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1 This paper presents the results of one phase of research carried out at the Jet Propulsion
Laboratory under Contract No. NAS 7-100, sponsored by the National Aeronautics and Space
Administration.
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Summary    This presentation deals with a multi-mission deep-space telemetry system,
its rationale, analysis, development into hardware, and its subsequent planned
application to an actual spacecraft mission whose preparation is now in progress.

The spacecraft system encodes raw binary data into a comma-free, bi-orthogonal code
which antipodally modulates a square-wave subcarrier, which in turn phase-modulates
the downlink carrier. There is no separate signal for subcarrier, word, or symbol sync; all
transmitted sideband power is thus available for data transmission.

I.  INTRODUCTION    The JPL high-rate telemetry (HRT) system was developed as an
advanced engineering project having three main objectives: (1) to meet the requirements
of the Mariner Mars 1969 project by designing, building, verifying, integrating, and
operating equipment in order to receive data from the Mariner spacecraft at a rate of
16,200 bit/s, (2) to develop a prototype high-rate ground telemetry equipment for the
Deep Space Net having multiple-mission capability, and (3) to advance the technology of
deep space communications. The first objective includes flight/ground-system
verification testing both on the spacecraft compatibility-test level and at the launch site.
The second objective includes the establishment of ranges for the various parameters that
may be encountered in future missions, e.g., data rates and subcarrier frequencies, and
the design of equipment to handle these ranges. The third objective includes working out
all the techniques for system analysis and verification testing required to support the first
two objectives.

The first part of the objective meant a 33 dB increase in capability over previous deep-
space systems; most of this increase was met with the more straightforward state-of-the-



art advances in antenna size, system temperature, and transmitter power. The remaining
few dB were achieved by improved signal-handling techniques.

Briefly, the spacecraft part of the system encodes raw binary data into a comma-free, bi-
orthogonal code which then antipodally modulates a square-wave subcarrier, which in
turn phase-modulates the downlink carrier. There is no separate signal for subcarrier,
word, or symbol sync; all transmitted sideband power is thus available for data
transmission.

One major achievement of the project, and one ancillary to the telemetry function it was
to provide, was its ability to design and build a system and to verify its performance
within a very few tenths of a dB of the theoretical model. The further outgrowth of this
achievement is that hopefully, in the future, a design engineer need not be concerned so
much with assigning experimental losses to components, but instead, with considerations
of theoretic component efficiency.

A.  Requirements and History    One major objective of the Mariner ’69, two-spacecraft
mission is to obtain television pictures of Mars. These were to be stored onboard at high
speed on an analog tape recorder, played back at a lower speed through an analog-to-
digital converter, and re-recorded on a digital tape recorder. A playback of the digitized
tape at a still lower speed will then produce a data stream at a rate which can be
transmitted to earth over a more conventional telemetry channel (270 bits/sec). It was
recognized that the use of two tape recorders in tandem reflected a potentially unreliable
situation, and a question was raised as to the feasibility of a special channel to transmit
the data at the playback rate of the analog tape recorder to avoid one of the tape
recorders, at least. Specifically, at 16,200 bits/s, the analog tape recorder in the
spacecraft could play back all of the recorded data in slightly less than 3 hours.

A study showed that such a high-rate channel could be implemented using the Goldstone
210-ft-diameter antenna if certain operational constraints were accepted. As part of the
system feasibility study, it was necessary to look into a number of factors. Starting with
the design control table that had already been developed for the Mariner ’69
telecommunications system, it was determined which factors could be changed to
increase the capability by the requisite amount.

B.  Communications Parameters:    The results are summarized in Table I, a simplified
version of the design control table for the 16,200-bit/s channel, with the 8 1/3-bit/s
channel from Mariner IV included to extend the comparison. The quantities in Table I
are related by the standard communication equation

S = PTM GTLSGRLR



in which PT is the power produced by the transmitter; M is the modulation loss, i.e. the
factor which relates the power in the sidebands to the total power; GT is the transmitting
antenna gain over an isotropic one, and includes both circuit and pointing losses as well
as antenna gain; LS is the space loss, 82/(4B)2r2 in which 8 is the wavelength and r is the
range; GR is the receiving antenna gain; LR is the receiver loss; and S is the received
sideband power.

