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ABSTRACT

The subject of this thesis is the design of a special purpose
digital computer to decode the binary BCH codes.

The content of the thesis may be summarized as follows:
First, a review of BCH decoding algorithms and decoders is made,
including the applicable microcellular and macrocellular techniques.
Second, the BCH decoding algorithms are discussed and organized
for execution by the parallel processor. Third, a detailed design
for a parallel processor is described. Also included are discussions
of fault detection and correction, operation for different code word
lengths, and operation for different numbers of errors. Fourth, a
computer program which simulates in detail the logic of the parallel
processor is described. Fifth, a recommendation is made for
further research in the areas of parallel processor and algorithm
.design. '




CHAPTER 1

INTRODUCTION TO THE

BCH DECODING PROBLEM




1,1 Introduction

One of the fundamental requirements of our technology is

reliable communications. The communication process can be

modeled as shown in Figure 1. 1. The block labeled SOURCE is the
originator of some form of information. The ENCODER translates
the source information into a form suitable for transmission across
the CHANNEI.. As the information flows across the CHANNEL, it
is changed or corrupted by noise. The DECODER then translates the
received signal into a form acceptable to the SINK. The SINK is the
destination of the information.

The transmission of binary information is becoming increas-
ingly important. Although channels require an analog representation
of binary data, the analog translator may be considered a part of the
channel. The output of the encoder is a stream of binary digits, as is
the input to the decoder. The channel is probablistic, with some pro-
bability for complementing any given digit which is transmitted across
the channel.

1f avparticular sequence of binary digits is .transmitted, there
is probability that some of thesé digit; will be changed during trans-
mission. The transmitted message will be lost if this happens. It is
the task of the encoder to provide redundancy in the transmitted signal
so that the correct bit sequence will be received even though some of

the digits were complemehted by the channel.




SOURCE

ENCODER

CHANNEL

SINK

]

DECODER

Figure 1.1, The Communication Process




1.2 Coding Theory

.. "The motivation for coding theory was provided in 1948 by

~ 'C. E. Shannon. He pr'o'ved that messages can be transmitted over a

chénnel, with an arbitrarily small probability of receiving an incorrect
message, as long as the transmission rates are below channel capacity.
In order to ~achieve this low probability of error, long complex codes .
are required. The central problemtof Coding Theory is to find codes
which will yield a low .probability of error and will also be realizable
in terms of hardware. |
Consider the problem of encoding a sequ'ence of binary digits.
.Suppose the source digits are broken into blocks of L digits, The |
encode;r. must add a set of N-L redundant (check) digits so the decoder
. may correct channel errors. Encoding is'relatively easy to accomplish
in comparison to decoding, and many simple encoders have been pro—‘
posed.

The‘ most difficult problem is tirle decoding--to de’c’ermine which
bits in the received word are in error (or to determine which L message
digits were sent). Suppose the encoder provides code words such that
the min’imum Hamming distance between anly two code words is d. Now
define t to be the largest integer less than or equal to (d-1)/2. When a
code word is transmitted across the chanﬁel, if the purnbe‘r of errors is
less than.or equal to t, the transmitted code word can be determined by

comparing the received word with all possible code words until the




smallest Hamming distance .is found.. This procedure is known as
maximum likelihood decc;ding. The process is simple conceptually,
but it requires the complexity of the deco‘der to increase éxponen—
tially with code word length. Even if there were only 2.32 code words,
not an unreasonable ﬁumber, over 2 billion comparisons would have to
be made. If a comparison could be done every microsecond, over
2,000 seconds would be required to decode -each received word.

One of the primary goals of Coding ‘Theory is to find codes
which can be decoded without requiring -an unreasonable amount of
time or equipment. The BCH codes satisfy.this requiremeﬁt—— although
with few exceptions, the BCH decoder cannot correct as many errors
as a maximum likelihood decoder.

The BCH codes were -discovered in 1960 by R, C. Bose and
D. K. Ray-Chaudhuri, and independently by A. Hocquenghem in 1959.
They provide at least one -solution to the.coding problem. Only the
primitive binary BCH codes will be considered, where the length of
the code word is-N='2m—l, for m >2. The error-correcting capability
of a length 2™_1 code is specified by a parameter, t, in the ~en;oding
and decoding algorithms. No more than mt parity check bits are
required by a t-error-correcting code. The length and error cor-
rection capability of these codes are quite flexible.

Nc;n—bina;-y.BCH-cod.es of 1ength-N=pm—l may be defined, where

p is a prime number. Since we-are concerned with transmission of




binary data, the non-binary BCH codes will not be considered.
The encoding problem for BCH codes may be solved by using a

linear feedback shift register or -a cellular array (1, 2,4) The check
digits may be computed using a generator polynomial for the particular

error-correcting 'capabilify and code length desired. A number of

tables useful in decoding and encoding BCH codes are given by

‘Peterson (12).

The implementation of the BCH codes is based on arithmetic
operations over a Galois field. The Galois field with pm elements is
represented GF(pm), where p is a ppimenumber. This field defines a
BCH code of length N=pm—l. Again, ;ince only the binary BCH codes

are being considered, p will always be 2.

1.3 Decoding Algorithms for the BCH Codes

The first decoding-algorithm for the BCH codes was publishéd
in 1960 by W. W. Peterson (8). This algorithm divides the computation
into three parts: |

1. Computation of the parity checks or syndrome digits.

2. Transformation of the syndrome digits into the.coefficients

of an error-locating polynomial--a polynomial whose ‘roots

indicate the location of errors in the word.

3, Solution of the error locating polynomial for -its roots--each
root indicates a correction in the received word.

“Numbers in parenthesis refer to numbered references in the
Bibliography. '




The algorithms are guaranteed to correct up to t errors. Peterson's
decoding algorithm is the easiest to understand. However, ifes t

errors occur the algorithm requires the computation of (t-e) deter-

minants ranging in size from t by t to e by e. A set of e simultaneous

equations must then be solved té obtain the coefficients of the error
locating polynomial. |

T, C. Bartee and E. I. Schneider (13) have actually built and
te.sfted'a special purpose computer fo'r decodipg a lenéth 127 five-error-
cor.recting code. The machine is a fi}iéé-program digital computer with
a single arithmetic processor, and uses Peterson's algorithm. It
features a combinational circuit to perform the Galois field multipli-
cation operation. |

In '1964, R. T. Ci’lien (9) published an algorithm which showed a
simpler Way to perform step 3 of the Peterson algorithm, and a way to
combine steps 2 and 3 sa that less ;‘_ime and eqﬁipment are required.
De‘coders were shown for correcting a srﬁ'all number of errors. How-
ever, in the general case, it was still necessary to solve a set of &
simultaneous Qquatjons to correc't.e errors.

The biggest step forward came when E, R, Berlekamp (1)

- described an efficient algorithm for step 2. This algorithm does not

‘require the calculation of determinants. Instead of operating on

matrices, the algotrithm operates -on-length t+ 1 vectors or polynomials.

The algorithm requires execution of t iterations and computes a trial




error locating polynomial to determine a rew trial polynomial. After
t iterations, the roots of the trial error locating polynomial give the
location of t or fewer errors which may have occurred anywhere in the

received word.

1.4 Decoder Design Using T.arge-Scale Integration

- With the delvelopment of Largé—Scale Integration (‘LSI), much .
attention is being given to cellular -arrays for implementing both
logic functions and computer -systems. A cellular array is a set of
interconnected cells arranged in some regular fashion. Each gell in
a micro-cellular array contains_' a small number of gates and/or |
storage elements, while‘each cell of a. macro-cellular -array contains

a large number of gates and/or storage -elements.

1.4.,1 Micro-Cellular Arrays

A comprehensive survey of cellular technology was .compiled
by R. C. Minnick (11). In addition, Minnick has published a large
number of results produced by project work at Stanford Research
Institute (10).

K. N. Levitt and W. H. Kautz (2) have published a paper
showing cellular arrays for both encoding 'and decoding certain binary

error correcting codes.




1.4.2 Macro-Cellular Arrays and Processors

A number of macro-cellular processors are of interest. The

first is the SOLOMON (Simultaneous Operation Linked Ordinal Modular

A

Network) computer introduced in [962 by :Slotnick, Borck and McReynolds

(3). This computer has a central control and a square array of processing

elements. The centra:I control unit provides instructions to each pro-

cessing element. Each processing element has storage, an arithmetic
processor, and the abilit'y. to transfer data serially to and from its four
nearest neighbors in the array,.

The ILLIAC IV computer is a direct descendent of SQLOMON,
but is much 1arge~r and has a much greater computational facility in the
processor cells (3). It is intended to be supervised by an extremely
powerful general purpose computer. The machine is currently under
construction by the Burroughs Corporation.

The parallel matrix processor designed by L. E. Cannon (3) is
also of interest, This machine is a square array of processor cells
interconnected to perform matrix operations efficiently. It is a
speciaiiy—organized matrix processor intended for use with a general
purpese computer.

Berlekamp (1) provides a description of a specially-organized
éomputer for implementing step 2'of the BCH decoding algorithm.
Figure 1.2 shows the block diagram given by Berlekamp. KEach pro-

cessor cell or slave processor can do multiplication and addition in a
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Figure 1.2. Block Diagram of the Berlekamp Processor
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Galois field. -The slaves may communicate elements between each
other in the upward direction. The central control, or master
processor, can communicate control signals and one-field element to -
all slaves and can perform multiplicative inversion. A network

of adders can take a sum of elements from all slave processors.

In order to correct t errors, one master-and t+1 slaves are rfeq'uired.
The ‘parity checks are entered into the -apﬁropria’ce slave registers and

after t iterations, the error locating polynomial is returned in another

set of slave registers. Five registers are needed in each slave.

Figure 1.3 shows the block diagram of the BCH decoder. - The
leftmost bloqk computes the parity checks or syndrome digits. The
center block transforms the -syndrome -digits into the coéfficients of
the -er.ror locating polynomial and the rightmost block evaluates this
polynomial for each element of the Galois field to determine which bits
in the received word are in error. The received word buffer stores t‘he'
incoming bits and the -output of the Chien search unit is combined with
the buffer output in an e;cclusive or gate to correct the -digi{ts which are

in error.

1.5 Organization of a Parallel Processor to Decode the BCH Codes
The organization which was suggested by ‘Berlekarﬁp has been
used as a starting point in this design. The.processor requires seven

registers--five -for storage-and two for.sequential shifting of information
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between slaves, The'slave.processors were designed with.a number

of considerations in mind;:

1.

The number of external connections to the slave.processors
was kept as small as possible.

The algorithms were compressed to do.as.much. computation
as possible during each clock cycle--the.multipliers.operate
during.every cycle, and many register transfers are done
during each cycle.

‘The circuitry for performing each part of the-algorithm was

designed to operate for any code word of.length.2™-1. (up to
some maximum bit storage). '

The number of errors to be corrected by the processor is

.variable, being limited only by the maximum number of

slave processors.available -and the length of the code. If
t+1 processors are available, .2 maximum of t errors can
be corrected. e

Circuitry is developed which will provide detection of single
bit faults in the slave and master processors' circuitry.

The decoder can be modified to allow .deletion of faulty
processors when a fault is detected.

1.6 Relevance of Previous Work

Previous micro-cellular work prompted the development of a

cellular array for ,perfbrrning. Galois field multiplication.over any.field

of reasonable size. Macro-cellular work.prompted design of the .pro-

. cessor-as a specially-organized, special.purpose,.parallel.processor.

The development of the -Berlekamp algorithm provided.a ‘s\ta.r_ting.:ploint

for the design of such a.procéssor. Finally, the development. of I.SI

.may soon allow.complete.processors to be constructed on just a few

¢hips so that the use of t processors become even more practical.
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1.7 Organization of the Remaining Chapters

Chapter 2 discusses the theory of Galois fields and BCH codes.
The algorithms for decoding BCH codes are presented and modified for
use by the parallel processor. Numerous APL programs were written
to illustrate the algorithms. A detailed example is given for the
opération of the decoder.

.Chapter 3 presents the detailed logic design for the slave and
master processors. The modifications required to decode any code
length are di'scﬁssed along W.it'h slave deletion and fault detection.

Chapter 4 is a discussion of a detailed simulation program of
the parallel processor, written in tile aésembly language for the XDS
Sigma 7.

Finally, Chapter 5 summarizes the important results and

gives suggestions for further research.




CHAPTER 2

DECODING ALGORITHMS

FOR BCH CODES
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2.1 Introduction

Numérous algorithms for enéoding a.]:’ld decoding the BCH
* codes have been described in t‘he'liter.ature (1,4,8,9). The.en-
c.odirJrg...alg_o rithm is.quite.easily implemented with.a sequential
shift register circuit. However, the decoding algorithms are
considerably more difficult to implement. In this chaptexr .algo-
rithms will be.presented which will lead to the design of a decoder
for the BCH codes.' |

In ;Drder to understand the BCH codes.and.the.associated .
encoding and. decoding algorithms, .a knowledge .of abstract.algebra,
.especially Galois field theory, is required. An excellent intro-
ducti;)n to algebra and the theory'of BCH codes .is ,g,ix-fen by

Gallager (4). We provide a brief summary of that. material here.

2.2 The Galois Field

In 'gene.ral,...a Galois field, denoted GE(p*™), _Iné.y.have p™
elements, whelre P is.a prime and px 2. BCH codes may be defined
. using.any.Galois field, but the-digits of the code must be taken from
the set {0.,.1, 2., p—l}. .Since we ar.e‘ i‘ntel".ésted only in the binary
B GH -codes:, -and é-ir;-c e the arithme t%C's'Opera.-?ei:érrs: in GF (™) are
difficult to implement for "p>.2, only the special case of p=2 will be '
considered. GE‘(Zm) is a set of 2™ elements with m2 1 and two

operations.called addition -(+) and multiplication () such that the
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following axioms are satisfied:

1. For alla,bin G‘F(Zm), a+b is in GF(Zm) and a*b is in
‘ GF (2. ' o _

2. Foralla,b in GF(2™), atb=b+a and a-b=b" a.

3. There exists an additive identity, O, ‘and a multiplicative
identity, 1, such that for all a in GF(2™), a+0=a and
arl=a. In additiona-0=0. ‘

4, For all ain GF(Zm), there exists an additive inverse b
such that a+(b)=0. In the binary Galois fields, every

element a is its own inverse; that is at+a=0, a=-a,

5. For all a in GF(Z ) such that a#0, there exists a mu1t1p11-
cative inverse, a“l, such that a-a™"=1.

6. TFor all a,b,cin GF(Zm), the dis‘tl“ibutive law is satisfied.
That is c+(a+b)=(c-a)+(ceDb).

2.2.1 Representation of Field Elements

Associated with every Galois field is an element o, called a
primitive element. Any nonzero element 6f the field can be repre-
sented as a power of . That is, the set{O, 1,q, 052, ... ’azm-z}
represents all 2™ field elements. The expo’nent notation is used in
the standard sense; e. g. 055 nﬁean's oz-oz«ocvd-oz.

In order to relate this representation to a representation for
the addition operator, an irreducible polynomial for the field must be
introduced. This polyno'rnial is-defined as

f(x:x +i fx+l

i=1

where the f coefficients are contained in GF = {0,1}. The only '
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requirement of this polynomial is that it be of order m for GF(Zm),
and that it have no factors with coefficients in GF(2). A poiynomial '
which meets these requirements is called an irreducible.polynomial
of degree m.

Suppose that ¢ is-a primitive of GF(Zm) such that f(:o.)=0.

1If £(x) is an irreducible pdlynomial of degree m and if f(x) is the poly-

_..n.'omial of lowest degreé such that f(o )=0, then f(x) is said to be a

primitive polynemial of degree m. This polynomial may be used to
define a representation for GF(2™) which is isomorphic to any other
representation for GF(Zm) , " Recall that b=-b so that a+b=c and

a=b+c are equivalent in GF(Zm). By definition of f(x), if f(a)=0, then

flo) =™+ > fi-%xl+ 1=0
_ Si= 1
or,
m Bl i
(04 =§ -fi’Oﬁ + 1.
i=1

This equation méaﬁé that any eleme.nt of GF.(,Zr.n') can be re-
presented not only as a power of &, but as a polynomial in & of ord@r
m-1 or less. Consider-as an example the field GF(24) with irreduc-
ible polynomial f(x) =x4+x+ 1. Table 2.1 shows three representations
for the elements of this field. The left column shows the -representation

of field elements expressed as.powers of @, the center column as




Power of o
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Polynomial iE:“

(0) (0)

=a0 1

a o

a2 a®

3 3

a4 a + 1

a5 a2 + o

e 3 4 42

ol 3 +a+1

_a8 a2 : + 1

069 3 +

alo _ a2 +a + 1

all 3 + a2 + o

ot 3+ a4+

a;3 3 442 + 1
1k 3 + 1
Table 2.1,

?inary Reprgsentation

0000
0001
0010
0100
1000
0011
0110
1100
1011
0101
1010
0111
1110
1111
1101

1001

Three Representations for GF(24)
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polynomials in @, and the right column as binary m-tuples. The coef-
ficients for these m-tuples are taken directly from the polynomials in .
- Now consider the multiplication of two elements, say: Gl3v o= 054,
But oe4= 0+ 1 since the irreducible polynomial is x4+x+ 1. Thereforlel,
Ol3' o = d4= 0+1, or in binary notation,
(1000) - (0010) = (0011). -

Multiplication by xis quite easily implemented using a linear
feedback shift regié.ter, as shown in Figure 2. 1(a). Figure 2. L(b).shows. .
the circuit for a general field. Multiplication of an element a(Q) by Qis
accomplished by a left shift. If the ogm—l coefficient of a(q) is 1, fhe

irreducible polynomial f(x) is used to reduce the degree of the element

o-a(o) to m-1 or less.
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f(x)=xu+ x + 1

Figure 2.1.

(b)

Multiplication by ™
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2. 2.2 The Addition Algorithm

The operation of addition is quite easily implemented in GF(Zm).

Sﬁppose a{0) and b(q) are elements of the field. Then

m-1 ;
a(o) = E a;. o,
i=0
and
m-1 i
b(a) = E bl" o
i=0

The sum of these two elements is defined by .
.m-1 i
a(a) + b(a) = E (ai+bi) o,
i=0

where ai+ b,1 indicates modulo-two addition. The exclusive-or logic
function performs this addition operation, and bit by bit parallel addi-
tion is accomplished by using m exclusive-or gates operating in

parallel.

