



















































































































































































































































































































































































































































































































































































































































































































































































































































































SPACECRAFT TEST AND EVALUATION 1019

maintained 18°F below that expected in the maximum eclipse orbit and
the power input was limited to 7 watts.

Electrical operation represented maximum use of the satellite in the
two extreme conditions and was conducted on the following schedule:
the communications experiment and telemetry was turned on for three
half-hour periods each day, beginning at approximately 0900, 1200 and
1500 hours, and the telemetry was operated for the first five minutes of
each remaining half-hour period.

Shortly after the start of the prototype test, telemetry data showed
that the canister pressure had decreased, indicating that a leak had
developed. An electrical check indicated that a failure had occurred in
the microwave circuitry. The test was terminated at that time and the
satellite returned to the Hillside laboratory for disassembly and inspec-
tion.

It was discovered that the material around the top shutter mounting
stud had failed, causing a leak in the dome of the canister. Since the
failure had apparently occurred during either the vibration or shock
tests, it served to emphasize the importance of performing the thermal-
vacuum test after completion of the mechanical tests. Further investi-
gation revealed the cause of the microwave failure to be destruction of
the output transistors in the 255 and 277-mc transistor multipliers
caused by voltage breakdown in the power supply resulting from loss
of canister pressure. Laboratory experiment confirmed that the failure
was a direct result of the corona effect present in the power supply when
operated at reduced pressures.

The prototype unit was repaired and returned to the Whippany
environmental test laboratory for completion of the qualification tests.
The thermal-vacuum test was completed without further incident. The
test results are shown in Table VII.

3.6 Leak Tests

Since the spacecraft electronics are contained within a hermetically-
sealed canister and are designed to operate at a pressure of approximately
10 psia, it was necessary that the canister leak rate be evaluated. The

TaBLE VII — THERMAL-VACUUM QUALIFICATION TEST RESULTS

Canister Temperature

Mean Ski
Test Tcn?;xelratli?e
Predicted Actual
Full sunlight 73°F 73.3°F 21°F

Maximum eclipse 14°F 17.3°F —47°F




1020 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963

leak test also served as a means of determining if the canister had
ruptured or if a weld had failed since sealing. The canister was backfilled
with argon gas and the leak rate determined in an evacuated chamber,
using a mass spectrometer. Leak tests were performed in this manner
prior to and after the environmental test series.

Before testing, the prototype leak rate was less than the measurement
capability of the detector. I'ollowing the test program, a leak rate of
5 X 107* std cc/sec of argon was indicated. Investigation revealed
that the chamber, the Mylar insulating blankets around the canister,
and the satellite itself, had become contaminated with argon at the
time canister pressure was lost during the initial thermal-vacuum test.
These findings raised serious doubt as to the significance of this final
leak reading. Subsequent tests on flyable spacecraft have revealed
that the leak rates are well below the specified 8 X 1075 std ce/sec of
argon.

3.7 Spin Test

The prototype was subjected to a spin rate of 225 rpm for a period
of three hours, the last hour of which was under electrical load simu-
lating operation in orbit. The 225 rpm spin rate was a 25 per cent
increase over that expected in actual flight (the satellite was injected into
orbit with an initial spin rate of 177.7 rpm). There were no spacecraft
malfunctions during this test.

3.8 Sustained Acceleration

The prototype was mounted on a horizontal centrifuge and sustained
acceleration, measured at the spacecraft center of gravity, was applied
along each of its three coordinate axes. The first test consisted of one
run with 25 g’s applied in the thrust direction for a period of three
minutes. The second test consisted of four runs in the lateral plane,
with the prototype spacecraft being rotated 90 degrees after each run.
The levels during the latter runs were 3 g’s, maintained for a period
of one minute in each position. The electrical performance of the space-
craft was monitored during the periods of constant acceleration, and
electrical checks were performed following each run. There was no
evidence that satellite performance was in any way degraded either
during or as a result of the applied accelerations.

3.9 Magnetic Drag and Moment Measurements

Since the Telstar satellite is spin-stabilized and orbits within the
magnetic field of the earth, it was necessary that the effect of that field



SPACECRAFT TEST AND EVALUATION 1021

on the spin rate and precession of the satellite be determined. For this
reason, the torque due to eddy currents, and the residual magnetic
moment along the spin axis of the spacecraft were measured. The former
effect is the cause of spin decay and the latter causes precession.

The magnetic drag constant was found to be 1355 & 15 per cent
meters! per ohm. The drag torque due to a given ficld strength was
caleculated from the relationship 7% = pwB?, where p is the magnetic
drag constant, » the angular velocity of the satellite and B the field
strength normal to the satellite spin axis. The flyable spacecraft were
essentially the same as the prototype with respect to eddy current
generation, and subsequent models were not drag tested.

The magnetic moment of the prototype was measured, and a coarse
correction was made to investigate the feasibility of compensating for
the effect of the traveling-wave-tube field.

1IV. SPACECRAFT ACCEPTANCE TESTS

The spacecraft acceptance test program, illustrated in Table VIII,
was similar to the qualification program but consisted of only vibration,
thermal-vacuum, balancing, and measurement of weight, center of
gravity and the principle moments of inertia. The vibration levels and
durations closely approximated those expected during launch. The
thermal-vacuum test was shortened to three days maximum sunlight
and two days maximum eclipse, at the same levels required for qualifi-
cation. The same requirements and objectives were met for balance,
weight, center of gravity and moments of inertia as for the prototype.
The remaining tests (spin, temperature, humidity, sustained acceleration
and shock) which had been performed on the prototype model were for

TABLE VIII — SPACECRAFT AcCCEPTANCE TESTS

Test Levels Total Time
Vibration Thrust Transverse
5-50 cps 1.5 g peak 0.6 g peak 1.7 min
50-500 cps 7.1 g peak 1.4 g peak 1.7 min
500-2000 cps 14.0 g peak 2.8 g peak 1.0 min
550-650 cps 40.0 g peak 9.4 g peak 0.5 min
Random (20-2000 cps) 7.7 g rms 7.7 g rms 4.0 min
Thermal Vacuum Pressure 1075 mm Hg
High Temperature max. predicted MRT + 18°F 3 days
Low Temperature min. predicted MRT — 18°F 2 days
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the purpose of design qualification and were not required for flyable
spacecraft.

4.1 Balance, Moments of Inerlia and Center of Gravity Determination

The flyable model spacecraft were subject to the same requirements
for static and dynamic balance, moments of inertia, and center of
gravity as the prototype model. The results of these measurements
are shown in Table IX. All five spacecraft were well within all specifi-
cation requirements and design objectives.

4.2 Vibration Tests

The vibration levels for acceptance testing of flyable spacecraft are
shown in Table VIII. The acceptance tests for five flyable spacecraft
were completed with no failures of in-line systems or serious mal-
function of secondary systems. The two malfunctions which did occur
were: flyable 2 — the radiation damage data assigned to telemetry
channel 49 gave faulty information following sinusoidal vibration in the
thrust direction (the same data are carried on channel 47, so no effort

TasLe IX — Banance, WricHT, C.G. DETERMINATION, AND
MOMENTS OF INERTIA MEASUREMENTS

NASA Re-| Design

Parameter quirement | Objective Fly 1 Fly 2 Fly 3 Fly 4 Fly 5
Weight (Ibs) None | 175.0 (172.00 {170.94 (172.30 (173.81 [174.28
max
Spin-axis moment | None | Not 4.164 | 4.141 | 4.207 | 4.202 | 4.1961
of inertia, slug- spee-
ft2 fied
Maximum trans- | None | Not 3.822 | 3.825 | 3.872 | 3.888 | 3.9184
verse moments spec-
of inertia, slug- fied

ft2
Moment of inertia | None 0.95 0.918| 0.924 | 0.920 | 0.925 | 0.934
ratio
C.G. location

(inches)
From separation| None | 16.5 16.48 | 16.46 | 16.36 | 16.4 16.26
plane
Spin-axis offset | Less — Less Less Less Less Less
than than than than than than
0.005 0.003* 0.003* 0.003* 0.003* 0.003*
Principle axis shift| Less — Less Less Less Less Less
(radius) than than than than than than
0.008 0.002% 0.002* 0.002* 0.002* 0.002*

* Lower limit of reliable measurement.
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was made to isolate the trouble); flyable 5— following sinusoidal
vibration in the thrust direction, telemetry channels 63 and 64 had no
output, indicating a failure in one of the radiation detectors located on
the skin of the spacecraft. It was agreed that the remaining two channels
provided adequate coverage for the radiation experiment. Since complete
isolation or repair would have been impossible without opening the
canister, no corrective action was taken.

4.3 Thermal-Vacuum Tests

The flyable model spacecraft were exposed to the same thermal-
vacuum conditions as the prototype, but for a shorter duration. The
acceptance tests ran for five days (three days under maximum sunlight
conditions and two days under maximum eclipse conditions). The flyable
satellites were operated on the same duty cycle as outlined for the
prototype.

Performance of the flyable spacecraft during thermal-vacuum tests
was satisfactory in all respects. A tabulation of temperatures attained
and chamber pressures for each test is presented in Table X. A graph
illustrating the range of electronics chassis temperatures for five flyable
satellites is shown on Tig. 5. Results from flyable model 2, which is the
Telstar satellite, have been plotted for reference.

4.4 Leal Tests

The sealed electronics canister of each flyable model spacecraft was
leak tested in the same manner as the prototype, before and after the
acceptance test program. The results of these tests are shown in Table
XI.

TaBLE X — THERMAL-VACUUM AccerTaNCE TEsT RESurnTs

Tegs)x::irsa::\ire* Tlgf:ggrzsti{t.illriei Chamber Pressure

Satellite "

Maxi- Full Maxi Fu . .

Erélll':g;e Sun‘llight féli‘;szm lsllglﬂi Minimum Maximum
Fly 1 | 43°F | 88.5°F | —34°F | 35°F | 1.4 X 10~ mm Hg | 2.5 X 107 mm Hg
Fly 2 | 34°F | 80.5°F | —40°F | 27°F | 1.0 X 10¢ mm Hg | 2.1 X 10~ mm Hg
Fly 3 | 43°F | 83°F —40°F | 32°F | 1.4 X 10~® mm Hg | 2.7 X 10=¢* mm Hg
Fly 4 | 35°F | 83°F —35°F | 36°F | 4.8 X 107" mm Hg ! 9.1 X 1077 mm Hg
Fly 5 | 38°F | 78°F —41°F | 28°F | 7.7 X 100" mm Hg | 1.2 X 10-® mm Hg

* Average temperature of four battery groups.
T Average of six points on skin.
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Fig. 5 — Electronic chassis temperature for five flyable satellites; flyable model
2 plotted for reference.

4.5 Magnetic Moment Measurement

The magnetic moment along the spin axis of the flyable spacecraft was
measured and compensated to achieve the values indicated in Table XII.
The plus and minus signs refer to the direction of the magnetic moment
veetor, the positive direction being toward the top of the satellite.

TaBLE XI — Leak TEsT RESULTS

Before Test After Test
Fly 1 1 X 1077 ec/sec argon 2 X 1078 ce/sec argon
Fly 2 2 X 107¢ ¢c/sec argon 3 X 107¢ ¢c/sec argon
Fly 3 2.3 X 1077 cc/sec argon 1.25 X 105 cc/sec argon
Fly 4 2.5 X 1077 ce/sec argon 1.8 X 107¢ cc/sec argon
Fly 5 3 X 1077 cc/sec argon 4 X 1075 cc/sec argon

Tasrr XII — MagNETIC MOMENT MEASUREMENT
(FLYABLE SPACECRAFT)

Satellite Equivalent Torque in a 0.01-Oersted Field
Fly 1 1.9 X 10-¢ ft-lbs
Fly 2 —3.3 X 107¢ ft-lbs
Fly 3 Less than measurement accuracy
Fly 4 —2.0 X 1078 ft-lbs
Fly 5 Less than measurement accuracy

V. CONCLUSION

Components and materials selected for use in the Telstar satellite pro-
gram were those which reflected a history of reliable usage in previous
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successful programs. The system design included the maximum practical
margin of safety, commensurate with weight and space limitations of
satellite systems. In addition to designing with a maximum safety factor,
all manufacturing was accomplished under the closest possible control.
Extensive testing of subassemblies and satellite models, carried out in
parallel with the design and assembly of actual spacecraft, enhanced
reliability of the finished product, and permitted timely modifications
where required.

The environmental test program was designed to provide the most
comprehensive evaluation of the spacecraft design in the time available.
The qualification tests performed on the prototype provided assurance
that the Telstar satellite was compatible with the environments expected
during powered and orbital flight. The acceptance tests served to un-
cover manufacturing defects which may have developed during assembly
of the various subassemblies into a completed system. Five flyable space-
craft have successfully completed the acceptance test program with no
major failures or malfunctions in the in-line systems.
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Command and Telemetry Systems
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The command and telemelry portions of the Telstar system provide neces-
sary support functions for the basic communications experiment and the
radiation experiment. By means of the command system, the states of 9
magnelic latching relays in the satellite are controlled from the ground.
Commands are sent to the satellite by coded signals modulated on a carrier
in the VHF band. The telemetry system also uses a VHF carrier lo irans-
mit encoded information from the satellite. Data on 112 ilems are provided
once each minute. This paper discusses the over-all command and telemetry
systems and considers the general objeclives, system aspects and detailed
implementation.

I. INTRODUCTION

The Telstar satellite includes circuits designed to perform two basie
experiments: (7) a communications experiment using a wideband, ac-
tive repeater and (#7) a radiation experiment designed to provide in-
formation on the envircnment in outer space and the effects of this
environment on deviees used in communication circuits. The command
and telemetry portions of the Telstar system provide a very necessary
support function for these experiments. This paper discusses the over-all
command and telemetry systems; it considers first the need and general
objectives and then the systems aspects of the design. Finally it gives a
detailed discussion of the implementation of each system.

The need for a command system for the Telstar project arises pri-
marily because of power considerations associated with the satellite
repeater: the communications circuits consume more power than the
solar plant is capable of supplying.! To be able to operate under full
load, batteries are provided which supply the additional power needed
during operation of the communications cireuits. During those intervals
when the communications circuits are not on, the batteries are recharged
by the solar plant. Hence a command system is necessary to turn the
high-power communications circuits on and off. Having provided a

1027
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command system, it is then convenient to turn other circuits on and off
and provide some other functions which can only be available with a
command system. These functions include changing telemetry encoders,
testing the two command receivers, and activating a torquing coil for
attitude control, as well as turning on and off the traveling-wave tube,
the IF amplifiers, the microwave carrier supply, telemetry and the
radiation experiments. The command receiver circuits must always be
energized so that commands may be acted upon to turn on other circuits.
The VHI beacon, used for wide-angle acquisition and tracking, is also
left on; however, it can be turned off under special conditions.

The telemetry carried aboard the Telstar satellite provides information
on 112 different quantities at a rate of one full frame per minute. These
quantities fall in four major categories. One type of data relayed from
the satellite consists of status information: for example, the state of
control relays, some critical temperatures, the solar plant output, and
the battery voltage. These data must be decoded and displayed in real
time so that the satellite can be operated with the least chance of
damage. The second class of data includes those items which pertain to
the general condition of the satellite. Such items include internal and
external temperatures, pressure, and solar aspect angle. These data are
normally monitored and recorded to be analyzed at a later time. They
provide a continuous record of the condition of the satellite and some of
the effects of its environment. The third main category of telemetry
data is that which monitors parameters pertinent to the communications
repeater. These data are monitored and recorded to provide correlation
data for the communications experiments. Such items as satellite
receiver AGC voltage, transmitted power levels, and certain tempera-
tures are necessary for correlating test data. The fourth category of
telemetry information is that which provides data from the radiation
damage experiments and those channels which contain the radiation
counter information. About one fourth of all the telemetry channels are
used in the radiation experiment, one third are used to measure various
temperatures, and the remaining channels are used to measure a variety
of relay states, currents, voltages, biases and calibrations.

II. SYSTEMS DESCRIPTION

The command and telemetry systems are each one-link transmission
systems. The command system has its transmitting terminal on the
ground and the receiver in the satellite. The telemetry system, on the
other hand, transmits from the satellite and the signals are received on
the ground. Fig. 1 shows a block diagram of each system and those por-
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Fig. 1 — Block diagram of command and telemetry systems.

tions of the equipment which are common to the two systems, such as
the diplexers and the antennas.

The command system transmits signals to the satellite at approxi-
mately 123 mc. The transmitting terminal consists of a command en-
coder which generates the specified code and a VHF command trans-
mitter which is amplitude modulated by the command signal. The
output of the command transmitter goes through the ground diplexer
to the command tracker antenna and is radiated to the satellite. The
signal picked up by the satellite helical antenna goes through the
satellite diplexer and a splitting arrangement into two command re-
ceivers. The baseband pulses out of each receiver drive a decoder which
activates the proper relay through the action of the switching unit.

The telemetry system transmits information from the satellite back
to ground. The transmitting equipment in the satellite consists of a
telemetry encoder whose output modulates the 136-mc beacon. The
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signal then goes through the satellite diplexer to the helical antenna
where it is radiated. The telemetry signal is picked up on the ground
by the command tracker antenna and then goes through the ground
diplexer to the telemetry receiver. The output of the telemetry receiver
drives the decommutator, which presents the information in printouts
and displays.

The details of each of these systems will be discussed separately in
later portions of this paper. The nature of the signals and the over-all
system design considerations will be covered in the following sections.

III. GENERAL DESCRIPTION OF TRANSMISSION SIGNALS

3.1 Command Signals

The commands are transmitted to the satellite in the VHE band. The
123-me carrier is amplitude modulated with a keyed subecarrier. The
subcarrier, a 5.451-ke signal, is keyed on and off to generate a code
made up of bursts of subcarrier of different widths. A command word
is composed of a guard space, a start pulse and six code bits, each oc-
cupying a time slot equal in length to 72 cycles of subecarrier. A guard
space is no pulse (a blank time slot), and a start pulse is a burst of sub-
carrier for three fourths of the time slot. The six code bits are made up
of three ones (50 per cent duty cycle, burst of subcarrier for half a time
slot) and three zeros (25 per cent duty cycle, burst for one fourth of
the time slot). This three-out-of-six code permits 20 unique commands,
of which 15 are used in the Telstar system. The transmission of a com-
mand consists of sending the desired code word five times in succession.
This repetition is strictly redundant since each word is decoded and
acted upon independently in the satellite. FFig. 2 shows the baseband
waveform of a typical word (110100), the keyed subcarrier, and the
carrier modulated by this subcarrier. This particular code structure,
the carrier, and the subearrier frequencies were chosen to be compatible
with existing command facilities at the NASA Minitrack stations. The
command and telemetry signals were thus chosen to provide the great-
est flexibility and compatibility with these existing facilities.

The code signal, as described above, is generated in the command
encoder. This signal 100 per cent amplitude modulates the command
transmitter. The command signal is transmitted from the command
tracker antenna and is received at the satellite by the helical VHI an-
tenna situated at one of the poles of the satellite. The command receiver
in the satellite shifts the carrier to a 5-me IF, amplifies it, and detects
the code to produce a baseband pulse train which is decoded and which
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Fig. 2 — Command signal waveforms: (a) baseband code, (b) gated subearrier
(¢) modulated carrier (expanded time scale).

causes the proper relay switching to accomplish the function designated
by the command being sent.

3.2 Telemetry Signal

The telemetry signal is transmitted from the satellite to the ground
telemetry receiver, also in the VHF band. The same antennas are used:
the satellite helix transmits the 136-mc beacon signal and the com-
mand tracker antenna receives it. The telemetry encoder within the
satellite generates a PCM signal made up of 120 eight-bit words. Each
eight-bit word is made up of a seven-bit binary code with an eighth bit
used for word synchronization. Of the 120 words there are 118 data
words, and two words (119 and 120) are used for frame synchronization.
The baseband PCM signal frequency modulates a 3-ke subecarrier with
a deviation of 7.5 per cent (=225 cps). The modulating signal is
two-level, so the output of the FM modulator is a signal alternating
between two frequencies, 2775 and 3225 cps. This signal in turn 50 per
cent amplitude modulates the beacon. Fig. 3 shows a typical telemetry
word (level 90, on a 7-bit binary scale from 0 to 127), the corresponding
plot of frequency versus time of the subcarrier, and the modulated
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Fig. 3 — Telemetry signal waveforms: (a) baseband code_(bit level 90); (b)
subcarrier frequency deviation; (¢) modulated carrier (expanded time scale).
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carrier. This PCM/FM/AM signal is transmitted from the satellite
helical antenna and is received by the command tracker antenna.
After amplification, the carrier is shifted to a 10-mc IIF, and an amplitude
detector retrieves the frequency modulated 3-ke subearrier. A frequency
discriminator extracts the baseband PCM signal, which is then decoded
to provide the corresponding output for each of the telemetry channels.

