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1P.

AUSTRACT

PHILCO WDL-TN62-13 UNCLASSIFIED
AN INTEGRATED "ERROR-FREE"
COMMUNICATION SYSTEM Pages
31 December 1962 Contract AF04(647)-829

This Technical Note presents a code system for ex-
tremely reliable information transfer. The system combines
the functions of command, synchronization, range, and range
rate in one two-way radio link. Reliability results from
the use of "comma-free" words coded for error detection,
and synchronization has the same high reliability as the
information.

I.

THIs UNCLASSIPII O A1STRACT 10 DEBISDO P0F RTINTION IN A
B[TANoARo 3-1y-t CARD-1B11 PILE. IP DESIRES. WHERE TrH

ABSTRACT COVERNS MORE n"AN OSE BIDE OF THE CARS, THI IINTIRM

RICITANSLE MAY 2E CUT OUT MIS POLEOO AT TI OOTTED C€ENTIER

LINE. (IF THEI ABSTRACT I1 CLASIPIEDO, HOWEVEa, IT MUST NOT

9E REMOVED PFROM THI DOCUMENT IN WHICH IT Is INCLUDED.)
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SUMMARY

In the interests of more efficient operation, a system is proposed

which combines the functions of command, synchronization, range, and

range rate on one two-way radio link. Extreme reliability of informa-

tion transfer is achieved by employing "comma-free" words which have

been coded for error detection. Consideration is given to an assumed

elemental error probability, corresponding to a conservative signal
level Pe - 10-4' The mean time between error for this case is 101

years. The coding is such that synchronization obtains the same high

degree of reliability as the information. In addition to the advantages

of essentially "error-free" coummunication, the system offers relative

ease of implementation counon to the class of cyclic codes.

L

I.
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FOREWORD

Technical Note WDL-TN62-13 has been prepared by the Philco WDL

Special Programs Department for submittal to AFSSD for information pur-

poses. This Technical Note is within the scope defined by Paragraph

4.2.1, AFBM Exhibit 58-1, "Contractor Reports Exhibit," dated 1 October

1959, as revised and amended.

The material presented in this Technical Note was developed under

lDefinitive Contract AF04(647)-829 and Paragraph 1.2.1.2 of AFSSD Exhibit

61-27A, "Satellite Control Subsystem Work Statement," dated 15 February

1962.

II
I
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AN INTEGRATED "ERROR-FREE" COMMUNICATION SYSTEM

INTRODUCTION

It has become evident in the past few years that the combining of

a nutaber of Space Communications functions is both a necessary and prof-

itable course of effort. As the various projects gain in complexity,

the number and variety of RF links also increase, resulting in greater

weight aboard the vehicle and a corresponding complexity in ground sup-

port equipment.

Since the vehicle configuration is usually a Program responsibility

and the ground support system a Range responsibility, pressure is exer-

ted on both groups to reduce the number and variety of Space Communica-

tions links. Paradoxically, although both groups have the same goal in

mind, the Program-oriented group makes the situation worse by its con-

centrated effort to reduce weight and power requirements. This often

results in an ingenious, specialized non-standard airborne system which,

in order to be supported, must be matched on the ground by another spe-

cial equipment system.

This paper advances the proposition that certain functions form a

group with two properties: they are universal to all programs, and

they are necessary for satisfying the Range support requirements.

This group of functions, namely range, range rate, command, and synch-

ronization, can be accomodated in a satisfactory combination on one RF

link.

CODING AND SYNCHRONIZATION

In practical systems, both coding and synchronization must be com-

bined. However, in most coding analyses and especially in those which

supposedly increase the communication reliability of a particular sys-

tem, it is always assumed that word synchronization is somehow present.

(This might be more confidently assumed for bit synchronization with a

reasonable number of zero crossings of the waveform.) Such synchroniza-

tion is not always present, as can be illustrated by comparing actual

PHILCO WRITCHN DEVELOPMENT LABORATORIE8
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test results with an analysis. Considerable literature on the ways and

means of word separation and identification is presently being written

as a result of this problem. (Ref. 1,2,3,4,5, and 6)

Cyclic codes * are particularly susceptible in that the code words

may be separated by appreciable distances but a loss or gain of one

bit on a time scale can result in another valid code word. There are

methods by which it is possible to construct a set D of k letter-code

words unique in the property that any overlap between words of D cannot

result in another member of D. For example, if

(al. a2, ... aY) and (bl, b2 , ... bk)

are any two words of the code, then the set

(a 2, a 3 , ... b 1 ) ... (a 3 , a 4 , ... b 2 )... (ak, b 1 , .-.. bkl)

(b2' b3' '" a1 )...(b 3, b 4, a 2). .. (bk, alp ... ak-1)

is not in D. These so-called "Comma-Free" Codes were advanced as a

possible dictionary for Genetic Coding. (Ref. 7)

If all words of periodicity less than k are eliminated and if

the remaining words are grouped in equivalence classes of cyclic per-

mutations, a dictionary of Wk(n) words results where, for odd k (proved

for k S 17):

A code in which any cyclic permutation of a code word will result
in another word of the code.

