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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 micro cellular 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 ip the areas of parallel processor and
algorithm design. 
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A B ST R A C T

The su b je c t  o f th is  t h e s is  i s  the d e s ig n  of a s p e c ia l  p u rp ose  
d ig ita l co m p u ter  to d e c o d e  the b in a r y  BCH c o d e s .

The co n ten t o f the t h e s is  m a y  be su m m a r iz e d  a s  fo l lo w s :
F i r s t , a r e v ie w  o f BC H  d ecod in g  a lg o r ith m s  and d e c o d e r s  i s  m a d e , 
in c lu d in g  the a p p lic a b le  m ic r o  c e l lu la r  and m a c r o c e llu la r  te c h n iq u e s .  
S ec o n d , th e  BCH d eco d in g  a lg o r ith m s  a r e  d is c u s s e d  and o rg a n iz ed  
fo r  e x e c u t io n  b y  the p a r a lle l  p r o c e s s o r .  T h ir d , a d e ta ile d  d es ig n  
for  a p a r a lle l  p r o c e s s o r  is  d e s c r ib e d . A lso  in c lu d ed  a r e  d is c u s s io n s  
o f  fa u lt  d e te c t io n  and c o r r e c t io n , o p e r a tio n  fo r  d if fe r e n t  cod e w ord  
le n g th s , and o p e r a tio n  fo r  d if fe r e n t  n u m b e rs  of e r r o r s .  F o u rth , a 
co m p u ter  p r o g r a m  w h ic h  s im u la te s  in  d e ta il the lo g ic  o f the p a r a lle l  
p r o c e s s o r  i s  d e s c r ib e d . F ifth , a r e c o m m e n d a tio n  i s  m ad e for  
fu r th er  r e s e a r c h  ip  th e a r e a s  o f p a r a lle l  p r o c e s s o r  and a lg o r ith m  
d e s ig n .
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I. I In tro d u ctio n

O ne of the fu n d a m en ta l r e q u ir e m e n ts  of our te c h n o lo g y  is  

r e l ia b le  c o m m u n ic a tio n s . T he co m m u n ica tio n  p r o c e s s  can  be  

m o d e le d  a s  show n  in  F ig u r e  I. I. T he b lo c k  la b e le d  SO U RC E is  the  

o r ig in a to r  o f so m e  fo r m  of in fo r m a tio n . T he E N C O D E R  tr a n s la te s  

th e s o u r c e  in fo r m a tio n  in to  a fo r m  su ita b le  fo r  t r a n s m is s io n  a c r o s s  

the C H A N N EL. A s the in fo r m a tio n  f lo w s  a c r o s s  the C H A N N E L , it 

i s  ch an ged  or  c o rr u p ted  b y  n o is e .  T he D EC O D ER  th en  tr a n s la te s  the  

r e c e iv e d  s ig n a l in to  a fo r m  a c c e p ta b le  to  the SINK. T he SINK is  the  

d e s t in a t io n  o f the in fo rm a tio n .

T he t r a n s m is s io n  o f b in a r y  in fo r m a tio n  is  b e c o m in g  in c r e a s ­

in g ly  im p o rta n t. A lth ou gh  ch a n n e ls  r e q u ir e  an a n a lo g  r e p r e se n ta t io n  

of b in a r y  d ata , the a n a lo g  tr a n s la to r  m a y  b e  c o n s id e r e d  a p a rt of the  

ch a n n el. T he output o f the e n c o d e r  is  a s tr e a m  of b in a r y  d ig its ,  a s  is  

th e input to  th e d e c o d e r . T he ch a n n el is  p r o b a b l is t ic , w ith  so m e  p r o ­

b a b ili ty  fo r  c o m p le m e n tin g  any g iv e n  d ig it  w h ich  is  tr a n s m it te d  a c r o s s  

the ch an n el.

If a p a r t ic u la r  seq u e n c e  of b in a r y  d ig its  is  t r a n s m it te d , th e r e  

i s  p r o b a b ility  that so m e  of th e s e  d ig it s  w i l l  b e  ch an ged  d uring  t r a n s ­

m is s io n .  T he tr a n s m it te d  m e s s a g e  w i l l  b e  lo s t  if  th is  h a p p en s . It is  

th e ta s k  o f the en c o d e r  to  p ro v id e  red u n d an cy  in  the tr a n sm itte d  s ig n a l  

so  th at th e c o r r e c t  b it  seq u e n c e  w i l l  b e  r e c e iv e d  e v e n  though so m e  of 

th e d ig its  w e r e  c o m p le m e n te d  b y  th e ch an n el.
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I. 2 C oding T h e o r y

T he m o tiv a t io n  fo r  cod in g  th e o r y  w a s  p ro v id ed  in  1948 by  

C. E.- Shannon. He p ro v ed  th a t m e s s a g e s  can  be tr a n s m it te d  o v er  a 

ch a n n el, w ith  an a r b itr a r i ly  s m a ll  p r o b a b ility  o f r e c e iv in g  an in c o r r e c t  

m e s s a g e ,  as long as the t r a n s m is s io n  r a te s  a r e  b e lo w  ch a n n el c a p a c ity . 

In o r d e r  to  a c h ie v e  th is  low  p r o b a b ility  o f e r r o r ,  long c o m p le x  co d es  

a r e  r e q u ir e d . The c e n tr a l p r o b le m  of C oding T h e o r y  is  to  find co d es  

w h ich  w il l  y ie ld  a lo w  p r o b a b ility  o f e r r o r  and w ill  a ls o  b e r e a liz a b le  

in  t e r m s  of h a rd w a r e .

C o n s id e r  the p r o b le m  of en co d in g  a seq u e n c e  o f b in a r y  d ig i t s . 

S u p p ose  the so u r c e  d ig its  a r e  b ro k en  into  b lo ck s  of L d ig it s .  The 

e n c o d e r  m u st  add a s e t  o f N -L  redundant (ch eck ) d ig its  so  the d e c o d e r  

m a y  c o r r e c t  ch a n n el e r r o r s .  E n cod in g  is  r e la t iv e ly  e a s y  to a c c o m p lis h  

in  c o m p a r iso n  to  d eco d in g , and m an y  s im p le  e n c o d e r s  h ave  b een  p r o ­

p o se d .

The m o s t  d if f ic u lt  p r o b le m  is  the d e c o d in g - - to  d e te r m in e  w h ich  

b its  in  th e  r e c e iv e d  w o rd  a r e  in  e r r o r  (or to  d e te r m in e  w h ich  L m e s s a g e  

d ig its  w e r e  sen t). S u p p o se  the en c o d e r  p r o v id e s  cod e w o rd s  su ch  that 

the m in im u m  H am m ing  d is ta n c e  b e tw e e n  any tw o cod e w o rd s  is  d. N ow  

d efin e  t to  b e  the la r g e s t  in te g e r  l e s s  th an  or  eq u a l to  (d - l ) / 2 .  W hen a 

cod e w o rd  is  tr a n s m it te d  a c r o s s  th e ch an n el, if  the n u m b er of e r r o r s  is  

l e s s  than  o r  eq u a l to t, the tr a n sm itte d  cod e w ord  can  b e  d e te r m in e d  b y  

co m p a r in g  the r e c e iv e d  w o rd  w ith  a l l  p o s s ib le  code w o rd s  u n til the
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s m a l l e s t  H a m m in g  d is ta n c e  i s  f o u n d .. T h is  p r o c e d u r e  is  k n ow n  a s

m a x im u m  l ik e l ih o o d  d e c o d in g . T h e p r o c e s s  i s  s im p le  c o n c e p tu a lly ,

but it  r e q u ir e s  the c o m p le x ity  of the d e c o d e r  to in c r e a s e  ex p on en -

32t ia l ly  w ith  code w o rd  len g th . E v e n  if  th e r e  w e r e  on ly  2 code w o r d s ,  

not an u n r e a so n a b le  n u m b er , o v e r  2 b i l l io n  c o m p a r iso n s  w ould  have to 

b e  m a d e . If a c o m p a r iso n  cou ld  b e done e v e r y  m ic r o s e c o n d , o v er  

2, 000 s e c o n d s  w ou ld  b e  r e q u ir e d  to  d eco d e  ea ch  r e c e iv e d  w ord .

O ne of the p r im a r y  g o a ls  o f C oding T h eo ry  is  to  find  co d es  

w h ic h  can  b e d eco d ed  w ith ou t req u ir in g  an u n r e a so n a b le  am ount of 

t im e  o r  eq u ip m en t. T he BC H  c o d e s  s a t is fy  th is  r e q u ir e m e n t- -  a lth ou gh  

w ith  few  e x c e p t io n s , the BCH d e c o d e r  cannot c o r r e c t  a s  m an y  e r r o r s  

a s a m a x im u m  lik e lih o o d  d e c o d e r .

The BC H  co d es  w e r e  d is c o v e r e d  in  I960  b y  R. C. B o s e  and 

D. K. R a y -C h au d h u ri, and in d ep en d en tly  by A . H ocq u en gh em  in  1959.  

T h ey  p r o v id e  at le a s t  one so lu tio n  to  the cod in g  p r o b le m . O nly the  

p r im it iv e  b in a r y  BC H  c o d e s  w i l l  b e  c o n s id e r e d , w h e r e  th e len g th  of 

the code w o rd  i s -N=Zm - I,  fo r  m  > 2 .  T he e r r o r - c o r r e c t in g  c a p a b ility  

of a le n g th  2m - I cod e is  s p e c if ie d  b y  a p a r a m e te r , t , in  the en cod in g  

and d eco d in g  a lg o r ith m s . No m o r e  than  m t p a r ity  c h e c k  b its  are  

r e q u ir e d  b y  a t - e r r o r - c o r r e c tin g  co d e . The len g th  and e r r o r  c o r ­

r e c t io n  c a p a b ility  of th e s e  co d es  a r e  q u ite  f le x ib le .

N o n -b in a r y . BC H  c o d es  of length -N =p m - I m a y b e  d efin ed , w h e r e  

p is  a p r im e -n u m b e r . S in c e  w e a r e  c o n c e r n e d  w ith  t r a n s m is s io n  of
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b in a r y  d ata , the n o n -b in a r y  BCH co d es  w i l l  not be. c o n s id e r e d .

The en co d in g  p r o b le m  fo r  B C H  co d es  m a y  be so lv e d  by u s in g  a 

l in e a r  feed b a ck  sh ift  r e g i s t e r  or  a c e l lu la r  a r r a y  ( 1 , 2 , 4 ) ' .  The c h eck  

d ig its  m a y  be com p u ted  u s in g  a g e n e r a to r  p o ly n o m ia l fo r  the p a r t ic u la r  

e r r o r - c o r r e c t in g  c a p a b ility  and cod e le n g th  d e s ir e d . A  n u m ber of 

ta b le s  u s e fu l in  d eco d in g  and en co d in g  BC H  co d es  a r e  g iv e n  by  

P e te r s o n  (12).

T he im p le m e n ta tio n  o f the BC H  c o d e s  is  b a se d  on a r ith m e tic  

o p e r a tio n s  o v e r  a G a lo is  f ie ld . T he G a lo is  f ie ld  w ith  pm  e le m e n ts  is  

r e p r e s e n te d  G F (pm ) , w h e r e  p is  a p r im e  n u m b er. T h is  f ie ld  d e fin e s  a 

BC H  cod e o f len g th  N= pm - I. A g a in , s in c e  on ly  the b in a r y  BCH c o d e s  

a r e  b e in g  c o n s id e r e d , p w i l l  a lw a y s  b e 2.

I. 3 D eco d in g  A lg o r ith m s  fo r  the BCH C odes

T he f ir s t  d eco d in g  a lg o r ith m  fo r  the BCH c o d e s  w a s  p u b lish ed  

in  I 960  b y  W. W. P e te r s o n  (8). T h is  a lg o r ith m  d iv id e s  th e com p u ta tion  

in to  th r e e  p a r t s :

1. C om pu tation  o f the p a r ity  c h e c k s  or  sy n d r o m e  d ig its  .

2. T r a n s fo r m a tio n  of the sy n d r o m e  d ig its  in to  th e c o e f f ic ie n ts  
of an e r r o r - lo c a t in g  p o ly n o m ia l-  - a p o ly n o m ia l w h o se  ro o ts  
in d ic a te  the lo c a tio n  o f e r r o r s  in  the w o r d .

3. S o lu tio n  o f the e r r o r  lo c a tin g  p o ly n o m ia l fo r  it s  r o o ts -  - e a c h  
ro o t in d ic a te s  a c o r r e c t io n  in  the r e c e iv e d  w o rd .

N u m b er s  in p a r e n th e s is  r e fe r  to  n u m b ered  r e f e r e n c e s  in the  
B ib lio g r a p h y .
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The a lg o r ith m s  a r e  g u a ra n teed  to  c o r r e c t  up to t e r r o r s .  P e te r s o n 's  

d eco d in g  a lg o r ith m  is  th e  e a s ie s t  to  u n d ersta n d . H o w ev er , if  e s  t 

e r r o r s  o c c u r  the a lg o r ith m  r e q u ir e s  the com p u ta tion  o f ( t - e)  d e t e r ­

m in a n ts  ran g in g  in  s iz e  fr o m  t b y  t to  e b y  e. A s e t  o f e s im u lta n e o u s  

eq u a tio n s m u st  th en  be; so lv e d  to  ob ta in  the c o e f f ic ie n ts  o f the e r r o r  

lo c a tin g  p o ly n o m ia l. :

T . C. B a r te e  and E . I. S c h n e id e r  (.13) h ave  a c tu a lly  b u ilt and 

t e s te d  a s p e c ia l  p u rp o se  co m p u ter  fo r  d eco d in g  a len g th  127 f iv e - e r r o r -  

c o r r e c t in g  co d e . T he m a c h in e  is  a f ix e d -p r o g r a m  d ig ita l  co m p u ter  w ith  

a s in g le  a r ith m e t ic  p r o c e s s o r ,  and u s e s  P e te r s o n 's  a lg o r ith m . It 

fe a tu r e s  a c o m b in a tio n a l c ir c u it  to p e r fo r m  the G a lo is  f ie ld  m u lt ip li­

c a t io n  o p era tio n .

In 1964, R. T . C hien  (9) p u b lish ed  an a lg o r ith m  w h ich  sh ow ed  a 

s im p le r  w ay  to  p e r fo r m  ste p  3 of the P e te r s o n  a lg o r ith m , and a w ay  to  

co m b in e  s te p s  2 and 3 so  th at l e s s  t im e  and eq u ip m en t a r e  req u ired . 

D e c o d e r s  w e r e  show n  fo r  c o r r e c t in g  a s m a ll  n u m b er o f e r r o r s .  H ow ­

e v e r ,  in  th e g e n e r a l c a s e ,  it  w a s  s t i l l  n e c e s s a r y  to  s o lv e  a s e t  of e 

s im u lta n e o u s  eq u a tio n s  to c o r r e c t  e e r r o r s .

T he b ig g e s t  s te p  fo rw a rd  ca m e  w hen  E. R. B e r le k a m p  (I) 

d e s c r ib e d  an e f f ic ie n t  a lg o r ith m  fo r  s tep  2. T h is  a lg o r ith m  d o es not 

r e q u ir e  the c a lc u la t io n  of d e te r m in a n ts . In stead  o f o p era tin g  on 

m a t r ic e s ,  the a lg o r ith m  o p e r a te s  on -length  t+  I v e c to r s  or  p o ly n o m ia ls .  

T he a lg o r ith m  r e q u ir e s  e x e c u tio n  o f t ite r a t io n s  and co m p u tes  a t r ia l
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e r r o r  lo c a tin g  p o ly n o m ia l to d e te r m in e  a new  t r ia l  p o ly n o m ia l. A fte r  

t i t e r a t io n s , the r o o ts  o f  the t r ia l  e r r o r  lo c a tin g  p o ly n o m ia l g iv e  the 

lo c a tio n  of t o r  fe w e r  e r r o r s  w h ich  m a y  have o c c u r r e d  an yw h ere  in  the  

r e c e iv e d  w ord .

1 . 4  D e c o d e r  D e s ig n  U sin g  L a r g e -S c a le  In te g ra tio n

W ith th e d e v e lo p m e n t of L a r g e -S c a le  In te g r a tio n  (L S I), m u ch  . 

a tten tio n  is  b e in g  g iv e n  to  c e l lu la r  a r r a y s  fo r  im p le m e n tin g  both  

lo g ic  fu n ctio n s  and co m p u ter  s y s t e m s .  A c e l lu la r  a r r a y  is  a s e t  of 

in te r c o n n e c te d  c e l l s  a r r a n g e d  in  so m e  r e g u la r  fa sh io n . E a ch  c e l l  in  

a m ic r o - c e l lu la r  a r r a y  co n ta in s  a s m a ll  n u m b er of g a te s  a n d /o r  

s to r a g e  e le m e n t s , w h ile  e a c h  c e l l  o f a. m a c r o -c e l lu la r  a r r a y  con ta in s  

a la r g e  n u m b er  o f g a te s  a n d /o r  s to r a g e  e le m e n ts .

1 . 4 .  I M ic r o -C e llu la r  A r r a y s

A c o m p r e h e n s iv e  su r v e y  o f c e l lu la r  te c h n o lo g y  w a s  co m p iled  

b y  R. C. M in n ick  (11).  In ad d itio n , M inn ick  h as p u b lish ed  a la r g e  

n u m b er of r e s u lt s  p ro d u ced  b y  p r o je c t  w o rk  at S tan ford  R e se a r c h  

In stitu te  (10).

K. N . L e v it t  and W. H. K autz (2) have p u b lish ed  a p ap er  

sh ow in g  c e l lu la r  a r r a y s  fo r  both  en co d in g  and d eco d in g  c e r ta in  b in a r y  

e r r o r  c o r r e c t in g  c o d e s .
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1 . 4 . 2  M a c r o -C e llu la r  A r r a y s  and P r o c e s s o r s

A n u m b er  of m a c r o - c e l lu la r  p r o c e s s o r s  a r e  o f  in te r e s t .  The 

f i r s t  is  the SOLOM ON (S im u lta n eo u s  O p era tio n  L in k ed  O rd in a l M od u lar  

N etw ork ) co m p u ter  in tro d u ced  in  1962 b y  .'Slotnick, B o r c k  and M cR ey n o ld s  

(3).  T h is  co m p u ter  h as a c e n tr a l c o n tr o l and a sq u a r e  a r r a y  o f  p r o c e s s in g  

e le m e n ts .  T he c e n tr a l c o n tr o l un it p r o v id e s  in s tr u c t io n s  to  ea ch  p r o ­

c e s s in g  e le m e n t . E a ch  p r o c e s s in g  e le m e n t  h as s to r a g e , an a r ith m e t ic  

p r o c e s s o r ,  and the a b ili ty  to  t r a n s fe r  data s e r ia l ly  to  and fr o m  it's fou r  

n e a r e s t  n e ig h b o r s  in  th e a r r a y .

The ILLIA C  IV co m p u ter  is  a d ir e c t  d q se en d e n t o f SOLOM ON, 

but is  m u ch  la r g e r  and h as a m u ch  g r e a te r  co m p u ta tio n a l fa c i l i ty  in  the  

p r o c e s s o r  c e l l s  (3).  It is  in ten d ed  to  b e  su p e r v is e d  b y  an e x tr e m e ly  

p o w e r fu l g e n e r a l p u r p o se  co m p u ter . T he m a ch in e  is  c u r r e n tly  u n der  

c o n s tr u c t io n  b y  the B u rro u g h s C o rp o ra tio n .

T he p a r a lle l  m a tr ix  p r o c e s s o r  d e s ig n e d  b y  L .. E . Cannon (3) is  

a ls o  o f in t e r e s t ,  T h is  m a c h in e  is  a sq u a re  a r r a y  o f p r o c e s s o r  c e l l s  

in te r c o n n e c te d  to  p e r fo r m  m a tr ix  o p e r a tio n s  e f f ic ie n t ly .  It is  a 

s p e c ia l ly -o r g a n iz e d  m a tr ix  p r o c e s s o r  in ten d ed  fo r  u s e  w ith  a g e n e r a l  

p u r p o se  co m p u ter .

B e r le k a m p  (I) p r o v id e s  a d e s c r ip t io n  of a s p e c ia l ly -o r g a n iz e d  

co m p u ter  fo r  im p le m e n tin g  step  2 'o f th e  BCH d eco d in g  a lg o r ith m .

F ig u r e  I. 2 sh o w s th e b lo c k  d ia g r a m  g iv e n  b y  B e r le k a m p . E a ch  p r o ­

c e s s o r  c e l l  o r  s la v e  p r o c e s s o r  can  do m u lt ip lic a t io n  and ad d ition  in  a
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In c o m in g
P a r ity -
C h eck s

F ig u r e  1 .2 . B lo c k  D ia g r a m  o f th e B e r le k a m p  P r o c e s s o r
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G a lo is  f ie ld . ■ T he s la v e s  m a y  c o m m u n ica te  e le m e n ts  b e tw een  ea ch  

o th er  in  the upw ard  d ir e c t io n . T he c e n tr a l c o n tr o l, o r  m a s te r  

p r o c e s s o r ,  can  co m m u n ica te  c o n tr o l s ig n a ls  and one f ie ld  e le m e n t  to  • 

a ll  s la v e s  and can  p e r fo r m  m u lt ip lic a t iv e  in v e r s io n . A  n etw ork  

o f a d d ers  can  tak e a su m  of e le m e n ts  fr o m  a ll  s la v e  p r o c e s s o r s .

In o r d e r  to  c o r r e c t  t e r r o r s ,  one m a s te r  and t+ I s la v e s  a r e  re q u ir e d . 

The p a r ity  c h eck s  a r e  e n te r e d  in to  the a p p ro p r ia te  s la v e  r e g is t e r s  and  

a fte r  t i t e r a t io n s ,  the e r r o r  lo c a tin g  p o ly n o m ia l i s  re tu rn ed  in  an o th er  

s e t  o f s la v e  r e g i s t e r s .  F iv e  r e g i s t e r s  a r e  n eed ed  in  ea ch  s la v e .

F ig u r e  I. 3 sh o w s the b lo c k  d ia g r a m  of the B C H  d e c o d e r . T he  

le f tm o s t  b lo c k  co m p u tes  the p a r ity  c h e c k s  or  sy n d r o m e d ig its . T he  

c e n te r  b lo c k  tr a n s fo r m s  the sy n d r o m e  d ig its  in to  the c o e f f ic ie n ts  o f  

th e e r r o r  lo c a tin g  p o ly n o m ia l and th e r ig h tm o st  b lo c k  e v a lu a te s  th is  

p o ly n o m ia l fo r  e a c h  e le m e n t  of the G a lo is  f ie ld  to d e te r m in e  w h ich  b its  

in  the r e c e iv e d  w o rd  a r e  in e r r o r .  T he r e c e iv e d  w o rd  b u ffe r  s to r e s  the  

in co m in g  b its  and th e output o f th e  C h ien  s e a r c h  un it i s  com b in ed  w ith  

the b u ffe r  output in  an e x c lu s iv e  or  ga te  to  c o r r e c t  the d ig its  w h ich  a r e  

in  e r r o r .

I. 5 ' O r g a n iz a tio n  o f a P a r a l le l  P r o c e s s o r  to  D eco d e  th e  BCH C odes

T he o r g a n iz a tio n  w h ich  w a s  s u g g e s te d  by B e r le k a m p  h as b e e n  

u se d  a s  a s ta r t in g  :point in  th is  d e s ig n . T h e^ p roces  s o r  r e q u ir e s  s e v e n  

r e g i s t e r s  - - f iv e  fo r  s to n a g e  and tw o fo r -s .e q u en tia l sh ift in g  of in fo r m a tio n
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R e c e iv e d  
B i t  O 

I n p u t
R e c e iv e d  Word B u f f e r

—

C o r r e c te d  
- O  B i t  

O utp u t

-----------> ------- =>

----------- & ----------->

P a r i t y B er lek a m p C h ie n
C heck A lg o r ith m S e a r c h
U n it P r o c e s s o r U n it

---------- 5» ---------- 5»

F i g u r e  I .  3 . B l o c k  D i a g r a m  o f  a  B C H  D e c o d e r



b e tw e e n  s la v e s .  The.-slave...pro ce.s so n s  w e r e  de.aigne.ci w ith , a n u m ber  

of c o n s id e r a t io n s  in  m in d :

1. T he n u m b er o f e x te r n a l c o n n ec tio n s  to the s la v e  .p r o c e s s o r s  
w a s kept a s  s m a ll  as p o s s ib le :

2. The a lg o r ith m s  w e r e  c o m p r e s s e d  to .d o .a s .m u ch , com p n ta tion  
a s ,.p o ssib le  d u rin g  ea ch  clock , c y c le  - -th e ..m u ltip liers ,..o p er a te  
d u rin g , e v e r y  c y c le ,  and m a n y  r e g is t e r  t r a n s fe r s  a r e  done  
d u rin g  ea ch  c y c le .

3. T he c ir c u it r y  for  p e r fo r m in g  ea ch  p art o f th e  a lg o r ith m  w a s  
d e s ig n e d -to  o p era te  fo r  any cod e w ord  o f .le n g th ..2™-..! -(-uP to  
so m e  m a x im u m  b it s to r a g e ) .

4. The n u m b er  o f e r r o r s  to  b e  c o r r e c te d  b y  .th e .p r o c e s s o r  is  
. v a r ia b le , b e in g  l im ite d  o n ly  by the m a x im u m  n u m ber of

s la v e  p r o c e s s o r s  a v a ila b le  and the len g th  of the. cod e. If 
t+ I p r o c e s s n r s  a r e  a v a ila b le ,  .p m a x im u m  of t erro .rs  can  
b e c o r r e c te d .

5. C ir c u itr y  is  d e v e lo p e d  w h ich  w i l l  p r o v id e  d e te c t io n  o f s in g le  
b it fa u lts  in  the s la v e  and master-p.r.o.c.ess-o.r.s' c ir c u itr y .