The received sideband power multiplied by the duration of a bit TB gives the received
signal energy per bit; the receiver system effective noise temperature multiplied by
Boltzmann’s constant gives the receiver noise spectral density; together these specify the
appropriate figure of merit for a digital communication system, STB/NO. Dividing the
achieved figure of merit by that required for a specified performance gives the margin.
The column labeled ) shows the change from one system to the next, considered positive
if it favors the second system.

The increase in capability from 8 1/3 bits/s on the Mariner IV to 16,200 bits/s for the
high-rate channel on the Mariner ’69 is due to many factors:  First, the transmitter power
has been approximately doubled since the Mariner IV. This factor, of course, results in a
doubling of the capability. Next, the modulation index was changed to increase the
sideband power from -5.3 to -1.80 dB relative to the total power, a feat made possible for
two reasons:  First, the Mariner ’69 telemetry system does not use a separate
synchronizing channel; thus, the power which was so devoted in the earlier system is
available for data transmission. The second reason has to do with the amount of carrier
power required to produce synchronous demodulation: the high data-rate-to-carrier-loop-
bandwidth ratio makes it feasible to assign much less relative power to the carrier
component of the down link signal.

The design control table does not show a significant change in the spacecraft antenna
gain even though a larger antenna is used for the ’69 mission; the potentially increased
gain was traded for some other considerations, such as using a single pointing angle for
the antennas on both spacecraft, even though they arrive at Mars on different days. The
range at encounter will be about half what it was for Mariner IV. This increases the
communications capability by 6.84 dB; it is not a change in the communications
technology per se.

The 8.5 dB increase in ground antenna gain is slightly more than a mere area increase
because of improved tolerances. In the detailed design control table each parameter is
assigned a nominal value, along with A favorable and an unfavorable tolerance. The
system design is constrained to provide adequate performance with all of the parameters
having their full unfavorable tolerances. This is the usual and accepted philosophy in all
engineering work: design proceeds with all elements derated by an appropriate factor.



Because there is only one 210' antenna, closely and continually maintained, it has a
lower unfavorable tolerance than the worst-of-a-network value that must be used in
dealing with a set of antennas located around the world.

There are other reasons why the tolerance in this particular case is less. When an antenna
is moved from pointing at the zenith to pointing at the horizon, there is sag due to
gravity, and the gain changes. But in the case of the high-rate channel, the total time
required to play back the data from the analog recorder in the spacecraft is less than 3 h,
and can be selected to take place when the 210' antenna angle is above 25 deg.

The effect of these several factors gives the 210' antenna the higher usable gain alluded
to above. The cost of this gain is a set of restrictions on its operation. But since the
playback time is short and selectable, the restrictions are deemed acceptable.

The system temperature is also significantly improved, due to two factors: First, because
the 210' antenna will not be required to transmit during the short time it is receiving the
high-rate data, a listen-only feed system of advanced design can be used. And second,
since the minimum elevation angle is 25 deg, the antenna need.not look obliquely
through the atmosphere.

The table entry labeled “receiver loss” includes many factors; one is the degraded
synchronous demodulation effected by carrier-loop jitter, i.e., by detection-reference
noise. For example, the Mariner IV was constrained to a relatively low signal-to-noise
ratio in the carrier-tracking loop, and even though the power allocation was optimized,
the effect was equivalent to a loss of more than 2 dB. In the Mariner ’69 high-rate
channel, however, even though the power allocation is reoptimized with proportionately
less power in the carrier, the carrier has more absolute power, and the effect of data
degradation caused by noise in the carrier loop is only about 0.1 dB in equivalent signal
power. A second factor is the signal-to-noise ratio in the bandwidth of the subcarrier
tracking loop. Again, in the case of the Mariner IV, this loop was constrained to have a
rather poor signal-to-noise ratio. In addition, although a squarewave subcarrier was used,
the demodulation process was able to recover only the power carried in the fundamental.
The total equivalent loss was more than 1 dB. In the Mariner ’69 system, a different
method of tracking the subcarrier is used utilizing the entire sideband power, with its
inherently higher signal-to-noise ratio. Further, the demodulation technique recovers all
harmonic power in the data, up through the fifth overtone. The combined result is a much
smaller equivalent signal loss. Finally, there are small losses associated with symbol
tracking, data detection, and circuitry imperfections. In summary, the higher ratio of data
rate to carrier-loop bandwidth permits a reduction in effective loss due to a noisy carrier
reference, and improved methods of subcarrier and symbol tracking and of data detection
permit the recovery of a greater portion of the sideband power.