3.3 Command and Telemetry Interaction

The command and telemetry systems are essentially independent
systems. Certain commands are interlocked in such a way that their
use depends on what commands have been sent and upon the status
indicated by the received telemetry. The telemetry circuits in the satel-
lite can be turned on and off, and some of the telemetry channels monitor
parameters in the command circuits. To this extent the two systems
interact. Since the two directions of transmission use the same antennas,
diplexers are used at each terminal, and there will be some leakage of
each transmitter into the other receiver. The frequency separation is
large enough so that the leakage problem is not severe. The details of
this effect will be discussed under System Performance, Section V.
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IV. SIGNAL LEVELS

4.1 Command

The command transmitter has an output capability of 200 watts of
average unmodulated carrier power. At the Andover, Maine, ground
station the cabling distance from the command transmitter to the com-
mand tracker antenna is about 150 feet. The signal then goes through
the diplexer before being radiated from the antenna. Cabling and di-
plexer losses are 2.5 db, and the antenna provides a gain of 17.5 db at
123 me, for a net gain of 15 db.

Loss from transmitting antenna on the ground to the receiving antenna
on the satellite may be calculated from the theoretical free-space path
loss. Since the range (distance from transmitting to receiving antenna)
is constantly changing in a satellite system, the path loss is a variable.
For the Telstar satellite launched July 10, 1962, the range may vary
from as much as 6500 miles (looking at apogee on the horizon) to as
little as 500 miles (perigee directly overhead). These variations in range
will result in a path loss variation of 22 db (from 155 to 133 db).

The radiation pattern of the satellite helical antenna is described in
detail elsewhere in this issue.? Ideally, the antenna would be isotropic.
The antenna pattern is essentially a surface of revolution; that is, the
gain at any angle does not change as the satellite spins on its axis. How-
ever, the gain is not constant as a function of the angle between the
satellite spin axis and the direction from which the satellite is viewed.
This angle, when measured from the end of the spin axis away from the
helical antenna, is called the spin angle. Fig. 4(a) shows the antenna
gain (including cabling and matching network losses) as a function of
the spin angle. Near the poles the antenna has considerable loss and is
difficult to measure; however, if we consider only those angles between
5 and 165 degrees, we see a range in antenna gain of 16 db. Combining
this variation with the variation due to range as given by Fig. 4(b), the
signal level at the command receiver may vary as much as 38 db over
all combinations of range and spin angle. It is possible on a given pass
to see a wide range of spin angles; however, to see the full variations in
range requires that the apsides advance through half a cycle, which in
this case takes about 3 months. The command receiver in the satellite
is designed to handle a signal level range of 30 db. This AGC range,
while not adequate to cover all cases, is adequate to cover the range of
signal levels that result during any pass or group of passes.

In addition to the path loss and the loss in the satellite helical antenna.
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there is a 3-db polarization loss. The helical antenna on the satellite
has an essentially linear polarization, and the command tracker antenna
quad-helix has a right-hand circular polarization. To get from the an-
tenna to the command receiver, the signal loses 2.5 db in the diplexer
and another 3 db in a splitting pad (two receivers operating in parallel
for redundancy). The AGC range of each command receiver is such
that it can handle signals at its input of —100 to —70 dbm.
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4.2 Telemelry

The down link of the command and telemetry system consists pri-
marily of the satellite beacon transmitter, the transmission medium,
and the RI' and telemetry receivers. The beacon puts out 200 milli-
watts (+23 dbm) of average unmodulated carrier power. The satellite
antenna pattern at 136 me has approximately the same shape as at 123
me, but the gain is down about 1 db due to cabling and matching net-
work losses. FFree-space path loss at 136 me is about 0.8 db greater than
at 123 me, and the net gain associated with the command tracker
antenna is about 18 db rather than the 15 db at 123 me. The command
tracker antenna is 3 db better at the telemetry frequency than at the
command frequency for two reasons. First, the beam is narrower at 136
me, giving a gain increase of about 1.5 db, and secondly, the 1.5 db of
cabling loss is avoided by placing the RF preamplifier in the antenna
pedestal instead of in the control room 150 feet away.

There is again a loss of 3 db due to polarization, and the range of re-
ceived signal levels as before is 38 db. The limitation on the signal level
received at the ground is that it be strong enough to produce a detect-
able signal. The next section will show that a detectable signal will be
received if the command link is workable.

V. SYSTEM PERFORMANCE

5.1 The Command System

The performance of the command and telemetry systems can best
be described by first considering the parameters of the command sys-
tem. From noise considerations, the minimum allowable received signal
level can be determined. Then, knowing the properties of the ground
transmitter and of the satellite receiver, the worst combinations of spin
angle and range can be determined. The performance of the telemetry
system will then be determined, based on the poorest combination of
range and spin angle allowed by the command system.

Contributors to the noise performance of the command receiver are
(7) thermal noise, (77) galactic or cosmic noise, and (7i7) leakage of the
beacon signal into the command system. The effective bandwidth of
the command receiver is less than 60 ke. The thermal noise power
available in a 60-kc¢ band referred to the input of a 5-db noise figure
amplifier is —122.8 dbm. Cosmic noise available in a 60-ke band at 123
me is taken to be —121 dbm (1000°K)3. The leakage of the 136-me
beacon into the command receiver results in an interfering signal at the
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output of the receiver. The off-frequency rejection in the receiver
referred to —100 dbm at the input is 64 db; the diplexer has 80 db
rejection against the +24-dbm, 136-me signal getting into the command
system; and taking the 3-db splitting pad loss, the leakage signal referred
to the input of the command receiver is —123 dbm. Adding these three
interferences on a power basis results in an interference level at the input
to the command receiver of —117.5 dbm. With a —100-dbm input
signal, the resulting signal-to-noise ratio of 17.5 db will provide essentially
error-free performance in the command decoder.

The minimum signal level within the AGC range of the receiver, as
stated earlier, is —100 dbm. Since this also results in a signal-to-noise
ratio corresponding to error-free operation, it will be taken as the thresh-
old of commandability. In practice it has been found that a received
signal level of —100 dbm is 3 to 5 db above the point where commands
will be recognized but with an occasional error.

The received power equation for the command system is

PR:PT+G1—PL+G2—8.5db (1)

where P = received signal level at the input to each command re-
ceiver in dbm
P = ground transmitter output power (453 dbm)
G: = command tracker antenna gain at command frequency
minus cable and diplexer loss (415 dbm)
PL = path loss at command frequency (db)
G. = satellite helical antenna gain at command frequency (db).
The 8.5 db is made up of 3 db polarization loss, 2.5 db satellite diplexer
loss, and 3 db splitting pad loss for driving the two command receivers
in parallel. To keep the minimum signal at the command receiver input
at —100 dbm requires that the path loss minus the satellite antenna gain
shall not exceed 159 db. The path loss at the command frequency is
given by

PL = 784 + 20 log R (db) @)

where R is the range from transmitter to satellite in statute miles. Fig.
4 shows path loss as a function of range and the satellite antenna gain
as a function of spin angle. Fig. 5 shows the relationship between range
and spin angle such that the minimum workable signal is assured. The
contour plotted is for P, = —100 dbm. The received signal level any-
where to the left of the curve will exceed —100 dbm; to the right of the
curve the level will be less than —100 dbm and commanding should not
be attempted. For an isotropic antenna (the actual antenna has unity
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gain at 90 and 40 degrees) the maximum workable range is 10,700
miles. For the actual antenna, the maximum range which will be safe
for any spin angle between 5 and 165 degrees is 2000 miles, and the
maximum range for the best spin angle (65 degrees) is 12,900 miles.
Tor the Telstar satellite orbit with its maximum slant range of 6500
miles, the command system will be workable as long as the spin angle
stays within 20 to 120 degrees.

5.2 The Telemetry System

If the command system is within range, then the path loss minus
satellite antenna gain is less than 159 db at the command frequency.
Under the same conditions, the path loss minus satellite antenna gain
at the telemetry frequency will be less than 161 db (the difference in
path loss and antenna gains were pointed out previously) and the re-
ceived signal level at the input to the telemetry receiver will be at least
—120 dbm: satellite transmitted beacon power of 423 dbm, minus
161 db for path loss and antenna gain, plus 18 db for the ground antenna,
results in a received signal level of —120 dbm. The noise level referred
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to the input of a 3.5-db noise figure receiver with a 20-ke band is —130
dbm. The minimum carrier-to-noise ratio (C/N) for the AM detection
is then 10 db. With a C/N ratio of 10 db, the AM detector will not en-
hance the noise appreciably and the signal-to-noise ratio (S/N) for the
FM detector may be calculated directly. The signal power in each side-
band for a 50 per cent amplitude modulated carrier is 12 db below the
carrier level. With double-sideband detection and a 600-cps bandwidth,
the S/N at the input to the I'M detector is 16 db: power in each side-
band is —132 dbm; noise in a 600-cps band is —145 dbm. Single-side-
band detection would give S/N = 13 db, and double-sideband detection
results in S/N = 16 db. This signal-to-noise ratio at the input to the
FM detector will result in output performance which is essentially error
free. To keep a S/N ratio of at least 10 db at the I'M detector, the sig-
nal level might be allowed to drop another 4 db to —124 dbm. At this
point the C/N ratio at the AM detector would be 6 db and the full
3-db advantage of double-sideband detection could not be realized.
Hence, the S/N ratio at the input to the M detector would be about
10 db, and this should be near the breaking point of the system. This
has been borne out in practice since the telemetry system has been found
to break at input levels of —122 to —124 dbm.

As seen from the above discussion, the command and telemetry sys-
tems are both workable under just about the same conditions. In the
Telstar satellite orbit (maximum range 6500 miles) both systems are
operable with 2- to 4-db margin for spin angles between 20 and 120
degrees. To date the spin angle from the Andover station has not been
less than 20 degrees, but it has been as high as 165 degrees. At the com-
mand and telemetry station at Cape Canaveral the spin angle has been
much greater; in fact spin angles very near 180 degrees have been en-
countered. Under these conditions both the command and telemetry
systems were unworkable as expected. The times of these “spin outages”
are predictable and can be avoided by appropriate scheduling.

VI. COMMAND SYSTEM

Previous sections stated the purpose of the command system, gave
a brief over-all system description, and discussed signal levels and noise
performance. We now proceed to a more detailed description of the
command system. First the entire system will be given a general de-
scription to functionally relate the major portions. This will be followed
by still more detailed descriptions of the major blocks.
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6.1 General Description

The command system employs fifteen different commands as given
in Table 1. These are listed here as a matter of general interest and for
convenience in understanding subsequent sections.

A functional block diagram of the command system is shown in Iig.
6. A command can be originated in the ground station at the telemetry
and operating panel or remotely at the ground station control console.
The command encoder translates the specific command to a preselected
code and sends this code via the ground station command transmitter
to the satellite.

Upon initiation of a command, a control signal is sent over one out
of 20 lines to the encoding circuit. This signal is translated to an indi-
vidual 6-bit parallel code consisting of three ones and three zeros.

A decoding cireuit converts the code back to a signal suitable for
lighting indicators to show that the proper command has been encoded.
Thus, when the command button is pressed it lights up, and another
group of six indicator lights shows the actual binary code.

The encoder output is also applied to the word assembly and to “par-
ity and lockout” circuits. The word assembly unit transforms the 6-bit
parallel word to an 8-bit serial word consisting of a start bit, the 6-bit
code, and a guard space. The 8-bit word is applied to the “parity and
lockout” circuit where the code is checked for an odd parity of three

TaBLE I— CoMMANDS

Command Function

A turns on TWT filament voltage

B turns on TWT helix and collector voltages, energizes circuits as-
sociated with the communications experiment

C turns on TWT anode voltage

CcC turns off TWT anode voltage

AA turns off TWT helix, collector, and filament voltages; de-energizes
circuits used in the communications experiment

D turns on telemetry and radiation experiment circuits

DD turns off telemetry and radiation experiment circuits

E turns on current orientation loop

EE turns off current orientation loop

F connects telemetry encoder No. 1

FF connects telemetry encoder No. 2; F and FF also control direction
of current through the orientation loop

SS in};&iates CC, AA, DD, and EE and disconnects battery and VHF

eacon

S connects battery back into circuit and turns on VHF beacon

T-1 turns off command decoder No. 2 for 15 seconds

T-2 turns off command decoder No. 1 for 15 seconds
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ones. If an improper code is detected, a parity relay operates which in
turn actuates the lockout circuit. The lockout circuit prevents trans-
mission of the invalid code and selection of a new command until a re-
set button is depressed.

The word assembly output, if found to be proper, is applied to the
output circuit five times in succession. In the output circuit the 8-bit
word 100 per cent modulates a 5.451-ke carrier. This amplitude-
modulated subcarrier signal is sent to the command transmitter where
it 100 per cent amplitude modulates the 123-mc carrier and is then
transmitted to the satellite via the quad-helix command tracker antenna.

For reliability, the command portion of the satellite (except for re-
lays) is duplicated and is powered continuously. The two halves of the
command system are nearly independent except for some interconnec-
tions made to insure proper operations under unusual circumstances.
The signal from the diplexer is transformer-coupled to the two com-
mand receivers.

The command receiver is of the superheterodyne type and consists
of an RF mixer, local oscillator, IF amplifier, AGC, and a two-stage
detector. The receiver AGC obviates the need for a variable threshold
in the command decoder.

The command receiver output is detected in the shaping network,
which has a threshold level fixed at half the average signal amplitude.

The command decoder translates the baseband train of pulses which
the receiver has recovered into a pulse on the appropriate one-out-of-
fourteen output leads. The decoder consists of a pulse shaping network,
pulse width counter, pulse width translator, timer, and shift register.

The one-out-of-fourteen outputs of the decoder are amplified and
stretched in the switching units, and the resultant outputs trigger mag-
netic latching relays. Sensitive magnetic latching relays are employed
to conserve power.

To prevent damage to the TWT and the battery of the satellite, a
number of safety interlock features are incorporated in the command
encoder on the ground and in the switching unit in the satellite.

The TWT anode turn-on (C command) cannot be sent unless three
minutes have elapsed since the TWT filament was turned on (A com-
mand) and unless telemetry indicates that the filaments are actually on,
except when an override push-button is depressed. The override feature
is used to permit rapid turn-on of the tube when the 3-minute warm-up
time 1s unnecessary (i.e., if the tube had just been turned off).

Whenever the A relay in the satellite transfers (TWT heater on or
TWT off), the B relay (TWT helix and collector) is reset. This obviates
the need for a BB command and prevents turning on the TWT helix
and collector voltages prior to the TWT heater. The A and C relays
are interlocked to assure that the TWT anode voltage (C relay) will be



1042 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963

turned off before the heater, helix and collector voltages are removed.
These features prevent damage to the TWT.

A low-voltage trigger circuit removes all loads (except for the com-
mand system) and disconnects the battery by resetting the S relay.
With the S relay reset, the 136-mc beacon is inoperative and no telemetry
is available. The S relay reset state also inhibits the commands A, B,
and C, thus preventing turn-on of the TWT with low battery voltage.
If the S relay is reset by the low-voltage trigger, it cannot be set by a
ground command (S) until the low-voltage condition subsides. This
safety feature prevents damage to the battery and to the TWT due to
a low-voltage condition which, for example, might be caused by leaving
the TWT on for an excessive period.

6.2 Ground Command System

6.2.1 Command Encoder

A detailed diagram of the encoder is shown in Fig. 7. Operation of a
command switch momentarily energizes a command select relay. The
matrix input register stores this information temporarily until it is
transferred (in the form of a parallel 6-bit code) to the matrix output
registers. The use of two stores permits a new command to be selected
without interfering with the transmission of the previous command.

The heart of the encoder is the crystal oscillator which furnishes the
basic 5.451-ke subecarrier frequency to be used for code transmission.
All of the encoder timing is generated from this frequency with count-
down circuits. To insure proper timing accuracy in the frequency divider
circuits, the oscillator output is applied to a Schmitt Trigger circuit

The N/3 countdown circuit of the cycle counter is of the relaxation
divider type, whereas the N/2 countdown circuits consist of binary
counter stages. The primary and secondary outputs from the final two
binary counters, representing the zero and the one respectively of the
ternary code, are applied to the logic I unit to obtain the start pulse and
the bit duration. The one and zero are also applied to the parity counter
gate. A parity count can be taken in AND gates since, as shown in Fig.
8, the coincidence of the eight code (excluding start) with ones and zeros
can have three outputs if and only if the code contains only three ones
and three zeros. (The parity enable eliminates the start pulse.) The
start, zero, and one outputs control the duration of the outputs of the
word timing gate.

A three-stage binary bit counter counts out the 8-bit code word, and
feeds the logic IT gate whose outputs are used for timing and for the
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parallel code to serial code conversion. The output of the third stage of
the bit counter feeds the word counter, which in conjunction with logic
IIT permits the code to be generated five times in succession. By the
nature of the circuits, a gap of three word intervals follows the genera-
tion of the five code groups. Since the timing block of the encoder op-
erates continuously, there can be a delay of about % second in transmis-
sion of a command if a command is selected just after a word counter
cycle has started. Partial code transmission is prevented by the parity
and lockout, which can only operate once during a code group (five codes)
and is initiated with the third code (dead interval).

6.2.2 Command Transmitler

The command transmitter consists of an RI" exciter, intermediate
power amplifier, modulator, RF power amplifier and an output section.
The exciter generates the 123-me crystal-controlled carrier which drives
the intermediate power amplifier. The RF power amplifier then provides
the power gain necessary to radiate 200 watts. The output stage is push-
pull and is plate-modulated by the signal out of the modulator. The
modulator is flat to &1 db from 200 cps to 10 ke and is capable of pro-
viding 100 per cent modulation of the 200-watt output. The output
section provides coupling into the load, and matching trimmers and
filters. The equipment is housed in two bays and was designed and man-
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Fig. 9 — Command tracker antenna.

ufactured to Bell Telephone Laboratories specifications by Lockheed
Electronics Company, a division of Lockheed Aircraft Corporation.

6.2.3 Command Tracker Antenna

The command tracker antenna shown in Fig. 9 is a quad-helix VHF
antenna used to transmit the command signals, receive the telemetry
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signals, and track the VHF beacon. The antenna has full autotrack capa-
bilities, so the command and telemetry operation can be completely
independent of other satellite operations. It can, however, serve as an
acquisition aid by providing pointing information to other antennas,
such as the precision tracker.? It uses phase-sensitive monopulse tracking
employing a 4-element helix array and giving over-all pointing accuracy
of approximately +1 degree.

As a transmitting antenna (123 me) it has a gain of 17.5 db with right-
hand circular polarization, and its side lobe levels do not exceed —11
db. For receiving at 136 me, the gain is 19 db and the polarization and
side lobe performance are the same as at 123 me. The command tracker
antenna was designed and built to Bell Telephone Laboratories specifi-
cations by Radiation, Incorporated, of Melbourne, Florida.

6.3 Satellite Command System

6.3.1 Command Receiver

Each of the two command receivers consists of an RF section, mixer,
local oscillator, amplifier and detector. The two command receivers (See
Fig. 10) are transformer coupled to the diplexer. The manner of making
the connection places the loads in series, permits the use of ground for
all returns, and provides the proper generator impedance for optimum
noise figure.

The RF section provides 18 to 20 db of gain at 123 me and has an
over-all bandwidth of 3 me (3 db points). This section consists of two
stages separated by a low-Q parallel tuned circuit while the second stage
has connected to its emitter a high-Q tuned series eircuit. This combina-
tion provides a low over-all noise figure with at least 10 db image fre-
quency rejection. The mixer is a single-stage amplifier employing emitter
injection of the local oscillator while the RF signal is applied to the base.
The conversion gain of the stage is approximately 4 db and the IF
signal is at 5 me. A temperature-stabilized crystal oscillator followed by
two diode doubler circuits provides the local oscillator signal of 128 me
for the mixer.

