/HR
100% SUN 5050 350 590 340
67 % SUN 3330 360 590 0

Table I—Heat inputs to spacecraft.

ative properties of the surface, internal
heat dissipation, spacecraft orientation,
and orbit parameters.*

The heat dissipation term in the heat
balance equation is smaller than the
other terms but is significant in establish-
ing the radiation coupling required be-
tween the spacecraft interior and the
surface. For Isis A, high emissivity sur-
faces were required.

Passive thermal control is used in the
Isis A spacecraft. A passive design is
one in which the selection of surface ra-
diation characteristics is such that the
spacecraft will operate within an accept-
able range of temperature limits. The
alternative, active control, implies the use
of devices which will function in space
to control a heater, cooler, spacecraft
attitude, radiation characteristics of sur-
faces, or any combination of the above.
Passive control is inherently simple and
the reliability problem associated with
actuated components is not present;
however, no measures can be taken to
compensate for changes in surface prop-
erties with time and variations in space-
craft attitude or orbit parameters. In

Fig. 2—Insulation.
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this connection it is virtually impossible
to effect a totally passive design for space
missions where the distance from the sun
to the spacecraft will vary appreciably
during the mission. With active control,
it is possible to compensate for variations
in the factors mentioned above. Most
earth-orbiting scientific satellites have
passive temperature control designs,
whereas deep space probes have semi-
active or fully active designs and manned
spacecraft have complex active control.

CALCULATIONS
Orbital Temperatures

The thermal design based on average
absorptivity, emissivity, areas and heat
fluxes produced a temperature range of
+2°C to +35°C. As the desired tem-
perature range is —5°C to +40°C, there
is a little in reserve, so knowledge of vari-
ations of temperature with location in
the spacecraft, and with time, was
needed. The heat-flow equation (6) can
be expanded to include the interactions
of thermal masses and the dynamic
effects:

Fig. 3—Nodal divisions.
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ISIS A SURFACE PROPERTIES

a MIN

86% EVAPORATED .
END PLATES ALUMINUM 10

14% WHITE PAINT 20

POLISHED g

EQUATOR ALUMINUM

SOLAR PANELS 735

a MAX 3 SMIN £ MAX
15 -025
81 127
35 -85
25 03--04 37 83
77 7 105 0

Table 11—ISIS A—surface properties.

drT,

M‘_E_: A,a, (1 . 774)[5(“[34“) + Ru)‘h”)]

+ Ay Ve EY + P/ — ky (I.—1,)
— AF o (T —=T) —AeoT¢ (7)

The equation is one of a number of first-
order non-linear simultaneous differen-
tial equations with variable coefficients.
This equation assumes that the solar cells
have a constant conversion efficiency,
which is approximately true if there is
no overchange limiter. On Isis A there is
no overcharge limiter except in certain
failure conditions.

A set of equations similar to Eq. (7),
can be solved numerically. If the vari-
able coefficients change cyclically with
time, the numerical procedure is itera-
tive; if the initial conditions are un-
known and the steady state for a given
environment is sought, the calculation is
again iterative. If the starting conditions
are known, the temperature-time history
can be followed. The calculation method
is to start with a set of temperatures and
calculate the resulting heat fluxes. From
these, the rate of change of temperature
with time can be found, and so the new
temperatures at the end of the short
time interval can be used for the
integration.

A computer program was written to
solve these equations. It has capacity for

100 nodes, each connected to all the other
by conduction and radiation. The pro-
gram can be used for predicting:

1) temperature distribution in a space-
craft;

2) temperature distribution in a piece of

electronic equipment in vacuum; and

temperature distribution of a space-

craft during thermal vacuum and

solar-simulation testing.

3

The spacecraft can have time-varying
earth-infrared and albedo inputs, solar
and earth aspect ratios, and payload
heat dissipation. It can be spin stabil-
ized, gravity gradient stabilized, or pro-
grammed for an arbitrary sequency of
orientations. Active open-loop or closed-
loop temperature control can be simu-
lated, where surface properties change
at pre-set times or temperatures. It fol-
lows that the program can be used for
many different types of spacecraft em-
ployed in various missions. The use of
this program showed that three types of
insulation had to be added for high
thermal resistance between the exterior
“polar regions” and the thrust tube (Fig.
2). A heat shield was added over the
end decks, with the annular slot antenna
in the center. The surface properties of
the heat shields were kept the same as
the decks were previously. Radiation in-
sulation blankets were added as shown in

Fig. 4—Minimum sun temperature history.
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Fig. 2. They are made up of many layers
of aluminized mylar, crinkled to mini-
mize the contact areas between layers,
and so eliminate the need for fiberglass
spacing sheets which were used in pre-
vious designs. Fiberglass insulating
washers are fitted between the panels
and ribs.

To simulate this design, 36 nodes
were used (Fig. 3). With these sub-
divisions, the estimate of internal radia-
tive heat flux becomes important. The
problem is greatly simplified by painting
all internal surfaces, thus providing them
with an infrared emissivity of about 0.85.
Hence emission is diffuse, reflections are
assumed zero, and all that remains is the
calculation of the radiation interchange
shape factors. Painting all exposed in-
side surfaces also reduced thermal resis-
tance from the thrust tube to the shell
and the effect of variations in payload
heat dissipation.

The final surface was defined as in
Table II. These finishes are assumed to
be relatively stable in space, with the
amount of expected variation shown as a
tolerance on absorptivity.

Absorptivity variations in solar panels
are not as well known as the variations in
white or black paint or polished or evap-
orated metals. This is partly because a
solar panel is a complicated composite
surface. For the surface finishes of
Table II, the calculated temperature ex-
tremes are now —5°C to +40°C. These
extreme temperatures occur in different
orbital situations. The 40°C case is
100% sun, maximum albedo, maximum
power, with the spin axis pointing at
the sun. The —5°C case is 66% (mini-
mum) sun, minimum power and albedo,
with the spin axis pointing at the sun.
The variation in each orbit is shown in
Fig. 4. The effect of the albedo radia-
tion on the cold side of the spacecraft
can be seen clearly.

The heat fluxes used in temperature
estimates are found using computer pro-
grams which calculate percent sun, earth
albedo radiation, and infrared radiation
with respect to time.

Quadratures for radiation coupling co-
efficients were evaluated numerically us-
ing an 1BM-7044 digital computer. The
spacecraft is assumed to be a cylinder
contained inside a sphere as shown in
Fig. 5. Radiation heat exchange between
two surfaces in a black enclosure is a
function of the surface temperatures and
a geometric shape factor. The shape
factor between two area elements is
given by:
cosfcosB;dA,

dF,y =200 (8)

where B, and 8, are the angles between
the area element normals and the line L
joining the two area elements. Integra-



. : X W .a( ia a7 [|+(s)’ Xpy L -.]
Fl—j ,Tff / sin@®cosd- TR)| 1+(x =gV +(g) Jsn® d@dpdwdx
L

21[(% +cos @) +sin* @+ b )'—z(%)waml ¢]’

tion over the two areas yields the ex-
change factor between the two finite
areas. The equation in Fig. 5 gives the
interchange integral equation between
thrust tube and external panels. Addi-
tionally the interchange factors are re-
quired for nodal areas of panels since
they “see” each other and themselves.
For this case, the shape factor between
two circumferential segments of a sphere
is simply:

;—‘;(cos 6,4 — C0S 8;5) 9)

where 6,, and 6,, are the values of ¢
which define any area 4, (Fig. 5). This
stems from the fact that any finite area
inside a sphere A, ‘sees’ all other area
elements under the same solid angle.

The same method of numerical tem-
perature prediction has been applied
to some electronic boxes in the space-
craft e.g., the converter box. If the bat-
tery short circuits, this converter must
dissipate 18 watts. The simulation was
done by assuming a radiation sink
temperature to correspond to the average
interior temperature of the spacecraft,
and a conduction sink temperature cor-
responding to the average thrust tube
temperature. Sixteen nodes are used to
make a numerical model of this box. The
two transistors mounted on the flange,
which is integral with the base, produce
the heat. Hence, the main heat path is
through the base to the thrust tube.
However, the alternative paths to the
sides and top of the box, and to the
spacecraft shell by radiation, have an
appreciable effect on the design. This
type of analysis is used to decide the
thickness of the flanges and base of boxes
which are required to dissipate a large
amount of heat.

Launch Window Temperatures

The launch window is set by dynamic
and thermal considerations (only the
latter being considered here). A certain
range of “percent sun” is permissible;
thus, a program has been written to cal-
culate percent sun for a launch at any
time during any day of the year. This
is a calculation of the points of inter-
section of the orbit plane with the earth-
shadow cylinder, and the corresponding
time in shadow, for the full range of
possible launch times.

Ascent heating has to be calculated,
to see what combination of times spent
in sun and shadow are necessary for the
spacecraft temperature to stay within
specified limits. The ascent heat calcu-
lation is in three parts: 1) the heat
fluxes from the earth and sun with cor-
responding view factors, 2) aerodynamic
heating, and 3) calculation of heat fluxes
and temperature within the spacecraft.

The earth and solar heat flux calcula-

tions are similar to those already de-
scribed for inputs to an orbiting space-
craft. The solar aspect ratio is now a
function of the time of day, the day of
year, and the position in the launch
trajectory. As the spacecraft may not
be spinning for some time after shroud
release, it is necessary to calculate solar
and earth aspect ratios without assuming
axial symmetry. This means a large
number of nodes must be used to de-
scribe the circumferential and axial heat
flow.

The aerodynamic heating considered is
in the free molecule flow region only as,
in general, the spacecraft is protected by
a shroud until this region is reached. The
equations governing the heat transfer
are:*”
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The computer program for this calcula-
tion will include the 1959 arpc Model
Atmosphere, and the input will include a
description of the launch trajectory. At
shroud separation, spacecraft tempera-
ture distribution is known. The radiative
earth and solar heat fluxes, the earth and
solar aspect ratios, and the free molecule
flow heating (which is dependent on the
spacecraft temperature and velocity, and
the local atmospheric properties) are
calculated. This information will then
be fed into the multi-node thermal pro-
gram, which will calculate new tempera-
tures for the next time interval. This
will be repeated, providing a history of
temperature with time for each node.

THERMAL TEST PROGRAM
The test program to check out the space-
craft thermal design involves three main
activities. In the first check, exterior
surface finishes are selected by spectral
reflectance measurements. Where neces-
sary, samples are exposed to ultraviolet
radiation to investigate possible changes
in solar absorptivity. For the solar
panels, it was not possible to use the
spectral reflectance technique because
of their size (approximately 18 inches
square) and the composite surface. The
surface area is made up of 749 solar
cells covered by adhesive, cover glass,
filters, and an anti-reflective coating;
13% sandblasted aluminum; and 13%
black rtv. The solar absorptivity and
infrared emissivity of this panel was
measured in a solar simulation chamber
at Goddard Space Flight Center. As a
result of those tests, the panel surface
was modified by covering an exposed area
of epoxy glass with black rTv and chang-
ing the existing white rRTv to black. Sub-
sequent to this, it has been discovered
that the rtv used (GE-511 and cE-577)

n

i

Fig. 5—Internal shape factors.

gives off up to 5% by weight of silicon
oil in vacuum. Temperature cycling
techniques to minimize this outgassing
are currently being investigated. Mean-
while spectral reflectance measurements
on polished aluminum coated in silicon
oil are being conducted to establish the
effect of the silicon oil on the thermal
design.

The second type of thermal testing
which has been undertaken is to investi-
gate regions in which the heat flow paths
are doubtful. One region of doubt is
where sheet metal or thin sections are
bolted together. The only satisfactory
method of establishing the contact ther-
mal resistance value is by measurement.
This has been done on a sample solar-
panel-to-equatorial-panel bolted joint.
The effect of adding indium foil was
measured, and it was found to be an
appreciable advantage. The test was
done by measuring heat flow and tem-
perature drop across a joint in vacuum.

The thermal design will be acceptance
tested in a solar simulation facility at
Goddard Space Flight Center. This will
check out the spacecraft at the extremes
of orientation and percent sun. The re-
sulting spacecraft temperatures will not
be directly representative of what is
expected in space. As a result, space-
craft temperatures in the solar simula-
tion chamber will have to be predicted,
and compared with measured results.
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LABORATORY STUDIES OF
SATELLITE DESIGN PROBLEMS

This paper considers some of the satellite engineering problems and constraints
which develop as a consequence of the orbital environment, the experiments, and
portions of the spacecraft system. With reference to topside sounding satellites
such as ISIS A, potential problems associated with spacecraft geometry, solar-cell

panels, DC-to-DC converters, and the experiments themselves are discussed.

