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ABSTRACT

In the event of a NASA Space Shuttle mission landing at the While Sands Missile Range,
White Sands, New Mexico, a data communications system for processing Shuttle’s
telemetry data has been installed there in the Master Control Telemetry Station, JIG-56.
This data system required a Viterbi decoder since the Shuttle’s data is convolutionally
encoded. However, the Shuttle uses a nonstandard code, and the manufacturer which in the
past has provided decoders for Shuttle support, no longer produces them. Since no other
company produced a Viterbi decoder designed to decode the shuttle’s data, it was
necessary to develop the required decoder.

The purpose of this paper is to describe the functional performance requirements and
design of this decoder.

KEY WORDS: Viterbi decoder, Convolutional Encoding, Constraint Length,
Code Generating Polynomials

I. INTRODUCTION

Due to the possibility of NASA’s Space Shuttle landing at the White Sands Missile Range,
White Sands, New Mexico, a data communications system for processing Shuttle’s
telemetry data has been installed there in the Master Control Telemetry Station, JIG-56.
This data communications system receives the telemetry data transmitted by the Shuttle
orbiter and in realtime processes the data and relays it to NASA’s Goddard Space Flight
Center in Greenbelt, Maryland for distribution.



Since the Space Shuttle convolutionally encodes its telemetry data, it was necessary to
provide the data system with a Viterbi decoding capability. However, Shuttle’s coding
does not conform to the present industry standard and the manufacturer who in the past
had provided decoders for Shuttle support no longer produced them. Thus, no Viterbi
decoder designed for this code was available which meant that a decoder had to be
specially developed to meet Shuttle’s requirements.

To meet this requirement, Aydin Computer and Monitor Division responded to a request
from the Digital Systems Section, Code 531.3, of the Goddard Space Flight Center by
modifying the standard Viterbi decoding option for its Model 335A Bit Synchronizer.

This paper outlines the requirements, capabilities and design of this Viterbi decoder.

II. REQUIREMENTS AND CAPABILITIES

Shuttle uses a one-third rate with a constraint length of seven to encode the data. Of the
three code generating polynomials, Shuttle’s first two, G1 and G2, have the standard octal
values of 171 and 133 respectively. However, for the third polynomial, G3, Shuttle uses
145 instead of the standard 165.

Besides its decoding function, this bit synchronizer and decoder has to compensate for
inverted data, which can occur due to possible 180º phase ambiguity resulting from BPSK
modulation. This data inversion is not transparent to the decoder, because the shuttle’s G3
has an even number of coefficients. Thus, this bit synchronizer and Viterbi decoder has
been designed to automatically correct for any data polarity inversions.

This device can also be used to code data at the one-half or one-third rate. For one-half
rate coding, the input data rate is variable from zero to 256,000 data bits per second. When
coding at the one-third rate, one of two input data rates may he selected. These two rates
are set by the manufacturer. For the units produced for the White Sands Missile Range’s
data system, the data rates are either 192,000 data bits per second or 90,000 data bits per
second. These are the two possible data rates for Shuttle’s telemetry.

In summary, a device which is a combination bit synchronizer and Viterbi decoder has
been designed and built which can decode Shuttle’s telemetry data. As part of its decoding
capability, it can correct for polarity inversion of the incoming signal. In addition, this
device may be used for encoding data for test purposes.



III. BIT SYNCHRONIZER/VITERBI DECODER DESIGN

1. GENERAL

To accommodate NASA’s requirements, a special decoder card, DEC009, was developed
and integrated into the Model 335A bit synchronizer. The integration of the DEC009
Decoder Card into the bit synchronizer, involved routing two soft decision bits (SB-MSB
and SB-LSB), the reconstructed hard bit (SGN), and the recovered clocks to the DEC009.
Also, the design included the necessary control signals to enable decoding, automatic
polarity correction, and other special operating functions. This integration is illustrated in
Figure 1.

No convolutional encoder and Viterbi decoder device which satisfied the requirements was
commercially available. After considering several vendors, Aydin selected the VLSI STEL
5269 device developed by Stanford Telecom. This device is a modification of the STEL
5268 Codec which provided the “defacto” industry and Government standard rate ½ and
rate 1/3 convolutional codes of constraint length (K) seven with a maximum data rate of
9600 bps. The polynomial of the two symbols G1 and G2 for code rate ½ are octal values
of 171 and 133 respectively. For code rate 1/3, the first two symbols (G1 and G2) are the
same as for rate ½; the polynomial of the third symbol G3 is 165 (octal). To meet the
requirements for the space shuttle, the 5268 device was modified to change the octal value
of the G3 symbol from 165 to 145 and also to increase its operating speed and to include
two RAMs which were externally required with the 5268 device. The 5269 VLSI device
will hereafter be referred to as ‘Codec’.