2.2.3 The Multiplication Algorithm

Suppose a(Q) and b(Q) are elements of GF(Zm). The product of

a(a) and b(a) is defined as
m-1 m-1

a(o) - blo) = X by(2_ a,a")).

i=0 ' j=0
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Any power of O greater than m-~1 in this product mu.st be reduced using
the irreducible polynomial to form an m-bit binall'y representation.,
Suppose Z ié an m-bit shift register with feedback wired for multipli-
cation by . An algorithm to perform multiplication of two field ele-
ments is:

Ml. Set the aécumulator, Z, to 0.. Set j to m-1.

M2. Miultiply Z by @ and add to Z the m-bit binary element
bj/\a(d). The A operator is the logical AND,

M3. Decrease j b}f'l and if j is not less than 0, return to step
‘M2, Otherwise, the product a(x)e b(x) is contained in Z.

The algorithm computes the partial products

"b__a(0)
m
_(bma(a))a +bm_ la(oz)
((bma(a))oz+bm_‘ 2+ b sa@)

a(o)«b().

Figure 2.2 shows an APIL program for performing multiplication
of two m-bit field elements. The vectorsX and Y hold the two elements
to be multipiied, while the x;'e'ctor Z is the accumulator. Modulo 2
addition is performed by the £ operator. Z [1] holds the highest order
term o.f. the polynomial. The irreducible polynomial is stored in

IRPOLY.
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MULTXY

Z<(p X)p O

IT<.1

+(( 0=+/ Y)vV( 0=+/.X))/ ©
T JT<p Y

MULTBl: Z<1* Z

Ti< Z[ JT]

ZLJTI+0

Z< Z#( IRPOLYAN -T1)#z XA-YLIT]
IT< IT+ 1
+( IT< JT)/ MULTB1

Figure 2.2, An APL Program for
Galois Field Multiplication

INVERSE

Tl1< X

Z<(( "1+p X)p 0),1

INV1i: T2« T1[ 11

T1[ 11«0

T1«(T2AIRPOLY) #1471

m2<«ZzL 1] ‘

z[ 11+« ©

7<( T2AN IRPOLY)# 14%

+(0=2+/ T1[1 “1+p T1])/ INV1

Figure 2.3. A Multiplicative Inversion Algorithin
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2. 2.4 Multiplication Inversion

For any nonzero element a in GF(Zm), there is an element b
such that a-b= 1, The multiplicative inx}ersiqn algorithm must find
the element b for any element a such that this condition holds. An
algorithm which may be implemented using sequential shift registers
is given by Berlekamp [1]. Another approach is to consider the

m-input m-output truth table formed by listing the elements and their

inverses, A combinational function may then be designed to implement

the inverse operation. Bartee and Schneider (5) give another method
for designing a combinational inverter. -

The APL program in Figure 2. 3 shows a very crude way to
compute the inverse of an element X. - The element to.be inverted is
placed in the vector Tl and multiplied successively by Od_l. At the
same time, the element in T2 is initialized to be 0...01, and multi-
plied by ¢. When T1 is the element 0.,.01, T2 contains fhe inverse
of X. This method is quite inefficient since computation time is pro-
portional to 2™,

Probably the fastest and most easily in'lplernented method for
pe:rforming-mult_iplicative inversion is with a fast random-access
memory. The element to be inverted is used as an address to the
memory location where the inverse element is stored. Two shift

registers may be used to initialize the memory.-- Qne shift register

multiplies by o, the other by oz'l. They are both initialized to the
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unity field element, and after the first shift, ot is stored in the
memory location corresponding to &. After n shift cycles, & B is
stored in locations orI-l. The operation is continued until all field

elements and their inverses have been computed and stored.

2.3 The BCH Codes

Before introducing the algorithms used to decode the BCH codes, ~
let us discuss the mathematics behind the decoding algorithms. Con- -
sider a sequence of N= 2™ 1 binary digits--a word. This set of digits

may be written as a polynomial
c(x) = Z cixl.

The ¢, correspond to the binary digits in the N-bit word. There are 2N
possibilities for c(x). The BCH encoding algorithm selects a subset of
these ZN possibilities such that the minimum Hamming distance between
any two code words allows t or fewer errors to be corrected. The Galois

field GF(2™) is used to define a primitive BCH code of length N =21,
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The polynomial c(x) is a code word of a t error correcting code if and

only if the following equations are satisfied:

c(e) = 0
C(Olz) =0
c(cx3) =0
L) = o,

Again, ¢ is a primitive element of GF(Zrn.). These calculations are

called parity checks or syndrome digits.

i Suppose that c(x) is transmitted across the channel and the jth
‘ bit of ¢(x) is complemented. The received word, r(x), is defined as:
r{x) = c(x) + n(x) = c(x) + =),

The polynomial n(x) represents the changes made by the channel (noise).

Now suppoée we make the parity check calculations using r(x):

| (@) =cl) +n@ =0+0a) =
| r(0?) = c@®) +nd) =0+ (08 = )
r(c®) = c@) +n@) =0+ @) = (&’
2t-1 2t-1 2t-1 2t-1 j2t-1

r(o ) = c(a ) + n(of )= 0+ (a Y = (o)
The c(al) terms are..all zero by definition .of the code word, c(x).

The location of the error in the Cj bit is given by the field element o,
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Each bit of the received word corresponds to a field element;

€2 °1 %o

| codebit-- i CUCNl1 SN-2
corresp.ohds to-- O}V-l OZN_Z‘ , ozz-oz 1
Suppose.t errors occur in bit locations corresponding to the

field elemeénts XKy, Ky, ee X 'I"he parity'éheck calculations

Yieid:

i=1
t-1
r(az) = Xlz = SZ
i=1 ’
: g1 -

3. h 3
ro) = 2. x,7= Sy
) i;l

t -1
2t-1 2t-1
x )= % =S 1

"The ele“ments Sl’SZ’ S3, . "S‘Zt—l are known elements obtained'by
calculatién‘ from the received word and the elements X1, X".IZ,_X3, e
are the unknown eIer’nen_ts lgiving the location of the t errors. The

problem is to solve this set of 2t-1 equations in t unknowns. The

solution is complicated by the fact that the unknowns are raised to

powers in the simultaneous equations.
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In 1961, Peterson (8) proposed a method for solving these
equations. Instead of solving for the unknowns directly, the parity
check calculations Sl’ SZ’ e, SZt—l were transformed into coeffi-
cients of an ‘er'ror—locéting polynomial. This polynémial has xlf XZ’

x, as its roots. The general form of the polynomial for t errors

.

is:

_.t t- ‘ -
o(x)=x"+0. x +to,xT Ty ,,,+ct_leot

=xt+ 2 o'.Xil-l
: i
i=1

= (x+xl) (x+'x2). . .'(x+xt).

Consider the problem for t=1. The syndrome calculation’is
. just Sl=xl, and the error locating polynomial is x+xl=x+Sl=0. That

is, oj-l=Sl. If t=2, we have:
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The error locating polynomial is’

Therefore,

and

This means that

o(x)

I

Z~ x +
X+r71 rrz

x4+ =)=+ x,)

2
x 4+ (x, + XZ)X+ XXy

1

3
1

2 XZ
x +:x:1xz+x12

3.
+ %, + 53

F1 T %

S.LS2 + S3

51

SlSZ + Slo‘z =0,
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But Sl= 0ys yielding the simultaneous equations

_gf-l+ OUZ=Sl

8,0 +5,0,=5,.

In general, the transformation is given by the matrix equation

(9)

Aoc=B
wﬂeir‘e
1 0 o ..., 0 |
s, 5 1 0
Ao | Sy S, S, .ok 0|,
| Sat-2 S2te3 Sat-a St
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[ o | —Sl ]
% | S3
6= 03 , and B= 'S5
| 57
L o't<_
| Sat-1 |

These equations are known as Newton's identities. When t=2, the

matrix equations are the same as those previously derived:

— . — — — ~—

1 0 o : S 1

i

S, s, o, | | S,

'The only problern. remaining is. the solution of the error-
locating polynomial ¢(x) for the elements Xy Koy owe vy Ko Since
GF(Zm) is a finite field, there is a finite number of possibilities for

these roots. FEach root corresponds to a bit in the received word;
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therefore, the error locations may be found by evaluating.o(x) for each

element in the Galois field. The computations are

o(1)

If c(ocl) is 0, then the bit Ci corresponding to ot should be complemented.
In 1964, Chien (9) described a more efficient way to organize

these calculations. By definition of o(x), ¢(l) is given by

o(l)=1+cl+ crz+ el +-ct.
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NOV;/‘ suppose the first term of the sum is multiplied by at, the second

by'at_l,

etc. The expression becomes

_t t- t-
glx) = o +c5'l 1+ 0,0 2

+ -+,
Repeated application of this operation yields 0'(052), o, ola ).

The algorithm developed by Berlekamp produces an error locating .
polynomial of the form

ot o t-1 '
o‘(x)—@-tx+ct_lx + -+ g.x+ 1.

The roots of this equation are the inverses of the actual error locations.
The bit corresponding to OJN_l is received first in order to facilitate
calculation -of the parity checks.

With this material as background, the three parts of the decoding

algorithm are now considered in more detail.

2.3.1 The Parity;' Check Algorithm

Suppose we wish to calculate the jth parity check, Sj'=C(ozj). The
following algorithm may be used:

Pl. Initialize: Set PC, the parity check accumulator, to zero.
Seti to N-1=2™_2. : '

P2. Set PC= PC - o+ Ci,

P3. Setitoi-i. .If i is less than zero, terminate, otherwise
go to step P2. :
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This algorithm calculates C (C Ot]) +

N-1° Cnoa CN-2

(CN_.lon‘+ QN_Z)QJ+ CN—3’ etc. until C(OlJ) is produced.

An APL program which calculates the parity checks required
to correct t errors is shown in Fiéure 2.4. The odd-order parity
checks are calculated using the parity check algorithm above, while
the even-order parity checks are calculated from the formula

Zm

C(Oé2'1) = fc(al)]z. . The routine MULTXY multiplies X and Y in‘GF( )

and places the product in the vector Z.

2.3.2 The Berlekamp Algorithm

The Berlekamp algorithm (1) converts the parity checks into the
error locating polynomial, o(z), whose roots detei‘miné the location of
errors in the code word, To describe this algorithm, the syndrome
digits are repi‘esented by the polynomial .

: 2t-1 5 o2l
145= 1+ 2_ C(d)z' = l'+:i=1 5,7 .

t . ’

An auxiliary polynomial, < (z), is also required by the algorithm. All

2ZI.’n

).

polynomiag‘:l coefficients are elements of GF(
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. PARITTY

TA<1

S« ((2xT),M)p 0
PX<«(2xT)p 0
X<A1l

BA1: IB<0

Z<0

BA2: IB<«IB+1
Y<Z=zA0ANCWLIB]
+(IBzp CW)/BAS
MULTXY:

+BA?2

BA5: Z+<Y
SLI4A;1+«2Z
IB<2xTA

IP<+ X

BA4: ~(IB>2xT)/BA3
X=Z:

Y<Z

MULTXY

SL IB;l1<Z:
PX[IBl<«1
IB<+2xIB

+BAL

BA3: X<IP

BAG:; Y<«11 A1l
MULTXY:

X<7

TA<«TA+2 ,
~(ITA> “1+2xT)/BA7
+~(PX[ r4l1)/ BAn
+BA1

BA7: S<+(1.0+p S)p AO,, .S

Figure 2.4, Parity Check Algorithm
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The parenthesized superscript notation, @-(Zk) will be
used to identify polynomials computed during each iteration. The

algorithm is:

B1l. Initialize: Define ¢ ''= (%=1, k=o.

B2. Let AI(Zk) be the 'coefficient of\sz;Fv1 in the product
(1+8) %%,
2k+2 2k 2k
B3 Let oZTPL G2H, 5 (20 (@)
If k=t, terminate. ‘
B4, - z2 . T(Zk) if _A1(2k)=0, or if

degree g(Zk)>'k.
Let T(2k+2)= 4

v (2E) ¢ Al(21<))-1 iy A1(21<) ‘0

. and degree c(zk).‘é k.

Increment k by 1 and return to B2.
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Figure 2.5 shows an APL program désigned to implement the
Berlekamp algorithm. The variable correspondences should be obvious.

SIG [1;] gives the element for %> SIG [2;] for g etc. The polynomial

(2k)
o

is, S[2»T;] corresponds to SO=I, and S [1;] corresponds to S
O52.’c-l

is listed in the reverse order to facilitate calculation of A That

2t-1"

). The second dimension of all arrays is m, the size of the

C(
field. The-Jota function is used to find the index of the first non-zero
term in the reversed or reduction of the SIG pblynomial. Then this
value is subtracted frqm the maximum length of tile polynomial to

obtain the degree of the polynomial in SIG.: The routine MULT is identi-
cal to the ;'outine'MULTXY, except that the APL function definition is
slightly different. MULTR does the element by element multiplication

between two polynomials.

2.3.3 The Chien Search Algorithm

This algorithm must find the roots of a polynomial of degree t in
GF(Zm). These roots are found by simply evaluating the ?olynomial at

each element in the field. The Chien search is simply an organized way

+1

to perform these calculations using d(al) to compute c(ozl ). Imagine

a set of registers, denoted CSR, such that CSRO corresponds to 0-0=l,

CSR1 to @ , CSR,C to ¢ The algorithm is (1):

R ¢

Cl. Set the CSR accumulators. to the coefficients of ofz).
Set i to N-1=2™.2,
2 t

'C2. Muiltiply CSR] by a!, CSR, by o, ... , CSRt by o, and
store each product back inthe appropriate CSR register.




BEREEKAMP

SIG« TAU« ((T+1),M) po0

INITTALIZE :K<0

SIGL1;M]~ TAUL1:M]<« 1 :
RESTART: DEL1< #/[11 S[1+T+(1 T+1)-2xK3;] MULTR SIG
TEMP« (p SIG) p (M-p 0),,SIGLr T31 .

X< v/[2] SIG

DSIG<« (p X)- X[1+(p X) - 1 p X1 1 1

TAU< (p TAU) p (M p 0),,TAUL1 T:1

SIG< SIG # TAU MULTR ( p TAU) p DEL1

+(K=T)/0

+((0 = Vv/DEL1) Vv (DSIG > K))/BM1

TAU<~ TEMP MULTR (p SIG) p INVERT DEL1

+ BM2

BM1: TAU«~ (p TAU) p (M p 0),,TAULr T3]

BM2: K<K+1

">RESTART

Z<«X MULT Y
MULTXY

RZ<«RX MULTR RY
MULTRXY

Z<«INVERT X
INVERSE

Figure 2. 5. Berlekamp Algorithm
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C3. Add (modulo 2) the contents of all CSR registers. The
C'SRO register should contain the field element 1. If the

sum 1s zero, complement the C; codebit.

C4., Setitoi-1. Ifiis less than zero, terminate. Other-
wise, return to step C2. ' '

Figure 2.6 shows an APL implementation of this algorithm.,
The function POLY evaluate; the error locating polynomial at a point
X in the field, The function CHIEN supplies the necessary changes in
the field element X and corrects the digit in CW if the polynomial is
Zero.

2.4 Parallel Processor Algorithms

The algorithms described above must be modified somewhat
if they are to be performed by a parallel processor. The algorithms
will be presented in terms of vector operations so the applications
for a parallel processor become more obvious., By using a parallel
processor, the time required to decode a word can be substantially
reduced. In other words, we are trading equipment for time. In
order to calculate the parity checks, we must compute 2t-1 digits,
Each of these digits may be computed independently with 2t-1 pro-
cessors. Next, the Berlekamp algorithm may be performed by a set
of t+1 processors. Most of the operations required by the Berlekamp
algorithm are performed on length t+1 vectors. For the Chien
search, each coefficient of the error locating polynomial must be
multiplied by the appropriate power of . Since there are t+1 terms,

processing time may be reduced by using t+1 processors.




V. CHIEN -
1] TA<« 1
2] IB< 0
3] PXx<« SIG .
4] X< 41
5] B¢1: POLY
8] CW[ IAl« CWL IAl=v/Z
7] .1B<«IB+~VvV /7% -
8] ~(IB=DSIG)/0
9] TA<«IA+1
10] Y<«A1
11] MULTXY
121 X<2
13]. ~(IAsp CW)/BC1

V POLY
11 7Z<0
21 IP<+«1
3] BP2:+(IP=(p PX)L11)/BP1
v 4] Y<«PX[CIP;1#7
5] MULTXY
6] IP<IP+1:
71 +~BP2
81 BP1:Z2+«Z#PX[IP;]
\

S e T U s Y s O ot I e I e |

' Figure 2.6. Chien Search Algorithm
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In addition to the vector processors or slave processors, there
is a master processor. This unit provides control and clotking signals
to all slave pr.ocessors and also perfo’rms the operation of multiplica-
tive inversion as required by the Berlekamp algorithm. The master
processor also makes the vari;)us decisions required by the algorithms,

Figure 2.7 shows the block.diagram of the processors for-the
BCH decoder. ‘The received word is passed sequentially through the
received word buffer, and each bit is 'communicated to the-proc‘éssors.
There are t+1 slave processors and one master processor. Iach slave
is able to compute two of the parity checks for one received word while
concurrently determining the error locating polynomial for another
word and performing the Chien search for-a third word.

Figure 2.8 shows the registers contained in each slave processor
and the registers contained in the master processor. Each row of regis-
ters represents the registérs in one slave. KEach column represents a
particular -register set, e,g. RO, in all slaves. One register, say R"03,
can store-one m-bit field elementl. The C1 .and CZ registers hold the
powers of Onecessary for computing the paﬁrity checks, The C3 register
holds the powers-of o nécessary for cémPuting the Chien search. PCl
and PC2 are the~1.)ar.it-y check-accumulato:;s. CSR is the Chien search
accumulator. The registers RO, Ri, R2, R3, R.4, SR0O and SR1 are used '

by the B‘erlekamp algolithm. Each row of the figure denotes the registers

of one slave processor, The registers MA,K and D at the bottom of the
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Slave t

Slave t~1

L= - ——

m
i

I S —

Slave i

SR
>
<=

— {1

Master Processor

- Output
Input o——=f Buffer

Figure 2.7. Block Diagram of the Parallel Processor
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Figure 2, 8.

