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AN EFFICIENT CODING SYSTEM FOR DEEP SPACE PROBES WITH 

SPECIFIC APPLICATION TO PIONEER MISSIONS 


By Dale R. Lumb and Larry B. Hofman 


Ames Research Center 


SUMMARY 

Rate 1/2 convclutional encoding with sequential decoding has been 

investigated for application to deep space probe telemetry links which are 

characterized by a gaussian channel with coherent matched filter detection of 

phase shift keyed signals. A (50, 25) code was optimized and its performance 

evaluated by means of computer simulations. Data for these studies were 

organized into blocks of 224 information bits where 14 bits were known at the 

end of each block for purposes of synchronization and to aid in decoding. 

Results show that the basic coding technique yields a gain of at least 6.5dB 

over no coding. 


For error detection, a technique of reverse decoding was investigated. 
This technique, used in conjunction with extending the known sequence at the 
end of each block to 21 bits, permits an additional O.9-dB gain. 

A large portion of the report is concerned with the implementation of 

this coding scheme on Pioneer missions. Since Pioneer is an operational 

program, the mission-dependent equipment is analyzed to determine the 

modifications required for introducing error correction coding to a no-coded 

telemetry link. 


INTRODUCTION 


Coding is introduced into the space communications telemetry link to 

permit more information to be transmitted at a given power within a maximum 

allowable error rate. Coding increases the number of data bits transmitted 

by the insertion of parity bits into the information bit stream. For the 

coding process, the encoder takes the information data and computes, accord

ing to a fixed rule, the parity bits to be transmitted. The data rate 

increase caused by the addition of parity bits is distinguished from an 

actual information rate increase afforded by a coding gain. 


Quite obviously, if a fixed amount of power is to transmit a given 

information rate in an otherwise fixed communications system, the introduc

tion of additional data (parity bits) reduces the available power per trans

mitted data bit. Hence, for fixed power, the bit-error rate from the data 

demodulator will be greater with coding than with no coding. Thus, the task 

of the decoder, which is inserted following the data demodulator, is to cor

rect errors made by the data demodulator. The insertion of the encoding and 
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decoding functions into a communications system is illustrated in figure 1. 

To achieve a coding gain, the error rate after decoding must be less than it 

is for no coding. 


Several approaches for introducing coding into the space communications 

telemetry link have been investigated at Ames Research Center and elsewhere. 

From an implementation standpoint, the coding state of the art for the deep 

space channel is typified by the 8-bit biorthogonal telemetry system built 

and evaluated at Goddard Space Flight Center (ref. 1). The gain of this 

biorthogonal system is 4 to 5 dB over no coding. The coding system reported 

here gives at least 6.5 dB over no coding. Although the work was done for 

application to the Pioneer program,' most of the results are general and are 

summarized in this report. This report describes: 


(1)The gains both in information rate and data accuracy afforded by the 

coding system; and 


(2) The modifications of the present Pioneer system necessary for 

realizing these gains. 


Any alteration to an operational system must be examineu from the view

point of its effect on all parts of the system. To that end, the rather 

minor addition to the Pioneer spacecraft, the changes to the ground equipment, 

and the Ames Research Center data processing system, as well as operational 

constraints, are analyzed and reported herein. Rather stringent constraints 

were imposed in order to minimize the modifications to an operational system. 

The further improvements in coding performance that could be made by removing 

certain restrictions are also discussed. 


NOTATION 


E/No signal energy per transmitted bit per noise spectral density 


Eb/No signal energy per information bit per noise spectral density 


Pe,Pe~bit-error probability for NRZ-L and NRZ-M transmission, respectively 

bPS bits per second 


DSS Deep Space Station 


DTU Digital Telemetry Unit 


D/S Demdulator/Synchronizer 

GOE Ground Operational Equipment 


-. . - ~ 

'A brief discussion of the basic Pioneer communication system is given 

in appendix A. 
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NRZ-L 


NRZ-M 


PCM 


PSK 


TPS 


TWT 

Integrate and Dump 


Non-Return-to-ZeroLevel 


Non-Return-to-ZeroMark 


Pulse Code Modulation 


Phase Shift Keying 


Tape Processing Station 


Traveling Wave Tube 


CODING SYSTEM CONSTRAINTS FOR PIONEER MISSIONS 


The Pioneer deep space probe series is an approved NASA program for five 
spacecraft, with two spacecraft (Pioneer VI and VII) now in orbit about the 
sun. In order to introduce coding into future Pioneer missions, several con
straints are necessarily imposed or appear appropriate. One constraint is 
that coding would be commandable to permit no-coding operation whenever 
desired. That is, all spacecraft data formats and ground data processing, 
both real-time and off-line, will be the same as now employed on Pioneer VI 
and VII, f o r  the no-coding option. This commandable mode may be appropriate 
for any space mission that might consider using coding (other than a simple 
parity check code). During the launch phase and for the first few station 
passes of any deep space mission the signal strength will probably be quite 
high and coding of the data will be unnecessary. Also, due to the necessity 
of early assessment of spacecraft soundness, orientation maneuvers, and other 
operational considerations, it may be desirable to minimize the number of com
ponents in the telemetry link. Thus, a spacecraft could be launched in a 
no-coding mode just as the scientific experiments are not turned on until 
sometime after launch. 

A second constraint is that there will be no internal modifications to 

the spacecraft Digital Telemetry Unit (DTU) for the coding function. Any

required pre-encoding data conditioning, other modulation frequencies, etc., 

will be provided by the spacecraft encoder. This is primarily imposed to 

minimize spacecraft modifications. 


It is also highly desirable to have the Scientific Data System (SDS) 
920 computers at the Deep Space Stations (DSS) do most of the decoding in 
order to provide near real-time data to the Mission Control Center. However, 
an alternate approach for decoding using additional ground equipment is being 
investigated. 

Pioneer VI and VI1 data are organized into 7-bit words consisting of 

6 data bits and a seventh parity check bit. This is a simple encoding scheme 

that is used for error detection only. Figure 2 shows the theoretical per

formance of this parity error detection scheme with the demodulator bit-error 

rates shown as a parameter. Under present Pioneer criteria, bit-rate change 
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i s  m d e  when the  b i t - e r r o r  rate of the ground Demodulator/Synchronizer2 (D/S) 
exceeds A t  t h i s  point,  the  undetected word e r r o r  r a t e  i s  about 7 . 0 ~ 1 0 ' ~  
and the  de l e t ion  r a t e  ( p a r i t y  e r r o r  r a t e )  i s  4.0~10'~. (See f i g .  2 ) .  

During the  code study and code se l ec t ion  phases of work ( r e f .  2 )  a mini
mum t a r g e t  gain of 3 dB w a s  s e t  as a c r i t e r i o n  f o r  performance improvement. 
The gain comparison w a s  referenced aga ins t  the nominal performance of Pioneer 
V I  and VI1 f o r  t he  b i t - r a t e  change c r i t e r i o n  given above. It should be noted 
here t h a t  the  c r i t e r i a  f o r  comparison a r e  r a the r  important. For example, i f  
no coding of any kind were used as reference,  the  design min imum coding gain 
would be increased over the above specif ied t a r g e t  of 3 dB by about 2.6 dB. 
This i s  i l l u s t r a t e d  by the comparison between word e r r o r  probabi l i ty  f o r  no 
coding versus the word e r r o r  probabi l i ty  f o r  the simple p a r i t y  de tec t ion  
scheme as shown i n  f igu re  3. I n  t h i s  f igure  the 6 -b i t  word e r r o r  r a t e  i s  
p lo t ted  versus %/No, the  s igna l  energy per information b i t .  Deletion r a t e  
i s  shown as a parameter which, of course, i s  zero f o r  the no-coding case. 

The coding scheme discussed i n  t h i s  r epor t  exceeds the 3-dB t a rge t  gain 
and i n  f a c t  provides an addi t iona l  gain of a t  l e a s t  0.9 dB which w i l l  be 
regarded as an engineering sa fe ty  f ac to r .  The de ta i l ed  coding performance i s  
discussed i n  the sec t ion  on code determination and performance. 

