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Ground station equipment for the Telstar experiment includes a 6-kmc

transmitter and a _-kmc receiver used for television and telephone channels.

This paper describes the over-all transmitting and receiving arrangements

and presents 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-kmc 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 1,2 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-kmc TH radio relay sys-

tem. 3,4,5 The power amplifier is designed around a 2-kw traveling-wave

tub@ 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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TRANSMITTER AND RECEIVER 1065

TABLE I--TRANSMISSION OBJECTIVES, GROUND TRANSMITTER

Baseband response
Peak frequency deviation
RF and IF bandwidth
Output power

Center frequency :
TV and 600-channel telephone
12-channel two-way telephone

Frequency stability :
FM deviator

without modulation
with modulation

Transmitter carrier supply

2 cps to 5 mc
10 mc

32 mc at 1-db points
2 kw, continuously variable from 2 kw

to 0.02 kw

6389.58 mc

6384.58 or 6394.58 mc

±50 kc

:t: [50 kc _ 0.1 (rms frequency devia-
tion)]

d:60 ke

mined the need to control the transmitter output. For 12-channel two-

way telephony,* it is particularly desirable that the 6-kmc 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, 7 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 greate_

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 mc. 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 IF signal. For television or 600-channel

multiplex the center frequency is 74.13 mc; for 12-channel two-way

multiplex it is 69.13 or 79.13 mc. 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 repeller 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 switch are connected to the protective circuits in the power am-

plifier as well as to local and remote operating positions. In the modulator

the IF signal is translated to the required RF frequency. The filter fol-

lowing the modulator permits only the signal corresponding to the sum
of the frequencies of the IF signal and the 6315-mc 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 harmonic 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 FM deviator is an adaptation of the FM terminal transmitter 5

designed for the TH radio relay systcm. The TH terminal transmitter

is characterized by a 4-me peak deviation capability, a 10-me baseband

response, excellent linearity, and an IF bandwidth of 32 mc. 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 mc, 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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mc 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

IF amplifier and the reference oscillator are alternately gated off-and-on

at an 18½ cps 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 AFC discrimi-

nator; the dc output of the discriminator 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 dc output is then proportional

BASEBAND

INPUT

DEVIATOR

OS C ILLATOR

BAMPL,F,ER KLYSTRON J

TRANSMITTER
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Fig. 2 --Block diagram of the FM deviator.
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to thedifferencebetweentheoscillatorfrequencyandthediscriminator
centerfrequency.Asa result,theAFC discriminatoroutputcontains
an18-_cpssquarewavewhosepeak-to-peakaverageamplitudeis pro-
portionalto the frequencydifferencebetweenthe referenceoscillator
andtheaveragefrequencyof thedeviatoroutput.Thefunctionof the
AFClimiteristo equalizesignalamplitudesat theinputtothediscrimi-
nator.Thebandpassfilter followingthediscriminatoreffectivelyallows
only the fundamentalcomponentof the 18½cpssquarewaveto be
amplified.At theoutputoftheaudioamplifier,the18-_cpssinewaveis
rectifiedina synchronousdetectorandfiltered.Thedcsignalisapplied
to therepellerof thebeat-oscillatorklystronwith theproperpolarity
to reducethefrequencydifferencebetweenthereferenceoscillatorand
thedeviatoroutput.GatingoftheAFCIF amplifierandreferenceoscil-
latorandtheuseof synchronousrectificationeliminatetheneedfor dc
amplificationandmaketheAFCloopinsensitiveto smalldriftsin the
centerfrequencyof theAFCdiscriminator.Theopen-loopgainof the
AFCsystemis,typically,36db.

In the absenceof modulation,frequencyerrorsare in generalthe
resultofdriftsin theklystroncenterfrequencies.With modulation,the
instantaneousfrequencyof theFM signaliscontinuouslychanging,and
nonlinearitiesin the AFCdiscriminatorcharacteristicwill contribute
termsto theaveragediscriminatoroutputthat arenot linearlyrelated
to the averagefrequencyof the FM signal.To achievecomparable
linearityat the increasedpeakdeviation,the originalAFC limiter-
discriminatorwasreplacedwiththewidebandlimiteranddiscriminator
oftheTH FM terminalreceiver.5Petween64and84mcthefirst-order
nonlinearityof thewidebanddiscriminatoris lessthan2percent.