** Distance between two binary code words is defined as the number of
positions in which they differ.

*** For example, the word (al, a 2 , al, a 2, al, a 2 ) has a period of 2.

"-2-
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Wk(n) - p 1 (d) kid

ri if d - 1

t0 if d has any square factor
(d) ( 1 )r if d Pi' p 2  P where Pi, P

L are distinct primes.

For k - 5 and the binary case of n - 2, the code would appear as fol-

lows:

01000

01100

01010

01110
0 011

01111

The interesting and desirable property of this code is that there is

no need for synchronization between transmitter and receiver since each

code word is uniquely decipherable. Further, the task of synch acquisi-

tion can never take longer than period k. An undesirable property is

evident in error correcting or error detecting: the minimum distance

between words is 1, and the code is not systematic This can result

in unwieldy implementation, which is a decided disadvantage for a space-

borne application.

* In a systematic code, the first k symbols are arbitrary information
symbols and the last (n-k) check symbols are linear combinations of
the first symbols.

-3-
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By combining the properties of code word distance and ease of

implementation peculiar to the class of cyclic codes and the synch-

ronization properties of comma-free codes, it is possible to achieve

an essentially "error-free" synchronized communication link. Such a

code would then form the basis of the RF link between ground and vehicle

from which the various required functions mentioned previously could be

derived.

CODE CONSTRUCTION

The code will be constructed for a special case of a typical com-

mand link requirement. This will illustrate the method more clearly

and will demonstrate that the extension to the general case is immedi-

ate. The method of construction is to select a comma-free code of

word length k, to code these words in an (n, k) cyclic code possessing

the desired error detection or correction properties, and finally, to

operate on the (n, k) cyclic code in such a manner as to restore the

comma-free property.

The comma-free code will be selected so that it has systematic

properties as well as ease of implementation. Both of these properties

are included in the so-called "prefix comma-free" codes described by

Gilbert. (Kef. 9) The present code will utilize a word length k = 21

with a structure employing the prefix 111110 for each word. A word of

the code is therefore represented as:

11111OXXXXOXXXXOXXXXO

where the X's represent arbitrary information bits and the O's ensure

the comma-free property. As a result, these words are comma-free and

easy to implement.

"-4-
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The set thus obtained may now be encoded in order to provide the

necessary error protection. The code chosen, although by no means the

only one possible, is the (31, 21) Bose-Chaudhuri code with minimum

distance of 5. (Ref. 10) This particular code is optimum for error

correction and will detect all combinations of 4 or less errors as well

as all burst errors of 10 or less. A burst length is that number of

consecutive bits in a word which includes all errors in the word.

The generator matrix for this code (derived in Appendix A) may be

represented as:

C* CI ~211 where

0011000011

10000 1 1 100
1100100011
1111111000
1111010111
0110111110
1010011011
0100001111
1011101101
1101110101

C- 0110000110
0010101 100

0001010101
1 101001010

0001111100
1000001 111
110 1 0 1 1 00

0110110101
0011100110
1000110010
0111011101

As can be seen, the code is in systematic form for ease in coding. The
k - 21 bits are the comma-free words and are folloed by 10 check bits

to make a 31-bit word. This code can be implemented with an (n - k)

shift register with the appropriate feedback connections which are

derived in Appendix B.