It i s  suggested t h a t  on the f i r s t  launch i n  which coding i s  used, the 
communication system modifications be kept t o  a minimum; t h i s  d i c t a t e s  t h a t  
the f u l l  po ten t i a l  of the coding scheme not be immediately u t i l i z e d .  Specif
i c a l l y ,  it i s  proposed t h a t  the system be capable of rever t ing  t o  a "no
codingTT3option with exac t ly  the  capab i l i t i e s  t h a t  now ex i s t .  This implies 
tha t  for no coding, the modulation index w i l l  be s e t  f o r  a match of c a r r i e r  
and da ta  power a t  the 8 bps maximum range. With t h i s  c r i t e r ion ,  only one mod
ula t ion  index w i l l  be avai lable ,  which i s  s e t  before launch. I n  t h i s  case 
then, maximum range cannot be increased much due t o  the  degradation produced 
by the ground receiver  phase lock  loop when i t  i s  operated beyond the designed 
maximum range. It follows t h a t  a 3-dB coding gain can be used t o  (1)improve 
da ta  qua l i t y  ( recept ion accuracy), and ( 2 )  extend each b i t - r a t e  range during 
the mission except the maximum one. Except during the "no-coding" mode, the 
8 bps information r a t e  w i l l  not be used s ince t h i s  e n t i r e  range can be handled 
by coding with an information r a t e  of 16 bps. A normalized mission p r o f i l e  
showing b i t - r a t e  changes f o r  the Pioneer p a r i t y  check case and the coding 
scheme (assuming a 3-dB gain) i s  given i n  f igu re  4. 

For the l a t t e r  missions u t i l i z i n g  coding, i t  would be des i rab le  t o  extend 
the maximum mission range, e i t h e r  with two modulation indices  (changed upon 
command) or with one index which would put l e s s  power i n  the  data  channel. 
The l a t t e r  a l t e rna t ive  has the disadvantage of reducing the b i t - r a t e  ranges 
f o r  other than the lowest b i t  r a t e ,  whereas a var iab le  modulation index would 
not require  t h i s  trade-off between maximum and intermediate b i t - r a t e  ranges. 

__ 
'The D/S i s  the  Pioneer u n i t  which provides the opt imG data  demodulation 

and b i t  synchronization of the biphase modulated telemetry da t a  subcarr ier .  
'In r e l a t i o n  t o  Pioneer, "no coding" r e f e r s  t o  the  simple p a r i t y  check 

scheme without any fu r the r  da t a  conditioning. 
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It is proposed in general that "listen only" stations4 receive data in 
the uncoded form. That is, the spacecraft should be commanded from the pre
vious GOE station to a "no-coding" mode as well as a lower bit rate, if 
required, if the next station to view the spacecraft is a "listen only" sta
tion. There are several reasons for suggesting this procedure. First, 
results of computer analysis of test tapes from the Goldstone DSS show that 
there is considerable degradation while demodulating taped data in subcarrier 
form at the Pioneer Tape Processing Station (TPS). Second, the .natureof the 
errors is changed; specifically, the phase reversal error, which seldom occurs 
in GOE demodulated data, becomes a predominant error source. A high frequency 
of this type of error causes considerable difficulty in decoding non-return
to-zero-level (NRZ-L)data. 
operating in the coded mode.) 

(This is the data form to be transmitted when 

A final reason for commanding the spacecraft to a "no-coding" mode over 

"listen only" stations is that, should a "listen only" station receive coded 

data, the decoding will have to be done in the TPS at Ames Research Center. 

This will lengthen the processing time in the IBM 7094 system, which is 

explained as follows. The DSS-generated magnetic tapes containing the noisy 

subcarrier telemetry data are normally demodulated at the TPS with playback 

at 16 times real time. These data are formatted by an SDS 910 computer onto 

a digital tape for subsequent decommutating, data quality tagging, etc., on 

the IBM 7094 computer. Because of the high-speed playback, the decoding will 

have to be done by the 7094 instead of the 910. If the longer processing time 

required for decoding is not considered significant, then another commandable 
mode could be provided that would convert the output of the encoder to a non
return-to-zero-mark(NRZ-M) bit stream before modulation. This would allevi
ate the phase reversal problem, but the stated gains produced by coding would 
be reduced. The reduction in gain is due to the higher error rate in demodu
lating NRZ-M data since all single D/S errors become two adjacent errors when 
the NRZ-M is converted to the original NRZ-L form. However, the exact amount 
of degradation under this condition has not been determined. 

SELECTED CODING SYSTEN 


Code Determination and Performance 


Based on the studies reported elsewhere (ref. 2), the technique chosen 
for coding is convolutional encoding with sequential decoding. (For a gener
alized discussion see ref. 3.) The selection of the appropriate convolutional 
code was determined by several factors. Because of the D/S limitations (dis
cussed later), low rate codes could not be used; because of rather extensive 
hardware modifications to accommodate clocking, rate l/3 codes were also dis
carded, leaving the class of rate 1/2 convolutional codes. In general, the 
longer the constraint length (the number of encoding shift register stages), 
the better a code will perform. However, certain practical constraints 

4"Listen only" stations are those not configured with Pioneer Ground 

Operational Equipment (GOE); the noisy data subcarrier is recorded on magnetic 

tape for later processing. 
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imposed by the encoder, decoder, and the format of the data fixed the m a x i m  

constraint length at 25, requiring a shift register of 25 positions in the 

spacecraft encoder. The resulting encoder can be built within expected size, 

weight, and power restrictions. Also, one SDS 920 computer word can be used 

to represent the entire shift register required by the decoder to duplicate 

the encoder. 


A technique described by W. H. Lyne (ref. 4) was used to optimize the 
encoder connections for parity computations. Given the first N - 1  taps of the 
encoder shift register, this method decides whether to tap register position

N or to leave it untapped, according to which tap condition yields the most 

different set of 2N-1messages that contain an error in position 
 N. The 

difference of each of the messages is measured by the Hamming distance, which 
is a count of all the bits in an error message which differ from the correct 
mes sage. 

The code selection algorithm was computer programmed to evaluate all the 

Hamming distances for each tap choice at a given node and then to select the 

best choice on the basis of the rules given in reference 4. 


This technique was used to find two codes whose connections yielded 

identical Hamming distances up through 21 positions. Because the number of 

computations grows as a power of N, this technique consumes a prohibitive 

amount of computer time for N greater than 21. At this point, one of the 

two codes, also found by Lyne, was selected because its tapped shift register 

connections appeared most symmetrical; thus the code would perform better in 

a reverse decoding technique to be described later. 


The 21-position code was then expanded to 25 positions by trying all the 

combinations of code connections in the last four positions in a sequential 

decoder and selecting that set which gave the best performance. For this 

code, the parity bits are formed from the encoder register positions 1, 2, 4,

6, 8, 9, 12, 14, 15, 16, 20, 21, 22, 24, and.25. 


The decoding algorithm, attributed to R. M. Fano of MIT (ref. 3), was 
modified to cause the decoder to force the bit decisions on certain known 
words and on the seventh bit for words which have a parity check bit provided 
by the Digital Telemetry Unit (DW) in the spacecraft. This technique effec
tively provides an additional error-correcting capability to the code. A 
brief description of the decoding algorithm is given in appendix B. 

Two of the decoder parameters, bias and threshold spacing, have been 
tentatively set for simulation purposes, but are not necessarily fixed at 
their final optimum values. Also, the decoder parameters have been set for a 
gaussian channel in which the quantization points are set 0.7 standard devia
tion apart. This arrangement provides a basis on which to conduct simulation 
tests. A program for use as a flexible research tool was written in 
FORTRAN IV language for the IBM 7094 on which all the preliminary tests have 
been made. In this program the quantization scheme and other decoding param
eters can be varied by the investigator. The output of the program yields a 
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h i s t o r y  of t h e  channel e r r o r s  and decoder performance on a frame-by-frame 
bas i s  and a l s o  a de ta i l ed  p r in tou t  of the  decoded information stream when 
"undetected" e r r o r s  a r e  committed by the decoder. 

I n  evaluating decoder performance, one of the most important quan t i t i e s  
t o  be monitored ( i n  addi t ion  t o  the undetected e r r o r  r a t e )  i s  the  amount of 
time required t o  decode a given amount of data.  This i s  indicated by the nun
ber  of times the  decoder makes a t e n t a t i v e  b i t  decision. Each decision, 
ca l led  a node t r ia l ,  requi res  a number of l o g i c a l  operations by the  computer 
decoder. A s  the e r r o r s  i n  the  da t a  increase,  t he  decoder must make more 
trials i n  order t o  decode the  i n f o r m t i o n  successfully.  

The s e t  of curves i n  f igu re  5 shows the  number of frames decoded ( i n  terms 
of percent of t h e  total number of frames) versus t h e  number of node t r ia ls  
made by the  decoder f o r  channel bit-error r a t e s  of 0.03, 0.05, 0.07, 0.09, and 
0.10. A s  an example of t he  use of t h i s  set  of curves, note t h a t  i f  there  i s  
time f o r  only 1000 tr ials before the  decoder must abandon one frame and pro
ceed t o  another (a r e a l i s t i c  value of 512 bps),  only 80 percent of t he  frames 
could be decoded a t  an e r r o r  r a t e  of 0.10; but  99 percent of the  frames could 
be decoded a t  a b i t - e r r o r  r a t e  of 0.07. 