In gatedAFC systems,objectionable"flicker" interferenceoften
arisesasthe resultof beatsbetweentheharmonicsof thegatingfre-
quencyandlow-frequencycomponentsof thetelevisionsignalorpower
supplyripple.To makethe FM deviatorcompatiblewith the50-cps
fieldrateof Europeantelevisionandthe60-cpsU.S.standard,a gating
frequencyof 18-_cpswaschosen.Five-cpsbeats,developedbetweenthe
55-cpsthirdharmonicof thegatingfrequencyandeitherfieldrate,are
effectivelysuppressedby theRCfilterat theoutputofthesynchronous
detector.In addition,thebandpassfilterat theoutputof thediscrimi-
natorprovidesmorethan20 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 substitutc 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 mc different
from that of the uevJa_,on oscm_or Kty s broil.

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. 3,4 Modi-

fications that affect operations are limited to the addition of the IF

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 RF 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

issue2 Fig. 3 shows additional elements required in the RF 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 TWT 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 arc.

A high-powered circulator 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 RF 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 harmonic 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 discrimination. 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 RF output. To eliminate these effects, a simple dc 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.

(ii) 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 i to 1.5 amps,

up or down, and/or line changes of -4-15 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. ]_ecause 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
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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 crowbar 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.

(iii) The Accelerator S_¢pply. 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

l_gulator. 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 indication of proper flow in

the TWT, 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 TWT 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 dc 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.

(i) 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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indicatesuchconditionsasopencircuitbreakers,openinterlockcir-
cuits,TWT wateronor off,TWT over-temperature,over-currentand
under-currentandover-voltagein certaincircuits,highreflectedRF
powerandRF drivedisable.Anaudiblealarmringsif theRF driveto
theTWT isremovedduringnormaloperation.In additionto overload
relays,additionalprotectionis providedfor theTWT by meterrelays
whichwill operateonout-of-limitreadingsto opentheinterlockprotec-
tion circuit.Operationof the interlockprotectioncircuitwill remove
powerfromtheTWT.

(iX)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 Maintenance 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.

]_Ietal 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, openil_g

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 RF measuring and

monitoring gear was designed to isolate that part of the equipment
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which might "leak" RF. Thc 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

._x _. v.lx ¢_J.I',A. UF-JJ.I.LLLJqZ_.t(-_ULtle--,t_2UJ.IIUUXIII _ _.)_IUIIII_:_UI_ ai_ld l-%l_-lllOlllbO][ "-

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 Transmitter Control

Off-on control of the ground transmitter output centers around the
IF switch. The switch consists of an IF diode gate s 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 IF switch control circuit 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 IF 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 RF 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 5/[4040 TWT 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 RF 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 frce-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 elsewhere2 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,

VRANOE = 0, R < 0.1RMAx (1)

( R ) O.1RMAx <R <RMAx (2)= VaEF1ogl0 0.1R--MAX '

= VREF, RMAX < R, (3)
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where R is the actual slant range and RMAX 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-

for 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 ±0.5 db.

The major portion of this error can 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 a t  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 RF 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. Each 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 
IS* 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 FM, 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 FM with feedback (FMFB) 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 FM

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 FMFB 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 Receiver Description

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-kmc, 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 dipleser
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also accepts the high-power 6-kmc 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

1, me. i ne receiver oanuwlatn is widened to the necessary 25 mc 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 mc in a frequency converter. A crystal-derived carrier of 4095.59

mc serves as the local oscillator signal. A low-noise preamplifier and two

more IF amplifiers bring the signal power up to a level of +1 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.

Except for the case where the parametric amplifier is used, the over-all

transmission is limited by the combination of maser and maser equalizer.

For TV transmission this bandwidth is 25 mc 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 mc above or below the normal IF frequency of 74.13 mc,

depending on the transmitting frequencies chosen _n 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 IF amplifier can be connected either a stand-

ard (conventional) FM receiver or an FMFB receiver after suitable

frequency translation. The input frequency of the FMFB receiver is at

6123.13 mc 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 mc signal to the required 6123.13 mc.
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2.2.2The 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 Fig. 7. It includes an RF sweeper which can be swept

over 60 mc anywhere in the 3700- to 4200-mc range, a power meter for
4 kmc and 74 mc with an accuracy 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-kmc 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 -t-1 dbm IF point.

The AGC voltage of the IF amplifier is a function of the received

4-kmc 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. 1° The recorder

is calibrated before each pass with a 4170-mc 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 :t: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 "RF 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 "IF loop" (Fig. 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

IF-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 circuits with remote indication.

2.3 Circuits 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, n 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

RF amplifier. The single-tuned maser has a gain of 42 db and a half-

power bandwidth of 16 mc. At a bandwidth of 25 mc, 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 mc, 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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extremelylinearamplifierfollowedby a voltagedividercontaininga
thermistorwhoseresistanceis changedby thepowerin theamplified
signal.Asin this thermistorcircuit,themasergainreactsto achangein
levelveryslowly,witha timeconstantofabout0.1second.