A 4-stage IT" amplifier provides 50-80 db of gain, depending upon the
AGC control. AGC control is maintained on the first three IF stages and
provides a constant detected output level over a 30 db range of receiver
input signals. Primary-tuned interstage coupling transformers provide
an IF bandwidth of approximately 50 ke (3 db points), which allows
for Doppler shifts and transmitter and receiver frequency drifts.
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Because of the use of a subcarrier, double detection is necessary. The
first detector recovers the 5.451-ke subearrier. An amplifier supplies a
signal to the AGC loop and to the second detector, which consists of a
full-wave rectifier followed by an amplifier and a low-pass filter, having a
500-cps cutoff with a 6 db per octave slope. The output signal is a train
of pulses having an amplitude between 4 and 4.5 volts and containing
less than 1 db of ripple.

6.3.2 Command Decoder

A simplified block diagram of the command decoder is shown in TFig. 11
and the timing relationships are shown in Fig. 12. The command re-
ceiver output signal is detected in the shaping network. Because the
receiver has AGC, the shaping network threshold level is fixed at the
average-signal, half-amplitude value. The detected signal permits the
gated multivibrator pulse generator to free run for the length of time
that the signal exceeds the threshold level. The pulse generator will
generate three, two, or one pulse(s) for a start, one, and zero input
respectively. The output of the shaping network is also used for readout
and reset functions. The pulse width counter and digit gates (zero, one
and reset) translate the ternary code to a pulse on one of three output
leads. The counter and gates are ‘“reset’” by the detected signal. To
prevent the inadvertent joining of two code fragments, a consecutive
pulse timer controls the one and zero gate outputs. The loss of a word
bit resets the timer, thus preventing further one and zero gate outputs.
Because of the positive feedback aspects of this circuit, the timer inputs
are controlled by the shaping network output.

A detected start pulse at the R gate output is used to reset the flip-flop
stores and the digit counter. It also starts the consecutive pulse timer.
The combined zero and one outputs drive the digit counter. The digit
counter and the counting gates form a series-to-parallel converter for
the detected ones. With the inclusion of the flip-flop stores, the combina-
tion forms a shift register. The output gates translate the stored binary
code to an output pulse on one-of-fourteen leads. To restrict power
consumption and to control the output gate readout time, a strobe unit
applies power to these gates. The strobe, in turn, is controlled by the
digit counter and will generate an output when the digit counter has
counted to six. Since the strobe is internally ac coupled, the power to
the gates is applied for only a few milliseconds.

To permit disabling of a decoder, the strobe ground can be removed by
sending a ground command through its companion decoder. Each de-
coder can be disabled for approximately 15 seconds by sending the
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appropriate (T) command to the other decoder. Thus, if a decoder is
detecting a command falsely, it can temporarily be removed from
service.

6.3.3 Command Swiiching Unit

The switching unit (Fig. 13) is subdivided into two parts. Fach channel
performs the same function, thereby providing two separate paths for
command execution (except for the T-1 and T-2 commands). Monostable
multivibrators provide the necessary amplification and pulse stretching.
Driver outputs are combined in OR gates to activate each relay. Single
letters designate “‘set” operations while double letters designate ‘‘reset”
operations.

As mentioned previously, the S relay is a safety device. Although it
can be set and reset by ground command, it can also be reset by the
low-voltage trigger circuit. Whenever the battery supply reaches 19.6
volts & 0.4 volt, the low-voltage trigger circuit responds, thereby trig-
gering the SS driver. Resetting of the S relay resets all other relays except
the F (choice of telemetry encoders) and removes ground command con-
trol from the A, B, and C relays. The S relay cannot be prematurely reset
while the low-voltage condition persists. These features are incorporated
to avoid damage to the battery and the TWT.

To avoid permanently disabling the satellite because of failure of a
single low-voltage trigger circuit, an override feature is incorporated.
The T-1 and T-2 relays inhibit the operation of the SS-2 and SS-1 drivers,
respectively, thus permitting the S relay to be set by command during
the 15 seconds deactivation of the faulty trigger circuit. Since T-1 and
T-2 cannot be transmitted simultaneously, overriding of a legitimate
low-voltage condition cannot occur.

VII. TELEMETRY SYSTEM

7.1 Quer-All Description of Telemetry System

In the satellite, the signals to be telemetered are time multiplexed by
sampling gates, encoded into PCM, frequency modulated on a 3-ke sub-
carrier, amplitude modulated on the 136-mc beacon, and radiated to the
earth by the VHT antenna. On the ground, the signal is picked up by the
VHF command-tracker antenna, amplified, and amplitude detected;
then frequency discriminated to recover the PCM, decoded, and decom-
mutated; and fed to a printout, punch-out, and various displays.

Tigs. 14 and 15 show in block diagram form the principal functional
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portions of the satellite and ground telemetry systems, respectively. For
the satellite system, the portion of the circuit including multiplexer, re-
dundant coders, registers, and voltage-controlled oscillator was de-
veloped and constructed for Bell Laboratories by Radiation, Incorpo-
rated, of Melbourne, Florida. The ground telemetry, except for the
antenna and preamplifiers which are part of the VHI' tracker, was
supplied by Illectro-Mechanical Research, Incorporated, of Sarasota,
TFlorida.

7.2 Types of Information Telemetered

The information telemetered falls into several categories as listed in
Table II.

The radiation experiment is discussed in detail in another article in
this issue.® Of the telemetry channels, 16 are used for electron and proton
energetic particle counts, 4 for bias of counting detectors, 7 for transistor
damage, 4 for solar cell damage, and 6 for solar aspect. In addition to
handling the count or measured values of the radiation experiment, the
telemetry circuit also provides synchronized pulses for gating on and off
the particle-counting circuits and for shifting their thresholds.

Internal temperatures are measured at a number of points in the elec-
tronics canister. These are distributed throughout the structure to give
both a general temperature picture and to follow certain items of special
interest such as battery and traveling-wave tube temperatures. Fxternal
temperatures are measured at strategic points just under the outer skin
and at points associated with the radiation experiment.

TABLE II — TELEMETERED INFORMATION

Number of Channels

Radiation experiment 37
Internal temperatures 24
External temperatures 16
Microwave circuit 13
Power supply 9
Relay states 4
Command system 6
Canister pressure 2
Calibration 1
Frame synchronization 2
Unassigned 6

Total 120
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Various items of the microwave circuit that are monitored via teleme-
try include the traveling-wave tube accelerator, collector and helix cur-
rents, the TWT heater voltage, converter biases, and the IF amplifier
AGC. These are of special interest both for the operational control and
for the monitoring of performance of the communications repeater. Of
the power supply items monitored, perhaps the most important are the
solar plant current and the battery voltages. Also monitored are key
voltages of the regulator.

Command relay state monitoring is important from an operational
standpoint in checking the turn-on and turn-off steps for the traveling-
wave tube, the status of the torquing loop, and monitoring the re-
sponses to two special commands, T-1 and T-2. Both input and output
signals of the command receiver pairs are monitored.

Canister pressure is checked to see whether it is above or below dis-
crete levels of 5 and 1 psia.

7.3 Types of Telemetry Channels

To handle the various items to be telemetered, several ranges and
types of channels have been employed as listed in Table III.

Where possible, high-level channels were employed. Low-level chan-
nels were employed for small signals and differential inputs. The solar
aspect channels, in addition to being still more sensitive, are sampled
quasi-simultaneously. The digital data channels are for the radiation
experiment energetic particle count where the input consists of pulses
to be counted. In all cases, the channels are sampled once every minute
and converted to binary PCM for transmission.

7.4 Salellite Telemetry Sending System

7.4.1 Sensors

Except for the so-called digital data channels of the radiation experi-
ment, all the items to be telemetered are first converted to voltages

TaBLE IIT — TypESs oF CHANNELS

Number Type of Channel Input
80 High-level 0 to —5 volts analog
14 Low-level 0 to —0.5 volt analog
10 Solar aspect 0 to —0.1 volt analog
14 Digital data (7 pairs) 0 to 16,383 pulses

2 Frame synchronization
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which are subsequently converted to PCM. by the encoder. In some
cases the analog signal is simply an existing voltage, such as a bias, or a
rectified wave, derived directly from the circuit to be monitored. In
other cases, transducers or sensors such as thermistors or pressure
switches and auxiliary circuits are used to convert the physical quantity
to be measured, such as temperature or pressure, to a dc analog signal.

7.4.2 Multiplexer

Each analog signal to be telemetered is sampled through sampling
gates once every minute and its value encoded into a seven-bit binary
code. Channel gates are matched pairs of transistors that are pulsed on
in proper channel sequence by transformers of the multiplexer matrix.
The 8 X 14 matrix of square-loop magnetic core transformers is driven
by horizontal and vertical shift registers and control counters which,
in turn, are driven at the word rate. Basic timing at word and bit rate
is obtained from a 32-cps oscillator and counters.

In addition to controlling the channel sampling gates, the multiplex
matrix also provides timing pulses for the control of the radiation ex-
periment, synchronized with particular word positions. Internal teleme-
try circuit commands tied to the channel format are also derived from
the matrix.

Multiplexing of the solar aspect channels is accomplished by a separate
multiplexer operating at high speed in order to effect quasi-simultaneous
acquisition of the data. For this, a blocking oscillator, triggered by the
main multiplexer, drives a counter and diode matrix which, in turn,
drives the transformer-coupled transistor gates.

High-level channel output of the matrix is fed directly to the encoder.
Low-level channel output is fed through a 10:1 amplifier and solar aspect
channel output is fed through a 50:1 amplifier before going to the en-
coder. Thus, in all cases, the analog input signals leaving the multiplexer
are adjusted to a common 0 to —5 volt range for the encoder to handle.

7.4.3 Encoders

To improve reliability, two encoders have been incorporated in the
system. Either encoder can be put in operation by ground command (I
or FF). The timing circuit oscillators, which are closely linked to the
encoders, are also redundant.

For normal high- and low-level channels, each analog signal is sampled
once per minute at a rate of one channel each half second. The encoding
of each analog signal is accomplished in approximately 50 usec.
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Through consecutive half-amplitude comparisons, the signal is en-
coded into a 7-bit binary code representing the input signal to an
accuracy of -£1 per cent of full scale range for high-level channels and
+2 per cent for low-level channels. Thus, each channel input signal is
quantized into a code representing one of 127 levels. The binary-coded
information is stored in the output register for readout. A word sync
pulse is added at the end of the 7 information slots, resulting in an 8-bit
word which is then read out at the normal transmitting rate of 16 bits
per second.

To conserve power, the encoders are energized in a pulsed-power mode
for approximately 170 upsec during each word time.

For solar aspect and solar cell damage measurement, however, essen-
tially simultaneous sampling of ten channels is required. Practically, this
has been accomplished by sampling and encoding all ten of these chan-
nels in 1100 wsec, during which time the satellite will have rotated
approximately one degree. The ten encoded signals are stored in the
output register matrix until they are read out at the uniform output
rate of 16 bits per second, or one word per half second.

7.4.4 Digital Data Channels for Radiation Experiment

Another article® in this issue discusses the radiation experiment particle
count circuitry. The telemetry system is linked with that circuitry by
supplying to it timed control pulses for turning on and turning off various
gates and biases at the appropriate times relative to the telemetry frame
progression. The result of this is that the particle experiment pulse
groups to be counted and telemetered are time multiplexed into seven
different time intervals and are fed to a 14-stage counter. Seven times
in the course of each frame, corresponding to the seven digital data
channel pairs, the 14-bit digital data counter is read in parallel form into
the output register, from which the data are read out sequentially as
two adjacent channel words. Each pair of these digital data channels
can handle pulse counts ranging from 0 to 16,383.

7.4.5 Output Register

The sampling, encoding or counting of channel data takes place at
several different rates. In order to transmit it at a uniform rate, an out-
put storage register is used. This register has 10 rows and 7 columns of
square loop magnetic cores appropriately interconnected with read-in,
set, shift and read-out windings. In all cases the final serial read-out for
transmission is taken from the top row (row 10). High-level and low-level
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data are read into the top row on the completion of encoding. The ten
solar aspect channels are read into the bottom row (row 1) one word at
a time and shifted upward, filling the register in approximately 1100
usec. The data are then read out of the top row at the normal read-out
rate, shifting the stored words up at word rate. Digital data counts
from the 14-bit register are read into rows 8 and 9, which are subse-
quently shifted up for read-out.

Synchronization information is introduced into the format in the out-
put register. A word syne pulse is added at the end of each group of seven
information bit time slots, giving an 8-bit word length in which the most
significant bit comes first. 'rame synchronization is introduced by put-
ting out an invariant train of pulses in the 16 time slots of the last two
word slots of each frame. This pattern of frame sync pulses is read into
rows 8 and 9 of the output register by energizing set windings on the ap-
propriate cores. The frame sync words are then shifted up and read out
in the normal fashion.

7.4.6 Voltage-Controlled Oscillator

The resulting output train of pulses from the output register is sent
to the voltage-controlled oscillator (VCO) where it is converted into a
frequency modulated signal. The voltage-controlled oscillator is a 3-ke
oscillator in which frequency is changed by switching in and out an in-
cremental capacitance in the tank circuit. For a zero bit the frequency
stays at 2775 cps for the full one-sixteenth of a second. IFor a one bit, the
frequency is shifted up to 3225 cps for one thirty-second of a second and
returned to 2775 cps for the remaining half of the bit time slot.

7.4.7 VHF Beacon

The 136-mc beacon has the dual functions of providing a signal for
tracking at VHI and serving as the RF carrier for the telemetry 3-ke
subearrier. The beacon can be turned off and on by ground command (S),
but it is normally kept on at all times, regardless of the state of telemetry.
The beacon will also be shut off automatically if the satellite battery
voltage drops below a predetermined low-voltage danger point. Power
for the beacon is drawn through contacts of a precision timer which will
automatically and irrevocably shut off the VHF beacon at the end of
two years. This latter feature is to keep the satellite from indefinitely
occupying this spot in the radio frequenecy spectrum.

The 136-mec frequency is produced by starting with a crystal oscillator
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at 17 me and multiplying successively by factors of two. The crystal is
a third-overtone AT-cut quartz unit having a ruggedized mount and is
used in a Pierce oscillator circuit using the transistor in a common
emitter configuration and operating the crystal as a positive reactance
at a frequency slightly above series resonance. Initial frequency adjust-
ment was within =1 part per million. Frequency variation with tem-
perature over the anticipated range is less than 4% part per million,
and aging is expected not to exceed 1 part per million.

The oscillator is followed immediately by two stages of doublers in
which the transistors in common emitter mode are operated as class C
amplifiers into collector tank ecircuits tuned to the second harmonics.
TFollowing this is a buffer amplifier and the last stage of multiplication,
in which a transistor with common emitter is operated class C into a
second harmonic tuned tank, thus producing the final desired frequency
of 136 mec. Next, the power level is raised by a driver stage using a
common base transistor. Final amplification is obtained in a power
amplifier using a transistor in a common base configuration. All stages
of the circuit are transformer coupled.

The frequency modulated 3-ke subearrier from the telemetry VCO is
fed to a driver stage and thence to a power amplifier using a pair of
transistors in common emitter push-pull. This signal is fed to the
collectors of the driver and power amplifier stages of the beacon, pro-
ducing 50 per cent modulation of the carrier. The signal is then fed to
the diplexer which connects the VHF helix antenna to both the beacon
and the command receiver while providing isolation between them. The
signal is radiated approximately isotropically and linearly polarized
from the antenna at a level of 250 milliwatts.

7.5 Ground Telemetry Receiving System

7.5.1 Antenna and Diplexer

On the ground, the 136-mec signal is picked up by the command tracker
antenna. This is a circularly polarized antenna; hence, effective signal
strength is not dependent on the orientation of the linearly polarized
wave from the satellite. 'rom the antenna the signal goes to the diplexer
which permits the use of the single antenna for simultaneous transmit-
ting and receiving purposes without interference. I'rom there, the in-
coming signal goes to a preamplifier with a noise figure of 3.5 db. The
total effective gain of the ground system to this point, including antenna,
gain, diplexer, and cable losses, is 18 db.
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7.5.2 Preamplifier, Receiver, Discriminator, and Recorder

After preamplification, the signal goes from the antenna pedestal to
the telemetry radio receiver, which recovers the 3-ke subecarrier by AM
detection. The 3-ke signal is then fed to a phaselock discriminator which
recovers the original pulse train PCM signal. The subcarrier is also fed
to a magnetic tape recorder which serves as a back-up to make possible
the recovery of telemetry data at a later time in the event of a failure in
the ground system beyond this point. The tape can be played back into
the disecriminator and processing continued in the normal fashion should
this be necessary.

7.5.3 Synchronizer, Translator, and Decommulator

From the discriminator, the pulse train goes to the synchronizing,
translating, and decommutation equipment. Bit rate, word syne, and
frame sync are sought and recovered, synchronizing the rest of the equip-
ment. This takes place automatically, progressing from a search mode
to a tentative syne or check mode, to a full syne mode. In the event of
loss of syne, the circuit automatically reverts to the next lower mode in
order to effect recovery. Adjustable controls permit presetting of sync
error rate limits at which this reversion takes place. Thus, if desired, the
equipment can, in effect, be programmed to accept limited numbers of
errors and tide synchronization over temporary fading or interference.
After synchronization, the signal is decoded or translated into forms
suitable for the several read-out options. Channel numbers are generated
in step with the data, and strobing pulses are made available to decom-
mutate the data into selected channel readouts.

7.5.4 Print-out

All channels are printed out sequentially with data and corresponding
channel number by a Hewlett Packard tape printer. Time is also printed
on this record at the spot where the frame sync words would appear
(channels 119 and 120). The data read-out is virtually a real time read-
out, being delayed by approximately one and one-half seconds. It serves
as the primary source of information on all channels.

7.5.5 Data Limits

When a channel value is either above or below preset limit values, an
out-of-limits mark is printed next to the data. Both maximum and mini-
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mum limit values ecan be set up in a plug board memory for each of the
118 channels individually. The values are set in binary code with plug-in
diodes.

7.5.6 Teletypewriter Punch

All channel values are also punched in teletypewriter tape, along with
appropriate format information to give a page print-out. The teletype-
writer tape can be read out and transmitted to other locations either im-
mediately or at a later time.

7.5.7 Light and Meter Displays

In addition to the all-channels printed displays, there are also a limited
number of binary light displays, analog meter displays, and decimal
light displays which can be connected to any of the channels. The choice
of channels to be displayed is set up on a program patch board. Out-of-
limits relays for remote indicators and command interlock are also con-
nected to the desired channels by means of this program board.

7.5.8 Operational Considerations

In the normal mode of operation, the numeric print-out tape is used
by an operator to monitor all channels. Commands are marked on the
tape at the channel times corresponding to their transmittal by the op-
erator. Remote indicators at the ground station console display the
states of the TWT (A, B and C commands) relays as deduced by teleme-
try. Operating decisions are made with the help of telemetry data thus
supplied.

In addition to the VHEF ground facilities at the Andover, Maine, sta-
tion the command and telemetry ground equipment is duplicated at the
Bell Laboratories station at Cape Canaveral. The Cape facilities were,
of course, used for prelaunch and launch operations and are now used for
monitoring of passes. A third telemetry bay, located in New Jersey, was
used for satellite manufacturing testing. This bay has modifications
which permit it to decommutate magnetic tape recordings at speeds four
and eight times real time, and this facility is used to process telemetry
subcarrier recordings made by Minitrack stations.

By means of audio tie-lines and teletypewriter lines, the telemetry
facilities at these three locations may be interconnected in various ways
to provide mutual back-up.
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7.6 Performance

The telemetry system has been used in the satellites at all stages of
its life: during manufacturing tests, launch operations, and in orbit.
Thus far, it has been performing normally and is supplying the desired
data.
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The Ground Transmitter and Receiver

By A. J. GIGER, S. PARDEE, JR. and P. R. WICKLIFFE, JR.
(Manuscript received March 22, 1963)

Ground statton equipment for the Telstar experiment includes a 6-kme
transmitler and a 4-kmc recetver used for televiston and lelephone channels.
This paper describes the over-all transmitting and receiing arrangements
and presenis detailed accounts of the RF and power-supply subsystems.
Information is also presented on protection, control and equipment features,
and on receiver noise performance.

I. TRANSMITTER

1.1 General

The Telstar ground transmitter is designed to produce a 2-kw fre-
quency-modulated signal in the 6-kme band, suitable for the transmission
of television or multiplex telephony. Fig. 1 is a simplified block diagram
which shows the basic features of the four sections of the transmitter:
FM deviator, modulator-amplifier, transmitter carrier supply, and power
amplifier. The Telstar transmission objectives'+® are similar in many
respects to those established for domestic microwave radio relay systems.
As a result, it has been possible to use in the Telstar transmitter many
pieces of equipment designed for that service. The FM deviator, modu-
lator-amplifier and transmitter carrier supply are direct adaptations of
units currently being manufactured for the 6-kme¢ TH radio relay sys-
tem.?*% The power amplifier is designed around a 2-kw traveling-wave
tube® developed at Bell Telephone Laboratories.

