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PHASE-COHERENT DUAL-FREQUENCY LINK FOR HIGH-
PRECISION DOPPLER TRACKING ON THE

APOLLO-SOYUZ MISSION1

A.C. BERG, J.J. STIFFLER AND D.G. YOUNG
Equipment Division

Raytheon Co.

Summary.   During the Apollo-Soyuz Test Project, a phase-coherent dual-frequency VHF
link was scheduled to be established between the Docking Module and the Apollo
Command Service Module. The purpose of the radio link was to enable measurements of
the relative Doppler between the two modules to an accuracy of the order of one
milliHertz. These measurements will be used to detect mass concentrations in the earth’s
crust of the order of 10 milligal and greater. The transmitter has a high stability master
oscillator common to both channels. The receiver has a local oscillator with identical
stability characteristics; its two channels employ phase-lock loops. The receiver is
followed by a Doppler processor and tape recorder to extract and encode the desired
gravity field information. This paper describes the instrumentation system concept and its
implementation. It also contains an error budget for the deterioration of the Doppler
accuracy due to various instrumental and propagation effects.

Introduction.   The first joint USA-USSR space venture, the Apollo Soyuz Test Project,
was scheduled to take place during the summer of 1975. One of the experiments to be
performed in conjunction with this project, the Doppler Tracking Experiment, had as its
purpose the measurement of anomalies in the earth’s gravitation field at horizontal
wavelengths ranging from 100 to 1000 kilometers.

The Doppler Tracking Experiment was scheduled to begin after the Apollo and Soyuz
were separated and the Apollo had jettisoned the Docking Module that provided the link
between them. The Apollo Command Service Module (CSM) and the Docking Module
(DM) were to remain in coplanar orbits 221 km above the earth’s surface for
approximately 24 hours with the distance between them gradually increasing to 1000 km.
The experiment was to be conducted during this period by measuring the relative velocity
between the two modules. A mass concentration (mascon) or density discontinuity in the
earth’s crust first accelerates an approaching spacecraft and then decelerates it after the
vehicle has passed by (if the mascon is less dense than its surroundings, the initial



acceleration will, of course, be negative). Since the DM precedes the CSM in orbit, it
experiences this perturbation before the CSM does. As a consequence, the velocity
between them first increases (for higher density mascons), then decreases as the DM
passes over the mascon, and then once again increases back to its original value as the
CSM leaves the mascon behind. The resulting S-shaped “signature” obtained after data
analysis will be of considerable help in understanding the distribution of mass in the
earth’s crust.

The change in velocity between the two modules may be measured by transmitting a highly
stable radio-frequency signal from the DM and observing the frequency of the signal
received at the CSM. Actually, two frequencies are transmitted, one at 324 MHz and the
other at 162 MHz. This is done so that the relative shift between the two frequencies can
be used to estimate, and hence compensate for, frequency perturbations due to the
ionosphere, an effect which would otherwise seriously limit the sensitivity of the
experiment. Since it is desired to resolve relative accelerations as small as 10 milligals
during any one 10-second observation period, the difference in frequency between the
transmitted 324 MHz signal and that received at the CSM must be established within a few
milliHertz. The measurement of the frequency shift between the two received signals must
be correspondingly accurate in order to estimate ionospheric effects with sufficient
precision. The following sections describe the instrumentation developed to provide this
accuracy.

System Description.   The transmitter, located on the DM, consists of a highly stable
crystal oscillator, frequency multipliers, amplifiers, and a diplexer to combine the two
frequencies for transmission from a single antenna. The CSM receiver has an identical
oscillator which provides the reference needed to establish the Doppler shifts in the two
signals received via a single antenna. The two transmitted frequencies are each tracked by
a phase-locked loop, heterodyned down to a 1 kHz center frequency, and sent to a
Doppler processor unit. All local frequencies used in the heterodyning process are derived
from the crystal oscillator in order to maintain the desired accuracy. The basic functions of
the Doppler processor unit are to locate in each of the two 1 kHz signals two positive-
going zero-crossings separated by approximately 10 seconds, to determine to the nearest
microsecond the time at which these zero crossings occur, and to count the number of
other positive-going zero-crossings separating the two thus identified. New measurements
are made over each consecutive 10-second interval, coded and stored in a buffer memory.
After 73 such measurements have been made, the resulting “frame” is recorded on two
tape recorders for later processing.