I n  the  proposed de le t ion  scheme, a l l  frames requir ing more than a speci
f i e d  number of t r ia l s  would be suspected of having undetected e r r o r s  and, 
consequently, would be discarded. Table I shows the  undetected e r r o r  r a t e  
and de le t ion  r a t e  based on de le t ing  a l l  frames requi r ing  m r e  than 12,000 
tr ials f o r  those runs shown i n  f igu re  5. It a l s o  shows the  equivalent dB gain 
( i n  addi t ion t o  overcoming the  3-dB rate l o s s )  f o r  each channel b i t - e r r o r  r a t e  
over the  present  b i t - r a t e  change point  (PeM = lom3) using the present Pioneer 
scheme of p a r i t y  tagging. 

The performance of the  coding scheme i s  shown i n  t ab le  I and f igure  6. 
For comparison, the performance of the present Pioneer system, with one par
i t y  b i t  per word, i s  shown on l i n e  1. Present Pioneer operations require  a 
change of b i t  r a t e  when the b i t - e r r o r  p robab i l i t y  of the D/S output f o r  NRZ-M 
data ,  PeM, reaches 1.Ox10-3. (The corresponding NRZ-L b i t - e r r o r  probabi l i ty ,  
Pe, i s  about 0.5x10-3.) Corresponding t o  t h i s  b i t - e r r o r  r a t e ,  the word dele
t i o n  r a t e  and undetected word e r ro r  r a t e  (previously discussed i n  reference 
t o  f i g .  2 )  a r e  a l so  shown on l i n e  1. For the  r a t e  1/2 code proposed, the  
transmitted b i t  r a t e  i s  twice the  information b i t  r a t e ;  t o  overcome t h i s  r a t e  
loss ,  the  D/S must operate  a t  the point  equivalent t o  a Pe of 1.0X10'2 a s  
shown i n  f igu re  6. Note i n  t ab le  1 , l i n e  2 , tha t  t he  de l e t ion  r a t e  (undecodable 
da ta  r a t e )  and the  undetected word e r r o r  r a t e  a r e  both zero. Although there  
i s  no gain over no coding i n  terms of dB, there  i s  a d e f i n i t e  gain i n  da ta  
qual i ty .  For the same performance i n  da ta  qua l i ty ,  l i n e  3 of t ab le  I repre
sents  the coding gain t h a t  can be achieved a t  a Pe of 7 percent; t h i s  gain 
can be u t i l i z e d  i n  extending any given b i t - r a t e  range. Lines 4 and 5 show 
the  code performance a s  the  b i t - e r r o r  p robab i l i t y  i s  allowed t o  increase 
fur ther .  Two of the  corresponding operating poin ts  f o r  the D/S  a r e  shown i n  
f igu re  6. 



To evaluate the operation of the DSS and TPS computers for decoding, 
two machine language-decodingprograms were written,5 one for the SDS 920 
computer and the other for the IBM 7094. These are prototypes for the final 
decoder subroutines and also will be used to determine approximate core 

requirements and computer time required. 


The physical realization of the coding system components is discussed in 

the following sections. 


Spacecraft Encoder Characteristics 


If the spacecraft DTU is assumed to be unmodified, then the encoder has 
the configuration shown in figure 7. The encoder is assumed to have access 
to all signals fromthe DTLT such as bit-clock pulses and frame-rate pulses 
which are available to the scientific instruments. The information data input 
to the encoder is provided as biphase modulated NRZ-M data from the DTU. The 
data output of the encoder is then fed to the RF modulator. A comandable 
bypass switch permits the encoder to be switched out and the data output 
returned to the normal mode of operation. Because of the error carryover 
effects produced by NRZ-M data and because alternate bits to be transmitted 
are parity bits, there is one pre-encoding function to be performed, namely, 
converting the biphase modulated NRZ-M data to NRZ-L data. This can be done, 
for example, by sampling and holding at T-second intervals (where T is the 
inverse of the bit rate) to remove the subcarrier. A modulo-2 adder and 
one-unit delay will take out the differential modulation (fig. 7(b)). 

The convolutional encoder unit itself consists of a 25-stage shift 
register with 15 stages tapped to compute parity; the parity bit is a logic 
"1"if there is an odd number of ' r l f s"in the tapped registers and a logic 
"0" otherwise. Every information bit is transmitted unchanged with alternate 
transmitted bits being parity data. As far as the encoder is concerned, all 
data received from the DTU are information; that is, the encoder makes no dis
tinction between actual sensor data bits and the DTU parity check bits or 
fixed words. The encoder shift register is reset to zeros once during every 
32-word frame (reset occurs between the fourteenth and fifteenth bits of the 
original frame) so that the decoding can be accomplished on a frame-by-frame 
basis. 


The final step in the encoding process is to remodulate the encoded data 
onto the square-wave subcarrier. At information rates of 512 and 256 bps the 
frequency of this subcarrier is 2048 Hz as before; at the lower information 
rates (64,16, and 8 bps), it will be 512 Hz. The reason for this change is 
that the D/S cannot meet its specifications for the required low signal-to
noise ratios at high subcarrier-to-bit-rateratios (see appendix C and fig. 8). 

-57 by Codex Corporation. 
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Decoder Characteristics 


Since the encoder shift register is set to zeros every frame, the initial 

code synchronization can be done on a frame-by-framebasis in a way analogous 

to the conventional frame synchronization. The code synchronization routine 

must perform a three-way search in order to determine: 


(1)The proper grouping of the information and parity bits in the pair,

which is a 1-bit ambiguity; 


(2)Whether or not the data demodulator locks up to the "in-phase" signal 

as transmitted or the "out-of-phase" signal, and; 


(3) The beginning of the encoded frame. 


After the decoder is synchronized, data are decoded a frame at a time. 

The decoding algorithm is given in appendix B. If a frame is encountered 

that the decoder cannot completely decode in the time available, a set of 

zeros is stored in place of the decoded data and the decoder proceeds to the 

data of the next frame. This set of zeros constitutes a signaling guide for 

an off-line processing mode at the TPS; this is discussed in the section on 

tape processing station operation. 


GROUND OPEMTIONAL EQUIPMENT 

Demodulator/Synchronizer 


The D/S constitutes a matched filter which integrates the signal energy 
during each bit time. The voltage levels at the integrator output (integrate
and-dump (I& D) levels) are a measure of the quality of the received bits. 
The decoder utilizes a digitized representation of those levels in the decod
ing process; the digital values are also recorded on the DSN station magnetic 
tape recorders (Ampex FR-1400) for backup decoding at the TPS, if required. 

For DTLS information bit rates of 512, 256, 64, 16, and 8, the required 
encoded data rates for transmission are 1024, 512, 128, 32, and 16 bps. Thus, 
the D/S must operate at three additional bit rates. In addition, it has been 
shown that (see appendix C) a subcarrier-to-bit-rateratio of 32 is the maxi
mum that can be permitted in order to achieve the necessary performance from 
the D/S. This implies that an additional subcarrier frequency is needed to 
meet these requirements - namely, a 5l2-H~subcarrier for coded bit rates of 
128, 32, and 16 is proposed. The operation of the D/S at this subcarrier 
frequency has been tested (see appendix C) and the results indicate that the 
unit can meet its required performance specifications. 
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Computer Buffer 

With coding, the d a t a  a r e  transmitted a t  a r a t e  equal t o  twice t h a t  of the 
information r a t e .  I n  addi t ion t o  t h i s  r a t e  change, each demodulated PCM b i t  
i s  f u r t h e r  qua l i f ied  by adding two addi t iona l  b i t s  which represent one of four 
l e v e l s  from the D/S  I & D output. Thus, each demodulated b i t  i s  expanded i n t o  
3 b i t s  t h a t  a r e  used during decoding; t h a t  is ,  i f  t h e  information rate i s  
512 bps, then the b i t  r a t e  t o  the decoder is  s ix  times t h i s  rate, or 3072 bps
(3  b i t s  t o  represent  the information d a t a  b i t  received and 3 b i t s  t o  represent 
the coding p a r i t y  b i t  received).  Since the decoder, i n  e i t h e r  the  software 
or hardware approach, uses d a t a  i n  the form of an information-parity p a i r  as 
a composite u n i t  of information, i t  i s  des i rab le  t o  t r a n s f e r  d a t a  t o  the 
decoder i n  6-b i t  quant i t ies .  The required modifications t o  the computer 
buffer  have been analyzed f o r  the  case where the  decoding i s  accomplished by 
the SDS 920 computer. Similarly,  the modifications t o  the ground t e s t  equip
ment, namely the d a t a  format generators and e r r o r - r a t e  t e s t e r ,  have been 
detai led,  but w i l l  not be reported here. 