These problems have been studied under scaled laboratory conditions, contribu-

ting design information on alleviation techniques where necessary. Other uses of

simulation in this area are indicated.

DR. F. J. F. OSBORNE, Dir., and M. A. KASHA
Plasma and Space Physics Laboratory

Research Laboratories
RCA Victor Company, Ltd.
Montreal, Canada

N considering a spacecraft to be used
as an earth satellite for scientific in-
vestigations, the various design areas
may be conveniently classified under
five very general headings:
1) Mechanical provision for experiments;
2) Communications system for command
and data transmission;
3) Power;
4) Spacecraft orientation (attitude) mon-
itoring and usually control; and
5) Spacecraft environment.

The first four of these classifications
involve what may be termed (for the
purposes of this article) conventional
space engineering; the last classification
—the problems associated with the en-
vironment—includes many problems that
are also the province of the engineer:
thermal balance throughout the vehicle,
behavior of components under space con-
ditions; environmental changes during
launch. As a subdivision within this gen-
eral classification, however, there aie
many potential problems arising from
the satellite motion through a tenuous

Portions of this work were done under Contract
PD69-415004, Serial No. 2PD4-16 with Defence
Research and Telecommunications Establishment,
Defence Research Board, Ottawa, Canada. Final
manuscript received April 20, 1967.
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Fig. 1—Schematic diagram of apparatus.

magnetoplasma, i.e. through an electri-
cally neutral system of positive and nega-
tive charged particles (usually positive
ions and electrons) that includes an as-
sociated magnetic field. Such problems
are generally within the realm of the
plasma physicist.

Since the satellite is moving through a
magnetoplasma, interactions between the
two will occur, which may have deleteri-
ous effects. These interactions will
usually give rise to some form of plasma
sheath about the vehicle, i.e. a region
wherein the plasma is perturbed.

As an illustration of this effect con-
sider what happens when a body is
placed in a plasma. The plasma consists
of approximately equal concentrations
of (generally) positive ions and elec-
trons. These particles have equal ener-
gies and, since there is a large dis-
crepancy in their masses, this means that
the electrons have, by comparison, a very
high mobility. Thus, more electrons will
strike the body than positive ions. Since
the body is not allowed to act as either a
source or a sink for electric charge, the
electrons build up a negative charge
just sufficient to decrease the flow of
further electrons so that it equals and
cancels the ion flow, and equilibrium is
established. However, the potential of
this electrically floating body is now
slightly negative with respect to the
plasma (i.e. the ‘floating potential’ is
negative with respect to the ‘plasma po-
tential’). The decrease in the electron
flow caused by this potential difference,
or electric field, means that the region
around the body has fewer electrons
than the normal plasma.

Now it can be seen that if this body
has some form of plasma measuring de-
vice mounted on its surface, it is possi-
ble for this diagnostic to monitor the
conditions prevailing inside the plasma

sheath, instead of measuring the param-
eters of the ambient plasma.

Generally speaking, a sheath such as
that described is of small dimension and
it is possible to design diagnostic devices
such that they effectively probe through
and investigate conditions beyond the
sheath. However, it must be appreciated
that the situation described, though ac-
curate in itself, is very much a simplifi-
cation of the satellite situation. Consider
a small spherical satellite in earth orbit
in the upper ionosphere. First it may be
said that the vehicle will be surrounded
by a ‘floating’ sheath, as described above.
However, since the body is now a satel-
lite, account must be taken of the high
relative velocity between the satellite and
the plasma. Usually this velocity is high
with respect to the ion thermal velocity
(at least for near earth orbits) and low
with respect to the electron thermal ve-
locity. Thus the front surface of the satel-
lite ‘sweeps up’ a ‘ram current’ of ions,
leaving a complex wake in the rear of the
vehicle, and so modifying the simple
sheath picture. To this picture must be
added the effects produced by the inter-
action of the moving, conducting satellite
with the earth’s magnetic field B.

These effects become most pronounced
when the satellite velocity vector V and
the magnetic field B are perpendicular,
when an electric field E is produced
perpendicular to both V and B (the VxB
effect). This produces a sheath analo-
gous to the floating sheath, but since the
potential difference between the body
and the plasma now varies across the sur-
face of the body (parallel to E) the
sheath so formed also varies.

It must be realized that none of the
above sheaths are produced as a steady
phenomenon, but rather as effects which
vary depending upon variations in a
number of parameters including satellite
orientation, magnetic field, and velocity.

LABORATORY EXPERIMENTS

The two experiments to be described
both deal primarily with aspects of the
VxB sheath: in the first instance, a tech-
nique is developed whereby the effects of
the sheath on measuring equipment can
be minimized; in the second, it is shown
how this VxB effect can lead to inter-
ference in the operation of the spacecraft.

VxB Effect

Since this work was performed for the
Defence Research Telecommunications
Establishment of the Defence Research
Board of Canada, the interest was biased
towards the problems of the Canadian
satellites of the ALOUETTE and IsIs series.
The primary experiments associated with
these satellites are the sounding experi-



ments whereby the upper ionosphere is
investigated by probing with electromag-
netic waves (100 kHz to 20 MHz), in a
technique somewhat similar to radar.
Satellites are used for these measure-
ments because of their mobility and ac-
cessibility. Since the upper levels of the
ionosphere respond to electromagnetic
waves of a frequency which will not pass
through the layer situated below these
upper levels they cannot be investigated
from the ground, and so must be probed
from above, or the topside, producing
the generic name ‘topside sounder’ for
such satellites. A characteristic of such
topside sounder satellites is that they
carry very long sounding antennas (Isis
A has approximately a spherical body of
one meter diameter, and main antennas
36.6 meters long, i.e. ~73 m tip-to-tip).
Thus, because the total VxB voltage var-
ies directly as L (~70 m for Isis A),
even though the magnetic field B may be
small, the velocity V is large and under
certain conditions of satellite orientation
and velocity the total VxB:L voltage
developed can be as much as 20 volts. It
can be shown that the maximum potential
difference occurs at one end of the anten-
nas. However, a potential difference of
10 volts developed about the middle of
the antennas (i.e., on the body) is still
sufficiently large that it can produce a
sheath capable of disturbing the direct
measurement experiments located on or
within ~1 meter of the body.

Such a situation was studied in the
laboratory using an apparatus in which
the plasma/satellite interaction is simu-
lated. Models of the satellite were sus-

Fig. 2—Langmuir probe analogy.
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pended in an evacuated interaction cham-
ber and a plasma produced by a two-
electrode coaxial plasma gun was allowed
to flow down a flight tube into the inter-
action chamber and around the model.
A magnetic field was produced by a
Helmholtz coil arrangement set up exter-
nal to the interaction chamber, as shown
in Fig. 1. Thus, a plasma flow was pro-
duced with a magnetic field B arranged
to be perpendicular to the plasma veloc-
ity vector V, producing an electrical
field E perpendicular to both V and B
and parallel to the antennas of the model
satellite. This arrangement produced the
field E in the plasma, leaving the satellite
a unipotential body, a situation analogous
to the space condition of an electrically
field-free plasma and a potential gradient
restricted to the vicinity of the satellite.!

The first consideration with such an
apparatus, since it is not a true but a
scaled simulation, is how accurate is the
scaling? To evaluate this it is necessary
to determine first the scaling laws that
apply and then determine values for a
number of laboratory plasma parameters
and compare them with the predictions
derived from the scaling laws. These
scaling laws were investigated by Shkar-
ofsky’ who showed that the plasma pa-
rameters required to simulate a typical
orbit were a density of ~10" to 10" cm™,
at a temperature of <1 eV, and a velocity
of ~2 cm/ps through a magnetic field of
~350 gauss. These requirements were
met reasonably well."

The techniques used to determine the
plasma parameters included Langmuir
probes to determine the plasma temper-
ature and also, from a variation in the
floating potential across the stream, the
VxB field; 9-GHz microwaves for the
variation of plasma density with voltage
on the plasma gun; and. using a gauss-
meter to measure the magnetic field, the
previous electric-field measurement was
used to measure plasma velocity.

Having established the parameters of
the pulsed plasma stream and ensuring
that they met the scaling requirements,
the model satellite (consisting of a
spherical body with two extended anten-
nas) was placed in the interaction cham-
ber. Considering the Langmuir charac-
teristic of the plasma and assuming the
satellite to act in an analogous fashion
led to the conclusion that a bias voltage
applied between the body and antennas
would minimize the sheath problem in
the body region (Fig. 2). For simplicity,
the body and the antennas are considered
to be of the same cross sectional area.
The varying potential difference between
the body and the plasma, represented by
the absissa, is considered as a gradient
along the body, and the current density
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collected at each part of the body is re-
presented by the ordinate (electron cur-
rent shown as positive). The addition of
a ram-ion current, caused by the ‘sweep-
ing up’ of ions discussed previously, has
little effect on this curve.

It can be seen that the smallest sheath
is associated with the smallest body/
plasma potential difference, and with the
electron collection region. Thus a bias
applied as shown, causing the body to
become the electron collecting portion
of the system, should ensure that the
body has the smallest sheath

To test this concept, a model satellite
was constructed so that a variable poten-
tial bias could be applied between the
body and the antennas. As was men-
tioned above, the plasma sheath is asso-
ciated with the potential difference be-
tween the plasma and the body, and so
this was used as a diagnostic for the
sheath. The plasma potential (in fact
‘floating’ potential) was measured by a
probe located in the plasma, near the
model but outside any possible sheath
effects. This potential was measured and
compared with the potential of the body
of the satellite. The difference between
them was plotted as a function of the
body/antenna bias (Fig. 3), and it can
be seen that this difference goes to Zero,
signifying a minimum sheath for a bias
218 volts which corresponds to VxB-L/2
as predicted in Fig. 2.

The experiment thus shows that the
bias concept is effective, and calculations
of the pc-to-nc converters used on the
given in Osborne and Kasha' show that
the system is easily applicable to a satel-
lite of the ALOUETTE or IsIs type, for a
very small power cost (~20 mW). This
technique is being applied in the Isis A
spacecraft. :
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VLF Interference

Analysis of the output of the VLF receiver
on ALOUETTE I showed the presence of
signals at the frequency (and harmonics)
satellite power supply. This is an obvious
form of interference but, since it has
been observed to mix with the natural
signals and form combination tones, and
since the level of the automatic gain con-
trol of the VLF receiver can be set by the
level of interference signals, it is virtually
impossible, at times, to discriminate be-
tween the true signal and the interfer-
ence, or even to know the correct signal
level when this discrimination is possible.
Inductive interference, or ‘pick-up’ is of
course a common problem in circuit de-
sign of all kinds, and this was borne in
mind during the design of the satellite
system, and was moreover checked out
before launch, when it was found to be
detectable, but at a level considered to be
not important. It appears that the inter-
ference really developed when the satel-
lite was in orbit. It must also be noted
that this interference did not occur at a
constant level, but showed a definite vari-
ation. Examination of the data from the
ALOUETTE led to certain patterns being
established for the behaviour of this inter-
ference: variations associated with satel-
lite being in the dark or light part of its
orbit with a sharp discontinuity at satel-
lite dawn, and also variations which could
be linked to the satellite orientation with
respect to a plane defined by the satel-
lite’s velocity vector and the earth’s mag-
netic field, i.e. a possible dependence on
the presence of a VxB effect. Such pat-
terns led to the conclusion that the inter-
ference was in some way associated with
the plasma around the vehicle, and hence
a possible mechanism, based on such an
assumption, was developed and tested.

Specifically, any proposed solution had
to explain the following observations:

1) With the satellite in the dark, aligned
so that no VxB-L potential gradient
exists along the antennas, no converter
interference is found in the VLF receiv-
er output;

2) With the satellite in the dark but with
VxB gradients, negligible effects were
noted;

3) With the satellite in the light but no
VxB, no interference ; and

4) With the satellite in the light and
aligned for a VxB gradient, large in-
terference signals are found.