Implementation.   The transmitter includes an oscillator, frequency multiplier, and
battery, all mounted on a base plate as shown in Figure 1. During the oscillator warmup
mode, the transmitter is powered from spacecraft power; during the operational phase it is



powered from the silver zinc battery. The transmitter oscillator is mounted in a cylindrical
enclosure. Its frequency is nominally 5.06 MHz. Its stability of 1.5 pp 1012 over both 10
and 100 second intervals is accomplished through many design techniques, including
making the crystal oscillator nearly insensitive to changes in its environment. Here,
“environment” includes the following: pressure, temperature, orientation, supply voltage,
and output load. A single multiplier chain multiplies, amplifies, and filters the oscillator
output, and drives a power divider. One of the power divider outputs drives the 162 MHz
input of a diplexer. The other power divider output is frequency-doubled and used to feed
the other diplexer input. The diplexer provides input isolation and filtering. At least
100 mw of output power is delivered to the dual frequency antenna at each of the two
frequencies.

The receiver provides the processor with a TTL-compatible Doppler output for each input
frequency. These outputs retain the frequency and phase variations of the 162 and 324
MHz inputs through the use of second order phase-locked loops. The receiver outputs are,
in effect, bandpass filtered and constant-amplitude replicas of the input signals, translated
from 162 MHz and 324 MHz to 1 kHz. The 1 kHz center frequencies at the Doppler
processor inputs were chosen as a compromise between the desire for high accuracy(and
hence a low frequency) and the need to avoid the ambiguity that might result were the
Doppler to shift this frequency negatively by more than 1 kHz. Since the maximum
anticipated Doppler shift is of the order of 350 Hz, this choice of center frequency left an
adequate margin without significantly degrading the attainable -measurement accuracies.



A simplified block diagram of the receiver is shown in Figure 2. An important feature of
the design is that each phase-locked loop contains internally all narrowband and automatic
gain controlled stages which could otherwise produce receiver-induced phase variations.

TO/FROM DOPPLER PROCESSOR

FIGURE 2. -RECEIVER BLOCK DIAGRAM (SIMPLIFIED)

The receiver is powered from an internal supply. Its dc-to-dc converter, regulators, and
filter circuitry supply all the receiver (and tape recorder) operating voltages. Less than 50
watts is drawn from spacecraft power.

An oscillator identical to the one used in the transmitter (except for frequency) provides
the reference frequency input to the synthesizer and the timing reference for the Doppler
processor. The synthesizer provides all local oscillator injections and phase detector
references. The synthesizer’s output frequencies are all phase coherent with the 5.0 MHz
reference. They are derived through frequency multiplication and division; bandpass filters
are used where required to obtain outputs of sufficient spectral purity.
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The preamplifier and mixer provide a front end with a noise figure of less than 8 dB and
over 60 dB of first i-f image rejection. A diplexer at the input, like the one in the
transmitter, splits the single input from the dual frequency antenna into two channels.

For each channel, at least 60 dB of second i-f image rejection is achieved by means of a
crystal filter at the i-f phase detector module input. The first i-f includes two automatic
gain-controlled stages. The second i-f consists of four active filters with amplitude limiting
at each stage. This i-f is followed by sine and cosine phase detectors and filters. The sine
phase detector is used to develop the loop filter voltage that is fed to the voltage-controlled
oscillator (VCO). The cosine phase detector provides both the agc voltage for the first i-f
and a lock/out-of-lock signal to the Doppler processor.

The processor responds to an out-of-lock signal by supplying the phase detector module
with two signals. One of these changes the phaselocked loop bandwidth from 5 Hz to
100 Hz. The other injects a sweeping voltage into the loop, which in turn sweeps the VCO
frequency over ±5 kHz at 324 MHz or ±2.5 kHz at 162 MHz. The differences between
these sweeps and the expected Doppler shifts allow for changes in the VCOs’ control
voltage to frequency transfer characteristics. When lock is acquired, the signal voltages
change state, the sweeping voltage is removed, and the loop bandwidth is restored to 5 Hz.

The VCO module output which is fed to the first mixer is derived by multiplying and
filtering the output of a voltage-controlled crystal oscillator, whose nominal frequency is
22.5 MHz. This oscillator requires much of the same design care as is applied to the
5 MHz oscillator, in order not to add excessive phase jitter to the 1 kHz output which is
fed to the processor. The latter output is derived by mixing the multiplied VCO output with
a reference frequency from the synthesizer.