Processor Registers

‘RO Rl R2 R3 Rh SRO SRl
RO, | Bl ' R2, | R3, Rhs SRO, | SR1,
RO, | RL, | R2, | R3, Rug 8302‘ SR1,
ROl Rll R2l 331 Rul : SRol | SRli
ROO Rlo R20 R30 Ruo SRO. SRJ.O
c1 ce PCl-  PC2 c3 CSR
.013.‘ C2, PCL, | Pcaé | C35 CSR4
Cl, 02; PCl, PC?é €3, CSR,
cr, |'C2; | PCly | PC2 €3, | CsR,
Cl, ca, PC1L, Pcaa €3, CSRy,
K D
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figure are inithe master processor, and hold the value of A (Zk), k

(2k)

and degree (@ ) respectively.

2.4.1 The Modified Parity Check Algorithm.

This algorithm makes use of the two parity check calculators
in each of the t+1 slave-processors. The algorithm is:

Pl'., Set PC1l=PC2=0, in all slaves, and set i=N-2,

P2', Set PCl1=PCl-Cl+ Ci and PC2=PC2* C2+C;,
where Ci is either the 0 or 1 field element,
depending upon whether the received bit is 0 or 1.

P3', Seti=i-1l. Ifiis less than 0, terminate. Other-

wise, return to P2'. -
Figure 2.9 shows an APL program which implements this algorithm.
Note that the received bit, CW[IP] is added only to the rightmost bit in
the PC1l or PC2 registers. The order-of the parity checks is completely
dependent upon the contents of Cl and C2; that is, if Cills s’core‘d in Cli’
Si will be computed in PCl_i.

2.4.2 The Modified Berlekamp Algorifthm.

The following register correspondences will be used:

RO = Parity checks
R1 = Parity checks
R2 = Sigma polynomial
R3 = Tau polynomial
2_(2k)y
R4 = Temporary storage for z 7
SRO = Shifting register
SR1 = Shifting register

MA = Master accumulator--holds &, and Alml
K = Jteration count

D = Degree sigma register.
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V PARITY
11 PC1<« PC2<«(p C1) p ©
2] IP<« 1

31 PCBR: PCl<~ C1 MULTR PC1
41 PC1[ M1« CWLIPI=PC1[ ;M]
51 PC2<« C2 MULTR PC2
61 PC2L[;M1< CWLIP1#PC2[ ;M]
71 IP<+ IP+1 :
8] +(IP £ p CW)/ PCBR
91 Ppc2[2;1« ((M=1) p 0),1
101 PC2[2 + 1 23] <« (2,M) p O
111 S<«((2 + 2xT),M) p (,PC1),,PC2

Figure 2.9. The Parity Check Algorithm
for a. Parallel Processor
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Note that SR0O and SR1 are used for shifting field elements between
slaves. SRO provides a shift of 1 slave while SRI provides a shift
of 2 slaves. That is, during a particular clock cjcle the contents

of SROi move to ‘SROi and the contents of SRli move to SR1

+1° i+ 2’

The outputs of slave t are connected to provide a circular shift for
SR1. Figure 2. 10 shows the flow of data in the RO and R1 registers
which must occur as the algorithm progresses.

The modified algorithm is presented below.

Bl'. Let K=0, and SRO=SR1=R2=1+0+z+0+ 225 ... 4002t

B2'. Set MA to the sum of the products of registers Rl and

" R2 in all slaves. Shift SRO and place the result in R3.

Shift SR1 and place the result in R4. Let SRO=R2 and
SR1=RO. LetK=K+l.

B3'. Let D be given the value of the degree of the sigma
polynomial stored in R2. Let R2=R2+MA »R3. Shift
SR1 and replace RO. Reload SR1 with R1. Replace the
contents of the MA with the inverse of the element
previously contained in the MA. If the number stored
in the K register is équal to t, terminate.

B4', Shift SR1 and replace R1l, In slaves 0 and 1, set
RI1=RO and RO=SR0O. If the contents of the D register
are greater than or equal to the contents of the K
register, or if the contents of MA is the 0 field element,
let SRO =SR1 = R4. Otherwise, let SRO = SR1= SR0- MA.
Return to step B2'.
An APL program which implements this modified algorithm is shown in
Figure 2. 11. The Routine' MULTRXY multiplies the slave registers
pair by pair. The INVERSE routine computes the inverse of X, and

returns the value in Z.

Each of the steps in the algorithm corresponds to a complete
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Figure 2.10. Shift Register Data Flow in RO and Rl
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Figure 2.1l. The Berlekamp Algorithm
for a Parallel Processor
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Figure 2.11. (continued)
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clock cycle in the final processor design. All register transfers

excluding shift operation, are done at the end of each clock cycle.

2.4.3 The Modified Chien Search Algorithm

The modified Chien search algorithm is presented below.

Cl'. Initialize: Set CSR=R2Z.

C2'. Compute CSR- C3 and add the multiplier outputs of all
slave Chien search multipliers. If the sum is zero,
correct the corresponding received bit. Replace CSR

with the product CSRe C3.

C3'. Repeat C2' until the last received bit is processed.
Then terminate.

An APL progravm which realizes this algorithm is given in

Figure 2. 12.

2.4.4 A Detailed Example

Suppose that a length 15 triple error correcting BCH code is
to be decoded. The all zero codeword was transmitted, and the

following word was received:

T14 T13 T12 11 U1
O 0 1 0 0

I et us follow the step by step operation of the decoder. Figure 2.13(a)

shows the constants which must be stored in Cl, C2, and C3 in order to

decode a t-error-coryecting code, and Figure 2. 13(b) shows the
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vV CHIEN
11 CSR<SIG
21 IC+«1

31 CHBR: CSR<~ CSR-MULTR (3~
41 ¢Ww[Icl« CWLIC] = v/ =/[1]1 CSR
5] IC« IC+1
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Y
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Figure 2.12. The Chien Search Algorithm
for a Parallel Processor
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constants necessary to decode the length 15 triple error correcting
code. Four slaves are required. Suppose the leftmosf bit is trans-
mitted first. Fi;gu:.re 2.14 shows the contents of PC1l and PC2 during
the parity check calculations. The PCl and PC2 registers are
initially zero. They are multiplied by Cl and C2, and the first
received digit is added. The digit added at each stevp is shown
directly above the register'results. No change occurs in PC1l and
PC2 until the third digit is processed. Note that three PC registers
--in slaves 1, 2 and 3--are still zero after the last calculation. The
two registers in slaves 2 and 3 hold calculations which are never used
by the algorithm, and £he PC2 register in slave 1 must always be 1
when the parity checks are transfer‘re‘d to the Berlekamp algorithm.
There will always be three unused parity check registers, no matter
“how large t is. The final result of the parity check calculations is in
the lower righthand corner of the fiéur‘e.
NO.W, the parity checks in PC1l altnd PC2 are transferred into

RO and R1 respectively, and the registers R2, SRO, SR1 and K are
initialized as required.by'Bl'. The resulting register contents are:

RO Rl R2 R3 Rk SRO SRl

1110 0000 0000 OGOG 0000 0000 0000

0010 0000 0GOC 0000 0000 0000 0000

1011 0001 000D 0000 0000 0COO0 0000
0110 1101 0001-0000 0000 0001 0001

MA K D
0000 0 0.




Received Bits:
Slave

oMW

Recelved Bits:
Slave

O MW

Recelved Bits:
Slave

O MNPW

Received Bits:
Slave

O MW

Figure 2.14, Parity Check Calculations
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1) rq3 12 r1q
0 0 0
PC1 PC2  PCL PC2  PCL PC2  PClL  PC2
0000 0DOO 000D OQOD  0ODL 0000 0100 0000
0000 0000 0000 0000  OODL 0000 100D 0000
0000 0000 0000 0G00  DOOL DOCO  0DLL 0000
0000 0GO0  0O0D 0600 °~ 0G0L 0001 0110 00LO
rlo r9 r8 r7
0 0 0 0
PCl PC2.  PCl PC2  PCL PC2  PCL . PC2
0011 0000 1100 0000 0101 0000 Ol1l 0000
0110 0000 1010 0000 1111 0000 00Ol 0000
0101 0000 1111 0000 0010 0000  OLLO 0000
0111 0100 000L1°1000 0110 0011 011l 0110
g 5 Ty 3
0 o} 1 0
PC1 PC2  PCL PC2 POl PC2  PCL  PC2
1111 0000 1101 0000 0110 0000 1100 0000
1000 0000 1100 0000 1011 0000  O111 00QO0
1010 0000 1101 0000 OLOL 0000 1111 0000
0001 1100 0110 1011 0110 0100 011l 1000
I’2 I‘l I‘O
0 .
Pol PC2  PCL PC2-  PCL  PC2
0101 0000 OLl1l 0000 1110 000D
1101 0000 0010 0000 0010 0000
0010 0000 0110 0000 1011 0000
0001 0011 0110 0110 0110 .1101
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Execution of the Berlekamp algorithm now begins. During clock
cycle 1, step B2' is executed; during clock cycle 2, step B3'; and
during clock cycle 3, step B4'. These three cycles are repeated
t times, except that cycle 3 is not executed on the last iteration.
During clock cycle 1, the ‘contents of Rl and R2 are multiplied

and added to specify the contents of MA. SR0O and SRI shift sequen-
- tially during the clock cycle, and at the end of the cycle, respecify R3
and R4 respectively. At the end of clock cycle 1, R2 is placed in SRO
and RO is placed in SR1. .The value of the K register is incremented
by 1. The register contents after clock pulse 1 are:

RO _RL _R2 R3 RL SRO SRl

1110 0000 060G Q000 0000 0000 1110

0010 0000 000D 0000 OOOL Q00D 0010

1011 0001 GOOQ ODOL 000O 0000 1011
0110 1101 0001 D00V 0600 0001 0110

MA X D
1101 1 0

During cycle 2, SRO and SR1 are ggain shifted up one and two
slaves respectively and the contents of the R2 registers are added to
the. p'rodu-ct of the contents of the MA register and the contents of the
R3 re.gister. These results are transferred to R2 at the end of the
cycle. The D register is loaded with the degree of polynomial-in the
R2 registe'r. The shifted value in SR1 is returned to RO, and SRI is
loaded with the contents of R1. The contents of R4 and SRO are saved

for use during cycle 3. The MA register receives the inverse of its
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previous contents. The registers after clock cycle 2 are:

RO Rl R2 R3 R4 SRO SR1
1011 0000 0000 0000 0000 0000 0000
0110 0000 000D 00O BOOL 000D 0000
1110 0001 1101 0001 000D 0001 0001
0010 1101 0001 0000 000 0000 1101

MA K _ D
0100 1 0.

During clock cycle 3, the decision is made to accept either
the contents of R4 as the new value of 7 or to take the contents of SRO
multiplied by the contents of the MA register as the new valqe. The
SR1 register is shifted up two slaves, and then transfefred back to R1.
The transfer is. slightly different in slaves 0 and 1 to provide a circuiar
shift as re(juired by the algorithm. The new value for+ is inserted into

SRO and SR1. The contents of the registers at the end of this cycle are:

RO RL R2 R3 R4 BSRO SRL
1011 0001 0000 0000 .0000 0000 0000
0110 1101 0000 BOOD 0DOL 0000 0000
0000 1110 1101 0100 0006 0100 0100
0000 0010 0001 000D 0000 0000 06000

MA K D
0100 1: 0.

This completes the execution of the first iteration. Cycle 1 of iteration

2 produces: ‘
RO Rl R2 R3 Rk SRO SR1
1011 0001 0000 0000 0100 0000 1011
0110 1101 0600 0100 0000 D000 0110
0000 1110 1101 0000 0000 1101 0000
0000 0010 0001 0000 0000 0001 0000

MA. X D.
1000 2 0.
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After cycle 2, iteration 2, we have:

RO- Rl _R2 R3

R4

SRO

SR1

0000 DDDL 0DOO 00O
0000 1101 0110 D100
1011 1110 1101 00QOo
0110 0010 0001 0000

MA

0100
0000
0000
0000

K

0000

11101

0ool
0000

D

1111

After cycle 3, iteration 2:

RO Rl R2 R3

2

Rk

1.

SRO

0001
1101
1110
0010

SR1

0000 1110 0OBC 0600
_00D0 001D 0110 0111
0001 1011 1101 1111
1101 0110 0001 0000

MA

0100
0000
0000
0000

K

0000
0111
1111
0000

1111

This completes iteration 2. Now, iteration 3, cycle 1 begins; after

execution we have:

RO Rl Re2 R3

2

RY

SRO-

0000
0111
1111
0000

SR1

0000 1110 0000’ 011l 1111 -0000 0000
0000 0016 0110 1111 0000 0110 0000
0001 10111101 0000 0000 1101 0001
1101 0110 0001 0000 ' 00BO 0001 1101

MA

K

D

1100

3

1.
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The final cycle-is cycle 2 of iteration 3, since this cycle produces
the final error location polynomial:

RO RL R2 R3 R4 SRO SR1
0001 1110 0010 0111 1111 0110 1110
01101 0016°1110 1111 0000 1101 0010
0000 1011 1101 ODOG 00000061 1011
0000 0110 0001:0000 ODOO 00O0: 0110

MA K D
1010 3 2.

Register R2 contains the error locating polynomial. This
result is transferred to the Chien search registers during processing
of the last digit.

During the processing of the first digit of the word to be cor-
rected, the contents of the CSR registers are multiplied by the con-
tents of the C3 registers and the result is stored back in the CSR
accumulators. The multiplier outputs are also added. If this sum
is zero, the bit leaving the storage buffer is corrected. In this
example, the CSR accumulators are initialized as:

CSR

1110

0010

1011

0001.
The CSR register operations for each codebit are shown in Figure 2. 15.
The sum of the calculation is shown below the register contents, and

the corrected codebit is shown below that. The corrections (bits

denoted by *) indicate that the all zero word was transmitted, and
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CSR
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0001
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0001
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CSR

0011
0101
0011
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the decoder has functioned correctly.

2.5 Conclusion

Decoding algorithms for the BCH codes may be performed
quite efficiently by a special purpose computer organized as a
parallel processor. The code word length and number of errors
can be changed by changing the contents of the Cl, C2 and C3
registers. A number of APL prégrams were written to verify that
these algorithms perform th_e required decoding operations. The
pr‘ograms were linked with the proper calling sequence to perform
the entire decoding operation. Appendix A lists the coordinating

program along with the results for a number of code words.




CHAPTER 3

DETAILED DECODER DESIGN
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3.1 Introduction

In this chapter, the detailed logic design is presented for the
parallel processor described in Chapter 2. First, the simpler logic
elements will be described. Then more complex units--the Galois
field multiplier and inverter, including the fault detection logic for
these units. The slave ﬁrocessor cell is discussed, and the block
diagram for the processor is shown. 'Each unit of the slave pro-
cessor is described in detail. The same approach is used to describe
the master processor. Finally, the system timing, fault detection,

slave replacement and generalizations to other fields are discussed.

3,2 Simple Logic Elements

The four simple logic elements to be used are the AND, OR,
EOR (exclusive-or) and INVERT circuits. The symbols and truth
tables for these elements are shown in Figure 3, 1(a). The notation
used for gate input and output inversion is shown in Figure 3, 1(b),

where the simple elements are used to form more complex logic units.

3.2.1 The Comparator Cascade

During execution of the Berlekamp algorithm, two comparisons
must be made. One compares the degree of the trial error locat’ing
polynomial to the iteration count, and the other compares the iteration

count to the number of errors to be corrected. The comparator cell (3)
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is shown in Figure 3.2(a). A symbol for the cell appears in Figure
3. Z(b)‘, and the cascade for comparison of two positive integers is
shown in Figure 3. 2(c).

If the binary number. on the a; inputs is larger than the binary
number on the bi inputs, the output h will be a 1 and the output g a 0.
Similarly, if the number on the bi inputs is larger than the number
on the a, inputs, the output of the g line will be a 1, and h will be a 0.
If the numbers are equal, both g and h will be 0. The condition g=h=1
should not. occur. Note that the left hand cell in the cascade has

inputs of 0.

3.2.2 The Bit Locator Cascade

Wh;an the degree of the trial error locating polynomial is deter-
mined, tﬁe term of highest order must be found. Alsov,. in the gene"ral
multiplier circuit, the highest-order term of the primitive polynomial
must be found. The bit locator cascade is used for these purposes.

The bit locator cell is shown in Figure 3. 3(a) and its symbol in 3. 3(b).

The bit locator cascade in Figure 3. 3(c) has zero outputs on all
bi lines except for the bi line co‘rresponding to the rightmost 1 value on
the a; lines. For examiple, if the a lings were set to 111011010001000,
the b lines would be 000000000.00'1'000.' Note that the arrow indicates the

direction of the search and the input to the first cell must be 0. If it is
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~non-zero, all b outputs will be zero.

3.2.3 Input Selector Unit

In the slave proceésor, the inputs to the multiplier are different
during each cycle, These inputs are selected by a simple routing device
called the input selector unit or ISU (3).

Figure 3. 4(a) shows the internal circuit for a particular cell of
the input selector unit. The input selector unit is used to select one of
two input lines to be passed to the output. If the SELECT line is a 1, the
line denoted '1' is passed to the output. If the SELECT line is 0, the line
denoted '0' is passed to the output. Figure 3. 4(b) shows the symbol for
one unit. The units rhay be ganged as in Figure 3. 4(c) to allow selection

of one of two sets of data lines.

3.3 Simple Storage Elements

In addition to the simple logic elements, a number of simple
storage elements are required. These are the data (D), set-reset (SR),
and trigger (T) flip-flops as shown in Figure 3. 5(a).

The D flip flop sets the value of Qto the value of the input line D
when clock line I is changed from 1 to 0. The S-R flip flop sets Q to 1
if line S is 1, and sets Q to 0 if R is 1. The action occurs when clock
line C is changed from 1 to 0. If the S'and R inputs are equal, the value

of Q is unchanged. The T flip flop complerhents the value of Q when line
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Figure 3. 4.
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T is changed from 1 to 0. Combinations of the three blocks are allowed,

as shown in Figure 3, 5(b).