W E  PROCESSING STATION OPERATION 

A s  has been previously discussed, decoding of d a t a  w i l l  be done a t  the  
DSS e i t h e r  by a software rout ine i n  the SDS 920 or i n  spec ia l  purpose hard
ware. However, as a backup f o r  computer fa i lure  or " d i f f i c u l t  t o  decode" 
frames of data,  it i s  des i rab le  t o  have the c a p a b i l i t y  a t  the TPS of t rans
f e r r i n g  the quantized I & D b i t s  onto the d i g i t a l  tape f o r  decoding during 
the  f irst  phase of d i g i t a l  tape processing. The magnetic tape recordings 
from GOE s t a t i o n s  w i l l  contain the da ta  i n  two forms. When the data  a re  decod
able  a t  the s ta t ion ,  the TPS w i l l  operate as with Pioneer V I  and V I 1  tapes 
s ince the PCM t rack  w i l l  consis t  of decoded data.  Since the  recorded undecod
able  frames of d a t a  w i l l  generally occur randomly, an automatic mode switch
ing capabi l i ty  must e x i s t  a t  the TPS. The f i rs t  indicat ion a t  the TPS t h a t  a 
flow of da ta  w a s  not decoded a t  the DSS i s  t h a t  the p a r i t y  of the t h i r d  word 
of the telemetry frame does not check. (The undecodable frames w i l l  be 
recorded on the PCM t rack  as a l l  zeros . )  The encoding frame begins a t  the 
t h i r d  word of each telemetry frame and ends i n  the second word of the next 
telemetry frame6 and each parity-checked word i s  forced t o  check i n  the decod
ing  procedure. While the A r e g i s t e r ,  which converts the s e r i a l  PCM b i t  
sequence t o  p a r a l l e l  i n  the l o g i c  of the TPS, i s  loading the t h i r d  and fourth 
decoded PCM words, there  i s  adequate time t o  switch t o  a separate mode t h a t  
w i l l  permit the log ic  t o  t r a n s f e r  the quantized I & D da ta  i n t o  the SDS 920 
and onto d i g i t a l  tape. This mode increases the d a t a  flow t o  s i x  times the 
normal decoded PCM r a t e .  

_ _  -___I- .~ 

'For format C ( t h e  64-word format) the encoding frame w i l l  begin a t  the 
t h i r d  and t h i r t y - f i f t h  words of each frame. 
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EXPERIMENTAL DATA 


AL1 simulation results discussed thus far have assumed the channel to 
consist of PSK modulation signals with sampled and quantized output of an 
ideal coherent biphase demodulator. The channel noise characteristics were 
assumed to be independent, additive, and gaussian. However, perfect coherent 
demodulation of biphase modulated data is not achievable in practice. The 
question is how far does the D/S output depart from the gaussian channel, and 
how does the departure affect the sequential decoding performance. 

Some representative data from the D/S have been recorded and digitized 
with the TPS D/S for use as input to the computer sequential decoder routine. 
For these tests, the noise was added directly to the biphase modulated sub-
carrier. The results of decoding these data are shown in table 11. Although 
there is some degradation at Pe = 8.7 percent compared to computer simulated 
data with the ideal gaussian channel, the 7.4 and 6.2 percent data do meet 
the undetected error requirements. The 7.4 percent data should represent the 
worst case for the D/S since these data were obtained with a subcarrier-to
bit-rate ratio of 32. 

Recently, overall system performance of sequential decoding has been 
determined with the Goldstone DSS RF receiver as the predominant noise source. 
Results show that a coding gain of 3 to 4 dB can be achieved for Pioneer bit 
rates of 256, 64, 16, and 8 bps. The details of the channel and the 
performance of sequential decoding will be reported elsewhere. 

SUGGESTED SYSTEM IMPROVEMENTS 

In order to improve the error correction and detection performance of 
the optimized (50, 25) code without increasing the code constraint length, 
several approaches have been investigated. First, the parity bit attached 
to the Pioneer 6-bit data words is computed frombits 1, 3, and 5. Since the 
decoder can use this redundant information effectively, it follows that this 
parity bit could be replaced by a parity check bit on all 6 bits in the word. 
Computer simulations have been made to determine the improvement realized by 
this modification. A comparison of lines 1 and 5 of table I11 shows a 
factor of 2.1 decrease in undetected word error rate for P, = 9 percent. 

Two known words, frame sync and mode identification, for the Pioneer 
case, are forced to be correct in the decoding process. (These bits are 
referred to as the "tail.") This technique of forcing known bits aids in 
decoding words near the tail. However, a significant proportion of words in 
error occurs in the two words (telemetry words 31 and 32)  preceding the known 
words. This shows that the 14 known bits in the tail are insufficient to 
make the probability of error in words 31 and 32 as low as other words in the 
frame. To eliminate this problem, simulation results indicate that if the 
number of known bits in the tail is 21, a l l  decoded words have about equal 
probability of being in error. Lines 1 and 2 of table I11 indicate the 
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corresponding decrease i n  word e r r o r  p robab i l i t y  with a 21-bit  tail.  For 
Pioneer t h i s  could be accomplished, f o r  example, by moving the frame synch 
complement word from word pos i t ion  16 t o  pos i t i on  32 i n  the  frame, thus 
giving the  required 21 b i t s  which then cons is t  of frame synch complement, 
frame synch, and mode I D .  

Another technique, reverse  decoding, has been developed and invest igated.  
I n  t h i s  process, decoding proceeds from t h e  l as t  b i t  t o  the  f i r s t  b i t  i n  a 
decoding frame. Because the  l a s t  24 b i t s  i n  the frame wst be known i n  order 
t o  rrprime" the reverse  decoder s h i f t  r e g i s t e r ,  it i s  necessary t h a t  the  frame 
be completely decoded i n  the  forward d i rec t ion .  The in fo rmt ion /pa r i ty  p a i r s  
used f o r  reverse  decoding a r e  extracted from the o r i g i n a l  channel symbols and 
a r e  separated by 48 b i t s .  (If the  transmitted sequence i s  il, pl, i2, 
p2, . . ., in,Pn, i n+ l ,  pn+ly . . ., then i n  i s  associated with pn+;l4 
f o r  reverse  decoding; i n  i s  associated with pn f o r  forward decoding.) 
This e f f ec t ive ly  provides the  reverse  decoder with d i f f e r e n t  da t a  (on a 
decision-by-decision b a s i s )  from which it should a r r i v e  a t  the  cor rec t  da t a  
sequence. The known words a r e  forced i n  the  same manner as f o r  forward 
decoding; but f o r  t he  p a r i t y  checked words, the  b i t  il of the word i s  
forced t o  make p a r i t y  check ra ther  than b i t  i7 which normally i s  the  p a r i t y  
check b i t .  

The technique of reverse  decoding may be used i n  the  following way. If 
there  a re  any discrepancies between the  r e s u l t s  of forward and reverse decod
ing, the corresponding words tha t  d i f f e r  w i l l  be deleted.  Any frames which 
f a i l e d  t o  decode backward w i l l  also be deleted.  The r e s u l t s  show one weak
ness of da ta  frames with only a known l h - b i t  t a i l .  Namely, i f  there  a re  any 
e r r o r s  committed i n  words 31 and 32, decoding i n  reverse w i l l  not decode 
these words d i f f e r e n t l y  f r o m  the  forward decoding, so  t h a t  these e r ro r s  a r e  
not  detected.  These r e s u l t s  a r e  shown i n  l i n e s  3 and 4 of t ab le  111. Simu
l a t i o n  runs ind ica te  t h a t  the technique of reverse  decoding with a 21-bit  
t a i l  y ie lds  an undetected e r ro r  r a t e  of 0.0 f o r  d a t a  with Pe = 0.09. This 
performance i s  comparable t o  t h a t  of the bas ic  (50, 25) code a t  Pe = 0.07, 
and thus r e s u l t s  i n  an addi t iona l  coding gain of 0.9 dB. It should be noted 
t h a t  decoding has fewer r e s t r i c t i o n s  i n  a "local"  sense when the decoding of 
1-3-5 p a r i t y  da ta  i s  compared with t h a t  of  1 through 6 p a r i t y  da t a  where the  
p a r i t y  b i t s  a r e  forced t o  check. That is ,  the decoding path i s  l e s s  con
s t r a ined  during a frame f o r  the 1-3-5p a r i t y  than f o r  the 1 through 6 p a r i t y  
case. Thus, t he  combination of reverse  and forward decoding f o r  e r r o r  detec
t i o n  i s  s l i g h t l y  b e t t e r  f o r  the 1-3-5 p a r i t y  ( see  l i n e s  4 and 8 of t ab le  I11 
f o r  Pe = 10 percent) .  The reverse  technique can be included i n  the  same 
decoding software subroutines which now provide only forward decoding. O f  
course, the  average time t o  decode a frame w i l l  be approximately doubled. 