1.2 Design Considerations

Table I summarizes the transmission objectives established for the
ground transmitter. These are derived from system objectives based,
primarily, on one-way transmission of monochrome television and 600-
channel multiplex telephone. Simultaneous two-way transmission
through the satellite, together with its restricted AGC range, deter-
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TABLE I — TranNsMIssIoN OBJECTIVES, GROUND TRANSMITTER

Baseband response 2 cps to 5 me
Peak frequency deviation 10 me
RF and IF bandwidth 32 me at 1-db points
Output power 2 kw, continuously variable from 2 kw
to 0.02 kw
Center frequency:
TV and 600-channel telephone 6389.58 me
12-channel two-way telephone 6384.58 or 6394.58 me
Frequency stability:
FM deviator
without modulation +50 ke
with modulation + (50 )li:c + 0.1 (rms frequency devia-
tion
Transmitter carrier supply +60 ke

mined the need to control the transmitter output. For 12-channel two-
way telephony,* it is particularly desirable that the 6-kme signals at
the satellite be independent of slant range.

Operating practices are patterned after those established for domestic
radio relay systems. Maintenance procedures, based on the use of
standard Bell System test equipment,” enable all testing to be performed
with the transmitter disconnected from the antenna. In addition, ex-
tensive alarm and control circuits have been incorporated in the trans-
mitter to permit continuous, unattended operation.

1.3 Description

1.3.1 General

In this section the signal is traced through the transmitter; the fol-
lowing sections discuss the individual units of the transmitter in greater
detail. Referring to Fig. 1, frequency modulation is generated by apply-
ing the television or multiplex telephone signal to the repeller of a reflex
klystron. A 1-volt peak-to-peak signal at the 124-ohm balanced input
to the baseband amplifier produces a peak deviation of 10 me. The
resulting frequency-modulated microwave signal is translated to the re-
quired intermediate frequency by combining it with the output of a
second reflex klystron in a modulator. The output of the modulator,
corresponding to the frequency difference of the two inputs, is the de-
sired frequency-modulated II" signal. For television or 600-channel
multiplex the center frequency is 74.13 mec; for 12-channel two-way
multiplex it is 69.13 or 79.13 me. Shifting the center frequency of the

* Twelve two-way channels is the number selected for this experiment and does
not necessarily represent the capacity of the system.
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FM deviator plus or minus 5 me is a convenient means of obtaining
either of the two transmitter frequencies required for two-way tele-
phony. At the output of the wideband IF amplifier that follows the
modulator, the signal power is -+11 dbm. The automatic frequency
control circuit samples the output and adjusts the repelier voltage of
the second klystron to maintain a constant average output frequency.

In the modulator-amplifier the FM signal initially passes through an
IF limiter, which removes any amplitude modulation, and then through
an IF switch to the transmitter modulator. The controls of this high-
speed switech are connected to the protective circuits in the power am-
plifier as well as to local and remote operating positions. In the modulator
the IT signal is translated to the required RT frequency. The filter fol-
lowing the modulator permits only the signal corresponding to the sum
of the frequencies of the IT signal and the 6315-me output of the trans-
mitter carrier supply to be amplified in the medium-power traveling-
wave tube (TWT). At the output of this TWT the signal power is +37
dbm. The motor-driven waveguide attenuator at the output of the
modulator-amplifier determines the input to the 2-kw traveling-wave
tube in the power amplifier. The attenuator is part of the servo loop
that varies the output of the ground transmitter to compensate for the
changes in free-space path loss with satellite range. The filter following
the 2-kw traveling-wave tube offers approximately 50 db suppression to
second harmonie signals in the output. The waveguide switch and water
load are part of the test facilities built into the power amplifier.

1.3.2 FM Deviator

The I'M deviator is an adaptation of the FM terminal transmitter?
designed for the TH radio relay system. The TH terminal transmitter
is characterized by a 4-me peak deviation capability, a 10-mc baseband
response, excellent linearity, and an I bandwidth of 32 me. Increasing
the gain of the original baseband amplifier was the only change required
in the signal path to extend the peak deviation capability to 10 me.
Even at this increased deviation, the linearity of the Western Electric
450A reflex klystron, designed especially as a deviation oscillator for the
TH FM terminal transmitter, is more than adequate to meet Telstar
objectives. With a required baseband response of only 5 me, it was
possible to realize the additional baseband gain by simply increasing the
interstage impedances in that amplifier.

While the basic method of automatic frequency control used in the
TH equipment has been retained, increasing the peak deviation to 10
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me has necessitated extensive modifications in the AFC circuits. Requir-
ing the FM deviator to operate satisfactorily with television signals for
405-, 525-, and 625-line systems further complicated the problem.
Referring to Fig. 2, the average frequency of the deviator output is
compared with the frequency of a crystal-controlled oscillator. The AFC
IF amplifier and the reference oscillator are alternately gated off-and-on
at an 18% eps rate. (The reason for selecting this particular frequency will
be discussed later in this section.) During one half of the gating period
only the deviator output is effectively connected to the AF'C discrimi-
nator; the de output of the disecriminator is proportional to the difference
between the average frequency of the deviator and the center frequency
of the discriminator. During the other half the reference oscillator is
connected to the discriminator, and the de output is then proportional
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Fig. 2 — Block diagram of the FM deviator.
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to the difference between the oscillator frequency and the discriminator
center frequency. As a result, the AT'C diseriminator output contains
an 18% cps square wave whose peak-to-peak average amplitude is pro-
portional to the frequency difference between the reference oscillator
and the average frequency of the deviator output. The function of the
ATC limiter is to equalize signal amplitudes at the input to the diserimi-
nator. The bandpass filter following the diseriminator effectively allows
only the fundamental component of the 18% cps square wave to be
amplified. At the output of the audio amplifier, the 18% cps sine wave is
rectified in a synchronous detector and filtered. The de signal is applied
to the repeller of the beat-oscillator klystron with the proper polarity
to reduce the frequency difference between the reference oscillator and
the deviator output. Gating of the AT'C II' amplifier and reference oscil-
lator and the use of synchronous rectification eliminate the need for de
amplification and make the ATC loop insensitive to small drifts in the
center frequency of the ATC discriminator. The open-loop gain of the
AFC system is, typically, 36 db.

In the absence of modulation, frequency errors are in general the
result of drifts in the klystron center frequencies. With modulation, the
instantaneous frequency of the FM signal is continuously changing, and
nonlinearities in the AFC discriminator characteristic will contribute
terms to the average diseriminator output that are not linearly related
to the average frequency of the FM signal. To achieve comparable
linearity at the increased peak deviation, the original AFC limiter-
discriminator was replaced with the wideband limiter and discriminator
of the TH I'M terminal receiver.® Between 64 and 84 mec the first-order
nonlinearity of the wideband discriminator is less than 2 per cent.

In gated AFC systems, objectionable “flicker”’ interference often
arises as the result of beats between the harmonics of the gating fre-
quency and low-frequency components of the television signal or power
supply ripple. To make the FM deviator compatible with the 50-cps
field rate of European television and the 60-cps U.S. standard, a gating
frequency of 18% cps was chosen. Five-cps beats, developed between the
55-cps third harmonie of the gating frequency and either field rate, are
effectively suppressed by the RC filter at the output of the synchronous
detector. In addition, the bandpass filter at the output of the diserimi-
nator provides more than 20 db of attenuation to 50- and 60-cps signals
before rectification. At maximum deviation the 5-cps interference is
more than 60 db below the 50- or 60-cps modulating frequency.

The wideband characteristics of the IF amplifier, limiter, and dis-
criminator in the AFC loop make possible a simple method of shifting
the deviator frequency for two-way telephone transmission. It is only
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necessary to substitute a 69.13- or 79.13-mc crystal in the reference
oscillator, retune the oscillator, and adjust the beat-oscillator repeller
supply so that the output of the synchronous detector is zero. The rest
frequency of the beat-oscillator klystron is then 69 or 79 me different
from that of the deviation oscillator klystron.

1.3.3 Modulator-Amplifier and Transmitter Carrier Supply

The TH radio relay system provides the basic elements of the modu-
lator-amplifier and the transmitter carrier supply. Detailed descriptions
of this equipment and its performance are published elsewhere.?* Modi-
fications that affect operations are limited to the addition of the ITF
switch and the output power control system.

1.3.4 Power Amplifier

The power amplifier, including the power supplies and the TWT it-
self, is contained in five cabinets. Two of these are on the lower level of
the antenna structure and contain the high-voltage rectifier and its
controls. The other three are on the upper level and contain the high-
voltage regulator, intermediate- and low-voltage supplies, and the TWT
and RI' equipment. This arrangement imposes the minimum space and
weight requirements on the upper level of the antenna structure. In
addition to the TWT heater and accelerator supplies, the intermediate-
and low-voltage units include supplies for the solenoid focusing magnet,
ion pumps, arc detector, and control and protective circuits. Water is
supplied for cooling the TWT and also the dummy load. Air under
pressure is brought into the cabinets for general cooling, supplemented
where necessary by auxiliary blowers.

1.3.4.1 The RF Circuit. The M4040 TWT is described elsewhere in this
issue.® I'ig. 3 shows additional elements required in the RI" path. Inter-
posed between the modulator-amplifier and the TWT is the input circu-
lator, the principal function of which is to provide isolation between the
two for better impedance matching over the frequency band. In partic-
ular, as the input signal to the TW'T passes through the tube, some small
amount will be reflected at the sever (which is not a perfect match over
the whole band). This power will reappear at the TWT input port with
about 14 db amplification due to its passage through this first section of
the TWT. If it undergoes a further reflection due to a mismatch at the
modulator-amplifier output, a buildup will occur leading to oscillation
and tube damage. A termination at the input circulator absorbs this
reflected power, preventing regeneration.

At the output window of the TWT, a photomultiplier tube is mounted
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Fig. 3 — Block diagram of the power amplifier.

next to a small hole in the broad wall of the waveguide to detect any
arcs that may develop in this region. Associated circuitry operates the
IF switch, which removes drive from the tube, thus interrupting the are.

A high-powered eirculator is used in the output waveguide, again
providing a minimum return loss of 14 db over the band to prevent
oscillations in the output section due to excessive reflected power. In
addition, one of the branches is connected through a 30-db directional
coupler and an RI' attenuator to a detector which monitors reflected
power. If this exceeds 50 watts, the detector output operates a meter
relay which opens the IF switch and removes the drive.

Following the output circulator, a harmonie filter reduces the second
harmonic output of the transmitter, which may be only 25 db below
the fundamental. To meet interference objectives, the filter is designed
for 50-db minimum harmonic diserimination. To meet transmission
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objectives, the filter has 0.5-db maximum insertion loss and 30-db mini-
mum return loss over the band of 5925 to 6425 me

Following the filter is a directional coupler and a waveguide switch
and water load. The coupler is part of the output power control system,
described in Section 1.3.5. The switch and water load permit all trans-
mitter tests to be performed with the output disconnected from the
antenna.

1.3.4.2 DC Power Supplies

(i) TWT Heater Supply. AC heater operation tends to cause small
but measurable amounts of amplitude and phase modulation of the
M4040 RTF output. To eliminate these effects, a simple de heater supply,
consisting of a transformer, bridge rectifier and filter capacitor, is pro-
vided. A variable autotransformer on the power amplifier control panel
determines the ac input to the power supply, and hence, the heater
voltage. Normally, the heater supply is operated continuously to extend
tube life and promote efficient outgassing. Meter relays connected to
the primary of the heater supply cause high voltages to be turned off
if the TWT heater current falls below a preset value.

(1) High-Voltage Beam Supply. This supply, shown in Fig. 4, furnishes
a regulated output of 0 to 20 kv at up to 1.5 amperes from 3-phase ac
power at 50 or 60 cps. Its regulation for load changes from 1 to 1.5 amps,
up or down, and/or line changes of 415 per cent, is better than 0.1 per
cent peak-to-peak. Ripple and noise at rated load is less than 0.1 per
cent peak-to-peak. The supply was designed with depressed collector
operation of the TWT in mind for the future, so both plus and minus
leads may be isolated from ground. Because of the requirement for regu-
lated operation over the whole range of voltage from 0 to 20 kv, the
supply was built with a motor-driven variable autotransformer to con-
trol the high-voltage applied to the rectifier, the output of which is fur-
ther regulated by an electronically controlled series regulator tube. A
limited degree of tracking between the autotransformer and the series
tube control voltage is provided automatically.

The negative lead of this supply is fed to the TWT cathode at about
17 kv. The positive side, or ground end of the supply, is fed over separate
leads to the collector and through the body-current sensing circuit to
the body of the TWT. Regulated output voltage and collector and body
current are monitored by meters on the control panel.

There are certain trouble conditions affecting the traveling-wave tube
which might cause its destruction unless the high voltage is removed



1072 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963

BEAM VOLTAGE ADJUST
460V, 3PHASE

50/60 CPS OTF
/—1_\
L L
AUTO- N /
TRANSFORMER DECR INCR
'DRIVE MOTOR BEAM
VARIABLE : H— —H
| VOLTAGE -
AUTO- ——- o AND - [ mm———- -
TRANSFORMER CONTROL
COARSE
REGULATION
RELAY AND
H'gg&%'—é;* CONTROL REFERENCE
070 235KV O ) POTENTIOMETER
. 1 1 DRIVE MOTOR
- I+
+ ELECTRONIC
REGULATOR [[__o___. A
BODY E
CURRENT
SENSING
CROW-
BAR 1
ACCELERATOR )
SUPPLY T
/
/
d
M4040 -
ISOLATION TRAVELING ~WAVE
TRANSFORMER -TUBE

Fig. 4 — Block diagram of the high-voltage beam supply.

within a fraction of a millisecond. Protection of this sort is provided by
the “‘crowbar” circuit, which can be operated by excessive TWT cathode
current or body current. The crowbar tube is a type 5563A mercury
vapor thyratron. This particular tube can be controlled by a grid voltage
change of only 100 volts; the more usual hydrogen thyratrons or igni-
trons require control voltages of several thousand volts. Thus, a simple
and fast-firing circuit can be used. When fired, the erowbar puts a short
circuit across the high-voltage rectifier, reducing the output voltage of
the regulator to a few hundred volts in about 20 microseconds. After a
few milliseconds delay due to relay operate time, the excessive current
drain on the high-voltage rectifier causes its own protective circuits to
shut it down. '

(722) The Acceleralor Supply. The accelerator supply consists of a solid-
state bridge rectifier and two stages of regulation. The first stage is a
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ferroresonant type of circuit, and the second stage is an electronic
regulator. Line and load regulation and ripple measure less than 0.03
per cent. Variation of output voltage is controlled by a potentiometer
across a voltage regulator tube reference supply. The ferroresonant first
stage has a voltage control on the same shaft so that the two stages can
be made to track. Under normal operating conditions the output voltage
is adjusted to 600 volts. The output current monitor in the supply is
part of the protective circuitry in the power amplifier. If the accelerator
current becomes excessive, the beam supply and all intermediate-voltage
supplies, except those for the ion pumps, are disabled.

1.3.4.3 Cooling. Deionized and filtered water is supplied to cool the
M4040 TWT and the dummy load. Flow is set at about 18 gallons per
minute and valved to the various using areas. Pressure switches are
used as part of the protective system as an indieation of proper flow in
the TW'T, the high-powered circulators, and the solenoid focusing mag-
net. If one or more of these flows are below a minimum, interlocks
prevent the application of all but TW'T heater voltage and the ion pump
supplies.

In addition to the normal flow of filtered air through the cabinets, a
spot blower is used to keep the TWT waveguide flanges cool, and an-
other blower is used for the series tube in the beam regulator. A vane
switch in the air stream of this latter blower is in the interlock circuit,
again preventing the application of all but the heater, ion pump and
solenoid voltages.

1.3.4.4 Operating Interlocks, Controls, and Monitoring Devices. Because
of the experimental nature of the Telstar program, a greater ability to
control voltages is necessary than would be expected of a commercial
system. The manner of applying de power to the TWT requires that
the heater voltage be raised and lowered by carefully controlled amounts
and that accelerator voltage and high voltage be applied in steps. Fur-
thermore, the tube must be protected against arcs in the waveguide;
excessive feedback or return power in the tube itself; overheating of the
body, sever or collector; inadequate water flow to the body or the sole-
noid; and various over- or under-voltage or current conditions. The fol-
lowing sections describe some of these features.

(7) Control Panel. Operating controls for the power amplifier portion
of the ground transmitter are located on a panel of the control bay.
This control panel contains the power switches, the visual monitoring
meters, status indicating lamps, alarm lamps and adjustment controls.

The status lamps indicate upper-level and lower-level standby power,
heater on, plate ready, plate on, beam ready, beam on, beam adjust
disable, and antenna/dummy load switch positions. The alarm lamps
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indicate such conditions as open circuit breakers, open interlock cir-
cuits, TWT water on or off, TWT over-temperature, over-current and
under-current and over-voltage in certain circuits, high reflected RF
power and RI' drive disable. An audible alarm rings if the RT drive to
the TWT is removed during normal operation. In addition to overload
relays, additional protection is provided for the TWT by meter relays
which will operate on out-of-limit readings to open the interlock protec-
tion circuit. Operation of the interlock protection circuit will remove
power from the TWT.

(72) Circuit Protection and Operations Monitoring. Individual circuits
and functions are protected by 32 circuit breakers on a panel in the power
bay in the upper level (there are additional circuit breakers in the beam
rectifier control bay in the lower level). Elapsed time meters and opera-
tions counters are provided for heater, plate, and high-voltage monitor-
ing.

1.3.4.5 Mounting Arrangements and Mainienance Philosophy. The
equipment layout was planned with two particular considerations in
mind: maintainability and personnel safety.

As much preventive maintenance and trouble analysis as possible is
to be done in place, since bench maintenance facilities in the rotating
structure are limited. To accommodate the objective of in-cabinet
maintenance, sub-units in the control bay (20-kv regulator) are designed
with test points of interest accessible from one side of the chassis, which
is then mounted so that this side faces the front (or back) of the cabinet.
Metal doors provide access to front and back of this cabinet and of the
power bay (miscellaneous rectifiers), and inner plexi-glass panels prevent
accidental contact with dangerous voltages. Small holes in these panels
permit screwdriver adjustment to be made, or the insertion of a probe
to some test points. In the case of the 20-kv regulator cabinet, opening
these plexi-glass doors will operate interlocks, dropping the system back
to the heaters-only condition, and will ground all high-voltage points
with gravity-operated shorting bars. Most of the circuitry in this cabinet
can be tested without high voltage being turned on, and in almost
every case, troubles can be localized to the component requiring replace-
ment without exposing maintenance personnel to undue risk.

The cabinets have been designed with RF shielding at the front and
rear doors and some other openings, in order to keep the possibility of
interference to the lowest possible level. Consideration of corona from
high-voltage leads resulted in rounded corners and large-radius bends
for potential corona sources. The cabinet containing the traveling-wave
tube and its associated water-cooling, waveguide and RI® measuring and
monitoring gear was designed to isolate that part of the equipment
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which might “leak” RF. The TWT and the leads going to it which carry
much of the high voltage, and the arc-detector and photomultiplier, are
all in a metal-enclosed box, with the customary shorting bar for the
20-kv supply. Water valves and gauges are in a compartment to the
rear of this, and temperature-monitoring pyrometers and RF-monitor-
ing equipment in a compartment next to it. The doors to these two com-
partments are not interlocked. The traveling-wave tube bay, the control
bay (20-kv regulator) and the power bay (intermediate voltage supplies)
are of aluminum and are mounted in the upper structure near the end
of the horn; the beam rectifier control bay and the beam rectifier bay
are of steel, and are mounted below on the rotating platform.

1.3.5 Transmaitter Conltrol

Off-on control of the ground transmitter output centers around the
IT switch. The switch consists of an IF diode gate® and a switch control
circuit. In the off state the insertion loss of the switch is more than 85
db; there is essentially no input to the power amplifier. In the on state
the insertion loss is 1.5 db, and the motor-driven attenuator in the
modulator-amplifier effectively determines the output of the trans-
mitter. In order to protect both equipment and personnel from hazardous
operating conditions, the II' switch control eircuit is inhibited by an
extensive chain of relay and switch contacts. The chain encompasses
the local and remote operating positions, the waveguide switch and pro-
tective circuitry associated with the power amplifier, and the motor-
driven attenuator in the modulator-amplifier, as well as the antenna
elevation indicators. An auxiliary connection exists between the arc
detector in the power amplifier and the I switch control circuit. It
enables the switch control circuit to open the IF gate in less than 5
microseconds after an arc in the 2-kw TWT.

