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ABSTRACT

The earth satellite command receiver has been developed at the
request of Project Vanguard. This receiver t u r n s on the satellite
instrumentation upon command from a ground-based Minitrack sta-
tion. The receiver is a VHF double-superheterodyne type utilizing a
small portion of the 108-Mc Minitrack transmitter power as the first
local oscillator. The basic design of the various components provides
for economical use of satellite battery power and at the same time a
reasonable degree of security against accidental interrogation from
unauthorized sources.

PROBLEM STATUS

This is an interim report on one phase of the problem; work is
continuing.
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NRL Problem A02-86
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THE VANGUARD SATELLITE COMMAND RECEIVER

INTRODUCTION

The "Command Receiver" has been developed by the Electronics Division of the
Naval Research Laboratory at the request of"Project Vanguard, for use in certain Van-
guard and other United States satellites. Upon interrogation by the proper signal from
a ground station, this receiver turns on the more power-consuming satellite instrumen-
tation and a telemetering transmitter for the transmission of scientific data back to the
ground station. The use of this system greatly extends the life of the satellite batteries
when the receiver power consumption is small in comparison to that of the telemetry
system and the instrumentation. Also, it provides a method of receiving, at a ground
station, scientific data stored in the satellite over portions of the orbit where no ground
stations are located.

Receivers are being supplied to the followng activities for use in Project Vanguard
satellites: the Naval Research Laboratory, the United States Army Signal Research and
Development Lahratory, and the University of Wisconsin. Also, receivers have been

supplied to the Jet Propulsion Laboratory for use in the Army Explorer stteliiteb ctriy-

ing the cosmic-ray experiment wr.ich was transferred from the Vanguard program to the

Explorer program. These units have given excellent operation throughout the satellite
battery life. Minor modifications have been made when necessary to cl~uple the units
efficiently into the various satellite systems.

The receiver has been designed and constructed to conform to the standard Vanguard
module (5-1 '4 inches in diameter) and to be readily adaptable to various types of instru-
mentation. Through the use of printed circuit techniques and reliable subminiature com-
ponents, the net receiver weight has been restricted to 5.2 ounces. The addition of 3
ounces of standard Vanguard plastic foam potting material increases the overall receiver
module weight to 8.2 ounces and provides good reliability under conditions of shock and
vibration.

Silicon transistors are used throughout the receiver in preference to germanium

ones because of the superior temperature characteristics of silicon. Project Vanguard's
specifications require proper operation over the temperature range from 00 to 0Co,

with a minimum sensitivity of 90 db below one milliwatt. The variation in sensitivity with
temperature for a typical receiver is shown in Fig. 1. The battery power required for
operation of the receiver under standby or uninterrogated conditions is 16 mIlliwatts, and
when the receiver is interrogated for short periods (0.6 seconds) the power consumed is
approximately 200 milliwatts. Therefore, since the receiver is interrogated for consid-
erably less than 1 percent of the time, the average power consumed is very nearly equal
to the standby power of 16 miiliwatts. Over the specification temperature range, the
power consumption varies approximately f20 percent about the nominal value. The basic
power supply for the majority of th, -.,tellites consists of mercury primary celi; which

provide about 3.2 watt-hours of ene S) per ounce of battery weight (neglecting coanocting.
hardware); thus, the operating life of the receiver is about 200 hours or 6.3 days per ounce
of battery weight.

The receiver's pre-detection bandwidth is determined by the modulation frequency,
the maximum expected doppler shift of the received signal, and the drift of the crystal-
controlled oscillators with temperature. The Doppler shift of the received signal (.,(
may be calculated from the relationship
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where f is the transmitted frequency, c is the velocity of propagation of radio waves, and
v is the relative velocity between transmitter and receiver. An assumed value uf 150 Mce
for f , and 5 miles per second for v,

Af 2 *4 kc.

The expected drift of the local oscillators is approximately t2 kc; therefore, a pre-
detection bandwidth of 20 kc which allows 8 kc for modulation, was chosen as an ade-
quate value.