CONCLUSIONS 

A coding system u t i l i z i n g  the  approach of convolutional encoding and 
sequent ia l  decoding has been described for appl ica t ion  t o  deep space missions. 
It is  shown by computer simulations f o r  t he  gaussian channel t h a t  a coding 



gain is realized (3.9dB compared to the present Pioneer parity check code or 

6.5dB compared to no coding for satisfying Pioneer error-rate requirements). 

Preliminary laboratory tests indicate that with minimum modifications the 

Pioneer mechanized PSK modulation and detection system can be utilized for 

this coding scheme. 


Improvements can be made on the rate 1/2 code by several approaches. 

First, the Pioneer parity check code on bits 1, 3, and 5 of each word can be 

replaced by a parity on bits 1 through 6. The undetected word-error rate out 

of the sequential decoding process is thereby reduced by a factor of about 

2. 	 Second, the technique of reverse decoding every frame that was decodable 

forward has been shown to be useful in error detection. Furthermore, a 21-bit 

known word sequence at the end of each block (frame) reduces the undetected 

error rate in decoding the last few words (preceding the known sequence). 

For the 1-3-5parity scheme, the addition of a 21-bit tail and reverse 

decoding increases the basic coding scheme gain from 3.9 dB to about 4.8dB. 


Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035,April 17, 1967 
125-23-02-02-00 -21 
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APPENDIX A 

PIONEER PROGRAM 


The objective of the Pioneer program is to measure interplanetary 
phenomena at distances at least to 50 million miles from the earth and at 
distances of approximately 0.8 to 1.2 AU from the sun. Phenomena of partic
ular interest relate to the characteristics of the magnetic fields, plasma, 
cosmic dust, electron density, and cosmic rays of both solar and galactic 
origin. 

The Pioneer spacecraft is spin-stabilized, cylindrical, and weighs 
approximately 140 pounds ( including scientific instruments). On-board power 
is supplied from solar cells covering the curved surface of the cylindrical 
structure. The spacecraft telemetry system is capable of transmitting scien
tific and engineering data at distances up to approximately 50 million miles 
from the earth. Greater communication distance is achievable by the use of 
the DSS 210-foot antenna facility at Goldstone, California. 

The Pioneer program has mission-dependent equipment at four Deep Space 

Stations (DSS) to transmit commands to and receive and demodulate telemetry 

data from the Pioneer spacecraft. The DSS are at Goldstone, California 

(DSS-12); Johannesburg, South Africa (DSS-51); Tidbinbilla, Australia (DSS-42); 

and Robledo, Madrid, Spain (DSS-62). 


Selected near real-time data are transmitted from the DSS via teletype 
to the SFOF' for further distribution to Ames Research Center, Stanford 
University, and Thompson-Ram0 Wooldridge (TRW) Systems. All telemetry data 
received at the DSS are recorded on magnetic tape and shipped to Ames for 
processing of the data thereon. At Ames the telemetry data are sorted for 
further transmittal to the appropriate user of the data. 

Pioneer Communication System 


Spacecraft communication subsystem.- The communication system for the
-
Pioneer spacecraft consists of an S-band radio link which 


(a) Transmits scientific and spacecraft engineering measurement data, 


(b) Receives command signals from the ground, 


(e) Provides one- and two-way Doppler measurement capability 


Antenna.- The spacecraft antenna system consists of three antennas. The 

two low-gain antennas are a broad-beam type having multislots and are lin
early polarized. Their plane of polarization is perpendicular to the spin 

.~ _ - - - 

'SFOF is the Space Flight Operations Facility located at Jet Propulsion 
Laboratory near Pasadena, California. 
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axis .  The th i rd ,  a high-gain antenna, i s  a col inear  broadside a r r ay  and i s  
a l so  l i n e a r l y  polarized. The plane of po lar iza t ion  i s  p a r a l l e l  t o  the spin 
axis .  The beam of the  antenna i s  a x i a l l y  symmetric with respect  t o  the spin 
ax i s  and has a width of above 5O, a s  measured a t  the -3 dB points  i n  a plane 
containing the spin ax is .  The maximum gain of t h i s  antenna i s  11dB. 

Transmitter.- The spacecraf t  t ransmi t te r  i s  made up of a so l id  s t a t e  
exc i t e r  and a TWT power amplif ier .  Power output of the d r i v e r  i s  approxi
mately 40 mW and may be switched by ground command t o  only one of the two low-
gain antennas or t o  one of two TWT power amplif iers .  Each TWT has a power 
output of approximately 7.7 W. E i ther  TWT m y  be turned on or of f ,  or 
switched e i t h e r  t o  one of the  two low-gain antennas or  the high-gain antenna 
by ground command. 

Receiver.- The spacecraf t  has two frequency addressable phase-lock loop 
receivers  which demodulate the received s igna l  from the  ground and send the 
r e su l t i ng  command tones to  both decoders. The command message contains a 
decoder address t h a t  s e l e c t s  one of the  decoders t o  implement the command. 
The noise f igu re  of the system i s  8 t o  10 dB and the noise bandwidth i s  20 Hz. 

D ig i t a l  telemetry u n i t . - The d i g i t a l  telemetry u n i t  i n  the spacecraf t  
provides severa l  modes of operation and accepts a s  inputs:  (1)d i g i t a l  s ig 
na ls  from the experiments, ( 2 )  a l imited number of analog s igna ls  from the 
experiments, (3 )  the readout of the da ta  storage uni t ,  and ( 4 )  analog s igna ls  
f rom the  engineering measurement sensors.  The d i g i t a l  telemetry uni t  gener
a t e s  the frame,synchronization words, the mode i d e n t i f i c a t i o n  word, and the  
p a r i t y  check b i t  at tached t o  each 6 b i t s  of data.  The output of the  d i g i t a l  
telemetry u n i t  i s  a 2048-Hz square wave which i s  biphase modulated with the 
time multiplexed PCM b i t  t r a i n  using a non-return-to-zero-mark (NRZ-M) format. 
This square wave phase modulates the t ransmi t te r /car r ie r  i n  a l l  modes of 
operation. The d i g i t a l  telemetry u n i t  a l so  supplies the  s c i e n t i f i c  i n s t ru 
ments with the  timing and spacecraf t  s t a t u s  s igna ls  required by the experi
ments f o r  proper operation with the d i g i t a l  telemetry un i t .  The 5-b i t  r a t e s  
se lec tab le  by ground command a r e  512, 256, 64, 16, and 8 bps. 

A l s o ,  by ground command i t  i s  possible  t o  s e l e c t  one of four da ta  f o r 
mats2 f o r  t ransmit t ing the da ta .  Changes i n  format occur immediately a f t e r  
the d i g i t a l  telemetry un i t  receives  the command and, therefore ,  can occur a t  
any time with respect  t o  the  da ta  being telemetered. Format A contains 32 
words and i s  one of the main frames f o r  s c i e n t i f i c  information. Under normal 
conditions, t h i s  format i s  used a t  the two highest  b i t  r a t e s .  Format B con
t a ins  32 words and is  the second main frame f o r  s c i e n t i f i c  information. Under 
normal conditions,  t h i s  format i s  used a t  the three lowest b i t  r a t e s .  For
mat C i s  a 64-word format containing predominantly engineering da ta .  Format D 
contains 32 words and i s  a t h i r d  main frame f o r  s c i e n t i f i c  data .  Data from 
only a s ingle  s c i e n t i f i c  instrument a r e  contained i n  t h i s  format so t h a t  i t  
i s  used only on a l imi ted  number of occasions. When not selected v ia  ground 
command f o r  operat ion a s  a main frame format, t he  engineering format C da ta  
(64 words) are subcommutated by one word of the s c i e n t i f i c  main frame format. 
This i s  normal spacecraf t  operation. One addi t iona l  main frame word i s  used 

2For two of the formats of Pioneer V I  and VI1 see f igu res  g (a )  and g (b ) .  



to subcommutate 16 words (format E) of scientific data which are gathered at 
a rate lower than that used to record main frame scientific data. 