Fig. 4 shows a simplified power supply
system for ALOUETTE I. A series-parallel
array of solar cells with their terminals
exposed to the surrounding plasma sup-
ply (via a diode) power to the batteries
and various satellite systems. Where the
power supply impedance is not zero, the
chopping frequency of the electrical pc-
to-nc converter will appear on the main
power bus. Now when the satellite is in
the dark, the solar cells are at the body
potential and the diode is biased off to
prevent battery drain, and so any Ac
signal on the power bus is unable to
reach the solar cells. When the satellite
is illuminated, however, the diode has a
low impedance, allowing the converter
signal to appear across the solar cells,
which are now raised to various positive
DC potentials. It remains to determine
how this signal will appear on the vLF
receiver antenna with VxB modulation.
The vLF receiver antenna is a large
dipole, coupled via a transformer, to the
VLF receiver in such a way that any alter-
nating current of the appropriate fre-
quency passing through the transformer
between the two halves of the antenna,
or unequally between each half antenna
and the satellite body, will appear at the
VLF receiver input. Now a satellite



can have associated with it asymmetric
VxB plasma sheaths, in such a way that
all the electron collection required to
keep the system electrically floating takes
place at one point, usually one end of the
antenna array (Fig. 2). Now if there is
an AC signal on the exposed edges of the
solar cells, which are themselves raised
to a positive potential by their operation,
the solar cells will collect a varying elec-
tron current. Then, to maintain the
floating condition, a variation of opposite
phase must occur in the electron current
collected on the antenna, which immedi-
ately introduces an asymmetric signal
through the transformer to the body, as
discussed above, and consequently intro-
duces an interference signal at the input
of the VLF receiver. In the light of this
proposed mechanism, consider now the
four conditions previously set forth.

1) Satellite in the dark, with no VxB
gradient: no converter signal is pres-
ent on the cells since the diode is
biased off. Any residual signal would
affect the antennas symmetrically and
there is thus no interference at the
receiver.

Satellite in the dark, with VxB sheaths:
The VxB gradient is such that the body
(and cell) potential is approximately
VxB:L/2 below the plasma potential
and the Ac signal is not sufficient to
raise the solar cell potential into the
electron collecting region, and thus the
cells are free to change their potential
without affecting the current collection
pattern.

Satellite in the light, but no VxB ef-
fects. The solar cells are now at a pos-
itive potential, and so a variation of
electron collection develops on the an-
tennas, but it does so symmetrically
and so no interference is found.
Satellite illuminated and suffering
VxB potential gradients produces the
correct asymmetry for the converter
signal, to affect the electron collection
and thus induce a modulation in the
electron current collected by one an-
tenna and so produce an asymmetric
signal which can appear at the VLF
receiver. The converter signal appears
on the exposed edges of the solar cells
which are now at a large positive
potential with respect to the plasma
potential.

Such a situation was simulated in the
laboratory, where an equivalent satellite
system, effectively containing a trans-
mitter transformer, antennas, variable
VxB antenna sheaths, and an exposed
solar cell terminal (which could be
raised to a pc potential and have im-
pressed upon it a converter signal) was
placed in a stationary helium plasma.
The results of this simulation are shown
in Fig. 5 which shows the magnitude of
the detected interference signal for the
four conditions discussed above. The
lack of symmetry and the fact that the
minimum does not occur at zero VxB
potential are due to inherent coupling

introduced by the model and circuitry
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unbalance. Such a picture illustrates
well the operation of the proposed mech-
anism, and agrees well with the spin
modulation data from the satellite.’

SUBSIDIARY WORK

The previous section has dealt in some
detail with two laboratory investigations
of satellite/plasma interactions to give
some idea of the method of approach
used and the techniques employed by
the plasma physicist in dealing with such
problems. The techniques can of course
be applied to a broader field than that
implied by the above examples.

Kasha and Johnston* have used very
similar techniques to investigate the re-
sponse of a plasma diagnostic device
mounted on a satellite as a function of
satellite orientation. A gold plated sphere
was used to simulate a satellite, with a
total current monitor, or collector,
mounted on the surface, the whole being
situated in a pulsed flowing plasma. By
rotating the sphere around an axis per-
pendicular to the plasma velocity vector,
the response of the current monitor was
determined as a function of satellite ori-
entation in such a manner that the effects
of the ram current and the wake found
behind the simulated vehicle could be
clearly seen. As a further experiment a
magnetic field was produced over the
volume of the plasma stream/satellite
model region, parallel to the axis of rota-
tion of the model. This produced a VxB
potential gradient effect which was now
superimposed onto the previous response
curve. This second response curve, now
highly asymmetric where before it had
been symmetric about the plasma veloc-
ity vector, was determined experiment-
ally, and found to compare well with that
of the ExprLorer VIII satellite.

Other aspects of this satellite work
have included a study by Graf and
Jassby® of the behaviour of antennas in
a plasma. The impedance of an antenna
is usually determined by its geometry
and the dielectric constant of the sur-
rounding medium. Should this antenna
be mounted on a satellite, it will find
itself in a plasma, i.e. a medium whose
dielectric constant may change, either
with antenna position (different locations
within the satellite orbit) or time. Obvi-
ously such changes will bring about
changes in the antenna impedance which
are related to the plasma parameters.

Such studies as this are useful both to
the engineer, since they illustrate such
phenomena as a varying antenna imped-
ance, and to the physicist, since they
indicate new methods for determining
the parameters of the space plasma.

At present the RCA Victor Research
Laboratories are conducting some pre-

liminary investigations into the phenome-
non of ‘transmitter-induced sheaths’.
These plasma sheaths are formed around
transmitting antennas under the influ-
ence of the antenna operation, i.e. the
presence of a pulse of varying high volt-
age. The main point of interest is not so
much the creation of such sheaths, but
the prospects for their persistence once
the generating signal has been removed,
since they can be of such magnitude as
to seriously perturb the operation of the
satellite or its experiments. The sheaths,
and their relaxation times, are found to
depend markedly on the transmitter fre-
quency and on the ambient plasma. Pre-
liminary results indicate that it may be
possible for the relaxation time, under
certain conditions, to overlap the time
period when the local-plasma diagnostic
experiments may be activated, a time of
the order of a millisecond. The determi-
nation of these relaxation times is compli-
cated by the internal circuitry of the
particular satellite under consideration
and therefore the study is being contin-
ued with the aid of an equivalent circuit,
with which it is hoped to simulate, though
not directly, the action of the ram ion
currents, electron currents, etc.

CONCLUSION

In this article one of the parts played
by the plasma physics laboratory in the
essentially engineering problem of de-
signing a satellite has been described.
It can be seen that the general approach
adopted in the laboratory to these prob-
lems is that of simulation, either direct
or scale model experiments. The partic-
ular scaling laws that must be used for
such experiments have been well estab-
lished, and the techniques that are used
to produce plasma of the correct, scaled
parameters are being continually im-
proved. Indications have also been given
as to the various other fields where work
has been, or is, being performed with a
view to acquiring a greater understand-
ing of the interactions that occur between
a fast moving satellite and the ambient
magnetoplasma.
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ELECTRICAL AND MECHANICAL
DESIGN OF THE MILL VILLAGE
ANTENNA-RADOME COMPLEX

Requirements for a satellite communication ground station must be determined
from the optimum conditions of the global ComSat system. The most im-
portant characteristic is the gain-to-noise-temperature ratio (and its fading)
which must be optimized for a given cost. Additional requirements are the
compatibility with other ground stations, communication reliability, minimum
design risk, easy operability and maintainability, low operational cost, and long
life. Special requirements were presented for the Mill Village station by the
Canadian environment. This paper discusses the electrical and mechanical
design of the inflated radome and antenna. The system has full-angle and
polarization tracking capability, including orientable linear polarization. The
system has been built and has met all the original design and communication

performance objectives.

P. FOLDES
Space Systems Engineering
RCA Victor Ltd.
Montreal, Canada

VER since the usefulness of micro-

waves for point-to-point communi-
cations was recognized, designers have
searched for large antenna gain at eco-
nomical cost. The advantage of large
gain as a means of reducing transmis-
sion losses was obvious; nevertheless
(for economical reasons), the desired
antenna gain had to be balanced with
the subsystem characteristics of the en-
tire network. Thus, the development of
communication antennas was limited not
only by their own problems, but by the
characteristics of the related equipment.

INITIAL MILL VILLAGE ANTENNA DESIGN
CONSIDERATIONS
Orbiting satellites, carrying at least one
of the repeater stations, removed the
larger part of the propagation path from
the vicinity of atmospheric and ground-
noise sources. In the case of the down
link, the inherent geometry eliminated
most of the background radiation from
the sensitivity region of the ground-
based receiving antenna. The drastic
reduction of external noise levels gave
tremendous impetus to the development
of compatible low-noise antennas and
receivers. Under these new circum-
stances, the antenna gain (G) was no
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longer the overwhelmingly important
characteristic, and the gain-to-system-
noise-temperature ratio (G/T,) was
introduced.

Usually, the occurrence of a new prob-
lem is followed by an early solution based
more or less on brute force methods.
Earth station antennas were no exception,
and some large-gain, low-noise antennas
were built, where economy (though im-
portant) was of secondary consideration.
However, the situation quickly reversed,
and new characteristics were defined to
measure the cost effectiveness of the de-
sign. This effectiveness can be expressed
as the G/T, ratio relative to the weight
of the antenna.

During the past decade, the state-of-
art in satellite communication has
favored a large ground antenna, close to
60-dB gain. The frequency bands have
to satisfy the following conditions:

1). for reception—giving minimum com-
bined atmospheric and galactic noise ra-
diation; and

2) for transmission—high enough to per-
mit adequate receive-transmit isolation
and low enough to avoid excessive antenna
tolerance problems.

When hemispherical angular coverage
and high-precision tracking (1/10 of
the 3-dB beamwidth) are added to the

above defined requirement of effective-
ness, the possible antennas are reduced
to a very limited number.

In these antennas, without exception,
the large aperture area (~ 6000 ft*) is
realized by a parabolic reflector illumi-
nated by a spherical wave. The effective-
ness of such an antenna is determined by
the shape of the main reflector. As the
cost of the large, precision reflector and
its associated structure is usually far
more than the cost of the source (feed
system) a great effort went into the de-
sign of source systems which produce
nearly ideal aperture distributions,

In a global communication system
with many satellites and earth stations,
the standardization of the G/T, ratio is
highly desirable. Thus, effective radi-
ated power of the satellite can be se-
lected optimally to obtain economical
advantages in the construction and op-
eration of Earth stations.

EARTH STATION OBJECTIVES

In 1963, the Canadian Department of
Transport decided to build, for Canada,
an experimental earth station terminal.
The declared objectives of the station
were:

1) Create a tool by which specifications
and design data for operational
ground stations can be generated ;

2) Permit participation with other na-
tions in satellite communication ex-
periments;

3) Aid participation with other nations in
the development of international oper-
ating procedures and standards;

4) Develop Canadian knowledge in sup-
plying operational earth stations for
Canada and for international market;

5) Train staff for operational use; and

6) Conduct experiments on various hard-
ware units and system aspects in
order to permit adaptation of the
station for future operational use.

RADOME-ANTENNA REQUIREMENTS

On the basis of the above considerations,
the following requirements were estab-
lished for the antenna.

1) Frequency Band—3960 to 4200 MHz
receive, 6160 to 6400 MHz transmit.
In actual practice, these frequency
bands (limited by the feed system
only) were exceeded by a fair margin.

2) Gain—More than 58 dB (in the re-
ceiver frequency band) to assure 600
voice channel or one color-Tv channel
capability, with currently used satel-
lite power. (The gain achieved was
approximately 1-dB higher).

3) System Noise Temperature—Less than
65°K at 7.5° elevation above the hori-
zon at 4GHz in clear weather. The
measured value on the completed sys-
tem was a few degrees better than the
specification.

4) Angular Tracking—Tracking is gen-
erally characterized by angular cover-
age, accuracy, speed, and acceleration.



TABLE I—Measured Antenna Gain of the
Mill Village Antenna System

Gain (dB)

f (GHz) factory field
3.9 58.6 58.0
4.0 59.0 59.1
4.1 59.1 59.2
4.2 59.3 59.4
6.0 61.2 59.9
6.1 61.2 60.6
6.2 61.1 59.6
6.3 61.5 59.7
6.4 61.2 59.6

TABLE ll—Calculated and Measured
Antenna Noise Temperature Versus
Elevation Angles

Noise Temperature (°K)

O (degrees) Calculated M easured
90 28.0 34.2
60 28.5 33.8
30 29.5 36.1
10 39.0 44.0
7.5 41.5 47.6
f = 4081 MHz

The smallest angular coverage, and
minimum speed, are required for syn-
cronous satellites. For medium-orbit
satellites, full beam steering capabili-
ties are desirable. Therefore, tracking
speeds and accelerations were speci-
fied according to these types of satel-
lites. The rms tracking accuracy had
to be less than %4y of the 3-dB beam-
width to make tracking loss negligible
(equivalent to about 0.02°).