GENEIRAL DESCRIPTION

The satellite command (Figs. 2 and 3) receiver is basically a double-superheterodyne
crystal-controlled receiver. Approximately 1 milliwatt of power is coupled from the
Minitrack 1OS-Mc oscillator for use as the first local oscillator in the receiver. The
resulting first intermediate frequency is fed to the second converter, where the second
intermediate frequency, 455 kc, is produced. After amplification, the motlation on the
second intermediate frequency is recovered by the detector, which is a class B biased
transistor. The audio signal from the i-f detector is filtered by a double-tuned circult
and then rectified to produce a dc signal. Two stages of current amplification are then
usd to actuate the output relay.

Circuits and coding techniques have been employed in the receiver to minimize the
possibility of accidental turn-on by noise bursts or other types of unauthorized radiation.
The proper modulation frequency must be used, and partial limiting of the secand I-f
bignal before detection further requires that the signal be modulated at least 25 percent;
also, an RC type integrator in the relay amplifiers requires that the signal be present in

vyhe actual freqiiency to classified to prevrnt unauthorited interrogattoi; whfuh would, of
cqure, wate I>attry power. However, 150 Mc is close enough (or the Doppler
computation.
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Fig. 2 - Receiver block diagram

the receiver passband for at least 0.1 second before relay closure will occur. More
sophisticated methods of coding were not used because the added security was not con-
sidered worth the resulting penalty in weight and power consumption.

The general construction and layout of the receiver before potting are shown in
Figs. 4, 5, and 6. The components were arranged to minimize the effects of electrical
feedback and of rotational unbalance about the spin axis of the module.

CIRCUIT ANALYSIS

Ir Mixer

The rf mixer is essentially a balanced mixer employing hybrid transformers on the
input and output circuits. A balanced mixer was used in preference to the standard
single-crystal type to prevent accidentai relay closure due to modulation on the local
oscillator signals. The Minitrack oscillators, from which the local oscillator signal is
obtained, are in some cases modulated and could possibly cause "ring-around* difficulties.
This modulation had the effect, in an unbalanced mixer, of varying the amplitude of the
received signal in such a manner as to reduce the overall receiver sensitivity; the bal-
anced mixer eliminAted this problem, since the local oscillator modulation was not of
sufficient magnitude to affect the conversion efficiency of the mixer crystals appreciably.

The hybrid transformer in this equipment is described in Appendix A. It is the elec-
trical counterpart of several well-known devices such as the lumped-constant hybrid junc-
tion, the coaxial hybrid ring (the "rat race*), and the magic-T waveguide junction. The
lumped-constant hybrid junction was rejected in favor of a hybrid transformer because the
transformer was smaller, lighter, less sensitive to the adjustment of parameters, not
sensitive to placement of nearby components, and more easily duplicated. A General
Ceramics type 303 toroidal core made of Ferramic Q-2 was used in construction of the
transformer which is 1/4 inch in diameter, 1/16 inch in height, and weighs only 1/4 gram.
Transformers were used on both the input and output portions of the mixer with an imped-
ance between the center tap of the output transformer and ground equal to the conjugate
of the impedance seen looking into the transformer center tap. This provided a circuit
that was not extremely sensitiv.- to unbalance of crystal impedances and other network
parameters.

The input networks were designed to match the mixer to the 50-ohm subminiature
coaxial cables that supply the receiver with rf and local oscillator signals. Since a com
mon antenna system is used for the Minitrack transmitter and the command receiver, a
bridged-T null network tuned to 108 Mc was placed in the rf network. This provided a
high degree of rejection of the Minitrack signal from the receiver and prevented any
appreciable loading of the Minitrack signal by the receiver. Traps were placed in the rf
network to obtain additional attenuation at the first intermediate frequency and the image
of the input mixer.
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Fig. 4 - Upper view of receiver Fig. 5 - Luw- vit wV of rk cc-;cr

bcfore potting before potting

Fig. 6 - Oblique view of receiver
before potting

Certain satellites require operation of the receiver with power supplies that are com-
mon with other equipment and negative with respect to the satellite ground; therefore, the
rf ground is separated from the dc ground or power supply return. at the input terminals
of the receiver through the use of capacitors. This also allows the receiver power supply
to be located across any portion of the overall satellite battery pack in order to optimize
relative current drains.