3.3.1 The Data Register

The field-element storage unit is the data register shown in

Figure 3.6. In order to store an elément of GF(Zm), m bits are re-
reqﬁired, All field element storage is parallel read/write, as shown in
Figure 3.6(a). When a clock pulse is applied on the CLOCK line, the
values presented on the a; lines are stored in the corresponding flip
flops. Figure 3. 6(b) shows the symbol to be used for the m-bit data
register. These registers are also used to store the integers required
by the Berlekamp algorithm--the degree of the error location poly-

nomial and the number of errors to be corrected.

3,3.2 The Shifting Data Register

The SRO and SR1 registers in the slave processors must trans-
fer fie.ld elements sequentially between slave processors, and transfer
elements in parallel to and from other slave registers. For this pur-
pose, a combination of the SR and D flip flops is used.

The shifting data register in:-Figure 3. 7(a) is identical to the
storage register discussed previously, except that when a clock pulse
is applied to the SHIFT lines, the bit p‘attern stored in the register is

shifted right one position. The leftmost input, e, specifies the new
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state of the left hand flip flop, while the rightmost bit must be passed
on to another shift register via the f line. Figure 3.7 (b) shows the
symbol for the shifting data register.

3.3.3 The Incrementing Data Register

During execution of the Berlekamp algorithm, the value of the
iteration count must be incremented by 1. The incrementing data regis-
ter is shown in Figure 3.8 (a). When a clock pluse is applied on the
INCR line, the integer stored in the register is incremented by 1.
Figure 3.8 (b) shows the symbol for the register.

3.4 Galois Field Adder

As stated in Chapter 2, the addition operation in GF (Zm) can be
performed in parallel by m exclusive-or gates. Figure 3.9 (a) shows
the m gates. The a, inputs are added modulo 2 bit by bit to the bi inputs.
The ¢, lines give the binary.element representing the sum of the a and b
H0

elements in GF ( ). . Figure 3.9 (b) shows the block symbol for the

adder,.

3,5 Galois Field Multiplication

In Chapter 2-we showed that the multiplication of two elements,
a and b, in GF (Zm) can be broken down into a éeries of multiplications
by & In this section, a number of m-bit multipliers are developed,
including sequential, cellular and combinational circuits. . Modifications
are developed to allow fault detection and the cellular array is modified

to allow operation over any field.
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3.5,1 The Sequential Multiplier

The circuit in Figure 3. 10 shows a sequential multiplier (4).
‘Th_ere are two shift registers--the Z register has linear feedback and
“is the accumulator for the multiply operation. The other register
holds the b coefficients, The field primitive polynomial is f(x). The

multiplier makes the following cbmputation:

Cycle Value in Z i‘egister
1 abm_ 1

2 [(abm_l)'(x+a'bm_z] mod £(x)

3 [((ab___j)atab  ,)otab ] mod (o)

m [k(""(a(a)b yot- - )ata(a)bJatala)b,] mod f(a)

m=1 1
This circuit requires m clock pulses--as each pulse is applied to the

clock line, the Z . and b registers are shifted left.

3.5.2 A Cellular Multiplier

The cellular array shdwn in Figure 3. 11 (a) multiplies the two
elements a and b in GF* (Zm). The operation is very similar to the opera-
tion of the sequential multiplier. The first row computes fhe same par-
tial pr.oduct as cycle 1 of the séquential multiplier. Ti'lere are m rows in
the array, and eé.oh row makes the same calculation as the corresponding

cycle of the sequential multiplier., The product is produced on the c lines.




CLOCK

Figure 3.10. Sequential Multiplier Circuit
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The structure of a cell is shown in Figure 3. 15 (b). In the (i, j)th

cell, the bit product a_jbi is added into the produc¢t. The output is diagonal
from the lower left corner of the cell. One cell input is in the upper
right corner, and the other input ié the feedback (f) line. The line is
driven by the leftmost cell in the (- l)st row. The purpose is to reduce
mﬂ’l order terms using the equation f(o)=0, where f(x) is the primitive
polynomial for GF(Zm).

The cellular array multiplier has a number of advantages. It
is faster than the seciuential multiplier and does not require clock
signals for control. Approximately 2'mtl gate delays are required.
The regularity of'the array should allow fabrication as a large scale
integrated circuit. The array can also be generalized to operate over
any binary field. However, the cellular array must be tested to insure
that all cells are functioning properly.. If a fault is detect.ed, the
faulty cell must be isolated and replaced. |

3.5.3 Fast Multiplication

Bartee and Schneider (5) have shown a combinational multiplier
circuit which can be constructed to operate even faster than the cellular
array multiplier. Consider multiplication of two elements a and b in
GF(24). The operation is shown in Figure 3.12. Terms of order
greater than 3 are reduced using the field primitive polynomial X4-|-X+ 1.

A fast multiplier is constructed by producing all cross product terms

in AND gates simultaneously, and then adding the terms necessary for
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each digit of the final product. The addition circuitry is in the form of
a tree as shown in Figure 3. 13.

If the n additions are performed by a linear string of gates,
n.gate delays are required. By using the tree configuration, only
flqg n] time units are required, where [x] is the s‘mallest' integer not
less than %, The cellular array requires 2m+l gate delays, while the
fast multiplier requires only 14 [log Zm] gate delays, However, the
cellular array can be modified so that it will operate over any field,

while the fast multiplier must be constructed for a particular field.

3.5.4 .Fault Detection in Multipliers

Since circuitry is subject to failure, some means of fault detec-
tion is necessaty in the multiplier circuit. In order to reduce the magni-
tude of the problgm,faults which affect only one bit will be detected. For
insfance, in the cellular multiplier, the failure of one cell will be detect-
able, Detection of single errors is accomplished by attaching a single
parity bit, |

Since rﬁultii;l_ic,ation of two arbitrary elements a and b is a series
of simple multiplications by ¢, some means of det'ect‘ing failure in fhis
operation is necessary. Again, consider the field GF(24) with irreducible

polynomial x4+x+ 1. Suppose we start with the element

0001.
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If this element is multiplied by ¢, the parity is unchanged and the result
is

0010.
Two more multiplications by dproduce no change in the parity:

1000.
The next multiplication requires feedback, and this time the parity is
changed:

001T.

If ois a generator for GF(Zm), it must be able to produce
2™ _1 distinct elements. Thesé elements are of both even and odd
parity. Since the feedback is modulo 2 addition, by linearity the parity
must change every time a -multiplication by ccauses a term of order
2™ to be reduced. Multiplication of 0100 by czcauses no change in patr-
ity; but multiplicétion of 1100 by o causes the parity to change since
the leftmost bit is 1. If the computer parity is incorrect, a féult
affecting a single bit ha;s occurred. Figure 3,14 shows a fault detec-
tion circuit for multiplication by a. |
The same method can be used to check»zmultiplication of two

elements a and b. Figu:re 3.12 shows the cross product terms pro-
duced by multiplication over GF(’24). Assume furthell that a and b

have parity bits ap and bp’ respectively. These are

+a

0 172

ap=a +a.+a 3
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Figure 3.14. Fault Detection for Multiplication by &
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bp:b0+bl+b2+b3.
When ap and bp are multiplied (ANDed), we have
apbp:(a0+al+a2+a3)- (b0+bl+b2+b3)

=(a0b0+aob1+a0b2+a0b3+a1b0+albl+a1b2+alb3+

a2b0+a2b1+a2b2+a2b3+a3b0+a3bl+a3b2+a3b3).
This simple AND produces the mod 2 sum of all possible cross pro-

ducts. Now, suppose we sum the c coefficients:

+c3+c4.

cp=cl+ c,
In Figure 3, 12, the terms used as feedback appear an even -

number of times, an.d therefore Wé need a correction to ap‘ bp before
it will have the same parity as cp. Fach time a term is used as feed-
back, it should be added to ap»bp—-a check is made each time we multi-
ply by & This applies to all three types of circuits. The sequential
multiplier can be checked by forming ap.bp and attaching a parity bit
to the accumulator. The sum of ap- bp and the accumulator parity bit
after m cycles must be the sarie as the mod 2 sum of the accumulator

bits.
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Figure 3.17. Fault Detection for the
Fast Multiplier




90

Figure 3. 15 shows the fa_tult detector circuitry in the cellular
-array, A mod 2 sum (r) is taken of all feedback terms and added to
ap-bp. This should be identical to the mod 2 sum of the outputs (q)--
p should be 0.

| In order to see how this works, consider Figure 3.16. This is

a multiplier for GF(24) modulo X'4+'x+ 1. 1f a failure occurs in a cell
denoted by *, only one bit will be ihcorrect in the output. If‘a failure
. éccurs in any other cell, the pai‘ity of the feedback sum r will be
changed, but the parity of q will be unchanged since the fault is fed
back into two *'d cells.

A similar scheme may be used to test the fast multiplier. All
terms used as feedback are added to ap'bp. This should yield the
same parity as the sum of the ¢ outputs. The circuit is shown in Figure

3.17.

3.5.5 Generalization of Multipliers -

The cellular array multiplier is quite easily modified to allow
operation over a number of different fields. Figure 3.18 (a) shows
the interconnection and layout of the generalized array. The irreducible
polynomial is placed on the M lines, right justified, so that the highest
order terms are toward the left. All m+1 coefficients must be used.
For instance, X4+X+ 1 would be written 00°++-010011. The multiplicand
is right justified on the a inputs with high order terms toward the left

of the array, and the multiplier is similarly jusfified on the b inputs
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with high order terms toward the top. The bit locator circuit on the-M
lines finds the high order bit of the field primitive polynomial and selects
the feedback cells. Figure 3, 18 (b) shows a particular cell. The multi-
plier and multiplicand bits enter on the b and a lines, respectively. The
M lines feed the primitive polynomial down. The f lines supply the feed-
back. The value of the f line is added only if the vertical M line.is I,

The h lines com‘e from the bit locator cascade, indicating the
high order term of the primitive polynomial. 1If the h line is 1l in a
particular cell, the diagonal output of data is blocked, and transferred
to the f line to provide the feedback. |

This circuit requires all field elements to have zeros in the
unused high order digits. The fault detection circuitry is practically
unchanged.

3.6 Multiplicative Inversion in a Galois Field

The Berlekamp algorithm requires computation of the inverse of
a field element during each of t iterations. Since the operating speed of
the decoder is dependent upon the time required to perform the multi-
plicative inverse, a circuit is needed which will compute the inverse as
rapidly as possible.

3.6,1 The Sequential Inverter

Berlekamp (1) has proposed a sequential inverter which requires

approximately 4m clock cycles to calculate the iniverse.. Although it is
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relatively slow, the circuit has the advantage of being able to operate
over any field.

3.6.2 The Combinational Inverter

Probably the fastest way to do multiplicative inversion is to
construct an m-input m-output combinational network. Bartee and
Schneider (5) have proposed a technique for realizing a combinational
inverter. The technique is quite difficult to perform by hand, but a
computer program would be useful in designing inverters by this method.
The problem may also be solved using ordinary multiple output function
techniques (7), but computer solution is still required.

Figure 3.19 (a) shows the truth table for the multiplicative inver-
sion function over GF(24) with irreducible polynomial X4+X+ 1, and
Figure 3. 19 (b) showg the circuit which realizes the functions for the V3
digit of the inverse. Each pair of entries in the truth table specifies
the input of an AND gate for the circuit. The input is inverted if the
pair of entries is the complement of Xy If the entries for y4 are the

same as x_, the input is not inverted, and if the entries are both 0 or

0’
both 1, the AND gate input is' 0 or 1, respectively. The second input

to the AND gate is dependent upon Xy 1f %y is 0, the input is inverted.

if X, is 1, the input is not inverted. The variables X5 and X, are intro-

duced in succeeding levels to the right so that each input variable

selects a block of the truth table. That is, the xg variable selects the

top or bottom half of the truth table, the X, variable selects the top
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or bottom half of the previously selected half, and %y and X, compute
the correct truth table entry. The V3 variable then appears on the
right hand output of the circuit.

The circuits for the Yo Vys and Yo outputs may be constructed
independently or -may use intermediate outpﬁts of the first network.
Minnick (6) has shown techniques for minimizing these types of citcuits;
however, the number of cross connéctions between various parts of the
circuit may increase as the number of gates is reduced. The speed of

the circuit is proportional to m-1 for GF(Zm),

3.6.3 The Read Only Memory as an Inverter

The decreasing.cost and rapid access time of read only memories
make such devices pratical for use as a multiplicative iﬁverte'r. All
field elements are represented as m-bit numbers and the .elements
are used as addresses to a random access memory location containing
the-m—_bit inverse element, as described in Section 2. 2. 4.

3,6.4 Error Checking of Multiplicative Inverters

Tirle easiest way to perform a failure-detection test on the inverter
is to multiply the element by its inverse, | If the product is not the multi-
plicative identity, a failure has occurred. If a dedicated mul;ciplier is
available, no increase in processing time will result from this check
since the inverter can calﬁclate the next inverse while the multiplier

calculates the last check.
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As a check on the combinational circuit, an extra column may be
added to the truth table so that all function outputs have even parity. Then
if a result is incorrect because of a single gate failure, the parity of the
inverse will be odd instead of even.?®

The random access memory may be checked by storing an extra
parity bit so that each inverse has even parity.

3.7 System Block Diagram

Figure 2. 7 shows the system block diagram. The buffer shown
at the bottom of the diagram is a sequential shift register which contains
the received words currently being processed. The slave processors
contain two parity check calculators, a Chien search calculator, and
circuitry required to perform the Berlekamp algorithm. The master
processor contains the multiplicative inverter, an accumulation register,
the system controller, and the algorithm decision circuitry. The system
controller issues clock pulses and control .signal to all slaves, and
advances the words in the buffer.

3.8 Processor Interconnection

Figure 3.20 shows the external connections of the slave and the
master processors. Kach slave receives identical control and clocking
signals via the I lines. The contents of the accumulator in the master
processor are presented 1;0 each slave processor on the MA lines. The
incoming digits are transmitted on the COD line. The slaves also com-

municate results back to the master processor. The AC lines return.a
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sum of elements, one addend from each slave processor, to the master
'I;rocessor. The AS lines return the sum of elements required by the
Chien search. The DS lines communicate the degree of the trial error
lbcatiné polynomial to the master processor. The COR line is the logi-
cal NOR of the AS lines, and if it is I, the rightmost bit in the buffer is

complemented,

3.9 The Slave Processors

_Figure 3.21 shows tile block diagram of a si'ave processor, The
PCUl and PCU2 units calculate the two syndrome digits required by the
Berlekamp algorithm.,

Most of the circuitry is used by the Berlekamp algorithm; the
SRS is the slave register set, and contains five data registers and two
shifting registers. The SCU provides clocking for the SRS and also
computes the degree of the error locating polynomial stored in the
slaves. The AU is the Galois field arithmetic unit which performs
the field multiplication and addition operations. There are also two
Galois field adders to introduce addends into the AS and AC lines.
The IRN, or internal routing network, r(;utes data from other registers,
the. arithm_etic unit, and the parity check units into the slave registers,
the AC adder, and the Chien search units. The CSU or Chien search
unit makes the computations.necessary for the Chien search. It supplies

an addend to the AS line accumulator,.
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3.9.1 The Parity Check Units

These two units (PCUIL and PCU2) are identical, except for

external connections and internal constants. Figure 3,22 shows a dia-

gram of PCU1~i, in slave i. The Cli register contains 0<F+2

will compute S .o The constant in C2, is o(,2t+3“1
t+2 -1 i

50 PCU1
(for PCU2)., The
parity check units in all slaves execute the parallel processor parity
check algorithm,

During each clock cycle, a different received digit is placed on
the COD line., The parity check unit multiplies the contents of the PC1
register by the contents of the Cl register and adds the unity field ele-
ment to the product if COD=1. Normally, this result is then stored
back in PCl, However, during the processing of the last bit of every
received word, the INIT line is 1 and the system is reinitialized. The
parity check for one received word has been computed and appears on
the output lines of PCUI. The INIT line causes the PCI1 register to be
cleared to zera. The parity check which has been computed is trans-

through the IRN to the appropriate slave register in the SRS.
3.9.2 The Chien Search Unit

The Chien search unit (CSU) is shown in Figure 3.23. When the
INIT line is 1 (during the processing of the last bit of a received word),
the CSRi register is loaded with the new error locating polynomial. In
the slave i the C3 register holds Oti, During every clock cycle for each
received digit, the contents of CSRi and C3i a:'fe multiplied and passed to

the AS accumulator inputs. The product is also stored in CSRi. When
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INIT=1, the product is still formed and sent to the accumulators, but

the register receives the new error locating polynomial instead of the

product.

3.9.3 The Slave Register Set-

The SRS is shown in Figure 3. 24. It contains five m-bit data
storage registers designated R0, R1l, R2, R3, R4, and two shifting
storage registers, SRO and SRI. All of these registers are used by
the Berlekamp algorithm for the computation of the error locating
polynomiai. All registers have parallel iﬁputs and outputs. In addi-
tion, SRO and SR1 have serial inputs and outputs. Each of the seven
registers has a clock input for 1'3arallel data transfer designated CRO,
CR1, CR2, CR3, CR4, CSRO and CSR1l. SRO and SR1 also have clock
inputs for the sequential transfer of data designated CSO and CSI.

SROi must shift data to slave i+1, but SRli must shift data to
slave i+2. Therefore, three shift lines enter each slave. One con-
nects SRO‘i to SROi-l and SROi+ 1 while the other two lines connect
SRli to SRli_2 and SR1.1+2.,

The ZR2 line is 1 if the contents of R2 are non zero. This is
compl'lted by a set of OR gates connected to R2. The information on

ZR2 is used to determine the degree of the trial error locating poly-

nomial stored in the R2 registers of the slaves.
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3.9.4 The Arithmetic Unit -

This unit contains a Galois field multiplier and adder, and
several input selection units, as shown in Figure 3. 25. The regis-~
ter inputs are m-bit parallel lines from registers R1, R3, SRO and
R2, and the MA lines. There are also control inputs from the IO
and Il control lines to govern which inputs are used. Table 3.1 shows

the calculation during each cycle.