Ground Operational Equipment 


To provide the capability for partially processing the telemetry data 
received from the spacecraft, for sending commands to the spacecraft and for 
testing the ground equipment to verify that it is performing satisfactorily, 
Pioneer has at DSS-12, -42, -51, and -62 the mission-dependent equipment 
described hereinafter. 

A brief functional description of the equipment is given below. 


Demodulator/synchronizer. - The primary function of the demodulator/ 
synchronizer is the demodzg-tionof the 2048-Hz square wave subcarrier which 
is biphase modulated by the data bit stream and the generation of bit-clock 
pulses which are synchronous with the data bits. The demodulator/synchronizer 
accomplishes this function at any of the 5-bit rates. It accepts as an input 
the subcarrier from the DSS receiver and outputs three signals: 

(a) Serial NR!Z-L data 

(b) Bit-clock pulse train 


(c) sync status signal 


Command encoder.- The function of the command encoder is to produce a 
command message, corresponding to a manually inserted command, which is 23 
binary bits long and consists of 1.50 Hz (0)and 240 Hz (1) tone:;which phase 
modulate the DSS transmitter/carrier. The equipment is designed to permit 
visual inspection of the inserted command and computer verification that the 
inserted command and the transmitted comand are correct. 

Computer buffer.- The computer buffer provides the necessary circuits for 

connecting special purpose equipment to the SDS 920 computer. Except for the 

computer's own peripheral equipment, the buffer provides the only input from 

the rest of the system. The buffer supplies the interface between the 

computer and the following equipment: 


(a) Demodulator/synchronizer (telemetry data) 


(b) FR-1400 tape recorder (recorded telemetry data) 


(c) Data format generator (test telemetry data) 


(d) Command encoder (command verification) 


(e) Monitor receiver (command verification) 
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The telemetry da ta  input  system i s  provided with a col lect ion r e g i s t e r  
t o  assemble from 1 t o  14 b i t s  f o r  computer processing. The command input of 
the buffer  accepts 13 s igna ls  from the command encoder and 2 from the monitor 
receiver.  The 1.3 s igna ls  from the encoder consis t  of 10 b i t s  of address and 
command, 1b i t  t o  ind ica te  whether the u n i t  i s  i n  normal or emergency opera
t ion,  1b i t  t o  indicate  whether the in te r rupt  i s  f o r  gross v e r i f i c a t i o n  or 
b i t  ver i f ica t ion ,  and the in te r rupt  t o  a c t  as timing. The s igna l  from the 
monitor receiver i s  a tone (150 or 240 Hz) used i n  the bi t -by-bi t  check of 
the comand. The buffer  converts the tones from the monitor receiver t o  
voltage leve ls .  

Error-rate  t e s t e r . - The e r ror - ra te  t e s t e r  provides periodic semi
automatic checks on the performance of the demodulator/synchronizer while sub
jec t ing  it  t o  an input which simulates a noisy, real-time, biphase modulated 
subcarrier.  The t e s t e r  supplies the demodulator with a noisy modulated sub-
c a r r i e r  of known signal-to-noise r a t i o  and b i t  sequence. The uni t  compares 
the reconstructed d a t a  returned by the demodulator with the o r i g i n a l  NFZ-L 
data  generated with the t e s t e r .  The t e s t e r  i s  capable of modulating a 2048-Hz 
subcarr ier  with NRZ-M d a t a  a t  b i t  r a t e s  of 8, 16, 64, 256, and 512 bps. The 
e r r o r  counting period i s  var iable  i n  decades from lo3 t o  lo6 b i t  times. Any 
of three signal-to-noise r a t i o s  may be selected: 7.3 dB; 9.8 dB; and 11.4 dB. 
The t e s t e r  generates i n t e r n a l l y  the binary sequence 111100010011010 which 
biphase modulates the subcarr ier .  However, i t  i s  possible t o  s u b s t i t u t e  the 
PCM data  stream avai lab le  from the data  format generator f o r  the i n t e r n a l l y  
generated binary sequence. 

Data format generator.- The data  format generator simulates the normal 
telemetry information and provides t e s t  input s ignals  t o  portilons of Pioneer 
mission-dependent equipment. It i s  not used during normal operation. The 
da ta  format-generator output i s  a 2048-HZ square wave subcarrier biphase modu
l a t e d  by an i n t e r n a l l y  generated b i t  stream. The generator i s  capable of 
supplying the required output s igna ls  i n  any format, mode, and b i t  r a t e  of the 
Pioneer spacecraft  system. Regardless of the mode, format, and b i t  r a t e  
selected,  the contents of the telemetry words a re  selected manually as  
follows : 

( a )  Any s p e c i f i c  main frame word i s  chosen and the contents of the word 
a r e  fixed t o  any arrangement of b i t s .  

( b )  Ei ther  a fixed p a t t e r n  i s  chosen f o r  a l l  words, or a d i s t i n c t i v e  
word number i s  chosen f o r  each word except f o r  the word chosen i n  
( a ) ,  the frame sync words, the subcom I D  word, the extended frame 
count word, and the mode I D  words. 

( e )  Any subcom word i s  chosen and the contents of the selected word a r e  : 
f ixed w i t h  any desired arrangement of b i t s  when format A, B, o r  I 

D i s  selected.  

Transponder.- The transponder provides an RF simulation of the Pioneer 
spacecraft  so t h a t  the DSS may be tes ted  f o r  compatibil i ty with the spacecraf t  
and telemetry communication requirements and provides the capabi l i ty  of closed-
loop operation with the Pioneer mission-dependent ground operational equipment. 



The transponder i s  composed of two spacecraf t  receivers  (one on each assigned 
Pioneer spacecraf t  frequency), diplexer ,  low-power t ransmit ter  dr iver ,  command 
decoder, a d isp lay  and control panel, and a power supply assenhly housed i n  a 
separate container.  



APPENDIX B 

DECODING ALGORITHM 

For each information b i t  fed i n t o  the s h i f t  r e g i s t e r  of the spacecraft  
encoder from the DW, 2 b i t s  a r e  generated and sen t  t o  the da ta  modulator. 
The f i rs t  of these i s  the information b i t  i t s e l f ,  and the second i s  a modulo-2 
sum of the information b i t s  i n  r e g i s t e r  posi t ions 1, 2, 4, 6, 8, 9, 12, 14,
15, 16, 20, 21, 22, 24, and 25. A t  the DSS the s igna l  i s  received and demdu
la ted .  The I & D output of the D/S i s  quantized i n t o  one of e ight  l e v e l s  f o r  
each transmitted b i t  and sen t  t o  the computer buffer  as 3 b i t s  - 2 b i t s  aug
mented by a sign. Thus, a transmitted binary d i g i t  is  transformed by the 
channel i n t o  one of e ight  symbols. These symbols are re t r ieved  from the com
puter  buffer  by the DSS computer as a 6-b i t  information/parity p a i r  as 
discussed i n  the sect ion on GOE. 

The eight  possible  channel symbols f o r  one transmitted b i t  a r e  assigned 
a s e t  of t r a n s i t i o n  probabi l i t i es ;  each member of the s e t  i s  the probabi l i ty  
t h a t  a p a r t i c u l a r  symbol w i l l  be received, provided a 0 or a 1w a s  t rans
mitted. A s e t  of t r a n s i t i o n  probabi l i t i es  i s  given i n  tab le  I V  f o r  a normal 
d i s t r i b u t i o n  quantized t o  e ight  leve ls .  The e r r o r  probabi l i ty  i s  0.06, and 
the quantum l e v e l  separation i s  0.7 standard deviation. A graphical repre
sentat ion i s  given i n  f igure  10 along with the assignment of symbols t o  
quantum leve ls .  

A metric value i s  defined f o r  each channel symbol, provided a 0 or a 1 
w a s  transmitted,  by the formula 

P(r.ec.eiv.eq sy-mb~ol/transmittedb i t  hypothesisb i t  metric = log2 
[1/2 P(received symbol/O) + 1/2 P( received symboi/l) 1 - b i a s  

where P i s  the  specif ied t r a n s i t i o n  probabi l i ty .  The branch metric i s  the 
sum of the b i t  metrics f o r  the information and p a r i t y  b i t s  f o r  one branch. 