First I-F Converter

The first i-f converter is essentially a crystal-controlled oscillator that converts
the firs# intermediate frequency to the second intermediate frequency of 455 kc, at which

amplification and selectivity are more easily obtained. A type 3N34 silicon tetrode



6 NAVAl, HUA!CN gASOSAIOIY

transistor operated with coniservative values of curreot was selected for this application.
The use of supply voltages of 6.7 and 2.7 volts, and currents of 0.6 and 0.2 milliamperes
for the collector and base circuits rtspetively provided reliable operation; however, the
variation in individual transistor characteristics under this condition of oneration required
independent selection of emitter and base biasing resistors.

U

A special test network which simulated operating conditions was used to determine the
proper biasing resistors ad to check each converter transistor for proper operation over
the required temperature range. This reduced the number of component changes and
hence the amount of soldering necessary in the printed-circuit module.

frequency stability mas attained by using a series resonant crystal in the feedback path
between the collector network and the transistor base, Since the first i-f signal also feeds
the base, the crystal holder capacitance was shunted by an inductance to form a broadly
resonant parallel circuit; this prevented loss of signal to the collector network and assured
oscillation at the series resonant frequency of the crystal.

The second i-f signal is extracted by means of an i-f transformer in series with the
collector spply. This transformer provides an impedance of approximately ten kilohms
at 455 kc and a very low impedance at the frequency of oscillation.

Second I-F Amplifiers and Detector

The second i-f amplifiers consist of four type 903 silicon transistors operated in a
grounded-emitter circuit and using single-tuned interstage coupling networks tuned to 455
kc. Large variations in beta cutoff frequency between individual transistors required
preselection by a special test network. With a collector voltage of 4 volts and a collector
current of 0.25 milliamperes, units were selected for an average gain of 20 db per stage
for each receiver. Transistors which did not yield the desired gain at i-f frequencies
were used in other portions of the receiver where high-frequency gain is no problem.

The first three stages are provided with AOC through the transistor base return leads.
Since the emitters of these stages are returned throvih dplr!'- "-. the '-cell
tap (6.7 volts) of the power supply and the AGC voltage can be driven negative with respect
to the S-cell tap, highly effective AOC control is obtained. A germanium diode is used in
the AGC network to provide delayed AGC in weak-signal operation. The base biasing
resistors are adjusted individually in each receiver for collector currents of 0.25 milli-
amperes; this was found necessary because of the considerable variation in transistor
parameters and the desire to operate each stage in the most economical manner with
respect to power consumption.

The fourth i-f amplifier, which drives the detector, provides partial limiting of the
signal in addition to the desired gain. This prevents ;ignals with less than 25 percent
modulation from closing the output relay and reduces the possibility that noise or other
extraneous signals might operate the receiver.

The overall receiver bandwidth is determined by the five synchronously tuned i-f
transformers. When the bandwidth is small compared to the i-f frequency, the relative
response of single-tuned, synchronously-tuned stages is

2 ,-

fr _
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where

f0 - the center frequency,

A,, - the deviation from f0 ,

9, the circuit 0 , and

o - the number of tuned circuits.

The desired 6-db bandwidth (V 1/2) for the receiver is 20 kilocycles; therefore, by
substitutlng the values

v 1/2,

2f o  20 kc,

So Xi 455 kc, and

n = 5,

and solving for Q. , the proper value of the circuit Q for each tuned network is found to
be 12.9. By substituting this value of 9, into the equation, the theoretical response curve
of V versus A10 may be plotted as in Fig. 7 which also shows measured response data
from a typical receiver.

0
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-20

-30

-J -40

-O0 -- CALCULATEO CURVE
0 VALUES MEASURED ON

TYPICAL R(C I(t

-60 1 1 1 1 1 1
-60 -40 -20 0 20 40 60

DEVIATION FROM 455 KC, af* (KC)

Fig. 7 - Command receiver second
i-f pais oband

Transistor,,% are essentially power amplifying devices; therefore, interstage i-f trans-
formers are designed to match input and output impedances to provide optimum power gain.
Since practical transformers have finite values of 0, they represent additional circuit
loading and thus a loss in gain. The network loss of a single tuned i-f transformer may
be calculated from the expression:
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Transformer loss (db) = 20 log0  {O ,.

\Qi

where

Ot = the transformer Q, and

Q, = the circuit 9.