Polarization Matching—To avoid ex-
cessive signal loss, the polarization of
the “receive” antenna had to be
matched to the incoming polarization.
Similarly, the transmitter antenna had
to be matched to the “receive” polari-
zation of the spacecraft. Generally,
orthogonal polarizations were needed
between transmit and receive modes to
obtain additional isolation between
these frequencies. Changeover time
from circular to linear polarization was
not critical, but alignment of the at-
titude of linear polarization had to be
instantaneous.
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Weather Protection—The ideal weather
protection is a function of the site,
but generally the effects of weather
cannot be completely eliminated. The
magnitude and time distribution of
the weather-originated fading (about
3 to 6 dB) can be influenced by the
type of antenna protection. In systems
under radomes, the main source of
fading is precipitation, while in sys-
tems without radomes, the main
sources are precipitation and wind.
The choice of radome-protected or
exposed antennas was not clearcut on
the basis of G/T, ratio; the choice
was based on operational and life-time
considerations.

ANTENNA ELECTRICAL DESIGN

Effectiveness of the antenna system as
previously defined is maximum for sym-
metrical structures (axially symmetrical

paraboloid) which are the most com-
monly available design. Therefore, it
was decided to tailor the rest of the
optical system to fit this arrangement;
furthermore, the choice of a far-field
Cassegrainian feed system was selected
on the basis of its advantages in equip-
ment layout, simplicity, and high G/T,
ratio (Fig. 1).

When the Mill Village program be-
gan, an RCA experimental feasibility
study of a multimode wideband tracking-
communication feed had been completed
and was the basis of the hardware de-
sign. The requirements of the feed
(radiating source, Cassegrainian subre-
flector, and supporting frames) were as
follows:

1) Optimum performance-to-cost ratio for
the antenna complex (performance is
characterized by ratios of antenna gain
to noise temperature) ;

Minimum of microwave component
types;

Large flexibility in operational modes,
and coverage of a wide frequency band
to accommodate possible changes of
frequency requirements;

4) Low circuit loss and difference-mode
minimum depth by using highly sym-
metrical waveguide cross-sections;
Good aperture field distribution for
the main reflector in the receiver fre-
quency band, while maintaining at
least —3-dB antenna efficiency in the
transmitter frequency band;

Freedom for field alignment of the
feed relative to the main reflector; and
7) Both circular and orientable linear
polarization.
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The first requirement virtually dictates
the use of some form of Cassegrainian
system, in which the radiating source
first illuminates a primary reflector, re-
flecting the wave toward a secondary
reflector. In the simplest form of Cas-
segrainian system, the radiating source
aperture is small and the subreflector is
in its far field. Then the subreflector
is a symmetrical hyperboloid and the
secondary reflector is a symmetrical
paraboloid. Mechanical symmetry results
in the simplest construction and mini-
mum weight. An 85-foot-diameter solid
paraboloid with a focal distance of 36
feet and rRms surface tolerance (half-
path-length error) of less than 0.040
inch was selected for the main reflector.
Such a paraboloid is easily fabricated
and has known mechanical characteris-
tics; it represents a good compromise
among weight/aperture-area ratio, rigid-
ity, and weight of feed-support structure.

To illuminate a relatively flat parab-
oloid with low spillover, requires an
illuminating aperture of ten or more
wavelengths. Therefore, an 8.5-foot-
diameter hyperboloid subreflector with
a focal distance of 18 feet was used.

The radiating source system can be
operated in a linearly polarized mode
and may be oriented in any plane. In
principle, this system is relatively sim-
ple and, with the exception of the mode
filter, does not contain any radically
new elements.

The transmitter (Tx) terminal (wr-
159) accepts power up to 10 kilowatts
cw. Power is divided into two equal
parts; each half travels through a cutoff
section and a bandpass filter that provide
more than 125-dB attenuation below 4200
MHz, and exhibit less than 0.13-dB at-
tenuation for the Tx frequencies. In
addition to these filters, the arm con-
nected to the side output of the source
system has an adjustable phase shifter
using a short-slot hybrid with non-
contacting plungers. The outputs of the
Tx bandpass filters are connected to the
receiver (Rx) bandpass filters at the
junctions (S) and (C) ; these form the
duplexing points, with negligible junc-
tion effects. Beyond these junction
points, both the center and side-arm
transmitter power is divided into four
equal parts by identical wideband hy-
brids. (The four-way power division is
necessary to introduce monopulse track-
ing capability for the receiving band.)
After these manipulations, the center
power and side-arm power are recom-
bined in a four-port orthogonal coupler
that has four square-waveguide outputs.
Each of these cross-sections support the
TE, and TE, modes corresponding to
the center and side outputs of the sys-
tem. Each of these modes is decomposed
in the following symmetrical diamond
transformers and converted into a left
and right circularly polarized wave by
the 90° differential phase shifter that
terminates the four-port circuit.

The four-port polarizer launches four
individual TE,, modes into the mode fil-
ter, an oversized square-waveguide sec-
tion having two basic purposes: 1)
match the four-port circuit to the multi-
mode horn, and 2) produce a symmet-
rically tapered field distribution in the
aperture of this horn.

An oversized square-waveguide cross-
section capable of supporting the TE,,
TE., TEw, TE., + TM.,, and TEy, modes
was used. This waveguide, approxi-
mately 2 X\ long, has a series of crosses
at the input end for matching the sum
and difference modes and a series of
posts at the output end for pattern shap-
ing. The mode filter is followed by a
square horn that has a 5 \ aperture size
in the transmitting band.

The operation of the system for the
received frequencies is basically iden-
tical to that for Tx operation, although
the direction of propagation is opposite
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Fig. 1—Block diagram of the feed system.

and band-stop filters are used in the
receive arm of the duplexer instead of
the cutoff waveguide sections of the
transmit arm.

The difference-mode operation of the
system is somewhat unconventional,
mainly because it combines two inde-
pendent monopulse systems. One mono-
pulse system is realized in the center
multimode system and is obtained
through the three wideband hybrids of
the monopulse combiner. This system
is quite effective, even though the dif-
ference-mode aperture is only V4 the
optimum value. This limitation is re-
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engineer on airplane engines. Over the next ten
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in government and industry positions as a project

moved by the addition of an auxiliary
four-horn monopulse system consisting
of four circularly-polarized rectangular
horns located symmetrically around the
multimode square center horn. The
horns are diagonally fed, and circular
polarization is achieved by the selection
of horn length and aperture aspect ratio.

Conversion of the feasibility design
study into operational field hardware
took approximately 1v% years. Most
of the electrical tests were done in
RCA Victor’s anechoic chamber, and
consisted of amplitude and phase pat-
tern recordings of the radiating source,
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vsWR and isolation tests at the vari-
ous terminals, and loss measurements
through various channels of the system.
All measurements had to be conducted
in wide-frequency band, and for various
polarization modes and polarization posi-
tions. Since no scale model of the an-
tenna was ever built, great effort was
maintained to predict the performance
of the antenna system after the installa-
tion of the feed.

The efficiency, noise temperature,
pointing, and tracking accuracy of the
overall system were calculated using
computer programs. An improvement in
state of art was achieved in predicting
the final G/T, to within a few tenths of
a decibel.

The most important feed system pat-
terns and overall antenna system pat-
terns are indicated in Figs. 2 and 3 re-
spectively. Table I shows the achieved
antenna gain. Table II exhibits the noise
temperature versus elevation angles for
dry weather conditions. It may be noted
that the completed system not only
achieved the specified gain and noise tem-
perature, but its performance is still
unique as compared to 85-ft diameter
antennas in the same frequency band.

MECHANICAL CONSIDERATIONS

The antenna and pedestal combination
was designed to meet the specific point-
ing accuracy requirements and natural
frequencies, provide means for data take-
off from each axis, and provide for
mounting electronic equipment behind
the antenna assembly.

The antenna pedestal assembly con-
sists of a stationary base azimuth- and
elevation-rotating assemblies, and the
antenna assembly. The stationary base
provides for levelling. The azimuth ro-
tating assembly mounted on the station-
ary base provides trunnion supports for

Company, Ltd., Montreal. His work covered a wide
range of radar and communication systems, micro-
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nas and propagation. In recent years he has made
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and ground antennas for satellite communications.
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the elevation rotating assembly which
supports the microwave optics.

Natural Frequencies

The natural frequencies of a system can
be defined as those frequencies where
the system tends to oscillate or vibrate
when acted on by some external force.

To determine the significant frequen-
cies consider the system as two lumped
masses with a connecting spring. A force
applied to one mass results in two
resonant frequencies: the locked-rotor
resonant frequency and the free-free
resonant frequency. The locked-rotor
frequency is one at which the amplitude
of motion at the system input is mini-
mum. The motion at the output does not
reflect this decrease in amplitude. At
the free-free frequency, however, there
is a peaking of the amplitude of motion
both at the input and the output of the
spring-mass system. It is noted that the
free-free frequency is always larger than
the locked-rotor frequency. Also, at
both frequencies, the decrease in ampli-
tude at the locked-rotor frequency or
the increase at the free-free frequency is
dependent upon the amount of damping
in the system.

These frequencies are discussed here
since they are very important considera-
tions in designing an antenna pedestal
assembly and drive system. There are
many other resonance frequencies for
the structure, but they are higher and
usually do not affect system perfor-
mance.

Pointing Accuracy

The pointing accuracy for the antenna
system may be defined as the angular
difference between the direction of prop-
agation of the electro-magnetic wave at
the maximum RF power density in the
vicinity of the satellite and the angular
direction indicated by the position-data
output shafts. Pointing accuracy for the
antenna and pedestal assembly only
may be defined as the peak, mechanical
angular-error summation for the azimuth
and elevation axes from the theoretical
RF beam axis to the output shaft on each

axis to which the shaft-position sensors
are attached.

A pointing accuracy of 0.17° for the
antenna and pedestal assembly per axis
was achieved, limited by practical limita-
tions in manufacturing, assembly, erec-
tion and measurement accuracies. These
limitations in accuracies or errors can
be divided into bias or pc errors and
random errors. Bias errors such as
azimuth and/or elevation axis inclina-
tion and feed-horn deflection due to
gravity are constant and may be pro-
grammed out. Random errors such as
effects of wind and/or solar radiation
are not constant and cannot be pro-
grammed out.

The antenna is driven in azimuth by
two 5-hp servo motors counter-torqued
to eliminate backlash in the gear trains;
the antenna is driven in elevation by one
5-hp servo motor. Backlash was elim-
inated by providing sufficient unbalance
about the elevation axis on the counter-
weight side so that the teeth of the drive
pinion were always in contact with
those of the elevation bull gear.

The parabolic reflector is 85 feet in
diameter and has a focal length-to-
diameter ratio of 0.42. The reflector
surface consists of solid, adjustable,
aluminum panels. Electrical continuity
is provided mechanically along all edges
inside the reflector periphery. During
erection of the antenna, the reflector was
measured, using optical techniques, at
0, 45, 90 (zenith) and 180 degrees in
elevation. A computer program was writ-
ten expressly for the measurement and
analysis of data; a best-fit parabola of
0.37-inch rRMs was attained.

The hyperbolic reflector is 8.5 feet
in diameter, has an RMs surface accu-
racy of 0.012 in., and is supported by a
quadrupod.

This hyperbolic reflector can be posi-
tioned axially by remote control of a
motorized drive mechanism, and later-
ally, vertically and angularly by manual
means. The surface of the reflector was
measured mechanically; those param-
eters necessary to define its surface were
varied within certain limits; and another

TABLE lll—Antenna Pedestal Characteristics

Characteristics

Number of pc Servo motors

Rotational travel (degrees)

Velocity (max) ©/sec.

Acceleration (max) ©/sec.2

Locked rotor frequency (Hz)

Max. breakaway friction (ft.Ibf)

Max. running friction (ft.1bf)

Weight of pedestal (Ib)

Weight on azimuth bearings (lbs)

Elevation load inertia referred to elevation axis
and excluding gear train (slug-ft2)

Azimuth load inertia, referred to azimuth axis
and excluding gear trains (slug-ft2)

Azimuth Elevation
2 1
+300 and —300 —2 to +182
0to3 0to3
0 to 3 0 to 3
2 2
20,000 14,000
16,000 11,200
590,000
500,000
2,000,000
2,000,000
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Fig. 2—Measured source pattern at 4.1 GHz.

computer program was employed to
determine the best-fit hyperbolic surface.

The quadrupod was designed to re-
duce blockage under transmitting and
receiving conditions and limit relative
translational and rotational movement of
the hyperboloid relative to the paraboloid.
The feed cone was designed to house the
feed system, two parametric amplifiers,
tracking downconverters and front ends,
stable local oscillators, noise measuring
equipment and other test instruments.