Fig. 5 shows a diagram of the output power control system. The arc
detector, output circulator and harmonic filter have been omitted for
simplicity. In loop 1 the input power to the RIF detector remains es-
sentially constant. Any change at this point unbalances the input to
the difference amplifier, operates the polar relay and causes the shaded-
pole servo motor to increase or decrease the attenuation of the AGC
attenuator until the output of the M4040 TW'T changes sufficiently to
restore the RF detector input to its nominal value. As a result, the loop
automatically compensates for compression in the input-output charac-
teristic of the M4040 TWT and for changes in the RI' output of the
5-watt TWT. The output of the transmitter is directly related to the
attenuation of the reference attenuator and the manual attenuator.
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The control limits of loop 1 are 2 kw and 0.02 kw, equivalent to a 20-db
variation in free-space path loss or a 10:1 variation of slant range.

The reference attenuator and hence the transmitter output are con-
trolled by loop 2. The method of generating the two analog inputs to
loop 2 is described elsewhere.® One is a fixed reference voltage; the
second is proportional to the logarithm of the slant range or, in other
words, free-space path loss. Expressed mathematically,

Veance = 0, R < 0.1Rmax (1)

R
— TIREF 10g10 (O_]_R—MAX>’ Oo]RMAX < R < RMAX (2)

= Vrgr, Ruyax < R, (3)
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where I is the actual slant range and Ryax is the maximum slant range
at which it is possible to achieve a particular input power to the satellite.
Since the transmitter is limited to 2 kw, the maximum slant range cor-
responding to a particular satellite input is determined by free-space
path loss and transmitting and receiving antenna gains. For slant ranges
equal to or greater than the maximum defined above, the voltage rep-
resenting range is equal to the reference voltage; the reference attenua-
tor in loop 1 and the potentiometer in loop 2 are set for maximum
attenuation and resistance, respectively. As the slant range decreases, the
voltage representing slant range also decreases. The inputs to the differ-
ence amplifier in loop 2 are no longer equal, and the servo motor adjusts
the potentiometer to restore the equality. In so doing the attenuation in
loop 1 and, consequently, the transmitter output are reduced. Since the
loss in db of the reference attenuator and the resistance of the potentio-
meter are essentially linear functions of mechanical rotation, the decrease
in transmitter output just equals the reduction in free-space path loss.
As a result, the power incident on the satellite remains constant. In
operation, a small second-order term is added to (2) to compensate for
a slight nonlinearity in the attenuation vs mechanical rotation charac-
teristic of the reference attenuator. With this addition, it is possible to
maintain the signal incident on the satellite constant to within 40.5 db.
The major portion of this error ean be attributed to the dead space
associated with the polar relays.

The IF switch and the output power control servo are interconnected
with the ground station control console (GSCC) to permit remote opera-
tion of the transmitter from that location. Between passes, the trans-
mitter output is connected to the water load and an out-of-service
indication is displayed at the GSCC. Upon completion of pre-pass
checks, the transmitter output is switched to the antenna and control is
transferred from the local operating position to the GSCC. By activating
appropriate switches, the console operator may choose any one of three
operating conditions, provided the antenna elevation exceeds 5 degrees.
These conditions are carrier off, standby, and carrier on. As long as the
antenna is pointing below the horizon, however, the IF switch cannot
be closed. The AGC attenuator is automatically positioned for maximum
attenuation, independent of the output power control servo, and a car-
rier off indication is displayed on the GSCC. For antenna elevations
above the horizon but less than 5 degrees, the choice is restricted to
carrier off or standby. In the latter case, the IF switch is closed. How-
ever, the AGC attenuator is still positioned for maximum attenuation
so that the radiated power is limited to approximately 0.2 watt. The
standby condition is normally used during the pre-pass system checks
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with the satellite simulator at the test tower. For antenna elevations
above 5 degrees, no restrictions exist. In the carrier on condition, the IF
switch is closed and the AGC attenuator is under control of the servo
system.

1.4 Equipment Features

As stated earlier, the high-voltage beam rectifier and associated con-
trols are located on the lower level of the antenna structure. Fig. 6 shows
the arrangement of the units of the transmitter mounted on the upper
level. Cabinet doors have been temporarily removed. The transmitter
carrier supply and modulator amplifier are located in the two pull-out
bays on the left. To the right of the modulator-amplifier are the three
remaining units of the power amplifier. The first cabinet contains the
M4040 TWT and RT circuitry; the second cabinet contains the series
tube regulator and crowbar circuits and the power amplifier control
panel; and the third contains the circuit breaker panel and intermediate-
and low-voltage supplies. The FM deviator is mounted in the cabinet
on the extreme right. Ilach of the cabinets is 6 feet high and 3 feet deep.
The combined width of the four cabinets and the two pull-out bays is
181 feet. The weight of the six units is approximately 6000 pounds.

Fig. 6 — The ground transmitter.
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II. THE RECEIVING SYSTEM

2.1 General

One of the major differences between a conventional microwave
receiver — as used, for instance, in such ground-based microwave sys-
tems as TD2 and TH — and the ground receiver of the Telstar system,
lies in the tremendously improved noise behavior of the latter. By the
use of low-noise antennas and masers, the total noise temperature of
satellite ground receivers can be made 100 to 200 times lower than for
conventional receivers. The noise characteristics of the Telstar receiver
are superior in still another respect. Present thinking calls for the use
of wideband transmission methods, such as high-index I'M, in order to
keep the transmitter power in the satellite at a realistically low level.
Such high-index systems necessarily work close to the threshold of de-
tection. By the use of the I'M with feedback (I'MFB) principle, it is
possible to extend the threshold of noise improvement in the Telstar
system by about 4 to 5 db compared with the standard method of I'M
demodulation. This allows operation of the transmitter in the satellite
with only one third the power otherwise required.

This part of the paper emphasizes the low-noise features of the re-
ceiver and describes the circuits responsible for such operation. An over-
all description of the receiver is given in Section 2.2. The pertinent
operational characteristics of the maser, the parametric amplifier, and
the FMI'B receiver are described in Section 2.3. A description of the
diplexer and other waveguide equipment required to connect the trans-
mitter and receiver to the same antenna is found in Section 2.4. Various
system noise measurements are presented in Section 2.5. Circuits of a
more conventional type and those taken from the TH or TD2 micro-
wave system, such as converters, IF amplifiers, and carrier supplies,
are not described.

2.2 Recetver Descriplion

2.2.1 The Transmission Circuits

A block diagram of the ground receiver is shown in Fig. 7. This equip-
ment is located in the upper equipment room on the horn antenna
structure. The received 4-kme, left-hand circularly polarized signal from
the satellite, after being picked up by the horn-reflector antenna, is
guided toward the maser by a low-loss waveguide diplexer. The diplexer
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Fig. 7 — Block diagram of the ground receiver.
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also accepts the high-power 6-kme signal from the transmitter and feeds
it to the same horn-reflector antenna, from where it is launched right-
hand circularly polarized. The maser, operating at the temperature of
liquid helium (4.2° Kelvin), has a gain of 42 db and a 3-db bandwidth
of 16 me. The receiver bandwidth is widened to the necessary 25 me by
the insertion of a maser equalizer at IF directly after the frequency
converter. The 42-db gain of the maser is high enough to make the noise
contribution of the following frequency converter negligible. Total
noise temperature of the receiver measured at the input of the maser
with the antenna pointed toward zenith is 32°K on a clear day. The
maser requires for its operation a “pump” which supplies a frequency-
stabilized microwave carrier of 30,180 mc at a power greater than 17
dbm.

It is also possible to use a broadband (60-mc) low-noise parametric
amplifier instead of the maser for evaluation in the system.

The signal from the maser is changed to an intermediate frequency
of 74.13 me in a frequency converter. A crystal-derived carrier of 4095.59
me serves as the local oscillator signal. A low-noise preamplifier and two
more IF amplifiers bring the signal power up to a level of 41 dbm,
which is held constant by an automatic gain control circuit in the second
amplifier.

The transmission characteristic of the converter and IF circuits com-
bined is flat and drops only 0.25 db at the edges of the 25-mc band.
IExcept for the case where the parametric amplifier is used, the over-all
transmission is limited by the combination of maser and maser equalizer.
TFor TV transmission this bandwidth is 25 me at the half-power points,
and for two-way telephony it is reduced to 3 mc by the insertion of a
special filter ahead of the last IF amplifier. This telephone filter is cen-
tered either 5 me above or below the normal 11" frequency of 74.13 me,
depending on the transmitting frequencies chosen in the two participat-
ing satellite ground stations. The insertion of the telephone filter is the
only step necessary for changing the receiver from television to two-
way telephone operation.

To the output of the last I1* amplifier can be connected either a stand-
ard (conventional) M receiver or an I'MI'B receiver after suitable
frequency translation. The input frequency of the I'MFB receiver is at
6123.13 me for reasons explained under Section 2.3.3. A balanced diode
modulator, together with a crystal-derived carrier of 6049.0 mc, trans-
late the 74.13 me signal to the required 6123.13 me.
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2.2.2 The Test Equipment

In addition to the basic transmission circuits just described, the Tel-
star ground receiver contains special test equipment for fast and precise
measurements of noise temperature, transmission characteristics, gain
and received signal level. This equipment is shown in the block called
test-section of TMig. 7. It includes an RF sweeper which can be swept
over 60 me anywhere in the 3700- to 4200-mc range, a power meter for
4 kme and 74 me with an aceuracy of a few tenths of a db, a waveguide
noise lamp, a precision waveguide attenuator, an oscilloscope, and a pen
recorder. A number of waveguide switches allow the distribution of
either the 4-kme carrier or the noise signal to either the input of the
maser or the input of the converter. The output, for test purposes, is
taken at the 41 dbm IT point.

The AGC voltage of the IF amplifier is a function of the received
4-kme signal level and is recorded on a pen recorder. A wealth of infor-
mation can be obtained from such recordings. Several examples of re-
ceived level recordings are given in a companion paper.® The recorder
is calibrated before each pass with a 4170-me signal from the RF sweeper,
which is applied to the input of the maser at the levels of —80 and —90
dbm. Absolute accuracy of the recording is about =1 db. A second
recorder of received level is located on the ground station control con-
sole in the control building. Its expanded range, going as low as —110
dbm, allows the personnel tracking the satellite to check whether the
autotrack system has locked on the main beam and not on a sidelobe
of the horn-reflector antenna. The recording also helps an experienced
operator to easily discover troubles in the communications part of the
system.

Whereas it is possible to test the entire receiver at Andover by means
of an “RT loop” which includes the transmitter and the transponder
on the test tower, it is often simpler to test important parts of the re-
ceiver in the “II' loop” (Ifig. 7) which interconnects transmitter and
receiver at intermediate frequencies. In this case, random noise from
the input of the receiver can be injected into the communications chan-
nel for noise and threshold tests. For such tests the antenna should be
pointed at the zenith to ensure stable noise power.

In addition to the integrated test equipment shown in Fig. 7, other
specialized test sets are used to maintain all the circuits of the receiver
on a routine basis. Tests to be performed include the measurement of
I¥-to-IF and baseband-to-baseband transmission characteristics, dis-
criminator sensitivity and linearity, and IF and RF return loss. The
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receiver can also be left in continuous and unattended operation due to
the provision of alarm ecircuits with remote indication.

2.3 Circutts for Low-Noise Amplification and Demodulation

2.3.1 The Maser

The heart of the receiver is the low-noise maser amplifier which is
described in detail in a companion paper.!* The single-tuned (or equal-
ized) maser, as described in this reference, was used in the receiver
rather than the low-gain stagger-tuned version. This choice resulted in a
substantial saving of equipment by eliminating a low-noise second-stage
RI amplifier. The single-tuned maser has a gain of 42 db and a half-
power bandwidth of 16 me. At a bandwidth of 25 me, the maser gain
is still 35 db. The noise contribution of the converter with its 12-db
noise figure or 4300°K noise temperature, referred to the input of the
maser, amounts to a negligible 0.27°K at midband and to 1.36°K at the
band edges. The stagger-tuned maser, on the other hand, has a flat gain
of about 27 db, and the frequency converter would contribute 8.6°K
unless the maser were followed by a low-noise second-stage RF amplifier,
such as a traveling-wave tube or a parametric amplifier. The terminal
noise temperature of the maser alone is 3.5°K.

The relatively low level at which a maser begins to saturate fortu-
nately does not pose a problem in a satellite communications system,
as can be seen from the following. The ruby maser shows a one-db drop
from its small signal gain at an output level of about —40 dbm. The
single-tuned maser, therefore, will begin to saturate at a single-carrier
input level of —82 dbm. The highest expected received signal level is
about —75 dbm, at which the gain of this maser is 3.5 db below the
maximum. If, instead of a single carrier, a signal with the same power
but a flat spectrum of 25 me, resembling an actual communications
signal, were applied to the maser, the saturation effects would be smaller.
The automatic gain control circuit of the IF amplifier compensates not
only for the variations in received signal level but also for the changes
of maser gain due to saturation. Saturation also causes a widening of
the maser transmission characteristic. This effect changes the trans-
mission by only a few tenths of a db up to input levels of —75 dbm and
can therefore be neglected for all practical purposes.

The saturated maser, unlike an electron tube or transistor amplifier,
does not show signs of instantaneous nonlinearity, which would give
rise to intermodulation or signal clipping. The maser acts much like an
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extremely linear amplifier followed by a voltage divider containing a
thermistor whose resistance is changed by the power in the amplified
signal. As in this thermistor circuit, the maser gain reacts to a change in
level very slowly, with a time constant of about 0.1 second.

The extremely low instantaneous nonlinearity predicted by maser
theory was also confirmed experimentally. For this purpose, two strong
signals of equal power at frequencies f; and f, were applied within the
passband of the maser, and the third-order intermodulation products
2fi — f» and 2f; — f1, falling again into the maser passband, were
measured. If both signals f; and f, were at the level of —85 dbm, which
is possible during two-way telephony operation, the intermodulation
terms would be about 180 db lower. It is clear that such low distortion
levels are completely negligible. One is also led to the conclusion that
the maser is the most linear amplifier in existence.

For the design of the waveguide diplexer, it was necessary to determine
how much of the 6390-me¢ transmitting signal could reach the input of
the maser without causing saturation or other effects. Whereas satura-
tion is evident around —82 dbm for signals in the passband (4170 mc),
signal levels as high as 2.5 watts (34 dbm) can be applied to the (im-
pedance-matched) maser input at 6390 me without causing intolerable
distortions of the transmission characteristic. In the latter situation,
however, the helium boil-off rate will be increased considerably. Because
we have no control over the impedance match of the maser at 6 kme, it
is not advisable to apply interfering signal levels in excess of a few
hundred milliwatts.

It is possible to saturate the maser from the output side as well.
Due to balancing and filtering in the converter, the leakage of the
4095.59-me local oscillator signal is low enough not to cause saturation
of the maser.

The over-all receiver bandwidth 1s widened to the required 25 me at
the half-power points by inserting an equalizing filter at IFF. A simple
bridged T single-pole filter is used with a loss of 7 db at midband and 3
db at the 25-mc¢ bandwidth. The resulting transmission characteristic
has two peaks of about 0.3 db, 5 mc away from the center frequency.

The magnetic field of 3300 gauss which tunes the maser to a frequency
of 4170 mc is provided by a permanent magnet. Because of the high
tuning sensitivity of 2.4 me per gauss, it is necessary to avoid large
temperature variations of the magnet, which will change the magnetic
field at a rate of 0.4 gauss per degree centigrade and will therefore lead
to a temperature sensitivity of 0.96 me/°C. It is very helpful in this
respect that the temperature of the upper equipment room in which the
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receiver is located is kept within a few degrees. It has further been found
important that magnetic material like metal chairs should not be
brought close to the maser to avoid detuning. It is even possible to notice
the effect of the earth magnetic field, which amounts to about 0.16
gauss at Andover, Maine. When the horn antenna is turned in azimuth,
the earth field will add or subtract from the maser field, and a slight
tilting of the transmission characteristic can be observed. (See IFig. 19
of Ref. 10.)

The operation of the maser requires a supply of liquid helium and
nitrogen. The handling of these eryogenic fluids has been simplified
considerably over standard laboratory procedures by the availability of
new 100-liter containers and transfer tubes. The maser accepts 10 liters
each of liquid helium and nitrogen, and boil-off occurs in about 20 and
50 hours, respectively. No attempts were made to recover the expended
helium gas because this was considered to be an interim situation which
would be changed in time by the installation of a closed-cycle helium
liquifier.

A ruby maser operating at a frequency of 4170 me must be pumped
with a signal at 30,180 mc. The pump power at the maser terminals
should be greater than 50 milliwatts if the maser gain is not to drop
more than about 2 db from its maximum. The pump frequency
should remain within a few me of the correct value to ensure maximum
pumping efficiency and to avoid loss of gain. A reflex klystron serves as
the source of pump power. Good long-term frequency stability is pro-
vided by the AFC circuit shown in IFig. 8, which has the following
features: (¢) the reference cavity is made low Q in order to produce a
peak-to-peak separation of 30 me in the Foster-Sealey type waveguide
discriminator, (¢7) a wideband (100 ke) de amplifier stabilized by a
mechanical chopper is used, and (i7¢) the repeller of the klystron is
operated at about ground potential. The so-often unreliable voltage
translation from ground potential to the high de potential of the repeller
is therefore avoided. This requires operation of the klystron shell at a
high potential and makes the use of a high-voltage waveguide choke
necessary. The RC circuit between the de amplifier and the klystron
repeller determines the stability of the feedback loop.

2.3.2 The Parametric Amplifier

A parametric amplifier’? can be inserted into the system instead of
the maser for evaluation of its performance in a satellite system or as a
back-up for the maser. The amplifier consists of two cascaded stages of
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similar design. The first amplifier is operated at liquid nitrogen tempera-
ture (77°K) and has a gain of 20 db, while the second works at room
temperature with a gain of 18 db. The over-all gain of 38 db is therefore
close to the 42 db of the maser. The room temperature parametric
amplifier with its noise temperature of about 130°K serves as a buffer
against the 4300°K noise of the converter circuit. The total noise tem-
perature of the parametric amplifier, including converter, is about 50°K.

The bandwidth of the amplifier is 60 me at the half-power points. It
is obvious that no equalizing filter is needed at IF as in the case of the
narrower maser. The over-all 3 db bandwidth of the ground receiver is
then 32 mc as determined by the narrower waveguide filters and IF
circuits. Saturation in this parametric amplifier, as expressed by a one-db
drop from maximum gain, sets in at an input level of —50 dbm. It has
been found that intermodulation is no problem for the typical satellite
signals of —85 dbm. If a 6390-mc signal is applied to the input of the
amplifier at a level greater than 0 dbm, then its 4-kme transmission will
be affected. A band rejection filter can be built into the first parametric
amplifier, which raises the tolerable 6-kme level to about 17 dbm without
causing an increase in the noise temperature of the amplifier.
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The good over-all stability of this parametric amplifier is due mainly
to the stable design of the 23-kme pump source. The same source is used
to drive both stages of the amplifier. Refilling of the dewar with liquid
nitrogen is required only every 10 days.

2.3.3 The FMFB Receiver

An I'MFEB receiver is part of the ground receiver. It serves to extend
the threshold of noise improvement by 4 to 5 db over that obtained
with a standard M receiver. The feedback cireuit is capable of de-
modulating high-index FM signals with peak frequency deviations of
#+10 me. The circuit ean be used for the reception of television, tele-
phone multiplex and other types of signals.

An integral part of any FMFEB receiver is a voltage-controlled oscil-
lator. Such an oscillator should have good modulation linearity, high
modulation sensitivity, small signal delay, and good long-term frequency
stability. All these features were found in a 6-kme reflex klystron. This
made it necessary to enter the circuit at a frequency of 6123 me, as in-
dicated in Fig. 7. No further circuit details will be given here; the reader
is referred to a companion paper® for a detailed deseription of the
FMTB receiver.