The transmit and receive antennas are both dual frequency units. The transmit antenna is a
vertical monopole which acts as a quarterwave antenna on both 162 MHz and 324 MHz.
At 324 MHz, an inductor near the midpoint of the antenna isolates the top section from the
bottom while at 162 MHz, the inductor acts as a small loading coil. The receive antenna is
a strip line conformal type, covering 42" x 42" of the CSM exterior. The receive antenna
uses tuned stubs to couple portions of the antenna together at 162 MHz and to isolate the
sections at 324 MHz.

Table 1 shows a link analysis for the system, taking into account the pertinent parameters
of the equipment described above.



TABLE 1
LINK ANALYSIS

Transmitter power -10.0 dBW

Total antenna gain (average) +1.0 dB

Antenna polarization losses,* -3.0 dB

Total feedline loss -2.5 dB

Path losses (350 km separation):
324 MHz
162 MHz

-134. 5 dB
-128. 5 dB

Equivalent noise at receiver input (tracking filter bandwidth  = 5 Hz,
noise figure  = dB)

-189.0 dBW

Signal-to-noise ratios
324 MHz
162 MHz

40.0 dB
46.0 dB

*These losses are due to the fact that the transmit antenna is linearly polarized and the
receive circularly polarized.

The primary function of the Doppler processor is to process the receive Doppler frequency
information and record this processed data using two tape recorders contained in the CSM.
The Doppler processor extracts the desired information by counting the number of
positive-going zero-crossings observed in these signals over precisely measured time
intervals (see Figure 3 below).

Figure 3.  Doppler Processor Averaging Interval

A ten-second counter identifies the time instants to, t2, = to + 9.996 s, to' = to + 10 s, t '2 = 2t +
10 s, etc. The points t1 and t3 are determined by the first positive-going zero-crossing
occurring after times to and t2 respectively. (Note that while to and t2 are common to both 
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channels, there are two t1’s and two t 3’s, one of each associated with each of the two
channels.) For each channel, an associated vernier up/down counter is enable at time t and
counts the number of 1-microsecond clock pulses observed before it is disabled at time t1. 
It is again enabled at at time t2, this time in the down-count mode, and down counts the
number of clock pulses in the interval (t2, t3). At the same time, the zero crossing counters
count the number of positive-going zero-crossings in the interval (to, t2) for each channel.
These time counts and zero crossing counts constitute the raw data associated with the
observation interval in question. The counters are reset and the whole process begins anew
at time to'.

The average frequency f̂ observed during a processor cycle can be determined from these
tape-recorded data by dividing the number Z of zero-crossings by the observation time
(i.e:, f̂ = Z/(9.996 -ªt), with ªt being the contents of the verier counter). The zero-crossing
counters and vernier counters are 15 and 13 bits wide, respectively. This assures the
unambiguous measurement of any Doppler frequency shift not exceeding ±750 Hz.

The following secondary functions are also performed by the Doppler processor:

• monitor lock/out-of-lock signals from the receiver to initiate a lock aquisition sequence
and process out-of-lock data into a unique format which can be detected during
subsequent data reduction.



• supply high-channel phase lock status information to telemetry and to astronauts via a
panel meter.

• supply frame number to telemetry.
• perform analog to digital conversion of the pitch, roll, and yaw gyro inputs to provide

information on the CSM maneuvers.
• generate seven parity bits to protect against substitution and synchronization errors.

The high channel phase lock status information allows spacecraft maneuvers to be ordered
in order to regain high channel lock,if required. If the high frequency channel is locked, the
low frequency channel has a high probability of being locked because of its higher signal-
to-noise ratio. The telemetered frame number allows the tape recorded data to be
correlated with the position of the CSM/DM pair relative to the earth. Similarly, the
pitch,roll and yaw information enables the effect of CSM maneuvers on the Doppler shift
to be compensated for in data reduction.

A random access memory, shift registers, a frame counter, and microprogrammed
controller are used to format the following information every 10 seconds: number of zero
crossings for low frequency and high frequency channels, ªt values for low and high
channels, pitch, roll, and yaw values, and parity. This information constitutes a data word;
after 73 words are stored as a frame, the frame number is appended, and the data is serially
transferred to the tape recorders at a 972 Hz bit rate through a biphase encoder.
Approximately 5.2 seconds of recording is required per frame.

Receiver Mechanical Design.   The receiver is mounted on cold rails in the CSM. Its
envelope dimensions are 8.32H x 12.75L x 10.00W and it weighs less than sixteen lbs.
The receiver is packaged in two housings as shown in Figure 3. The upper housing
contains the VCOs and phase detectors. The lower housing contains the power supply,
preamplifier, mixer, frequency synthesizer and Doppler processor. Attached to the lower
housing is the crystal oscillator.