6. The d e c o d e r  can  b e m o d if ie d  to. a llo w  d e le t io n  of fau lty  
p r o c e s s o r s  w h en  a fa u lt is  d e te c te d .
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1 . 6 R e le v a n c e  o f P r e v io u s  W ork

P r e v io u s  m ic r o -  c e l lu la r  w o rk  p ro m p ted  the d ev e lo p m en t of a  

c e l lu la r  a r r a y  fo r  .p e r fo rm in g  G a lo is  f ie ld  m u lt ip lic a t io n .o v e r  a n y .f ie ld  

of r e a so n a b le  s iz e .  .M a c r o -c e l lu la r  w o rk -p ro m p ted  d e s ig n  of .the..pro­

c e s s o r  a s  a s p e c ia l ly -o r g a n iz e d , special.p.ur.po..s,.e.,.. p a r a l le l -p r o c e s s o r .  

T he d e v e lo p m e n t of the. B e r le k a m p  a lg o r ith m .p r o v id e d .a  s ta r t in g .p o in t  

for. the d e s ig n  of su ch  a .  p r o c e s s o r .  F in a lly ,  ..the d ev e lo p m en t. o f .l.S I  

m a y  so o n  a llo w , c o m p le te -p r o c e s s o r s  to  be c o n s tr u c te d  on ju st a few  

dhips so  that the u se  o f t p r o c e s s o r s  b e c o m e  ev en  m o r e  p r a c t ic a l.
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1. 7 O r g a n iz a tio n  of the R em a in in g  C h ap ters

C hap ter 2 d i s c u s s e s  th e th e o r y  o f G a lo is  f ie ld s  and BC H  c o d e s .  

T he a lg o r ith m s  fo r  d eco d in g  BC H  c o d e s  a r e  p r e s e n te d  and m o d ifie d  fo r  

u se  b y  th e p a r a lle l  p r o c e s s o r .  N u m e ro u s  A P L  p r o g r a m s  w e r e  w r it te n  

to  i l lu s tr a te  the a lg o r ith m s . A d e ta ile d  ex a m p le  is  g iv e n  for  the  

o p e r a tio n  o f th e  d e c o d e r .

C hap ter 3 p r e s e n ts  the d e ta ile d  lo g ic  d e s ig n  fo r  the s la v e  and  

m a s te r  p r o c e s s o r s . T he m o d if ic a t io n s  re q u ir e d  to  d eco d e  any code  

len g th  a r e  d is c u s s e d  a lo n g  w ith  s la v e  d e le t io n  and fa u lt d e te c tio n .

Chapteir 4 is  a d is c u s s io n  o f a d e ta ile d  s im u la t io n  p r o g r a m  of 

th e p a r a l le l  p r o c e s s o r ,  w r it te n  in  the a s s e m b ly  la n g u a g e  fo r  the XDS 

S ig m a  7.

F in a lly ,  C hap ter 5 s u m m a r iz e s  the im p o rta n t r e s u lt s  and 

g iv e s  s u g g e s t io n s  fo r  fu r th er  r e s e a r c h .



C H A P T E R  2

DECODING ALGORITHM S

FO R  BCH CODES
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2. I In tro d u ctio n

N u m e ro u s  a lg o r ith m s  fo r  en co d in g  and d eco d in g  th e BCH  

c o d e s  h ave  b e e n  d e s c r ib e d  in  the l i t e r a tu r e  (I , 4 , 8, 9). T h e .e n -  

c.odir|.g...alg.or-ithm. is ..q u ite ..e a s ily  im p le m e n te d _w.ith_.a__s_eq.ue.ntiaI . 

s h if t  r e g i s t e r  c ir c u it .  H o w e v e r , th e  d ecod in g  a lg o r ith m s  a r e  

c o n s id e r a b ly  m o r e  d if f ic u lt  to im p le m e n t. In th is  chapter, .a lg o ­

r ith m s  w il l  b e .p r e s e n te d  w h ich  w il l  le a d  to  the d e s ig n  of. a d eco d er  

fo r  the BC H  c o d e s .

In o r d e r  to  u n d ersta n d  the BC H  co d es , a n d ..th e -a sso c ia te d  . 

en cod in g  and. d eco d in g  a lg o r ith m s , a  kn ow led ge o f a b s tr .a c t .a lg e b r a , 

e s p e c ia l ly  G a lo is  f ie ld  th e o r y , is  r e q u ir e d . A n e x c e l le n t  in tr o ­

d u ctio n  to  a lg e b r a  and the th e o r y  o f BCH co d es  .is  g iv e n  by  

G a lla g e r  (4). W e  p r o v id e  a b r ie f  su m m a r y  of th a t .m a te r ia l h e r e .

2, 2 T he G a lo is  F ie ld

In g e n e r a l ,  .a G a lo is  f ie ld , d en o ted  GF-Cpirn.), .m a y .h a v e  p m  

e le m e n ts ,  w h e r e  p  is  a  p r im e  and p s  2. BC H  co d es  m a y  b e  d efin ed  

u s in g .a n y .G aI o is f ie ld , but the d ig its  o f the code m u st  b e  tak en  fr o m  

the s e t  { 0 , . l ,  2 , „ . - . p - l j .  S in ce  w e  a r e  in te r e s te d  o n ly  in  the b in a ry  

B GH -code s., -and sin ce- -the a -r ith m etie  :-operations'in- G F (p1̂ -) are  

d iff ic u lt  to  im p le m e n t fo r  p > 2, on ly  the s p e c ia l  c a s e  o f p = 2 w i l l  be  

c o n s id e r e d . G F (2m ) is  a s e t  of 2m  e le m e n ts  w ith  m l  I and two  

o p e r a tio n s  c a l le d  -addition  ■(+) and m u lt ip lic a t io n  ( • ) su ch  that the
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fo llo w in g  a x io m s  a r e  s a t is f ie d :

I. F o r  a l l  a , b i n  GF(Zm ) , a + b  i s  in  GF(Zm ) and a • b is  in  
G F(Zm ). ' .

Y Y lZ. F o r  a l l  a , b in  GF(Z ), a + b  = b + a  and a* b =b * a.

3. T h e r e  e x is t s  an a d d itiv e  id e n tity , 0, and a m u lt ip lic a t iv e  
id e n tity , I , su ch  that fo r  a ll  a in  GF(Zm ) , a+ 0 = a and
a ' I = a. In ad d itio n  a* 0 = 0.

4 . F o r  a ll  a in  (GF(Zm ) , th e r e  e x is t s  an a d d itiv e  in v e r s e  b 
su ch  that a+( b) =0.  In th e b in a r y  G a lo is  f ie ld s ,  e v e r y  
e le m e n t  a is  it s  ow n in v e r se ;  that is  a+ a= 0, a= -a .

5. F o r  a l l  a in  GF(Zm ) su ch  th at a # 0 ,  th e r e  e x is t s  a m u lt ip le  
c a t iv e  in v e r s e ,  a~ * , su ch  that a « a"  ̂= I .

m6. F o r  a l l  a , b , c in  GF(Z ), the d is tr ib u t iv e  law  is  s a t is f ie d .  
T hat is  c* (a+b)  = (c » a ) + (c * b).

Z. Z. I R e p r e se n ta t io n  of F ie ld  E le m e n ts

A s s o c ia te d  w ith  e v e r y  G a lo is  f ie ld  is  an e le m e n t  CL, c a lle d  a 

p r im it iv e  e le m e n t . A ny n o n z e r o  e le m e n t  6f the f ie ld  can  b e r e p r e ­

sen ted  a s  a p o w er  o f a .  T hat i s ,  th e  set-jb , !,Ctt Ctd, . . .  , Ztll-Z

r e p r e s e n ts  a ll  Z f ie ld  e le m e n ts .  T he exp on en t n o ta tio n  is  u sed  in
5the stan d ard  s e n se ;  e . g. Cl m e a n s  Ot-• Ct.‘ Ct“ Ct.'Cl.

In o r d e r  to  r e la te  th is  r e p r e se n ta t io n  to  a r e p r e se n ta t io n  for  

the a d d itio n  o p e r a to r , an ir r e d u c ib le  p o ly n o m ia l fo r  th e  f ie ld  m u st b e  

in tro d u ced . T h is  p o ly n o m ia l i s  d e fin ed  as

f (x) = x m  +
i = I

f .x  + I ,

w h e r e  the f. c o e f f ic ie n ts  a r e  co n ta in ed  in  GF(Z) = {0,  !}• . The on ly
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r e q u ir e m e n t  of th is  p o ly n o m ia l is  th at it  b e  o f o r d e r  m  fo r  GF(Zm ) , 

and th a t it  h a v e  no fa c to r s  w ith  c o e f f ic ie n t s  in  GF(Z).. A  p o ly n o m ia l  

w h ich  m e e t s  th e s e  r e q u ir e m e n ts  is  c a l le d  an i r r e d u c ib le -p o ly n o m ia l  

o f d e g r e e  m .

S u p p ose that CL i s  a p r im it iv e  o f GF(Zm ) su ch  that, f (-.(X) =11.

If f(x). is  an ir r e d u c ib le  p o ly n o m ia l of d e g r e e  m  and i f  f(x) is  the p o ly ­

n o m ia l of lo w e s t  d e g r e e  su ch  that f(CX ) = 0, th en  f(x) i s  sa id  to  b e  a 

p r im it iv e  p o ly n o m ia l o f d e g r e e  m . T h is  p o ly n o m ia l m a y  be u sed  to  

d efin e  a r e p r e se n ta t io n  fo r  GF(Zm ) w h ich  is  is o m o r p h ic  to  any o th er  

r e p r e se n ta t io n  fo r  GF(Z ) , 1 R e c a ll  th at b = -b  so  th at a + b  = c and 

a = b +  c a r e  e q u iv a le n t in  G F(2m ). B y  d e fin it io n  o f f ( x ) , i f  f( (X) = O, th en

m  - I
f(cx) = a m  + 5 Z  f.-h 1 + 1 = 0  

i=  I 1

o r ,

Z I 1
i = I

■ f.'O! x I.

T h is  eq u a tio n  m e a n s  that any e le m e n t  of GF.(Z ) can  be r e ­

p r e s e n te d  not o n ly  a s  a p ow er o f (X, but a s  a p o ly n o m ia l in  a  o f  o r d g r  

m - I o r  l e s s .  C o n s id e r  a s  an e x a m p le  th e f ie ld  GF(Z^) w ith  ir r e d u c ­

ib le  p o ly n o m ia l f(x) = x ^ + x + l .  T a b le  Z. I sh ow s th r e e  r e p r e se n ta t io n s  

fo r  the e le m e n ts  o f th is  f ie ld . T he le f t  co lu m n  sh ow s th e r e p r e se n ta t io n  

o f f ie ld  e le m e n ts  e x p r e s s e d .a s .p o w e r s  o f a., th e  c e n te r  co lu m n  as
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Power o f  a Polynom ial in  a Binary R epresen tation

( o ) . (0) 0000

V B O I 0001

a a 0010

a2 V 0100

a3 1000

or a + I 0011

a5
2a + a 0110

a 6 a3 + a2 1100 ■

a7 a3 + a + I ' 1011

.a8 a2 ■ + I 0101

' «9 a3 + a 1010

a10 2a + a + I 0111

a11 a3 + a2 + a 1110

a12 a3 + + a + I m i

a13 a3 + a2 + I .. 1101

alU cx3 + I 1001

T a b le  2 .  I T hree R ep resen ta tion s  for GF(Z^r)
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p o ly n o m ia ls  in  Cf, , and the r ig h t co lu m n  a s b in a ry  m - t u p le s . The c o e f ­

f ic ie n t s  fo r  th e s e  m - tu p le s  a r e  tak en  d ir e c t ly  fr o m  th e p o ly n o m ia ls  in  Ct.
3 4N ow  c o n s id e r  the m u lt ip lic a t io n  o f tw o e le m e n t s , s a y  CC • Ct- Ct .

4 4B ut CC = CU + I s in c e  th e ir r e d u c ib le  p o ly n o m ia l i s  x  + x + 1 .  T h e r e fo r e ,
3 - 4CK • CK = CK = CK+1, o r  in  b in a r y  n o ta t io n ,

( 1 0 0 0 ) - (0 0 1 0 ) = (0 0 1 1 ). '

M u ltip lic a t io n  b y  CK i s  q u ite  e a s i ly  im p le m e n te d  u s in g  a lin e a r  

feed b a ck  sh ift  r e g i s t e r ,  a s  show n  in  F ig u r e  2. 1(a). F ig u r e  2. !.(h)..shows. 

Ihe c ir c u it  fo r  a g e n e r a l f ie ld . M u ltip lic a tio n  o f an e le m e n t  a(CK) b y CK is  

a c c o m p lis h e d  by a le f t  sh ift . If the o;m   ̂ c o e f f ic ie n t  of a(CK) is  I , the  

ir r e d u c ib le  p o ly n o m ia l f(x) i s  u sed  to  red u ce  the d e g r e e  o f the e le m e n t  

CK * a(CK) to  m -  I or l e s s .
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(a )

( b )

F ig u r e  2 . 1. M u lt ip lic a t io n  b y  OC
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2. 2. 2 T he A d d ition  A lg o r ith m

T he o p e r a tio n  of ad d itio n  is  q u ite  e a s i ly  im p le m e n te d  in G F (2m ) . 

S u p p ose a(Q!) and b(a) a r e  e le m e n ts  of th e  f ie ld . T hen

m -  I
a(Q0 = a - Qi1,

i= 0

and
m - I

b(ct) = T Z  b ° a1.
i= 0

T he su m  of th e s e  tw o e le m e n ts  is  d e fin ed  b y .

. m -  I
a(Q!) + b(Qi) = <>  (a. + b .)  a 1,

i= 0  1 1

w h e r e  a. + b. in d ic a te s  m o d u lo -tw o  ad d ition . T he e x c lu s iv e - o r  lo g ic  

fu n ctio n  p e r fo r m s  th is  ad d itio n  o p e r a tio n , and b it  b y  b it  p a r a lle l  a d d i­

t io n  is  a c c o m p lis h e d  b y  u s in g  m  e x c lu s iv e - o r  g a te s  o p era tin g  in  

p a r a lle l .

2. 2. 3 T he M u lt ip lic a t io n  A lg o r ith m

S u p p ose  a(Q!) and b(Q:) a r e  e le m e n ts  of G F (2 ). T he p rod u ct of 

a(Q0 and b(C() is  d e fin ed  as

m -1  m -1  . .
a ( a ) 0 b (a) = ^__  b (% %  a a  J).

i= 0  1 j = 0 J
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A ny p o w er  of OC g r e a te r  than  m -  I in  th is  p rod u ct m u st  b e  red u ced  u s in g  

th e ir r e d u c ib le  p o ly n o m ia l to fo r m  an m -b it  b in a r y  r e p r e se n ta t io n .  

S u p p ose  Z is  an m -b it  sh ift  r e g is t e r  w ith  feed b a ck  w ir e d  fo r  m u lt ip l i ­

c a tio n  b y  OL. A n a lg o r ith m  to p e r fo r m  m u lt ip lic a t io n  of tw o f ie ld  e l e ­

m e n ts  is ;

M l. S et the a c c u m u la to r , Z, to  0. S et j to  m -1 .

M 2. M u ltip ly  Z by CX and add to  Z the m -b it  b in a r y  e le m e n t  
b . Aa(Q). The A  o p e r a to r  is  the lo g ic a l  A N D .

. J
M 3. D e c r e a s e  j b y  I and i f  j i s  not l e s s  than  0, re tu rn  to  s tep

M 2. O th e r w ise , the p ro d u ct a(c<) • b(o:) i s  con ta in ed  in  TL.
' .

T he a lg o r ith m  co m p u tes  the p a r t ia l p ro d u cts

b^ a(Q )

(bm a ( a ) ) a + b m - ia (°0

((bm a(0!))Q: + bm - l a(0;))Q:+ bm - 2 a(0;) 

a(Q)1- b (a).

F ig u r e  2. 2 sh o w s an A P L  p r o g r a m  fo r  p e r fo r m in g  m u lt ip lic a t io n  

of tw o m - b it  f ie ld  e le m e n ts .  T he v e c to r s  X and Y h o ld  th e tw o e le m e n ts  

to  b e  m u lt ip lie d , w h ile  the v e c to r  TL i s  th e  a c c u m u la to r . M odulo 2 

a d d itio n  is  p e r fo r m e d  b y  the £ o p e r a to r . Z [ l ]  h o ld s th e h ig h e s t  o rd er  

t e r m  of the p o ly n o m ia l. T he ir r e d u c ib le  p o ly n o m ia l i s  s to r e d  in

IR PO L Y.
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V
C 1]  
[ 2 ] 
[  3 ]  
[  4 ]  
C-  5 ]  
[ 6 ] 
[  7 ]  
C 8]  
[  ■ 9 ]  
[ 1 0 ]

V

V
[ 1 ] 
[ 2 ] 
C 3]  
[  4 ]  
[  5 ]  
[ 6 ] 
[  7 ]  
[ 8 ] 
[  9 ]

V

MULTXI  
Z C  p . X)  p O 
IT*-.  I
+ ( (  o=+/  y ) v (  o = + / . % ) ) /  o
= Z ^ p  I
MULTBt  : Z - H t  Z 
Tl*- ZL J T l  
ZLJTl *-0
Z*- Z*( -  IRPOLYA-  T l ) *  XA- X l I T l  
I T + . I T+ I
->( I T < J T ) /  MULTBl

F ig u r e  2 .2 .  A n  A P L  P r o g r a m  for  
G a lo is  F ie ld  M u lt ip lic a t io n

I NVERSE  
T l +  X
Z + ( ( “ 1 + p  X ) p  0 ) , 1  
I N V l  % T2+ T l L  1 1 '
T l  L I  ] - H
T l  + { T 2 AI RPOLI ) +T l  
T2+ZL 11 ■
ZL I 0
Z+( T2A I R P O L Y ) *  I i Z

Q*  + /  T l L x  " l + p  T l l ) /  I N V l

F ig u r e  2 . 3 .  A  M u lt ip lic a t iv e  In v e r s io n  A lg o r ith m
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2. 2. 4  M T ^tip lication  In v e r s io n

F o r  any n o n z e r o  e le m e n t  a in  G F (2m ) , th e r e  is  an e le m e n t b 

su ch  that a » b= I, T he m u lt ip lic a t iv e  in v e r s io n  a lg o r ith m  m u st find  

th e e le m e n t  b fo r  any e le m e n t  a su ch  th a t th is  co n d itio n  h o ld s . An  

a lg o r ith m  w h ich  m a y  b e im p le m e n te d  u s in g  se q u e n tia l sh ift  r e g is t e r s  

i s  g iv e n  b y  B e r le k a m p  [ I ] .  A n o th er  a p p roach  is  to  c o n s id e r  the  

m - input m - output tru th  ta b le  fo r m e d  b y  l is t in g  the e le m e n ts  and th e ir  

in v e r s e s ,  A co m b in a tio n a l fu n ctio n  m a y  th en  be d e s ig n e d  to im p le m en t  

the in v e r s e  o p era tio n . B a r te e  and S ch n e id e r  (5) g iv e  a n oth er  m eth od  

fo r  d e s ig n in g  a c o m b in a tio n a l in v e r te r .

T he A P L  p r o g r a m  in  F ig u r e  2. 3 sh ow s a v e r y  cru d e  w ay  to  

com p u te the in v e r s e  of an e le m e n t  X . • T he e le m e n t  to .b e  in v er te d  is  

p la c e d  in  th e  v e c to r  T l  and m u lt ip lie d  s u c c e s s iv e ly  b y  (X *. A t the  

sa m e  t im e , the e le m e n t  in  T 2 is  in it ia l iz e d  to  b e O .. .0 1 ,  and m u lt i­

p lie d  b y  CU. W hen T l  is  the e le m e n t  0. , . 01 , T2 co n ta in s  th e in v e r s e  

of X . T h is  m eth o d  is  q u ite  in e f f ic ie n t  s in c e  com p u ta tio n  t im e  is  p r o ­

p o r tio n a l to  2m .

P irobably th e f a s t e s t  and m o s t  e a s i ly  im p le m e n te d  m eth od  fo r  

p e r fo r m in g  m u lt ip lic a t iv e  in v e r s io n  is  w ith  a fa s t  r a n d o m -a c c e s s  

m e m o r y . The e le m e n t  to  be in v e r te d  is  u se d  as an a d d r e s s  to  the  

m e m o r y  lo c a t io n  w h e r e  th e in v e r s e  e le m e n t  is  s to r e d . Tw o sh ift  

r e g i s t e r s  m a y  b e  u se d  to  in it ia l iz e  th e m em ory-. - O n e sh ift  r e g is t e r  

m u lt ip lie s  b y  a ,  the o th er  .by a, T h ey  a r e  both  in it ia l iz e d  to the



26

u n ity  f ie ld  e le m e n t , and a fte r  th e f i r s t  sh ift , O- is  s to r e d  in the  

m e m o r y  lo c a tio n  c o r r e sp o n d in g  to  CX. A fte r  n sh ift  c y c l e s , CX n is  

s to r e d  in  lo c a tio n s  c r \ T he o p e r a tio n  is  con tin u ed  u n til a ll  f ie ld  

e le m e n ts  and th e ir  in v e r s e s  h ave  b e e n  com p u ted  and s to r e d .

2, 3 The BC H  C odes

B e fo r e  in tro d u c in g  the a lg o r ith m s  u sefl to  d e c o d e  the BC H  c o d e s ,  

le t  u s d is c u s s  th e m a th e m a tic s  b eh in d  th e d eco d in g  a lg o r ith m s . C on ­

s id e r  a se q u e n c e  o f N = 2m - I b in a r y  d ig its  - -a  w ord . T h is  s e t  of d ig its  

m a y  b e w r it te n  a s  a p o ly n o m ia l

- N  ic(x) = 2L - C X. , 
i= 0  1

T he c. c o r r e sp o n d  to  the b in a r y  d ig its  in  the N -b it  w ord . T h ere  a r e  2 ^  

p o s s ib i l i t i e s  fo r  c (x ) . The BC H  en cod in g  a lg o r ith m  s e le c t s  a su b se t  of 

th e s e  2 ^  p o s s ib i l i t i e s  su ch  that the m in im u m  H am m ing d is ta n c e  b e tw e e n  

any tw o cod e w o rd s  a llo w s  t or  fe w e r  e r r o r s  to  b e c o r r e c te d . The G a lo is  

f ie ld  G F (2 m ) is  u sed  to  d efin e  a p r im it iv e  BCH code o f len g th  N = 2m - I .
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T he p o ly n o m ia l c(x) i s  a cod e w o rd  of a t  e r r o r  c o r r e c t in g  code i f  and  

on ly  if  the fo llo w in g  eq u a tio n s a r e  s a t is f ie d ;

c (a) = 0

c ( q ;2 ) =  0

c(aP) = 0

ft

c(0!2 t" 1) = 0.

A g a in , a  is  a p r im it iv e  e le m e n t  o f G F(Zm ) . T h e se  c a lc u la t io n s  a r e  

c a l le d  p a r ity  c h e c k s  or  sy n d r o m e  d ig it s .

S u p p o se  that c(x) i s  tr a n s m it te d  a c r o s s  the ch a n n el and the Jt*1 

b it  of c(x) i s  co m p le m e n te d . T he r e c e iv e d  w ord , r ( x ) , i s  d efin ed  a s;  

r(x) = c(x) + n(x) = c(x) + x^.

T he p o ly n o m ia l n(x) r e p r e s e n ts  the ch a n g es  m ad e b y  th e ch an n el (n o is e ) .  

N ow  su p p o se  w e  m a k e  the p a r ity  c h e c k  c a lc u la t io n s  u s in g  r(x):

r ( a ) =  c(0f) +  n ( a ) =  0 + Qfj  =  Qt1

T ( a Z )
. 2 .  = c(0! ) + .  n(CtZ ) =  0 + (Of2 ) j  =  (1Q j )

r (a 3 ) . 3 .  
=  c (Of. )

3
+  n ( O f  ) =  0 +

ii

%

r ( 0 '2 t_ 1 ) = c (a 2 t - 1 ) +. n (a 2 t_ 1 ) = 0 +  (a 2 t"‘V  = (Ofj)21"1 . 

T he C(Ofi ) t e r m s  a re ..a ll z e r o  b y  d e fin it io n  .of ,the cod e w o rd , c(x).

T he lo c a tio n  o f the e r r o r  in  the m b it  is  g iv e n  b y  the f ie ld  e le m e n t  Qp.
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•CN - 2 c 2 c

I N . a 2 a

E a c h  b it  o f the r e c e iv e d  w o rd  c o r r e sp o n d s  to  a f ie ld  e lem en t;  

c o d e b it - -  . Cj

c o r r e sp o n d s  t o - - C?

S u p p o se .t e r r o r s  o c c u r  in  b it  lo c a tio n s  c o r r e sp o n d in g  to  the  

f ie ld  e le m e n ts  x ^ x ^ ,  x^ , \  . . , x^. T he p a r ity  ch eck  c a lc u la t io n s  

y ie ld ;

if
i=  i 

t--2_l 

i=  I 

t . - l  •

r(Q!).

r ( a 3 )

Zl X. = S 1

. r (a 2 ). = Y Z x i 2 = S 2

x n  x ."  = s 3
i  =1 1

r ( c f t - l )  = I = :
i = l

Z t-I

T he e le m e n ts  S 1 , S 0 , S 0 , . . ,S ? , n a r e  known e le m e n ts  ob ta in ed  by

c a lc u la t io n  fr o m  th e r e c e iv e d  w o rd  and the e le m e n ts  x^ , x^ , X3 , . „ „ ,.x^ 

a r e  the unknow n e le m e n ts  g iv in g  the lo c a t io n  of the t e r r o r s .  The 

p r o b le m  is  to  s o lv e  th is  s e t  of 2 t - I eq u a tio n s in  t u n know ns. The 

so lu tio n  is  c o m p lic a te d  b y  the fa c t  th a t th e unknow ns a r e  r a is e d  to  

p o w e r s  in the s im u lta n e o u s  eq u a tio n s .
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In 1961, P e t e r s o n  (8) p r o p o se d  a m eth od  fo r  so lv in g  th e se  

eq u a tio n s . In stea d  o f so lv in g  fo r  the unknow ns d ir e c t ly ,  th e  p a r ity  

c h eck  c a lc u la t io n s  , S^, . . . , ^ 2 t-  I vî e r e  tr a n s fo r m e d  in to  c o e f f i ­

c ie n ts  o f an  e r r o r - lo c a t in g  p o ly n o m ia l. T h is  p o ly n o m ia l h as  

. . . , x ^ a s  it s  r o o ts .  T he g e n e r a l fo r m  of the p o ly n o m ia l fo r  t e r r o r s  

i s :

a(x) =: Xt +  CT 1Xt "  1 +  O12X t . 2 +  . . . +  CTt _

= X t + /  Cf. X

f c l  1

i- I

= ( X d X 1 ) (x+-x ). . . (x + x  ).