Some of the operating parameters of the Codec device are set up by means of oncard DIP
switches. Some of these parameters are remotely selectable. The functions of the DIP
switches are to select code rate (½ or 1/3) for both the encoder and the decoder, order in
which the symbols are sequenced from the convolutional encoder, normal or inverted G1
symbol from encoder (rate ½ only), reversal of G1 and G2 symbols from encoder (rate ½
only), one of two fixed operating bit rates (rate 1/3 only) of the encoder, one of two soft bit
format to decoder (signed magnitude selected), enable the inversion of the G2 symbol (rate
½ only) generated in the encoder and received by the decoder (this Alternate Symbol
Inversion serves to scramble the data and ensure bit transitions without the factor of three
error rate penalty of conventional scramblers) and establish node sync threshold values for
the decoder.

The capability to select code rate, inversion of G1 symbol, or reversal of G1 and G2
symbols (rate ½ only) remotely via a 16-bit program setup bus is provided.



2. ENCODER FUNCTIONAL DESCRIPTION

The convolutional encoder is functionally independent of the Viterbi decoder. Figure 2 is a
functional block diagram of the encoder. The ENRATE control signal determines whether
the device generates symbols for rate ½ or rate 1/3 operation. The G1, G2, and G3 are
time-division multiplexed into a serial stream by the ENLATCH clock which occurs at
twice bit rate for rate ½ and three times bit rate for rate 1/3. The three time bit rate clock is
derived from a crystal-controlled oscillator with a frequency a multiple of the maximum
fixed bit rate and a divider chain which is rephased by the input DATACLK. SEL A and
SEL B determine the order in which the symbols are sequenced.

Although the Codec provided the specified polynomials, a difficulty arose in using this
encoder with the octal value of 145 for the G3 symbol in a transmission system employing
BPSK (Binary Phase Shift Key) modulation which can cause data inversion. The decoder
was not capable of decoding inverted data, since the convolutional code is not transparent.
If the Output of the encoder was differentially encoded prior to PSK modulation and
differentially decoded prior Viterbi decoding, the nontransparent code could he used, but
at the expense of doubling the received bit error rate. The nontransparency of the code is
due to the fact that the G3 symbol is formed by tapping an even number of encoder stages.
One of the characteristics of a transparent code is that the complement of every codeword
is also a codeword [1]. This characteristic is illustrated in Figures 3a and 3b for K = 3 with
R = ½ and in Figures 4a and 4b for K = 3 with R = 1/3. In Figures 3a and 4a, the symbol
generators are tapped from an odd number of encoder stages. In Figures 3b and 4b, at least
one symbol generator is tapped from an even number of stages. It is seen in Figures 3a and
4a, the encoders whose generators are odd tapped, that the output sequence consist of six
codewords which are three unique words with their complements. However, in Figures 3b
and 4b, the encoders which contain generators which are even-tapped, that the output
sequences of each contain a pair of codewords which are not complementary. Thus a
nontransparent convolutional encoded data stream when inverted will not be recognized by
the Viterbi decoder. The solution to this problem will be discussed in paragraph 4 of this
paper.

 3. VITERBI DECODER FUNCTIONAL DESCRIPTION

Refer to Figure 5, Viterbi Decoder Functional Block Diagram. Viterbi decoding consists
fundamentally of three processes. The first step in the decoder process is to generate a set
of correlation measurements, known as “branch metrics”, for each “m” grouping of
codewords input from the communication channel (where “m” is 2 for rate ½ codes, 3 for
1/3 codes). These branch metric values indicate the correlation between the received
codewords and the 2  possible codeword combinations.m



 Figure 1. DEC009 Decoder Card Integration

Figure 2. Convolutional Encoder: K = 7, R = ½ or 1/3



Figure 3a. K = 3, R = ½, Odd-Tapped Encoder (G1 = 7 , G2 = 7 )8    8

Figure 3b. K = 3, R = ½, Even-Tapped Encoder (G1 = 7 , G2 = 6 )8    8

Figure 4a. K = 3, R = 1/3, Odd-Tapped Encoder (G1 = 7 , G2 = 1 , G3 = 7 )8    8    8

Figure 4b. K = 3, R = 1/3, Even-Tapped Encoder (G1 = 7 , G2 = 5 , G3 = 7 )8    8    8



Figure 5. Viterbi Decoder Functional Block Diagram

The Viterbi decoder determines the state of the 7-bit memory at the encoder using a
maximum likelihood technique. Once the value of the encoder memory is determined, the
original information is known, since the encoder memory is simply the information that has
been stored in the memory. To determine the encoder state, the second step in the Viterbi
algorithm generates a set of

2  (“k” is the constraint length, i.e., K = 7)k-1

“state metrics” which are measurements of the occurrence probability for each of the 2k-1

possible encoder memory states. As the state metrics are computed, a binary decision is
formed for each of the 2  possible states as to the probable path taken to arrive at thatk-1

particular state. These binary decisions are stored in a “path memory”.

Step three computes the decoded output data. To do this, the “path” from the current state
to some point in the finite past is traced back by “chaining” the binary decisions stored in
the path memory during step 2 from state to state. The effects caused by noise to the one
and only correct result are mitigated as the paths within the “chainback” memory converge
after some history. The greater the “depth” of the chainback process the more likely that
the final decoded result is error free. As a result, higher code rates and constraint lengths
require longer chainback depth for best performance. The chainback memory in the Viterbi
decoder traces the history of the previous states to arrive at the most probable state of the
encoder in the past, and thus determine the transmitted data.