2.4 Diplexer and Associated Waveguide Circuits

2.4.1 The 4 kmc - 6 kme Diplexer

The waveguide circuit which allows the connection of the 6-kme trans-
mitter and the 4-kme receiver to the same horn-reflector antenna is
shown in Fig. 9. Although at present this diplexer is only required to
work properly over a 25-mc band around the transmitting frequency of
6390 mc and the receiving frequency of 4170 me, it was designed to
handle a much wider band of frequencies. Several components are
capable of operating over the full 4-kme and 6-kme common carrier
bands, extending from 3700 to 4200 mc and from 5925 to 6425 mec, re-
speetively. Other parts are more narrow-band, but studies are in progress
to make the circuit work over the full 500 me of the two common car-
rier bands.

Returning to Fig. 9, the 2-kw (63-dbm) signal from the 6-kme trans-
mitter arrives at the diplexer from the left in a rectangular waveguide
and with horizontal polarization. The signal travels essentially un-
changed over a waveguide transition and through the polarization
coupler. The 6-kme signal which leaks through the coupler into the arm
towards the maser is at least 25 db lower. The polarizer then transforms
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the linearly polarized 6-kme signal into circular polarization for launch-
ing by the antenna.

The 4-kme signal from the antenna, after going through the polarizer,
appears as a vertically polarized wave which is guided through the
polarization coupler with little loss into the rectangular waveguide
leading to the maser. The polarization coupler is of the same type as
used in Project Iicho, but is designed to work over both the 4- and
6-kme common carrier bands.

The diplexer was designed under the assumption that the 6-kme
signal level seen at the 4-kme output terminal shall never exceed 0 dbm.
This level is considerably below the value which is acceptable for the
maser. It was chosen to allow the use of different types of parametric
amplifiers. (See Section 2.3.2.) The diplexer therefore has to provide a
total of 63 db of isolation for the 6-kme signal. With a minimum guaran-
teed loss of only 25 db in the polarization coupler, additional loss is
introduced by a waveguide low-pass filter. This filter was originally
designed for the TD2 microwave system, working in the 4-kme common
carrier band, to suppress leakage from the TH system (6-kme band).
The filter has more than 60 db of attenuation for the fundamental
mode, but negligible loss for the TEy mode at 6 kme. It also has an
insertion loss of less than 0.09 db over the 4-kme band. Generators of
TEs modes are the polarization coupler and the directional coupler on
the maser side. Two mode suppressors were therefore inserted as shown
in Tig. 9, consisting of a short piece of narrow-width (1.79-inch) reec-
tangular guide and associated transitions. Each suppressor has little
loss at 4170 me but more than 40 db of attenuation for the TEy, mode
at 6390 mec. With these precautions, the isolation of the diplexer is
found to meet the 63 db isolation with a substantial margin.

The 23.35-db directional coupler at the maser is used for measuring
the receiving system noise temperature and for gain and transmission
measurements. A short piece of flexible waveguide connects the wave-
guide circuit to the top flange of the maser.

Because it is necessary to transmit a right-hand circularly polarized
wave at 6 kme and to receive a left-hand circular wave at 4 kme, a
polarizer is inserted between the polarization coupler and the antenna.
The polarizer, suitable for operation at 4 and 6 kme, is shown in Fig. 10
together with a plot of its performance in terms of axial ratio. Tor pure
circular polarization to exist at the output of the polarizer, it is necessary
for the field components parallel and normal to the dielectric plate to
be equal in magnitude and 90° out of phase. If a differential loss or a
deviation from 90° exists, the wave will be elliptically polarized, and
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the ratio of major to minor axis, the axial ratio, will be greater than 0
db. Fig. 11 shows how the axial ratio depends on the phase difference
and on the differential loss between the two field components. The
differential loss was kept below 0.01 db in the polarizer of Iig. 10 by
using an extremely low-loss dielectric plate. A phase difference close to
90° is maintained from 4000 to 6500 me in the polarizer shown. This
was made possible by making use of the fact that a dielectric plate in a
square waveguide produces a differential phase versus frequency charac-
teristic which is opposite to the one obtained in a nonsquare guide. By
locating the dielectric plate in a slightly nonsquare guide, a compensa-
tion over a wide frequency range is possible. As a consequence, the axial
ratios plotted in Fig. 10 are found to be quite low over a frequency
range of 2500 me.

If imperfect polarizers are used in a system, they will cause a trans-
mission loss. Fortunately, these losses are quite small and amount to
only a few tenths of a decibel for the polarizer of Fig. 10 when working
with a satellite whose axial ratio is lower than 4 db.

The diplexer is well matched over wide frequency bands at 6390 and

4.5
4.0 //
DIFFERENTIAL LOSS /\ )
IN DECIBELS = 3 /
3.5 " //
|
2 a0 // /,/ ,A
E 2
z 1
2 ] ///o/
é 2.0 / /
g yavd
Z(< 1.5 ///
/
1.0 //,/
0.5 //

o

S0 92 894 96 98 100 102 104 106 108 110
90 88 86 84 82 80 78 76 74 72 70
PHASE DIFFERENCE IN DEGREES

Fig. 11 — Dependence of the axial ratio of a polarizer on differential loss and
phase difference.



1092 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963

0.5 0.5 -3
f = 6390 MC
g
0.4 s —{0.6 i
e 2
” _ O
g 2
L o
;7///{// Zz
7 z
o 7 o
0.3 //-<—2MM —0.7 — =
z //4/ z @
w A w -
= / fiad Y
wn €p=3, NO LOSS N o
& G I
= o2 —os = ' ©
-_— -
&
2 2 =
Rins | tenl®s ITeN] 5
w
.l
0.1 —os 7w
10.4 04
R 2 2
e ter|?s |Tep| Joa
) | ] 1.0 o
—-150 -60
&3 -1a0- ~{=50 @
w w
o o
(V] 9
w w
a [a)
z z
Z — I— -
Z -130 40 =z
A~ 4+
B N
& Ften, 4 TeN :
w
w
= -
X -120 —H-30 ¥
4 tep, £Tep
-110 | ! | | | | | | -20
o 10 20 30 40 50 60 70 80 90

ANGLE OF INCIDENCE, ¢, IN DEGREES

Fig. 12 — Reflection and transmission coefficients of the (lossless) radome at
6390 mec.



TRANSMITTER AND RECEIVER 1093

4170 me, and the return losses at the three diplexer terminals are 30 db
or higher.

2.4.2 Effect of the Radome on the Operating Characteristics of the Diplexer

The 4- and 6-kme signals are affected in a number of ways by the ra-
dome which surrounds the horn-reflector antenna. The possible effects
on the operating characteristics of the diplexer will be investigated
here. The radome, for instance, will reflect the right-hand circularly
polarized transmitted wave as a left-hand circular wave which, after
being picked up by the horn antenna, will be directed towards the maser
by the polarization coupler. The isolation of the polarization coupler,
and in turn the isolation of the diplexer, could be reduced by this re-
flection. Measurements were made in the laboratory to determine the
dielectric constant of the radome material. The power reflection | 7z [
and transmission | ¢z 12 coefficients and their phase angles were then
calculated as a function of the angle of incidence ®. Electric fields paral-
lel (index P) and normal (index N) to the plane of incidence were con-
sidered. The results are shown in Figs. 12 and 13 for 6390 and 4170 mec,
respectively. According to Fig. 12, the power reflection coefficient of the
radome at 6390 me, averaged over the possible angles of incidence from
8° to 52° and parallel and normal polarization, amounts to about 0.065,
which corresponds to a return loss of only 12 db.

Ounly if all the reflected components from the radome appeared in-
phase over the aperture of the antenna could a return loss of 12 db be
seen at the apex of the horn. This obviously is impossible. The response
of the antenna to reflections from the radome is very similar to its far-
field response far away from the main beam. Measurements have indi-
cated that the return loss of the radome as seen from the apex is much
greater than 46 db. This figure is considerably higher than the 25 db
of isolation provided by the polarization coupler. It can therefore be
concluded that the isolation of the diplexer is not affected by the radome.

The radome material can also change the axial ratio of the circularly
polarized signals and, therefore, affect the characteristics of the polarizer
in the diplexer. The circularly polarized signal arriving at the radome
can be decomposed into two linearly polarized waves which can be as-
sumed to be parallel and normal to the plane of incidence. The curves
of Figs. 12 and 13 through the voltage transmission coefficients ¢z and
tzx then tell how much differential loss and phase error is introduced by
the radome. For angles of incidence up to 20° for 4170 me and up to 12°
for 6390 me, no differential effects can be found. At 52°, the highest
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possible angle for the Andover horn, the differential losses amount to
0.30 and 0.65 db and the phase errors to 6.50 and 9° for the 4170- and
6390-mc frequencies, respectively. Using Iig. 11, this results in axial
ratios of 1.08 db and 1.52 db for the two frequencies. Fortunately, only
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a very small part of the energy is radiated (or received) at angles as
high as 52°) and no significant loss of signal will result from the degrada-
tion of axial ratio by the radome.

2.4.3 Other Waveguide Circuits

TFollowing the polarizer shown in Ilig. 9, an autotrack coupler is
inserted into the line to the antenna. Its purpose is to extract, over
narrow-band coupling slots, the TI%;; and the TMy modes which are
generated in the horn antenna by the 4080-mc beacon signal from the
satellite. The TMy mode, which propagates freely in the 2.62-inch
circular waveguide of the coupler, is completely reflected in the taper
leading to the smaller sized polarizer guide. The autotrack coupling
section has about 0.01 db of loss for the 4170-me signal and does not
affect transmission of the 6-kme signal. A complete description of this
coupler is contained in a companion paper.'®

A taper whose impedance varies exponentially with length connects
the 2.62-inch circular waveguide to the 31.507° conical apex section of
the antenna. The 12.25-inch long taper has a calculated return loss of
more than 40 db for the TE;; mode and more than 30 db for the TMy,
mode over the frequency range of 3700 to 6500 mec.16

The 1725-me transmitting signal used in NASA’s Project Relay is
coupled to the antenna in the conical section directly following the apex
taper. Two 1725-me signals of equal amplitude and 90° phase difference
are coupled at right angles into the horn. The phase difference is such as
to give a signal right-hand circularly polarized in space. The hybrid Tee
and the associated waveguide used to produce the two driving signals
are not shown in Fig. 9. The coupling slots are longitudinal and are
located at a point where the circumferential wall current at 1725 me has
the first maximum. This maximizes the coupling for the TE; mode
and keeps excitation of the TMg; mode at a low level. The coupling slots
are backed by two-cavity bandpass filters, giving a maximally flat trans-
mission with a 60-me¢ bandwidth. The filters are built in a small-sized
waveguide (4.0 by 0.9 inch) to reduce the number of undesired modes
which might be excited at 4 and 6 kmec. Insertion loss at 1725 me is
less than 0.1 db. The filters also act as transformers into the conical
section of the antenna and into the larger-sized waveguide WR430,
which is used for the rest of the installation. Return loss of the coupler,
including the hybrid Tee splitting arrangement, is better than 16 db
over a 14-mc band centered at 1725 me. The coupler has no measurable
effect on the transmission of 6390- and 4170-me signals. The noise
introduced into the system by the coupler at 4 kme is dependent on the
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losses in the iris located in the apex taper. By proper mechanical design
of this iris, it was possible to reduce this noise contribution to less than
1°K.

A rotating joint is located at a cone diameter of 34 inches. This rather
large diameter and a gap width of 0.1 inch simplify the electrical design
of a joint which has to work at 6390, 4170, and 1725 me. A double choke
is used and optimized at 4170 me. Measurements have indicated that
for gap widths up to 0.5 inch, and with absorbing material covering the
outside of the joint, the 4-kme noise contribution was still below 1°K.
A radiation shield of the form shown in Fig. 9 was put around the out-
side of the joint in order to keep the radiated energy at 6390 or 1725 mec
below the Bell System safety limit for continuous exposure of 1 milliwatt
per cm? at all points outside the gap.

2.4.4 The 4-kmc Waveguide Losses and N oise

The importance of using low-loss waveguide components in a low-
noise system will now be explained. It can be shown that the noise
introduced by a matched circuit with a power transmission coeflicient
a amounts to

T = Tk(l - a) = T]g(l - 10_A/10),

where A = —10 log a, the insertion loss in decibels, and 7'z is the tem-
perature of the eircuit in degrees IKelvin. With T’z taken to be 290°K,
the formula leads to the helpful approximation 77 = 66.8 A, if 4 < 0.5
db. For each tenth of a decibel loss, the noise will therefore increase by
about 6.7°K. I'or a total loss of 1 db, the exact formula gives a tempera-
ture of 59.7°K. If one considers that the noise from all the nonwaveguide
sources together amounts to about 20 to 30°K in a station like the one
at Andover, it becomes clear that the waveguide losses should not
exceed a very small fraction of a decibel.

It is enlightening to determine the effect of an additional 0.1 db of
loss on the signal-to-noise ratio of a receiver with 26°K over-all noise
temperature. We find that the added 6.7°K of noise is equivalent to an
increase in the receiver noise power of one db. With the signal down
only by 0.1 db the signal-to-noise ratio is degraded by 1.1 db. The effect
of the loss is therefore 10 times greater on noise than on signal level.
The situation becomes reversed, however, in cases where A is higher
than a few db (very lossy waveguide circuits or high rain attenuation).
The noise temperature then reaches 290°K asymptotically.

The waveguide components of Fig. 9 were measured with a dual-
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TaBLre II —Loss AND NOISE OF THE WAVEGUIDE
Circulr AT 4170 MC

Waveguide Unit {;ﬁ:)s Noise gggisie;ature
Autotrack coupler 0.010 0.67
Polarizer ) 0.021 1.40
Polarization coupler 0.007 0.47
Mode suppressor I 0.021 1.40
Low-pass filter 0.085 5.67
Mode suppressor 11 0.016 1.07
23-db  directional coupler, including 0.030 2.00
coupling loss
Flexible waveguide 0.023 1.54
Total 0.213 14.22

channel insertion loss test set which gave an accuracy of a few thou-
sandth of a db. Because noise is generated only by the absorptive part
of the insertion loss, the loss due to reflections should normally be taken
into account. However, the very high return losses (30-40 db) of the
components made it possible to neglect the reflection losses for all prac-
tical purposes. Table II lists all the waveguide parts which contribute
to the noise at 4170 me.

No contributions from parts to the right of the autotrack coupler in
Fig. 9 are shown because they are negligible. The noise temperatures
shown in the table were calculated using the above formula. A more
direct determination of the over-all waveguide noise temperature was
made by using the maser as a low-temperature reference. The result
was within 1°K of the above given figure of 14.22°K.

2.5 System Noise Temperature

2.5.1 Method for Measuring Noise

Those parts of the receiver which are important for the determination
of the receiving system noise temperature are shown in Ifig. 14. The
noise energy coming from the sky, the radome, the antenna, and the
waveguide circuits i1s lumped into a single term kT B. It is assumed
here that B is the receiver noise bandwidth of about 29 me. Noise from
a noise lamp can be injected through a 23.35-db directional coupler into
the signal path ahead of the maser. With the noise lamp turned off, we
can write for the noise power at the output of the IF amplifier:

Norr = kBgMgm (TIN + cTr + TM) + kBgm (f - I)TR .
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Tig. 14 — Circuit essential for the measurement of the noisc temperature of
the receiving system.

The ¢’s are power gains, T’ is the room temperature, taken as 290°K,
¢ is the coupling factor of the directional coupler (=1/216), and f is
the noise factor of the converter (=15.85 or 12 db). TM is the tempera-
ture of the maser alone, amounting to 3.5°K. Effects like imperfect
impedance matches, finite directivity of the directional coupler, and
differences in noise bandwidth between the maser and the IF amplifier
were neglected because they are very small. If we introduce the new
term

Tsys = TIN+CTR+f_ 1Tn+ T,

gum

meaning the receiving system noise temperaturc measured at the input
terminals of the maser, the noise power can be written as

Norr = kBgugirTsvs.

With the noise lamp turned on, the noise power at the output of the
II' amplifier, after going through an attenuator with power loss coeffi-
cient y, is found to be

Nox = kB 9“‘;’“‘ [Tsys + ac(Ty — Ta)

where T, is the temperature of the noise lamp, amounting to about
9500°K, and a the power transmission coefficient of the precision attenu-
ator. The noise due to the insertion of attenuator y is neglected because
its loss is small and the product gg:r is high. In the course of a noise
measurement, the two noise powers N orr and N oy are made equal by
adjusting the precision attenuator. The setting of the precision attenua-
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tor will depend on, among other variables, the value of attenuator y,
which can be changed in one-db steps. We then find for the system tem-
perature:

Tsys = ac (TL - TR)-
y—1
The maximum error of a noise measurement amounts to about =4-0.35
db or £8.5 per cent, with 7', contributing 0.2 db; ¥ — 1, which includes
short-term amplifier gain variations, 0.1 db; and the combination of a
and ¢, 0.05 db. The improved accuracy of the noise lamp temperature
over the 0.5 db of the commercial units was obtained by directly measur-
ing the temperature of the lamp with the maser as a low-noise amplifier.

2.5.2 Results of Noise Measurements

Measurements of the system noise temperature made at Andover for
different elevation angles of the antenna are shown in Fig. 15. The noise
at zenith on a clear day is 32°K for the system containing a maser and
is about 85°K with the parametric amplifier replacing the maser. The
noise increases towards the lower elevation angles due to the higher
noise originating in the atmosphere. When the antenna beam hits the
ground, the noise increases abruptly to a value of about 235°K. This
temperature depends on the actual temperature and the reflection coef-
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Fig. 156 — Receiving system noise temperature as a function of antenna eleva-
tion —clear day data. Azimuth = 142°.
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ficient of the ground and on the losses of the signal through the radome
and the waveguides. Knowing all these parameters, except the reflection
coefficient of the ground, we find for the latter a value of 0.165 at 4170
me. The sharp increase of the noise at the horizon was used to plot the
radio horizon, which then was compared with the far optical horizon.
The two coincided within about 0.1° for all regions where the far horizon
was not hidden behind nearby obstacles.

The noise distribution shown in Fig. 15 was measured many times
and was never found to vary more than one or two degrees on clear or
cloudy days. During periods of rain or snow, vastly different noise
temperatures were observed. Tlig. 16 shows three typical curves. During
a heavy rain (curve number 1), high noise values were found, with fast
variations occurring in the region from 50° to 90° elevation. Variations
at zenith over a period of about 15 minutes ranged from 68° to 126°K.
Zenith temperatures between 70°K and 100°K are quite common during
periods of moderate rain.

Curve 2 shows a case of light rain, and curve 3 was taken during
a light and wet snowfall. The high noise temperatures found near the
zenith (curve 3) are clearly due to the presence of the radome on which
more snow has accumulated near the top than on the sides. Even curves

CURVE DATE LOCAL TIME WEATHER

1 MAY 24,1862 [ 10:30 TO 11:30 [ HEAVY RAIN

2 SEPT 5,1962 | 15:00 TO 15:20 | LIGHT RAIN

3 OCT 26,1962 | 07:10 TO 07:30 | LIGHT WET SNOW

150
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_ Fig. 16 — Receiving system noise temperature as a function of antenna eleva-
tion — rain and snow data. Azimuth = 142°,
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1 and 2 show more noise at the higher angles than at, for instance, 15°
elevation. This may again be due to some “accumulation” of rain on the
top of the radome, but is also due to increased reflection of ground noise
into the antenna aperture by the higher portions of the inner radome
surface. The latter will become clearer in a moment when the electrical
characteristics of the radome are described. The highest zenith system
temperature observed to date in Andover due to rain is 135°K and
160°K due to snow. Within about half an hour after the end of a rainfall,
noise temperatures close to the dry values of Fig. 15 can be found.

Similar measurements of noise during rain and snow, made at the
Holmdel and Whippany, N. J., locations of Bell Laboratories, but with-
out a radome, show a completely different character. Noise tempera-
tures tend to be considerably lower, especially during snow, and they
always seem to be lowest at zenith,

2.5.3 Contributors to System Noise

Table III gives a breakdown of the system noise into the different
contributors. The values for the dry atmosphere were taken from meas-
urements made at Holmdel.'” The zenith temperature of 2.6°K of this
reference appears reduced to 2.4°K by the total loss of 0.36 db in the
radome and the waveguides. The contributions of antenna sidelobes,
waveguides, maser and second stage are constant and amount to 19.2°K,
They were discussed above with the exception of the antenna sidelobes.
The horn-reflector antenna is probably the antenna with the lowest
possible noise. If operated without a radome, all sidelobes and backlobes

TABLE IIT — CONTRIBUTORS TO SYSTEM NOISE

Elevation
90° 30° 15° 7.5°
Dry atmosphere 2.4°K 4.8°K 9.2°K 18.4°K
Antenna sidelobes 1.0
ﬁgggfulde circuits 1%:2}19.?1(
Second stage 0.5

Dry (wet) radome absorption] 3 (12) 3 (12) 3 (12) 3 (12)
Dry (wet) radome scattering| 7.4(18.5) | 6.0(15.0) | 4.1(10.2) | 1.4(3.5)
Total (dry, measured) 32.0 °K 33.0 °K 35.5 °K 42.0 °K
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will not contribute more than about 1°K if the antenna is pointed at
least one degree above the horizon.