The extremelylow instantaneousnonlinearitypredictedby maser
theorywasalsoconfirmedexperimentally.Forthispurpose,twostrong
signalsof equalpowerat frequenciesfl and f2 were applied within the

passband of the maser, and the third-order intermodulation products

2fl- f2 and 2f2- fl, falling again into the maser passband, were
measured. If both signals fl and f2 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 dipleier, it was necessary to determine

how much of the 6390-mc 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 mc 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 kmc, 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-mc local oscillator signal is low enough not to cause saturation
of the maser.

The over-all receiver bandwidth is widened to the required 25 mc at

the half-power points by inserting an equalizing filter at IF. 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, t_ecause of the high

tuning sensitivity of 2.4 mc 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 mc/°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 ..... "...... antenna is turned in azimuth,_xnctover, _vlame. vvhen _ne horn

the earth field will add or subtract from the maser field, and a slight

tilting of the transmission characteristic can be observed. (See Fig. 19
of Ref. 10.)

The operation of the maser requires a supply of liquid helium and

nitrogen. The handling of these cryogenic 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 me. 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 Fig. 8, which has the following

features: (i) 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, (ii) a wideband (100 kc) de amplifier stabilized by a

mechanical chopper is used, and (iii) 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 w_veguide 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 TM 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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Fig. 8 -- Circuit diagram of tlle maser pump.

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 mc 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-kmc transmission will
be affected. A band rejection filter can be built into the first parametric

amplifier, which raises the tolerable 6-kmc 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 anlplifier is due mainly

to the stable design of the 23-kmc 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 FMFB 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 FM receiver. The feedback circuit is capable of de-
modulating high-index FM signals with peak frequency deviations of

=t=10 mc. The circuit can be used for the reception of television, tele-
phone multiplex and other types of signals.

An integral part of any FMFB 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-kmc reflex klystron. This

made it necessary to enter the circuit at a frequency of 6123 mc, as in-
dicated in Fig. 7. No further circuit details will be given here ; the reader

is referred to a companion paper 13 for a detailed description of the
FMFB receiver.

2.4 Diplexer and Associated Waveguide Circuits

2.4.1 The 4 kmc - 6 kmc Diplexer

The waveguide circuit which allows the connection of the 6-kmc trans-

mitter and the 4-kmc 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 mc, it was designed to

handle a much wider band of frequencies. Several components are
capable of operating over the full 4-kmc and 6-kmc common carrier

bands, extending from 3700 to 4200 mc and from 5925 to 6425 mc, re-

spectively. Other parts are more narrow-band, but studies are in progress
to make the circuit work over the full 500 mc of the two common car-
rier bands.

Returning to Fig. 9, the 2-kw (63-dbm) signal from the 6-kmc 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-kmc 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-kmc signal into circular polarization for launch-
ing by the antenna.

The 4-kmc signal from the antenna, after going through the polarizer,

appears as a vertically polarized wave which is guided through the

v-,,*_,_,_,,,, coup,ev w_n ;_e loss into the rectangular waveguide
leading to the maser. The polarization coupler is of the same type as

used in Project Echo, but is designed to work over both the 4- and
6-kmc common carrier bands) 4

The diplexer was designed under the assumption that the 6-kmc

signal level seen at the 4-kmc 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-kmc common

carrier band, to suppress leakage from the TH system (6-kmc band).
The filter has more than 60 db of attenuation for the fundamental

mode, but negligible loss for the TE20 mode at 6 kmc. It also has an

insertion loss of less than 0.09 db over the 4-kmc band. Generators of

TE_0 modes are the polarization coupler and the directional coupler on
the maser side. Two mode suppressors were therefore inserted as shown

in Fig. 9, consisting of a short piece of narrow-width (1.79-inch) rec-

tangular guide and associated transitions. Each suppressor has little
loss at 4170 mc but more than 40 db of attenuation for the TE_0 mode

at 6390 inc. 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.

]_ecause it is necessary to transmit a right-hand circularly polarized

wave at 6 kmc and to receive a left-hand circular wave at 4 kmc, a

polarizer is inserted between the polarization coupler and the antenna.

The polarizer, suitable for operation at 4 and 6 kmc, is shown in Fig. 10

together with a plot of its performance in terms of axial ratio. For 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 Fig. 10 by

using an extremely low-loss dielectric plate. A phase difference close to

90 ° is maintained from 4000 to 6500 mc 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 mc.