The final factor to be considered is the STB/NO required to transmit data with an error
rate not exceeding 5 X 10-3. If bit-by-bit detection were used as in previous Mariners-,
the required STB/NO would be 5.20 dB after all losses (or equivalent losses) are
considered. However, if the data is encoded 6 bits at a time into a biorthogonal code, the
required STB/NO is reduced to only 3.0 dB for a word-error rate of 10-2 (equivalent to a
bit-error rate of 5 X 10-3). Thus, with all other factors equal, block coding reduces the
required signal level by 2.2 dB.

The margin shown in the table represents performance at encounter, and must be
sufficiently large to maintain a positive margin over the entire playback period. But since
the high-rate channel recovers the data in less than 3 hours, only a small margin is
needed even if it is necessary to play the data back on several successive days.

The numbers in Table I have been subjected to continuous refinement; hence the values
given, although typical, must be considered as only illustrative of the type of
performance which can be expected. The total situation is somewhat more complex than
that indicated because there is also a low data-rate channel, on a separate subcarrier,
present whenever the high-rate channel is being used. The presence of this second
channel reduces the performance margin slightly. Although its effect is only incidentally
referred to here, the detail design, of course, does consider it. The conclusions which
have been drawn, however, remain unchanged.

II.  SYSTEM FUNCTIONAL DESIGN    The HRT system embodies various
techniques and theories which have been developed over many years at JPL, and was
instituted as a direct result of the considerations noted above. It is a modification of the
basic digital telemetry system that was used on both Mariners IV and V. It differs,
however, in that the data is block coded, there is no sync channel, and the detection
process is more efficient.

A.  Functional Design    A diagram showing the functional organization of the system is
shown in Fig. 1. Data is block-encoded 6 bits at a time into words of 32 binary symbols,
which then biphase-modulate a squarewave subcarrier. The modulated subcarrier, in
turn, phase-modulates the downlink carrier for transmission. On the ground, the DSIF
receiver tracks the carrier and provides a reference for synchronously demodulating the
carrier. The subcarrier loop tracks the subcarrier and provides a reference for
synchronously demodulating the subcarrier. The symbol loop tracks the symbol
transitions and provides timing to the cross-correlation detector. The output of the
detector is the recovered bit stream, which is then recorded for the data user. In the actual
hardware, the functions are slightly rearranged, and in some cases combined to simplify
the equipment, but the functions performed are the same.



B.  Signal Structure and its Rationale    The first restriction on the waveform is one
placed on the system not by the telemetry function, but by a flight project requirement
for coherent 2-way doppler extraction. So as not to degrade data quality and so as not to
hamper carrier acquisition, information is modulated unto subcarriers to move them well
outside the receiver tracking bandwidth. The choice of biphase modulation of
squarewave subcarriers is due to the fact that there is potentially very little loss in the
modulation sidebands either as unrecoverable harmonics or as cross-modulation
products. The unrecovered power (i.e. power not recoverable by simple matched
filtering) is Ploss = P1P2 /Pcarr where P1 and P2 are the respective powers given to each of
the squarewave subchannels. The ratio Ploss /Ptotal is relatively minor when one of the
channels is given a low modulation index. As a further advantage of binary modulation,
the spectral density does not change in form as a function of modulation index.

In the Mariner ’69 as the case in point, there are three separate channels, but no more
than two are ever actuated at any one time. During the cruise phase of the mission, only
engineering data is transmitted, ata rate selectable as either 33 1/3 or 8 1/3 bits/sec. Then
at such time as science data is to be sent, e.g. at encounter, or as a subsequent playback,
the normal science channel can be activated, at a data rate selectable as either 66 2/3 or
270 bits/sec. There is an alternate science-data transmission mode at the much higher
rate of 16,200 bits/sec and it is, of course, this mode that is of concern here. The large
ratio between the engineering and science data rates means that relatively little power
need be allocated to the engineering data to achieve comparable bit error rates in the two
channels.

In addition, the removal of the necessity for a separate bit/word-sync channel by the
subcarrier demodulation technique used not only allows greater power to be allocated to
the data, but also obviates the losses a third channel would engender.

