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CONVOLUTIONAL CODING AT 50 MBPS FOR THE SHUTTLE KU-
BAND RETURN LINK

BARTUS H. BATSON G. K. HUTH
Lyndon B. Johnson Space Center Axiomatix

Houston, Texas Marina del Rey, California

SUMMARY.  Error correcting coding is required for 50 Mbps data link from the Shuttle
Orbiter through the Tracking and Data Relay Satellite System (TDRSS) to the ground
because of severe power limitations. Convolutional coding has been chosen because the
decoding algorithms (sequential and Viterbi) provide significant coding gains at the
required bit error probability of 10-6 and can be implemented at 50 Mbps with moderate
hardware. While a 50 Mbps sequential decoder has been built, the highest data rate
achieved for a Viterbi decoder is 10 Mbps. Thus, five multiplexed 10 Mbps Viterbi
decoders must be used to provide a 50 Mbps data rate. This paper discusses the tradeoffs
which were considered when selecting the multiplexed Viterbi decoder approach for this
application.

INTRODUCTION.  A wideband communications link from the Space Shuttle Orbiter to
ground via the NASA TDRSS is currently planned. This link will be used for On-Orbit
transmission of up to 50 Mbps of scientific data and, on a time-shared basis, will also
accommodate television, analog scientific data, experiment or maintenance tape recorder
dumps, etc. the operating frequency will be in the Ku-band (approximately 15 GHz).

In order to accommodate digital data rates on the order of 50 Mbps, under the constraints
which exist due to limitations on Orbiter antenna diameter (present planning is for a
20-inch diameter deployable parabolic dish) and on Orbiter power amplifier output
(approximately 50 watts), the use of coded, coherent PSK has been selected. The large
performance gains associated with convolutional coding, the simple spaceborne encoder
design, and the relative simplicity and availability of ground station decoders has led to the
choice of convolutional codes over block codes. Due to a restriction in available TDRSS
repeater bandwidth to 225 MHz, a code rate of 1/2 has been selected.

This paper addresses the problem of selecting a convolutional encoding and decoding
approach that provides the best possible performance without severe penalties in cost,
complexity, reliability, etc.



COMPARISON OF SEQUENTIAL AND VITERBI DECODING
PERFORMANCE.  Convolutional coding with either sequential or Viterbi decoding has
been shown to provide significant performance gains for communications over the
memoryless white Gaussian noise channel. Both sequential and Viterbi decoders have
been constructed for multi-megabit data rates and are currently available commercially.
Soft-decision Viterbi decoders for short constraint length (K = 7) convolutional codes are
available at information rates up to 10 Mbps, and provide coding gains in the range
4-6 dB. Figure 1 shows the measured performance of the Linkabit LV7015 Viterbi
decoder, which operates at a maximum information rate of 100 Kbps. This measured
performance coincides with the theoretical performance of the LV7017 Viterbi decoder,
which operates at up to 10 Mbps. The measured performance data was obtained in the
Electronic Systems Test Laboratory at the NASA Lyndon B. Johnson Space Center, and
reflects the performance achievable for a practical PSK receiver (non-ideal carrier
reference) with the degradation due to symbol synchronizer performance corrected out.

Figure 1 also shows the theoretical performance of the Linkabit LS4157 sequential
decoder, which is a commercially available hard-decision device originally developed for a
40 Mbps application, but marginally capable of operation at up to 50 Mbps.

As indicated by the performance curve, the coding gain provided by sequential decoding
increases with decreasing information rate. This is because the performance of the
sequential decoder is primarily determined by the buffer memory size and the speed
advantage of the decoding logic (the ratio of computation rate to data rate), and the speed
advantage is higher at lower information rates.

Figure 1 indicates that the soft-decision Viterbi decoder significantly outperforms the hard-
decision sequential decoder at high error probabilities (greater than about 10-5) and is still
somewhat superior at an error probability of 10-6. The almost 2 dB improvement in
sequential decoding performance offered by soft-decisions would make sequential
decoding a much more favorable candidate for the application being considered, but use of
soft-decisions would greatly reduce the maximum information rate at which the decoder
could operate. Soft-decision sequential decoders are not commercially available, but the
technique is straightforward and has been demonstrated at low information rates.