Electrical energy was made available
to the rotating portions of the antenna
pedestal assembly from the stationary
base by means of a maypole-type cable
windup device. Cables were designed
and fabricated to withstand torsion as
well as bending stresses. From the azi-
muth to the elevation rotating structure,
electrical cables were supported on
cylindrical sections mounted at the ele-
vation axis to accommodate an elevation
rotation of 180 degrees.

The parametric amplifier mounted in
the antenna assembly required cooling
to 4.2 degrees Kelvin. This was accom-
plished through the use of a state-of-
the-art closed-cycle cryogenic (helium)
system. To provide sufficient on-the-air
time for the earth station, two closed-
cycle systems were installed in parallel
and provided with automatic switchover
from one to the other in case of malfunc-
tion. These were installed on the azi-
muth rotating platform.

A data take-off device is attached to
each axis of the antenna pedestal
through a bellows-type flexible coupling.
The mechanical characteristics of the
antenna pedestal are summarized in
Table III. The antenna pedestal was
designed for a six-weeks duty cycle as
follows:

5 weeks:

The entire system to be ‘on the air’ 24 Hours/
Day (regardless of standby time).

Hours/Day
Days/Week
Targets/Day
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Fig. 3a—Antenna system pattern calculated from the source pattern at
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1 GHz.

MIBULEB/ TAIFOL oovsvnwnvsiomasnssionsswen 40
Programmed steering (acquisition) ... 1 min.
Automatic tracking (after acquisition) 35 min.

minimum)

4 min.

Return slew (180°)
Standby (after each target)

1 week:
Standby of the entire system with complete
shutdown permissible not to exceed 1 week/yr
plus 4 hrs/mo for planned maintenance.
The reliability required was 97% mini-
mum; the downtime for the antenna
pedestal was not to exceed 3% or 262
hours of any given one year period dur-
ing the ten year life span. The down-
time was to include all planned mainte-
nance time.

RADOME DESIGN
Electrical Considerations

If cost considerations are discarded,
heated radome-protected systems have
better performance characteristics than
exposed systems, with the exception of
heavy rain conditions. The most obvious
advantage of the radome-protected sys-
tem is the elimination of wind fading.

On the other hand, radome-protected
systems require special attention for the
following cases:

1) Attenuation and reflection caused by
the radome under ideal weather con-
ditions,

Pointing and tracking inaccuracies
associated with radome inhomogeneity,
Attenuation and reflection caused by
precipitation,

Temperature stratification around the
antenna, caused by the presence of the
closed environment, and

Maintenance required for the skin of
the radome.
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Radomes can be divided into self-sup-
ported and air-supported categories.
Although the self-supported types (space
frame, rigid-dielectric) have better re-
liability and less maintenance require-
ments, they also have larger attenuation
and scattering and higher investment
cost. To reduce dry-weather noise tem-
perature contribution, and inflated type
of radome was selected. For the given

environment and antenna size, a 0.056-
inch wall thickness, and a dielectric
constant of maximum 3.5, resulted in
minimum reflection coefficient and dry-
weather noise temperature, with a flex-
ible-membrane dacron fabric. The water-
film formation for heavy-rain conditions
was minimized by a hypalon coating,
which, at least for a number of years,
has reasonable, although not ideal, non-
watering characteristics.

The pointing and tracking errors were
minimized by uniformity of the radome
fabric and minimizing the overlap at
joints. No effect on this account was
measurable on the completed system.

Mechanical Considerations

The air-supported hypalon-coated dacron
radome is approximately spherical in
shape and has a diameter at its equator
of 120 feet. The height from the 90-
foot base diameter to the pinnacle is
102 feet. The radome is attached and
sealed by means of a steel base ring
atop a circular concrete structure, which
is actually part of the antenna pedestal
building.

Air is ducted to the radome from a
weather protected circular opening ap-
proximately 600 feet from the center of
the radome. This air is supplied to the
radome at pressure levels of 1.5, 3.0 and
5.5 inches of water, depending upon
external wind conditions. Two ane-
mometers mounted atop a 30-foot mast
control the operating pressure level
automatically with a time delay in the
control system to minimize cycling under
gust conditions. The radome was de-
signed to withstand steady winds of 65
mi/h and gusts of 105 mi/h and to de-
flect less than one foot in any direction.

The three-foot diameter pinnacle of
the radome incorporates aircraft warn-
ing lights, a lightning arrestor, a pneu-
matically operated air exhaust, an exit
hatch to the outside of the radome, a
4,000 pound capacity sky-hook, and a

Fig. 3b—Directly measured antenna system pattern at 4.1 GHz.

folding ladder. Heavy-duty copper
cables are mounted on six-inch stand-
offs from the lightning arrestor down-
ward along the radome wall to a ground-
ing installation. Thermocouples are
attached to several points inside the
radome to detect temperatures at various
elevations.

The circular building on which the
radome is mounted incorporates one
14-foot high by 14-foot wide by 55-foot
long vehicle airlock and two personnel
airlocks.

Multiple pressurization equipment,
including self contained power units in-
dependent of the station power, are pro-
vided to assure fail-safe operation.

CONCLUSIONS

Canada’s Mill Village earth station was
probably the last of the large stations
built for the purpose of experimental
microwave communication. In fact, the
station is presently used for mostly com-
mercial satellite communication on a
time-shared basis with ComSAT’s An-
dover facility.

The system met all the original
design objectives, and its communication
performance in the bottom slot is char-
acterized by an NPR (noise-power ratio)
of about 35dB, with a conventional
receiver for 240 voice channels, while
working with the Early Bird satellite.
This performance approaches the NPr
characteristics of other stations with
similar antenna aperture, but equipped
with an ¥m feedback receiver.

The G/T, ratio of the antenna ex-
ceeded by approximately 1dB the origi-
nal design objective. Although the
station has been in operation for only
about 1v% vyears, it is already obvious
that the antenna-radome complex is its
most reliable subsystem, and probably
its most important single feature; no
downtime ever was reported on the ac-
count of the antenna system during this
period of operation.




COST CONSIDERATIONS IN DESIGNING EARTH STATIONS

The cost of early ground stations varied considerably—partly because of their
experimental nature and partly because substantial developmental efforts were
included in their construction. The construction of ground stations is now enter-
ing a more mature phase: requirements are more precisely defined and stan-
dardized; characteristics of the available equipment and techniques are better
known; and future technological developments, both in the spacecraft and in
the ground terminals, are more closely anticipated as a consequence of the
accumulated studies. Also, data for statistical variables caused by satellite
behavior, weather, and site characteristics is beginning to accumulate. All
these developments now make it possible to design a ground station more on a
technical-business basis than during the era of experimental ground stations.

LTHOUGH a satellite communication
A ground station is quite complex, the
main performance requirements can be
summarized briefly (Table I).

TABLE I—Main Requirements for Satellite
Communication Ground Stations

G/Ts: 40.7dB (400 MHz, § = 5° elevation angle,
clear weather)
pnp: 95ABW (HS-3034)
© 89dBW (Global System)
Receive Frequency : 3700 to 4200MHz
Transmit Frequency : 5925 to 6425 MHz
No. of RrF carriers: 1-20
No. of channels: 1-600 voice or 1 Tv per carrier
Quality of channels: ccir standards
Time of full operation capability : 99.7%
Down time: 0.1%
Tracking range : Full hemisphere
Polarization : circular or orientable linear

(@ = gain of the antenna
Ts = noise temperature of the system

Within the limits specified in Table I,
the designer still has considerable free-
dom in determining his station. Will he
provide the full frequency band initially,
when only part of this band is required
for early operation? Will he meet the
G/T, requirement at 5° or at 1° or 2°
higher? Should he select a large trans-
mitter on the ground, or a smaller one
rotated with the antenna? Should the
down-time budget be utilized to take care
of weather effects only, or be utilized
for less reliable equipment? Should the
tracking be based on either program
steering, or autotrack, or both?

The selection of the features of the
station will affect not only the cost effec-
tiveness but also some other character-
istics sought by the customers, such as
flexibility, easy operation, maintenance,
and low rate of obsolescence. Table II
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summarizes the features selected in the
present study. The indicated choices are
only the most important ones, and the
selection is indicated by italics.

COST SENSITIVE SYSTEM PARAMETERS

The total cost of a ground station for a
given set of requirements is determined
by a very large number of system param-
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range of radar and communication systems, micro-
wave transmitters, transmission lines, filters, anten-
nas and propagation. In recent years he has made
extensive studies on Cassegrainian feed systems
and ground antennas for satellite communications.
He is a member of the |EEE.

TABLE II—Main Features of the
Ground Station

Compliance
with requirements: Full Partial

Redundancy : Full Gracefully failing

Investment cost : Rigid Flexible

Operation method: Centralized Decentralized

Operation cost : Low Medium

System concept : Fully Partially developed
developed with growth

capacity

Subsystem concept: State of art Well proven
Component concept: Modular,
solid state

Delivery : 12 months 14 months

eters. Fortunately, only a relatively
small number of these parameters have
substantial effect on cost and (or) are
related to each other. When a subsystem
parameter is independent of the rest of
the system parameters, it can be opti-
mized by itself, and will not enter into
the overall studies.

The sensitive system parameters are:

1) Use of radome;

2) Diameter (D) of paraboloid reflector.

3) rms surface accuracy (A) of para-

boloid for ideal weather;

4) Lock-rotor frequency f, of antenna

structure;

5) Weight W, of subreflector support (a
Cassegrain antenna is assumed) ;
Diameter (d) of hyperboloid reflec-
tor;

7) Aperature size (a) of feed horn;

8) Average antenna efficiency, 7,, = 0.5
(e + 1125 )

9) receive-to-transmit antenna efﬁt:lency
ratio (7 = ng,/n1p.) 5

10) Tracking accuracy () of antenna;

11) Noise temperature (7;,1) of main
parametric amplifier;

12) Down time (Rg,;) of main para-

metric amplifier;

Noise temperature (75,1 )of back-up

parametric amplifier;

14) Down time (Ry.1) of back-up para-

metric amplifier;

Output power (Pp,1) of main trans-

mitter;
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Fig. 1—Mechanical layout of a typical 85-ft diameter antenna.

16) Down time (R;,1) of main trans-
mitter;

17) Output power (P,,2) of back-up
transmitter;

18) Down time (R;,2) of back-up trans-
mitter;

19) Down time (R4,) of antenna for syn-
cronous satellite;

20) Down time (Rin) of antenna for
medium orbit satellite;

21) Threshold extension (L) ;

22) Distance between antennas (Ku)
when more than one antennas is
used ; and

23) Distance between first antenna and
control building (K,).

These parameters depend on at least one
parameter in the set; the value for each
must be determined by varying all the
other parameters which have influence,
and also by varying those requirements
which are not constant (Table I). A
computer program can then be used to
determine the minimum of the total cost
function.

UPLINK AND DOWNLINK FADING
WITH AND WITHOUT RADOME

Two possible cases are of interest:

1) The customer prefers to use a radome
because of its operational advantages.
In this case, there is no choice. Never-
theless, the fading characteristics must
be known, to obtain the most economi-
cal system.

The customer wants a system with the
highest possible cost effectiveness. In
this case, the choice between radome
and no radome is open; for most sites,
the systems without radomes are more
economical.

Generally, weather causes a G/T, fading
in the receive frequency band and an
ERP (effective radiated power) fading in
the transmit frequency band. The G/T,
fading is usually more important, since it

2
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is more costly to compensate for. This
fading may be caused by rain, wind,
snow, ice, and solar radiation (differ-
ential temperature).

The greatest fading shows up for the
smallest antenna size, lowest receiver
noise temperature, and highest eleva-
tion angle; also fading is greater in the
radome-protected system. For a given
G/T, ratio, the fading decreases with
increasing antenna size (a little less rap-
idly for systems with radome than for
systems without, but the absolute value
of signal fade is less for the system with
no radome).

In the fading calculations of the sys-
tem without radome, it was assumed that
the total time per year when the ice on
the antenna is more than 1.5 inches thick,
or the snow is more than 5 inches deep,
is restricted to 8 hours. For stations
with two antennas, this would not present

a serious problem, particularly if the
other (standby) antenna is under a
radome. For stations with one antenna,
the care of medium orbit satellites does
not present a problem, since system in-
terruptions for satellite changeover al-
ready exceed 8 hours. For stations with
a single antenna and a syncronous satel-
lite (a more practical case) virtually no
interruption is tolerated.