C o n s id e r  th e p r o b le m  for- t = l .  T he sy n d r o m e c a lc u la t io n  is  

ju s t  S 1 = X1, and th e e r r o r  lo c a tin g  p o ly n o m ia l is  X d x 1 = X d S 1 = 0. T h a t

i s ,  Qj1 = S 1- I f t = Z ,  w e h ave:

s I = x T x 2

S 2 = X12+X 22

3 3
s S  =  x I  + x 2  •
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T he e r r o r  lo c a tin g  p o ly n o m ia l i s

T h e r e fo r e ,

and

a(x) = X + (T1X + rtj

(x + X1Mx + X2 )

= X +  (X1 + X2 )x + X1X2 -

ctI " x I + x 2 " S 1 ’

P2 " X1X2

X i  X 2  +  X 1 X 2

x I + x 2

T h is  m e a n s  that

3 2 2 3 -
x I + x I x 2 + X1X2 + x 2 + S 3

X1 + x 2

S 1S2 + S 3

S ^ f S 1S2 + S 1 O2 = 0
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I)ut = y ie ld in g  th e s im u lta n e o u s  eq u a tio n s

^ I+ 0 ctZ=s I 

8 Zct + S 1CT2 = S 3-

In g e n e r a l ,  the tr a n s fo r m a t io n  i s  g iv e n  b y  th e  m a t t ix  eq u ation

(9)

wheire

A a = B

0 , . , 0

5 Z S 1 I . . .  0

S4  S 3  S 2 . . A  0

5 Zt-Z 8 Z t-3 S Z t-4  St - 1
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0I

CT n and B = S 5

S 7

S
Z t - I

T h e s e  eq u a tio n s  a r e  known a s N ew to n 's  id e n t it ie s .  W hen t=  2, the  

m a tr ix  eq u a tio n s a r e  the sa m e  a s  th o se  p r e v io u s ly  d e r iv e d ;

" l O

I

tT
I______________

" s i  '

S 2 S i

_______
I i

cn
V

)

i

The. on ly  p ro b lem , re m a in in g  is. the so lu tio n  o f the' errb'r-- 

lo c a tin g  p o ly n o m ia l a(x) fo r  the e le m e n ts  x ^ , x^ , . , x̂ _. S in ce

G F (2m ) is  a f in ite  f ie ld , th e r e  is  a f in ite  n u m ber o f p o s s ib i l i t i e s  for  

th e s e  r o o ts .  E a ch  r o o t c o r r e sp o n d s  to  a b it  in  th e r e c e iv e d  w ord;
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t h e r e f o r e , th e  e r r o r  lo c a tio n s  m a y  b e found b y  evaluating.„cr(x) for  e a c h  

e le m e n t  in  the G a lo is  f ie ld . T he co m p u ta tio n s  are

o ( l )

0 (0:)

cr(a:'2)

o(cx3 ).

0(01
N - I

).

If a(a^) i s  0, th en  th e b it  c o r r e sp o n d in g  to q:̂  sh o u ld  b e  c o m p lem e n te d .

In 1964, C hien  (9) d e s c r ib e d  a m o r e  e f f ic ie n t  w a y  to  o rg a n iz e  

th e s e  c a lc u la t io n s . B y  d e fin it io n  o f a(x), a (I) is  g iv e n  b y

a ( l ) - l + o   ̂+ cf^+ • • • + 0 .̂
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N ow  su p p o se  the f ir s t  t e r m  o f the su m  is  m u lt ip lie d  b y  CU , the seco n d  

b y  "*■, e tc . T he e x p r e s s io n  b e c o m e s

Gr(a) = Ot + a 1a ~ 1 + a 2 a ~ 2 :+ • • • + CTt -

R ep ea ted  a p p lic a tio n  o f th is  o p e r a tio n  y ie ld s  a (O?), ° , a (a^  ^).

T he a lg o r ith m  d e v e lo p e d  b y  B e r le k a m p  p r o d u c e s  an e r r o r  lo c a tin g  

p o ly n o m ia l o f the fo r m

Cj(X) = e^x 4- cj ^  + • • • + 0  + I.

T he r o o ts  of th is  eq u a tio n  a r e  the in v e r s e s  o f the a c tu a l e r r o r  lo c a t io n s .

N - IThe b it  c o r r e sp o n d in g  to  (X i s  r e c e iv e d  f ir s t  in  o r d e r  to  fa c il ita te  

c a lc u la t io n  of the p a r ity  c h e c k s .

W ith th is  m a te r ia l  as b ack grou n d , the th r e e  p a r ts  of the d eco d in g  

a lg o r ith m  a r e  now  c o n s id e r e d  in  m o r e  d e ta il .

2 .3 .  I T he P a r ity  C heck  A lg o r ith m

S u p p ose  w e w is h  to. c a lc u la te  the j^ 1 p a r ity  ch e c k , Sj = C(o^). T he

fo llo w in g  a lg o r ith m  m a y  b e u sed :

P I .  In it ia liz e :  S et P C , the p a r ity  ch eck  a c c u m u la to r , to  z e r o .  
S et 'i to  N - I  = Zm -2 .

P 2 . S et PC  = PC  • a J+ C ..

P 3 . S e t i  to  i - i .  I f i i s  l e s s  than  z e r o , te r m in a te , o th e r w ise  
go to  s tep  P 2.
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T h is  a lg o r ith m  c a lc u la te s  C ^_ ^, (C ^  ^Ĉ ) + C ^ _£ ,

(CN ^O* 1'+ Qn - 2 )oP + Cn  3 , e tc . u n til C(CtP) is  p ro d u ced .

A n  A P L  p r o g r a m  w h ich  c a lc u la te s  the p a r ity  c h e c k s  r eq u ir ed  

to  c o r r e c t  t e r r o r s  is  show n  in F ig u r e  2. 4. The o d d -o r d e r  p a r ity  

c h e c k s  a r e  c a lc u la te d  u s in g  the p a r ity  ch eck  a lg o r ith m  a b o v e , w h ile  

th e e v e n -o r d e r  p a r ity  c h e c k s  a r e  c a lc u la te d  fr o m  th e  fo rm u la  

C(Q!^) = [C(CZi ) ] 2 . ■ T he ro u tin e  M U L T X Y  .m u ltip lie s  X and Y in  GF(Zm ) 

and p la c e s  th e p ro d p ct in  the v e c to r  Z.

2. 3. 2 T he B e r le k a m p  A lg o r ith m

T he B e r le k a m p  a lg o r ith m  (l.). c o n v e r ts  the p a r ity  ch eck s  in to  the  

e r r o r  lo c a tin g  p o ly n o m ia l, c ( z ) ,  w h o se  r o o ts  d e te r m in e  the lo c a tio n  of 

e r r o r s  in  th e cod e w o rd , To d e s c r ib e  th is  a lg o r ith m , th e sy n d ro m e  

d ig its  a r e  r e p r e se n te d  b y  the p o ly n o m ia l ,

2 t - 1 . . 2 t - 1
1 + 8 =  1 +  Y Z  C(CXl)Z1 = ' I.+ %% S .z 1 . 

i = l  i = l  1

T he e r r o r  lo c a tin g  p o ly n o m ia l i s  g iv e n  b y

t
cx(z) = I + T Z a  -Z1 . 

i = l  1

A n a u x ilia r y  p o ly n o m ia l, t ( z ) ,  i s  a ls o  re q u ir e d  b y  th e  a lg o r ith m . A ll  

p o ly n o m ia l c o e f f ic ie n ts  a r e  e le m e n ts  of GF(Zm ) .



V . P A E I T I

C 1] I A  +  1

[ 2 ] S + ( ( 2x T ) , M) p  0
C 3] PZ-*-(2 xT) P 0
[ 4 ] Z-s-Al
[ 5] SAl  : PS-*-0
C 6 ] Z-s-0
C 7] SA 2: JS-eJB + 1
[ 8.3 I * - Z * A 0  A C W L I B l
C 93 ->(PB>p C W ) / B A 5
[ 103 M U L T X Y -
C 113 +BA 2
C .123 BA5: Z+P
C 133 S L I A ;3+Z
C 143 PB+2xPA
C 153 JP+ Z
[ 163 BA4 : +( JB.>2xJ ) / B A 3
C 173 z+z
[ 183 I + Z
[ 193 M U L T X I
[ 203 SC I B ; 3 + Z '
[ 213 PZCPB 3+1
C 223 PB+2 xJB
C 233 +BA 4
[ 243 BA 3.; Z+PP
[ 253 BA6 ; P + l t  Al
[ 263 M U L T X I :
[ 273 Z+Z
C 283 PA+PA+2
[ 293 + (PA> " l + 2 x p ) / B A 7
[ 30 J + (PZC PA3 )7 BA4
[ 313 +BAl
[ 32 3 

V
. BA7 : S+ ( I , 0 + p- S ) p  AO

•F igure 2 . 4 .  P a r ity  C heck  A lg o r ith m
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The p a r e n th e s iz e d  s u p e r s c r ip t  n o ta tio n , w jn  be

u se d  to  id e n tify  p o ly n o m ia ls  com p u ted  d u rin g  ea ch  ite r a t io n . The 

a lg o r ith m  is :

B I . In it ia liz e :  D e fin e  <y^ = t ^ = 1, k —0.

B 2 . L e t  A1 b e  th e c o e f f ic ie n t  o f z^^^^ in  the p rod u ctI

(1 + S) a
(2k)

B3. L et  ^(2k)^ ^ ( 2 k )  ^  ^2k)^

If k = t , te rrp ih a te .

B 4. r  z 2 . r (2k) if  .A1 f21^ = O, or  if

L e t  <

d e g r e e  k.

z-a (2 k ). ( A 1^ kV 1 i f  a / 2 ^  Jt 0 

and d e g r e e  k.

In c r e m e n t k by I and r e tu r n  to B 2.
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F ig u r e  2. 5 sh ow s an A P L  p r o g r a m  d e s ig n e d  to  im p le m e n t the  

B e r le k a m p  a lg o r ith m . T he v a r ia b le  c o r r e s p o n d e n c e s  sh ou ld  b e o b v io u s . 

SIG [I;]  g iv e s  the e le m e n t  fo r  SIG [2; ] fo r  q-^, e tc . T he p o ly n o m ia l

is  l i s t e d  in  th e  r e v e r s e  o r d e r  to  fa c i l i t a t e  c a lc u la t io n  o f  That

i s ,  S [2 » T ;  ] c o r r e sp o n d s  to  S q = I ,  and S [ l ; ] c o r r e sp o n d s  to  S ^   ̂ =

Zt - IC (CX ). T he se c o n d  d im e n s io n  o f a l l  a r r a y s  is  m , the s iz e  of the

f ie ld . T he Iota  fu n ctio n  is  u se d  to  find  th e in ^ ex  of th e  f ir s t  n o n -z e r o  

t e r m  in  the r e v e r s e d  o r  r e d u c tio n  of th e  SIG p o ly n o m ia l. T hen  th is  

v a lu e  is  su b tr a c te d  fr o m  th e m a x im u m  len g th  of th e  p o ly n o m ia l to  

ob ta in  th e d e g r e e  o f th e  p o ly n o m ia l in  SIG . T he ro u tin e  M ULT is  id e n t i­

c a l to  th e  ro u tin e  M U L T X Y , e x c e p t  th at the A P L  fu n ctio n  d e fin it io n  is  

s l ig h t ly  d if fe r e n t . M U L T R  d o es  th e  e le m e n t  b y  e le m e n t  m u lt ip lic a t io n  

b e tw e e n  tw o p o ly n o m ia ls .

2. 3. 3 T he C h ien  S e a r c h  A lg o r ith m

T h is  a lg o r ith m  m u st  find  th e  t o o t s  of a p o ly n o m ia l of d e g r e e  t in  

G F (2 m ) . T h e se  r o o ts  a r e  found b y  s im p ly  ev a lu a tin g  th e p o ly n o m ia l at  

e a c h  e le m e n t  in  th e f ie ld . T he C h ien  s e a r c h  is  s im p ly  an o rg a n iz ed  w a y
i ^

to  p e r fo r m  th e s e  c a lc u la t io n s  u s in g  Gr(CX) to  com p u te cr(cx ). Im a g in e

a s e t  of r e g i s t e r s ,  d en o ted  GSR, su ch  that CSRq c o r r e sp o n d s  to Oq = ! ,

CSR1 t o  , . . .  , CSR^ to  o y  T he a lg o r ith m  is  (I);

C l.  S e t th e  CSR a c c u m u la to r s , to  the c o e f f ic ie n ts  of a(z).
S et i  to  N - I  = 2m -2 .

C2. M u ltip ly  C SR jl b y  CC* 1 - C SR 2 b y  o f ,  . . .  , CSRt b y  o' ,  and  
s to r e  e a c h  p ro d u ct b a ck  in  the a p p ro p r ia te  CSR r e g is t e r .



V B E R L E K A M P  - -
[ 1 ]  SIG*- TAU*- ( O P t l ) 5AO p 0
[ 2 ]  - I N I T I A L I Z E  :K*-0
C 3 ]  S I G L l i M l * -  TAULl  ;M1+ I
[ 4 ]  R E S T A R T : DELl*- * / L l  ] S L l + T + (  i T+l  ) - 2 x K ; l  MULTR S I G  
L 5 ]  TEMP*- (p S I G )  p (M p 0)  , , SJ(? 1 .1 T ; ]  .
L 6]  X+ v / [ 2 ]  S J (?
[ 7] DSJG+ (p JO- Z [ l  + (p %) - i p J ]  i I
C 8] TAU*- (p JAZ7) p' (Af p 0 ) , , TAUL i T-,1
[ 9]  SJG+ SJG * JAG MULTR ( P JAG) p GSJl
[ 1 0 ]  + ( S = J ) / 0
[ 1 1 ]  + ( ( O ' =  ^ / D E L l ) v ( D S I G  > K ) ) / B M l
L 1 2 ]  JAG+ JSAfP M U L T R  (p S J G ) p I N V E R T  D E L l  
[ 1 3 ]  + SAf 2
[ 1 4 ]  BAfl ; JAG+ (p JAG) p ( A f  p 0 ) ,  ,JAGCi J ; ]
[ . 1 5 ]  B M2  : S + S + l  
[ 1 6 ]  ' +SSSJASJ

V

V Z+% MGJJ I
[ 1 ]  M U L T X I

V

V R Z * - R X  M U L T R  R I  
L 1 ]  M U L T R X I

V

v z + j s y s s j  s
[ 1 ]  JSFSPSS

V

F ig u r e  2 . 5. B erlek am p - A lg o r ith m
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C S. A dd (m odulo  2) th e  c o n te n ts  o f a l l  CSR r e g i s t e r s .  The 
C SR q r e g is t e r  shou ld  co n ta in  the f ie ld  e le m e n t  I. If the  
su m  i s  z e r o ,  c o m p le m e n t the Ci co d eb it.

C4„ S et i t o i - 1 .  If i i s  l e s s  than z e r o , te r m in a te . O th e r ­
w is e ,  r e tu r n  to s tep  CZ.

F ig u r e  2 . 6 sh ow s an A P L  im p le m e n ta tio n  o f  th is  a lg o r ith m .  

The fu n ctio n  PO L Y  e v a lu a te s  the e r r o r  lo c a tin g  p o ly n o m ia l at a p o in t  

X in  th e  f ie ld .  The fu n c tio n  CHIEN su p p lie s  the n e c e s s a r y  ch a n g es in  

the f ie ld  e le m e n t  X  and c o r r e c t s  the d ig it  in  CW if the p o ly n o m ia l i s  

z e r o .

2 .4  P a r a l le l  P r o c e s s o r  A lg o r ith m s

T he a lg o r ith m s  d e s c r ib e d  ab ove m u st  be m o d if ie d  som ew h at  

i f  th ey  a r e  to  b e  p e r fo r m e d  by a p a r a lle l  p r o c e s s o r .  T he a lg o r ith m s  

w ill  b e  p r e s e n te d  in  t e r m s  of v e c to r  o p e r a tio n s  so the a p p lica tio n s  

fo r  a p a r a lle l  p r o c e s s o r  b e c o m e  m o r e  o b v io u s . B y  u s in g  a p a r a lle l  

p r o c e s s o r ,  the t im e  re q u ir e d  to  d eco d e  a w ord  can  b e su b sta n tia lly  

r e d u c e d . In o th er  w o r d s , w e a r e  tra d in g  eq u ip m en t fo r  t im e . In 

o rd er  to  c a lc u la te  the p a r ity  c h e c k s , w e  m u st  co m p u te  2 t - l  d ig its .  

E a c h  o f  th e s e  d ig it s  m a y  b e  com p u ted  in d ep en d en tly  w ith  2 t - l  pro^  

c e s s o r s .  N e x t, th e  B e r le k a m p  a lg o r ith m  m a y  b e  p e r fo r m e d  by a s e t  

o f t+1 p r o c e s s o r s .  M o st  o f th e  o p e r a t io n s  r e q u ir e d  b y  th e B e r le k a m p  

a lg o r ith m  a r e  p e r fo r m e d  on le n g th  t + 1 v e c to r s .  F o r  th e C hien  

s e a r c h , e a c h  c o e f f ic ie n t  o f the e r r o r  lo c a tin g  p o ly n o m ia l m u st be  

m u lt ip lie d  b y  th e  a p p ro p r ia te  p ow er of (X.. S in ce  th e r e  a r e  t + 1 t e r m s ,  

p r o c e s s in g  t im e  m a y  b e red u ced  by u s in g  t+ 1  p r o c e s s o r s .



V . C H I E m  ■■
I  1]  I A + . I
[  2 ]  IB + . O
[ 3]  P X +  S I G  .
[ 4 ]  X + . A l

C 5]  B G l : P O L I  
C 6 ]  CWL I A l +  CWC I A J = V / !  
C ' 7 J ' I B + I B - h ~ v  /  Z ■
[  8 ]  + ( I B = D S I G ) Z Q
C 9 ]  I A + I A + 1  
[ 1 0 ]  I + A l  

[ 1 1 ]  M U L T X I  

[ 1 2 ]  X + Z

[ 1 3 ] .  + ( I A < p  C W ) / B C 1
V

V P O L l  
[  1 ]  Zf O
[ 2 ]  I P + 1
[ 3]  B P 2 x + ( I P = ( p P X ) 1 1 J J / B P 1

[ - 4 ]  I + P X I I P  ' , 1 * Z  

[ 5]  M U L T X I

[  6 ]  I P + I P + . l  '
[ 7]  + B P 2

C 8 ]  B P l i Z + Z * P X l I P i l  
■ V

F ig u r e  2 . 6 .  C hien  S e a r c h  A lg o r ith m
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In a d d itio n  to  th e v e c to r  p r o c e s s o r s  or  s la v e  p r o c e s s o r s ,  th e r e  

is  a m a s te r  p r o c e s s o r .  T h is  un it p r o v id e s  co n tr o l and c lo ck in g  s ig n a ls  

to  a l l  s la v e  p r o c e s s o r s  and a ls o  p e r fo r m s  the o p e r a tio n  of m u lt ip l ic a ­

t iv e  in v e r s io n  a s  r e q u ir e d  b y  th e B e r le k a m p  a lg o r ith m . The m a s te r  

p r o c e s s o r  a ls o  m a k e s  the v a r io u s  d e c is io n s  re q u ir e d  b y  .the a lg o r ith m s .

F ig u r e  2. 7 sh o w s the b lo c k -d ia g r a m  of the p r o c e s s o r s  fo r  th e  

B C H  d e c o d e r . T he r e c e iv e d  w ord  i s  p a s s e d  s e q u e n tia lly  throu gh  the  

r e c e iv e d  w o rd  b u ffe r , and e a c h  b it  i s  co m m u n ica ted  to  th e  p r o c e s s o r s .  

T h ere  a r e  t + I  s la v e  p r o c e s s o r s  and one m a s te r  p r o c e s s o r .  E a ch  s la v e  

i s  a b le  to com p u te tw o  o f the p a r ity  c h e c k s  fo r  one r e c e iv e d  w ord  w h ile  

c o n c u r r e n t ly  d e te r m in in g  the e r r o r  lo c a tin g  p o ly n o m ia l fo r  an oth er  

w o rd  and p e r fo r m in g  th e  C hien  s e a r c h  fo r  a th ird  w o rd .

F ig u r e  2. 8 sh o w s the r e g i s t e r s  con ta in ed  in  e a c h  s la v e  p r o c e s s o r  

and the r e g i s t e r s  co n ta in ed  in  the m a ste r  p r o c e s s o r .  E a ch  row  o f r e g i s ­

t e r s  r e p r e s e n ts  the r e g i s t e r s  in  one s la v e .  E a ch  co lu m n  r e p r e s e n ts  a 

p a r t ic u la r  r e g is t e r  s e t ,  e .g .. R 0 , in  a l l  s la v e s .  One r e g is t e r ,  sa y  R'Og, 

can  s to r e  one m -b it  f ie ld  e le m e n t . T he C l and C2 r e g i s t e r s  h o ld  the  

p o w e r s  o f ,CCnecessary fo r  cotnputing  th e  p a r ity  c h e c k s , T he CS r e g i s t e r  

h o ld s  the p o w e r s  of cc n e c e s s a r y  fo r  com p u tin g  th e C h ien  se a r c h . P C I  

and P C 2 a r e  th e p a r ity  ch eck  a c c u m u la to r s . CSR is  th e  C hien s e a r c h  

a c c u m u la to r . T he r e g i s t e r s  R 0, R l ,  R 2, RS, R4, SRO and S R l a r e  u s e d  

b y  th e B e r le k a m p  a lg o r ith m . E a ch  row  of the f ig u r e  d en o te s  the r e g i s t e r s  

o f one s la v e  p r o c e s s o r .  T he r e g i s t e r s  M A, K and D at the b o tto m  of the
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I n p u t  » B u f f e r

S l a v e  i

S l a v e  O •

S l a v e  t

S l a v e  t - l

Master P rocessor

F ig u r e  2 . 7. B lo c k  D ia g r a m  o f the P a r a l le l  P r o c e s s o r

o  O utput
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.EO ' E l E2 B3 e4 SEO S E l

S la v e  3 BO3
e 1 B B23 B33 8S SEO

3
S E l3

S la v e  2 BO2 B12 . r 2 E 83E 84E
SEO

2
S E l

2

S la v e  ■ I .
B°1 E11 r 2 I = 3 I 8 4 I SR° 1

S E I1

S la v e  0 E°0 E10 E20 83O 84O SBO.
SR10

C l C2 PC I- PC2 C3 CSE

S l a v e  3
■C13 . C23

P d 3 PC23 CS3 CSR3

S l a v e  2 C12 0 2 E
P C l2 PC^2 C32 CSE2

S la v e  I C ii ' ^ 1 P C l1 PC21 0 3 I  • CSR1

S l a v e  0 0 1 O C20 P C l0 BCS6 CS0 CSR0

MA K D

F ig u r e  2 . 8. P r o c e s s o r  R e g is t e r s
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f ig u r e  a r e  in lth e -m a s te r  p r o c e s s o r ,  and h o ld  the v a lu e  o f A  k,

and d e g r e e  r e s p e c t iv e ly .

2. 4 .1  T he M o d ified  P a r ity  C heck  A lg o r ith m .

T h is  a lg o r ith m  m a k e s  u s e  of th e  tw o p a r ity  c h eck  c a lc u la to r s  

in  e a c h  of th e  t+1 s la v e  p r o c e s s o r s .  T he a lg o r ith m  is :

P l 1. S et P C l  = PCZ = O, in  a l l  s la v e s ,  and s e t  i  = N -2 .

P 2 ' , S e t P C l = P C l-  C l + C. and PCZ = PCZ- C Z+C -, 

w h e r e  C. is  e ith e r  th e  0 or  I f ie ld  e le m e n t ,
i

d ep en d in g  upon  w h e th e r  th e r e c e iv e d  b it  i s  0 or  I.

P 3 ' .  S et i = i - l .  If i  i s  l e s s  than  0, te r m in a te . O th er­

w is e ,  r e tu r n  to  P Z '. -

F ig u r e  2. 9 sh o w s an A P L  p r o g r a m  w h ich  im p le m e n ts  th is  a lg o r ith m .  

N o te  th at th e r e c e iv e d  b it ,  CW ClP] is  added o n ly  to  th e r ig h tm o st  b it  in

th e  P C I  or PCZ r e g i s t e r s .  T he o r d e r  o f the p a r ity  c h e c k s  is  c o m p le te ly  

d ep en d en t upon  th e co n ten ts  o f C l and C2; th at i s ,  i f  Of1 i s  s to r e d  in  C L ,  

S  ̂ w i l l  b e  com p u ted  in  P C L .

2. 4 . 2 T he M o d ified  B e r le k a m p  A lg o r ith m .