A s  each information/parity p a i r  i s  selected f o r  decoding, two branch 
metric values f o r  t h a t  p a i r  a r e  found from a table ,  one assuming a 0 w a s  input 
i n t o  the.spacecraf t  encoder and the other  assuming t h a t  a 1w a s  input i n t o  the 
encoder. The decoder computes the cor rec t  information/parity combination by 
using an encoder configuration i d e n t i c a l  t o  t h a t  of the spacecraf t  and the 
previous 24-bit  decisions.  There a r e  four  metric t a b l e s  f o r  t h i s  purpose, one 
f o r  each possible  i n f o r m t i o n / p a r i t y  combination (00, 10, 01, and 11). One 
t a b l e  f o r  an information/parity p a i r  of 0,O i s  given i n  tab le  V. The channel 
alphabet and t r a n s i t i o n  p r o b a b i l i t i e s  from which t h i s  t a b l e  w a s  derived a r e  
those of f i g u r e  10 and t a b l e  IV;  the  b i t  metric b i a s  i s  0.5. The other  three 
tab les  contain the same e n t r i e s ,  but a r e  ordered d i f f e r e n t l y  t o  correspond t o  
the d i f f e r e n t  transmitted b i t s .  The most l i k e l y  branch ( t h e  one with the 
highest  metric value) is  selected as a t r ia l  choice and the  corresponding b i t  



i s  inser ted i n t o  the decoder's s h i f t  r e g i s t e r .  I t s  metric value i s  then added 
t o  the t o t a l  of the metrics of the previous decis ions f o r  the frame being 
decoded . 

Because of noise on the channel, it i s  possible  t h a t  an incor rec t  deci
s ion w i l l  be made by the decoder and a b i t  which i s  i n  e r r o r  w i l l  be inser ted 
i n t o  the s h i f t  r e g i s t e r .  However, s ince the  b i t s  i n  the decoder s h i f t  r e g i s 
t e r  do not match those t h a t  were i n  the encoder, the succeeding sequence of 
p a r i t y  b i t s  generated by the decoder w i l l  not correspond t o  those sent  by the 
encoder. This discrepancy shows up quickly s ince few of the channel symbols 
received w i l l  c lose ly  match those generated by the decoder as possible  
choices. These b i t  choices w i l l  have small o r  negative metric values, and the 
t o t a l  metric w i l l  f a l l  below a predetermined threshold. When t h i s  happens, 
the decoder recognizes a possible e r r o r  condition and en ters  a search mode. 
(It i s  a l s o  possible  t h a t  the decoder i s  proceeding correct ly ,  but  t h a t  noise 
has caused the  metric value t o  drop below the threshold.)  

I n  the search mode, the decoder executes a systematic search through the 
t r e e  of possible information/parity sequences i n  order t o  f ind  a b e t t e r  f i t  
t o  the received sequence, i f  one e x i s t s ,  before the decoding process i s  
allowed t o  continue. The threshold value i s  lowered i n  fixed increments and 
the t r e e  i s  searched according t o  a s e t  of r u l e s  i n  order t o  f ind a va l id  path 
whose t o t a l  metric never f a l l s  below t h a t  threshold.  I n  doing SO, the decoder 
may decide t o  s e l e c t  the second bes t  choice f o r  information/parity p a i r s  t h a t  
might have been received i n  e r ror .  A s  soon as the decoder decides on a new 
path ( o r  a r r i v e s  back a t  the old path with a lower threshold) the search mode 
i s  l e f t  and the decoding process continues as before. A s  the decoding pro
ceeds successfully,  the threshold value i s  ra i sed  i n  f ixed increments (always 
remaining below the t o t a l  value of the metric) so t h a t  possible e r r o r  condi
t ions may be detected most quickly. A flow diagram of t h i s  basic  procedure 
i s  shown i n  f igure  11. A more de ta i led  discussion may be found i n  
reference 3. 

The s t ruc ture  of the Pioneer formats i s  such t h a t  much i s  known about the 
data  as they a r e  received from the spacecraf t .  Information b i t s  a r e  arranged 
i n t o  groups of 7 b i t s  t o  form data  words. With c e r t a i n  exceptions, the sev
enth b i t  of each word i s  a p a r i t y  check on b i t s  1, 3, and 5. Data words a r e  
organized i n t o  frames of 32 words where words 1and 17 a r e  always a f ixed 
frame sync word (Barker word) and i t s  complement and word two i s  a mode iden
t i f i c a t i o n .  This information i s  used by the sequent ia l  decoder subroutine 
module of the s t a t i o n  program to: 

(1)Synchronize the frame f o r  the e n t i r e  program, 

(2)  Locate the  s t a r t i n g  point of the decoding process, and 

(3)  Force the decoding process on words t h a t  a r e  known and on the 
seventh b i t  of words t h a t  a r e  p a r i t y  checked i n  order t o  speed 
the computation and reduce the probabi l i ty  of undetected errors .  

To force the decoder on p a r i t y  means t h a t  the seventh b i t  of each p a r i t y  
checked telemetry word i s  determined by the decoded p a r i t y  checked b i t s  i n  
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t h a t  word, and the corresponding branch i s  chosen regardless of whether i t  
had the b e s t  metric. On the  other hand, forcing the decoder on only f ixed 
b i t s  (o r  words) implies t h a t  these d a t a  b i t s  a r e  known independently of pre
vious da ta  b i t s ,  and the decoded branch i s  chosen from the known information. 
The metric value f o r  both cases i s  determined from the received I & D leve ls .  

Because sequent ia l  decoding has an inherent ly  var iable  decoding r a t e ,  
several  r e s t r i c t i o n s  have been imposed t o  determine the point  a t  which 
decoding should be suspended and f u r t h e r  attempts made at',some subsequent 
time, of f - l ine .  

Since the encoder i s  r e s e t  a t  one-frame in te rva ls ,  the computer decodes 
one frame a t  a time. Data a r e  cont inual ly  input and buffered by the computer 
f o r  processing via  an i n t e r r u p t  system as each information/parity p a i r  appears 
i n  the computer buffer.  I f  one complete frame i s  input before the previous 
frame i s  decoded, the decoder proceeds immediately t o  the most recent frame. 
Decoded da ta  output f o r  recording i s  delayed by exact ly  two frames from r e a l -
time. The decoded d a t a  a r e  ava i lab le  i n  the computer t o  the other  program 
functions, such as real-t ime pr in touts ,  l i m i t  checking, e tc .  The decoder w i l l  
also estimate an e r r o r  r a t e  f o r  the main program on the bas i s  of correct ions 
made i n  the received sequence. This estimation w i l l  replace the present  
p a r i t y  e r ror - ra te  pr in tout  i n  the coded mode, since p a r i t y  and known words 
w i l l  exactly check i n  the decoded data.  
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APPENDIX c 

DENODULATOR/SYNCHRONIZER PERFORMANCETESTS 

Performance t e s t s  completed t o  da t e  on the Pioneer GOE D/S provide a 
l imi ted  v e r i f i c a t i o n  of the design philosophy. Extensive t e s t s ,  on the unmod
i f i e d  D/S have determined i t s  threshold of operation. The laboratory equip
ment used t o  perform these t e s t s  is s imi la r  t o  $he GOE "Error-Rate Tester ."  

Two conclusions were drawn from these t e s t s .  F i r s t ,  the  D/S can maintain 
I l ock  and perform within 1dB of the  theo re t i ca l  performance f o r  coherent PSK 

at  low normalized signal-to-noise r a t i o s  (E/No), f o r  high b i t  r a t e s .  A t  l o w  
values of E/No, i t s  performance i s  p r inc ipa l ly  l imi ted  by the dynamic range I 
of the input  AGC preamplifier and chopper mul t ip l ie rs .  S tab le  performance 
can be obtained a t  E/No 2 0 dB f o r  b i t  r a t e s  of 64 bps or  higher (see f i g .  8). 

Second, phase inversion has l i t t l e  e f f e c t  on e r r o r  r a t e s  over the s t ab le  
performance range of the  D/S. I n  other  words, once the D/S locks onto the  
s igna l ,  i t  seldom accumulates enough phase e r r o r  t o  i n v e r t  the channel PCM. 
This ind ica tes  t h a t  a rJRz-L format can be used ins tead  of NRZ-M; thus the 
addi t iona l  degradation due t o  the mark format can be eliminated. 

To reduce performnee thresholds f o r  low b i t  r a t e s ,  a 5l2-H~subcarr ier  
frequency i s  proposed. Since no time constants change i n  the D/S phase-lock 
loops f o r  d i f f e r e n t  subcar r ie r  frequencies, a simple l o g i c  change permits the 
D/S t o  demodulate the  512-Hz subcarr ier .  

The D/S w a s  t es ted  with a 512-Hz subcar r ie r  modulated by a 15-bi t  pseudo-
noise sequence a t  16 bps and 64 bps. Performance was found t o  be approxi
mately 1 dB off t heo re t i ca l  f o r  values of E/No _> -1 dB, and phase inversion 
r a t e  w a s  as low as with the  higher subcarr ier  frequency. Performance of the 
D/S w a s  not t e s t ed  a t  all the  proposed new b i t  r a t e s  because of the numerous 
wiring changes and addi t iona l  components required; bu t  there  i s  no reason t o  
expect problems a t  these b i t  r a t e s  s ince the  most c r i t l c a l  b i t  r a t e ,  namely,
16 bps with the 5 l2-H~subcarr ier ,  was proven i n  the  laboratory t e s t s .  