Assuming that the paraboloid has
F/D of 0.42, the lower edge of the re-
flector is approximately horizontal for
elevation angles of 30° and is the most
sensitive for snow accumulation. How-
ever, the total area of the reflector where
the tangent to the surface encloses less
than 45° with the horizontal, is less than
831 ft*, when the aperture area is 6318
ft*. For most practical cases, snow ac-
cumulation for angles above 45° is negli-
gible. Then the snow or ice removal from
the 831 ft’. surface, by electrical heating,
is quite inexpensive. For instance, when
the snowfall rate is 2 in/h, and the den-
sity factor is 0.1, then the total melting
power is 9.9 cal/sec (41W/ft?).

The efficiency with which this melting
power can be provided depends on ther-
mal radiation losses, distribution of heat-
ing elements, wind velocity, etc. For
ideal heat distribution and no wind, the
efficiency is about 809, which drops to
66% for 20 mi/h wind. Assuming 419
efficiency, the heating power require-
ment is 100 W/ft.* Such a heater can
be provided for a cost of approximately
10 to 20$/ft°. This is a fraction of the
cost of a radome installation.

Another weather hazard is icing at
temperatures between 26 and 32°F and
high relative humidity. For most sites,
the icing rate very rarely exceeds 0.1
in/h for prolonged periods. Therefore,
50 W/ft heating power is adequate for
this purpose. If the heating facilities for
de-icing are restricted for the inner part
of the reflector, defined by level lines
within which half of the total RF power is

TABLE lll—Mechanical Data of a Typical 85-ft Diameter Antenna

, . Distance Reflector .
Weight " i Moment = Weight/Area
Component (108 Ibs.) fr on(\fp)n ot (10% ft. 1bf) ?flg; (llg)s/t{tl’)
Feed Cone 5.3 20.58 109.074
Quadrupod 10.0 31.08 310.080
Hyp. 0.55 46.58 25.619
Basic panels 10.7 15.76 168.632 6140 1.74
Extra panels — — - — —
Basic trusses 54.3 13.0 705.9 6140 8.84
Extra trusses — .- — — —
Subtotal 1319.305 10.58
Shell 120.000 —1.97 —60.695
—10.48 —1258.610

Counterweight 120 000
El structure 320,850 NOTES:
Az. structure 212.150 D = 85 ft.
Ant. structure 533.000 A =0.037 in. RMS

fL = 2.25Hz

Hyp. Support : Steel Quadrupod
Cost ($) 740.000
$/1b 1.39



TABLE IV—Calculated Lock Rotor Frequencies for Various Practical Cases

Jz
Case 1 2 3 4
kHz 2.47 2.47 247 225 214 191
m 1.6 1.0 01 01 01 0.1
D(ft) d lgd. du.e do.7 do.1 A (in.) 0.037 0.040 0.050 Variable 0.037 0.040 0.050
8 1 0 247 235 210 2.47 247 2.25 214 191

90 1.0588 .02472 1.0953 1.0407  1.0055
95 1.1176 .04828 1.1945 1.0810 1.0110
100 1.1764 .07056 1.2967 1.1205 1.0163

2.37 245 223 212 1.89
2.28 2.44 222 211 1.88
2.20 243 2.21 2.10 1.87

225 214 191
2.06 1.97 175
1.90 1.81 1.62

concentrated, then an additional 26%
of the paraboloid reflector (in the upper
half) has to be equipped with (half-
density) heaters.

The operational cost of such a heater
facility is only a fraction of the opera-
tional cost of the radome. This example
is typical of problems related to weather
protection of large antennas without
radomes.

ANTENNA SYSTEM COST
CONSIDERATIONS
Before any cost analysis of the system
can be made, the cost of the antenna sys-
tem must be determined as a function of
its diameter, surface accuracy, lock-rotor
frequency, tracking accuracy, and design
of the subreflector support. The situation
can be analysed on a typical existing
85-ft. diameter design; Fig. 1 shows the
basic layout of the antenna. The break-
down of the weight and overturning

moments are indicated in Table III.

One of the factors influencing the cost
of the antenna is the type of support for
the subreflector. Fig. 2 indicates the
relative cost variation of the above an-
tenna with a monopod support in an open
environment for no-wind conditions.
Three different design conditions were
assumed for the accuracy of the reflector:
Case 1: Practical design, in which the sur-

face accuracy, A, varies according to the
curve given in Fig. 2, as the diameter
varies. This surface accuracy variation is
obtained without a reinforcement of the
back-up structure. The “practicality” in
this design means that only the counter-
weight, hyperboloid support, and surface
panels beyond the 85-ft. diameter, are
changed relative to Table III. The limit
for this design is about 95 ft.

Case 2: “Ideal” design, with varying A.
This case is similar to case 1, but the
structure is redesigned to compensate for
varying weight conditions. Below 95.5 ft.,
the structure is lighter; above that limit
it is heavier than the “practical” design.

Case 3: 1deal design with constant A. The
selected values are: 37, 40 and 50 7).

In each case calm weather was assumed.

Fig. 3 shows the relative variation of cost

of an inflated radome versus antenna

diameter, if this protection is added to the
system.

From Table IV, it can be seen that the

monopod results in a superior lock-rotor

frequency. Generally, the lock-rotor
frequency decreases with the diameter,
because of the increase of the structural

weight, but with a light hyperboloid sup-
port the lock-rotor frequency can be
kept above 1.8 Hz. This frequency is
adequate for tracking medium altitude
and syncronous satellites.

MINIMUM COST FOR A
GIVEN G/T, RATIO

The two most important components in
the cost, to obtain a given G/T, ratio,
are the antenna structure and the low-
noise preamplifier.

Assuming 500-MHz receiver band-
width, the parametric amplifiers are the
most practical preamplifiers to achieve
low noise temperatures. Generally, the
cost of a parametric amplifier increases
rapidly by decreasing noise tempera-
tures; the necessary cooling machine be-
comes more complex, less reliable, and
more expensive to maintain. There are
at least four different types of amplifiers
for the various temperature ranges. Their
characteristics and price range are ex-
hibited in Fig. 4.

The indicated cost figures refer to the
currently required small quantities. A
cost improvement of an order of two is
expected in the coming five years as
larger quantities of standardized types
of these amplifiers will be required. The
basic character of the curve on Fig. 4,
however, is not expected to change dur-
ing the next 5 year period.

Using Figs. 2, 3, and 4, the cost varia-
tion of the antenna structure, plus para-
metric amplifiers, versus antenna diam-
eter can be calculated (Fig. 5). The
same figure indicates the variation of
G/T, and lock rotor frequency.

Fig. 6 indicates the cost of the struc-
ture plus parametric amplifiers for con-
stant G/T, ratios. It can be seen that
for each G/T, ratio, there is an antenna
diameter and receiver noise temperature,
which results in minimum cost. With
increasing G/T, requirement, this mini-
mum shifts toward larger antennas and
smaller noise temperatures. For the
range of 40.7dB < G/T, < 42.7dB, the
optimum antenna diameter is 91.5 ft. <
D < 99.5 ft., and the receiver tempera-
ture is 45°K > Ty, > 22°K. The “opti-
mum” receiver noise temperature falls
within the range of helium gas type
cooling machines.

On the basis of previous results, it is
possible to predict the cost of a given
increase of the G/T, ratio under opti-
mum conditions. The approximate dif-
ferential increases in cost needed to
obtain 1dB improvement in G/T, are
indicated in Table V.

TABLE V—Cost of 1-dB G/T, Increase
for Optimum Conditions
(Rohr dish, aluminum quadrupod)

Increase from to Cost (10%8)
40dB 41dB 38
41dB 42dB 74
42dB 43dB 139

Ave. 84

DETERMINATION OF OPTIMUM
FEED SYSTEM

Excluding the possibility of focal:point
feeds as operationally inconvenient, and
horn reflectors as costly, the only remain-
ing type of feeds is the Cassegrainian. In
this category, three main types of feeds
are developed, with increasingly better
characteristics. These are:

1) One horn, single-mode feeds;

2) One horn multimode feeds; and

3) Multihorn multimode feeds.
The most important single characteristic
related to the feed is the overall average
antenna efficiency 7, = 0.5 (9 +
71:), where 7 and 7., are the average
antenna efficiencies for the receive and
transmit band respectively. Fig. 6 shows
the cost of these feeds versus their an-
tenna efficiency. The generalized curve
between these discrete points is some-
what academic, but it predicts the gen-
eral tendency for the cost of antenna
efficiency. Using the previous results,
the differential cost variations versus 7,y
can be calculated. Fig. 7 shows the
change of cost for the 100-ft dish, alu-
minum quadrupod, and T,y = Tr.p =
22°K. The curve predicts, for this case,
an optimum value of —2.80dB for 7.y.
The closest existing feed system is the
1-horn multimode feed, with 2.64dB.

COST OF THE EFFECTIVE
RADIATED POWER

For the requirements given in Table I,
the cost of the effective radiated power
is determined by the antenna gain (diam-
eter of antenna), the reliability of the
transmitter system, and the location of
power amplifiers relative to the feed.

Fig. 8 shows the variation of cost for
antenna diameter, D = 105 ft. and for
ground located transmitters, assuming
2.5-dB transmission line loss between
the transmitter tube output flange and
the antenna feed input flange. The
cost of transmitted power was calculated
for the condition that output power of the
tube is sufficiently below saturation, to
keep third order products below —20dB
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Fig. 2—Cost and RMS surface accuracy of an-
tenna structure versus diameter (with mono-
pod support) .

for 2-carrier operation. Two types of
transmitters were assumed :

1) “Modular” type of transmitter, in
which 1.88kW, 3.53kW, and 6.63kW
useful power can be obtained by the
paralleling of two, four, and eight 1kW
tube modules, respectively, with. a com-
bination efficiency of 94% (such a 1kW
tube is not available at the moment).

Single tube approach for the 1kW,
2.8kW (Siemens), 5kW (Hughes) case
Fig. 8 shows that the cost of transmitter
power increases more than linearly with
the level of the required Erp and the
variation increases by decreasing the
antenna diameter.
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OPTIMUM ANTENNA EFFICIENCY
RATIO FOR THE RECEIVER AND
TRANSMITTER BAND
From the cost variation of G/T, and cost
of erp (Fig. 8) the optimum value of the

T = ng./ N1, ratio can be calculated.
Fig. 9 indicates the differential cost

Fig. 5—Cost, G/T, and f, versus antenna
diameter (§ = 5°, T, = 36°K)
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Fig. 3—~Cost of inflated type radome versus
antenna diameter.

variation as a function of = for ErRP =
95dBw, D = 100 ft., and 7., = —2.65dB.
(1-horn multimode feed).

COST OF THRESHOLD EXTENSION

To provide adequate fading margin in
the receiving system, at an economical
cost, the threshold level of the demodu-
lator must be extended relative to the
level (10dB) achievable by a standard
FM demodudator. Various methods have
been recommended for this purpose (Fm
feedback, phase lock, 1r bandwidth re-
duction ), which, however, have one com-
mon characteristic: the cost of such a
demodulator increases with the number
of required RF carriers, with voice chan-
nel capacity, and with the required
threshold improvement (A L).

Fig. 10 shows the variation of cost for
1-dB threshold improvement versus the
number of voice channels (n) for the
number of RF carriers of N = 2, 6, 10

Fig. 6—Cost of feed system versus average
antenna efficiency.
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Fig. 4—Cost of parametric amplifier versus
receiver noise temp. (instantaneous band-
width: 3.7 to 4.2 GHz, post amp. included).

and 20. The cost estimate is based on
the development and production costs of
the equipment. Fig. 10 indicates also the
theoretically expected maximum possible
threshold extension, A L. The curves are
prepared for the ideal case, when the
complexity (and cost) of the threshold-
extending device is adjusted according
to the required amount of extension and
channel capacity. Again this is some-
what hypothetical, but as more different
modules will be developed for the various
requirements, the practice will be closer
to this “optimum” provision of extension.
It can be seen that for large numbers of
carriers, and for large channel capacities,
the cost of threshold extension is quite
large. For instance, foran N = 6, n =
600 system, with a total improvement of
A L = 3dB, the cost of the extension
system is $259,000, or $86,500/dB. This
is about the same as the cost of 1dB
through G/T, improvement.

Fig. 7—Incremental cost variation of antenna
structure and feed versus 7,y for Tpy, = Try,
=22°K and D (nominal) = 100 ft.
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Fig. 8—Cost of transmitter power.
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To illustrate the sensitivity of the sys-
tem cost to the cost of the antenna struc-
ure, cost of power amplifier, and cost of
FMFB receiver, the variation of the cost
of these equipments versus antenna di-
ameter is plotted in Fig. 11. The condi-
tions for this figure are indicated in

Table VI.