Bandwidth allocation for the Mariner spacecraft communication is approximately 3Mhz
about the carrier, or about 1.5 Mhz at the modulator input terminals. A design goal of
0.1 dB degradation due to spectral filtering was sought; calculations showed that this
could be achieved only if energy up to at least the fifth harmonic were retained in the
transmitted signal. However, sending 16,200 bits/sec biorthogonally encoded over a
channel with such a bandwidth constraint constrains both the degree of encoding (i.e. the
average number of symbols/bit) and the subcarrier frequency to relatively low figures. A
(32,6) code with 3 subcarrier cycles/symbol would fit in the band; the (64,7) with 2
subcarrier cycles/symbol would fit marginally. The latter of these might theoretically
result in about a 0.23 dB SNR advantage over the former, but it would require a
crosscorrelator with twice as much complexity. Hence the (32,6) biorthogonal Reed-
Muller code was chosen as one near the point of diminishing returns which would
demonstrate the advantages of block coding, and at the same time, would not be too
costly to implement. In considerations of the logic speed required to combine data and



subcarrier, it was necessary to make the subcarrier waveform coherent with the symbol
transitions.

III.  PERFORMANCE CALCULATIONS    As a general rule, early in the
development of a high performance system the designer calculates its expected
performance based on a set of assumed and desired parameters, from which
specifications are then derived to guide the various specialists in developing the several
pieces of hardware and software which comprise the overall system. Since these
specialists may have an imperfect understanding of the total system and since the system
designer himself may not be fully versed in the technology of each part, there can be a
potential problem in translating the system parameters into subsystem specifications. The
problem can be greatly alleviated, however, if the performance calculations are based on
system parameters which are directly interpretable as subsystem specifications.

A.  Parameters for the Spacecraft Subsystem    If all the parts of the transmitter
(shown as part of the spacecraft system in Fig. 1) functioned perfectly, the transmitter
would have no deleterious effect on system performance. This is in contradistinction to
the receiver which, even when functioning perfectly, degrades performance because of
thermal noise. However, because of spacecraft weight and power limitations, there is a
need to allow some imperfection in the transmitter and to relate that imperfection to
system performance. Another factor which must be considered in specifying the
transmitter is its natural interface at the input to the phase modulator. The equipment to
this point is essentially digital while that following is essentially analog (i.e. RF). The
two parts are likely to be assigned to different development teams; in the Mariner 69
system, for example, they went to two different contractors. With all things considered, it
is thus almost mandatory to specify the transmitter characteristics in terms of a set of
quantities reflecting the various design aspects of that subsystem, such as (1) modulation
waveform, (2) modulation index, and (3) RF spectrum.

The modulation waveform specification, as a case in point, should allow for a certain
degree of imperfection, as illustrated in Figure 3, which shows one subcarrier cycle at the
input to the phase modulator. Figure 3 also shows an ideal waveform which has the same
period as the actual waveform and the same amplitude as the flatest portion of the actual
waveform. The crosscorrelation of the actual and ideal waveforms gives the amplitude of
the equivalent recoverable ideal waveform. The power in the ideal waveform is P1 = A2,
whereas, that in the recoverable portion of the actual waveform it PA = (DA)2, where D is
the normalized crosscorrelation. The fractional loss in power then is 1 - D2, and the
power efficiency is D2.

The required efficiency is set by the system designer and used as a design specification
by the equipment designer. Note that efficiency is a common language for them and is



more suitable than such things as rise time, overshoot, and asymetry, because it gives the
equipment designer the option of taking the permitted loss in the most advantageous
way, rather than in some arbitrarily imposed way.

The modulation index, the second item above, can be specified by the system designer in
terms of carrier suppression, i.e., if a perfect squarewave of a certain amplitude is applied
to the modulator input, the unmodulated component at the output of the transmitter shall
be reduced by a certain proportion. Specifications on equipment are useful only if the
equipment can be tested to verify those specifications. This is the primary reason why the
modulation index is specified in terms of carrier suppression, rather than modulation
angle, a quantity more convenient for the system designer. Commonly available RF-
measurement techniques permit suppression ratios to be determined with great precision.
Furthermore, it is possible, by using laboratory test equipment, to generate test
squarewaves with very precisely controlled waveforms and amplitudes, so that the
modulation index from the modulation input to the power amplifier output can be
measured very accurately. A similar comment can be made concerning the measurement
of the output amplitude of the digital equipment in comparison with a waveform
produced by laboratory equipment.

The RF spectrum at the power amplifier output can be specified in terms of the ideal
spectrum which would normally be produced by a perfect squarewave at the subcarrier
frequency. It is easy to compute the relative power in the several sidebands and to
measure that power when a test squarewave modulates the transmitter. Any deviation of
the power in any sideband from the desired power can be interpreted as a loss, and the
sum of these losses is the quantity specified. The overall efficiency of the transmitter is
given by the product of the efficiencies of the modulating waveform, the modulation
index, and the RF spectrum.