Cycle Product
1 - R1*R2
2 (R3*MA)+R2
3 SRO*MA

Table 3. I. Multiplier Operations
Three outputs are provided, one for each of the three possible

results computed.

3.9.5 Internal Rou‘ting>Netwc‘>rk

Table 3.2 shows the register transfers which occur during each
clock cycle--IC designates the initialization cycle, C1 the first clock
cycle,. C2 the second, and C3 the third. The internal routing network
is shown in Figure 3.26. The single lines for input and output repre-
sent the m parallel lines actuaily required. The inputs are all in
parallel from the registers, the arithmetic unit and the parity check
units. The ICON lines are zero, except in slave 0, where they contain

the multiplicative identity for the field. The PC1l and PCZ2 lines hold
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the parity checks, and are used only during reinitialization.

Fach register in the slave registei‘ set receives its input
from the IRN, and there is an IRN output ACIN which goes to the AC
accumulator: inputs.

There are five control lines. The IO’ Il and I2 lines deter-
mine which cycle is being executed, and during cycle 3,. the RS line
is used to indicate whether the multiplier output or the value in R4
should be used. The SC line is also a control input. This line is a
1 if the slave number is 0 or 1, and is used to product the circular
flow required for the data contained in the two parity check storage

registers RO and R1,

3.9.6 The Slave Control Unit

Figure 3. 27 shows the block diagram of the controller. The
DSU (Degree Sigma Unit) is used to determine the degree of the poly-
nomial stored in the R2 registers, and the RSU (Register Selection
Unit) is used to determine which of the seven registers in the SRS
are to be clocked during any given clock cycle.

The DSU is shown if Figure 3.28. The D register holds an inté—
ger i between 0 and t, for slave i. The bit locator unit in the DSU
receives the OR sum of all bits in the R2 register on the ZR2 line,
and if the register in slave i holds the highest nonzero term of the
polynomial, the value i contained in the D register is gated onto the

DS lines to be used by the master processor. The DSU produces a
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1 output on the SC line if the slave number is zero or one.

The RSU in Figure 3. 29 supplies the clock signal to t1:1e seven
registers in the SRS. The Ilines determine which of the registers
are to be clocked, and the SC line determines variations to provide
the circular flow of data in RO and R1. If lines I,O_IZ are all 1, no
registers are clocked. If these lines are all 0 and the INIT line is 1,

the registers are clocked for reinitialization.

3.10 The Master Processor

A block diagram for the master processor is showg in Figure
3.30. The master processor has four functions: to accep;c and return
the field element from the AC accumulator lines, to return the multi-
plicative inverse of that element, to make the necessary decisions for
the Berlekamp algorithm, and to supply timing and sequencing infor-
mation to the entire system.

The COR line is a NOR of the AS accumulator lines from the
Chien search units. The COR line is 1 if the bit currently being shifted
out of the buffer is to be corrected.

3.10.,1 The Master Accumulator

The MA (Master Accumulator) is shown in Figure 3.31, It
is basically a data register, and can accept field elements from either
the AC lines during cycle 1, or the IV(jUT (Inverter Output) lines dur-
ing cycle 2. The input selection units determine which will be the input.

The contents of the MA are-available to all slave processors via the MA
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lines, and to the inverter via the IVIN lines. The master accumulator
is clocked only during cycles 1 and 2.

The OCI1 line from the central decision unit (CDU) is combined
with the OR sum of the master processor to drive the RS line. This
line makes the decision required by the Berlekamp algorithm,

3.10.2 The Control and Decision Unit

Figure 3. 32 shows the circuitry required for the CDU (Control
and Decision Unit). The modulo N counter supplies a 1 signal during
the last clock cycle for each N bit received word. A length 2™ 1
word will require a 1 counter output every 2™_1 clock cycles for system
reinitialization.

The Cl comparator compares the degree of the trial error locat-
ing polynomial in the DS Register to the iteration count in the K register
and places a 1 in the OC1 line if D is greater than K The DS register
receives its value from the DS lirnes during cycle 2, The value on these
lines is the degree of the trial error locating polynomial as computed
by the slave processors.

The value of the K register is incremented by 1 during cycle 1.
During cycle 2, the contents of the K and T registers are compared by
the C2 comparator. If the two are equal, the WT bit is set to 1. Then
the IO-IZ lines will all be set to 1, causing the processors computing
the Berlekamp algorithm to wait untillthe next parity check is ready.

During reinitialization, the WT bit is set to 0.




117

0oCl
A DS Lines

c
I e /f{ ke el
S R s YY

DS Register

Cl Comparator

-4 [e

PR

IC— K Register

C2 Comparator

T Register

Modulo N §5§3 §3 TN

Counter .4:3£quf3

0oc2
Clock
SRC
,C
To Buffer

Figure 3.32. Central Decision Unit




118

The IR Register controls the cycling of the Berlekamp algorithm.
A 100 output indicates cycle 1, 010 indicates cycle 2 and 001 indicates
cycle 3. The register is initialized as 100;

The system clock is broken into three outputs; IC, RC, and C
The IC clock runs only dﬁring the initialization period, the RC clock
during all other periods, except the wait period, and the C clock during
all periods. The C and RC clocks are transmitted to the slaves and the
C clock to the received word buffer. The SRC clock provides the clock
pulses required by SRO and SR1 to shift elements sequentially between
slaves. |

3.11 System Timing

Figure 3. 38 shows the detailed timing diagram. When viewed
from the right side, vertical divisions indicate the clock pulses. FEach
horizontal line shows the storége activity of a particular register, and
the value written on the line during a particular cycle'indica‘tes the
register of value which is stored. " During the first part of each cycle
(excluding the initialization cycle) SRO and SR1 sequentially shift data
between slaves. The shifted value is the input to the appropriate regis-
ter during that same cycle, Thé contents of all other registers are
unchanged for the duration of the cycle, ana the new contents are stored
at the end of the cycle. |

There are N machine cycles for an N-bit ;:odeword. During each

cycle, the parity check and Chien search calculators operate. They




‘c¢¢c 9andtyg

weiderq Jurwil], wolsAg

RO
R1
R2
R3
R4

SRO .
SR1

PC1

PC2

CSR

INIT Cycle

-

Cycle 1 Cycle 2 Cycle 3 o e
,PCL-C1+COD | , Shifted SR1 . ,
T I 1 I I
 PE2°C2+COD L y Shifted SR1 :
i — - T I
, ICON™ , , R3*MA + R2 . .
] ] T 1 i
___ICON ,  Shifted SRO . .
1 I ¥ I |
Shifted SR1 , .
} } - b }
. Icon , R2 \ o ,__SRO‘MA or Rk |
! ' N "Conditioned on RS'
: TICON . p RO . : R1 , _Same as SRO .
) ] N 1
, 0 , PCl-.Ci + COD , PCl-Cl + COD , PCL-Cl + COD \
L) ¥ ¥ N L} )
) 0 , PC2:C2 + COD , PC2:C2 + COD , FPC2-C2 + COD ,
T ¥ = N T T i l
, ~R2 . CSR-C3 , CSR-C3 R CSR:(3 :
1 T = L 1 v
, . Sum. of R1-R2 | IvouT . )
' " (AC Lines) ' ' '
, 0 | K+ 1 , . .
T L L ]

-

If K=T, 1, else O,
L T

611




120

reinitialize their accumulators while processing the Nth codebit.

At any given time, there are three words in the buffer. ~The
parity checks are computed for the first, the Berlekamp algorithm
for the second, and the Chien search for the third. The received
digits are shifted sequentially across the buffer--each of the N clock
cycles corresponds to a received digit.

| While the parity check and Chien search processors run for N
clock cycles, the processor which executes the Berlekamp algorithm
must run for 3t clock cycles for each word: one reinitialization cycle
and 3t-1 computation cycles, to correct t errors. If 3t=N, then the
system can run synchronously without requiring a wait. If 3t is less
than N, the processors performing the Berlekamp algorithm will be
required to wait. The condition 3t greater than N is not allowed with
this type of controller, since the parity check and Chien search units
muét run synchoronously to prevent data ‘overrun of the received
words.

The ?arity check and Chien search calculators could be run
faster than the Berlekamp algorithm, so that 3t is approximately equal
to.N. Enough time must be allowed so that the new error locating poly-
nomial is in R2 during initiaiization.

During each cycle of the Berlekamp algorithm, a multiplication
is performed. At the same time, elements-are being shifted between

slaves under control of the SRC clock. If the sequential shift time is
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two or more times as long as the multiply time, the sequential registers
should shift more than one bit during each SRC clock cycle. This requires
more lines _between slaves, but allows processing to proceed at twice the
rate.

The longest operation is the multiply and addition by the AC
accumulator lines. For m=10, with t slaves, this operation would take
about 300 +15t nanoseconds using TTL logic. For t=100, 1800 ns are
required. Including routing network and line delays, the minimum cycle
time is perhaps 2 microseconds. This means we could process a length
1023 code and correct 100 errors at a rate of about one half megabit
per second. If the fast multiplier circuit is used, and if more efficient
means are used for adding ‘the AC inputs, this might be reduced to
about 480 ns, or a rate of 2 megabits per second. If faster logic is used,
say MECL II or MECL III (Motorola Emitter Coupled Logic), these
times might be cut in 1/3, allowing a rate of 6 megabits per second or
better.® The correction of 100 errors is rather extreme, since the
information rate would be very low.

3.12 Fault Detection

A fault detection circuit for the multiplier was discussed in
Section 3.5.4. The single parity check bit was used to detect a single
bit failure. This method of error detection can be extended to detect

failures in other parts of the processor.




122

First consider fault detection in the sequential shift registers,
SRO and SR1. A single parity, bit will not detect single bit failure.
Suppose a flip flop fails--either it refuses to change states, or-it
refuses to change the state of the next flip flop,in sequence. This
creates a burst of errors, even though only one flip flop has failed.
For this reason, error detection during each shift cycle is not prac-
tical. A solution is to run an independent test of the shift registers
during the reinitialization process for each codeword. Suppose each
register has an even number of bits and contains the sequence 101010, ..
.. 10. By.making only two..shifts.-a .failure of any flip flop can:be detec-
ted. During the first éhift, each flip flop must change its state pro-
perly, and also change the state of the next flip flop in seqﬁence. 1f
this does not happen, the pattern will be destroyed. During the second
shift, each flip fl:op must make the opposite transition, and again, a
failure will cause the pattern to.be destroyed. Figure 3. 34 shows
the circuitry which will perform the check. A'ft'er-loading.the propér
sequence of Bits, x and y outputs should both be 1. After the first
shift, the x and y outputs are meaningless; after the second shift,
they should both.be 1. The shift must be circular.

If the sequential shift registers have been checked and found
.to be fault-free, the problem is reduced to fault detection inside each
slave processor. If a single parity check bit is carried through all

computation, a single bit failure can be detected. The only remaining
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Figure 3,34. Fault Detection for a
Sequential Shift Register
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problem is to determine where in the processor the parity check

should be verified. In Error Detecting Logic for Digital Computers

(10), the authors list three considerations for determining the loca-
tion of the error detection logic:

1. The effect of error detection upon system performance,

2. The cost of the additional hardware.

.3. The probablity of detection, should a fault occur.

The optimum points for -fault detec,tion appear-to be the four,
multiplier arrays in each slave. If the de‘t.ec,tion is placed on:the
PC1 and PC2 registers in the parity check units, the fault detection
time can.be overlapped with the multipi’y, time. The same is true
in the Chien search unit. If the CSR register outputs.are checked,
any error will be detected during the next multiply cycle. Since all
daté flow in the Berlekamp al.gorithm must eventually pass through
the arithmetic unit, the outputs of the adder and mu_ltiplie‘r seem to
be the logical points to check for faulfs. This detection time can be
overlapped with the delay, time of the internal routing network. By

.overlapping the detection time with other processor functions, tile
first consideration is satisfied. The checking is done with 2m+1
exclusive-or gates at each location, thus satisfying the second con-
sideration, Finally, the structure of the algorithms force all data
-to.flow through the multipliers. The probability of fault detection is

therefore high, and the third consideration.is satisfied.
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In the master processor, the parity of the MA register should
be checked after the contents of the AC lines are stored. The MA
register should again be checked after the inverse is loaded. The par-
ity of the MA .should.be transmitted to all slaves via the MA lines.

The DS lines should also.-have-a single parity bit.

3.13 Fault Correction |

When a fault is detected in.a slave processor, the decoder must
be stopped an(i the slave repaired by some means. H 1f the number of
slaves available is greater than the number of errors to-be corrected,
the slave processor may be deleted with some additional circuitry.
First, each slave must have a bit which is 1 if the slave is active and
0 if the slave is passive. This bit should be set to.0. in the event of a
slave processor failure. The sequential shift lines must be shunted
around the slave, and the-inputs to.the AC and AS accumulators must
be zero. Finally, some means for I;eloading‘the Cl, C2, C3and D
registers in the remaining slaves must beA prov-ided. Since the contents

of these registers in slavei are simply related.to the contents of the

+1
registers.in slavgi, reloading can be done quite rapidly with additional

circuitry and lines for each. slave.

3. 14 Operation over Other Fields

The decoder can be extended to operate over a number of fields.
In general a means for-loading the Cl, C2 and C3 constants is needed

like the one mentioned in section:3. 12. The general multiplier array
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is also needed, along with storage-in the slave processors for-the
primitive field polynomial. The parity check and Chien search units
which have been developed can be used over any field with the gener-
alized multiplier circuit, and.the processors need only have enough
bit storage available to handle the largest field desired.

Due to the manner in which the parity checks are computed,
the number of errors to be corrected is determined only by the con-
tents of the T register.in the CDU. Of course, the t+1 slaves must
be available to correct t errors.

3.15 Circuit Simplifications

A number of éimplifications are-also possible in specific slaves.
The PCU2 parity check units are not necessary.in slaves 1, 2, and 3.
Slave 1 must have the unity field element s1;ored in the PC2 register,
and PC2 in slaves 2 and 3 shoula g:onta'.in the zero field element.

Slave. 0 needs ;/e'i'y-litﬂe circuitry. No Chien search .unit (CSU)

is required. Register R2 may be the wired constant for the unity

 field element. R3 and R4 may be the wired constant zero. No multi-

plier is necessary for-the Berlekaﬁlp.algorifhm, but the adder must
add the unity, field element to the proper line. The PCUl and PCU2
parity check calculators must exist, and RO, R1, SRO and SR1 must
exist, | |

If the decoder is..to be ope‘rated over only one field, a number

of simplifications can be made in the design, The multipliers in the
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parity check u.nits' (PCU1 and PCU2) can be replaced by much simpler
networks or shift registers (1), as can the multiplier in the Chien
search unit, The decoder should be able to operate much faster since
the generalizéd multiplier a_.i'ra;y can be replaced with the fast multi-
plier circuit. The word length is fixed by the size of the field;
however, the number of erro}c's to Be corrected is*still variable,

3.16 Conclusion

A design has been developed for a BCH decoder capable of
operating over a number of fields, The decodér can correct any num-
ber of errors, up to the maximum number of slave processors which
are available. The circuitry required to detect faults affecting a sin-
gle bit was develope'd and a method for deleting faulty processors was
discussed. The de sign.preéented is quite flexible an& can be used to
construct either a generalized decoder capable of operatlion over a
number of fields, or a much simpler decoder cé.pable of operation

over only a single field.




CHAPTER 4

THE SIMULATION PROGRAM
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4.1 Introduction

In order to verify the operation of the decoder design presented
in Chapter 3, a detailed simulation program was written. The program
was written in SYMBOL, an assembly language for the XDS SIGMA-7
computer, The program was designed to allow variation in the number
of slave processors, the c‘ode length, and the number errors to be cor-
rected. The slaves are either active or passive, and the program has
the ability to change the state of the slaves during execution. The pro-
gram will operate either from terminal or cards under t'he XDS Batch
Processing Monitor with Batch Timeshare Monitor. A number of
simple interactive features were included for ease of operation from
the terminal.

4,2 Program Descriptibn

The program consists of two,.types of subprograms--simula-
tion subprograms and utility subprograms. The former represent
a simulation of the actual machine design, while the latter provide
the interface to the user.

Figure 4. 1 shows the flowchart of the main program. First
the constants for the Galois field are computed, and the table of mul-
tiplicative inverses is defined. The utility routines accomplish these
tasks. Another utility routine reads in the word to.be decoded. If
none is entered, the program terminates. Now the simulation begins.

The parity checks are computed first. Then the Berlekamp.algorithm
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Accept Binary
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Active Slaves

Accept new
binary word
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Figure 4.1. The Main Program
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.is executed, and finally, the error locating polynomial is used.to cor-

rect the errors which have occurred.in.the codeword. 'i‘hen, if desired
another utility routine can.be used to give a liéting,of the parity checks
and the sigma polynomial in binary notation: The codewords should be’

entered as a.sequence of binary digits, with or without spacing, as:
0101000000100001,
or

.0101000000100001.

Only one space between digits is allowed. The length 15 triple error
correcting code might be decoded by the following command sequence:

. RESTART
1111
EOD
T=3
M=4
0010000000100001
EOD
EOD

- Table 4.1 lists.the commands available as input control over
. the program variables. Table 4. 2.lists the subprograms and their

type and function.
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Table 4, 3 shows the variable names which are used in the
simulation. There are fouf-types of variables:. The first is a vector
slave register such as REGO. This register requires NOSLAVE
words of storage, where NOSLAVE defines. the number. of slave pro-
cessors in the decoder. The second type is the scalar variable.

Table 4. 1 Input Command Formats

CODE FUNCTION

EOD "End of Data.!" Control is transferred out of the INOUT
routine.

RESTART The slave activation.sequence is executed.

FILE The echo mode is reversed.

T=5 The number of errors to be corrected is set to.the

value following the = sign, 5,
M=6 The order of the field is set to.the value following the
= sign, 6. This also determines the codeword.length.
The routine GFINIT is also called.
This type of variable requires one word of storage and holds either
an integer value right justified, or a field element left justified. The
control lines hold either 0 or 1. The third type is the array variable.
This type holds two or mozre wo.rds to.-be used for various purposes.
The fourth type consists Qf variables necessary to the 'operation of the
program-—temporary'storaig'e of arguments, return addresses for sub-

programs, I/O control words and buffers, etc. These variables will

not be listed explicitly.