TABLE VI—Typical Conditions for a
Practical RF System

Tm:1 =22°K
Tmr2 =60°K
Pz‘;p1 = 95dBm (in more than 90% of time)

Pr:-ﬂ = 92dBm (in more than 109 of time)
N=2
n = 300 and 600

Hyperboloid support : Monopod

No radome
o=20

It can be seen from Fig. 11 that by
ideal (proportional) design of the three
subsystems which influence the selection

Fig. 11—Cost of antenna structure, transmit-
ters, and FMFB versus antenna diameter for n

— 300 and 600.
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Fig. 9—Differential cost variation of antenna
structure paramps and transmitter versus 7 =
Mo/ Npe (ERP = 95 dBw, D = 100 ft, 7., =
54.596)

of antenna diameter, the total cost can
be minimized around D = 93.5 ft.

By the use of the curves given pre-
viously, a series of cost tables can now
be prepared for various combinations of
the parameters in Table VI. These com-
binations have to be restricted to an ac-
ceptable standard of reliability (down
time) consistent with the 99.79, overall
operational reliability specified in Table .

CALCULATION OF COST
FOR OPTIMUM CONFIGURATIONS

For the small user (V¥ = 48 chan-
nels), the cost per channel is very large
(minimum $60,541). Nevertheless, this
cost may still be attractive, if there is no
other way for reliable communication.
For the medium user (¥ = 240 chan-
nels), the installation cost per channel is
very economical ($11,681, minimum,
with feed cone mounted transmitter,
without reflector heater, and with two
simultaneous carriers). Finally, for a
very large user, V' = 1200, the cheapest
system costs $2606/channel. A more re-
fined system (with program steering in-
cluded), costs $2741/channel, and a
deluxe version (with radome), $3100/
channel.

CONCLUSIONS

On the basis of the previous analysis, the
following conclusions can be made:

1) With the exception of very severe
climatic conditions, the use of radome
is not economical for commercial
satellite communications. For identi-
cal performance, a system with
radome cost about 13.5% more than
a system with antenna heaters.

The limit of the present antenna de-
signs can be expanded to 100-ft.
diameter.
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Fig. 10—Cost of FM threshold improvement and
maximum possible improvement versus number
of voice channel, 7.

3) A pre-stressed steel hyperboloid sup-
port (monopod) offers a 0.2dB im-
provement in the G/T, ratio, and an
associated saving in the structure.
Hyperboloid positioning mechanism
virtually disappears in this structure.
For channel capacities/ carrier of 300,
or more, the optimum antenna diam-
eter is above 90 ft. To provide future
growth and room for lower cost re-
ceiver front ends, an antenna diam-
eter of 95 ft. should be selected.

The optimum type of feed system is

the single horn, multimode design.

The system economy does not tolerate

either a simpler or a more compli-

cated feed concept.

The optimum ratio for the receive-to-

transmit frequency-band antenna effi-

ciency is 2.52dB.

7) A modular type of transmitter is
required to make an optimally adap-
table system to the various require-
ments. For this purpose, the develop-
ment of a Twr with 1400-W saturated
output is necessary with an opera-
tional level of about 1000 to 1100W.

8) It is more economical to locate the
transmitter in the feed cone than on
the ground, but very high reliability
must be achieved before customers
will accept such a location.
The back-up transmitter can be
—3dB, relative to the main transmit-
ter, without affecting overall loop per-
formance, if it is operated only in a
maximum 10% of the time.
The main receiver front end has to be
a helium-gas-cooled paramp for sta-
tions with 40.7-dB G /T, ratios.
The cost of FMFB receivers represents
a very substantial part of the station
for a large number of channels. The
development of FMFB receivers, in
which cost can be made proportional
to the number of voice channels and
required threshold improvement,
could result in a substantial saving in
the cost of the total station.

12) There is about one-million-dollar dif-
ference between the price of the
cheapest and most expensive stations,
among the analyzed cases.

13) The cost per channel varies between
very wide limits (from about $60,000
for a 48 channel equipment, to about
$3,000 for a 1200 channel equipment).
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THE WIDEBAND COMMUNICATIONS SYSTEM

OF CANADA’S MILL VILLAGE

COMMUNICATIONS SATELLITE EARTH STATION

This paper describes the transmitting and the receiving equipment comprising the
Wideband Communications facilities of Canada's communications-satellite Earth
Station at Mill Village built for the Department of Transport by RCA Victor
Company, Ltd. Various systems aspects, noise, interface requirements, and
equipment locations are also discussed.

ANADA and the United States agreed
C in 1963 to participate in a space
communications experiment using a pro-
posed NASA satellite to be known as
the Advanced Technological Satellite
(aTs). General characteristics of this
experimental space link for telephony
signals would be ssB transmission in the
up-path (ground to satellite), and pm
transmission in the down-path (satellite
to ground), while for television signals
they would be Fm for both up-path and
down-path.

Canada’s contribution to the experi-
ment was the development, construction,
and operation of a communications-
satellite earth station in the eastern part
of her territory, forming one terminal of
the experimental system. Canada’s De-
partment of Transport was authorized
to proceed with the station.

EARLY PLANNING BY RCA VICTOR, LTD.

RCA Victor Company, Ltd., in Montreal,
Quebec, was engaged in a consulting
capacity for the preparation of system
parameters and specifications, and assis-
tance in site selection. A contract was
awarded for the project management,
system engineering, integration, and
This work was done under Contract Number
72116, File No. 6801-663 Department of Transport,

Ottawa, Ontario. Final manuscript received April
24, 1967.

JOHN A. STOVMAN, Ldr.
RF Equipment
Aerospace Engineering
RCA Victor Company, Ltd.
Montreal, Canada

contracting responsibilities for the an-
tenna, radome, servo and tracking sys-
tem, transmitters, receivers, and low-
noise amplifier. The Department of
Transport acted as the design authority
and retained responsibility for building,
services, multiplex, and boresight.

The location chosen for Canada’s
earth station was near Mill Village, Nova
Scotia, some 9 miles from the Atlantic
ocean. This site is relatively free from
interference from radio relay systems
and aircraft, and is reasonably close to a
major communications terminal.

While the Mill Village station was
under construction, the launch date for
ATs was delayed due to the increasing
diversity of the experiments.

Meanwhile, the Communications Sat-
ellite Corporation, (ComMSAT) obtained
permission to own and operate commer-
cial satellites, placed the “Early Bird”
satellite into orbit, and leased Andover
(Maine) earth station for the American
terminal of its operation. Attention
focused on the possible use of Mill Vil-
lage as a second North American com-
mercial terminal sharing the duties with
Andover. Expediency and time would
not permit the construction of a second
earth station for this purpose, therefore
the experimental station would have to
be used until it could be relieved by

JOHN A STOVMAN received the BA Sc from the
University of British Columbia in 1953; in 1964, he
received a graduate diploma from McGill Uni-
versity. From 1953 to 1959, Mr. Stovman was with
the Canadian Broadcasting Corporation where he
worked on the design, installation, and checkout
of Television Studios. In 1960, he joined RCA
where he worked on a study of radar systems in
the ECM environment. He also worked on the
study and development of a rapid checkout sys-
tem for gun fire control systems. Since 1963, Mr.
Stovman has been senior engineer in charge of
wideband communications for the DOT ground
station. He has also participated in studies of
atmospheric losses, space communications systems,
and low-noise receivers and in preparation of spe-
cifications and proposals for future ground sta-
tions. Mr. Stovman is a member of the |EEE and
the Corporatron of Engineers of Quebec.



TABLE I—Initial Operating Frequency Capability for Mill Village

Satellite Transmit Frequencies (MHz)
Telephony,
v Video v Audio
ATS 1) 6212.094 Subcarrier
(NASA)
2) 6301.050 Subcarrier
Early Bird 1) *6389.97 6400.97
(CoMSaAT)
2) ** 6301.02 6290.02

* Used in North America
** Used in Europe

another Canadian station. The capabil-
ity for handling signals through Early
Bird were therefore added to Mill Vil-
lage requirements while the station was
under construction. Thus, Mill Village
had a dual requirement from the outset,
and this situation is reflected in many
of the system design details and equip-
ment complements,

BASIC STATION CONCEPT

Conceived with an experimental view-
point, the communications capabilities
of Mill Village were to be kept flexible.
Primary services would be for Early
Bird and Ats, as reflected in Table 1.
However, the earth station design,
through the addition of relatively inex-
pensive and simple hardware, must be
capable of operation at other frequen-
cies. Requirements for the initial equip-
ment complement were as follows:

1) Transmit and receive up to 1200 tele-
phony channels with a performance
meeting ccIR recommended standards;

2) Transmit and receive 525 line mono-
chrome television signals with a per-
formance meeting ccIR recommended
standards;

Transmit both FM and ssB signals with
powers up to 10 kilowatts average any-
where in the 5.925- to 6.425-GHz
common-carrier band;

Receive two FM or PM carriers simul-
taneously, at power levels as low as
—100 dBm anywhere in the 3.7- to
4.2-GHz common-carrier band;

Achieve a dry weather system noise
temperature of 65°K at an antenna
elevation angle of 7.5° above the
horizon; and
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6) Track any present or future satellite

TABLE Il—System Thermal
Noise-Temperature Budget
(Antenna Elevation Angles 71/,°
Above Horizon)

Contributor Noise Temp. (°K)
Atmosphere (dry weather) 17
Dry Radome (absorption and
scattering) 9
Antenna Sidelobes 9
Feed System and Waveguide 17
Parametrio Amplifier 13
Other Amplifiers 1
Total System Temperature 65

Beacon Fre-

Receive Frequencies (MHz) quencies (MHz)

Telephony,
v Video v Audio
4119.599 Subcarrier 4135.946
4178.591 Subcarrier 4195.172
4081.00 4092.00 4104.14
4160.75 4149.75 4137.86

in an orbit appropriate for communi-
cations.

For convenience in the distribution of
baseband signals throughout the station,
the following baseband signal standards
were selected:

telephony: —20 dBm test tone across 75
ohms, unbalanced;

video: 1 volt peak-to-peak, positive going,
across 75 ohms unbalanced; and

audio: +9 dBm (maximum signal) across

600 ohms, balanced.

NOISE CONSIDERATIONS

Noise is a basic limitation in all systems.
In communications systems, noise is gen-
erally classified into two types:

Thermal noise which is generally pro-
duced by the physical temperature of am-
plifiers and lossy elements such as wave-
guides, cables, etc;

Intermodulation noise which is produced
after demodulation by non-linear circuit
elements and uncorrectable group delays
in transmission elements.

Most thermal noise originates in the
signal processing stages of the receiving
system, while intermodulation noise may
result from deviations in the equipment
parameters almost anywhere; however,
the latter is usually more prominent in
the frequency limiting circuitry such as
filters, amplifiers, and the transmitter
power tube.

Since the performance specifications
for communications links are given as
noise aggregates, more thermal noise
can be tolerated for economic reasons
than intermodulation noise. It is very

TABLE Ill—Design Objective for the
Intermodulation Noise Budget
(300 channel)

Contributor Noise (picowatts)

rM Exciter 200
Receiver (Fm Path) 330
Power Amplifier 80
Parametric Amplifier 50
Feed (4 GHz path) 25
Feed (6 GHz path) 25
Baseband Link 50

Total Noise 500

Equivalent Noise Power Ratio: 44.1 dB

expensive to provide additional ErP
capability in satellites. Thus, 34 or
more of the permissible 10,000 picowatts
of psophometrically weighted noise al-
lowed by the ccir standards for tele-
phony is usually allowed for the thermal-
noise contribution; the balance is for
intermodulation noise and is shared by
both the satellite and earth-based equip-
ment non-linearities.

Signal power radiated earthwards by
present generation satellites is quite
modest; at the earth station, the power
received by the antenna in the order of
—90 to —100 dBm. Since wide-index
FM is the rule, power is spread out over
a broad-signal spectrum. The useful
recovery of these signals is a difficult
task and requires special low-noise tech-
niques and equipment.

To prevent thermal noise contribu-
tions from exceeding the allowance, sys-
tem noise temperature must be kept
below 65°K under dry weather condi-
tions. Table II lists the contributors to the
system noise temperature for the mini-
mum antenna elevation angle of 714°
above the horizon. This very low system
temperature was achieved by:

1) Reducing the antenna side-lobe pickup
by careful design;

2) Reducing the feed system attenuation
and mismatch losses to very low levels,
and

3) Physically cooling the first RF ampli-
fier in the receive path.