The effect of the radome on system noise is two-fold. First, the ab-
sorption of 4170-mc energy by the radome material is a measure of the
noise it spontaneously emits at the same frequency; and second, the
inner surface of the radome will reflect (scatter) ground noise into the
antenna aperture. In order to investigate the first effect, it was necessary
to know the loss characteristics of the radome. Laboratory measurements
on dry and wet radome samples first gave values for the dielectric con-
stant and the loss tangents. Calculations were then made to determine
the power reflection |7z |2 and power transmission | ¢z |2 coefficients
and the absorption transmission coefficient ¢ = |rg 12 + | iz |2 The
absorption loss in decibels is A = —10 log @ and would amount to 0 db
for the lossless material shown in Figs. 12 and 13. The results of the
present investigation are shown in Tfigs. 17 and 18. If we consider again
a maximum variation of angle of incidence from 8° to 52°, we find 3°
and 12°K as rough averages for the absorptive noise in the dry and the
wet case. It should be kept in mind that the data for the wet radome
are based on tests made in the laboratory and that they cannot be
completely representative of the conditions encountered in the field
where the amount of wetness will vary with the rate of rain and possibly
the position on the radome. The tests also showed that the dielectric
constant and the loss tangent of the wet material decayed rapidly
within minutes and later more slowly towards the ‘“dry’’ values.

The scattering effect of the radome is difficult to determine by calcu-
lation. The noise values shown for dry radome scattering in Table III
are therefore equal to the amount of noise which could not otherwise be
accounted for. The higher scattering at high elevation angles is due to
the particular antenna-radome geometry,* and to a certain extent is
also dependent on the area surrounding the radome. The ground effects
were determined by rotating the antenna 360° in azimuth and observing
the change in zenith temperature. Values ranging from 31° to 35°K were
found. The data presented in Figs. 15 and 16 and in Table III were
taken at an azimuth of 142° (boresight tower).

The scattering effect of the wet radome was found by multiplying the
dry values with the ratio of wet-to-dry power reflection coefficients as
given in Figs. 17 and 18. This ratio is about 2.5 over a large range of

* Experiments with antennas whose apertures remain always vertical to the
diameter of a spherical radome indicate that scatter-noise is minimum at zenith.
Such a geometry is impractical for the horn-reflector antenna, however.
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Fig. 17 — Reflection, transmission and absorption transmission coefficients of
the dry radome at 4170 me.

angles of incidence. Wet radome scattering is considerably larger at
zenith than at lower angles. This explains the higher noise readings at
zenith than at 15° elevation.

Recently, the diplexer of Fig. 9 was operated without the low-pass
filter. It was found that one of the polarization couplers built had an
isolation peak of 47 db in a narrow band around 6390 me. This value of
isolation allows unperturbed operation of the maser. The system
temperature could thereby be reduced by 5°K, or to 27°K at zenith.
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2.5.4 Other Possible Sources of Notse

A satellite communications system can be affected by extra-terrestrial
noise sources, which is the case on such rare occasions when the satellite
passes in front of one of these sources. The strongest source of noise at
4 kme is the sun, followed by the moon and a number of radio stars.
When the antenna is pointed at the center of the galaxy, a few extra
degrees of noise will be introduced.

A measurement was made of the receiving system noise at and near
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the sun. The antenna was pointed in the path of the sun, which then
drifted through the antenna pattern. The result is plotted in Fig. 19.
Over an angle of about 0.4°, which is a little less than the 0.5° diameter
of the sun, a maximum temperature of 17,000°K is maintained, rep-
resenting an interfering noise signal of —81 dbm. If we compare this
signal with the signal from the satellite, which is in the range of —75
to —100 dbm, it is clear that communications would be disrupted during
this time. The drop in noise shown in Fig. 19 is as expected from the
radiation diagram of the antenna. Only one degree away from the center
of the sun, the noise has dropped to an operationally acceptable 65°K.

The actual temperature of the sun at 4170 me is higher than the
measured 17,000°K by about 1.6 db, or equal to 24,500°K. The 1.6 db
is made up of 0.04 db atmospheric loss, 0.15 db radome insertion loss,
0.21 db waveguide loss, and 1.2 db loss due to the finite width of the
antenna pattern.

The temperature of the moon was measured on May 10, 1962, 10:00

2
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Fig. 19 — Receiving system noise temperature near the sun.
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p-m. EDT. The maximum system temperature was found to be 195°K.
If we subtract from this figure 34°K of system background noise and
add 1.66 db due to the same type of losses mentioned before, we find for
the temperature of the moon 236°K. The moon will produce a noise
power in the communications channel of —100.5 dbm and therefore
can affect the satellite link if the received signal level is lower than
—95 dbm.

A search was also made for man-made sources of noise and inter-
ference. Such signals would be strongest close to the horizon. The meas-
uring equipment included the receiver followed by a narrow-band IF
amplifier which allowed the detection of signals down to —130 dbm.
This is about 20 db lower than the normal broadband noise level of the
receiver. No noise or other interfering signals could be detected. This
is clearly a result of the topography of the Andover site.
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The FM Demodulator with Negative
Feedback

By A. J. GIGER and J. G. CHAFFEE
(Manusecript received March 22, 1963)

This paper describes the design and theory of operation of the wideband
M demodulator with feedback (FMFB receiver) used at the Andover,
Maine, earth station for Telstar satellile communications tests. Perform-
ance data for the FMFB receiver indicate’a clear advantage over the con-
ventional FIM receiver in many cases. The principal advaniage lies in the
ability of the FMFB receiver to raise the threshold at which “breaking”
occurs for TV and other wideband signals.

I. INTRODUCTION

The 'M demodulator with negative feedback (FMTFB)* is an out-
growth of an I'M receiver circuit first described in 1937.! A demodulator
of this type was used during the communication tests with the Echo I
satellite, which started in August, 1960.2 Compared with a conventional
or standard FM demodulator, the principal advantage to be derived
from this circuit is its ability to improve the threshold at which “break-
ing,” resulting from excessive noise, will occur.

The receivers mentioned above were capable of demodulating a single
4-ke voice channel. Since it was required that the Telstar system be
capable of handling television and other wideband signals, the design of
feedback receivers became a problem of much greater complexity as a
consequence of the relatively wide baseband.

The FMFB receiver to be described in this paper is used in the An-
dover ground station for the reception of wideband signals from the
Telstar satellite.? A different FMFB receiver, described elsewhere,* was
used in the Holmdel station during Telstar experiments. The basic ele-
ments of the feedback receiver are shown in the block diagram of Fig. 1.
The incoming RF signal is combined in a mixer with the output of a

* Sometimes called “FM feedback receiver’” or ‘“frequency compression de-
modulator.”

1109
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Fig. 1 — Block diagram of FMFB receiver.

voltage-controlled oscillator (VCO) to produce an intermediate-fre-
quency signal. The frequency modulation which has been imparted to
this signal, after going through an IT amplifier and a limiter, is then
demodulated by the discriminator. The recovered baseband signals are
amplified in the dc-and-baseband amplifier and are fed back to the VCO
in such a way as to reduce significantly the instantaneous frequency
difference between the two signals going into the mixer. The modulation
index of the IF signal is thereby diminished. If this reduction is substan-
tial, the resulting FM wave will occupy a much narrower band than the
incoming RF signal. This makes it possible to restrict the bandwidth of
the IF amplifier. In a sense, the feedback receiver can be considered as
a “tracking” filter whose bandwidth is substantially narrower than that
required to transmit the complete incoming FM wave; being narrower,
the receiver is more immune to incoming noise.

The baseband signal to be fed to the output terminal of the receiver
is taken from the input to the VCO and then passed through a low-pass
filter, amplitude equalizers, and an output amplifier. The amplitude
equalizers correct for deviations in the closed-loop transmission charac-
teristics which are present at low and at high frequencies.

II. THEORY OF THE FMFB RECEIVER

2.1 Operation above the Breaking Point

The operation of the FMFB receiver is well understood in the region
where the input carrier-to-noise ratio is large, which means well above
the breaking point. IFor analytical purposes, it is convenient to represent
the RF and IF circuits in the feedback loop by the baseband analogs
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which are valid for FM signals. Simplified analog circuits are normally
used which are accurate only for low-index I'M signals. Such analogs
do not describe the nonlinear distortions of the M signal which are
actually produced in the RIF and IF circuits. Nevertheless, they are
good enough for a linear analysis above threshold.

The FMFEB circuit can then be represented as a conventional feedback
circuit with the u(s) and the 8(s) paths defined as in Fig. 1. The mixer
is the element which forms the instantaneous difference between the
frequencies of the incoming and the fed-back RF signals, ie., Afs = Af; —
Af, . The expression uf is called the open-loop transmission characteristic.
It is of fundamental importance in the design of a feedback cireuit,
since it determines the stability of the loop through its effect on the
closed-loop transmission characteristic

Afo(s) _  uB uB |
T (1)

Afi(s) 1+

where F = 1 4+ uB = feedback. In any practical wideband I'MFB cir-
cuit, uB is a function consisting of many poles and zeros. Analytical
methods and actual measurements, together with the optimizing pro-
cedures given by Bode,? have been used here to design and shape the
feedback loop.

The fact that so many stages (or poles) are necessary makes the de-
sign of a truly wideband FMI'B circuit very difficult. The design prob-
lem is reminiscent of the one found in building amplifiers with maximum
gain-bandwidth product, to which is added the complicating require-
ment of holding the over-all phase shift well below 180°. The problem
was approached by carefully selecting each part of the FMFB circuit
to have as little phase shift and as much gain as possible. In addition,
it is advantageous to use high-level signals at the two inputs of the mixer
of Iig. 1. This reduces the amount of amplification required inside the
loop and can therefore be considered to be the same as obtaining gain
without phase shift. This method is limited mainly by the power han-
dling capabilities of the circuits.

In the circuit of I'ig. 1 the transmission factor 8(s) is associated with
the VCO alone. In the design to be described in Section I11, the VCO con-
sists of a reflex klystron whose transmission characteristic can be as-
sumed to be a constant. The over-all input-output characteristic of the
FMFB receiver is therefore obtained by multiplying the closed-loop
transmission characteristic with the characteristics of the low-pass filter
and the equalizers.

The signal-to-noise ratio (SNR) at baseband for a conventional FM
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receiver for carrier-to-noise ratios (CNR) at RT' well above breaking is
known to be

SNR = SmtBong, (2)
20

where B = RF bandwidth, b = baseband width, and m = modulation
index. The RF and baseband transmission characteristics are assumed
to be rectangular. It has been shown in Ref. 6 that (2) remains unchanged
for an equivalent 'MI'B receiver. The feedback receiver, therefore, has
no noise advantage if operated above the breaking or threshold point.
This point, characterized by a certain CNR, is reached when the FM
noise improvement given by (2) can no longer be obtained. The breaking
point shall be loosely defined here as the CNR where the actual SNR
has dropped 1 db below the value given by (2).

2.2 Operation near the Breaking Point

No theory is at present available which completely describes the be-
havior of an FMI'B receiver near the threshold of noise improvement.
Enloe® has introduced a two-threshold concept which has given good
results in practical cases. Strictly speaking, the results of Ref. 6 are
valid only under the assumption of an unmodulated carrier. We shall
use this concept here in order to find simple mathematical expressions
for the open-loop and the closed-loop threshold. Relations will then be
derived for the optimum amount of feedback and the upper limit of the
threshold improvement. These results are then compared with actual
measurements taken under various conditions of modulation.

2.2.1 The Open-Loop Threshold

Under the assumptions that the incoming carrier is unmodulated and
that the VCO generates a steady carrier (open loop), the CNR after the
narrow-band IF amplifier (of bandwidth Byg) in the loop will be greater
than that at RF (bandwidth B > Byy). Since FM discriminators break
at about the same CNR, it can be seen that the insertion of the narrow-
band filter results in a threshold improvement over a standard, wide-
band FM receiver. The breaking point of a conventional FM receiver
varies slightly with the ratio Birx/b (or B/b). Brx is the noise band-
width of the IF filter, and we assume it to be 20 per cent higher than
the 3-db bandwidth Bir . B is assumed to be the 3-db bandwidth as
well as the noise bandwidth. The empirical formula
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CNR, = [250 <B2‘§N - 1)T | (3)

was found to approximate well the breaking points shown in Fig. 9 of
Ref. 6. The expression gives good results for Bipx/b as low as 2.5. The
threshold, as measured in the RI" band B, then appears at

1

_ BIFN — BIFN BIFN — :
ot = oxm B = B [ (o (B )] co

Despite the fact that we consider the threshold under conditions of no
modulation, we shall introduce here the modulation index m = Af/b,
where Af is the peak frequency deviation caused by full sine-wave
modulation at the top baseband frequency b. We can now express B in
new terms, employing the so-called Carson’s rule

B = 2(1 + m) b. (5)

Under the assumption of uniform feedback F over the band b, the 3-db
bandwidth of the IF filter in the loop should be By = 2[1 + (m/F)]b.
Using these relations and By = 1.2 Brr, we can rewrite (4) in terms
of m and I only

CNR, = 12 L+ /P {50 1+ (6m/F)]} (6)

14+ m

2.2.2 The Closed-Loop Threshold

The CNR at which the closed-loop threshold occurs is directly pro-
portional to B, , which is equal to twice the closed-loop noise bandwidth
at baseband. If we again measure the second threshold in the RIF band-
width B, we find by using equation (1) of Enloe’s paper

B, (F — 1\
oxm. - a2 (L21Y. @

In order to obtain values for B, , the open-loop characteristic u(s)-B(s)
has to be specified. The Bode-type open-loop characteristic,® which
provides constant feedback F up to a baseband frequency b and from
there on a constant phase, can be considered to be near optimum for our
purposes. It will be used for the following derivation. Although not
strictly realizable in practice, this characteristic can be approximated
by a technique, also due to Bode, which employs the so-called step and
fillet. Fig. 8 of Ref. 6 has curves which give B, as a function of the phase
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margin with I’ as parameter. A phase margin of 50° is considered to be
near optimum, because it minimizes B, over a wide range of F. The
empirical relation B, = 2bF** was found to agree well with these curves
for a phase margin of 50°. With this relation and (5), we can write (7)
in the following form:

B P (F — 1)’*
ONR, = 48 70— (-I,— . (8)

2.2.3 Optimum Feedback and Upper Lymit for Threshold Improvement

It can be seen from (8) that an increase in feedback I will increase
the closed-loop threshold, mainly due to the increase in B,. Kquation
(6), on the other hand, indicates a decrease in threshold with increasing
feedback. For a certain value of F, the two thresholds will therefore be
equal. Such an operating point will tend to optimize the over-all thresh-
old of the F'MI'B rceciver. Equations (6) and (8) were equated and the
result is plotted in Iig. 2 as Fopr in decibels versus the modulation index
m = (B/2b)—1. For a practical range of m from 3 to 10, we find feed-
back values varying over the narrow range from 14.2 to 18.2 db.

We can now determine the improvement I which an FMFB receiver
provides over the threshold of a standard I'M receiver. The standard
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Fig. 2 — Optimum feedback Fopr and upper limit of threshold improvement
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receiver has a threshold given by (3) if Biry is replaced by B. Using
(5), the threshold becomes

CNR; = V/250 m. (9)

Inserting Fopr(m) into either (6) or (8) yields CNRopr. The improve-
ment is therefore

I < E\I_RL
= ONRoer

The equals sign indicates an upper limit I, for the improvement, which
could be reached only if the two thresholds occurred abruptly and
independently of each other. This will most likely not be the case and
the improvement will always be below this upper limit. 7, was calcu-
lated using the values of Fopr previously found. The result is plotted as
a second curve in Fig. 2. In the range of m = 3 to 10, upper bounds for
the improvement reach from 4.9 to 8.8 db.

(10)

2.2.4 Comparison with Measured Results

We shall now compare the formulas derived above with measurements
made on the FMI'B receiver which are described in Section I'V. The per-
tinent measured quantitiesare: B = 25me, b = 2me, Bypy = 7me, F =
15db (at 0.5 me) and B, = 15 me. Then we find from (4) and (7), CNR; =
2.05 db and CNR, = 2.90 db, respectively. Therefore, the closed-loop
threshold is governing by the small margin of 0.85 db. This is not quite
optimum, and the design could be improved by a slight widening of the
IF filter in the loop. Since the over-all threshold of the feedback de-
modulator is above either of the two thresholds, it must be greater than
2.9 db. It actually occurs at 4.5 db, as indicated by point A on curve 1
of Tig. 12 (Section 4.3.2). It can also be seen from this figure that the
threshold is adversely affected by the application of modulation, espe-
cially at the higher baseband frequencies. We also wish to compare the
measured results with the optimum design. Using (5), we obtain m =
5.25, and from Fig. 2 we find an optimum value for the feedback of
Fopr = 16 db and an upper limit for the threshold improvement of
I, = 6.65 db. The optimum setting of F was experimentally found to
be the aforementioned 15 db at 0.5 me. From Fig. 12, the threshold
improvement amounts to 4.5 db, equal to the difference between points
A and B. It can therefore be concluded that the actual design of the
IFMFB receiver has come to within 1 db of the calculated Fopr and
within 2.15 db of 7., .
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III. CIRCUIT DESCRIPTION

Simplified schematic diagrams of the feedback receiver are shown in
Tigs. 8 and 4. For simplicity, conventional filtering and power supply
circuit details have been omitted.

The decision to use a microwave frequency as the input to the feed-
back circuit was dictated by the choice of a 6-ge reflex klystron for the
VCO (Fig. 3). A klystron gives very little signal delay, has good modula-
tion sensitivity, and its linearity is excellent. The klystron used is a
modified version of the WE450A tube, in which the modulation sensi-
tivity was increased from 1.5 to 5.0 me/volt by altering the operation
from the 2-3/4 to the 3-3/4 mode, decreasing the loaded @ slightly and
changing the repeller geometry.*

The repeller capacitance of only 3 pf tends to keep the delay or phase
shift in the driving circuit at a low value. A second, although very small,
source of delay is found in the klystron itself. It is estimated that the
modulating signal is delayed by the total travel time of the electrons in
the repeller field. Since the tube is working in the 3-3/4 mode, this time
is about 0.6 ns at the operating frequency of 6197 me. No delay is pro-
duced by the cavity resonator, however. The nonlinearity of the kly-
stron is very low and amounts to & change in modulation sensitivity of
less than 4 per cent at a frequency 10 mec away from midband. Since
the feedback in the receiver tends to reduce the nonlinear effects of the
other circuits, the klystron can be considered the main source of non-
linear distortion. Since this klystron is sensitive to a small degree of
mismatch, an isolator is provided between its output and the input to
the mixer. The isolator has a signal delay only slightly greater than a
straight piece of waveguide of the same length.

In order to maintain the driving transistor circuits at ground poten-
tial, the negative terminal of the repeller bias source is grounded. Con-
sequently the cavity of the klystron is at high potential, necessitating
the use of an insulating waveguide choke.

The mixer is a version of the receiving modulator used in the TH
radio system, modified to operate efficiently at higher local oscillator
and input levels. The mixer is designed to deliver the 74-me IF signal
into a 75-ohm unbalanced load. Since the emitter of the grounded-base
transistor Q; has a much lower impedance, a broadband autotransformer
(Ty) having a 2:1 turns ratio’ is inserted, which partly corrects this
mismatch. These transformers have a bandwidth of about 150 mec.

* This modification was carried out at the Allentown Laboratories of Bell
Telephone Laboratories.



+
Qa %

LIMITER

CR &

CR,
YCR,

My

Q-

N

TN

HIGH

.TJ

74MC

DISCRIM-

INATOR

BALANCE
§ +

T

_I

FREQUENCY Qs
COUNTER

DISCRIMINATOR

Qg

N

N

L
T

+

E.

/él 148 MC

||H

Al

i

Fig. 4 — Circuit diagram of limiter and diseriminator.