PHILCO WE.T3NN OIVILOPMINT '&"RTR'



WDL-TN62-13

COMMAND ENCODER- DECODER

GOUT

++ + +- +-+

gWX)=x' 0+ X9 + Xe,+ X,+ X5 + X3+i IN

It now remains to choose a subset of the code such that the comma-

free property is not violated. This is most easily accomplished by ob-

serving that the check bit sequence is derived for each word by multiply-

ing the matrix C by the particular word to be encoded. Given the comma-

free k bit word (al. a 2 ... ak), the check bit C becomes:

k

Cj a, Cij
i-i

It is then only necessary to generate two independent parity checks

such that the check bit sequence shall have n(l)< 5, where n(l) is the

number of consecutive l's in the sequence. For the present example,

this is accomplished by generating parity checks such that C, = C - 0:
1 6

C5 a IP9 + Po10 + IP12 + 1l5 + 1P17 + 1p18 + IP19 = 0

C 6 a P7 + l10 + IP13 + 15 1 1P18 + Ip20 . 0

-6-
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If positions 19 and 20 nrL choseol so that the above equations are always

satisfied, then the final code word takes the form-

11 0 X X X X 0 X X X X 0 XXP1 9  LX X X X X X XX X X

Prefix Parity Check Bits

Operating as a ground-air covinaud system, the above coding will provide

words of 31 bits, of which 10 are information bits, and will result in

a command dictionary of 210 words.

It is of interest to determine a quantitative indication of the

reliability of this link when operating in the error-detecting mode.

* This would be the most useful mode of operation for a command link,

since there is always a return link via telemetry for requesting re-

peats of commands and for indicating verification.

As the link is not power-limited (ground to air), it is both con-

servative and reasonable to expect sufficient signal/noise ratio for an

elemental error probability pe n 10 . (Ref. 11) The probability of

obtaining a word with a 5-bit error is thus (Ref. 12):

P3 1 (5) - C 5 P5 (1 - pe)2631 5 a

P3 1 (5) - 1.7 x 10-15

The probability that such a word is contained in the code is simply:

210 -21
2 n

The probability of an undetected word in error therefore becomes:

P(w) - 1.7 x 10"15 x 2"21 - 0.85 x10 2 1

"-7-
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It may be more meaningful to express this in terms of the mean time

between error whichfor an assumed data rate of 1 megabit per second,

becomes-

AT - 1014 years.

The link established between ground and vehicle has the reliability of

communication stated above, as well as the same reliability of maintain-

ing synchronization.

RANGE AND RANGE RATE

With the basic coded synchronous link established from ground to

air, it is necessary to close the loop with a return link via a trans-

ponder aboard the vehicle in order to obtain range and range rate in-

formation. If the up-going coded bit sequence is transponded on the

return air-ground path, then range can be derived from the sequence.

Instead of employing correlation-detection techniques, as with pseudo-

random noise sequences, it is sufficient to decode the sequence for the

no-error condition, which corresponds to obtaining round-trip word

synchronization. Since the code is designed "comma-free", the time to

achieve this condition is again less than or equal to one word length.

In practice, a selected word of the code can be transmitted, which would

simultaneously start a count of the round-trip time for the word to

traverse the loop. This initial word selection is employed to remove

any possibility of range ambiguity. When a lock on the return sequence

has been achieved, ranging information will be independent of the com-

mand dictionary used. Range rate or Doppler information is extracted

from the signal carrier by employing standard techniques for this pro-

cess. (Ref. 13,14, and 15)

CONCLUSIONS

The collection of the range, range rate, command, and synchroniza-

tion functions within one reliable communication channel will make the

Range group task of supporting the numerous programs more amenable to

a reasonable and economic solution.

"-8-
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The ability to code commands such that their correct receipt is

ensured is highly desirable in view of the cost of abortive missions.

The system described has both the advantages of reliability and simplic-

ity necessary for vehicular applications. The code words have a con-

siderable degree of redundancy, which is used to obtain reliability.

The basic coded dictionary is not limited to the employment de-

scribed here, but may be used wherever the requirement exists for ex-

treme reliability of message transfer.

-9-
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APPENDIX A

CODE CONSTRUCTION

The construction follows that of Bose and Ray-Chaudhuri. If

n -2 , then there exists a 2t error detecting (n,k) binary group

code with k - 2m - 1 - mt. For the present example n - 31 and m - 5,

resulting in a (31, 21) code which will detect 2t - 4 errors in any

combination.

The roots of the irreducible polynomial x5 + x2 + 1 are elements

of the Galois Field, GF (2 5), from whicu the following table of 31

non-zero vectors can be derived.