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
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4170 mc, 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-kmc 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 IrE 12

and transmission I tE I: coefficients and their phase angles were then

calculated as a function of the angle of incidence q_. 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 mc,
respectively. According to Fig. 12, the power reflection coefficient of the

radome at 6390 mc, 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.

Only 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 fi_re 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 t_ and

tEN then tell how much differential loss and phase error is introduced by

the radome. For angles of incidence up to 20 ° for 4170 mc and up to 12°

for 6390 mc, no differential effects can be found. At 52 °, the highest
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Fig. 13- Reflection and transmission coefficients of the (lossless) radome at
4170 me.

possible angle for the Andover horn, the differential losses amount to

0.30 _nd 0.65 db and the phase errors to 6.50 and 9° for the 4170- and

6390-mc frequencies, respectively. Using Fig. I1, this results in _xial

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 froln the degrada-
tion of axial ratio by the radome.

2.4.3 Other Waveguide Circuits

Following the polarizer shown in Fig. 9, an autotrack coupler is

inserted into the line to the antenna. Its purpose is to extract, over
narrow-band coupling slots, the TEn and the TM01 modes which are

generated in the horn antenna by the 4080-mc beacon signal from the

satellite. The TM01 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-mc signal and does not

affect transmission of the 6-kmc signal. A complete description of this

coupler is contained in a companion paper. 1B

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 TEn mode and more than 30 db for the TM0_
mode over the frequency range of 3700 to 6500 inc. 16

The 1725-mc transmitting signal used in NASA's Project Relay is

coupled to the antenna in the conical section directly following the apex

taper. Two 1725-mc 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 mc has

the first maximum. This maximizes the coupling for the TEn mode

and keeps excitation of the TMol mode at a low level. The coupling slots

are backed by two-cavity bandpass filters, giving a maximally fiat trans-
mission with a 60-mc 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 kmc. Insertion loss at 1725 mc 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-mc signals. The noise

introduced into the system by the coupler at 4 kmc is dependent on the
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lossesin theiris locatedin theapextaper.By propermechanicaldesign
ofthis iris,it waspossibleto reducethisnoisecontributionto lessthan
I°K.

A rotatingjointislocatedat aconediameterof34inches.Thisrather
largediameterandagapwidthof0.1inchsimplifytheelectricaldesign
ofa jointwhichhastoworkat 6390,4170,and1725mc.A doublechoke
is usedandoptimizedat 4170inc.Measurementshaveindicatedthat
for gapwidthsupto 0.5inch,andwithabsorbingmaterialcoveringthe
outsideof the joint, the4-kmcnoisecontributionwasstill belowl°K.
A radiationshieldof theformshownin Fig.9wasputaroundtheout-
sideofthejoint inordertokeeptheradiatedenergyat 6390or1725mc
belowtheBellSystemsafetylimit for continuousexposureof 1milliwatt
percm2at all pointsoutsidethegap.

2.4.4The 4-kmc Waveguide Losses and Noise

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 coefficient
a amounts to

T = Ta(1 -- a) = TR(1 -- 10--All0),

where A = --10 log a, the insertion loss in decibels, and TR is the tens-

perature of the circuit in degrees Kelvin. With TR taken to be 290°K,

the formula leads to the helpful approximation T = 66.8 A, if A < 0.5

db. For each tenth of a decibel loss, the noise will therefore increase by

about 6.7°K. For 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 thc 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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TABLE II--Loss AND :NoisE OF THE WAVEGUIDE

CIRCUIT AT 4170 MC
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Waveguide Unit Loss Noise Temperature
(db) °Kelvin

Autotrack coupler
Polarizer

Polarization coupler
Mode suppressor I
Low-pass filter
Mode suppressor II
23-db directional coupler,

coupling loss
Flexible waveguide

including

0.010
0. 021
0.007
0.021
0.085
0.016
0.030

0.67
1.40
0.47

1.40
5.67
1.07

2.00

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 inc.

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 I°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 Fig. 14. The

noise energy coming from the sky, the radome, the antenna, and the

waveguide circuits is lumped into a single term kTINB. It is assumed
here that B is the receiver noise bandwidth of about 29 inc. 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:

NorF = kBgMgiF (T_N -4- cTR A- TM) -4- kBg_r (f -- 1)TR.
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NOISE LAMP

ANTENNA _ I CONVERTER

__ TIN TM

gM f t
DIRECTIONAL --"_ LOCALCOUPLER:C

\ OSCILLAT?R

a P RECISION
'/V ATTENUATOR _IF

_ NOISE
LAMP.

TL

v_

Fig. 14 -- Circuit essential for the measurement of tile noise temperature of
the receiving system.