T he fo llo w in g  r e g is t e r  c o r r e s p o n d e n c e s  w i l l  b e  u sed :

RO = P a r ity  c h eck s  

R l = P a r ity  c h eck s  

RZ = S ig m a  p o ly n o m ia l  

R 3 = T au p o ly n o m ia l

R 4 = T e m p o r a r y  s to r a g e  fo r  

SRO = S h iftin g  r e g is t e r  

S R l = S h iftin g  r e g is t e r

M A -  M a ste r  a c c u m u la to r - -h o ld s  and 

K = I te r a t io n  count 

D = D e g r e e  s ig m a  r e g i s t e r .
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V PA RI TY
[ l ] PCI+ PC2 + { p C l )  p Q
[ 2] I P+  I
[ 3] PCBRi PCI+  Cl MULTR PCI
[ 4] P C l L i M l +  CWLIP1*PC1C
[ 5] PC2+ C2 MULTR PC2
[ 6] PC2 CiMl + . C W Z I P l * P C 2 l iMl
C 7] I P+  J P + I
't 8 ] + ( I P  5 P CW) /  PCBR '
[ 93 PC2 [ 2 ;]<- ( (Af-1 ) p 0)  ,1
[ 1 0 ] PC2 [ 2 + i 2 ; 3 ( 2 , M )  p 0
C 113

V
g + ( ( 2  + 2 x J ) , M )  p ( , P C l ) t , P C 2

F ig u r e  2 . 9 .  The P a r ity  C h eck  A lg o r ith m  
fo r  a P a r a l le l  P r o c e s s o r
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N ote  that SRO and S R l a r e  u sed  fo r  sh iftin g  f ie ld  e le m e n ts  b e tw een  

s la v e s .  SRO p r o v id e s  a sh ift  o f I s la v e  w h ile  S R l p r o v id e s  a sh ift  

of 2 s la v e s .  T hat i s ,  d u rin g  a p a r t ic u la r  c lo c k  c y c le  th e con ten ts  

o f SRO. m o v e  to  SRO. , and the co n ten ts  o f SRI ,  .m pve to  SRI .  - .I It I I* It ^
T he outputs o f s la v e  t a r e  co n n ected  to  p ro v id e  a c ir c u la r  sh ift  for

SRI .  F ig u r e  2. 10 sh o w s the flo w  o f data in  the RO and R l r e g is t e r s

w h ich  m u st  o c c u r  a s  the algorithm ^ p r o g r e s s e s .

T he m o d ifie d  a lg o r ith m  is  p r e s e n te d  b e lo w .

B I' . L e t K = O ,  and SRO = S R l  = R2 = 1+0 * z + 0 ‘ z ^ + . . . + 0 • z*.

B 2 1. S et MA to  the su m  of th e  p ro d u cts  o f  r e g i s t e r s  R l and 
R2 in  a ll  s la v e s .  S h ift SRO and p la c e  th e r e s u lt  in  R3.
S h ift S R l and p la c e  the r e s u lt  in  R4. L e t  SRO = R2 and  
S R l = RO. L e tK = H + !.

B3 ' .  L e t  D be g iv e n  the v a lu e  of the d e g r e e  o f th e  s ig m a
p o ly n o m ia l s to r e d  in  R2. L e t R2 = R 2 + M A e R3.  Shift 
S R l and r e p la c e  R0. R elo a d  S R l w ith  R l.  R ep la ce  the  
co n ten ts  o f the MA w ith  th e in v e r s e  of th e  e le m e n t  
p r e v io u s ly  co n ta in ed  in  the M A . If th e  n u m b er s to r e d  
in  th e K r e g is t e r  is  eq u a l to  t, te r m in a te .

B 4 '. S h ift S R l and r e p la c e  R l,  In s la v e s  Q and I , se t
R l = RO and RO-SRO . If th e  con ten ts  o f th e  D r e g is t e r  
a r e  g r e a te r  than  or  eq u a l to the co n ten ts  o f the K 
r e g i s t e r ,  or  if  the co n ten ts  o f MA is  the 0 f ie ld  e le m e n t ,  
le t  SRO = S R l  = R4. O th e r w ise , le t  SRO = SR I = SRO - M A. 
R etu rn  to  s te p  B 2 r.

A n A P L  p r o g r a m  w h ich  im p le m e n ts  th is  m o d ifie d  a lg o r ith m  is  show n in  

F ig u r e  2 . 1 1 .  T he R outine M U L T RXY m u lt ip lie s  the s la v e  r e g is t e r s  

p a ir  b y  p a ir . T he IN V E R SE  ro u tin e  co m p u tes  the in v e r s e  of X , and  

r e tu r n s  the va lu e  in  Z.

E a ch  o f th e  s te p s  in  the a lg o r ith m  c o r r e sp o n d s  to  a c o m p le te



RO R l

S lave

S lave

S lave

S lave

S lave

F ig u r e  2 . 1 0 .  S h ift R e g is te r  D ata F lo w  in  RO and Rl



V B E R M 2

[ i ] I N I T  .

[ 2] C f C l  : R X +  R l

[ - 3] R Y + .  R 2

[ • 4] M U L T R X Y  .

[ 5] M A + . * / 1 1  ] R Z

[ 6] S R 1 + R 3

[ 7] S H I F T S R 1

[ 8] R 5 + S R 1

[ 9] S R 0 + R 3

[ 10] ■ S  H I F T S R O

[ 11] R 3 + S R 0

[ 12] K + K + l

[ 13] X + v . /  R 2

[ 1 4 ] D S I G + (  p X . )  -  ZE l  + (p Z)
[ 15] C Y C 2 : X +  I M A +  M A

C 1 6 ] + ( 0 = + / X ) / B M 2

[ 17 ] I N V E R S E
[ 1 8 ] I M A + Z
[ 19 ] B M 2 : S R 0 + R 2

[ 20] S H I F T S R O

C ■21 ] R ^ + S R O

C 22] S R 1 + R 0

[ 2 3] ■ S H I F T S R l

[ 24] R 0 + S R 1

C 25] R X + R 3

[ 26] R Y + (  p J?3 ) p M A

£ 27] M U L T R X Y

£ 28] R 2 +  R Z *  R 2

29] +  ( K = . T ) / 0

30] M A +  . I M A

31 ] C Y C 3  : S R l +  R l

3 2 ] S H I F T  S R l

-£ 3 3] T 2 +  2 + i 2 + ( p- S R l  ) £ I ]
£ 34] R l  £ T  2  ; ] <- S R l L T i i l  ■

£ 35] R l  £ I 2 ; ]«- i?0 [ l' 2 ; ]
£ 36] FOE I 2  0 +  S R l  £ I 2 ;]
£ 37] R X +  F4
£ 38] R Y + ( p F4 ) p  M A

£ 3 9 ] M U L T R X Y

£ 40] T l  +  ( D S I G > K ) v ~ v / M A

£ 41 ] R 3 + ( T l  AF5 ) vf?Z A~ T l

£ 42]
V

+ C Y C l

F ig u r e  2 .11 . The B e r le k a m p  A lg o r ith m  
fo r  a P a r a l le l  P r o c e s s o r



V I E I T  ■
[ I ] K * -  O
[ 2]  D S l G * - .  O
[ 3 ]  E O * -  S L  T f  2 - i  T f l  i ]
[  4 ]  Jf l -Kp J f O  )p 0
[ 5]  R Z * - R 1

[ 6 ]  i f l [  2+ T - \  T -  I  I I * -  S L  T f  I f x T - I
L 7] if 2-«-( p i?0 )p ( -  M ) f (  M x T  +  1 )cul
[ 8 ] RS*- R2
L ■ 9]  S R 1 + R 0  

L 1 0 ]  S H I F T S R l  

I  1 1 ]  ■ JfO^-Sifl 
[ 1 2 ]  giflx-ifl  
[ 13 ]  S H I F T S R 1  

L 14 ]  T 2 * -  2 + i ~2 + ( p S S l  ) [ I  ]
[ 1 5 ]  SlC T 2  ; ]*- SS l C T 2  ; ] •
[ 1 6 ]  SlC I 2  ; ] * -  R O L  I 2 ; ]  ■
C 1 7 ]  S 0 [  I 2 ; I*- SS l C 1 . 2 ; ]

V .

V S H I F T S R O

L 1]  S S 0 [  + i T f  h i * -  S R Q L  \  y +1;  ] .
V

V S H I F T S R 1

[ 1]  ' SSlC 2 + i T f l  ;]■<- SSl  E i • T f l  ; ]  •
V

V M U L T R X Y
[ 1 ]  IM R * -  O
[ 2]  B M R i  .-*(XMS>( p -SX) [1  ] ) / 0
[ 3]  I M R * -  - I M R f  . I
C 4]  X * -  R X L I M R - , 1
C 5]  Y * -  R Y L I M R h  ■

C -6] M U L T X Y  
L 7] R Z - L I M R h ^ - Z  
C 8 ]  ■ -yRMR .

V

; ]

F ig u r e  2 .11. (con tinued)
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c lo c k  c y c le  in  the f in a l p r o c e s s o r  d e s ig n . A ll r e g is t e r  tr a n s fe r s  

ex c lu d in g  sh ift  o p e r a tio n , a r e  done at th e  end o f e a c h  c lo c k  c y c le .

2. 4 . 3 T he M od ified  C hien  S e a r c h  A lg o r ith m

T he m o d if ie d  C h ien  s e a r c h  a lg o r ith m  is  p r e s e n te d  b e lo w .

C l ' .  In it ia liz e :  S e t  CSR= R2.

C 2 1. C om pute CSR= CS and  add the m u lt ip lie r  outputs of a l l  
s la v e  C h ien  s e a r c h  m u lt ip l ie r s .  If th e  su m  is  z e r o ,  
c o r r e c t  th e  c o r r e sp o n d in g  r e c e iv e d  b it . R ep la ce  CSR 
w ith  th e p ro d u ct CSR" CS.

CS' .  R ep ea t C2' u n til the la s t  r e c e iv e d  b it is  p r o c e s s e d .
T h en  te r m in a te .

A n  A P L  p r o g r a m  w h ich  r e a l iz e s  th is  a lg o r ith m  is  g iv e n  in  

F ig u r e  2. 12.

2. 4, 4 A D e ta ile d  E x a m p le

S u p p ose that a le n g th  15 tr ip le  e r r o r  c o r r e c t in g  BC H  code is  

to  b e  d eco d ed . T he a l l  z e r o  co d ew o rd  w a s  tr a n sm it te d , and the  

fo llo w in g  w o rd  w a s r e c e iv e d :

r 14 r 13 r 12 1 II  r IO r 9 r S r Y r 6 r 5 r4 *3 r 2 r Y r O "
0 0 I 0 0 0 0 0 0 0 1 0 0 0 1

L e t us fo llo w  the s tep  b y  step  o p e r a tio n  o f the d e c o d e r . F ig u r e  2. 13(a) 

sh o w s the c o n sta n ts  w h ich  m u st  be s to r e d  in C l,  C 2 , and CS in o r d e r  to  

d eco d e  a t - e r r o r - c o r r e c t in g  co d e , and F ig u r e  2. 13(b) sh o w s the . .



V
[ 1 ] 
[ 2 ] 
[ 3]  
[ 4]  
[ 5]  
[ 6 ]

V

F ig u r e

CHIEN 
C SR-tTS I G 
IC-tTl
CHBRx CSR+ CSR-MULTR CS' 
CWl I Cl +  CWl I Cl  = V/'- s-VCl ] CSR 
I C+ IC+1
+ ( I C  < p CW) / CHBR

2. 12. T he C hien  S e a r c h  A lg o r ith m  
fo r  a P a r a l le l  P r o c e s s o r
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C l C2 03

2  ■ 3 + t t
S la v e  ta a Oi

3 k + t t - 1 S la v e  t - 1a a a.

• • •

' • ■ •

• . • -

a * " 1 0 a 3 S la v e  3

Cit 0 ci2 - S la v e  2

a t + 1 I a S la v e  I

a t + 2 a I S la v e  Q

C l

(a )

02 03

0 1 0 0 0 0 0 0 . 1 0 0 0 S la v e  3

1 0 0 0 0 0 0 0 0 1 0 0 S la v e  2

0 0 1 1  - 0 0 0 1 0 0 1 0 S la v e  I

0 1 1 0 0 0 1 0 0 0 0 1 S la v e  0

( b )

F ig u r e  2 . 13. S la v e  C on stan t R e g is t e r s
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c o n sta n ts  n e c e s s a r y  to  d eco d e  the len g th  15 tr ip le  e r r o r  c o r r e c t in g  

co d e . F o u r  s la v e s  a r e  req u ir e d . S u p p ose  the le f tm o s t  b it  is  t r a n s ­

m itte d  f ir s t .  F ig u r e  2 . 14 sh ow s the co n ten ts  of PC  I and PC 2 during  

the p a r ity  ch eck  c a lc u la t io n s . T he PC  I and P C 2 r e g i s t e r s  are  

in it ia l ly  z e r o . T h ey  a r e  m u lt ip lie d  by C l and C2, and th e f ir s t  

r e c e iv e d  d ig it  i s  added. T he d ig it  added at e a ch  s te p  is  show n  

d ir e c t ly  above the r e g is t e r  r e s u l t s .  No change o c c u r s  in  P C I and  

P C 2 u n til the th ird  d ig it  is  p r o c e s s e d .  N ote  that th r e e  PC  r e g is t e r s  

- - in  s la v e s  I , 2 and 3 - -a r e  s t i l l  z e r o  a fte r  the la s t  c a lc u la t io n . The 

tw o r e g i s t e r s  in  s la v e s  2 and 3 h o ld  c a lc u la t io n s  w h ich  a r e  n e v e r  u se d  

b y  th e a lg o r ith m , and th e PC 2 r e g i s t e r  in  s la v e  I m u st  a lw a y s  be I 

w h en  the p a r ity  c h e c k s  a r e  t r a n s fe r r e d  to  the B e r le k a m p  a lg o r ith m . 

T h e r e  w i l l  a lw a y s  b e th r e e  u n p sed  p a r ity  ch eck  r e g i s t e r s , no m a tte r  

how  la r g e  t i s .  T he f in a l r e s u lt  o f the p a r ity  c h eck  c a lc u la t io n s  is  in  

th e lo w e r  righth an d  c o r n e r  o f the f ig u r e .

N ow , the p a r ity  c h e c k s  in  P C I and PC 2 a r e  tr a n s fe r r e d  into  

RO and R l r e s p e c t iv e ly ,  and the r e g i s t e r s  R 2, SRO, S R l and K a re  

in it ia l iz e d  a s  r e q u ir e d  b y  B I ' .  T he r e su lt in g  r e g is t e r  con ten ts  a r e :

RO Rl R2 R3 Rh SRO SRl
1110 0000 OOOO 0000 0000 0000 0000
0010 0000 0000 0000 0000 0000 0000
1011 0001 0000 0000 0000 0000 0000
0110 1101 0001 0000 0000 0001 0001

MA K D
0000 0 0.
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r 13 r l 2 r H
B e c e iv e d  B i t s : 0 0 I 0
S la v e PC I PC2 PC I PC2 PCI PC2 PCI PC2

3 0000 0000 0000 0000 0001 0000 0100 0000
2 0000 0000 0000 0000 0001 0000 1000 0000
I 0000 0000 0000 0000 0001 0000 0011 0000

.0 0000 oooo 0000 0000 ' 0001 0001 0110 0010

y H O r 9 r 8 r 7
R e c e iv e d  B i t s : 0 0 0 0
S la v e PC I PC2 PC I PC2 PCI PC2 PC I •PC2

3 0011 0000 1100 0000 0101 0000 0111 oooo
2 0110 0000 1010 0000 m i  oooo 0001 oooo
I 0101 0000 1111 0000 0010 oooo 0110 oooo
0 0111 0100 0001 1000 0110 0011 0111 0110

r 6 5 r 4 3
R e c e iv e d  B i t s : 0 6 I 0
S la v e PC I PC2 PC I PC2 PCI PC2 PCI PC2

3 m i  oooo 1101 oooo 0110 oooo 1100 0000
2 1000 oooo 1100 oooo i o n  oooo O i n  oooo
I 1010 oooo 1101 oooo 0101 oooo n n  oooo
0 0001 1100 0110 1011 0110 OlOO 0111 1000

r 2 r I r O
R e c e iv e d  B i t s : 0 0 I
S la v e PC I PC2 PC I PC2 ■ PCI PC2

3 0101 0000 0111 oooo 1110 oooo
2 n o i  oooo 0010 oooo 0010 oooo
I 0010 oooo 0110 oooo 1011 oooo
0 0001 0011 ' 0110 0110 0110 1101

F ig u r e  2 . 1 4 .  P a r i t y  C h eck  C a lcu la t io n s
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E x e c u tio n  o f the B e r le k a m p  a lg o r ith m  now  b e g in s . D u rin g  c lo ck  

c y c le  I , s te p  B 2' is  ex ecu ted ; d u rin g  c lo c k  c y c le  2, s tep  B 3 '; and 

d uring  c lo c k  c y c le  3, s tep  B 4 '. T h e se  th r e e  c y c le s  a r e  r ep ea te d  

t t im e s ,  e x c e p t  th at c y c le  3 is  not e x e c u te d  on the la s t  ite r a tio n .

D u rin g  c lo c k  c y c le  I , the co n ten ts  o f R l and R2 a r e  m u lt ip lie d  

and added to  s p e c ify  the co n ten ts  of M A. SRO and S R l sh ift  s e q u e n ­

t ia l ly  d u rin g  the c lo c k  c y c le ,  and at the end of the c y c le ,  r e s p e c ify  R3 

and R4 r e s p e c t iv e ly .  A t the end of c lo c k  c y c le  I , R2 is  p la c e d  in  SRO 

and RO is  p la c e d  in  S R l . The v a lu e  o f the K r e g is t e r  is  in c r e m e n te d  

b y  I. T he r e g is t e r  co n ten ts  a fte r  c lo c k  p u lse  I a re:

RQ BI R2 R3 RU SRQ SRl 
1110 QQdo 0000 0000 OOOO 0000 1110 
0010 0000 0000 0000 0001 0000 0010 
1011 0001 0000 0001 0000 0000 1011 
0110 1101 0001 0000 0000 0001 0110

MA K _D__ •
1101 I  0

D u rin g  c y c le  2, SRO and S R l a r e  aga in  sh ifted  up one and tw o  

s la v e s  r e s p e c t iv e ly  and the co n ten ts  o f the R2 r e g i s t e r s  a r e  added to  

the p ro d u ct of th e  co n ten ts  of the M A r e g is t e r  and the co n ten ts  of the  

R3 r e g i s t e r .  T h e se  r e s u lt s  a r e  tr a n s fe r r e d  to R2 at th e  end of the  

c y c le .  T he D r e g is t e r  is  load ed  w ith  the d e g r e e  of p o ly n o m ia l in the  

R2 r e g i s t e r .  T he sh ifte d  v a lu e  in S R l is  re tu rn ed  to  RO, and S R l is  

lo a d ed  w ith  th e co n ten ts  o f R l.  T he co n ten ts  o f R4 and SRO a r e  sa v ed  

fo r  u se  d uring  c y c le  3. T he MA r e g i s t e r  r e c e iv e s  th e in v e r s e  of its
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p r e v io u s  c o n te n ts . T he r e g i s t e r s  a fte r  c lo c k  c y c le  2 a r e :
RQ BI R2 R3 R̂  SRQ SRl 

1011 OQOQ-0000 0000 0000 0000 0000 
0110 0000 0000 0000 0001 0000 0000 
1110 0001 1101 0001 0000 0001 0001 
0010 1101 0001 0000 0000 0000 1101

MA K _D__
0100 " I  " '0 ..

D urin g  c lo c k  c y c le  3, the d e c is io n  is  m ad e to  a c c e p t  e ith e r  

th e co n ten ts  o f R4 a s  the n ew  v a lu e  o f  r or  to  tak e th e  co n ten ts  of SR0 

m u lt ip lie d  by the co n ten ts  o f the MA r e g is t e r  as the n ew  v a lu e . T he  

S R l r e g i s t e r  is  sh ifte d  up tw o s l a v e s , and th en  tr a n s fe r r e d  b a ck  to  R l.  

T he tr a n s fe r  is  s l ig h t ly  d if fe r e n t  in s la v e s  0 and I to  p ro v id e  a c ir c u la r  

sh if t  a s  r e q u ir e d  b y  the a lg o r ith m . T he n ew  v a lu e  fo r  r is  in s e r te d  in to

SRO and S R I. T he co n ten ts  o f the r e g i s t e r s  at th e  end o f th is  c y c le  a r e ;

RO Rl R2 R3 R̂  SRO SRl
1011 0001 0000 0000-0000 0000 0000 
0110 1101 0000 0000 0001 0000 0000 
0000 1110 1101 0100 0000 0100 0100 
0000 0010 0001 0000 0000 0000 0000

MA K _D__ ;
0100 I :  0. ■

T h is  c o m p le te s  th e e x e c u t io n  o f the f ir s t  ite r a tio n . C y c le  I o f ite r a t io n  

2 p r o d u c e s :
RO Rl R2 R3 'Rh SRO SRl

1011 0001 0000 0000 0100 0000 1011
- 0110 1101 0000 0100 0000 0000 0110 ■

0000 1110 1101 0000 0000 1101 0000
0000 0010 0001 0000 0000 0001 0000

MA- K D ,
1 0 0 0 ■ 2 0.
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A fte r  c y c le  2, i t e r a t io n  2, w e h a v e :

RO ■ Rl R2 R3 R^ SRQ SRl 
0000 0001 0000 0000 0100 0000 0001 
0000 1101  0110 0100 0000 '1101  1101 
1011  1110  1101  0000 0000  0001 1110 
0110 0010 0001 0000 0000 0000 0010

MA K _D__
1111 2 I .

A fte r  c y c le  3, i t e r a t io n  2;

RO Rl R2 R3 R4 SRO SRl
0000 1110 0000 0000 0100 0000 0000
0 0 0 0  0 0 1 0  0 1 1 0  0 1 1 1  0 0 0 0  0 1 1 1  01 1 1
0001 1011 1101 1111 0000 1111 1111
1101 0110 0001 0000 0000 0000 0000

MA K _D__
1111 2 I .

T h is  c o m p le te s  ite r a t io n  2. N o w ,. i t e r a t io n  3, c y c le  I b eg in s; a fter

e x e c u t io n  w e h a v e :

RO Rl R2 R3 R1+ SRO SRl 
0000 '1110  0000 Q l l l  1111 0000 0000 
0000'0010 0110 I l l l  0000 0110 0000 
0001 1011 1101 0000 0000 1101 0001 
1101 0110 0001 0000'0000'0001 1101

MA K _D__
i i o o  3 : i ' .
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T he f in a l c y c le  is  c y c le  2 o f ite r a t io n  3, s in c e  th is  c y c le  p ro d u ces  

th e f in a l e r r o r  lo c a t io n  p o ly n o m ia l:

RO Rl R2 R3 R4 SRO SRl 
0001 1110 0010 0111 1111 0110 IllO 

. 1101 0010 1110 1111 0000 1101 0010 
0000  1011  1101  0000  0000  0001  1011 
0000 '0110  0001 '0000  ' 0 0 0 0 ■ 0000■0110

MA K _D__
1010  3 2 .

R e g is te r  R2 co n ta in s  the e r r o r  lo c a tin g  p o ly n o m ia l. T h is  

r e s u lt  is  t r a n s fe r r e d  to  the C h ien  s e a r c h  r e g is t e r s  d u rin g  p r o c e s s in g  

of th e la s t  d ig it .

D u rin g  th e  p r o c e s s in g  o f th e  f i r s t  d ig it  o f the w o rd  to  be c o r ­

r e c te d , th e  co n ten ts  o f the CSR r e g i s t e r s  a re  m u lt ip lie d  b y  the c o n ­

te n ts  of th e  CS r e g i s t e r s  and the r e s u lt  is  s to r e d  b a ck  in  the CSR 

a c c u m u la to r s . The m u lt ip lie r  outputs a r e  a ls o  added. If th is  sum  

i s  z e r o ,  th e  b it  le a v in g  th e s to r a g e  b u ffe r  is  c o r r e c te d . In th is  

e x a m p le , th e  CSR a c c u m u la to r s  a r e  in it ia l iz e d  as;

C S R

1110
0010
1011
0 0 0 1 .

The CSR r e g is t e r  o p e r a tio n s  fo r  e a c h  co d eb it a r e  sh ow n  in  F ig u r e  2. 15. 

T he su m  o f the c a lc u la t io n  is  sh ow n  b e lo w  the r e g i s t e r  c o n te n ts , and 

the c o r r e c te d  co d eb it is  show n  b e lo w  th at. The c o r r e c t io n s  (b its  

d en o ted  b y  *) in d ic a te  th at th e a l l  z e r o  w ord  w as tr a n sm it te d , and
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Slave CSE CSE ' CSE CSE
3 0011 1011 0111 1101
2 1101 0001 0100 0011
I 1001 0001 0010 0100
0 0001 ■ 0001 0001 0001

Sum: 0110 1010 0000 1011
Corrected Bit:: 0 0 0* 0

Slave CSE CSE CSE CSE
3 0010 0011 1011 0111
2 1100 0101 0111 1111
I 1000 0011 0110 1100
0 0001 0001 0001 0001

Sum: 0111 0100 1011 0101
Corrected Bit : 0 0 0 0

Slave CSE CSE CSE CSE
3 1101 0010 0011 1011
2 1001 0010 1000 0110
I 1011 0101 1010 0111
0 0001 0001 0001 0001

Sum: 1110 0100 0000 1011
Corrected Bit:: 0 0 0* 0

Slave CSE CSE CSE
3 0111' • 1101 ■ 0010
2 1011- 1010 1110
I 1110 1111 1101
0 0001 0001 0001

Sum; 0011 1001 0000
Corrected Bit: 0 0 0*'

Figure 2. 15. Chien Search Calculations
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the d e c o d e r  h a s  fu n ctio n ed  c o r r e c t ly .

2, 5 C o n c lu s io n

D eco d in g  a lg o r ith m s  fo r  th e B C H  c o d es  m a y  b e  p e r fo r m e d  

q u ite  e f f ic ie n t ly  b y  a s p e c ia l  p u r p o se  co m p u ter  o r g a n iz e d  a s  a 

p a r a lle l  p r o c e s s o r .  T he cod e w o rd  le n g th  and n u m b er  o f e r r o r s  

can  be ch an ged  b y  ch an gin g  the co n ten ts  o f the C l,  C2 and CS 

r e g i s t e r s .  A  n u m b er o f A P L  p r o g r a m s  w e r e  w r it te n  to  v e r ify  that 

th e s e  a lg o r ith m s  p e r fo r m  the r e q u ir e d  d ecod in g  o p e r a t io n s . The 

p r o g r a m s  w e r e  lin k ed  w ith  the p r o p e r  ca llin g  se q u e n c e  to  p e r fo r m  

the e n t ir e  d eco d in g  o p era tio n . A p p en d ix  A  l i s t s  the co o rd in a tin g  

p r o g r a m  a lon g  w ith  the r e s u lt s  fo r  a n u m ber of cod e w o r d s .