NAME

PARITY
CHIEN

RUNENT
INVERSE
SLAVE
IRN

RSU
MULTXY
ISU

GFINIT
PRINT
INOUT
OUTCW

PROUT
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Table 4.2 Simulation and Utility Subprograms

TYPE

- Simulation

Simulation

Simulation
Simulation
Simulation
Simulation

Simulation
Simulation
Simulation

Utility
Utility
Utility
Utility

Utility

FUNCTION

Computes the parity checks for the code-
word in CODEBUF. The results are
returned in SYNI1 and SYN2Z2.

Corrects the code digits in CODEBUF
according to the sigma polynomial in the

SIG accumulator, l

Simulates the Master Processor and por-
tions of the slave processors.

Computes the inverse of a Galois field
element. .

Simulates portions of the slave processors
and calls other slave simulation routines.

Simulates the operation of the Internal
Routing Network.

Simulates the Register Selection Unit.
Simulates the Galois field multiplier.
Simulates the Input Selection Unit.

Initializes the constants used by the decoder
for the Galois field operations.

Prints a heading specified by the calling
program.

Accepts the control codes and the code-
words from the input device, and lists the
input on the output device, if desired.

Prints the corrected codeword on the out-
put device.

Lists registers REG0, REGI1, and REG2 on
the output device.




NAME

ACTSL
PSHIFT

BUFDMP
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Table 4.2 (Continued)

TYPE

Utility

Utility

Utility

FUNCTION

Takes a binary vector from the input
device to specify the activation lines.

Provides a.shift to.align the parity checks
for processing by-the Berlekamp.algorithm.

Provides a snapshot duﬁlp of the contents
of the registers selected by the calling
sequence.




NAME
NOSLAVE
M.

IRPOLY
IRPOL YI
IRPTAB

RDMPSW
PRSW
CODEBUF
INVM

MA
DSREG
KREG

TREG

OCl1
OC2

" WTLINE

INITLN

DLINE
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Table 4.3 Control Lines and Registers.

TYPE

scalar

scalar

"scalar

scalar
array

scalar
scalar

array’

array -

scalar

scalar

scalar -

scalar

scalar

scalar

scalar

scalar

scalar

FUNCTION
Defines the number of slave processors.
The order of thé Galois field.

The coefficients bf the irreducible, left

justified.

The coe,fficients. of the irreducible poly-
nomial, right justified.

-List of 1rreduizgale polynomials for GF(Z )

through GF (2

If 1, the BUFDMP routine is called.
If 2, the PROUT routine is called.
Holds the codeword.

The table of Inverse elements,

The Master Accumulator.

The Degree Sigma Register.

The K (iteration coﬁnt) register.

Holds the number of errors, t, to.be
corrected,

Output of KREG:DSREG compatrison.
Output of KREG:TREG comparison.

The Wait Bit--1 after termination of
Berlekamp.algorithm.

Initialization Bit--1 during- initialization- -
should be set to- 1 before calling. RUNENT.,
RUNENT resets it to 0 after.-initialization.

Zero.if MA=0, otherwise I.




NAME
10,11,12

RSLINE

IRO,IR1,IR2

IMA
IDSR
IKR

ICON

ADDOUT
MLTOUT

. MLTAC

REGO
REGI
REG2
REG3
REG
SREGO
SREG1
SYNI1

SYN2

Table 4. 3

TYPE
scalar

scalar

scalar

scalar
scalar
scalar

vector

scalar

scalar

scalar

vector

vector

vector

.vector

vector

vector

vector

vector

vector
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(Continued)

FUNCTION
Instruction: lines to the slave processors.

Controls source of the new auxiliary poly-
nomial.

Supply. inputs to.the-I10-12 lines, These form
the instruction register.

The input to MA before clocking.

Input to.the DSREG before clocking.

-Input to.the KREG before clocking.

Supplies-initialization constants for-the
slave processors,

The adder output of the arithmetic unit.
The multiplier output of the arithmetic unit.

The multiplier output for-input to.the
accumulator adders,

Corresponds to RO in-the logic design.
Corresponds to R1.

Corresponds to R2,

Corresponds to R3.
Corresponds.to-Ré.

Corresponds toSRO.
Corresponds.to SRI1.

Corrésponds to PCI1.

Corresponds to PC2.




NAME
S1G

MALINE

ACIN

TLINE

SALN

SCLN

IREGO
IREG1
IREG2
IREG3
IREG4
ISREGO
ISREG1

IRNT

SCL

- MEXP

AD

137

Table 4. 3 (Continued)

TYPE
vector

scalar

vector

vector

vector

vector

scalar
scalar
scalar
scalar
sclara
vector
vector

array

array

scalar

.scalar

FUNCTION
Corresponds to CSR.

Lines which transmit the contents of the
MA to.the slaves.

The accumulator inputs from the slaves.

For computing the degree of the sigma
polynoemial.

Gives the configuration of active and passive
slaves.

These-lines are 1 for the lowest two.slaves
and.0. for all others.

The-input to- REGO before clocking.

‘Inputs to.REGI.

Inputs to REG2Z.
Inputs. to. REG3.

Inputs.to- REG4.

‘Inputs to-SREGO,

Inputs to-SREGI.

Intermediate storage inside the Internal
Routing Network,

Stores the clock pulse configuation.for-the
slave registers. . :

Contains the value er_l-l.

Contains. the unity field element.
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4.3 The Simulation Subprograms

Figure 4.2 shows the flowchart for the routine PARITY. The
constants used to compute each parity check were calculated rather
than stored, since very little computation -time is consumed. The

routine computes 1, C(a), C(ozz), v e, C(OﬂZt_l

), and these are stored
in reverse order.in the two vectors SYNI1 and SYN2. FEach position of
the array is checked against the SALN vector. The parity checks are
inserted.only,in the elements corresponding to.active slaves. If the
number of active slaves-is not.largé enough, a message-is.transmitted
to.the user and the program is restarted. The PSHIFT routine.is called
to reorder the parity checks for use by the Berlekamp algorithm.
Figure 4. 3 shows the flow chart for the master processor simu-
lation program RUNENT. The first action:is to pass the instruction
register outputs through AND gates.to form the-I0-1I2 lines. The other

AND gate . input is the INITLN, Table 2.5 shows the settings of the

control lines for-the various machine cycles.

Table 4.4 Instruction Line Settings.

Lines

10 11 12 -Machine Action
Initialize.
Execute Cycle 1.
Execute Cycle 2.
Execute Cycle 3.
Wait.

_ O O ~O
|-—-C5r—-Ob
== O OO0
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Figure 4.2. Parity Check Routine
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Begin
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Figure 4.3, (continued)
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Figure 4.3, (continued)
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Figure 4.3. (continued)
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Figure 4,3, (continued)




145

Clock KREG--
transfer IKR to
KREG

Initialize the
instruction cycle
register IRO-IR2

Clear WTLINE
and INITLN

Figure 4.3. (continued)
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Figure 4,3. (continued)
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Figure 4.3. (continued)
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for next cycle

Figure 4.3. (continued)
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Next, the comparisons are made to set the OCl and OC2 lines.
The DLINE is set to 0 if the master accumulator is 0, and the RSLINE
is set to the complement of OC1 ANDed with the DLINE.

The SREGO and SREGI vectors are now shifted to simulate the
sequential shift between slaves. Passive slaves are bypassed and
SREGO is not shifted if I2 = 1, since the register is a.multiplier input
during cycle 3.

The slave processor routine is called for each slave, both
active and passive. The SCL5 and SCL6 lines are used to determine
whether or not the inputs to the SREGO and SREGI1 vectors should be
transferred.

During initialization, the inputs to the KREG are zeroed. The
clock pulse is applied to the KREG and the WTLINE. The INITLN is
cleared to 0 to simulate the action of the counter.

During Cycle 1, the ACIN accumulator lines are all added
(modulo 2) and used to specify the input lines to the master accumulator, |
IMA. The degree of the sigma polynomial is determined using the TLINE
vector; the result is placed in IDSR, the inputs to the DSREG. The
clock pulse is applied to increment KREG and IMA is stored in MA.

During Cycle 2, the INVERSE routine is called to return the
inverse of the element in MA and the result is stored in IMA. The clock
pulse is applied to store IDSR in DSREG, IMA in MA, and OC1 in

WTLINE. If OClis 1, the routine RUNENT terminates. During each
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clock cycle, except initialization, the instruction register IR0-IR2 is
shifted right one bit to prepare for the next cycle. The program
execution returns to location RUNSEQ to execute the next cycle.

The slave processor simulator, SLAVE, flowchart is shown
in Figure 4.4. The first action is to set the TLINE for the slave. If
the slave is passivie, the ACIN line and TLINE are cleared to 0 and the
SILAVE routine exits. If the slave is active, the J0 and Il lines are
used to set- the inputs to the multiplier in the arithmetic unit. The ISU
routine is used to select the inputs. Then the multiply routine is called
and the two outputs MLTOUT and MLTAC are specified with the prodﬁct.
The value of REG.2 in the slave is added (Mod 2) to the product and this .
result is stored in. ADDQUT.

Now, the routines for the Internal Routing Network and the Reg-
ister Selection Unit are executed. The IRN routine sets the slavc;
register inputs, and the RSU routine selects the registers to be clocked.
All thét remains is the actual clocking of each slave register according
to the values on the SCL lines.

Figure 4.5 shows the flowchart for the Internal Routing Network.
The register inputs are selected according to the state of the 10, 11, I2,
SCLN and RSLINE variables. A series of OR instructions simulates
the co‘lléction of terms for the outputs.

The multiplier simulation routine MULTXY is shown in Figure

4. 6. TFirst, the iteration count is initialized and argument #2 is saved.
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Figure 4.4. (continued)
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The accumulator is shifted left, and if an overflow occurs, the irre-
ducible polynomial is atlided modulo two to the accumulater. Argu- |
meﬁt #2 is shifted left; if overflow occurs, argument #1 is added
modulo 2 into the accumulator. The cycle is repeated m times, and
after argument #2 is restored, the routine exits.

The only simulation routines not shown in the flowcharts are
the RSU and INVERSE routines. The RSU routine is simply a set of
logical OR instructions which correspond to the circuit diagram for
the Register Selection Unit. The INVERSE routine is a table look up
routine. The table is constructed by GFINIT.

The final simulation program is the Chien search simulatoi‘,
CHIEN. This routine is similar to PARITY in that the constants for
-multiplication of the SIG (CSR) vector are calculated rather than being
stored in a constant vector. Figure 4.7 shows the flowchart for CHIEN.
The SIG vector is first given the values in REG2. Then the product
with the constant vector is formed anél SIG is respecified. The sum of
all elements of SIG is next computed, and if 0, the corresponding digit

is corrected. The operation is repeated for each digit.

4.4 The Utility Subprograms

These programs provide the interface to the user-through the
input and output devices and execute certain initialization.tasks. The

programs are quite simple, and no flowcharts will be given. The
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listings are included in Appendix B.

4.5 Program Results

The simulation program was run for a large number of words,
and decoded successfully whenever the number of errors was not
greater than t, the maximum number to be corrected. Codes of
varying lengths were run. Appendix B shows the output from a
number of runs. The largest word decoded was a length 1023 code
with 255 errors correctéd. Computation time was about 4. 5 minutes.
Since the actual code word transmitted is irrelevant to the decoding
algorithm once the parity checks have been computed, the all zero
code word was used for -most of the tests. For the shorter code words,
the REGO0, REGI1 and REG2 vectors were printed, The listing shows

both the active and passive slaves.

4.6 Conclusion

The simulation program verifies the logic design presented in
Chapter 3. Thé program is reasonably short, and yet simulates in
detail all important functions performed by the elements of the decoder.
The simulator can operate for any reasonable codeword length and
correct any reasonable number of errors, with reasonable time and '
memory requirements. The utility routines provide an important I/O

interface with the user, and allow interactive operation with the user
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via the teletype terminal, This interactive mode was found to be
extremely valuable in implementing design changes and in locating
and correcting ""bugs." The program suggested a number of

changes in the design as the work progressed.




CHAPTER 5

CONCLUSION
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5.1 Summary

The problem considered in this thesis is the design of a special
purpose computér to decode the BCH codes. System requirements for
both fixed and variable-word-length decoders are discussed, but the
significant problems of code word synchronization and interleaving are
not considered. Fault detection circuitry is developed for the proces-.
sors and fault correction is discussed,

The decoding algorithm can be performed by a single proces-
sor, but the time required to decode a word can be reduced by using
mulfiple processors--we can trade equipment for time. Developments
in LSI technology suggest that such a tradeoff might become quite
attractive in the near future. While the duplication of LSI processors
is less costly, the processor design constraints are somewhat differ-
ent. ISI design places a permium on regularity and on reducing the
number of external connections, but the total number of gates is less
important than in conventional systems. Also, different types of
testing procedures must be developed.

The techniques used in this design should be useful in imple-
menting other algorithms with parallel processors. For example; the
block diagram of the slave processor could be used as a starting point
in designing systems to implement othér algorithms. Several units in
the slaves, such as the slave register set and the internal routing net-

work, could very likely be used directly for other algorithms. Many
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of the techniques used here might be implemented using a general com-
puter design program coupled with a graphics interface to the designer.
During the research, the many simulation programs written
proved to be invaluable in debugging and improving both processor and
algorithm designs. Simulation of the processor design is a necessary
step in any future work which is done. The simulation proved to be
most useful when done on two levels; the first, a general simulation
of the processor data flow, and the second a detailed simulation of the
logic design.
This research, in combination with other research on parallel
processor algorithms, should be helﬁful in developing -the philosophy

and organization of general purpose parallel processors.

5.2 Suggestions for Future Research

There are undoubtedly many other algorithms which can be
performed by parallel processors. In the field of coding theory,
research should determine whether convolutional codes can be decoded
by a parallel processor,

As more ;:omplicated algorithms are examined, some method
should be developed to determine which parts of an algorithm can be
executed simultaneously. The method should determine whether the
processors execute the same or different instruction sequences.

Certain classes of algorithms may exist which can be performed
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efficiently by parallel processors with a specific organization. For
instance, certain mat'rix algorithms such as the Kalman Filter algo-
rithm are performed efficiently by Cannon's machine (3). A study
should be made first to define a set of machine organization equiv-
alence cla(sses for algorithms and second to classify algoritbms in
these equivalence classes. These résults would be especially useful
in defining a genéral purpose parallel processor.

The problem of fault detection was considered in Chapter 3.
Fault detection for the cellular-array multiplier proved to be particu-
larly simple, because of the large number of linear operations per-
formed by the array. Further-research should see if the same
techniques can be used to detect faults in other linear circuits.

Research should be performed to determine which of the units
in this system are useful in designingvother processors, ther units
for processor design should also be investigated, The results of this
research could be used to implement the general computer design

program previously mentioned. -
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6]
7]
8]
9]
10]
111
121

131]

14]
151]
161
17]
181
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BCHB

M<«~p IRPOLY .

< "1+ 2% M

A0<Mwl

A1« 14 40

tENTER RECEIVED WORD'!
c<0

RBRITY .

+~( 1=+/+/[1] 8)/ BCHB?2
BERM?2

SIG« R2

DSIG+ “1+(p R2)[1]
SIG+~ SIGL DSIG + 2-1 DSIG+ 1:]
CHIEN ’
+(IB=0)/BCHB1
YCORRECTED WORD IS'?

. BCHB2: CW .

> 0
BCHB1 :'"UNCORRECTABLE FERROR'




OTHIS. IS-A TEST OF A LENGTH 7 DOUBLE ERROR

OCORRECTING BCH CODE. ...
OTHE ITRREDUCIBLE POLYNOMIAL IS X%*3 + X + 1

ITRPOLY<0 1 1
T<2

BCHB
ENTER RECEIVED WORD
g
0 01 01 00
CORRECTED WORD IS
0 006 0O00O0

BCHB
ENTER RECEIVED WORD

BCHB
ENTER RECEIVED WORD

BCHB
ENTER RECEIVED WORD .

BCHB
ENTER-RECEIVED WORD
O:

111 0 0 0O
UNCORRECTABLE ERROR
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OTHIS IS A TEST OF-A LENGTH:

OCORRECTING BCH CODE. ..
OTHE IRREDUCIBLE POLYNOMIAL

ITRPOLY<«0 0 1 1
T<3

BCHB
ENTER- RECEIVED WORD

BCHB
ENTER RECEIVED WORD .
E

BCHB
ENTER RECEIVED WORD .
Os.
1111 0114111112111
CORRECTED WORD IS5 .
111 411112111111

BCHB.
ENTER RECEIVED WORD
O:

1111 0000060¢06O00O00
UNGCORRECTABLE ERROR

15 TRIPLE ERROR

IS . X*4 + X + 1
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OTHIS IS A TEST OF-A LENGTH.15,TRIPLE ERROR

IRPOLY<0 0 1 1
T<3

BCHB
ENTER RECEIVED WORD
O:
1 00 0001 0.001 00O 0_0

CORRECTED WORD IS
000O0O0O0OOOOOOOOCO

OSYNDROME DIGITS,...

RO R R R RO
oOoroocoro
oORrOoORRPR PO
CoOoOOO0OoORrRKL

| OERROR- LOCATING POLYNOMIAL...
- 8I@

O R K R
O R R R
o » O =
SN e =)

OCORRECTING BCH CODE-~--WITH A -LISTING OF THE .
OSYNDROME AND ERROR LOCATING POLYNOMIALS....
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OTHIS IS A TEST OF-A LENGTH 31 FIVE ERROR- CORRECTING

OBCH CODE. .