8I11

€961 ATINf “IVNYNOL TIVOINHOAL WHILSAS TIHd HHL



FMFB RECEIVER 1119

Diffused-base germanium transistors with alpha cutoffs above 500 me
were used throughout the circuit.

It was found that the relatively high impedance of the narrow-band
IF filter network in the collector circuit of transistor Q. produced
marked variations in the input impedance of this stage in the vicinity
of resonance, even with a transistor having an r,’C, product as low as
10 ns. In order to provide a suitable termination for the secondary of
autotransformer T;, it was necessary to introduce a buffer stage, rep-
resented by the first transistor, Q;, to mask this effect.

The network shown in the output of the second transistor (Qs) pro-
vides a bandpass transmission characteristic which limits the noise
power delivered to the limiter-discriminator.

In the choice of a filter suitable for use at this point, several factors
must be taken into consideration. From the standpoint of noise rejection,
the use of a highly selective bandpass structure would be advantageous.
However, such a filter would introduce a prohibitive amount of delay
into the feedback loop. A simple single-pole network, on the other
hand, has a much more favorable phase characteristic, but its effective
noise bandwidth is 1.57 times the bandwidth between half-power points.
The ecircuit shown is a compromise between these extremes. The tuned
circuit formed by elements C., L;, and Ry alone would constitute a
one-mesh filter circuit adjusted to resonate at the center of the IF band.
The addition of a similar tuned circuit formed by elements C., Ls, R,
loosely coupled to the first circuit through the mutual impedance of
capacitor C;, leads to a more nearly flat-topped transmission charac-
teristic, shown in Fig. 5 by solid lines. I'or comparison, the characteristics
of the one-mesh circuit of the same 3-db bandwidth are given by the
dashed curves of Fig. 5. Although the two gain curves are superimposed
in the figure, the two-mesh circuit produces a current gain which is 3 db
greater than that of the one-mesh circuit. Note that the asymptotic
phase shift with respect to midband is 90° for both circuits. The noise
bandwidth of the two-mesh circuit is 7 mec, which is only 25 per cent
higher than its 3-db bandwidth. The current gain is about 24 db. All
the current gain in the IF amplifier is achieved by means of stable
passive circuitry, with the common-base transistors acting as impedance
transformers.

The common-base stage Q; feeds the II' signal to the series-type
diode limiter which is shown in Fig. 4. Diodes CR; and CR; are normally
conducting except at the peaks of the input wave. Diodes CR; and CR4
normally do not conduct, except when diodes CR; and CR., respec-
tively, are nonconducting.
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The limiter has no reactive elements and its impedance level is ex-
tremely low. This makes it a wideband circuit which exhibits very small
signal delay. Envelope variations appearing on the input wave are re-
duced about 22 db by the circuit.

A dc meter M, in series with diode CR; serves as a convenient means
for adjusting and monitoring the input to the limiter. The level is gen-
erally adjusted (by changing the 6123-mc input signal) so that clipping
takes place about 3 db below the peaks of the IF signal.

Current delivered by the limiter is divided into two equal parts which
are then subjected to 6 db of current gain in transformers T, and T,
before being applied to the two inputs of a balanced discriminator. This
discriminator consists of two simple resonant circuits connected to the
collectors of transistors Q; and Qs . One circuit is tuned to a frequency
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12 mc above and the other a similar amount below the center frequency
of the II" band. Damping of each circuit is adjusted by resistors R
and R, for a bandwidth of about 24 me, so that the current gain of each
branch is equal to 7 db at 74 mec.

When the incoming signal is frequency-modulated, frequency devia-
tions give rise to amplitude variations within the two tuned circuits.
These are detected by diodes CRs and CR¢ . Diodes CR; and CRs pro-
vide a de return in each case. These dc¢ currents return to ground through
a differential meter M., which gives a zero indication at midband when
the two currents are equal. In order to avoid unequal biasing of diodes
CRs and CRs by the emitter voltages of transistors Qs and Qo , a bias
is applied to the bases of these two transistors to make the resulting
emitter voltages equal to zero.

The output of the discriminator is taken from the collectors of tran-
sistors Qs and Qo and delivered to the de-and-baseband amplifier shown
in Fig. 3. Amplitude variations occasioned by noise will tend to cancel
in the output line, thus supplementing the smoothing action of the
amplitude limiter. Series-resonant circuits in the output line shunt to
ground the 74- and 148-mc components which remain after the detection
process.

The dc-and-baseband amplifier provides gain for the demodulated
signal and delivers it to the repeller of the klystron as well as to the
outgoing video line. Automatic center frequency control is accomplished
by providing d¢ coupling within the amplifier.

In order to achieve adequate gain and phase margins within the feed-
back loop, it is necessary to control the open-loop gain characteristic
over a wide range of frequencies — a problem common to all feedback
amplifiers. This shaping of the loop has in general followed the tech-
niques proposed by Bode.® The main correcting network is located in
the collector circuit of transistor Q. (Fig. 3). The part of the circuit
consisting of Cs, Rs, and L,, with return to ground over the large
capacitor Cs, has a transmission peak at 30 mec which ensures the
presence of the correct “Bode step” in the open-loop transmission char-
acteristic. Below 30 me, the gain of the last stage decreases and even-
tually rises again to a constant value at about 1 mec because of the
presence of another shunt peaking network Ls , Ry, and Cs .

The common-emitter stage Qi provides some minor shaping by means
of the local feedback circuit consisting of Ry together with Rs, R,
Cs, and Lj. Increased gain is obtained for the “Bode fillet” at 1.25
me, which is the resonant frequency of the series circuit Rg, Cy, Lj.
The gain of Qu otherwise is very flat up to about 40 me, and can be
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varied by R7 over the range of 2 to 12 db. The normal setting is around
6 db, which results in a feedback of 15 db at 0.5 me.

The gain characteristic of the loop is also well controlled down to de
by various circuits — not separately described — in the dc-and-base-
band amplifier.

Baseband signals to be delivered to the outgoing line are taken from
a 75-ohm impedance point within the main equalizing network. Trans-
mission to this point differs markedly from the actual loop characteristic
at frequencies above the usual baseband, in that frequencies higher
than 3 mec are greatly attenuated. This effect is symbolized by the low-
pass filter shown in Fig. 1.

The actual open-loop performance is measured by opening the loop
with the switch in Fig. 3, applying baseband signals to the repeller at
point A, and observing the voltage which appears at the collector of
Qi2 . Since this is a relatively high-impedance point, a cathode follower
is permanently connected to the collector. The cathode impedance of
this device is sufficiently low that standard low-impedance measuring
devices can be connected at point B. The closed-loop characteristic is
likewise measured at point B, with the loop switch in the closed position
and a frequency-modulated 6123-mec signal applied to the input of the
mixer.

A photograph of the FMFB receiver is shown in Fig. 6. The box
housing the klystron (VCO) is shown on the upper right. The mixer on
the lower left is attached to the horizontal part of the chassis, which
contains the IF amplifier, limiter and discriminator. The dc-and-base-
band amplifier is located in the vertical part of the chassis. The equal-
izers and the output amplifier are not shown in the photo.

IV. MEASUREMENTS

4.1 Transmission Characteristics

Gain and phase characteristics of the open loop are shown in Fig. 7.
With the feedback F set to 15 db at 0.5 me, the phase and gain margins
are seen to be 40° and 12 db, respectively. Not shown in the figure is
the transmission characteristic below 100 ke. Towards the very low
frequencies the loop gain is permitted to increase slowly, so as to obtain
about 5 db of additional gain at 15.75 ke. This is advantageous from
the standpoint of television signals.

The gain with the loop closed is also shown in Fig. 7. In this case, a
reflex klystron was used as the source of the 6123-mc FM signal. The
closed-loop characteristic exhibits the typical region of gain enhance-
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ment in the vicinity of the open-loop gain crossover. This region is
strongly affected by the gain in the feedback loop. More gain would
increase the transmission bulge around 2 me, and in turn increase the
closed-loop noise bandwidth. Less gain would cause insufficient fre-
quency compression in the loop. With a feedback of 15 db, the closed-
loop noise bandwidth at baseband was found to be about 7.5 me, or
B, = 15 me.

Since the effect of the gain enhancement around 2 me is also seen at
the useful output terminal of Iig. 3, a compensating high-frequency
equalizer is included ahead of the output amplifier, as indicated in Fig.
1. The increase of gain in the open loop below 50 ke affects the closed-
loop characteristic by about 1.3 db. A low-frequency equalizer makes
the transmission flat to about 0.2 db down to a few hundred cycles.
Transmission to the output of the output amplifier is shown in Tig. 8.

4.2 Excess Phase Problems

The problem of excess phase will now be dealt with in some detail
because of its importance to present and future wideband feedback re-
ceivers. The term ‘“‘excess phase” is used to indicate phase shift in excess
of the theoretically determined minimum phase associated with the
open-loop transmission characteristic. An obvious contribution to excess
phase arises from the physical dimensions of the loop structure itself. In
the present instance it is estimated that this can account for a delay of
about 3.5 ns. In terms of phase, this would introduce a linear phase shift
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Fig. 8 — Over-all transmission characteristic.
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amounting to 1.27 degrees per megacycle. Though not negligible, the
restriction thus imposed upon loop performance is rather small. Actually,
a much greater amount of excess phase has been observed. This is
illustrated in Fig. 9, which shows the computed minimum phase charac-
teristic based upon the measured open-loop transmission. This curve is
an approximation because of some degree of uncertainty regarding the
cutoff performance at very high frequencies, in the region between 30
and 100 me. However, conditions at these rather remote frequencies
have only a minor influence upon the region of greatest interest.

Shown for comparison is the measured phase characteristic. The
difference between these two curves closely follows the linear law of
about 6 degrees per megacycle. This is five times as great as that esti-
mated from the physical dimensions of the feedback loop. Several addi-
tional sources have been identified. Transistors are known to introduce
a measure of excess phase. Measurements made at intermediate fre-
quencies with a single common-base stage, such as is used at many
points within the receiver, show excess phase amounting to about 0.2°
per megacycle. Since there are in effect eight such stages within the
loop, the total contribution of 1.6° per megacycle is not negligible.
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TABLE I — SoURCES oF ExXcEsS PHASE

Source Estimated Phase
Loop dimensions 1.3°/me
8 common-base stages 1.6°/me
Limiter 0.5°/me
Common-emitter stage 2.0°/me
Total 5.4°/me
Measured 6.0°/mc

Considerable excess phase is associated with the common-emitter
stage Qu of the baseband amplifier. This amounts to about 2° per mega-
cycle.

The limiter was found to have an essentially linear phase characteristic
which, allowing for the input and output transistors, indicated a phase
contribution of 0.5° per megacycle. Negligible phase shift is caused by
the estimated 0.6 ns of delay in the klystron.

Adding these several contributions, we can account reasonably well
for the difference between the minimum phase and the observed open-
loop performance as indicated in Table 1.

4.3 Measurements near Threshold

In order to obtain a better insight into the rather complicated mech-
anisms responsible for the performance near threshold, several types of
measurements were performed on the FMFB receiver and on a conven-
tional or standard FM receiver. The latter was taken from the TH
radio system.® In order to produce the desired CNR’s near threshold,
flat thermal noise of 25-me bandwidth was mixed with the FM signal
at the intermediate frequency of 74 mc. This signal was then directly
applied to the standard FM receiver, but translated to 6123 me in a
modulator for application to the FMI'B receiver.

4.3.1 Baseband Noise Spectra

Baseband noise spectra were measured for CNR’s ranging from 0 to
22 db. For this purpose, a sensitive analyzer with a 4-k¢ bandwidth
was connected to the output of the receivers and readings were taken
over the range from 100 ke to 5 me. The solid curves of Figs. 10 and 11
show samples of these measurements taken on the standard and the
FMFB receivers, respectively, for the case where the carrier is unmodu-
lated. The noise readings were corrected where necessary so as to simu-
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late absolutely flat receiver gain characteristics from 100 ke to 5 me.
At the higher CNR’s, and for frequencies above a few hundred kilo-
cycles, the spectra show the typical triangular characteristic of FM
noise. When the CNR is decreased, the noise rises much faster at low
frequencies, to produce ultimately the fairly flat noise spectra which
were calculated by S. O. Rice’ for the standard FM receiver. It has
been known for some time that the baseband noise increases to some
extent when modulation is applied to the I'M carrier," but the literature
on the subject is very sparse. It was therefore decided to measure noise
spectra in the presence of full 4=10-me¢ sine-wave modulation. Such
measurements are of somewhat limited practical value, because a single
tone will only rarely be transmitted with the maximum frequency
deviation. This is the case, however, in a number of TV test patterns,
especially the “multiburst” pattern. Occasionally, such a situation may
also arise in live TV signals for short periods of time. Examples of the
results of modulation measurements are also shown in Figs. 10 and 11.
A drastic difference exists between the standard and the FMFB re-
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Fig. 11 — Noise spectra for FMFB receiver.

ceiver. The former shows an increase in noise which is nearly inde-
pendent of the modulating frequency. The FMFB receiver, on the
other hand, is little affected by a 100-k¢ modulating signal but much
more so by a 1-mc signal, especially at low CNR’s. The strongest effect
of the modulation is seen at the low-frequency end of the noise spectrum,
particularly in the case of the standard FM receiver at high CNR’s.

4.3.2 Threshold Curves

The behavior of an FM system above and around the threshold re-
gion is often described by plotting the ratio of the signal power to the
total noise power (SNR) in a baseband b, as a function of the CNR at
RF in the bandwidth B. The total noise power in a 2-mc¢ baseband was
first determined for the case of no modulation by integrating a set of
curves, of which the solid ones in Figs. 10 and 11 are a part. The result
is shown in Fig. 12 as curves 1 and 3.

When modulation is applied, two effects are to be noted. One is the
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24

increase in noise mentioned above. The other is a reduction in recovered
signal level when the CNR is rather low. These effects shall be called
noise increment and signal reduction, respectively. Noise increments for
various CNR’s were obtained by integrating spectra such as those shown
in Figs. 10 and 11 for the case of full modulation. The results are shown
in Fig. 13 for the two types of receivers. The increment is actually
negative under some conditions — meaning that the total baseband
noise is slightly less than for the case of the unmodulated carrier. This
can be seen from the modulation curves of Fig. 11.
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Signal suppression was determined with the aid of a selective analyzer
tuned to the signal frequency as the CNR was varied. I'ig. 14 shows
the performance which was observed.

The actual SNR in the 2-mc baseband can now be determined. The

3
1MC y FMFB RECEIVER
] N — ——— STANDARD FM
@ N RECEIVER
3. oo ke N
w \ \
Q \ N
z MEAN
z AN
<] AN
G M s
2 \\ ~
[a) ~ ~
o 1MC ~o IS~
T — SK —=da
100 KC — S~eo I s T S B
o l — | —_
o 1 2 23 4 5 6 7 8 9 o 11 12 13 14 15

CARRIER-TO ~NOISE RATIO IN 25-MC RF BAND, IN DECIBELS

Fig. 14 — Signal reduction.



FMFB RECEIVER 1131

results are given in Fig. 12 as curves 1, 2, and 4. A few simplifications
were made in this figure. Curves 1 and 4 are accurate only for no modu-
lIation and 1-mc modulation, respectively, and the 100-ke curves would
actually be a few tenths of a db higher. Slight differences of about 0.5
db between the actual curves 1 and 3 and the calculated curve at high
CNR’s were neglected and made equal to the theoretical value given by
equation (2).

The curves of Fig. 12 show clearly the advantage of the FMIB re-
ceiver over the standard receiver in the threshold region. An advantage
of 4.5 db is obtained for the case of no modulation by taking the differ-
ence between the threshold points A and B. For 100-k¢ modulation the
threshold improvement is 9.8 db (C — A), and for 1 me it is 5.9 db
(C — D). Curves similar to 3 and 4 were calculated by Rice." No theory
is yet available which would produce curves 1 or 2 for the FMFB re-
ceiver.

The threshold situation for actual signals such as TV and carrier
multiplex requires further exploration by subjective tests and noise
loading measurements, respectively. Such tests are described in the
following two sections.

4.3.3 Televiston Threshold Tests

Fig. 15 shows the results of TV threshold tests. The peak-to-peak
deviation produced by the television signal (including the sync pulse)
was set to be 14 me. An aural subcarrier at 4.5 me, which deviated the
main carrier by 2.8 me peak-to-peak, was also transmitted. The tele-
vision spectrum was restricted on the transmitting side by the insertion
of a well-equalized 3-mec roll-off filter. Fig. 15 shows that the television
patterns are still recognizable down to very low CNR’s, especially when
the FMFIB receiver was used. A large number of subjective tests have
shown threshold improvements of about 4 to 5 db. These pictures, as
well as all the data described above, were taken with the FMFB re-
ceiver adjusted for a feedback of 15 db at 500 ke and its discriminator
balance set for equal numbers of white and black noise dots. The 15-db
figure was found to be a good compromise, giving a small enough closed-
loop bandwidth (and therefore low noise) and still enough feedback to
make high-frequency breaking due to lack of feedback not too con-
spicuous. A live TV picture occasionally contains very strong high-
frequency components which show up as sharp vertical lines. Since
there is not enough feedback available to keep the frequency deviation
within the passband of the narrow IT filter, the signal at the discrimi-
nator will be below the breaking point at the deviation peaks. Breaking
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which starts at a white peak produces a trailing black dot, and cor-
respondingly a black peak generates a white noise dot. The nonrandom-
ness of this breaking process makes it appear as a characteristic “spar-
kling” on the screen. It should be mentioned that the sparkling effect is
not regponsible for the strong increase in noise shown in Fig. 13 for 500
ke and 1 me. Randomness of the noise in this case is still maintained, as
observed on the oscilloscope.

The foregoing description makes it clear that TV pre-emphasis should
not be used in a system containing the FMFB receiver of the present
design. It is even desirable to insert a baseband roll-off filter in the trans-
mitter in order to restrict the high-frequency components of the picture.
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Tests with T'V pre-emphasis were made, and it was found that the
sparkling effect was strongly enhanced. This is due to the fact that the
relatively short bursts of noise which cause the sparkle are integrated
or lengthened in the de-emphasis network.

The FMI'B receiver has also been tested with color TV signals. The
behavior near threshold was found to be excellent if program material
was transmitted, but rather poor if the color-bar pattern was used.

4.3.4 Noise Loading Tests

Tests were made to describe the behavior of the two types of receivers
in the threshold region under conditions of a simulated telephone load.
The telephone multiplex signal is simulated for this purpose by a noise
signal with a flat spectrum, which in turn frequency modulates the RI'
carrier. Tests were made with 120, 240, and 600 channels. The noise-
power ratio was measured at the receiver outputs in a number of fre-
quency slots as a function of the total rms frequency deviation. The
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noise-power ratio is the ratio of signal-plus-noise to noise, with the noise
consisting of thermal and intermodulation noise. This ratio is essentially
equal to the SNR for values greater than 10 db. Conditions existing in
the vicinity of the threshold were established by injecting a 25-mec band
of noise into the signal path. The bandwidth of the signal path exceeded
the noise bandwidth by about 10 me. Nonlinear distortions due to band
limitations preceding the I'M receivers were therefore reduced.

Fig. 16 shows results of 240-channel noise loading tests with a noise
spectrum extending from 60 to 1052 ke and the test channel located at
534 ke. The FMFB receiver was found to have slightly more random
noise, which is believed to be due to the 1/f noise generated in the
transistors of the feedback circuit. In Fig. 16 the excess noise effect was
subtracted from the original data of the FMFB receiver. Fig. 16 shows a
clear advantage of using the FMTFB receiver. For 600 channels the SNR
should be greater than 31 db, which is consistent with recommendations
of CCIR for satellite systems. This corresponds to 40 dbrn at the zero
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transmission level point. Curves were also taken at 70 and 1002 ke.
They are not different in character, except that the values for SNR are
higher for 70 ke and lower for 1002 ke than the ones given in Fig. 16.

With 600-channel noise loading, intermodulation in the feedback re-
ceiver begins to appear at lower modulation levels. This is due to the
insufficient amount of feedback available in the circuit at higher fre-
quencies. No useful advantage can be obtained from the present F'MI'B
receiver in this case.

In order to show the behavior near threshold more clearly, the curves
of Iig. 17 were plotted. They show the SNR in a channel as a function
of the CNR at RI'. An rms frequency deviation 8 db below 10 me, or
4 me, was chosen for these curves. The curves will eventually reach a
horizontal asymptote at high CNR’s. The noise will then be entirely
due to intermodulation. Threshold improvements of about 4 to 5 db
can be observed in Fig. 17.
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