C H A P T E R  3

D E T A IL E D  D EC O D ER  DESIGN
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3. I In tro d u ctio n

In th is  c h a p te r , th e  d e ta ile d  lo g ic  d e s ig n  is  p r e s e n te d  for  the  

p a r a lle l  p r o c e s s o r  d e s c r ib e d  in  C hap ter 2. F ir s t ,  th e  s im p le r  lo g ic  

e le m e n ts  w i l l  be d e s c r ib e d . T hen  m o r e  c o m p le x  u n its  - - th e  G a lo is  

f ie ld  m u lt ip lie r  and in v e r te r ,  in c lu d in g  th e fau lt d e te c t io n  lo g ic  fo r  

th e s e  u n its . The s la v e  p r o c e s s o r  c e l l  i s  d is c u s s e d , and  the b lo ck  

d ia g r a m  fo r  the p r o c e s s o r  is  show n. E a ch  unit o f the s la v e  p r o ­

c e s s o r  is  d e s c r ib e d  in d e ta il . T he sa m e  a p p roach  is  u se d  to  d e s c r ib e  

th e m a s te r  p r o c e s s o r .  F in a lly , the s y s t e m  t im in g , fa u lt d e te c t io n ,  

s la v e  r e p la c e m e n t  arid g e n e r a liz a t io n s  to  o th er  f ie ld s  a r e  d is c u s s e d .

3, 2 S im p le  L o g ic  E le m e n ts

T he fou r s im p le  lo g ic  e le m e n ts  to  be u se d  a r e  th e A N D , OR, 

EO R  (e x c lu s iv e -o r )  and IN V ER T c ir c u it s .  The sy m b o ls  and truth  

ta b le s  fo r  th e s e  e le m e n ts  a r e  show n in  F ig u r e  3, 1(a). T he n o ta tion  

u se d  fo r  g a te  input and output in v e r s io n  is  show n in  F ig u r e  3, 1(b), 

w h e r e  th e s im p le  e le m e n ts  a r e  u se d  to  fo r m  m o r e  c o m p le x  lo g ic  u n its .

3. 2, I T he C o m p a ra to r  C a sca d e

D urin g  e x e c u t io n  o f th e  B e r le k a m p  a lg o r ith m , tw o c o m p a r iso n s  

m u st b e m a d e . O ne c o m p a r e s  the d e g r e e  of the t r ia l  e r r o r  lo c a tin g  

p o ly n o m ia l to  the ite r a t io n  count, and the o th er  c o m p a r e s  the ite r a t io n  

count to  th e n u m b er o f e r r o r s  to  b e c o r r e c te d . The c o m p a r a to r  c e l l  (3)
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AND OR EOR INVERT

x y f

O O
0 I
1 O 
I  I

O
O
0
1

x y

o O
0 I
1 o
I  i

x y

O O
0 I
1 O 
I  I

x f

0 I
1 O

(a)

F ig u r e  3 .1 .  S im p le  L o g ic  E le m e n ts
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is  sh ow n  in, F ig u r e  3. 2 (a). A sy m b o l fo r  the c e l l  a p p e a r s  in F ig u r e

3. 2(b ), and the c a sc a d e  fo r  c o m p a r iso n  o f tw o p o s it iv e  in te g e r s  is  

show n  in F ig u r e  3. 2 (c ).

If th e  b in a r y  n u m b er on th e  a  ̂ inputs is  la r g e r  than  the b in a ry  

n u m b er on the K  in p u ts , the output h w i l l  b e  a I and th e output g a 0. 

S im ila r ly ,  if the n u m b er on the b^ inputs is  la r g e r  than  the num ber  

on th e a  ̂ in p u ts , the output o f the g lin e  w i l l  be a I , and h w il l  be a 0.

If th e  n u m b e rs  a r e  eq u a l, b oth  g and h w il l  be 0. T he co n d itio n  g = h= I 

sh ou ld  not o c c u r . N ote  that the le f t  hand c e l l  in  th e c a s c a d e  h as  

inputs o f 0.

3. 2. 2 T he B it  L o c a to r  C a sc a d e

W hen the d e g r e e  o f the t r ia l  e r r o r  lo c a tin g  p o ly n o m ia l is  d e t e r ­

m in ed , the t e r m  o f h ig h e s t  o r d e r  m u st  be found. A ls o ,  in the g e n e r a l  

m u lt ip lie r  c ir c u it ,  th e  h ig h e s t -o r d e r  t e r m  of the p r im it iv e  p o ly n o m ia l  

m u st  b e found. T he b it  lo c a to r  c a s c a d e  is  u sed  fqr th p se  p u r p o se s .

T he b it  lo c a to r  c e l l  i s  show n  in  F ig u r e  3. 3(a) and it s  sy m b o l in  3. 3(b).

T he b it  lo c a to r  c a sc a d e  in  F ig u r e  3. 3(c) h as z e r o  outputs on a ll  

b^ lin e s  e x c e p t  fo r  th e b^ lin e  c o r r e sp o n d in g  to  the r ig h tm o s t  I va lu e  on  

th e a  ̂ l in e s .  F o r  e x a m p le , if  th e  a l in e s  w e r e  s e t  to  1 1 1 0 1 1 0 1 0 0 0 1 0 0 0 , 

the b l in e s  w ould  b e 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 . N ote  that th e a r r o w  in d ic a te s  th e  

d ir e c t io n  o f the s e a r c h  and the input to  the f ir s t  c e l l  m u st  be 0. If it  is
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(c )

F ig u r e  3. 2 C o m p a r a to r  C a sc a d e
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O-----

(b)

(c )

F ig u r e  3 . 3 .  B it  L o c a to r  C a sc a d e
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n o n -z e r o ,  a l l  b ou tputs w i l l  be z e r o .

3. 2. 3 Input S e le c to r  U nit

In th e  s la v e  p r o c e s s o r ,  the in p u ts to  the m u lt ip lie r  a re  d iffe r e n t  

d uring  e a c h  c y c le .  T h e s e  inputs a r e  s e le c t e d  by a s im p le  rou tin g  d e v ic e  

c a lle d  th e input s e le c t o r  unit or  ISU (3).

F ig u r e  3. 4(a) sh o w s the in te r n a F c ir c u it  fo r  a p a r t ic u la r  c e l l  of 

the input s e le c t o r  un it. T he input s e le c t o r  un it i s  u se d  to  s e le c t  one of 

tw o input l in e s  to b e  p a s s e d  to  the ou tp ut. If the SE L E C T  lin e  is  a I, the  

l in e  d en o ted  'I ' i s  p a s s e d  to  the output. If the SE L E C T  lin e  is  0, th e  lin e  

d en o ted  1O1 is  p a s s e d  to  the ou tput. F ig u r e  3. 4(b) sh o w s th e  sy m b o l fo r  

one u n it. T he u n its  rhay be gan ged  a s  in  F ig u r e  3 .4 (c )  to  a llo w  s e le c t io n  

o f one o f tw o s e t s  o f data  l in e s .

3. 3 S im p le  S to ra g e  E le m e n ts

In a d d itio n  to  th e s im p le  lo g ic  e le m e n ts ,  a n u m b er  of s im p le  

s to r a g e  e le m e n ts  a r e  req u ir e d . T h e s e  a r e  the data (D ), s e t - r e s e t  (S R ), 

and tr ig g e r  (T) f l ip - f lo p s  a s  show n in  FTgure 3. 5 (a).

T he D flip  flo p  s e t s  the v a lu e  of Q to the v a lu e  o f the input lin e  D 

w h en  c lo c k  lin e  I i s  ch an ged  fr o m  I to  CT. The S -R  f lip  flo p  s e t s  Q to  I 

i f  l in e  S is  I , and s e t s  Q to  0 i f  R is  I. The a c t io n  o c c u r s  w hen  c lo c k  

l in e  C is  ch an ged  fr o m  I to  0. If the S' and R inputs a r e  eq u a l, the va lu e  

of Q is  u n ch anged . T he T flip  flo p  c o m p le m e n ts  the v a lu e  o f Q w h en  lin e
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SELECT

(a )

SELECT

(c )

F ig u r e  3. 4 . Input S e le c to r  Unit
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(a)

O- s  Q —O Q

O- T

o- R C D I Q -O D I Q

T T l T  T T T

(b)

F ig u r e  3. 5. V a r io u s  F l ip - F lo p  T y p es
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T is  ch an ged  frorti I to  0. C om b in ation s of the th r e e  b lo c k s  a r e  a llo w e d , 

a s  sh ow n  in  F ig u r e  3, 5(b).

3. 3. I T he D ata  R e g is te r

T he f ie ld - e le m e n t  s to r a g e  unit is  th e  data r e g is t e r  show n in  

F ig u r e  3 . 6 .  In o r d e r  to  s to r e  an e le m e n t  of GF(Zm ) , m  b its  a r e  r e ­

r e q u ir e d , A ll  f ie ld  e le m e n t  s to r a g e  is  p a r a lle l  r e a d /w r i t e , a s  show n  in  

F ig u r e  3. 6 (a ) . W hen a c lo c k  p u ls e  Is  a p p lied  on the CLOCK lin e , th e  

v a lu e s  p r e s e n te d  on th e  a  ̂ l in e s  a r e  s to r e d  in  the c o r r e sp o n d in g  f lip  

f lo p s . F ig u r e  3. 6(b) sh o w s the sy m b o l to  be u se d  fo r  th e m -b it  data  

r e g i s t e r .  T h e se  r e g i s t e r s  a r e  a ls o  u se d  to s to r e  the in te g e r s  r e q u ir e d  

b y  the B e r le k a m p  a lg o r ith m -- th e  d e g r e e  o f the e r r o r  lo c a tio n  p o ly ­

n o m ia l and the n u m b er o f  e r r o r s  to b e c o r r e c te d .

3, 3, 2 T he S h iftin g  D ata R e g is te r

T he SRO and S R l r e g i s t e r s  in  the s la v e  p r o c e s s o r s  m u st t r a n s ­

f e r  f ie ld  e le m e n ts  s e q u e n tia lly  b e tw e e n  s la v e  p r o c e s s o r s ,  and tr a n s fe r  

e le m e n ts  in  p a r a lle l  to  and fr o m  o th er  s la v e  r e g i s t e r s .  F o r  th is  p u r ­

p o s e ,  a co m b in a tio n  o f the SR and D flip  flo p s  is  u se d .

T he sh iftin g  data  r e g is t e r  in  !F igure 3. 7(a) i s  id e n t ic a l to  the  

s to r a g e  r e g is t e r  d is c u s s e d  p r e v io u s ly , e x c e p t  that w h en  a c lo c k  p u lse  

is  a p p lied  to  the SH IFT l in e s ,  the b it  p a tte r n  s to r e d  in  the r e g is t e r  is  

sh ifte d  r ig h t one p o s it io n . The le f tm o s t  input, e , s p e c i f ie s  the new
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CLOCK>

Tdm-1
o

bm-2
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b

bm-1 b O

CLOCK
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F ig u r e  3 . 6 .  D ata  R e g i s t e r
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Jm -1 m-2

4 ^ .
CLOCK o—  
SH IFTo—

m-1

Q

R i d c ^

m-2
(a)

CLOCK
SHIFT

(b)

F ig u r e  3. 7 Shifting D ata  R e g i s t e r
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s ta te  o f the le f t  hand flip  flo p , w h ile  the r ig h tm o st  b it m u st  be p a s s e d  

on to  a n o th er  sh ift  r e g i s t e r  v ia  th e f  l in e . F ig u r e  3. 7 (b) sh ow s the  

sy m b o l fo r  the sh iftin g  data r e g i s t e r .

3. 3. 3 T he In c r e m e n tin g  D ata  R e g is te r

D u rin g  e x e c u t io n  of the B e r le k a m p  a lg o r ith m , th e va lu e  o f the  

ite r a t io n  count m u st  b e  in c r e m e n te d  b y  I . T he in c r e m e n tin g  data r e g i s ­

te r  is  sh ow n  in  F ig u r e  3. 8 (a). W hen a c lo c k  p lu se  is  a p p lied  on the  

INC R  lin e , the in te g e r  s to r e d  in  th e r e g i s t e r  is  in c r e m e n te d  by I.

F ig u r e  3. 8 (b) sh o w s th e sy m b o l fo r  th e r e g is t e r ,

3. 4 G a lo is  F ie ld  A d d er

A s s ta te d  in  C hap ter 2, the a d d itio n  o p era tio n  in  C F  (2 ) can  b e

p e r fo r m e d  in  p a r a l le l  b y  m  e x c lu s iv e - o r  g a te s .  F ig u r e  3. 9 (a) sh ow s  

the m  g a te s .  T he a^ inputs a r e  added  m o d u lo  2 b it  b y  b it  to  the b^ in p u ts . 

T he c^ lin e s  g iv e  the b in a r y  e le m e n t  r e p r e se n t in g  th e su m  of the a and b 

e le m e n ts  in  C F  (2m )„ . F ig u r e  3. 9 (b) sh o w s the b lo c k  sy m b o l fo r  the  

ad d er ,

3, 5 G a lo is  F ie ld  M u ltip lic a tio n

In C hap ter 2 w e  sh ow ed  th at th e m u lt ip lic a t io n  o f tw o e le m e n ts ,  

a and b , in  C F  (2m ) can  b e b ro k en  dow n in to  a s e r ie s  o f m u lt ip lic a t io n s  

b y  CU. In th is  s e c t io n ,  a n u m b er o f m -b it  m u lt ip lie r s  a r e  d ev e lo p e d ,  

in c lu d in g  s e q u e n tia l, c e l lu la r  and c o m b in a tio n a l c ir c u it s .  • M o d ifica tio n s  

a r e  d e v e lo p e d  to  a llo w  fa u lt d e te c t io n  and the c e l lu la r  a r r a y  is  m o d ifie d  

to  a llo w  o p e r a tio n  o v e r  any f ie ld .
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bm -2 bm -3 b O

INCR

(a)

o  INCRCLOCK o-

(b)

F ig u r e  3 . 8 I n c r e m e n t in g  D ata R e g i s t e r
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a O

(a)

(b)

F ig u r e  3 . 9 .  G a lo is  F ie ld  A dder
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3 . 5 , 1  T he S eq u en tia l M u ltip lie r

T he c ir c u it  in  F ig u r e  3. 10 sh o w s a s e q u e n tia l m u lt ip lie r  (4). 

T h ere  a r e  tw o sh ift  r e g i s t e r s - - t h e  Z r e g is t e r  h as l in e a r  feed b a ck  and  

i s  th e  a c c u m u la to r  fo r  the m u lt ip ly  o p era tio n . The o th er  r e g is t e r  

h o ld s  th e b c o e f f ic ie n t s .  T he f ie ld  p r im it iv e  p o ly n o m ia l is  f(x ). T he  

m u lt ip lie r  m a k e s  th e fo llo w in g  com p u tation ;

C y c le  V a lu e in  Z r e g is t e r

1 abm - 1

2 [(a b m _ 1)-Q! + a ’ bm _ 2 ] m od  f(0!)

3 I ((abm _ !)« +  abm _ 2 )c<+ abm - 3 1 m od  f (a)

m  [ ( ( * • • •  (a(0 ! ) b 1) a + ' ) O ! + a ( Q ! ) b 1)a+a(Q:)b0 ] m od  f(a)

T h is  c ir c u it  r e q u ir e s  m  c lo c k  p u l s e s - - a s  ea ch  p u lse  is  ap p lied  to  th e  

c lo c k  lin e , th e  Z . and b r e g i s t e r s  a r e  sh ifted  le ft .

3 , 5. 2 A  C e llu la r  M u lt ip lie r

T he c e l lu la r  a r r a y  show n  in  F ig u r e  3 . 1 1  (a) m u lt ip lie s  the tw o  

e le m e n ts  a and b in  C F  (2m ), T he o p e r a tio n  is  v e r y  s im ila r  to the o p e r a ­

t io n  o f the se q u e n tia l m u lt ip lie r .  T he f ir s t  row  c o m p u tes  the sa m e  p a r ­

t ia l  p ro d u ct a s  c y c le  I o f the se q u e n tia l m u lt ip lie r .  T h e r e  a r e  m  ro w s in  

th e a r y a y , and e a c h  row  m a k e s  th e sa m e  c a lc u la t io n  a s  th e c o r r e sp o n d in g  

c y c le  o f the s e q u e n tia l m u lt ip lie r .  T he p rod u ct is  p ro d u ced  on th e c l in e s .
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f  .. f  0m -1 m -2

CLOCK

F ig u r e  3 . 1 0 .  S eq u en tia l M u lt ip l ie r  C ir c u it
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ZZ> c ( x )

F ig u r e  3 . 1 1 .  C e l lu la r  A r r a y  M u lt ip l ie r
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T he s tr u c tu r e  of a c e l l  is  sh ow n  in  F ig u r e  3. 15 (b). In the (i, j ) ^  

c e l l ,  the b it  p ro d u ct a^b^ is  added in to  the p rod u ct. T he output is  d ia g o n a l  

fr o m  the lo w e r  le f t  c o r n e r  of the c e l l .  One c e l l  input is  in  the upper  

rig h t c o r n e r , and th e o th er  input is  the feed b a ck  (f) l in e . T he lin e  is

S td r iv e n  b y  the le f tm o s t  c e l l  in  the (i-1) row . T he p u r p o se  is  to  red u ce  

thm  o r d e r  t e r m s  u s in g  th e eq u ation  f(a) = 0, w h e re  f(x) is  the p r im it iv e  

p o ly n o m ia l fo r  G F (2 m ).

T he c e l lu la r  a r r a y  m u lt ip lie r  h as a. n u m ber o f a d v a n ta g es. It 

is  f a s t e r  than  the se q u e n tia l m u lt ip lie r  and d o es  not r e q u ir e  c lo ck  

s ig n a ls  fo r  c o n tr o l. A p p r o x im a te ly  2'mH-l ga te  d e la y s  a r e  req u ired .

T he r e g u la r ity  of the a r r a y  sh ou ld  a llo w  fa b r ic a tio n  a s  a la r g e  s c a le  

in te g r a te d  c ir c u it .  T he a r r a y  can  a ls o  b e g e n e r a liz e d  to  o p era te  o v e r  

any b in a r y  f ie ld . H o w ev er , the c e l lu la r  a r r a y  m u st b e  t e s te d  to  in su r e  

th a t a l l  c e l l s  a r e  fu n ction in g  p r o p e r ly . If a fau lt is  d e te c te d , the  

fa u lty  c e l l  m u st  b e  is o la te d  and r e p la c e d .

3 . 5 . 3  F a s t  M u lt ip lic a t io n

B a r te e  and S c h n e id e r  (5) h ave  show n  a co m b in a tio n a l m u lt ip lie r  

c ir c u it  w h ich  can  b e c o n s tr u c te d  to  o p e r a te  ev en  fa s t e r  than  the c e l lu la r  

a r r a y  m u lt ip lie r .  C o n s id e r  m u lt ip lic a t io n  of tw o e le m e n ts , a and b in
4

G F (2 ). T he o p e r a tio n  is  show n in  F ig u r e  3. 12. T e r m s  of o rd er
4

g r e a te r  than  3 a r e  red u ced  u s in g  th e f ie ld  p r im it iv e  p o ly n o m ia l x  + x + 1 .

A fa s t  m u lt ip lie r  is  c o n s tr u c te d  b y  p ro d u cin g  a ll  c r o s s  p ro d u ct te r m s  

in  A N D  g a te s  s im u lta n e o u s ly , and th en  adding the t e r m s  n e c e s s a r y  fo r
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3 2a^a + â ot + a^a +
3 2b^a + b^a + b^oi + by

t o a s ^ o a s ^ Q a iO + b o a Q

3 2b^agO +b^a^oi +b^a^a

+b^aga+biag

V 3 _  2bga^o +bgago

b^a^a +b^a^a

b2a2a+1:>2a2.
1)3*6*

b3 * 3 * ^ 3 a3*^

+**-,3a2a

bga^a+bgai

3 2c^a + era + c_ a + c A 
3 2 1 0

c3 = b0a3 + bl a2 + ^2al  + b3a0 + bl a3

C2 = T3oa2 + bI aI  + b2a0 + b2a3 + b3a3 + b3a2

cI  = ^OaI  + bI aO + bl a3 + b2a3 + ^2a2 + l3Sa2 + b3al

C0 = b0a 0 + b1a3 + b 2a2 + b 3a1

F ig u r e  3 , 12 . M u lt ip lic a t io n  in  G F (2^)
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e a c h  d ig it  o f the f in a l p ro d u ct. T he a d d itio n  c ir c u itr y  is  in  the fo r m  of 

a t r e e  a s  sh ow n  in  F ig u r e  3. 13.

If the n a d d itio n s  a r e  p e r fo r m e d  b y  a l in e a r  s tr in g  o f g a te s ,  

n g a te  d e la y s  are, r e q u ir e d . B y  u s in g  the t r e e  co n fig u r a tio n , on ly  

[ lo g  n ] t im e  u n its  a r e  r e q u ir e d , w h e r e  Fx] is  the s m a l le s t  in te g e r  not 

l e s s  than  x , T he c e l lu la r  a r r a y  r e q u ir e s  2 m + l g a te  d e la y s , w h ile  the  

fa s t  m u lt ip lie r  r e q u ir e s  on ly  l + [ l o g  g m ] g a te  d e la y s . H o w ev er , the  

c e l lu la r  a r r a y  can  be m o d ifie d  so  th a t it  w i l l  o p era te  o v e r  any f ie ld ,  

w h ile  the fa s t  m u lt ip lie r  m u st  b e  c o n s tr u c te d  fo r  a p a r t ic u la r  f ie ld .

3 . 5 . 4  F a u lt  D e te c t io n  in  M u lt ip l ie r F

Sincfe c ir c u itr y  is  su b je c t  to  fa ilu r e , so m e  m e a n s  o f fau lt d e t e c ­

t io n  is  n e c e s s a r y  in  the m u lt ip lie r  c ir c u it .  In o rd er  to  red u ce  the m a g n i­

tude o f th e  p r o b le m ,fa u lts  w h ich  a f fe c t  on ly  one b it  w i l l  b e  d e te c te d . F o r  

in s ta n c e , in  the c e l lu la r  m u lt ip lie r ,  the fa ilu r e  of one c e l l  w il l  b e  d e t e c t ­

a b le , D e te c t io n  o f s in g le  e r r o r s  is  a c c o m p lish e d  b y  a tta ch in g  a s in g le  

p a r ity  b it .

S in c e  m u lt ip lic a t io n  o f tw o a r b itr a r y  e le m e n ts  a and b i s  a s e r ie s

o f s im p le  m u lt ip lic a t io n s  by CK, so m e  m e a n s  o f d e te c t in g  fa ilu r e  in  th is
4

o p e r a tio n  is  n e c e s s a r y .  A g a in , c o n s id e r  the f ie ld  G F (2  ) w ith  ir r e d u c ib le  

p o ly n o m ia l x^ + x+  I. S u p p ose w e s ta r t  w ith  the e le m e n t

0001.
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xy O  " v  v  v

F ig u r e  3 . 13. F a s t  M u lt ip l ic a t io n  C ir c u it
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If th is  e le m e n t  is  m u lt ip lie d  by Ge, th e  p a r ity  is  u n ch anged  and the r e s u lt  

is

0010.

Tw o m ore m ultiplications by apToduce no change in the parity:

1 0 0 0 .

T he n ex t m u lt ip lic a t io n  r e q u ir e s  feed b a ck , and th is  t im e  the p a r ity  is  

changed:

0011 .

If CKis a g e n e r a to r  fo r  GF(Zm ) , it  m u st  b e  a b le  to  p rod u ce  

Zm - I  d is t in c t  e le m e n ts .  T h e se  e le m e n ts  a r e  of both  e v e n  and odd 

p a r ity . S in ce  the feed b a ck  is  m od u lo  Z ad d ition , by l in e a r ity  the p a r ity  

m u st  ch an ge e v e r y  t im e  a m u lt ip lic a t io n  b y  CKcauses a t e r m  of o r d e r  

Zm  to  b e  red u ced . M u ltip lic a tio n  of 0100 b y  CKcauses no change in  p a r ­

ity; but m u lt ip lic a t io n  o f 1100 b y  CK c a u s e s  the p a r ity  to  ch an ge s in c e  

the le f tm o s t  b it  is  I. If the co m p u ter  p a r ity  is  in c o r r e c t ,  a fau lt 

a ffe c t in g  a s in g le  b it  h a s  o c c u r r e d . F ig u r e -3. 14 sh o w s a fau lt d e t e c ­

t io n  c ir c u it  fo r  m u lt ip lic a t io n  b y  CK.

T he sa m e  m eth o d  can  b e u se d  to  ch eck  m u lt ip lic a t io n  of tw o  

e le m e n ts  a and b . F ig u r e  3. IZ sh o w s the c r o s s  p rod u ct t e r m s  p r o ­

d u ced  b y  m u lt ip lic a t io n  o v e r  G F (2^).  A ssu m e  fu r th e r  th at a and b 

h a v e  p a r ity  b its  a and b , r e s p e c t iv e ly .  T h e se  are

V a 0 + a i  + a Z+ a 3
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o
q.