- THE IRREDUCIBELE 'POLYNOMIAL IS X%5 + Xx2 + 1

IRPOLY<+0 0 1 0 1

T<5

BCHB
ENTER RECEIVED WORD

000100000012 00001000

0001 0100O0O0O06C0O0

.CORRECTED WORD IS

000O0OOOCOCOOOODOOGCOOOOODPO

0O 000O0OOO0OO0OOGOGOO@O

OSIGMA. ..
SIG

OSYNDROME

00001
111 1 1

11101

01-111

[@ R
O 1
o O
O O

s o

10010
01111

11111

01 001
00111

0 0001

11111

vt
s~ vt
O O
O+ O

O O i

101 01
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X ok ok

# STMULATION-~THIS PROGRAM CALLS THE VARIOUS ELEMENTS ' #

* ok ok

* OF THE SIMULATION PROGRAM. - . e *
% ok i . i . : - % %ok
DEF INOUT+PARITY sRUNENT9CHIEN yOUTCU +PROUT ¢ GFINTIT
DEF TOLAST+ABRSeLCOMPyINITEN: TRFPT
DEF PSHIFT.ACTSL
DEF START ¢REDO
DEF REGOREG2#SALNySCLNsTREG
v DEF RDMPSWoPRSHW ¢ BTMSW
REF MSSTeM2LO
START EQU $
CAL1:8 TRFPT
RESTART EQU $
BAL ¢+D?2 GFINIT
BAL D2 ACTSL
REDO EQU %
BAL D2 INOUT
LWsR2 TOLAST
CWeR2 ADRS
BE ouT
BAL#D2 PARITY
BAL ¢D2 PSHIFT
LWsR2 LCOMP
STWsR2 INITLN
BAL D2 RUNENT
BAL sD2 CHIEN
BAL¢D2 oUTCW
MTW.0 PRSHW
BNE $+2
BALDZ PROUT
B REDO
ouT EQU $
CAL1,9 1

TLT




% %k %

* UTILITY--DATA DEFINITION AREA FOR SIMULATION PROGRAM.

EE
NOSLAVE
NOERR

M
IRPOLY
IRPOLYI
BTM
IRPTAB

CRET -
BUFSZ
BUFSZB

BTM1
CRET
BUFSZ
BUFSZB
BTMZ2 .
RO

R1

R2

R3
R4
RS

EQU
EQU
DATA
DATA
DATA
EQU
EQU
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
Dol
GOTO
EQU
EQU
EQU
60T0
BOUND
EQU
EQU
EQU
BOUND
EQU
EQU
EQU
EQU
EQU
EQU

- N

10
1

5
X*28000000°
0

0

$~2
X*C0000000*
X*60000000°
X?30000000°
X?28000000°
X*0Cco0o000”
X¢12000000°
X*1D000000 "
X'08800000G"
X'02400000°
BTM

BTM1
X*'40404040°
20

80

BTM2

1
X915000000°
15 -
60

APFEFEWNREROR

% % ¥

* %%

SIGMA 7 REGISTER DESIGNATIONS

LT




R6
RY
S1

32

. X1

X2
D1
D2
D3
D4

NOBTTS

TRFPT

SELSL

RDMPSW

BTMSUW

PRSW

LCOMP

COMP
XFD
XF1

R1SAVE

ARG1
SCNT
sSgsy
S1SV

EQU
Cay
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
GENs3:24
DATA
DATA,1
DATA
DATA
DATA
DATA
CATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

32

X914 9.0
X*3coegpo3e
1slelel

o

BTM

BTM

1
A*FFFFEFFFT
) T

"] v

0]

G

|
[

NUMBER OF BITS IN SIGMA 7
TO SET TRAPS

TO IGNORE INTEGER OVERFLOW

TO COMPLEMENT MACHINE LINES
FOR PARALLEL LYNE COMPLEMENTS
CHARACTER O

CHARACTER 1

€LT




ORG $-1

* % %k ’ %k
* UTILITY-—INPUT/OUTPUT DATA DEFINITION AREA. ' %
EX T . . ' * ok
_DATA v e
CODEBUF  RES»1 2160 HOLDS THE CURRENT CODEWORD
BUFTOP  EQU % : UPPER LIMIT OF CODEWORD
READ GEN98924 Xv10994M2SI FOR COEDWORD INPUT
. GENv4928 15¢16 :
DATA TOHLT
. DATA - TOHLT.
RADR DATA CODEBUF- .
DATA BUFSZB+1
WRITE GEN 28924 Xv11%sM2LO FOR CODEWORD ECHO
o GENo 40228 3915 .
WADR DATA CODEBUF
‘ DATA BUFSZB
ADRS DATA CODEBUF ADDRESS OF CODEBUF
IOLAST DATA 0 POINTER TO LAST CARD IMAGE READ -~
BLNK DATA ’ 0 . 3
ECK DATA . °EOD °* i
RCK DATA *REST?
TCK DATA - °T v
MCK DATA *M ’
FCK - DATA YFILE®
CHMSK DATA XF 9
PRHD Y4 EQU $
TEXTC . 9ACTIVE SLAVE CONFIGURATION: 0
ORG $-1.
DATA CRET
PRHD1 EQU $ -
TEXTC 'RECEIVED <CODEWORDS ’
ORG $=-1
DATA CRET
PRHD2 EQU . $ .
TEXTC YCORRECTED CODEWORD: 9




PRHD3

ERRM1
ERRM2
ERRM3
ERRM4
TPAGE
MAXPACGE
OUTBUF

OUTFMT
PRBUF

MOVBL
MOVCB

CATA
EQu
DATA
TEXT
TEXT
ORG
DATA
TEXTC

TEXTC

TEXTC
TEXTC
CENe8124
EQU
DATAs 1
RESs1
EQU

GENe 8924
GEN4+28
DATA
DATA
GEN9 B8y 2¢
GENeBo24

CR
3
X*4FcD6060°

m

T

R SYNDROME POLYNOMIAL--==mcmm—mmem e v

" —~SIGMA POLYNOMIAL-- )
¢-1 -

CRET _

*NOT ENOUSH SLAVES AVAILABLE--ENTER NEW °
*NOT ENOUGH SLAVES—-MUST REASSEMB. E--T
*NOT ENOUGH CODEBITS ENTERED--'

*BUFFER OVERFLOW®

2:MiLO NEW PAGE ON LINE PRINTER

g MAXIMUM FIELD TO PRINT ONE CW
v QUTPUT BUFFER

119

) }

X*131v4MILO PRINT OUTBUF

3916

OUTBUF

120

113.BA{OUTBUF +1
BUFSZB:BA{CODEBUF)

CLEAR OUTBUF

QLT




o e st
PR

* ok &

% STMULATION-~MASTER PROCESSOR DATA AREA--ALL DATA STORAGE. *

x* TANTS. : "

%% % % Kok
INVM RES - 1024 :

MA RES 1 MASTER ACCUMULATOR

DSREG DATA o DEGREE SIGMA REGISTER

KREG DATA 0 K REGISTER (ITERATION COUNT)

TREG DATA NOERR : '

oc1 DATA o OUTPUT OF COMPARATOR FOR K AND DSIG
0c2 DATA o OUTPUT OF COMPARATOR FOR K AND T
WTLINE  DATA 0

INITLN  DATA 0 MASTER PROCESSOR CONTROL LINES
DLINE DATA o OR REDUCTION OF MA

10 - DATA 0 '

I1 DATA 0

12 DATA 0

RSLINE  DATA 0

IRO DATA h

IR1 DATA 0

IR2 DATA 0 . :
IMA DATA 0 - THESE ARE INPUTS TO THE RESPECTIVE
IDSR DATA 0 LINES AND REGISTERS BEFQRE THE
IKR DATA 0 CLOCK PULSE IS APPLIED

9gLT




EE 2

* STMULATION~-~SLAVE PROCZESSOR

* % %k
ICON
ADDOUT
MLTOUT
MLTAC
REGO
REG1
REG2
REG3
REG4
SREGD
SREG1
SYN2
Synl
SYNLOAD
SIG
MALTINE
ACIN
TLINE
SALN

SCLN

IREGO
IREG1
IREGZ2
IRECG3
IREGY
ISREGE
ISREGL

RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
EQU
RES
RES
RES
RES
EQU
RES:¢1
BOUND
EQU
RES»1
BOUND
RES
RES
RES
RES
RES
RES
RES

NOSLAVE
1
1
1
NOSLAVE
NOSLAVE
NOSLAVE
NOSLAVE
NOSLAVE

‘NOSLAVE

NOSLAVE
NOSLAVE
NOSLAVE
$-1
NOSLAVE
1
NOSLAVE
NOSLAVE
$
NOSLAVE
4

$
NOSLAVE

R I I A

NOSLAVE "

MOSLAVE

- &k
AREA. *

% & %

R GUTPUT
TIPLIER OUTPUT

SLAVE REBGISTER
SLAVE REGISTER
SLAVE REGISTER
SLAVE REGISTER
SLAVE REGISTER

P I R

SYNDROME BUFFER

SYNDROME BUFFER

LOAD ADDRESS FOR SYNDROME
CHIEN SEARCH BUFFER

ACCUMULATOR INPUT
DSIG UNIT INPUTS

INPUTS TO THE RTEGISTERS

LLT




ok %

* SIMULATION——THIS SUBPROGRAM COMPUTES THE PARITY CHECKS

* FOR THE CODEWORD STORED IN CODEBUF.

ok ¥

CHARIN
RETPAR
PARTTY

DOPARN

DOPAR

GETCHAR -

DATA
DATA
EQU
STWeDZ
LIeRL
t TeR2
STWsRZ
BOR:R1
LW:RE
AT:RE
LiWe X3

SLSE# X3

LIsR1
LW¢D3
SLSqD3
LIsR7
LIsDG

BALsDZ .

LWseS1
STWeS1
EQU
BALoDZ
LT¢S1
LIsR3
LI¢+R2
EQU
LIsyRY
EQU
ATsR2
LB¢R5
CB¢R5

‘BE

0

|

$

RETPAR
NOSLAVE+NOSLAVE
0
SYN2-1sR1
$-1

MEXP

-1

ADC

1

1

TREG

1

NOSLAVE
1

SKPAR

AD
SYNLOAD»R1
$

SKPAR

CODEBUF sR2
XFO
DOMULT

* %%

koA %

8L1T




DOEOR

DOMULT

STOPAR

SKPAR

RSK

1RE

oo
"o

ATLsRU
CI R4
BLE
BALsD2
DATA

B

EQU
EORS1
EQu
ATIsR3
CWsiR3
BE
LWsX2
BAL D2
B
EQuU
STWeS1
AT+D4
CWeD4
BGE
SLSe X1
BEV
EOR¢ X1
B

EqQu
AI¢R1
AT«R7
BGE
CIsR1
L
AT+R7
EQU
MTE+DO
BE

"o
o
20

2 on

Gy pa- b

GETCHAR
RINT
~RREM3

¥ L..DO

20 0
R oM

PR B 4R
o

el
(2]

-STOPAR

S1

MULTXY

DOFAR
3
SYNLGAD(R1
1

B3

SCHAR
1 .
$+2
IRFPOLY
DOP ARN
p

-1

-1

RSK

~NOSLAVE-NOSLAVE+Z

POUT
NOSLAVE
3

SALNsRY

SKPAR

6L1




SCHAR

POUT

% % 3%k

B

EQUu
STWeR2
B

EQU
BAL¢D2
DATA

B

*D2
$
CHARIN

" =RETPAR

$
PRINT
ERRM1
RESTART
ok

* SIMULATION--THIS SUBPROGRAM EXECUTES THE CHIEN SEARCH ROUTINE.*

£k
CHoUT
CHIEN

NEXTDIG

SKBL

NEXTCH
CHPAS

DATA

_EQU

STWeD2
LI¢R1
LWWR3
STWeR3
BDR¢R1
LIeR2
LIRS
EQU
LWeX1
EQU
AI+R2
LBsRY
CI/«RY4
BE
LIsR1
EQU
EQU
AIR1
CI¢:R1
BE
MTB, 0
BNE
STWeRH

* %k
0
$ .
CHOUT
NOSLAVE
REG2-14R1
SIG-1sR1
$-2
-1
G
$
AD
$
1
CODEBUF sR2
Xv140°
SKBL
-1
$
$
1
NOSLAVE
CHADD
SALNsR1
CHACT
SIGsR1

081




CHACT

CHADD

NOCH

B

EQU
LWeX2
BAL ¢D2

STWeSL -

LWe X2
SLSeX2
BAL¢D2
STWeS1
B

EQU
LT+R3
LIsR1
EORR3
BDR:R1
CI+R3
BNE
EORsRY
STB+RE
EQU
CWsR2.
BGE

B

CHPAS

$
SIGsR1
MUL TXY
SIGsR1
AD

1
MULTXY
X1
NEXTCH
L

0
NOSLAVE
SIG-1:R1
$-1

g

NOCH
LCOMP
CODEBUF sR2
$
CHARIN
*CHOUT
NEXTDIG

181




% % %

* SIMULATION-=-THIS ROUTINE SIMULATES THE MASTER PROCESSCR.

% X% %
RUNRET DATA
RUNENT EQU
: STWeD2
RUNSEQ - EQU
' Dol
GOTO
_ MTW.0 -
. BE

BAL¢D2

DATA
DATA
BTM1 ~ BOUND
© LIeR1
LWeR3
EOR¢R3
LWsR2
ANDoR2
STWoR2
BDR¢R1
*D0 COMPARISONS
LWeRL
LIsR3
STWeR3
LWsR2
CWoR2
BLE
STWeRY
STWoRY
CWoR2Z
BNE
STWeR3
STWsRY

LW+R2Z2 ~

0

- $
 RUNRET

$
BTM

‘BTM1

RDMPSW
$+4
BUFDMP
REGO
MALINE
1

3
INITLN
LCOMP
IRO~-19R1
R3
I0-1+R1
$-3

LCOMP
o .
oc1
KREG
DSREG
$+2
oc1
0c2
TREG
$42
0c2
DLINE
MA .

E R 2

Xk L

281




* SET UP

SLSH

SETL

SETD

SHSKP

SHBYP

BNE $+2
STHeR3 DLINE
LWeRZ 0C1
ANDsRZ DLINE
EORsR2 LCOMP
STHsR2 RSLINE
SHIFT REGISTERS-
LIsR1 o

LI#R5 G

EQU $

MTB»O SELNsRL
BE SHBYP
CI«RS 8]

BG SET1
STWsR1 SOsv
AT¢RS 1 :

B SETO
.EQU $

CI:R5 1

BG SETO
ATsR5 1

STWesR1 RN

EQU %

MTW:O Iz

BNE SHSKP
XW¢RZ SREGO:R1
EQU $

XWeR3 R4 _
XWesR3 SREG1 ¢«R1
Eau 5

AI+R1 1

CIsR1 NOSLAVE-1
BLE SLSH
LWsR1 535y
MTW.0 Iz

BHE $+2

€81




NEXTS

CLé6

CL7

CL8

STWeRZ
STW:RY4
LWsR1

STWoR3

LIRL
LI:R2
STWeR2
EQU
BAL«D2
AIR1
CIsR1
BLE
LIs+R1
EQuU
MTWe O
BE
LWsR2
STWeR2
BDR¢R1
EQU
LIyR1
MTWoO
BE
LWsR2
STWsR2Z
BDR#R1
EQU
MTWe0O
BNE
MTWsO
BNE
MTWeD
BNE
IsR2

STWeRZ

B

SREGG +R1
SREB1sR1
S1SVv
SREG1+R1
0
-1
SCNT
$ .
SLAVE

i

NOSLAVE-1
NEXTS
NOSLAVE.
A :
SCL+5
cL?
ISREGO-1sR1
SREGO-1sR1
$-2

$
NOSLAVE
SCL+6
cLe -
ISREG1-1¢R1
SREG1-1¢R1
$-2
$
I0
cyci
T1
cYC2
Iz
cCYC3
4]
IKR
INITCLK

78I




cyci

DOACTUNM

SKAC

cvez

Cv¥C3

INITCLK

MTB D
BE
EQRwR2
MTWe O
BE
STWeRH
AT R4
Equ

AT R1
CIsR1L
Bt
STUrR2
8
Equ
LiWe X1
BAL:D2
STl ¢ X2
B

Eau

8 .
Equ
iLWeR2
STWeR2Z
LisR2
STW:sR2Z
PTeRZ
STWeRZ2
STWiR2
STWeR?Z
STWHeRZ

[ I I

¥

SALNR1
SKAC
ACIN oR1L

TLINE¢R1.

$+2
IELSR

1

%

1
NOSLAVE
DOACCUM
IMA
CYC1CLK
$

MA
INYERSE
IMA
CYC2CLK
%
CYC3CLK
%

IKR
KREG
CoMp
IRQ
IRZ
IRZ
INITLN
WTLINE

a81




CYCLICLK

CYC2CLK

CYC3CLK
MCLOCK

L

i

MTWel
LWsR2
STWeRZ
STWHeRZ2
B

EQU
LWeR2
STWsR2
STWsR2
tWeR2
STWeRZ
LWesR2Z
STWeR2
BE

EQu
EQU
LWsR2
XWeR2
XWesR2
STWeR2
B

* SIMULATION-- .
* THIS SUBROUTINE COMPUTES THE INVERSE OF AN ELEMENT OF

* A GALOIS FIELD.

RUNSE®&
$

KREG
IMA

MA
MALINE
MCLOCK
$

IMA

MA
MALINE
IDSR
DSREG
pC2
WTLINE
*RUNRET
$

$

IRO
IR1
IR2
IROG
RUNSEQ

INPUT ELEMENT IS LEFT JUSTIFIED IN X1

* AND INVERSE IS RETURNED IN X2.

* % &
INVERSE

EQu
LWeR3
LWeR2
SLS+R3
LWeX2
B

$

X1

M
-NOBITSe:R2
INVMWR3
D2
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% % %
* STMULATION--

* THIS ROUTINE SIMULATES THE OPERATION OF THE SLAVE PRO-
* CESSORS. R1 GIVES THE CURRENT SLAVE.

%k
SLVRET DATA
SLAVE EQU
STWsD2
LI¢R3
LWsR2
BE
" LWeR3
STWeR3
MTB:0
. BNE
“LI«R2
STWeR2
STWeR2
, B
ACTIVE EQU

0

$
SLVRET
0
REG2:sR1
$+2 .