The g's are power gains, TR is the room temperature, taken as 290°K,

c 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 = T,N -k cTR -F f --1 TR -Jr- T_,
gM

meaning thc rcceiving system noise temperature measured at the input

terminals of the maser, the noise power can be written as

NoFr = kBgMg,FTsYs.

With the noise lamp turned on, the noise power at the output of the

IF amplifier, after going through an attenuator with power loss coeffi-

cient y, is found to be

NoN = kB gMgxF [TsYs -[- ac( TL -- TR)]
Y

where TL 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 g_giF is high. In the course of a noise

measurement, the two noise powers No_F and NoN 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:

q_.... ac.... - (TL -- TR).
y--1

The maximum error of a noise measurement amounts to about ±0.35

db or ±8.5 per cent, with TL contributing 0.2 db; y - 1, which includes

short-term amplifier gain variations, 0.1 db; and the combination of a

and c, 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 Resul_ 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-

300

250
::3

200

o.

_z 1so

uJw

-- 100

o_ 90
:E_ 80
uJ(_ 70h-tu

_ 60
_2

_- 50
z

> 40

¢r 30

25
2 3

I 8, 1962 I I

MASER APRIL 23_ 1962

_x_ _, (10 PM,40°F_ CLEAR)

iQ,_ i

i

30 40 50 6'04 5 6 7 8 10 15 20

ELEVATION ANGLE IN DEGREES

Ill

'2t DB

h,l

i i

' 6'0 ,,Ioo

ZENITH
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ficientof thegroundandonthelossesof thesignalthroughtheradome
andthewaveguides.Knowingalltheseparameters,exceptthereflection
coefficientof theground,wefindfor thelattera valueof0.165at 4170
inc.Thesharpincreaseof thenoiseat thehorizonwasusedto plot the
radiohorizon,whichthenwascomparedwith the far opticalhorizon.
Thetwocoincidedwithinabout0.1° 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. Fig. 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 accunmlated near the top than on the sides. Even curves
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2 SEPT 5,1962

3 OCT 2S_ 1962
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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 °

elcvation. 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, m_._ ,., ..... :, l. ....... , ....... • , • ,l llg l&blo*2t Will k)gUOlIl_ (21g_l'gl" in. a nloii-LelTtt 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. 17The 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 III -- CONTRIBUTORS TO SYSTEM NOISE

Elevation

a0o I ,5" I 7.a°

4.8°K [ 9.2°I( 18.4°K

90 °

Dry atmosphere 2.4°K

Antenna sidelobes 1.0 /Waveguide circuits 14.2 19.2°KMaser 3"
Second stage 0:_J

Dry (wet) radomeabsorption 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 notcontributemorethanaboutI°K if theantennais pointedat
leastonedegreeabovethehorizon.

Theeffectof theradomeonsystemnoiseis two-fold.First, theab-
sorptionof4170-mcenergybytheradomematerialisameasureof the
noiseit spontaneouslyemitsat thesamefrequency;andsecond,the
innersurfaceof theradomewill reflect(scatter)groundnoiseinto the
antennaaperture.In ordertoinvestigatethefirsteffect,it wasnecessary
toknowthelosscharacteristicsoftheradome.Laboratorymeasurements
ondry andwetradomesamplesfirstgavevaluesfor thedielectriccon-
stantandthelosstangents.Calculationswerethenmadeto determine
the powerreflection]rE12and powertransmissionI tE 12 coefficients

and the absorption transmission coefficient a = I r_ [2 + I tE 12. The

absorption loss in decibels is A = -10 log a 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 Figs. 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.



TRANSMITTER AND RECEIVER 1103

e4

Z
uJ

f"= 4170 MC / 0.5osl
0.4

...... /;..

0.3 _E -_ 2 MM

/
q, = _.oo. II

0.2 TAN 15 = 0.0155 EN_/_

o., It

//
o I J I _ I

zE>, 21 0.3

w
uJ
m

6 14-- 5 0.2Itu
£3 uJ

£3

_z 7-- _z 0.1_

_3.5 <o.o:_- o_

o

u.(5

0.7

W

0.8 "_

0.9

hO

0.925

e4
m

0,950 --

+
N

4J

,,la_l __ o.975--
¢o

I I I I I I '1 _ 1. 000

20 30 40 50 60 70 80 90

ANGLE OF INCIDENCE, _, IN DEGREES

*',_. *, -- l_e,_vuuu, tr_l, lisnii_sion a, nd a, tIso['pblon' '" i_ranslnission eoe_icients 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 inc. 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 Noise

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 kmc 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-

tu_ut_tng an mtermrmg 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 mc 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

anterma pattern.

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