F ig u r e  3. 14. F a u lt D e te c t io n  fo r  M u ltip lic a tio n  by Ct
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b - b  + b 1+ b 0 +b„. p O I 2 3

W hen a and b a r e  m u lt ip lie d  (A N D ed )3 w e havep p

apbp = ( a 0 + a l  + a 2 + a 3 ) ‘ (b0 + b l +b2 + b 3 )

(a Ob Q + a Ob I + a Ob Z + a Ob 3 + a Ib O + a Ib I + a Ib Z + a l b 3 +

a 2b 0 + a2b l + a 2b 2 + a2b 3 + a3b 0 + a3b l + a 3b 2 + a3b 3)'

T h is  s im p le  A N D  p r o d u c e s  the m od  Z su m  of a ll  p o s s ib le  c r o s s  p r o ­

d u c ts . N ow , su p p o se  w e  su m  the c c o e f f ic ie n ts ;

C = C, + C0+ C0 + C . .p I 2 3 4

In F ig u r e  3, 12, the t e r m s  u se d  a s  feed b a ck  a p p ear  an e v en  

n u m b er o f t im e s ,  and th e r e fo r e  w e  n eed  a c o r r e c t io n  to  a^ 'b ^  b e fo r e  

it  w i l l  h a v e  th e  sa m e  p a r ity  a s  c . E a ch  t im e  a t e r m  is  u se d  as f e e d ­

b ack  it sh ou ld  b e added to  a • b - - a  c h e c k  is  m a d e  e a c h  t im e  w e m u lt i  
' P P

p ly  b y  <X T h is  a p p lie s  to  a l l  th r e e  ty p e s  of c ir c u it s .  T he se q u e n tia l  

m u lt ip lie r  can  b e ch eck ed  by fo r m in g  a^ -b^  and a tta ch in g  a p a r ity  b it  

to  the a c c u m u la to r . T he su m  o f a^ -b ^  and the a c c u m u la to r  p a r ity  b it  

a fte r  m  c y c le s  m u st .b e  th e sa m e  a s  the m od  2 su m  of th e a ccu m u la to r

b it s .
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aP

F ig u r e  3. 15. F a u lt  D e te c t io n  for  the  
C e llu la r  M u lt ip lie r
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F i g u r e  3,  16. F au l t  D e te c t io n  for  G F (2^)
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P

F ig u r e  3 .1 7 .  F a u lt D e te c t io n  fo r  the  
F a s t  M u lt ip lie r
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F ig u r e  3. 15 sh o w s the fa u lt d e te c to r  c ir c u itr y  in  the c e llu la r  

a r r a y , A  m od  2 su m  (r) is  tak en  o f a l l  feed b a ck  t e r m s  and added to  

a^ -b p . T h is  sh ou ld  b e id e n t ic a l to  the m od  2 su m  of th e outputs (q)- - 

p sh ou ld  b e  0.

In o r d e r  to  s e e  how  th is  w o r k s , c o n s id e r  F ig u r e  3. 16. T h is  is  

4 4a m u lt ip lie r  fo r  G F (2  ) m od u lo  x  + x+  1-. If a fa ilu r e  o c c u r s  in  a c e l l  

d en o ted  b y  *, on ly  one b it  w i l l  b e  in c o r r e c t  in  the output. If a fa ilu r e  

o c c u r s  in  any o th er  c e l l ,  th e  p a r ity  o f th e  feed b a ck  su m  r w ill  be 

ch an ged , but th e  p a r ity  of q w i l l  b e  "unchanged s in c e  the fa u lt is  fed  

bacjc in to  tw o d c e l l s .

A  s im ila r  s c h e m e  m a y  b e u se d  to  t e s t  the fa s t  m u lt ip lie r .  A ll

t e r m s  u se d  a s  feed b a ck  a r e  added to  a • b . T h is  sh ou ld  y ie ld  the
P P

sa m e  p a r ity  a s  th e su m  o f the c ou tp u ts. T he c ir c u it  is  show n in F ig u r e  

3 .1 7 .  '

3 . 5 . 5  G e n e r a liz a t io n  o f M u lt ip lie r s

T he c e l lu la r  a r r a y  m u lt ip lie r  is  q u ite  e a s i ly  m o d if ie d  to  a llo w  

o p e r a tio n  o v e r  a n u m b er of d if fe r e n t  f ie ld s .  F ig u r e  3 .1 8  (a) sh ow s  

th e in te r c o n n e c t io n  and la y o u t o f th e  g e n e r a liz e d  a r r a y . T he ir r e d u c ib le  

p o ly n o m ia l i s  p la c e d  on th e M l in e s ,  r ig h t ju s t if ie d , s o  that the h ig h e s t  

o r d e r  t e r m s  a r e  tow ard  the le ft . A ll  m +  I c o e f f ic ie n ts  m u st  be u se d .

F o r  in s ta n c e , x^ + x + 1  w ou ld  b e w r it te n  00' • • • 0 1 0011 . T he m u ltip lic a n d  

is  r ig h t ju s t if ie d  on .the a inputs w ith  h ig h  o r d e r  t e r m s  tow ard  the le f t  

o f the a r r a y , and the m u lt ip lie r  i s  s im ila r ly  ju s t if ie d  on the b inputs
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a

B i t  l o c a t o r

(a)

(b)

F i g u r e  3 . 1 8 .  G e n e r a l i z e d  M u l t ip l i e r  A r r a y
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w ith  h igh  o r d e r  t e r m s  to w a rd  the top . The b it  lo c a to r  c ir c u it  on the M 

l in e s  fin d s the h ig h  o r d e r  b it  of the f ie ld  p r im it iv e  p o ly n o m ia l and s e le c t s  

th e  feed b a ck  c e l l s . F ig u r e  3. 18 (b) sh ow s a p a r t ic u la r  c e l l .  The m u lt i ­

p l ie r  and m u lt ip lic a n d  b its  en te r  on the b and a l i n e s , r e s p e c t iv e ly .  T he  

M l in e s fe e d  the p r im it iv e  p o ly n o m ia l down. The f l in e s  su pp ly  the f e e d ­

b a ck . T he v a lu e  of the f lin e  is  added on ly  if  the v e r t ic a l  M lin e  As I,

T he h lin e s  c o m e  fr o m  the b it  lo c a to r  c a s c a d e , in d ica tin g  the  

h ig h  o r d e r  t e r m  of the p r im it iv e  p o ly n o m ia l., If the h l in e  is  I in  a 

p a r t ic u la r  c e l l ,  the d ia g o n a l output o f data is  b lo ck ed , and tr a n s fe r r e d  

to  the f  lin e  to  p r o v id e  the feed b a ck .

T h is  c ir c u it  r e q u ir e s  a ll  f ie ld  e le m e n ts  to h a v e  z e r o s  in  the  

u n u sed  h ig h  o rd er  d ig it s .  T he fa u lt d e te c t io n  c ir c u itr y  is  p r a c t ic a lly  

u n ch anged .

3. 6 M u lt ip lic a t iv e  In v e r s io n  in  a G a lo is  F ie ld

T he B e r le k a m p  a lg o r ith m  r e q u ir e s  co m p u ta tio n  o f the in v e r s e  o f  

a f ie ld  e le m e n t  d u rin g  ea ch  o f t i t e r a t io n s .  S in ce  th e  o p era tin g  sp e e d  of 

the d e c o d e r  is  d ep en d en t upon th e t im e  r eq u ir ed  to p e r fo r m  the m u lt i­

p lic a t iv e  in v e r s e ,  a c ir c u it  is  n eed ed  w h ich  w il l  com p u te  the in v e r s e  a s  

ra p id ly  as p o s s ib le .

3. 6, I T he S eq u en tia l In v e r te r

B e r le k a m p  (I) h a s  p r o p o sed  a se q u e n tia l in v e r te r  w h ich  r e q u ir e s  

a p p r o x im a te ly  4 m  c lo c k  c y c le s  to  c a lc u la te  the in v e r s e .  A lthough  it is
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r e la t iv e ly  s lo w , th e c ir c u it  h as the ad van tage of b e in g  a b le  to o p era te  

o v e r  any f ie ld .

3 . 6 . 2  T he C o m b in a tio n a l In v e r te r

P r o b a b ly  the f a s t e s t  w ay  to  do m u lt ip lic a t iv e  in v e r s io n  is  to  

c o n s tr u c t  an m - input m -  output co m b in a tio n a l n e tw o rk . B a r te e  and 

S c h n e id e r  (5) h ave  p r o p o se d  a tech n iq u e  fo r  r e a l iz in g  a co m b in a tio n a l  

in v e r te r . T he tech n iq u e  i s  q u ite  d if f ic u lt  to p e r fo r m  b y  hand, but a 

co m p u ter  p r o g r a m  w ou ld  be u s e fu l in  d e s ig n in g  in v e r te r s  b y  th is  m eth o d . 

T he p r o b le m  m a y  a ls o  b e so lv e d  u s in g  o rd in a ry  m u lt ip le  output fu n ctio n  

te c h n iq u e s  (7), but co m p u ter  so lu tio n  is  s t i l l  r eq u ir e d .

F ig u r e  3 .1 9  (a) sh o w s the tru th  ta b le  fo r  the m u lt ip lic a t iv e  in v e r -  
4 4

s io n  fu n ctio n  o v e r  G F (2  ) w ith  ir r e d u c ib le  p o ly n o m ia l x  + x + 1 , and 

F ig u r e  3. 19 (b) sh o w s the c ir c u it  w h ic h  r e a l iz e s  th e fu n ctio n s  for  th e y^ 

d ig it  o f  the in v e r s e .  E a ch  p a ir  o f e n tr ie s  in  the tru th  ta b le  s p e c if ie s  

the input of an A ND  g a te  fo r  th e c ir c u it .  T he input is  in v e r te d  if  the  

p a ir  of e n tr ie s  is  the c o m p le m e n t o f Xq. If the e n tr ie s  fo r  y^ a r e  the  

sa m e  as x ^ , the input is  not in v e r te d , and i f  the e n tr ie s  a r e  both  0 or  

b oth  I , the A ND  g a te  input is' 0 or  I , r e s p e c t iv e ly .  T he seco n d  input 

to  th e  A N D  g a te  is  d ep en d en t upon x^. If x^ is  0, the input is  in v e r te d .

If X  ̂ is  I , the input is  not in v e r te d . T h e v a r ia b le s  x^ and x^ a r e  in tr o ­

d u ced  in  su c c e e d in g  le v e ls  to  th e r ig h t so  that e a ch  input v a r ia b le  

s e le c t s  a b lo c k  o f th e  tru th  ta b le . T hat i s ,  the x^ v a r ia b le  s e le c t s  th e  

top  or  b o tto m  h a lf  o f th e  tru th  t a b le , th e  x^ v a r ia b le  s e le c t s  the top
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O
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F ig u r e  3. 19. M u lt ip lic a t iv e  In v e r s io n
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or b o tto m  h a lf  o f th e  p r e v io u s ly  s e le c t e d  h a lf , and and com p u te  

th e c o r r e c t  tru th  ta b le  en try . T he y^ v a r ia b le  th en  a p p e a r s  on the  

r ig h t hand output of th e  c ir c u it .

T he c ir c u it s  fo r  the y^, y and y^ outputs m a y  b e  c o n str u c te d  

in d ep en d en tly  or  m a y  u s e  in te r m e d ia te  outputs of the f i r s t  n etw ork . 

M in n ick  (6) h a s  show n  te c h n iq u e s  fo r  m in im iz in g  th e s e  ty p e s  o f c ircu its;.' 

h o w e v e r , th e  n u m b er o f c r o s s  co n n e c tio n s  b e tw e e n  v a r io u s  p a rts  o f the  

c ir c u it  m a y  in c r e a s e  a s  th e n u m b er o f g a te s  is  red u ced . The sp eed  of 

th e c ir c u it  is  p r o p o r tio n a l to  m - I fo r  G F (2 ),

3. 6. 3 T he R ead  O nly  M em o r y  a s  an In v e r te r

T he d e c r e a s in g , c o s t  and raptid a c c e s s  t im e  of rea d  on ly  m e m o r ie s  

m a k e su ch  d e v ic e s  p r a t ic a l  fo r  u se  a s  a m u lt ip lic a t iv e  in v e r te r . A ll  

f ie ld  e le m e n ts  a r e  r e p r e se n te d  a s  m -b it  n u m b ers  and the e le m e n ts  

a r e  u se d  a s  a d d r e s s e s  to  a ra n d o m  a c c e s s  m e m o r y  lo c a tio n  con ta in in g  

the m -b it  in v e r s e  e le m e n t , a s  d e s c r ib e d  in  S e c tio n  2. 2. 4.

3, 6 .4  E r r o r  C heck in g  o f M u lt ip lic a t iv e  I n v e r te r s

T he e a s ie s t  w a y  to  p e r fo r m  a fa i lu r e -d e te c t io n  t e s t  on the in v e r te r  

is  to  m u lt ip ly  th e e le m e n t  b y  it s  in v e r s e .  If the p ro d u ct is  not the m u lt i ­

p lic a t iv e  id e n tity , a fa ilu r e  h as o c c u r r e d . If a d e d ic a te d  m u lt ip lie r  is  

a v a ila b le ,  no in c r e a s e  in  p r o c e s s in g  t im e  w il l  r e s u lt  fr o m  th is  ch eck  

s in c e  the in v e r te r  can  c a lu c la te  the n ex t in v e r s e  w h ile  th e  m u lt ip lie r  

c a lc u la te s  th e la s t  ch eck .



A s a ch eck  on the c o m b in a tio n a l c ir c u it ,  an e x tr a  co lu m n  m a y  b e  

added to  th e tru th  ta b le  so  that a l l  fu n ctio n  outputs h a v e  e v e n  p a r ity . T h en  

i f  a r e s u lt  is  in c o r r e c t  b e c a u s e  o f a s in g le  gate  fa ilu r e , the p a r ity  o f the  

in v e r s e  w i l l  b e  odd in s te a d  o f e v e n ."

T he ran d om  a c c e s s  m e m o r y  m a y  b e ch eck ed  b y  s to r in g  an e x tr a  

p a r ity  b it  so  that e a c h  in v e r s e  h a s  e v e n  p a r ity .

3. 7 S y s te m  B lo c k  D ia g r a m

F ig u r e  2. 7 sh o w s the s y s t e m  b lo c k  d ia g ra m . T he b u ffer  sh ow n  

at th e b o tto m  of the d ia g r a m  is  a s e q u e n tia l sh ift  r e g i s t e r  w h ich  co n ta in s  

the r e c e iv e d  w o rd s  c u r r e n t ly  b e in g  p r o c e s s e d .  The s la v e  p r o c e s s o r s  

co n ta in  tw o p a r ity  c h eck  c a lc u la to r s ,  a C hien  s e a r c h  c a lc u la to r , and  

c ir c u itr y  r e q u ir e d  to  p e r fo r m  the B e r le k a m p  a lg o r ith m . T he m a s te r  

p r o c e s s o r  co n ta in s  the m u lt ip lic a t iv e  in v e r te r , an a c c u m q la tio n  r e g i s t e r ,  

the s y s t e m  c o n tr o lle r ,  and the a lg o r ith m  d e c is io n  c ir c u itr y .  The s y s t e m  

c o n tr o lle r  i s s u e s  c lo c k  p u ls e s  and c o n tr o l s ig n a l to  a l l  s la v e s ,  and 

a d v a n ces  the w o rd s  in  the b u ffer .

3. 8 P r o c e s s o r  In te r c o n n e c tio n

F ig u r e  3. 20 sh o w s the e x te r n a l co n n ec tio n s  o f th e  s la v e  and the  

m a s te r  p r o c e s s o r s .  E a ch  s la v e  r e c e iv e s  id e n t ic a l c o n tr o l and c lo ck in g  

s ig n a ls  v ia  the I l in e s .  T he co n ten ts  o f th e  a c c u m u la to r  in  the m a s te r  

p r o c e s s o r  a r e  p r e s e n te d  to  ea ch  s la v e  p r o c e s s o r  on th e MA l in e s .  The  

in co m in g  d ig its  a r e  tr a n sm itte d  on th e COD lin e . T he s la v e s  a ls o  c o m ­

m u n ic a te  r e s u lt s  b a ck  to  the m a s te r  p r o c e s s o r .  T he AC  lin e s  r e tu r n .a
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S la v e 0 
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M a ste r P r o c e s s o r

COD

F ig u r e  3 .2 0 .  P r o c e s s o r  In te r c o n n e c tio n

Y
COR
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su m  of e l e m e n t s , one addend fr o m  e a c h  s la v e  p r o c e s s o r ,  to  the m a s te r  

p r o c e s s o r .  T he AS l in e s  r e tu rn  the su m  of e le m e n ts  re q u ir e d  by the . 

C hien  s e a r c h . T he DS lin e s  co m m u n ica te  the d e g r e e  o f the t r ia l  e r r o r  

lo c a tin g  p o ly n o m ia l to  the m a s te r  p r o c e s s o r .  The COR lin e  is  the lo g i ­

c a l NOR of the AS l in e s ,  and i f  it  is  I , the r ig h tm o st  b it  in  the b u ffer  is  

co m p le m e n te d .

3. 9 T he S la v e  P r o c e s s o r s

.F ig u r e  3. 21 sh ow s the b lo c k  d ia g r a m  of a s la v e  p r o c e s s o r .  The  

P C U l and P C U 2 u n its  c a lc u la te  the tw o sy n d ro m e d ig its  r eq u ir ed  by the  

B e r le k a m p  a lg o r ith m .

M o st o f the c ir c u itr y  is  u se d  b y  th e B e r le k a m p  a lg o r ith m ; the  

SRS is  the s la v e  r e g i s t e r  s e t ,  and co n ta in s  f iv e  data r e g i s t e r s  and tw o  

sh ift in g  r e g i s t e r s .  T he SC U  p r o v id e s  c lock in g  fo r  the SRS and a ls o  

co m p u tes  th e d e g r e e  o f th e  e r r o r  lo c a tin g  p o ly n o m ia l s to r e d  in  the  

s la v e s .  T he A U  is  the G a lo is  f ie ld  a r ith m e t ic  u n it w h ich  p e r fo r m s  

the f ie ld  m u lt ip lic a t io n  and ad d ition  o p e r a t io n s . T h e r e  a r e  a ls o  tw o  

G a lo is  f ie ld  a d d ers  to  in tro d u ce  addends in to  the AS and AC lin e s .

The !R N , or  in te r n a l rou tin g  n etw o rk , r o u te s  data fr o m  oth er  r e g i s t e r s ,  

the a r ith m e t ic  u n it, and th e p a r ity  c h e c k  u n its  in to  th e s la v e  r e g i s t e r s ,  

the AC  a d d er , and th e  C h ien  s e a r c h  u n its . T he C SU  o r  C hien  s e a r c h  

u n it m a k e s  th e co m p u ta tio n s  n e c e s s a r y  fo r  the C hien  s e a r c h . It su p p lie s  

an  addend to  the AS lin e  a c c u m u la to r .
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COD S I  DS MA AC AS

D a ta  L in e sC o n t r o l  L in e s

PCUl

PCU2

F ig u r e  3 .2 1 B lo c k  D ia g r a m  o f the S la v e  P r o c e s s o r
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3 . 9 .1  The P a r ity  C heck  U n its

T h e se  two u n its  (P C U l and P C U 2) a r e  id e n t ic a l,  e x c e p t  for  

e x te r n a l c o n n e c tio n s  and in te r n a l c o n s ta n ts . F ig u r e  3 .2 2  sh ow s a d ia ­

g r a m  o f P C U L , in  s la v e  i .  T he C L  r e g i s t e r  co n ta in s  of+ ^_*so P C U l 

w ill  co m p u te  S  ̂ L T he co n sta n t in  C2^ is   ̂ (for  P C U 2 ). The

p a r ity  ch eck  u n its  in  a ll  s la v e s  e x e c u te  the p a r a lle l  p r o c e s s o r  p a r ity  

ch eck  a lg o r ith m .

D u rin g  e a c h  c lo c k  c y c le ,  a d if fe r e n t  r e c e iv e d  d ig it  i s  p la c e d  on  

the COD l in e .  T he p a r ity  c h eck  un it m u lt ip lie s  the co n ten ts  of the P C I  

r e g i s t e r  b y  the co n ten ts  of the C l r e g i s t e r  and adds th e  un ity  f ie ld  e l e ­

m e n t to  th e  p ro d u ct i f  COD=L N o r m a lly , th is  r e s u lt  i s  th en  s to r e d  

i b a ck  in  P C I. H o w e v e r , d uring  th e p r o c e s s in g  o f th e  l a s t  b it  o f e v e r y  

r e c e iv e d  w o rd , the INIT lin e  i s  I and th e  s y s te m  i s  r e in it ia l iz e d .  T he  

p a r ity  ch eck  fo r  on e r e c e iv e d  w o rd  h a s  b e e n  com p u ted  and a p p ea rs  on  

the output l in e s  o f P C U l . The INIT lin e  c a u s e s  the P C I r e g is t e r  to  b e  

c le a r e d  to  zero . The p a r ity  c h eck  w h ic h  h as b e e n  com p u ted  is  tran s,- 

th rou gh  th e IRN to  the a p p ro p r ia te  s la v e  r e g is t e r  in  th e SR S.

3 . 9 .2  The C h ien  S e a r c h  U nit

T he C hien  s e a r c h  unit (CSU) i s  show n in  F ig u r e  3 .2 3 .  W hen the  

INIT lin e  is  I (during the p r o c e s s in g  o f  the la s t  b it  of a r e c e iv e d  w o rd ), 

the CSBb r e g is t e r  i s  lo a d ed  w ith  the n ew  e r r o r  lo c a tin g  p o ly n o m ia l. In 

the s la v e  i  the C3 r e g is t e r  h o ld s Cx/. D uring  e v e r y  c lo c k  c y c le  for  ea ch  

r e c e iv e d  digit, the co n ten ts  of CSBb and C3^ a re  m u lt ip lie d  and p a s se d  to 

the AS a c c u m u la to r  in p u ts . The p ro d u ct i s  a ls o  s to r e d  in  CSR^. W hen



101

INIT

CLOCK o-

O utput 

t o  IRN

COD >

PCI R e g i s t e r

F ig u r e  3 .2 2 .  P a r ity  C heck  Unit
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I n p u t s  fro m  SRS
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CLOCK o CSR R e g i s t e r

O u tp u ts  t o  

AS L in e s

F ig u r e  3 .2 3 . C h ien  S e a r c h  Unit
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IN IT= I, th e  p ro d u ct is  s t i l l  fo r m e d  and se n t to the a c c u m u la to r s , but 

th e r e g i s t e r  r e c e iv e s  the new  e r r o r  lo c a tin g  p o ly n o m ia l in s te a d  of the  

p ro d u ct.

3. 9. 3 T he S la v e  R e g is te r  S et

T he SRS is  sh ow n  in  F ig u r e  3. 24 . It co n ta in s f iv e  m -b it  data  

s to r a g e  r e g i s t e r s  d e s ig n a te d  RO, R l , R 2, R3, R 4, and tw o sh iftin g  

s to r a g e  r e g i s t e r s ,  SRO and S R I . A ll  o f th e s e  r e g i s t e r s  a re  u sed  b y  

the B e r le k a m p  a lg o r ith m  fo r  the com p u ta tion  o f the e r r o r  lo ca tin g  

p o ly n o m ia l. A ll  r e g i s t e r s  h ave p a r a l le l  inputs and ou tp uts. In a d d i­

tio n , SRO and S R l h ave s e r ia l  inputs and o u tp u ts . E a ch  of the se v e n  

r e g i s t e r s  h as a c lo c k  input fo r  p a r a l le l  data tr a n s fe r  d e s ig n a te d  CRO, 

C R l, C R 2, C R 3 , CR4, CSRO and C S R I .  SRO and S R l a ls o  have c lo ck  

inputs fo r  th e s e q u e n tia l t r a n s fe r  o f data d e s ig n a te d  CSO and CS I.

SRO. m u st  sh ift  data  to  s la v e  i+ 1 ,  but S R l . m u st  sh ift  data toi i

s la v e  i+ 2 .  T h e r e fo r e , th r e e  sh ift  l in e s  en ter  ea ch  s la v e .  One c o n ­

n e c ts  SRO. to  SRO. . and SRO. , . , w h ile  the o th er  tw o lin e s  con n ect  i  i - l  i + l '

S R I. to  S R I . 0 and S R I. ,i 1-2 1+2

T h e ZR2 lin e  is  I i f  the co n ten ts  of R2 a r e  non z e r o . T h is  is  

com p u ted  b y  a s e t  o f OR g a te s  c o n n ec ted  to  R2. The in fo rm a tio n  on 

ZR2 is  u s e d  to  d e te r m in e  the d e g r e e  o f the t r ia l  e r r o r  lo c a tin g  p o ly ­

n o m ia l s to r e d  in  the R2 r e g i s t e r s  o f the s la v e s .
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F ig u r e  3 .2 4 S la v e  R e g is te r  Set
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3 . 9 . 4  T he A r ith m e t ic  U nit •

T h is  un it co n ta in s  a G a lo is  f ie ld  m u lt ip lie r  and a d d er , and 

s e v e r a l  input s e le c t io n  u n it s , a s  sh ow n  in  F ig u r e  3. 25 . T he r e g i s ­

te r  inputs a r e  m -b it  p a r a lle l  l in e s  fr o m  r e g is t e r s  R l , R 3 , SRO and  

R 2, and the MA l in e s .  T h e r e  a r e  a ls o  co n tro l inputs fr o m  the Iq 

and c o n tr o l l in e s  to  g o v e r n  w h ich  inputs a re  u sed ; T a b le  3. I sh ow s  

the c a lc u la t io n  d uring  ea ch  c y c le .

C y c le  P ro d u ct

1 • R 1*R2

2 (R 3*M A )+R 2

3 SRO-M A

T a b le  3. I. M u ltip lier  O p era tio n s  

T h r e e  outputs a r e  p ro v id e d , one fo r  ea ch  o f th e  th r e e  p o s s ib le  

r e s u lt s  com p u ted .