A single decoded data bit is output for every set of input symbols. The data bit
corresponding to a particular symbol set will he output after a delay of 42 symbols. Further
information on the theory of operation of Viterbi decoders can be obtained from text books
such as reference [1]

4. AUTOMATIC POLARITY CORRECTION

As described in paragraph 2, the rate 1/3 convolutional Code utilized by the space shuttle
is not a transparent Code. Thus, in the event the received encoded data is inverted, which
is likely with BPSK modulation, the Viterbi decoder would not be able to decode the data
properly. The trellis structure of the convolutional code is stored in the decoder for
comparison with the branch metrics derived from the input codewords as described in
paragraph 3. Single bit errors in some of the codewords will direct the corrupted
codewords along a most likely path through the trellis. However, an inverted code which is
not transparent, cannot find most likely paths through the trellis. Thus, the large number of
attempts to find a likely path will cause an out-of-sync condition. This out-of-sync
condition is manifested as a pulse which is one bit wide and occurs once per 256 bits when
the decoder is not in sync. The generation of this pulse, identified as Node Sync in
Figure 5 is determined by the number of traceback mismatches relative to a programmable
threshold. The threshold can be programmed from 1 to 128 mismatches per 256 bits in
eight binary steps. In general, if the user needs the decoder to maintain lock at a low
Eb/No, the highest threshold should be selected. The penalty is a longer reacquisition time.
Selecting the lowest threshold allows a quick reacquisition, but the decoder can lose lock
at high Eb/No. The factory selection is 64 mismatches out of 256 (25%). The Node Sync
signal along with the symbol clock are used to implement the automatic polarity correction
function.

A single programmable logic device (PLD) implements automatic polarity correction
(APC). It is located on the BSD002 soft decision board. Data entering the PLD exits either
inverted or not. Data passes uninverted either when the Viterbi decoder is disabled, when
operating at rate ½, or when APC is disabled by a DIP switch on the BSD002 board.
When APC is enabled, it decides to invert or not based on the node sync signal from the
Viterbi decoder on the DEC009 board.

A digital filter consisting of two counters is used to smooth the Node Sync signal and
reduce sensitivity to noise. There is an eleven bit clock counter that increments with the
channel rate clock. The clock counter is always running and generates a signal every time
it passes through its terminal count value which is zero. There is a three bit sync transition
counter (STC) that increments on every logic one to logic zero transition of the node sync
signal from the Viterbi decoder. A DIP switch sets the terminal count of the STC. The
STC resets whenever either counter reaches its terminal count. Normally, the clock



counter reaches its terminal count before the STC reaches its terminal count. However, if
there is a lot of activity on the node sync signal, the STC reaches its terminal count first.
When this happens, a flip flop in the PLD toggles and changes the data polarity.

The setting of the STC terminal count controls the APC’s threshold. A setting of one
means that the polarity change may activate falsely due to noise. A setting of seven means
that polarity is very slow to change if at all. Four is the nominal setting.

5. PERFORMANCE OF BIT SYNCHRONIZER/VITERBI DECODER

As indicated in paragraph 1, the decoder in the bit synchronizer operates with three bit soft
decision input symbols. Thus, the decoder provides a coding gain of 5.2 dB for rate ½ and
6.0 dB for rate 1/3 relative to uncoded NRZ bit error probability at a bit error rate of one
error in 100,000 bits. Because of its coding gain, the use of a Viterbi Decoder places
increased demands on bit sync performance [2]. When a decoder is used, the bit sync is
typically operated at a considerably lower S/N ratio. This requires the bit sync to have a
robust clock recovery algorithm to minimize the occurrence of clock slips which can cause
the decoder to lose lock and require many bits to resynchronize. The implementation loss
of the bit synchronizer is less than 1 dB from theory. Thus a bit error rate of 10  is-5

obtainable and has been verified at Eb/No of less than 5.4 dB and 4.6 dB for rates ½ and
1/3 respectively.

IV. CONCLUSION

This paper described a bit synchronizer with built-in dual rate (½ and 1/3) Viterbi decoder,
dual rate convolutional encoder, and automatic polarity correction logic. This equipment
was designed, built, and installed at the White Sands Missile Range to allow the landing of
the Space Shuttle which utilizes a nonstandard, nontransparent, convolutional code in its
telemetry communication system. This equipment resolved the problem of receiving
inverted data when using a nontransparent rate 1/3 convolutional encoded data over a PSK
transmission link. The rate ½ code is transparent, and thus polarity correction is not
necessary for proper Viterbi decoding.

In summary, the advantage of using convolutional encoded data to achieve improved bit
error rate performance (the smaller the code ratio, the greater the improvement) or reduced
transmission power; whichever meets the mission’s objective, the need to select a
transparent code is not necessary. More specifically, if the code is already in place, as it
was on the Space Shuttle, equipment can readily be developed to accommodate such
situations.
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