The first two of the above techniques are
outside the scope of this discussion; the
third is appropriate. The first RF ampli-
fier, a parametric amplifier, was cooled
to 4.2°K in a closed-cycle cryogenic
refrigerator. A parametric amplifier,
rather than a maser, was chosen because
of its relative simplicity and its wide
instantaneous bandwidth. When cold,
the amplifier produced about 13°K of
the measured 65°K noise temperature.

For intermodulation noise the design
goal was set at 500 picowatts or less so
that future requirements would not be
compromised. Table III summarizes the
designed upper level of performance of
the station with respect to intermodula-
tion noise contributions from the various
sources of non-linearities.

EQUIPMENT LOCATIONS

The station consists of a central-control
building and an antenna structure pro-
tected by a radome and separated from
the control building by about 1200 feet.
Thus the antenna beam clears the top of
the control building when the antenna
elevation angle is as low as 3° above the
horizon. More antennas may be added
to the complex as long as the spacing
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between structures provides the neces-
sary beam clearances; a total of six
antenna structures could be accommo-
dated and served by the one control
building.

The antenna uses an 85-foot diameter
reflector with a Cassegrainian feed sys-
tem and is mounted on an AZ-EL type of
pedestal mount. A feed cone located at
the center of the reflector houses the
low-noise amplifier and the receiver front
ends. Below the reflector is a 19-foot
diameter cage in which the transmitter
RF assemblies are placed. The antenna
system, antenna pedestal, antenna ra-
dome, reflectors, and feed systems are
described in another paper.'

The high-voltage transmitter power
supplies are located on the radome floor
at the base of the antenna; heat exchang-
ers are located outside the radome struc-
ture. Adjacent to the radome, an equip-
ment annex houses the main portions of
the receiver, exciters, transmitter con-
trol, and parametric amplifier controls.
Signal interface between the annex and
the antenna-mounted equipment is at the
1r frequency and passes through a
“maypole” cable wrap through the
azimuth axis and a cable “loop” past the
elevation axis.

Baseband, multiplex, and test equip-
ments are located at the control build-
ing. Therefore, baseband transmission
links connect the control and radome
buildings; telephony, television audio,
and video signals are passed through the
buildings in both transmit and receive
directions.

COMMUNICATIONS SYSTEM

A block diagram of the communications
system equipment is shown in Fig. 1.
The components may be divided into
1) transmitting equipment, 2) receiving
equipment, and 3) baseband equipment.

Transmitting Equipment

The transmitting equipment comprises
1) an ssB exciter, transmitter, heat ex-
changer, power supply; and 2) an Fm
exciter, transmitter, heat exchanger,
power supply.

The use of ssB requires very tight
control of absolute frequency: frequency
shifts more than a few hertz are not
tolerable, since considerable signal dis-
tortion will result from the loss of har-
monic relationships between the fre-
quency components.

Because the transmit frequencies are
in the 6-GHz region, stabilities of the
order of 1 part in 10° (long term) are
necessary. Therefore all 1F, RF, and
reference frequencies are derived from
a single, highly stable 5.0 MHz crystal

TEL
TEST
EQuIP

fi

TEL

PATCH
CENTER

I

1

v
DISPLAYS

TEL

LINK

SSB XMTR

LOAD

70
MOD  |MHz
UP-CONV [

POWER |6 GHz
AMP N

i
%._

558 I\

M

FM_AXMTR

MON
70
DEVIATOR | MHz

UP-CONV|

POWER |6 GHz
AMP ~

FEED
DUPLEXER

MON

v
MONITOR

LOAD

(-

RCYR

SPARE
1 PARAMP

MAIN
PARAMP

TEL

LIMITER
$_ | oiscrim

FILTER L.
DOWN-CON

IF
PREAMP

M

e ROV A

TDA

v

IBASEBAND
LINK

TELS
LIMITER
DISCRIM

FILTER
INO"N-CONV|

IF
PREAMP

Fig. 1—Block diagram of the communication system of Mill Village.
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oscillator. Fig. 2 is a block diagram of
the ssB System.

The rM transmitting system is simpler
in concept than the ssB since frequency
amplitude correction feedback circuits
are not required. However, FM must
handle telephony and television, video
and audio, therefore the flexibility and
complexity of its baseband and its cir-
cuit parameter adjustments must be
greater. Fig. 3 is a block diagram of
the FM transmitting system; the wave-
guide transmission line has a switch per-
mitting selection of either Fm or ssB
power as the radiating source.

Telephony and television video signals
are handled conventionally. The audio
signals may be handled in two ways:
the subcarrier method, as adopted for
the ATs, and a separate carrier method.

Receiving Equipment

Two separate RF signals may be simul-
taneously received. One signal may be
the desired signal originated by another
distant earth station while the second
may be the “off-air”” monitor for the sta-
tion’s own transmissions. To provide
this capability, the following receiving
equipment is used:

1) Two liquid helium cooled, two-stage
parametric amplifier systems: a main
wideband system and a standby nar-
rowband system.

2) A two channel receiving system con-
sisting of one low-noise two-stage
room temperature tunnel diode ampli-

fier followed by two sets of 1F mixer-

Fig. 4—Block diagram of the parametric amplifier.
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Fig. 5—Block diagram of a receiver system.

preamplifiers, I1F main amplifiers,
limiters, demodulators, and baseband
amplifiers and de-emphasis circuits
for telephony and television.

The parametric amplifiers, tunnel diode
amplifier, and 1¥ mixer preamplifiers are
located in the feed cone to avoid the
introduction of significant noise caused
by waveguide losses. The remaining
equipments are located in the annex.
Fig. 4 is a block diagram of the para-
metric amplifier system; Fig. 5 is a block
diagram of one channel of the receiver
system.

Baseband System Equipment

The baseband system includes the trans-
mission links between the buildings,.and
the monitoring equipment necessary for
control and analysis of the signals being
handled. Such activities begin in the
control building and center around con-
trol consoles and patching bays. At the
consoles, the operators have access to
system status indication, power level
meters showing the transmitter power
output, Acc indication of received signal
level, and television switching and moni-
tor equipment. Fig. 6 is a block diagram
of the baseband system.

AUDIO FOR EARLY BIRD

Facilities for receiving audio as a sepa-
rate carrier were not provided until well
into the station development after the
plans and characteristics for a communi-
cations system using Early Bird were
established by ComSaT. These facilities
were therefore added onto the existing
scheme in the following manner.

Audio signals at standard level are
used to drive an 81-MHz rm deviator,
separate from the existing exciter but
physically located within the exciter en-
closure. The audio 1 at 81 MHz is
added to the video 1¥ at 70 MHz, and the
combined signal is upconverted by the
exciter in the usual manner and thereby
generating the audio carrier at 6400.97
MHz, the North American Early Bird

frequency. The up-conversion process
actually generates a second carrier at
6378.97 MHz (below the main carrier)
but this is a spurious carrier and cannot
be used for signal transmission. The
ratio of useable video to audio carrier
power at RF is adjusted to the desired
value of 13 dB by adjusting the power
level of the audio carrier at IF.

In the receive direction, use is made
of the existing facilities for receiving
two carriers simultaneously. A new local
oscillator frequency of 4002.00 MHz was
provided for one of the receivers to con-
vert the audio signal for the North
American receive frequency of 4092.00
MHz to an 1F of 90 MHz. A high quality
FM tuner was then tuned to 90 MHz and
the audio signal was recovered in a con-
ventional manner. An audio amplifier

Fig. 6—Block diagram of the baseband system.
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was used to increase the tuner’s output
signal level to standard value.

EQUALIZATION

Much of the equipment comprising the
satellite communications links intro-
duces transmission non-linearities in
varying degrees. These non-linearities,
in general, result from variations of
group delays, with frequency and from
discriminator non-linearities. The latter
problem is not too serious since the dis-
criminator non-linearity has been re-
duced to a very low level by careful
design.

Group delay non-linearity on the other
hand, is quite significant and special
action is taken to overcome it. Signifi-
cant contributors are the 1r amplifiers,
side-band filters, and klystron power
tube in the transmitting system, the sat-
ellite electronics, the 1 amplifiers, RF
filters and 1F filters in the receiving
chain.

If the group delay follows a linear or
parabolic law across the frequency band,
this may be cancelled out by adding
passive elements, or “equalizers” which
have the opposite characteristic to the
circuit. Higher order non-linearities
cannot yet be equalized but fortunately
they are of quite small magnitudes.

The transmit system group delay con-
tribution is cancelled out first by adding
equalizers in the exciter 1F path so that
the group delay from the deviator to the
power amplifier output is essentially a
constant.

The satellite and receiver group delay
contributions are then cancelled by add-
ing equalizers in the receiving 1F path.
These equalizers have to be changed
whenever the station is working with
another satellite, or whenever the 1F filter
in the receiver is changed because of
different signal spectrum widths.

COMMUNICATIONS PERFORMANCE

Many performance tests were conducted
at all phases of the station development,
but the final system tests were conducted
on a back-to-back basis, via a 6 GHz to
4 GHz “test loop translator” which can
partially imitate a satellite, or via the
Early Bird satellite.

The test loop translator is a frequency
conversion device which is connected
from a signal sampling coupler at the
output of the FM transmitter to the test
coupler input point at the input to the
parametric amplifier. The translator
converts the 6-GHz transmitter signal
sample to an 1F frequency of 70 MHz
and then to the receive frequency of 4
GHz. A variable attenuator inserted in
the translator’s local oscillator for the

70 MHz to 4 GHz conversion process
permits adjustment of the “received”
carrier power. Typical performance
measurements taken for the M transmit-
FM receive loop using the test loop trans-
lator are given in Table IV. Loop mea-
surements on the ssB-transmit-pM-receive
loop could not be made since neither the
ATs satellite, nor a suitable transponder
was available. However, the measure-
ments taken through a special Pm modu-
lator and the pm path of the receiver are
given in the Table.

The tests made via the Early Bird
satellite loop are the most interesting
and useful for immediate purposes.
Typical telephony, television video and
television audio measurement will there-
fore be given. Noise power ratio mea-
surements using 240 channel noise load-
ing and pre-emphasis were performed
on a back-to-back basis using a’'2.5-MHz
rRMs multichannel frequency deviation
and an 18-MHz noise bandwidth 1F filter
in the receiving system. The following
readings were obtained:

Slot Frequency NPR Weighted S/N

(kHz) (dB) (dB)
70 35.0 53.8
534 33.0 51.8
1002 33.0 51.8

These measurements were taken under
dry weather conditions and are 1.8 dB
better than the minimum ccir weighted
s/N ratio of 50.0 dB. For television, the
weighted peak signal-to-RMs noise ratio
was measured to be about 50 dB, using
a peak-to-peak frequency deviation of
5.5 MHz and ccir pre-emphasis. This
is somewhat below the ccirR recom-
mended minimum but it is equivalent to
the performance requirements estab-
blished by ComSaT for television and is
quite satisfactory. Other television per-
formance deviations, such as line time

linearity, were within recommended
tolerances.

The audio maximum signal-to-RMS
noise ratio was measured to be about
49.9 dB. This is slightly lower than that
recommended by the ccitr for type-A
broadcast lines but it is still quite rea-
sonable and is in accordance with per-
formance established by ComSar. This
noise is mostly thermal noise, the video-
to-audio crosstalk noise being about 7-dB
lower. Audio distortion across the 50-Hz
to 10-kHz band was less than 2.49, while
the amplitude response was within +1.1
dB over the same band.
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TABLE IV—Communications Loop Perfor M ts
Parameter Measurement

Noise power ratio for 300-channel noise loading, pre-emphasis, and 1-MHz rms

test-tone deviation for high c¢/N ratios (compare this with Table III) .............. 48.8 dB
Baseband frequency response from 60 kHz to 1300 kHz (300 channel) ................ +:(;) g]I;
Video baseband response from 10 kHz to 4 MHz (525 line television) .............. +(5) gg
Line-time distortion (HNEAT) ........uuiueererienereeneenereeneeneneenesnenereenennes 0.5%
Bield=thnie Qistortion: (HREaF) . ivessyeineissseiesssbliias st ittt s sat easls 2%
Audio frequency response from 30 Hz to 15 kHz for maximum s:gna] on the 7.5 MHz

subcarrier and a deviation of 140 kHz. 75 usec pre-emphasis us *+2.2dB
Audio distortion over the freqUENCY IANZE .........ovuireenirneuernenneneenennennnnns 1%
Noise power ratio for 1200-channel noise loading and 0.25-radian RMS test-tone

devidtion. (PM 100D only), Righ 'O/ TAEI0. o .ie i svis o smossnssimainds ssoins sowniesine soas 40.4 dB
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