3 . 9 .5  In te r n a l R outing N etw ork

T ab le  3 /2  sh o w s th e r e g is t e r  t r a n s fe r s  w h ich  o c c u r  during e a c h  

c lo c k  cy c le .-  -IC  d e s ig n a te s  the in it ia l iz a t io n  c y c le ,  C l th e  f ir s t  c lo c k  

c y c le ,  C2 th e s e c o n d , and C3 the th ird . The in te r n a l rou tin g  n etw o rk  

is  show n  in  F ig u r e  3. 26 . The s in g le  l in e s  for  input and output r e p r e ­

se n t the m  p a r a lle l  l in e s  a c tu a lly  r e q u ir e d . The in p u ts a r e  a ll  in  

p a r a lle l  fr o m  the r e g i s t e r s ,  the a r ith m e t ic  un it and th e p a r ity  ch eck  

u n its . The ICON lin e s  a r e  z e r o , e x c e p t  in  s la v e  0 , w h e r e  th ey  co n ta in  

th e m u lt ip lic a t iv e  id en tity  fo r  the f ie ld . The PC I and P C 2 lin e s  hold
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MLTAC

MLTOUT

ADDOUT

F ig u r e  3 .2 5 .  A r ith m e t ic  Unit
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Cycle: IC Cl C2 CS CS CS
1O 0 I 0 0 0 0

0 0 I 0 0 0
I2 0 0 0 I I I
RS 0 0 0 0 I 0
SC 0 0 0 0 0 I

Input
Register
RO SRl Rl

Rl SRl

R2 CSR SRO

R4 SROjSRl

SRO R3

SRl R4 RO Rl Rl RO

MLtCAC ACIN

MLTOUT• SROjSRl SRQjSRl

ADDOUT R2

i Oon R2SROjSRl

PCI RO

PG2 Rl

T a b le  3 .2 .  Routing. S ch ed u le
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F i g u r e  3 . 2 6 .  In ternal  Routing N etw o r k
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the p a r ity  c h e c k s , and a r e  u se d  on ly  d uring  r e in it ia l iz a t io n .

E a ch  r e g is t e r  in  the s la v e  r e g is t e r  s e t  r e c e iv e s  it s  input 

fr o m  the !R N , and th e r e  is  an IRN output ACIN w h ich  g o e s  to  the AC  

a c c u m u la to r  in p u ts.

T h e r e  a r e  f iv e  c o n tr o l l i n e s . T he I^ , I^ and I^ lin e s  d e t e r ­

m in e  w h ich  c y c le  is  b e in g  e x e c u te d , and during c y c le  3 ,. the RS lin e  

is  u se d  to  in d ic a te  w h e th e r  th e m u lt ip lie r  output or  th e v a lu e  in R4 

sh ou ld  b e  u se d . T he SC lin e  is  a ls o  a c o n tro l input. T h is  lin e  is  a 

I if  th e  s la v e  n u m ber is  0 or I , and is  u se d  to p ro d u ct th e c ir c u la r  

flo w  r e q u ir e d  fo r  the data co n ta in ed  in  th e tw o p a r ity  c h eck  s to r a g e  

r e g i s t e r s  RO and R l,

3 . 9 . 6  T he S la v e  C o n tro l U nit

F ig u r e  3. 27 sh o w s the b lo c k  d ia g r a m  of the c o n tr o lle r .  The 

DSU (D e g r e e  S ig m a  Unit) is  u sed  to  d e te r m in e  the d e g r e e  o f the p o ly ­

n o m ia l s to r e d  in  the R2 r e g i s t e r s ,  and the RSU (R e g is te r  S e le c t io n  

U nit) is  u se d  to d e te r m in e  w h ich  o f  the s e v e n  r e g i s t e r s  in  the SRS 

a r e  to  b e c lo c k e d  d uring  any g iv e n  c lo c k  c y c le .

T he DSU is  sh ow n  if  F ig u r e  3. 28 . The D r e g i s t e r  h o ld s an in te ­

g e r  i b e tw e e n  0 and t, fo r  s la v e  i. T he b it  lo c a to r  u n it in  the DSU  

r e c e iv e s  the OR su m  of a ll  b its  in  th e R2 r e g is t e r  on the ZR2 lin e ,  

and if  the r e g i s t e r  in  s la v e  i h o ld s the h ig h e s t  n o n zero  t e r m  of the  

p o ly n o m ia l, the va lu e  i con ta in ed  in  th e D r e g is t e r  is  g a ted  onto the  

DS lin e s  to  b e u se d  b y  the m a s te r  p r o c e s s o r .  T he D SU  p ro d u c e s  a
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I DS
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ZR2

F i g u r e  3 . 2 8 .  D e g r e e  S ig m a  Unit
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SC CRO CRl CR2 CR3 CR4 CSRO CSRl CSO C Sl

F ig u r e  3 .2 9 .  R e g is te r  S e le c t io n  U nit
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I output on the SC lin e  if  th e  s la v e  n u m b er is  z e r o  or  one.

T he RSU in  F ig u r e  3. 29 su p p lie s  the c lo c k  s ig n a l to  the s e v e n  

r e g i s t e r s  in  the SRS. T he I l in e s  d e te r m in e  w h ich  o f the r e g is t e r s  

a r e  to  be c lo c k e d , and the SC lin e  d e te r m in e s  v a r ia t io n s  to p ro v id e  

the c ir c u la r  flo w  o f data in  RO and R l . If l in e s  Iq-I^ a r e  a ll  I , no 

r e g i s t e r s  a r e  c lo c k e d . If th e s e  l in e s  a r e  a ll  0 and the INIT lin e  is  I , 

th e r e g i s t e r s  a r e  c lo c k e d  fo r  r e in it ia l iz a t io n .

3. 10 T he M a ste r  P r o c e s s o r

A b lo c k  d ia g r a m  fo r  the m a s te r  p r o c e s s o r  is  show n  in  F ig u r e  

3. 30. T he m a s te r  p r o c e s s o r  h as fou r fu n c t io n s : to  a c c e p t  and re tu rn  

’the f ie ld  e le m e n t  fr o m  the AC a c c u m u la to r  l in e s ,  to  r e tu r n  the m u lt i­

p lic a t iv e  in v e r s e  o f that e le m e n t , to  m a k e  the n e c e s s a r y  d e c is io n s  fo r  

the B e r le k a m p  a lg o r ith m , and to  su p p ly  tim in g  and seq u en c in g  in fo r ­

m a tio n  to  the e n t ir e  s y s te m .

The COR lin e  is  a NORT of th e AS a c c u m u la to r  l in e s  fr o m  the  

C hien  s e a r c h  u n its . T he COR lin e  is  I if  the b it  c u r r e n t ly .b e in g  sh ifte d  

out o f the b u ffer  is  to  b e  c o r r e c te d .

3. 10. I T he M a ste r  A cc u m u la to r

T he MA (M a ster  A ccu m u la to r ) is  show n in  F ig u r e  3. 31, It 

is  b a s ic a l ly  a data r e g i s t e r ,  and can  a c c e p t  f ie ld  e le m e n ts  fro m  e ith e r  

the AC lin e s  d uring  c y c le  I , or  the IVOUT (In v erter  Output) l in e s  d u r ­

ing c y c le  2. The input s e le c t io n  u n its  d e te r m in e  w h ich  w i l l  be the input. 

T he co n ten ts  of the MA a r e  a v a ila b le  to  a ll  s la v e  p r o c e s s o r s  v ia  the MA
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I  MA DS AC AS

IVIN IVOUT

F ig u r e  3. 30 . B lo c k  D ia g r a m  o f th e M a ste r  P r o c e s s o r
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MA R e g i s t e r

IVINIVIN

IVOUTIVOUT IVOUT

F i g u r e  3 . 3 1 .  M a s t e r  A c c u m u la to r
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l i n e s , and to  the in v e r te r  v ia  the IVIN l in e s .  The m a s te r  a c c u m u la to r  

is  c lo c k e d  on ly  d u rin g  c y c le s  I and 2.

T he O C l lin e  fr o m  the c e n tr a l d e c is io n  unit (CDU) is  com b in ed  

w ith  th e OR su m  of the m a s te r  p r o c e s s o r  to  d r iv e  the RS lin e . T h is  

l in e  m a k e s  the d e c is io n  re q u ir e d  b y  the B e r le k a m p  a lg o r ith m ,

3. 10. 2 T he C on tro l and D e c is io n  U nit

F ig u r e  3. 32 sh ow s the c ir c u itr y  re q u ir e d  fo r  th e CDU (C on tro l 

and D e c is io n  U n it). The m od u lo  N co u n ter  su p p lie s  a I s ig n a l during  

th e la s t  c lo c k  c y c le  fo r  ea ch  N b it  r e c e iv e d  w ord . A len g th  2m - I 

w o rd  w il l  r e q u ir e  a I co u n ter  output e v e r y  2m - I c lo c k  c y c le s  fo r  s y s t e m  

r e in it ia l iz a t io n .

T he C l co m p a r a to r  c o m p a r e s  th e d e g r e e  o f the t r ia l  e r r o r  lo c a t ­

ing p o ly n o m ia l in  the DS R e g is te r  to  the ite r a t io n  count in  the K r e g is t e r  

and p la c e s  a I in  the O C l lin e  if  D is  g r e a te r  than K. T he DS r e g is t e r  

r e c e iv e s  it s  v a lu e  fr o m  the DS lin e s  d u rin g  c y c le  2. The va lu e  on th e s e  

l in e s  is  the d e g r e e  of the t r ia l  e r r o r  lo c a tin g  p o ly n o m ia l as com p u ted  

by the s la v e  p r o c e s s o r s .

T he va lu e  of the K r e g is t e r  is  in c r e m e n te d  b y  I during  c y c le  I. 

D uring  c y c le  2, the co n ten ts  o f th e  K and T r e g is t e r s  a r e  co m p a red  b y  

the C2 c o m p a r a to r . If the tw o a r e  eq u a l, the WT b it is  s e t  to I. T hen  

th e I q-I^  lin e s  w i l l  a l l  be s e t  to  I , c a u s in g  the p r o c e s s o r s  com puting  

th e B e r le k a m p  a lg o r ith m  to w a it u n til the n ex t p a r ity  c h eck  is  read y . 

D u rin g  r e in it ia l iz a t io n ,  the WT b it  i s  s e t  to 0.
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l\ A A
DS R e g i s t e r

C l C om p arator

K R e g i s t e r

C2 C om p arator

T R e g i s t e r

M odulo N 
C o u n te r

INIT

C lo c k
WT B i t

F ig u r e  3. 32 . C en tra l D e c is io n  U nit
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T he IR R e g is te r  c o n tr o ls  the c y c lin g  o f the B e r le k a m p  a lg o r ith m .  

A 100 output in d ic a te s  c y c le  I , 010 in d ic a te s  c y c le  2 and 001 in d ic a te s  

c y c le  3. The r e g is t e r  is  in it ia l iz e d  a s  100.

T h e s y s t e m  c lo c k  is  b r o k e n  in to  th r e e  outputs; IC , R C , and C, 

The IC c lo c k  runs on ly  d uring  the in it ia l iz a t io n  p e r io d , the RC c lo c k  

d uring  a l l  o th er  p e r io d s ,  e x c e p t  the w a it p e r io d , and the C c lo c k  d u rin g  

a ll  p e r io d s . T he C and RC c lo c k s  a r e  tr a n sm itte d  to  th e s la v e s  and the  

C c lo c k  to  the r e c e iv e d  w ord  b u ffe r . T he SRC c lo c k  p r o v id e s  the c lo c k  

p u ls e s  r e q u ir e d  b y  SRO and S R l to  sh ift  e le m e n ts  s e q u e n tia lly  b e tw e e n  

s l a v e s .

3. 11 S y s te m  T im in g

F ig u r e  3 .3 8  sh o w s the' d e ta ile d  t im in g  d ia g r a m . W hen v iew ed  

fr o m  the r ig h t s id e , v e r t ic a l  d iv is io n s  in d ica te  the c lo c k  p u ls e s .  E a ch  

h o r iz o n ta l lin e  sh ow s the s to r a g e  a c t iv ity  of a p a r t ic u la r  r e g is t e r ,  and  

the v a lu e  w r it te n  on th e lin e  d uring  a p a r t ic u la r  c y c le  in d ic a te s  the  

r e g i s t e r  or v a lu e  w h ich  is  s to r e d . " D urin g  the f i r s t  p a r t of ea ch  c y c le  

(ex c lu d in g  the in it ia l iz a t io n  c y c le )  SRO and S R l s e q u e n tia lly  sh ift data  

b e tw e e n  s la v e s .  T he sh ifte d  va lu e  is  the input to the a p p ro p r ia te  r e g i s ­

t e r  during  that sa m e  c y c le .  T he co n ten ts  of a ll  o th er  r e g i s t e r s  a re  

u n ch an ged  fo r  the d u ra tio n  of the c y c le ,  and the new  co n ten ts  a re  s to r e d  

at the end of th e  c y c l e .

Theire a r e  N m a c h in e  c y c le s  fo r  an N -b it  co d ew o rd . D uring  ea ch  

c y c le ,  the p a r ity  ch eck  and C hien  s e a r c h  c a lc u la to r s  o p e r a te . T h ey
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r e in it ia l iz e  th e ir  a c c u m u la to r s  w h ile  p r o c e s s in g  th e N cod eb it.

A t any g iv e n  t im e , th e r e  are. th r e e  w o rd s in  th e b u ffer . ' The 

p a r ity  c h e c k s  a r e  com p u ted  fo r  the f ir s t ,  the B e r le k a m p  a lg o r ith m  

fo r  the se c o n d , and the C hien  s e a r c h  fo r  the th ird . The. r e c e iv e d  

d ig its  a r e  sh ifte d  s e q u e n tia lly  a c r o s s  the b u ffe r -  - ea ch  o f the N c lo c k  

c y c le s  c o r r e sp o n d s  to  a r e c e iv e d  d ig it .

W hile the p a r ity  c h e c k  and C hien  s e a r c h  p r o c e s s o r s  run fo r  N  

c lo c k  c y c l e s ,  the p r o c e s s o r  w h ich  e x e c u te s  the B e r le k a m p  a lg o r ith m  

m u st run  fo r  3t c lo c k  c y c le s  fo r  e a c h  w ord: one r e in it ia l iz a t io n  c y c le  

and 3 t - 1 co m p u ta tio n  c y c l e s ,  to  c o r r e c t  t e r r o r s .  If 3t = N , then  the  

s y s t e m  can  run sy n c h r o n o u s ly  w ith ou t req u ir in g  a w a it . If 3t is  l e s s  

than  N , the p r o c e s s o r s  p e r fo r m in g  the B e r le k a m p  a lg o r ith m  w ill  be  

r e q u ir e d  to  w a it. T he co n d itio n  3 t g r e a te r  than N is  not a llo w ed  w ith  

th is  typ e  o f c o n tr o lle r ,  s in c e  the p a r ity  c h e c k  and C hien  s e a r c h  u n its  

m u st  run sy n c h o r o n o u s ly  to  p r e v e n t data o v erru n  o f th e  r e c e iv e d  

w o r d s .

T he p a r ity  c h eck  and C hien  s e a r c h  c a lc u la to r s  cou ld  be run  

fa s t e r  than  the B e r le k a m p  a lg o r ith m , so  that 3t is  a p p r o x im a te ly  eq u a l 

to  N . E nough  t im e  m u st  b e a llo w e d  so  th at the new  e r r o r  lo c a tin g  p o ly  

n o m ia l is  in  RZ d u rin g  in it ia liz a t io n .

D urin g  e a c h  c y c le  o f  the B e r le k a m p  a lg o r ith m , a m u lt ip lic a t io n  

i s  p e r fo r m e d . A t th e sa m e  t im e , e le m e n ts  a re  b e in g  sh ifte d  b e tw e e n  

s la v e s  u n der c o n tr o l o f the SRC c lo c k . If tjie s e q u e n tia l sh ift  t im e  is
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tw o o r  m o r e  t im e s  a s  lo n g  a s  the m u lt ip ly  t im e , the se q u e n tia l r e g i s t e r s  

sh ou ld  sh ift  m o r e  than one b it  d uring  e a c h  SRC c lo c k  c y c le .  T h is r e q u ir e s  

m o r e  l in e s  b e tw e e n  s la v e s ,  but a llo w s  p r o c e s s in g  to p r o c e e d  at tw ic e  the  

r a t e .

The lo n g e s t  o p e r a tio n  is  the m u lt ip ly  and a d d itio n  b y  the AC  

a c c u m u la to r  l in e s .  F o r  m = 10, w ith  t s la v e s ,  th is  o p e r a tio n  w ould  take  

about 300 + 15t n a n o se c o n d s  u s in g  T T L  lo g ic .  F o r  t= 100 , 1800 n s a r e  

r e q u ir e d . In clu d in g  rou tin g  n e tw o rk  and lin e  d e la y s , th e  m in im u m  c y c le  

t im e  is  p erh a p s  2 m ic r o s e c o n d s .  T h is  m e a n s  w e could p r o c e s s  a le n g th  

1023 cod e and c o r r e c t  100 e r r o r s  a t a ra te  of about one h a lf  m e g a b it  

p e r  seco n d . If the fa s t  m u lt ip lie r  c ir c u it  i s  u se d , and i f  m o r e  e f f ic ie n t  

m e a n s  a r e  u se d  fo r  adding the AC in p u ts , th is  m ig h t b e  red u ced  to 

about 480  n s , or a r a te  o f  2 m e g a b its  p er  seco n d . If f a s t e r  lo g ic  i s  u se d ,  

sa y  M EC L II o r  M E C L  III (M otoro la  E m itte r  C oupled  L o g ic ) , th e se  

t im e s  m ig h t b e  cut in  1 /3 ,  a llo w in g  a r a te  o f 6 m e g a b its  p e r  seco n d  o r  

b e t te r . The c o r r e c t io n  o f  100 e r r o r s  is  ra th er  e x tr e m e , s in c e  the 

in fo r m a tio n  r a te  w ould  b e v e r y  lo w .

3. 12 F a u lt  D e te c t io n

A  fa u lt  d e te c t io n  c ir c u it  fo r  th e m u lt ip lie r  w a s  d is c u s s e d  in  

S e c tio n  3. 5. 4 . The s in g le  p a r ity  c h e c k  b it  w as u se d  to d e te c t  a s in g le  

b it  fa ilu r e . T h is  m eth o d  o f e r r o r  d e te c t io n  can  b e ex ten d ed  to d e te c t  

fa i lu r e s  in  o th er  p a r ts  of the p r o c e s s o r .
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F ir s t  c o n s id e r  fa u lt d e te c t io n  in  the s e q u e n tia l sh ift  r e g i s t e r s , 

SRO and S R l . A s in g le  parity , b it  w i l l  not d e te c t  s in g le  b it  fa ilu r e .  

S u p p ose  a f lip  flop  fa i ls  - - e ith e r  it r e fu s e s  to  change s t a t e s ,  or it 

r e fu s e s  to  change the s ta te  o f the n ex t f lip  f lo p ,in  se q u e n c e . T h is  

c r e a te s  a b u r s t  o f e r r o r s ,  e v e n  though  on ly  one f lip  flop  h as fa ile d .

F o r  th is  r e a s o n , e r r o r  d e te c t io n  d u rin g  ea ch  sh ift  c y c le  is  not p r a c ­

t ic a l .  A  so lu tio n  is  to  run an in d ep en d en t t e s t  o f the sh ift  r e g is t e r s  

d u rin g  the r e in it ia l iz a t io n  p r o c e s s  fo r  e a c h  co d ew o rd . S u p p ose e a ch  

r e g i s t e r  h a s  an e v e n  n u m b er of b its  and co n ta in s  the se q u e n c e  1 0 1 0 1 0 ., . 

. . 10. B y .m a k in g  on ly  tw o sh ifts  - a fa ilu r e  o f any flip  flop  can .b e  d e t e c ­

ted . D u rin g  th e f i r s t  s h if t ,  ea ch  f lip  flop  m u st ch an ge it s  s ta te  p r o ­

p e r ly ,  and a ls o  ch an ge the s ta te  o f the n ex t flip  flop  in  se q u e n c e . If 

th is  d o e s  not hap pen , the p a tte r n  w i l l  be d e s tr o y e d . D u rin g  the se c o n d  

sh ift , e a c h  f lip  flop  m u st  m ak e the op p osite  tr a n s it io n , and aga in , a 

fa ilu r e  w il l  c a u se  the p a tte r n  to .b e  d e s tr o y e d . F ig u r e  3. 34 show s  

the c ir c u itr y  w h ich  w il l  p e r fo r m  the ch eck . A fter  lo a d in g  the p ro p er  

se q u e n c e  o f  b it s ,  x  and y  outputs sh ou ld  both  b e I. A fte r  the f ir s t  

sh if t , th e  x  and y  outputs a r e 'm e a n in g le s s ;  a fte r  the se c o n d  sh ift , 

th e y  sh ou ld  both  b e I . T he sh ift  m u st  b e  c ir c u la r .

If the s e q u e n tia l sh ift  r e g i s t e r s  h a v e  b e e n  ch eck ed  and found  

tq  b e  f a u lt - f r e e ,  the p r o b le m  is  red u c e d  .to fau lt d e te c t io n  in s id e  ea ch  

s la v e  p r o c e s s o r .  If a s in g le  p a r ity  c h eck  b it  is  c a r r ie d  th rou gh  a ll  

co m p u ta tio n , a s in g le  b it  fa ilu r e  can  b e d e te c te d . T he on ly  rem a in in g
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F ig u r e  3. 34 . F a u lt  D e te c t io n  for a 
S eq u en tia l S h ift R e g is te r
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p r o b le m  is  to  d e te r m in e  .w here in  th e p r o c e s s o r  th e p a r ity  ch eck  

sh ou ld  b e v e r if ie d .  In E r r o r  D e te c t in g  L o g ic  fo r  D ig ita l C om pu ters  

(10 ), the a u th o rs l i s t  th r e e  c o n s id e r a t io n s  fo r .d e term in in g  the lo c a ­

t io n  o f th e  e r r o r  d e te c t io n  lo g ic :

1. T he e f fe c t  o f e r r o r  d e te c t io n  upon s y s t e m  p e r fo r m a n c e .

2. T he c o s t  o f the a d d itio n a l h a rd w a r e .

.3 . The p ro b a b lity  o f d e te c t io n , sh ou ld  a fa u lt o c c u r .

T he o p tim u m  p o in ts  fo r  fa u lt d e te c t io n  ap p ear to  b e  the four, 

m u ltip lie d  a r r a y s  in  e a c h  s la v e . If the d e te c t io n  is  p la c e d  on d h e  

P C I and P C 2 r e g i s t e r s  in  the p a r ity  c h eck  u n it s , th e  fa u lt d e te c tio n  

t im e  can  b e  o v er la p p e d  w ith  the m u lt ip ly  t im e . T he sa m e  is  tru e  

in  the C hien  s e a r c h  un it. If the CSR r e g is t e r  outputs, a r e  ch eck ed , 

any e r r o r  w il l  b e  d e te c te d  d uring  the n ex t m u ltip ly  c y c le .  S in ce  a ll  

data f lo w  in  the B e r le k a m p  a lg o r ith m  m u st  ev e n tu a lly  p a s s  through  

the a r ith m e t ic  u n it, th e  outputs o f the ad d er and m u lt ip lie r  s e e m  to  

b e  the lo g ic a l  p o in ts  to  ch eck  fo r  f a u lt s . T h is d e te c t io n  t im e  can  be  

o v er la p p e d  w ith  the d e la y  t im e  o f th e  in te r n a l rou tin g  n etw o rk . B y  

. o v e r la p p in g  the d e te c t io n  t im e  w ith  o th er  p r o c e s s o r  fu n c t io n s , the  

f i r s t  c o n s id e r a t io n  i s  s a t is f ie d .  T he ch eck in g  is  done w ith  2m + l 

e x c lu s iv e -oir g a te s  at e a c h  lo c a tio n , thus s a t is fy in g  th e seco n d  c o n ­

s id e r a t io n , F in a lly ,  th e  s tr u c tu r e  o f  th e  a lg o r ith m s  fo r c e  a ll  data  

to .f lo w  th rou gh  the m u lt ip l ie r s .  T he p r o b a b ility  o f fa u lt d e te c tio n  is  

th e r e fo r e  h ig h , an d .th e th ird  c o n s id e r a t io n .is  s a t is f ie d .
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Jn the m a s te r  p r o c e s s o r ,  the p a r ity  o f the MA r e g is t e r  sh ou ld  

b e ch e c k e d  a fte r  the co n ten ts  of the AC lin e s  a r e  s to r e d . The MA 

r e g i s t e r  sh ou ld  a g a in  b e  ch eck ed  a fte r  the in v e r s e  is  lo a d ed . The p a r ­

ity  o f th e  MA sh ou ld  b e tr a n sm itte d  to  a l l  s la v e s  v ia  the MA lin e s .

T he DS lin e s  sh ou ld  a ls o  h ave  a s in g le  p a r ity  b it.

3 .1 3  F a u lt  C o r r e c t io n

W hen a fa u lt i s  d e te c te d  in .a  s la v e  p r o c e s s o r ,  th e  d eco d er  m u st  

b e  sto p p ed  and .the s la v e  r e p a ir e d  b y  so m e  m e a n s . If the n um ber of 

s la v e s  a v a ila b le  is  g r e a te r  than  the n u m b er of e r r o r s  to  b e c o r r e c te d ,  

the s la v e  p r o c e s s o r  m a y  b e  d e le te d  w ith  so m e  a d d itio n a l c ir c u itr y .  

F ir s t ,  e a c h  s la v e  m u st  h ave  a b it  w h ich  is  I if  the s la v e  is  a c t iv e  and  

0 if  the s la v e  is  p a s s iv e .  T h is  b it  sh ou ld  be s e t  to  0. in  the even t of a 

s la v e  p r o c e s s o r  fa ilu r e . The se q u e n tia l sh ift  lin e s  m u st  b e  shunted  

around  the s la v e ,  and th e inputs to .th e  AC and AS a c c u m u la to r s  m u st  

b e z e r o . F in a lly , so m e  m e a n s  fo r  re lo a d in g  the C l,  C 2, C3 and D 

r e g i s t e r s  in  th e r e m a in in g  s la v e s  m u st  b e  p ro v id ed . S in ce  the co n ten ts  

of th e s e  r e g i s t e r s  in  s l a v e ^   ̂ a r e  s im p ly  r e la te d .to  th e con ten ts  o f th e  

r e g i s t e r s . in  slave^ , re lo a d in g  can  b e done qu ite  r a p id ly  w ith  ad d itio n a l 

c ir c u itr y  a n d .lin e s  fo r  each , s la v e .