B.  Analysis of the Receiver    As shown in the system block diagram, there are three
loops, each followed by a demodulation or detection process. In each case, the process is
performed imperfectly for two reasons: noise causes the output of the loop to jitter in
phase or time, and imperfections in the equipment or softwave cause the waveforms into
the process to be distorted or displaced or the process to be imperfectly carried out.
Unlike the transmitter efficiency, which is expressible in terms of available power
relative to potentially available power, the receiver efficiency is properly expressed in
terms of available signal-to-noise ratio relative to potentially available signal-to-noise
ratio. The effect of each of the loops and its associated process can be expressed as
(STB/NO)out = 0 * (STB/NO)in where 0 is the theoretical efficiency due to the effect of the
signal-to-noise ratio in the loop, and * is the efficiency due to the imperfections. Since
the former efficiencies themselves are functions of the signal-to-noise ratios, the values
to be used in the design specification are those which apply at the minimum signal-to-



noise ratio for which the receiver is supposed to deliver the specified performance (i.e.,
bit-error rate). This is the minimum operating condition (MOC) of the device.

The theoretical efficiency for the subcarrier demodulator for a given bit-error rate is a
function of the information rate because the required signal-to-noise-spectral-density
ratio varies as a function of the information rate. Both the theoretical efficiency and the
combined efficiency are specified to the equipment designer together with the loop
bandwidths to be used. The efficiency curves then are a common language for the
equipment designer and the system designer.

The symbol loop is slightly less straightforward because it is more meaningful to
separate the efficiency of symbol tracking from that of the detection process. The
appropriate efficiency for the symbol-tracking loop is the ratio of signal-to-noise ratio
required for a given error rate when the detector is provided with perfect timing, to that
required when the symbol loop provides the timing. Since the tracking filter is
implemented in a computer, any bandwidth can conceptually be selected to average over
a specified number of bits.

The carrier loop has the same sort of efficiencies but the situation is complicated by the
fact that the loop bandwidth cannot be selected arbitrarily and by the additional fact that
the loop noise is determined by the carrier signal-to-noise ratio rather than the sideband
signal-to-noise ratio. A detailed description of the optimization process by which power
is allocated between the carrier and sidebands for best communication performance is
outside the scope of this paper. However, once the power allocation has been made and
one of the permissible bandwidths (i.e., one already existing in the tracking station
receiving system) has been selected, there are appropriate 0 and * for the carrier-tracking
loop. It does vary somewhat with bit rate, but at rates greater than a few thousand
bits/sec and at the narrowest available loop bandwidth (12 Hz), the efficiencies are high
and essentially independent of the bit rate.

Finally, there are considerations of the detector itself. Of course, it is not quite perfect,
even being a digital device, so there is a * associated with it for a given probability of
error, i.e., (STB/NO)theoretical = *d (STB/NO)actual. There is a theoretical, absolute standard for
comparison that represents the best possible performance, independent of bit-error rate,
namely the Shannon limit. With this choice, the theoretical efficiency 0d can be defined
for a particular design-error-rate. In this way, the theoretical efficiency is a measure of
the quality of the signalling/detection process and the *-efficiency is a measure of how
well the process is carried out.

C.  System Efficiency    The performance of the system can now be computed or
specified in several different ways. In terms of subscripts C, SC, SY, and d, which refer



to the carrier loop, the subcarrier loop, the symbol-tracking loop, and the detector,
respectively, the overall efficiency of the receiver, relative to the best that could be done
is

Overall Receiver Efficiency = 0C *C 0SC *SC 0SY *SY 0d *d.

Similarly, the receiver efficiency relative to the best that can ever be done using the same
signalling/detection scheme is

Relative Receiver Efficiency = 0C *C 0SC *SC 0SY *SY *d.

Either of these efficiencies can be multiplied by the spacecraft efficiency to obtain a total
system efficiency, in the first case absolute, in the second case, relative: The absolute
efficiency is useful in comparing the performance of a particular system with other
systems at the same error rate. The relative efficiency is useful in assigning
specifications to the various parts of a system under development and in verifying the
performance of the completed system.