The f i n a l  performance check, of course, required making a complete RF 
l i n k  t e s t  a t  the  Goldstone DSS t o  assure t h a t  the  DSN rece iver  does not 
degrade the D/S performance a t  the  lower s ignal- to-noise  r a t i o s .  These 
results w i l l  be reported separately.  
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TABLE I.- CODE PERFORMANCE 

IPeJ 
Word deletion Gain over Pioneer parity 

channel bit rate (parity Undetected error detection scheme 
Comments error error rate or word error with l om3  bit error 

probability undecodable rate criterion, dB 
data rate) 
I 

-3 IPioneer Target 4.0~10 

1 with parity bit-rate 1.0~10
-3 (parity error 

detection only change rate) 

Proposed . Coding "break-even" 0 II I 

2 (50,25) I point (overcome 3 dB 1.0~10-~' (undecodable 0 0 
1code rate l o s s )  /. data rate) ' 

3 !iI 
'I 7.0x10m2 1 0 0 3.9 

4 I 
g.~xio-~ OXLO LO-^ 1.1~10-4 4.8" 

1 

-
%oding gains achievable if undetected word error rates were met. 


TABLE 11.- CODING PERFORMANCE WITH EXPERIMENTAL DATA 


Number of Subcarrier ' Information Undetected Deletion 
Run Pe 

test run Hz bPS error rate 

1 998 2048 512 8.7 1.9~10-~1.8~10'~ 
2 920 2048 512 6.2 0 1.&io -3 

frames in frequency, bit rate, percent word rate 

I 

I 3 I 530 I 2048 64 7.4 0 2.1x10-2 



TABLE 111.- CODE P E W O W C E  WITH VARIOUS DECODER OPTIONS 


-3 0"4 Same as (2)  except use 9 1 . 5 ~ 1 0  
of reverse decoding I 10 8 . 3 ~ 1 0 - ~  2 . 6 ~ 1 0 ' ~  
Same as (1)except 9 5.0~10'~ , 5.3~10-5 
1 through 6 par i ty  10 2 . 8 ~ 1 0 ' ~  2 .7x10m4 

6 Same as  (2)  except 9 5. ~ ~ 1 0 ' ~  5.3~10'5 
1 through 6 pa r i ty  10 2 . 8 ~ 1 0 ' ~  1 . 7 ~ 1 0 - ~  

Same as (3)  except 9 7 . 5 ~ 1 0 ' ~  0" 
1 through 6 par i ty  10 5. %loe3 1.2~10'~ 

8 Same as (4 )  except 9 7 . 5 ~ 1 0 ' ~  0" 
1 through 6 par i ty  10 5 . 9 ~ 1 0 - ~  3 . 5 ~ 1 0 ' ~  



TABLE 1V.- TRANSITION PROBABILITIES FOR NORMAL 
DISTRIBUTION WITH P, = 0.06 AND QUANTUM 
SEPARATION = 0.7 STANDARDDEVIATIONS 

__I-_--

Channel symbol 	 Probability that Probability that 
1 w a s  transmitted I 0 was transmitted 

0.00014 0.29288 
.00143 .26871 
.01050 .24213 
.Oh7 91 .13630 
.13630 .Ob7 91 
.24213 .01050 
.2687 1 .00143 
.29288 .00014 

TABLE V. - BRANCH METRIC TABLE FOR TRANSMITTED 0,O 

Information symbol 


1 2 3 4 5 6 7 

-5.55 -8.52 -12.10 -1.39 -1.02 -0.96 -0.95 

-8.20 -11.17 -14.75 -4.04 -3.67 I -3.61 -3.59 

-14.14 -17 -72 -7.01 -6.64 -6.58 

-17.72 -21.30 -10.59 -10.22 -10.16 

4 I -1.39 -4 04 -7.01 -10.59 .12 49 '55 56 

5 I -1.02 -3.67 -6.64 -10.22 .49 .86 92 93 
~~ ~~ 

6 -.96 -3.61 -6.58 -10.16 55 - 92 98 99 

7 I -095 -3.59 -6.57 -io.15 56 - 93 99 1.00 
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Figure 1.-Coding system configuration. 



~ _ _  10-2 - I I I -r- I I 
_ - - --

-
-
-

-

-I 0-3 --
-
-
-

Q,
c 


e 
L 
e 
L 

Q) 

-2 
g 10-4 
U 

Q,c 

0 
0)
4-
Q)
U 

c 

3 

-I 0-5 -
-0.05%
-
-
-
-
-

IIO’S 0 2 

---
-
-

-

-----
-
-
-
-

----
--

Bit error operational l imit  for bi t  rate change -
on Pioneer V I  and V I I  (PeM = 10-3) -
Pe = Output bit error rate of demodulator/synchronizer 

when NRZ-L data  are transmitted -
PeM = Output bit error rate of demodulator/synchroniter 

when NRZ-M data are transmitted --
PeM 5 2 p, 	 ---

-
-

-

I I I I I 
4 6 8 10 12 13 

Deletion rate, percent, (parity error rate) 

Figure 2.- Theoretical performance of parity error detection. 

28 



.- 

IO' ' - I I I I I 
- 
- \ 

\ 6 - bit word error -	 \probability for no coding -
- -IO'* 
 - 
- 
- 
- 
- c
-10-3 - -. - n 


0 n - 
g
L - 2 
L \ 

10-4 - \ -L: - \ -
U - \ 
0)
c 
0 	 \ 

Q,
c - \ -

Q,
U \5 10-5 -- \ -

- \ 
- \ 

6 - bit + parity word \- error probability -
(deletion rate shown \ 

10-6 - as a parameter) \ 
- \ I  


-

I 0-7I I 
4 
I I 

8 
I I 



0 2 6 IO 12 



w 512 -10 
I 
I 
I

256 


-No coding (except parity check code) 

--- 3 d B  coding gain 

u 

Q 
u)
\
ln c
.
9 64 
Q)
t 


2 
C 
.-0 
t 
0 
E 
& 

Y-
C-

I� 

E 

I I I I I I I 
0 I 2 3 4 5 6 7 8 9 

Normalized range 

Figure 4.- Information rate vs. normalized range. 



100 

80 


-> 
W 

4-W 
(1

E 
60


0 

W 
-0
8 
W 
'CI 
u)


E! 
40 

rc 
c

0 

4-
C 
W
2 
z 
20 


0 800 1600 2400 3200 4000 4800 5600 6400 
Node trials per frame 

Figure 5. - Decoder computation r a t e  performance. 



-- 

-- 

I I I I 


-
5.2 dB coding 

Io-' = gain for Pe = 10% 

----
-
-

a" 

->;

4.-
9 
0 

% 10-21 
L -a 
 -L 
 -2 
L -
Q) 
t 
m -

-

10-3 ----
-	 Pe = Output bit error rate of 

demodulator/sync hronizer-
when NRZ-L data are 

- transmitted. 

I I 1 I 1- --L10-4
-6 -4 -2 0 2 4 6 a IO 

Normalized signal to noise ratio, Eb/N,, dB 

Figure 6. - Performnce of coherent PSK detect ion.  

32 



* 
' Subcarrier modulated NRZ-M data 

Bit rate level lines (5) I 

DigitaI 16.384 kHz clock 
telemetry Frame rate pulse * 

-
Encoder *R F modulatorunit 

Word rate pulse * 
Bit shift pulse 

(a) Encoder interfaces. 


Figure 7.-Spacecraft encoder. 
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Figure 9.- Word assignments for Pioneer VI and VI1 formats. 
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Figure 10.-Normal distribution f o r  transmitted "0" with P, = 0.06. Curve shows the quantum l eve l  
assignments for 0.7 standard deviation separation. 



e 

t
f I-
Y 
(D 

m 

-2 

I 
-2 

b 
rL
3 

I 

Tighten 4
threshold 

t 
Clear search 

flag 

Move forward 

I I 
Start at origin 
Threshold =O 
Total metric.0 
Search flag clear 

Look up metrics 
for next node. Look forward on Move backLook forward on 
branch with high- lowest metric one node 
est metric. 

I AL 


Yes Yes 
Lower 4 v 

Figure 11.-Basic decoder algorithm. 



“The aeronautical and space activities of the United States shall be 
condrrcted so as to contribute . . . to the expansion of human Knowl
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