POSSIBLE 50 MBPS DESIGN APPROACHES.  Based on the performance
considerations described above and on the availability of decoder hardware, the following
options for the 50 Mbps Shuttle Ku-band link were evaluated:

a. High-speed (> 10 Mbps) Viterbi decoder(s)

b. Multiplexed 10 Mbps Viterbi decoders



c. 50 Mbps hard-decision sequential decoder

d. Multiplexed low-speed (< 50 Mbps) soft-decision sequential decoders

The results of these evaluations are summarized in subsequent sections of this paper.

HIGH-SPEED VITERBI DECODER(S) FOR 50 MBPS OPERATION.  Currently, a
Viterbi decoder capable of 50 Mbps operation can not be implemented with off-the-shelf
components. The arithmetic unit of the Viterbi decoder is limited to about 35 Mbps using
ECL off-the-shelf components and to about 20 Mbps using SOS components. Thus, with
off-the-shelf components, at least two Viterbi decoders would have to be operated in
parallel on multiplexed data if a 50 Mbps capability is to be provided. If fewer than five
parallel Viterbi decoders are used, then a potentially expensive decoder development effort
would be required to provide a decoder for operation at information rates greater than 10
Mbps.

The arithmetic unit could achieve 50 Mbps operation if it is implemented with a custom
LSI chip using ECL or SOS. For a K = 7 decoder, 64 identical custom arithmetic chips
would be required to implement the arithmetic unit. These custom LSI chips would
significantly decrease the complexity of the arithmetic unit as well as allowing 50 Mbps
operation.

However, this custom LSI chip development would be relatively expensive; also finding a
semiconductor manufacturer to develop the custom LSI chip could be extremely difficult
without a guaranteed large scale production follow-on.

50 MBPS OPERATION USING MULTIPLEXED 10 MBPS VITERBI
DECODERS.  One obvious approach which would provide a 50 Mbps information rate
capability without additional decoder development is to utilize five parallel 10 Mbps
encoders and five parallel 10 Mbps Viterbi decoders. This implementation is illustrated
functionally in Figure 2. The performance provided by a parallel approach such as this
would be the same as would be provided by a single 10 Mbps Viterbi decoder.

It should be noted that the encoder portion of Figure 2 can be implemented with a single
31-stage shift register encoder operating at 50 Mbps with no mux/demux units.

HARD-DECISION SEQUENTIAL DECODING AT 50 MBPS.  Sequential decoding
of convolutional codes is a powerful decoding technique. This technique has an advantage
over Viterbi decoding in that long constraint length convolutional codes can be used since
the code constraint length has only an insignificant effect on the decoder hardware
complexity. Therefore, undetected errors can be made highly improbable for even small



values of Eb/No. As noted previously, the performance of sequential decoding is primarily
determined by two parameters: the buffer memory size and the speed advantage of the
decoding logic (the ratio of computation rate to data rate).

In the Linkabit LS4157 hard-decision 50 Mbps sequential decoder, the received
information bits are delayed by a 65,000 bit MOS shift register. The delayed information
bits are exclusive-ORed with the output of the sequential decoder, resulting in the
corrected information sequence. This large buffer is necessary because the number of
computations to decode an information bit is a random variable.

The decoding logic is implemented using the fastest commercially available logic family,
MECL III. The operating speed of the decoder logic is 70 megacomputations per second.
Nearly all output errors are the result of the sequential decoder not having a correction to
the information bit at the end of the buffer soon enough. When this event occurs, the
information bit is output with no error correction. For the sequential decoder to “catch up,”
at least the next 500 bits will be output from the buffer with the channel errors
uncorrected. Occasionally, 5000 bits will be output from the buffer without the channel
errors corrected. Thus, the errors output from the buffer will tend to occur in long bursts.

50 MBPS OPERATION USING MULTIPLEXED SOFT-DECISION
SEQUENTIAL DECODERS.  From strictly a performance standpoint, this approach is
superior to the other three approaches described previously. There are several
disadvantages associated with soft-decision sequential decoding, however, and these will
be briefly outlined.

The basic arithmetic in a soft-decision sequential decoder is much more complicated than
in a hard-decision sequential decoder, because of the increased branch metrics. In addition,
a larger buffer memory is required to store the same number of branches as a hard-decision
device. The net result is that a 3-bit (8 quantization levels) soft-decision sequential decoder
would be three times as complex as a hard-decision sequential decoder, and would operate
at a much lower information rate. A good estimate is that the information rate for a 3-bit
soft-decision sequential decoder (using commercially available logic) would be limited to
about 8 Mbps, such that six or seven of these decoders could be paralleled to provide a 50
Mbps capability. The performance provided by such an approach would be about 2 dB
better than that provided by a single 50 Mbps hard-decision sequential decoder.