IV.  SYSTEM DESCRIPTION    At this point, the rationale and many of the
parameters in the design have been established; it remains now to discuss some of the
designs and to go into the equipment descriptions in a little more detail.

A.  Flight Equipment    The spacecraft portion of the high-rate channel is essentially the
same as that depicted in Figure 1. There are two possible sources of data to the encoder.
The real-time encounter data source represents some of the data taken as the spacecraft
passes near the planet; it is comprised of portions of TV photographs taken of the planet,
infrared radiometer data, and infrared and ultraviolet spectrometer data. The second
source is all of the encounter data stored on magnetic tape for playback after encounter.

The values chosen for the Mariner ’69 design power allocations are 17%, 80%, 0.8% for
the carrier, science and engineering channels, respectively in accordance with the data-
rate and tracking requirements previously mentioned. A lower value of carrier power
would have been permissible, but the stability of the modulator is such that a small drift
might suppress the carrier entirely, because of extreme sensitivity at high suppressions.
The large requirement of the science channel relative to the other channels is due to its
large data rate. Even with their respectively lower power allocations, the carrier and
engineering power requirements are more than satisfied. Only 2.2% of the power is lost
in the cross-modulation product of the two subcarriers.

Particular care was given to the preservation of waveforms through the spacecraft
telemetry channel. This was especially necessary because its bandwidth occupancy was
much greater than ever necessary in previous Mariner designs.



The heart of the spacecraft high-rate system is the block coder. A 32-symbol block-
coded word Si is generated from a 6-bit data word Di in accordance with the matrix
operation Si = GMDi. The matrices G and M are given in Figure 2.

The code words then are made comma-free by modulo 2 addition of a PN vector, in order
that word sync may be derived on the ground. Comma-freedom in a code means that any
32-symbol string composed of the last 32-N symbols of one code word in juxtaposition
with the first N of the next code word (i.e., an overlap of N symbols) is forbidden as a
member of the code dictionary. The minimum number of disagreements for all N
overlaps of all pairs of words is called the index of comma freedom for that code.

B.  The Ground Telemetry System    The equipment which performs the functions
previously described is divided into three major assemblies (Fig. 3). One is the
Subcarrier Demodulator Assembly (SDA) which contains the subcarrier loop and the
data channel down through a convenient point for analog-to-digital conversion; the
assembly is primarily analog equipment. The second assembly is digital equipment
constructed as peripheral equipment for the third assembly, the computer. The computer
acts as the overall control device for both symbol tracking, data detection, and output
recording.

1.  Subcarrier Demodulator    The first step in the process is the synchronous
demodulation of the subcarrier. To facilitate the design of the equipment (Figure 4) it is
convenient to do this before demodulating the carrier. After amplifying and filtering it in
the 10-MHz IF amplifier, the data waveform is then recovered by synchronously
demodulating the carrier.

The data waveform is integrated symbol by symbol, and the individual symbol integrals
are passed to the Cross-Correlator and Symbol-Timing Assembly where they are
combined 32 at a time to produce a true maximum likelihood detection of the encoded
data.

2.  Cross-Correlator and Symbol Timing    The basic part of this assembly receives
consecutive code words of information and cross-correlates each received word with all
code words of the code dictionary. Information bits of the dictionary word with the
highest correlation value are packed into a 24-bit register (another reason for the choice
of 6-bit data words). A second register accumulates these highest correlation values, and
a third register accumulates typical non-highest correlation values over the read-in data
block. Information in these last two registers enables the computer to determine the
signal-to-noise ratio of the received telemetry signal. After processing a block of 4
words, the cross-correlation detector transfers the register information to the system 



computer, the registers are reset to zero, and the process repeated for the next batch of
code words.

Timing for both the symbol integrator and the cross correlator (Fig. 5) is provided by a
symbol tracking loop that tracks transitions in the data waveform. Essentially, the loop
operates to maintain a zero value for the integrals of the data waveform from the middle
of one symbol period to the middle of the following one, whenever a transition occurs.

3.  The Software Package    Control of synchronization and maintenance of timing
accuracy is accomplished under computer control; the computer also functions, as
mentioned previously, to format the detected data, along with lock and system-diagnostic
information, and to record it for the user.