The i-f transformer coils used in this receiver have a Q of approximately 100; thus, since
Q. = 12.9, the above equation yields a circuit loss of 1.2 db per stage.

A collector type detector is used for detection of the second i-f signal. This method
has the advantage of providing a considerable power gain while consuming very little
battery power under standby conditions (when no interrogating signlal is present). The
detector is biased very near cutoff to give a collector current of 0,05 milliamperes. The
addition of a parallel RC network in series with the emitter reduced the gain in the AGC
loop; however, this helped reduce the tendency for the detector current to increase at
high temperatures.

Audio Filter and Relay Amplifiers

The audio filter is a double-tuned circuit using capacitive coupling. Taps are located
on the input and output inductances to provide proper impedance matching for the associ-
ated transistors. Tuning is accomplished by removing turns from each toroidal induct -
ance until the desired resonance is obtained fQr each tank circuit. The value of the two
resistors, which are closely associated with the filter, are such as to have negligible
effect on its operation; however, they have a practical use in reducing the effects of feed-
back to the input portions of the receiver.

A germanium diode and a type 903 transistor form a peak-to-peak type detection
circuit for rectifying the audio interrogation signal. The output network of this detector
is an RC integrator which provides a 0.1-second delay before relay closure. Two dc cur-
rent amplifiers following the integrating circuit provide sufficient current to actuate the
output relay. The relay is a type NMICS0 manufactured by the 1lgtn National Watch
Company. This device has single-pole double-throw contacts and weighs only 0.09 ounce.

The detector and relay amplifier stages are biased below cutoff by the voltage applied
to the diode in the detector circuit. This voltage is adjusted for zero current drain in the
presence of receiver noise, thus contributing to low power consumption.
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Appendix A
MINIATUR KYBRID TRANSFORUR DBSIGW

The hybrid transformers are constructed on a ferrite toroidal core. By carefut
placement of the windings, the coefficient of coupling is made very nearly unity; therefore,
impedAnces transform as the square of the turns ratio. The core material is selected
for the highest possible permeability without excessive loss at the design frequency.

The basic schematic representation of the hybrid transformer is shown in Fig. Al.
When identical loading impedances are connected to terminals 3 and 4, a signal in ter-
minal I provides equal in-phase signals to the two impedances with sero signal to ter-
minal 2, and a signal to terminal 2 provides equal push-pull signals to the two Impedances
with zero signal to terminal 1; conversely, in-phase signals at terminals 3 and 4 provide
an output at terminal 1, and push-pull signals at terminals 3 and 4 provide an output at
terminal 2.

The equivalent circuit as viewed by terminal 1 is shown in Fig. A2, where Z is the
impedance loading terminals 3 and 4. The parameters L, and it, are determined for
a particular transformer by shorting terminals 3 and 4 to ground and mearing the
ifmpedance between terminal I and ground. Transformer losses may be k" very small
by designing , 0' real pert of z/2; also, L, should be kept small when large band-
widths are desirable. Further impedance matching and tuining were accomplished by
using conventional circuit techniques.

I I

o02

to "

__j
4

Fig. Al - Hybrid transformer Fig. AZ - Hybrid transformer
schematic terminal I equivalent circuit

The equivalent circuit as viewed by terminal 2 is shown in fig. A3. The parameters
L2, and 12 are determined for a particular transformer by shorting terminals 3and4,
measuring the impedance between terminal 2 and ground, and subtracting the short-circuit
impedance from the opep-circuit impedance. Transformer loss may be minimized by
designing

R20 C real part of (n2 2Z)
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Lee ,Le, allll

rig. A3 - Hybrid transformer
terminal Z equivalent circuit

I
R2 r

whtre n is the turns ratio.

For large-bandwlcth operation and ease of circuit design, it in desirable to have

L2 . << L 2 ,. Thesq. inductances may be expressed an

- (1 - k 2 )L

and

L2  k3L

where L Is the total inductance of the winding and k is the coefficient of coupling; there-
fore, it is desirable to"have k as near unity as possible. In designing this transformer,
it was helpful to keep in mind that. the leakage inductance L2  is a function of the geom-
etry of the windings and is affected very little by the core ma&terial.

I
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