The use of two housings allows convenient access to the printed wiring assemblies for
troubleshooting or repair. Each housing serves three ways: a basic structure and thermal
path for the circuit assembly, a chassis for mounting circuit boards and parts, and shielding
for protection against electromagnetic interference. Each housing is precision machined
from solid stock to achieve the close tolerances required for rf shielding, mating fit, and
structural integrity. In addition, a soft aluminum gasket is used to insure rf joint integrity.
Material for the housing is 6061-T6 aluminum alloy. This allows for relatively high stress
levels, good thermal conduction, and flexibility in fabrication. Interconnection between the
circuit boards within a housing is accomplished by hard wiring and interconnection
between housings is by means of external connectors and cabling.



The rf portion of the receiver is packaged on two-sided printed wiring boards. Each board
is mounted to the housing at its perimeter and center. This assures good thermal paths as
well as proper support during launchboost and pyro shock so that large displacements are
eliminated. The entire Doppler processor is implemented on two multilayer printed circuit
boards mounted back-to-back on a metal plate. One multilayer board contains 5 layers and
the other 4 layers. Approximately 170 integrated circuits are contained on the two boards.

Error Budget.   The accuracy with which the two frequencies can be determined at the
receiver is limited by two major factors: instrumentation errors and errors due to multipath
propagation. This section deals with the magnitudes of these errors. Table 2 lists the
estimated rms values of the various errors resulting from limitations in the Doppler
Tracking Experiment instrumentation as well as propagation.

TABLE2
ERROR SUMMARY

RMS ERROR AT 1000 Hz
SOURCE MEASUREMENT FREQUENCY

(a)  Equipment Phase Stability Error Negligible
(b)  Frequency Measurement Error 0. 04 mHz
(c)  Oscillator Instabilities 0. 69 mHz
(d)  Phase-Locked Loop Error 0. 45 mHz
(e)  Total Doppler Measurement Error 0. 84 mHz
(f)  Total Differential Doppler Error 0. 66 mHz
(g)  Multipath Propagation Errors 2.7 mHz

The factors which determine the errors are described.below. The equipment phase stability
errors (a) are caused by variations in signal amplitude and temperature. Based on
measurements of typical solid state amplifiers and the expected rate of temperature change,
these errors are expected to be negligible (less than 0.001 mHz). Frequency Measurement
error (b) is based on inaccuracies in the Doppler processor unit in estimating the average
frequency over a nominal 10 second interval. While the number of positive going zero-
crossings is an integer, the intervals t1 -to and t3 -t2 (see fig. 3) are each determined to
within 1 microsecond. Oscillator instability error (c) is based on the use of receiver and
transmitter oscillators having frequency stabilities of 1.5 pp 1012 over a 10-second interval.
The phase locked loop error (d) is based on loop bandwidths of 5 Hz and signal-to-noise
ratios of 40 dB at 324 MHz and 46 dB at 162 MHz, as well as an allowance for VCO
instabilities of a factor of two in the tracking error variances. It turns out that since the
lower frequency is in effect doubled in the receiver before Doppler processing, its phase
variance is quadrupled, compensating for the 6 dB difference in signal-to-noise ratios. The



phase locked loop error is the same for either 324 or 162 MHz. The total Doppler
measurement error (e) is determined by e = (b2 + c2 + d2 1/2 . Total differential Doppler (f)
is determined by f = (b2 + d2 1//2) (2)1/2 . This error is not affected by the oscillator
instabilities since the receiver and transmitter oscillators are common to both channels.

The expected multipath propagation errors (g) are based on loop signal-to-noise ratios in
the order of 40 dB and a ratio of 15 dB between the signal levels of the direct and reflected
paths. 10 dB is due to the difference in antenna gain experienced by the direct and
reflected paths, and the remaining 5 dB accounts for the ground reflection losses and the
increased path length.

Conclusions.   The preceding sections have described the instrumentation to be used
during the Apollo-Soyuz mission to measure anomalies of the order of 10 milligals and
larger in the earth’s gravitational field. The technique for measuring these anomalies
depends on the ability to determine precisely the frequencies of each of the two signals
received over the dual-frequency link between the Docking Module and the Command
Service Module. Theoretical analyses were made of the various potential sources of error
in these frequency estimations. It was concluded that the major sources of error are, in
order of severity, multipath propagation, oscillator instabilities, and phase-locked loop
tracking errors, with the first of these by far the most significant.