It is characteristic of real-time programs that not all functions are required in each mode
of operation. For example, a different set of functions is performed during acquisition
than is performed in a tracking mode. The software block diagram (Fig. 6) indicates the
several functions which are performed in the different sequential modes. There are four
such modes, labeled 0 through 3; these are, respectively, an initialization mode, a symbol
acquisition mode, a word acquisition mode, and ,finally, a data mode; the program can be
in only one of the four modes at any particular time. Under normal operating conditions,
the program progresses sequentially through modes 0, 1, and 2, until mode 3 is reached,
in which mode the program remains until data reception is terminated.

The data words are written on tape in groups of 4096 six-bit words (1024 24-bit words),
each group comprising one record on magnetic tape.

V.  SYSTEM VERIFICATION    Once the system was functionally designed and
analyzed, there remained not only the construction phase, but also the development of
equipment and techniques to verify the design. From the very first, the project entered
design-verification studies in parallel with design, analysis, and equipment construction.

A.  System Design Verification    Testing of the prototype had at its disposal a specially
built receiver/exciter system simulator in which signal and noise parameters could be
adjusted and measured with accuracy better than 0.1 dB. As a second check, and for
consistency in estimating the parameters, the system computer was programmed to
sample the input stream and to compute the same signal and noise values in an
independent way.

B.  Ground System Integration    At the end of the design verification phase, the
prototype moved to the spacecraft Compatibility Test Area (CTA-21), the functional
extraction of a tracking station, where it was installed in the same way and mated to



equipment identical to that it would later encounter. It was necessary at this time to have
a way of verifying the high-rate function to qualify the ground station ready. To this end,
a piece of test equipment had simultaneously been constructed to provide test signals
electrically equivalent to those of the received telemetry data stream. Generation of the
code and its modulation unto a subcarrier are similar to that in the spacecraft. The data
source, however, is different.

The information words to be transmitted are generated by a 9-stage modified
pseudonoise shift-register generator, which provides a series of states in a sequence
which repeats every 512 word times. Each 6-bit word appears pseudorandomly 8 times
during every 512-word sequence. Being thus generated by a shift register, the data words
have 5 of their 6 bits identical, except for a one-bit shift. This latter property makes it
possible to detect errors introduced into the system merely by comparing adjacent words
recorded on the output magnetic tape.

To exercise the entire high-rate telemetry function, the test signal is introduced at the S-
band carrier frequency and errors counted from the output tape record. The word-error
rate of the demodulated telemetry, as functions of the RF input signal-to-noise ratio, can
thus be measured as the desired verification of performance.

C.  Flight/Ground System Verification Tests    After the installation and verification of
the high-rate ground equipment described above, the Mariner ’69 project
telecommunications system group began its initial testing of the high-rate channel using
spacecraft breadboard telemetry and radio equipment. At the time of this writing, the S/C
breadboard equipment has been completely tested, and initial testing has begun on the
first spacecraft, the proof-test model. The same technique described earlier for ground
system verification is also used for spacecraft testing.

The finite rise and fall times and asymmetry of the actual waveform cause an equivalent
signal loss of approximately 0.5 dB (12%). Approximately 0.23 dB (5.5%) of this is
theoretically attributable to tile subcarrier waveform asymmetry. Care is thus being taken
to shape the flight spacecraft waveforms to limit this loss to less than 0.2 dB. That loss
component due to rise and fall times was automatically compensated for in this test by
adjusting the power allocations for each channel.

The performance measurement in this test was a word error measurement, the results of
which are shown in Figure 7 for various values of STB/NO. The test data indicates a 1%
error-rate for STB/NO = 3.9 dB, as compared to a theoretical, 100% efficient value of
3.0 dB. The 0.9 dB difference is the measured efficiency of the system hardware, almost
all of which can be attributed to calculated design efficiencies of the various components
in the system.



leaving only 0.1 dB unaccounted for in the theory.

VI.  CONCLUSION    This article has given some of the rationale and design
philosophy -which has produced the Mariner ’69 High-Rate Telemetry system. All of the
detailed analyses and many of the special hardware implementation techniques have
been omitted in consideration of space. The interested reader, however, can find these in
the references listed.
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Table I.  Design Control Table for Mariner IV and Mariner 1969

Figure 1.  High-Rate Telemetry System Functional Diagram



Figure 2.  The (32,6) Biorthogonal Reed-Muller Encoding Matrices

Figure 3.  The HRT Ground System



Figure 4.  Subcarrier Demodulation Assembly (SDA).

Figure 5.  Cross Correlator and Symbol-Timing Assembly.



Figure 6.  Software Functional Diagram.

Figure 7.  Measured and 100%-Efficient Performance Curves for the HRT System.