-LCOMP

TLINE¢R1

SALNR1

ACTIVE

0
ACIN:R1
TLINEsR1
*SLVRET
¢ ;

* DO MULTIPLICATION

LWsD1
LWeX1
LWe X2
BAL.D2
STWeS1
LWeX1
LWesD1
BAL9sD2
STWeS1
LWeX1
LWe X2
BALsD2
STWeS1
LWeX1
BAL D2

I1
REG3:R1
SREGO¢sR1
ISU

X2
REG1.R1
10

Isu
ARG1
REG2sR1
MAL INE
IsSu

X2

ARG1
MULTXY

% %k %

TS
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SLCLOCK

Ci1

CLZ

CL3

cLa

STWsS1
STHsS1
E0ReS1
STWoeS1
BAL ¢D2
BAL D2
EQu
MTUW.0
BE
LWsR2
STWsR2
QU
MTWeO
BE
LWsR2
STWeR2
EQU
MTWeO
BE
LWe!R2
STWiR2Z2
EQU
MTWO
BE
LW:R2

. STWsR2

EQu
MTW.0
BE
LWeR2
STWeR2
B

MLTAC
MLTOUT
REG2R1
ADDOUT
TRN

RSU
Vs

scL

cLi
IREGO
REGOsR1
$

SCL+1
cL2
IREG1
REGL¢R1
$

SCL+2
CL3
TREG2
REG2+R1
$

SCL+3
CLY
IREG3
REG3+R1
$

SCL+4
*SLVRET
TREGY
REGU »R1
#SLVRET

88T




¥ &k

* STMULATION--

* THIS ROUTINE SIMULATES THE INTERNAL ROUTING NETWORK OF A

* SLAVE PROCESSOR. GATE LOCATIONS ARE DEFINED BY AN ARRAY.

* % %
IRNSZ
IRNT -
IRN

IRN1

IRN2Z2

EQU
RES
EQu
LIvR2
LI¢+R3
STWeR3
BDRsR2
MTWoD
BE

 LWiR2

STWeR2
LWoeR2
STWeRZ2
LWsR2Z
STWeR2
LWeR2
STWsR2
LWeR2
STWoR2
B

EQU
MTWsD
BE
LWeR2
STWesR2
LWeR2
STWoRZ2
LWsR2
STWsR2
B

EQU

16
IRNSZ
$ .
IRNSZ
0

IRNT-1sR2

$-1

Ig

IRN1
REGDsR1
IRNT
REG2Z2sR1
IRNT+3
SREGOsR1
IRNT+5

'SREG1sR1

IRNT+6
MLTAC
IRNT+10
IRNOR

$

I1

IRN2
REG1,R1
IRNT+2
SREG1sR1
IRNT+7
ADDOUT
IRNT+12
IRNOR

$

%% %

Ak ¥k
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IRN3

IRNY

IRNS

IRNIN

IRNOR

MTWe0O
BE
MTB:O
BNE
LWesR2
STWeR2
B

EQU
LWsR2
STWeR2
LWsR2

STWeRZ"

EQU
MTWe O
BE
LWeR2Z
STWeR2
B

EQU
LWeR2
STWeRZ2
B

EQU
LWesR2
STWeRZ2
LWesR2
STWeR2Z
LWeRZ
STWeR2Z
EQU
LWsR2
OR¢R2
OR¢R2
STWeR2
LWrR2
OR?RZ

Iz

IRNIN
SCLN:¢R1
IRN3
SREGL¢R1
IRNT+8
IRN Y4

%
REGO¢R1
IRNT+1
SREG1+R1
IRNT+9
$
RSLINE
IRNS
REG4R1
IRNT+4
IRNOR

$
MLTOUT
IRNT+11
IRNOR

i

ICON¢R1
IRNT+13
SYN1sR1
IRNT+14
SYN2oR1
IRNT+15
$
IRNT+14
IRNT+S
IRNT=+7
IREGO
IRNT*+15
IRNT+8
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OR:R2 "
STWeR2
LWeR2

ORsR2

STWsR2
LWsR2

ORyR2

OR9R2

O0R:R2

STWeR2
LWeR2

STWeRZ
LWsR2

OR9¢R2

OR9R2

STWyR2
OR¢R2

STWeR2
OR+#R3

OR¢R3

STWsR3
LWeR2Z

STWeR2
B

IRNT+1
IREGL
IRNT+13
IRNT+12
JREGZ
JRNT+13
IRNT+11
IRNT+5
IRNT+4
IREG3
IRNT+6
TREGY
IRNT=+13
IRNT+11

- IRNT+4

R3

IRNT+3
ISREGOsR1
IRNT+2
IRNT
ISREG1oRZL
IRNT+10
ACIN»R1
D2
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kY

3*

STMULATION-~
THIS ROUTTINE
IN THE SLAVE

FQU
RES
cau
STHeR1
LHeRO
"LWeR1
LWsR2
LWsR3
LWeRS
LWyRS
OR¢R3
W RAE
OR RS
OR+RE
O0RsRO
O0R2R2Z
ORsR6b
0R+R1
OR:R3
0ReR5B
OR¢RE
LCT
STMe RO
LWeRL
MTBeO
BE
LWeRZ
OR¢R2
STWrRZ

B

N ox %% # %
*

[ T

I
%)
N

pe)
wn
o

SIMULATES THZ REGI RN B! .
PROCISSORS, *

4
-4
A
pe]
73]
1 “'
-
521
(@]
~
i~
<
=

|y
=
i~
-9
if

7

SCLSZ
%
‘RISAVE
INITLH
RO

RO

RO

RO

RO

10

10

10

10

T1

Ii

I1

12

12

12

I2

SCLSZ
ScL
R1SAVE
SCLN¢R1

#D2
SCL

12

SCL

£D2
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%k %k

* SIMULATION-- _
* THIS SUBROUTINE COMPUTES THE PRODUCT OF TWO ELEMENTS

* OF A.GALOIS FIELD.
* IN -X1 AN

* %ok
MULTS1
MULTXY

MULTBR

* %k ¥k

* SIMULATION--INPUT SELECTOR UNIT A .
+ THIS DEVICE PASSES X1 TO S1 IF THE SELECT LINEIN D1 IS 1s
© % AND PASSES X2 TO S1 IF THE SELECT LINE :

* 4k
ISu

DATA
EQU

LIssl

STWeX2

LWeD1

EQU
SLS»S1
BCR+8
EOR#S1
SLSe X2
BCR 8
EOR¢S1
BDR D1

LWeX2

B

LCW»R2
LWeS1

‘SLSs»S1 -
SAS»S1.

LWeS2
EOReS2
ANDsS1
AND¢S2
OR+¢S1
B

0
$
0
MULTS1
M
$

1

$+2
IRPOLY
1

C$+2

X1
MULTBR
MULTS1
*D2

M

D1
NOBITS-1
1¢R2

S1

COMP

X1

X2

S2

*D2

(D1)

INPUT ELEMENTS ARE LEFT JUSTIFIED
D X2. PRODUCT IS IN S1i.

IS ZERO.

* ¥k %

* % %k
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& %%

= UTILITY~--THIS

* ACCORDING T2

* k¥

MEXP DATA

AC DATA

GFRET DATA

GFINIT EQU
STWeD2Z
LWeR2
LWeR2
STWsR2
LI+R1
SeR1
STWeR1
LIR1
LCWe¢RZ
SLS«R1
STWeR1
LWsR2
LWsR1
SLS»R1
OR:R1
STWsR1
LIyR1
STWeR1
LWe¢R1
STWeR1
LWeR2Z
STWeR1
LWeR2Z

INVBR EQU
CWsR2
BAZ
EORsR2
SLS:R2

SUBFPROGRAM DEFINES A NEW

VALUE TIK LOCATION Ma

FRET

T O0OROOO

IRPTABR2
IRPOLY

1

*M

MEXP

1

M
NOBITS+R2
AD

M

IRPOLY
-NOBITSsR2
MEXP
IRPOLYT

0

INVM

AD

INVM+1
SOSV
ICON#R2
LCOMP

%

LCOMP

542
IRPOLYT

GALOIS FIELD

ko

* ko
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CIiR2 1

BE *GFRET

SLSeR1 1

BEV $+2

EORsR1 IRPOLY

STWsR1 INVMsR2

B INVBR
% i ¥k *k % k
# UTILITY--PRINTS THE SPECIFIED HEADING. *
%k k ¥k %
PRINT EQU $. ‘
PRINT COMs8elo3+17¢15017 X*GA®+X'D*9s0sCF(1)9D9AF(1)

LWeR2 *D2

AIsD?2 1

LWsR3 MOVBL

MBSoR3 -1

LWeR3 MOVBL

ATsR3 -1

LByRY *R 2

STB s RY R3

SLSeR2 2

MBSeR2 1

CAL1¢1 - PRBUF

LWsR3 MOVBL

SLSeR3 -2

LIsRG X407

STBeRY *R3

B *D2
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L R

EOD
RESTART
T

M

= FILE

* %k %

IORET
INOUTZ2

# ¥ % H* OB K

INOUT

INOUT1

IOBK

DATA
EQU
STWeD2Z
CAL1.1
PRINT
B

EQU
STWoD2
CAL1-1
PRINT
EQU
LWeR1
MBS:¢R1
LT:R1
LWeR2

STWeR2Z -

STWeR2
LIsR2Z
EQU
CALL 1
MTWeO
BNE

CAL1o1

LBeR3
CB:R3
BE

CBe+R3

UTILITY--ACCEPTS A CODEWORD FRO#
ALSO0 RECOGNIZES THE COMMANDS LISTED
MEANS END OF DATA
RETURN TO THE SLAVE ACTIVATION MODE
MEANS CHANGE THE TREG TO0 THE VALUE FOLLOWING T
MEANS CHANGE THE M REGISTER TO THE VALUE FOLLOWING
MEANS SWITCH THE ECHO MODE UNDER BTM.

0

$
TORET
TPAGE
PRHD 4
INOUT1
$
IORET
TPAGE
PRHD1
$
MOVCB
-4
BUFSZ
ADRS
RADR
WADR
BUFTOP
$
READ
BTMSH
$+2
WRITE
*RADR
ECK
TOHLT
RCK

THE MeSI DEVICE (R FILE,

*

=

l’.

¥ W% ¥ o ¥
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TOHL T

TINPUT

STORT

MINPUT

FILIN

BE
CBsR3
BE
CBsR3
BE
CBsR3
BE

AWMeRL -

AWM ¢R1
CWsR2
BG
PRINT
B

Equ
LW:R2
STHoRZ
B

EQU
BAL ¢+D2
CI+R5
BL
PRINT
B

EQU
STWeRS
B ;
EQU
BAL:D2
STWeRS
BAL¢D2
B

EGU
Dol

B

LEWeR3
EOR#R3

START
TCK
TINPUT
MCK
MINPUT

FCK

FILIN
RADR
WADR
RADR
IoBK
ERRMEG.
REDO
A

" RADR

IOLAST
*TORET
$

INTNUM

NOSLAVE

STORT
ERRM2
INOUT1
$

TREG

“INOUT1

$
INTNUM
M
GFINIT
INOUT1
$
1-BTH
INOUT1
BTMSW
LCOMP

L61




INTNUM

CINT

NXINT

koo ok

# UTILITY--CODEWORD IS PRINTED ON THE M:LO

Ak %
OUTRET
QUTCH

STWeRZ
B

EQU
1.B+R3
LIRY4:
EQU
ATIrRE
CI:R4
BG
CB¢R3
BGE

[ I+R5
EQU
LBeR3
CBsR3
BL

ANDsR3-

MI+R5
AWeR5
AT R4
B

DATA
Eou
STWeD2
LWeR2
CI¢R2
BL

CAL1 1

PRINT
LTI«R1
LHeRZ
STWLR2

LWeRZ

BETMSH
INQUTL -

*RADRYRY
CINT

0

$
*RADR¢R4
XFO

*D2
CHMSK

10

R3

1

NXINT

o
$
QUTRET
M
HMAXPAGE
42
TPAGE
PRHD2
BUFSZ
ADRS

AOR

=

T

IOL A ST

DEVICE.

%k ok %k

% % %k
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NEXTCRD EQU
CAL11
AWMsR1

CWsR2Z .

BNE
B
xR :

%+ REGISTERS -REGOs REGL AND REG2 ARE LISTED:ON THE

%k %k

$

WRITE
WADR
WADR
NEXTCRD
*OQUTRET.

% MILO DEVICE WHEN THIS ROUTINE IS CALLED. '

PRRET © DATA.
PROUT  EQU

STWeD2
CAL1.,1.

- PRINT
LWsR3
MBS+¢R3
LBeD1

_ LIR1 .
PRBK . EQU

LWsR2

LWesR3

LW+RE
LWsRS
SLS+¢R5
LIeRE
A ‘ LI«RT
PRBK 2 EQU
- STB«D1

STB»D1.

STBsD1

CWeR2

BAZ

MTBrel

CWsR3
" BAZ-

0

$ .
PRRET
TPAGE

-PRHD3

MOVBL

_1 -

XFOo

NOSLAVE

$ - .
SYN1-1sR1
SYN2=1sR1
REG2-1sR1

LCOMP

31

0

1

$. >

OUTBUF »R7 .
OUTBUF+QUTFMT +R7
OUTBUF+OUTFMT+OUTFMT+1+R

_R5: -

$+2
OUTBUF¢R7
R5

$+2

* %k -

Tk
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MTBs1 ‘OUTBUF+QUTFMTeR7

CWeRY . R5 :

BAZ $+2 e

MTB 1 QUTBUF+0QUTFMT+OUTFMT+1R7

AT+R7 2

SLSRS -1

AI+R6 1

CWsR6E M

BL PRBK2

CAL1ls1 PRBUF

BDRe¢R1. PRBK

B - *PRRET
% % %k ok %k %
# UTILITY=--THIS ROUTINE SETS UP THE ACTIVE SLAVYES ACCORDING %
£ TO THE INPUT STATEMENT. % -
% ok % . %k
ACTRET -DATA o
ACTSL EQU $ PN

STWeD2 ACTRET S

BAL oD2 INOUT2

LIsR1 0 )

tTeS1 NOSLAVE

AI»S1 3

SLS»eS1 -2

LIsR3 0
ACTST EQU $ ,

LWsR2 CODEBUF ¢R1

CWsR2 BLNK

BE ACTCL

AND:sR2 SELSL

STWeR2 SALNeR1

STWsR3 SCENR1

AIsR1 1

CWsR1 s1

BL ACTST
ACTCL $

Equ-




LIs»RZ NOSLAVE
LI¢R3 0

STWeR3 ICON-1¢R2
BDRoR2 $-1

LW#R2Z LCOMP
LWeR3 AD
LIsRL -1
AT:R1 1 :
MTBsO - .SALNsR1
BE $-2

STW»R1  SOSV
STBsR2  SCLNsR1
STWoR3  ICON:R1

AT?R1 1
MTB.0O SALN:R1
BE . $-2

STWeR1 - SISV
STByR2 SCLNsR1

B *ACTRET
¥ k% : # %k %
* UTILITY=°THIS ROUTINE PROVIDES THE FIRST CIRCULAR %
#* SHIFT oF THE PARITY CHECKS. *
ok ) %k g
PSHIFT Equ $

LI+R1 0

LI+R3 8]
. LIRS 0
PSHN Equ $

MTBs0O SALN¢R3

BE PSHBYP

CIeR5 8]

BNE PSET1

AT ¢R5 1

STWeR1 sSosyv

B PSET

PSET1 EQU $

10¢




CI+RD i

BG PSET

ATI+R5 1

STWeR1 S1sv
PSET EQU &

XWsR2 R4

XWsR2 SYN2¢R1
PSHBYP EQU $

AI:R3 1

CIsR3 NOSLAVE

BL $+2

LI«R3 8]

AIyR1 1 _

CIyR1 NOSLAVE+NOSLAVE

BL PSHN

LWsRL SgOsy

STWeRY SYNZ2sR1

LWsRL Sisy

STWeRZ SYN2:R1

B *D2
ok kT : ' * ok
* UTILITY=--REGISTER DUMPING ROUTINE--PROVIDES A SNAPSHOT DuUMP #
* IN HEXADECIMAL NOTATION OF THE REGISTERS SELECTED. #
&% % ‘ : %% &
XCOo DATA Xtgopoopoco:
RXFO DATA ¢ ge
CHSAVE DATA 0
BUFDMP EQU $

CALL+1 TPAGE

LWsR3 MOVBL

MBSsR3 -1

LWsR2 D2

AIsR2 -1

AIsD2 - 1

LWeR3 *D2

AI+D2Z 1
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BUFBK3

BUFBK1

BUFBK2

EQU
LI+RE
CIe¢RG
BLE
LIsRY
EQuU
LWsR7
LIRS
EQU

.LIsRE

SLD¢RG
CIs+R6
BLE
AI¢RGE
OR#R6E
B
ORsR6
STBsRE
AI+RS
CIsR5
BLE
LWeRG
STWeRE
BDOR R4
CAL1s1
AIsR2
CWsR2
BLE

B

END

$
NOSLAVE
30

$+2

30

$
*R29oRYU

RXFO
CHSAVE¢R5
1

3

BUFBK2
CHSAVE
OUTBUF R4
BUFBK1
PRBUF
NOSLAVE
R3

BUFBK3

" %D2

START

£0¢




ACTIVE SLAVE CONFIGURATIONS
1111111111
EOD

RECEIVED WORD:

M=7

T=9 .
0000100000000010000000001000000000100000000000000000000C000C000000CEOD10O0000000T
00001000001000000000001000000000000100000000000

EOD ' :

CORRECTED WORD:
0000000000000000000000000000000000000000C0000C0000000000000000000000000T00000000
000006000000000000000000000800000000000000000000

RECEIVED WORDS
M=t :

T=1
100110000000100
EOD

70¢

CORRECTED WORD:
100110000000000




RECEIVED WORD:

RESTART

ACTIVE SLAVE CONFIGURATION:
1111110000

EOD

RECEZIVED WORDS

Mz5

T=5
010C0081000160000100100000808000
E0D

CORRECTED WORD:
gooooagooeoooonoooooo0ocoonacaoo

——————————————— SYNDROME POLYNOMIAL~—==~========= -—SIGMA POLYNOMIAL-~"

ocecoaoda 00000 U350 00O
gocc¢o¢e gooQgao cogco

-0 0 0 D0 0 0000 030 G0CC0COC
gocooao 0 0D0GCGO 0 000G
i11C11 0o 100 0001080
00101 10111 11101
00C1@G0 c0000aQ0 c 100
oocz11i11 000G D0O CG6cCc11
ioc0gC01 00001 611012
00111 01101 g0 o0oo0agl1l

RECEIVED WORD:
E0D

*EXTT*

q0¢
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