A 2-bit (4 quantization levels) soft-decision sequential decoder would only be twice as
complex as a hard-decision device and could be made to operate at a somewhat higher
information rate (perhaps 12.5 Mbps), such that four decoders could be paralleled to
provide a 50 Mbps capability. However, a 2-bit soft-decision sequential decoder provides 



only a 1.25 dB improvement over hard-decisions, so the performance advantage would not
be as significant.

Soft-decision sequential decoding suffers from two additional disadvantages. First, the
performance of a soft-decision sequential decoder is highly susceptible to variations in
receiver AGC voltage, so somewhat greater care must be exercised in the design of the
modem with which the decoder must operate. Secondly, the memory introduced by the
costas loop of a PSK receiver results in a pronounced degradation in the performance of a
soft-decision sequential decoder; therefore, the use of interleaving (2000 bits or more) may
be required in order to realize the full potential performance gain.

DESCRIPTION OF SELECTED APPROACH.  Based on the considerations noted
above, the following conclusion were made regarding the four options for 50 Mbps
operation which were evaluated:

a.  High-Speed (> 10 Mbps) Viterbi Decoder(s)   This approach was considered
unacceptable because of (1) the developmental effort required to provide high speed (< 50
Mbps) Viterbi decoders using off-the-shelf components or to provide the custom LSI chip
required for a 50 Mbps Viterbi decoder, and because of (2) the fact that the performance
would be no better than that achievable using commercially available Viterbi decoders
operating at 10 Mbps.

b.  Multiplexed 10 Mbps Viterbi Decoders   This approach was considered acceptable and
was selected for implementation.

c.  50 Mbps Hard-Decision Sequential Decoder   This approach was considered
unacceptable because of the poor performance characteristics of hard-decision sequential
decoders.

d.  Multiplexed Low-Speed (< 50 Mbps) Soft-Decision Sequential Decoders   This
approach was considered unacceptable because of (1) the development costs associated
with providing soft-decision sequential decoder hardware, and (2) the relatively high
susceptibility of soft-decision sequential decoders to non-ideal conditions such as receiver
AGC variations and receiver memory.

The 50 Mbps design approach selected for the Shuttle Ku-band link is summarized in
somewhat greater detail in Figures 3 and 4. Figure 3 illustrates the single shift-register
implementation for the encoder and also indicates the bit-by-bit interleaving scheme which
was selected.



Using the encoder interleaving scheme shown in Figure 3, the parallel decoder
configuration is totally self-synchronizing. The demultiplexer which precedes the parallel
decoders is a single decommutator which merely routes every fifth incoming symbol to
each decoder. Each decoder establishes its own branch synchronization and the resulting
decoded sequences are combined with an output multiplexer. Figure 4 illustrates the details
of these operations.

One aspect of the selected parallel Viterbi decoder approach which is of concern is that of
reliability. The reliability of a configuration consisting of five decoders operating in
parallel is obviously much lower than the reliability of a single component decoder. This
decreased reliability may necessitate some sort of fault detection and sparing provisions,
possibly even an automatic replacement scheme.

CONCLUSIONS.  It is felt that the selected 50 Mbps encoding/decoding approach offers
a reasonable compromise between performance and system complexity. The coding gain
provided by this approach is relatively high (5.3dB at a probability of error of 10-6), the
system degrades gracefully (a coding gain of 2.7 dB is available at a probability of error of
10-2), the spaceborne encoder is extremely simple to implement, and the groundbased
decoders are available commercially and can be combined in a straightforward manner.
Such an approach is not limited to 50 Mbps data rates. It appears reasonable to extend the
parallel 10 Mbps Viterbi decoder concept to systems requiring operation at data rates well
in excess of 100 Mbps, although reliability becomes of increasing concern as the number
of parallel decoders becomes large.
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Figure 2.  Functional Configuration for 50 Mbps Operation Using
Multiplexed 10 Mbps Viterbi Decoders

Figure 3.  Alternate Encoder Implementation and Interleaving
Scheme for 50 Mbps Encoding
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Figure 4  Synchronization Strategy for Parallel Viterbi Decoders
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