X0  1 0 0 0 0 a 1

x = x - 01000-a2

X - X2  -0 0 1 0 0 3

X 3 X 3 0 0 0 1 0 a 4

x X 4  M 0 0 0 0 1 a 5

x 1 + X 2  
- 1 0 1 0 0 -a 6

x6 X + X 3  0 1 0 1 0 1 -a 7

x = 2 + x4 - 0 0 1 0 1 - a8

x 1 + x2 + x 3  1 0 1 1 0 -Wa

93 4
x X + X + X 0 1 0 1 1 -a 1 0

X10 1 X4 1 0 0 0 1

X 1 + X + X2  1 1 1 0 0 -a 1 2

X12 X + X2 + X3 0 1 1 1 0 = a13

X 13 X2 + X3 + X -0 0 1 1 1 -a 14

X14 = 1 + X2 + X3 + X 4 1 01 1 1-a 15

X15 - 1 + X + X2 + X3 + X4 1 1 1 1 1 = 1 a 1 6

A-1
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16 3 4
X a 1 + X + X + X4 - 1 1 0 1 1 - a 17

X17 , 1 + X + X4  . 1 1 0 0 1 - a 18

X18 1 + X 11 0 0 0 a 19

X19 X + X2 0 1 1 0 0 - a 2 0

X x2 X 3 + 0 00110-a 21

X21 = 3 + X4 0 0 0 1 1 a22

X22 x 1 + X2 + X 4 101 0 a 2 3

X23 0 1 + X + X2 + X3 1 1 1 1 0 a24

X24 = X + X2 + X3 + x4 o 1 1 1 1 - a2,
X25 . + X3 + X4 1 0 0 1 1 = a26

X26 = 1 + X + X2 + X4 - 1 1 1 0 1 - a 27

X27 a 1 + X + X3 a 1 1 0 1 0 - 028

X28 . X + X2 + X4  - 0 1 1 0 1 - a29

29 32
X 1 +X 3  

- 1 0 0 1 0 - 3 0

X30 X + X4  0 1 0 0 1 a 31

By employing the above table, it is possible to write the following

matrix of vectors in terms of powers of a 1, i.e.,

a1  a 3
z1 1

M- a 2

A-2
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Since the above vectors form a cyclic group, X31 X - 1,

* 3
a, a

1 0000 10000
01000 00010
00100 01010
00010 01011
00001 01110
10100 11111
01010 11000
00101 00011
10 1 1 0 01111
01011 11010
10001 01001
11100 00100
01110 10100
10111 11100
11111 10111

M= 11011 11001
1.1001 00110
11000 11110
01100 11101
00110 10010
00011 01000
10101 00001
11110 00101
01111 10001
10011 00111
1 1101 11011
11010 01100
01101 10101
10010 10011
01001 01101

This matrix M can be reduced to normal form by employing the two
operations:

a. Interchange of two rows or columns.

b. Replacement of the ith column by the sum of the ith and jth

column.

A-3
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0 0 1 1 0 0 0 0 1 1
1 0000 11100
1 1 001 000 1 1
S1111 11000
S1110 1 0111

01101 1 1 0
1 0 1 00 11011
01000 0 1 1 1 1
10111 0 1 101

C 11 1011 10 101
0 1 1 00 001 1 0
0010 1 01100
00010 1 0101
1 1010 0 10 10
00011 1 1 1 00
1 0000 011 1 1

II i 0 1 1 0 1 1 00
0 1i0 I I 0 1 0 1
00111 001 10
10001 1 0010
01110 1 1101

Now C* C, 12111 represents the generator matrix for the (31, 21)

code words which can be derived by vector addition modulo 2 from the

above rows.

The code is represented in systematic form for ease in coding.

The 21 information bits can be completely arbitrary and are followed

by the 10 check bits to make a 31-bit word. At the receiving end, the

same shift register is employed. After the complete word is shifted

into the register, the contents of the register should be all zeros

if no detectable error occurred.

A-4
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APPENDIX B

CODE GENERATION

The Bose-Chaudhuri (31, 21) code can be implemented with an (n - k)

stage shift register with appropriate feedback connections. For a Bose-

Chaudhuri cyclic code, the generator polynominal is

g (X) - mI (X), m3 (X), ... m2 t. (X)

For the present case, 2t-1 - 3 and

g (X) - m1 (X), M3 (X)

m1(X) M X + + 1

m3 (X) X + + + + 1

8 (X) 1 + ÷ 3 + X5 + X6 + X8 + X9 + X10

The (n - k) - 10 stage shift register is employed with addition (modulo

2) feedback connections as determined by the above generator polynomial.

The k symbols of the code are shifted into the register and simultaneously

onto the communication channel. Upon completion of the shift of k sym-

*. bolts into the register, the gate C is opened and the contents of the

register are shifted onto the communication channel. These last (n - k)

symbols represent the check bits of the complete word.

B-1
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