3. 14 O p era tio n  o v e r  O th er F ie ld s

T he d e c o d e r  can  b e  ex ten d ed  to  o p era te  o v e r  a n u m ber of f ie ld s .  

In g e n e r a l a m e a n s  fo r  load in g  the C l ,  C2 and C3 c o n sta n ts  is  n eed ed  

l ik e  th e one m e n tio n e d .in  s e c t io n  3. 12. The g e n e r a l m u lt ip lie r  a r r a y
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is  a ls o  n ee d e d , a lon g  w ith  s to r a g e  in  the s la v e  p r o c e s s o r s  fo r  the 

p r im it iv e  f ie ld  p o ly n o m ia l. T he p a r ity  ch eck  and C hien  s e a r c h  u n its  

w h ich  h ave  b e e n  d e v e lo p e d  can  b e u se d  o v e r  any f ie ld  w ith  the g e n e r ­

a liz e d  m u lt ip lie r  c ir c u it ,  and .,the p r o c e s s o r s  n eed  o n ly  have enough  

b it s to r a g e  a v a ila b le  to  h andle the la r g e s t  f ie ld  d e s ir e d .

D ue to  the m a n n er  in  w h ich  th e p a r ity  c h e c k s  a r e  com puted , 

the n u m b er o f e r r o r s  to  b e c o r r e c te d  is  d e te r m in e d  only b y  the co n ­

te n ts  of the T r e g i s t e r  in  the CDU. O f c o u r s e , the t+  I s la v e s  m u st  

b e a v a ila b le  to  c o r r e c t  t e r r o r s .

3. 15 C ir c u it  S im p lif ic a t io n s

A  n u m b er o f s im p lif ic a t io n s  a r e  a ls o  p o s s ib le  in  s p e c if ic  s la v e s .  

T he P C U 2 p a r ity  c h eck  u n its  a r e  not n e c e s s a r y , in  s la v e s  I , 2, and 3. 

S la v e  I m u st  h a v e  the unity, f ie ld  e le m e n t  s to r e d  in  th e P C 2 r e g is t e r ,  

and P C 2 in  s la v e s  2 and 3 shou ld  co n ta in  the z e r o  f ie ld  e le m e n t.

S la v e -0 n e e d s  v e iry T ittle  c ir c u itr y . N o C hien  s e a r c h  unit (CSU) 

i s  r e q u ir e d . R e g is te r  R2 m a y  b e  th e  w ir e d  co n sta n t fo r  the unity  

f ie ld  e le m e n t . R3 and R4 m a y b e  th e w ir e d  co n sta n t z e r o .  No m u lt i­

p l ie r  is  n e c e s s a r y  fo r  th e B e r le k a m p  .a lg o r ith m , but th e  adder m u st  

add the unity, f ie ld  e le m e n t  to the p r o p e r  lin e . The P C U l and PC U 2  

p a r ity  c h eck  c a lc u la to r s  m u st  e x is t ,  and RO, R l , SRO and S R l m u st  

e x is t .

I f  the d e c o d e r  is . to  be o p era ted  o y e r  on ly  one f ie ld , a n u m ber  

of s im p lif ic a t io n s  can  b e m ad e in  the d e s ig n . T he m u lt ip lie r s  in  the
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p a r ity  ch eck  u n its  (P C U l and P C U 2 ) can  b e r e p la c e d  b y  m u ch  s im p le r  

n etw o rk s  or sh ift  r e g i s t e r s  (I), a s  ca n  the m u lt ip lie r  in  the C hien  

s e a r c h  u n it. The d e c o d e r  shou ld  b e a b le  to o p e r a te  m u ch  fa s te r  s in c e  

the g e n e r a l iz e d  m u lt ip lie r  a r r a y  can  b e  r e p la c e d  w ith  the fa s t  m u lt i­

p l ie r  c ir c u it .  The w o rd  le n g th  i s  f ix e d  by the s iz e  o f the fie ld ;  

h o w e v e r , the n u m b er  o f e r r o r s  to  b e c o r r e c te d  is - 's t i l l  v a r ia b le .

3 .1 6  C o n c lu s io n

A  d e s ig n  h a s  b e e n  d e v e lo p e d  fo r  a BCH d e c o d e r  cap ab le  of 

o p era tin g  o v e r  a n u m b er  o f  f ie ld s .  T he d e c o d e r  can  c o r r e c t  any n u m ­

b e r  of e r r o r s ,  up to  the m a x im u m  n u m b er  o f  s la v e  p r o c e s s o r s  w h ich  

a r e  a v a ila b le .  T he c ir c u it r y  r e q u ir e d  to  d e te c t  fa u lts  a ffec tin g  a s in ­

g le  b it  w a s  d e v e lo p e d  and a m eth o d  fo r  d e le tin g  fa u lty  p r o c e s s o r s  w a s  

d is c u s s e d .  T he d e s ig n .p r e s e n te d  i s  qu ite  f le x ib le  and can  b e u se d  to  

c o n s tr u c t  e ith e r  a g e n e r a l iz e d  d e c o d e r  ca p a b le  o f o p e r a tio n  o v er  a 

n u m b er o f  f ie ld s ,  or a m u ch  s im p le r  d e c o d e r  ca p a b le  of o p era tio n  

o v e r  on ly  a s in g le  f ie ld .
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4. I In tro d u ctio n

In o r d e r  to  v e r ify  the o p e r a tio n  o f the d e c o d e r  d e s ig n  p r e se n te d  

in  C hap ter 3, a d e ta ile d  s im u la t io n  p r o g r a m  w a s w r it te n . T he p r o g r a m  

w a s w r it te n  in  SY M B O L , an a s s e m b ly  lan gu age fo r  the XDS SIGMA - 7 

co m p u ter , T he p r o g r a m  w as d e s ig n e d  to  a llo w  v a r ia tio n ..in  the n u m b er  

of s la v e  p r o c e s s o r s ,  the code len g th , and the n u m ber e r r o r s  to b e c o r ­

r e c te d . T he s la v e s  a r e  e ith e r  a c t iv e  or  p a s s iv e ,  and th e p r o g r a m  h as  

th e a b ili ty  to  ch an ge the s ta te  o f th e  s la v e s  during e x e c u tio n . The p r o ­

g r a m  w il l  o p era te  e ith e r  fr o m  te r m in a l or c a rd s  u nder th e  XDS B a tch  

P r o c e s s in g  M on itor  w ith  B a tch  T im e s h a r e  M on itor . A n u m ber of 

s im p le  in te r a c t iv e  fe a tu r e s  w e r e  in c lu d ed  fo r  e a s e  of o p era tio n  fr o m  

th e te r m in a l.

4 , 2 P r o g r a m  D e s c r ip t io n

T he p r o g r a m  c o n s is t s  o f tw o, ty p e s  of su b p ro g r a m s - - s im u la ­

tio n  su b p r o g r a m s and u t i l i ty  s u b p r o g r a m s . T he fo r m e r  r e p r e se n t  

a s im u la tio n  o f th e  a c tu a l m a ch in e  d e s ig n , w h ile  the la t te r  p ro v id e  

the in te r fa c e  to  the u s e r .

F ig u r e  4 . I sh o w s the f lo w c h a r t of the m a in  p r o g r a m . F ir s t  

th e c o n sta n ts  fo r  th e G a lo is  f ie ld  a r e  com p u ted , and th e ta b le  of m u l­

t ip l ic a t iv e  in v e r s e s  is  d efin ed . T he u t i l i ty  ro u tin es  a c c o m p lis h  th e s e  

ta s k s .  A n oth er  u t i l i ty  ro u tin e  r e a d s  in .th e  w ord  to-b e d eco d ed . If 

none is  e n te r e d , the p r o g r a m  te r m in a te s .  N ow  the s im u la tio n  b e g in s .  

T he p a r ity  c h e c k s  a r e  com p u ted  f ir s t .  T h en  the B e r le k a m p  a lg o r ith m
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New w ord  
a c c e p t e d

EXIT

A c c e p t  B inary- 
I n p u t  t o  s e t  
A c t i v e  S la v e s

A c c e p t  new  
b in a r y  w ord

E x e c u te  C h ie n  
S e a r c h

Com pute p a r i t y  
c h e c k s  and  s h i f t

S e t  INITLN and  
e x e c u t e  B e r l e -  

i.amp a lg o r i t h m

I f  PRSW i s  I  
P r in t  REGO, REGl 
and REG2

F ig u r e  4 . I .  The M ain  P r o g r a m
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is  e x e c u te d , and f in a lly , the e r r o r  lo c a tin g  p o ly n o m ia l i s  u se d .to  c o r ­

r e c t  the e r r o r s  w h ich  h ave  o c c u r r e d .in .th e  cod ew ord . T h en , if  d e s ir e d  

an o th er  u t il i ty  ro u tin e  can  b e u se d  to  g iv e  a l is t in g , o f the p a r ity  c h eck s  

and the s ig m a  p o ly n o m ia l in  b in a r y  notation ; The co d ew o rd s  shou ld  be  

e n te r e d  a s  a .s e q u e n c e  o f b in a r y  d ig it s ,  w ith  o r .w ith o u t sp a c in g , a s:

oioiooooooioopoi,

or

. o i o i d. o o o o. o i o o o o i .

O nly one sp a c e  b e tw e e n  d ig its  i s  a llo w e d . T he len g th  15 tr ip le  e r r o r  

c o r r e c t in g  cod e m ig h t b e d eco d ed  b y  the fo llo w in g  com m an d  seq u en ce;

■ R E ST A R T  
m i  
EOD  
T = 3 
M = 4
0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1
EOD
EOD

T a b le  4 , I l i s t s ,  the co m m a n d s a v a ila b le  as input co n tr o l o v e r  

th e p r o g r a m  v a r ia b le s .  T a b le  4 . 2 . l i s t s  the su b p ro g r a m s and th e ir  

typ e and fu n ction .
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T a b le  4 , 3 sh ow s the v a r ia b le  n a m e s  w h ich  a r e  u se d  in the  

s im u la tio n . T h e r e  a r e  fo u r -ty p es  o f v a r ia b le s ;  T he f i r s t  is  a v e c to r  

s la v e  r e g i s t e r  su ch  a s  R EG O . T h is  r e g is t e r  r e q u ir e s  N O SLA VE  

w o r d s  o f s t o r a g e , w h e r e  N O SLA V E d e f in e s  the n u m b er o f s la v e  p r o ­

c e s s o r s  in  th e d e c o d e r . T he se c o n d  ty p e  is  the s c a la r  v a r ia b le .

T ab le  4 . I Input C om m and  F o r m a ts  

CODE FU N C TIO N

EOD "End of D a ta ." C o n tro l is  t r a n s fe r r e d  out o f the INOUT
ro u tin e .

R EST A R T  T he s la v e  a c tiv a tio n , s e q u e n c e  is  e x e c u te d .

F IL E  T he ech o  m o d e  is  r e v e r s e d .

T = S T he n u m b er of e r r o r s  to  b e c o r r e c te d  is  s e t  to. the
v a lu e  fo llo w in g  the = s ig n , 5.

M= 6 T he o r d e r  o f th e  f ie ld  is  s e t  to ,th e  v a lu e  fo llo w in g  the
= s ig n , 6. T h is  a ls o  d e te r m in e s  the co d ew o rd  .len g th . 
T he ro u tin e  G FINIT is  a ls o  c a lle d .

T h is  typ e  o f v a r ia b le  r e q u ir e s  one w o rd  o f s to r a g e  and h o ld s  e ith e r  

an  in te g e r  v a lu e  r ig h t ju s t if ie d , or  a f ie ld  e le m e n t  le f t  ju s t if ie d . The 

c o n tr o l l in e s  h o ld  e i t h e r -O or I. T he th ird  type is  th e  a r r a y  v a r ia b le .  

T h is  typ e h o ld s  tw o o r  m o r e  w o rd s  to  b e u sed  fo r  v a r io u s  p u r p o se s .  

T he fo u rth  typ e  c o n s is t s  o f v a r ia b le s  n e c e s s a r y  to  the o p e r a tio n  o f the  

p r o g r a m - - te m p o r a r y  s to r a g e  o f a r g u m e n ts , re tu rn  a d d r e s s e s  for  su b ­

p r o g r a m s , I /O  c o n tr o l w o rd s  and b u f fe r s ,  e tc . T h e s e  v a r ia b le s  w i l l  

not b e  l i s t e d  e x p lic it ly .
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T a b le  4 . 2 S im u la tio n  and U tility  S u b p ro g ra m s

NAM E T Y P E FU N C TIO N

PA R IT Y S im u la tio n C om pu tes the p a r ity  c h e c k s  fo r  the c o d e ­
w o rd  in  C O D E B U F . T he r e s u lt s  a r e  
re tu rn ed  in  S Y N l and SY N 2.

CHIEN S im u la tio n C o r r e c ts  th e  code d ig its  in  C O D EBU F  
a c c o r d in g  to  the s ig m a  p o ly n o m ia l in the  
SIG a c c u m u la to r . (

R U N EN T S im u la tio n S im u la te s  th e M a ste r  P r o c e s s o r  and p o r ­
t io n s  of. the s la v e  p r o c e s s o r s .

IN V ER SE S im u la tio n C om p u tes the in v e r s e  o f a G a lo is  f ie ld  
e le m e n t . .

SL A V E S im u la tio n S im u la te s  p o r tio n s  o f th e  s la v e  p r o c e s s o r s  
and c a l ls  o th er  s la v e  s im u la t io n  r o u tin e s .

IRN S im u la tio n S im u la te s  th e o p era tio n  o f th e  In tern a l 
R outing N etw ork .

RSU S im u la tio n S im u la te s  th e R e g is te r  S e le c t io n  U nit.

M U LTX Y S im u la tio n S im u la te s  th e G a lo is  f ie ld  m u lt ip lie r .

ISU S im u la tio n S im u la te s  the Input S e le c t io n  U nit.

G FINIT U tility I n it ia l iz e s  th e  co n sta n ts  u se d  b y  the d e c o d e r  
fo r  the G a lo is  f ie ld  o p e r a t io n s .

PR IN T U tility P r in ts  a h ead in g  s p e c if ie d  b y  the ca llin g  
p r o g r a m .

INOUT U tility A c c e p ts  th e co n tro l c o d e s  and the c o d e ­
w o rd s  fr o m  the input d e v ic e ,  and l i s t s  the  
input on th e output d e v ic e , i f  d e s ir e d .

OUTCW U tility P r in ts  th e  c o r r e c te d  co d ew o rd  on the o u t­
put d e v ic e .

PR O U T U tility L is t s  r e g i s t e r s  REGO, REG I , and REG2 on  
the output d e v ic e .
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N AM E . 

A C TSL

P SH IF T

B U F D M P

T a b le  4 . 2 (C ontinued)

T Y P E  FU N C TIO N

U tility  T a k es  a b in a r y  v e c to r  fr o m  the input
d e v ic e  to  s p e c ify  the a c t iv a t io n  l in e s .

U tility  P r o v id e s  a .s h if t  to .a l ig n  th e p a r ity  c h eck s
fo r  p r o c e s  s in g  .by;the B e r le k a m p ,a lg o r ith m .

U tility  P r o v id e s  a sn a p sh o t dum p o f the co n ten ts
of the r e g i s t e r s  s e le c t e d  b y  the c a llin g  
s e q u e n c e .
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T a b le  4 . 3 C on tro l L in e s  and R e g is t e r s .

NAM E T Y P E FU N C TIO N

N O SLA V E s c a la r D e fin e s  the n um ber of s la v e  p r o c e s s o r s .

M s c a la r T he o r d e r  o f the G a lo is  f ie ld .

IR P O L Y s c a la r T he c o e f f ic ie n ts  o f the ir r e d u c ib le ,  le ft  
ju s t if ie d .

IR P O L Y I s c a la r T he c o e f f ic ie n ts  o f th e  ir r e d u c ib le  p o ly ­
n o m ia l, r ig h t ju s t if ie d .

IR P T A B a r r a y
2

L is t  o f ir r e d u c ib le  p o ly n o m ia ls  for  GF.(2 ) 
th rou gh  GF (2 . ).

RDM PSW s c a la r If I ,,  th e  B U F D M P  ro u tin e  is  c a lle d .

PRSW s c a la r If 2, the PR O U T ro u tin e  is  c a lle d .

C O D E B U F a r r a y H olds th e cod ew ord .

INVM a r r a y T he ta b le  o f I n v e r s e  e le m e n ts .

MA s c a la r T he M a ste r  A cc u m u la to r .

DSREG s c a la r The D e g r e e  S ig m a  R e g is te r .

KREG s c a la r T he K ( ite r a t io n  count) r e g is t e r .

TREG s c a la r H olds th e n u m b er o f e r r o r s , t , to -be  
c o r r e c te d .

O C l s c a la r Output o f KREGrDSREG c o m p a r iso n .

OC2 s c a la r Output o f KREGrTREG c o m p a r iso n .

W TLIN E s c a la r T he W ait B it -  - 1 a fte r  te r m in a t io n  of 
B e r le k a m p  -a lgorith m .

IN IT L N s c a la r In it ia liz a t io n  B it -  - I d u rin g  in i t ia l iz a t io n - - 
sh ou ld  b e  s e t  to  I b e fo r e  ca llin g . R U N E N T . 
R U N EN T r e s e t s  it  to  O a f te r - in it ia liz a t io n .

D LIN E s c a la r Z e r o . i f  MA = O, o th e r w ise  I.
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T a b le  4 . 3 (C ontinued)

NAM E T Y P E FU N C TIO N

1 0 ,1 1 ,1 2 s c a la r In s tr u c tio n  lin e s  to  th e s la v e  p r o c e s s o r s .

R SLINE s c a la r C o n tro ls  so u r c e  o f the n ew  a u x ilia r y  p o ly ­
n o m ia l.

IRQ, I R I 1IRZ s c a la r Supply, inputs to .th e  10-12 l in e s .  T h e se  fo r m  
th e in s tr u c t io n  r e g is t e r .

IMA s c a la r T he input to  MA b e fo r e  c lo ck in g .

IDSR s c a la r Input to  the DSREG b e fo r e  c lo ck in g .

IKR s c a la r Input to .th e  KREG b e fo r e  c lo ck in g .

ICON v e c to r S u p p lies , in it ia l iz a t io n  c o n sta n ts  fo r  the  
s la v e  p r o c e s s o r s .

ADDOUT s c a la r T he ad d er  output of the a r ith m e t ic  un it.

M LTO UT s c a la r The m u lt ip lie r  output o f the a r ith m e tic  u n it.

M LTA C s c a la r T he m u lt ip lie r  output fo r  input to .th e  
a c c u m u la to r  a d d e r s .

REGO v e c to r C o r r e sp o n d s  to  RO in  th e  lo g ic  d e s ig n .

R E G l v e c to r C o r r e sp o n d s  to  R l.

REG 2 v e c to r C o rresp o n d s  to  R 2,

REG 3 v e c to r C o r r e sp o n d s  to  R3.

REG v e c to r C o r r e sp o n d s  to  R4.

SREGO v e c to r C o r resp o n d s  to  SRO.

S R E G l v e c to r C o r r e sp o n d s  to  S R l .

S Y N l v e c to r C o r r e sp o n d s  to  P C I.

SY N 2 • v e c to r C o r r e sp o n d s  to  P C 2.
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T a b le  4 . 3 (C ontinued)

N AM E T Y P E FU N C TIO N

SIG v e c to r C o r r e sp o n d s  to  GSR.

M A LINE s c a la r L in e s  w h ich  tr a n s m it  th e  co n ten ts  of the  
MA to. th e  s la v e s .

A CIN v e c to r The a c c u m u la to r  inputs fr o m  the s la v e s .

T L IN E v e c to r F o r  com p u tin g  the d e g r e e  o f the s ig m a  
p o ly n o m ia l.

SA L N v e c to r G iv es  the c o n fig u ra tio n  o f a c t iv e  and p a s s iv e  
s la v e s .

SC LN v e c to r T h e se  l in e s  a r e  I. for. the lo w e s t  tw o .s la v e s  
and 0 fo r  a l l  o th e r s .

IREGO s c a la r The input to  REGO b e fo r e  c lo ck in g .

IREGT s c a la r Inputs to . REG I.

IREG 2 s c a la r Inputs to  R E G 2.

IREG 3 s c a la r Inputs, to  R E G 3.

IREG 4 s c la r a Inputs, to  R EG 4.

ISREGO v e c to r • Inputs to  - S REG 0.

IS R E G l v e c to r Inputs to -S R E G I.

IRNT a r r a y In te r m e d ia te  s to r a g e  in s id e  the In tern a l 
R outing N etw o rk .

SCL a r r a y S to r e s  the c lo c k  p u lse  co n fig u a tio n  for  th e  
s la v e  r e g i s t e r s .  .

M E X P s c a la r C onta in s the va lu e  2m - I ,

AO . s c a la r C ontains, the u n ity  f ie ld  e le m e n t .
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4. 3 T he S im u la t io n ’S u b p ro g ra m s

F ig u r e  4 . 2 sh ow s the f lo w c h a r t  fo r  the ro u tin e  PA R IT Y . T he

c o n sta n ts  u se d  to  com p u te e a c h  p a n ity  ch eck  w e r e  c a lc u la te d  ra th er

than  s to r e d , s in c e  very, l i t t le  co m p u ta tio n  t im e  is  co n su m e d . The

2 2 t - 1ro u tin e  co m p u tes  I , C(cr), C(oi C (a  ), and th e s e  a r e  s to r e d

in  r e v e r s e  o r d e r  in  th e tw o v e c to r s  S Y N l and SY N 2. E a ch  p o s it io n  of 

th e a r r a y . is  ch eck ed  a g a in s t  the SA L N  v e c to r . T he p a r ity  ch eck s  a r e  

in s e r te d .o n ly ,in  the e le m e n ts  c o r r e sp o n d in g  to .a c t iv e  s la v e s .  If the  

n u m b er o f a c t iv e  s la v e s  is  n o t .la r g e  en ou gh , a m e s s a g e  is  tr a n sm itte d  

to  th e  u s e r  and the p r o g r a m  is  r e s ta r te d . T he P SH IF T  ro u tin e  is  c a l le d  

to  reo rd er , the p a r ity  c h eck s  fo r  u s e  b y  the B e r le k a m p  a lg o r ith m .

F ig u r e  4 . 3 sh ow s the flow  ch a rt fo r  the m a s te r  p r o c e s s o r  s im u ­

la t io n  p r o g r a m  R U N E N T . T he f ir s t  a c t io n .is  to  p a s s  the in s tr u c t io n  

r e g is t e r  outputs th rou gh  A ND  g a te s  to  fo r m  the TO-12 l i n e s , The o th er  

A ND  g a te  input is  the IN IT L N . T a b le  2. 5 sh ow s the s e t t in g s  of the  

c o n tr o l l in e s  for. the v a r io u s  m a ch in e  c y c le s .

T a b le  4 . 4  In s tr u c tio n  L in e  S e tt in g s .

L in e s
IO I l  12 M ach ine A ctio n
0 .0 0 I n it ia liz e .
1 0  0 E x e c u te  C y c le  I.
0 1 0  E x e c u te  C y c le  2.
0 0 1 E x e c u te  C y c le  3.
1 I I W ait.
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B e g in

I F in d  n e x t  s l a v e  
W  r e s e t  a c c u m u la to r  

I an d  s e t  i n p u t  t o  
I f i r s t  c h a r a c t e r

/  M ore x Xx 
P a r i t y  c h e c k s

T e s t G et n e x t
c h a r a c t e r c h a r a c t e r

;Add u n i t y  f i e l d  
I e le m e n t  ( I )

M u l t i p l y  accum ­
u l a t o r  h y  cx J

/  M ore \  
b i t s  i n  b u f f e ,

I  f o r  p a r i t y
s l a v e  an d  s t o r e
f i r s t  a c t i v e

S to r e  t h e  p a r i t y  
c h e c k

F i g u r e  4 . 2 .  P a r i t y  C heck  Routine
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B e g in

KREG 4  DSREG?

KREG = TREGS e t  0C2
t o  I

S e t  DLINE 
t o  0

S e t  0C2
t o  0

S e t  OCl
t o  0

S e t  OCl
t o  I

S e t  DLINE 
t o  I

S e t  1 0 -1 2  l i n e s  
and  p a s s  th r o u g h  
INITLN g a t e s

Dump r e g i s t e r s  
i f  RDMPSW = I

F i g u r e  4 . 3 .  M a s t e r  P r o c e s s o r  S im u la t io n
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S la v e  a c t i v e ?

F i r s t  a c t i v e
s l a v e ?

S eco n d
a c t i v e

S la v e ?

G et n e x t  s l a v e

S t o r e  in d e x

i n  SlSV

S t o r e  in d e x  
i n  SOSV

S e t  RSLINE t o  t h e  
com plem en t o f  OCl 
an d e d  w i t h  DLINE

I n i t i a l i z e  f o r  
s h i f t i n g  SREGO 
an d  SREGl

F i g u r e  4.  3.  (continued)
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A l l  s l a v e s
s e r v i c e d ?

S h i f t  SREGl tw o 
s l a v e s  up

In c re m e n t  s l a v e  
p o i n t e r

S h i f t  SREGO one 
s l a v e  up

F i g u r e  4.  3. (cont inued)
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A l l  s l a v e s
s e r v i c e d ?

S to r e  en d  a ro u n d  
s h i f t s

C a l l  n e x t  s l a v e
p r o c e s s o r

s l a v e  p r o c e s s i n g
I n i t i a l i z e  f o r

F i g u r e  4.  3. (cont inued)
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F i g u r e  4.  3. (continued)
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C lo ck  KREG—  
t r a n s f e r  IKR t o  
KREG

I n i t i a l i z e  t h e  
i n s t r u c t i o n  c y c l^  
r e g i s t e r  IR 0 -IR 2

C le a r  WTLINE 
an d  INITLN

F i g u r e  4.  3. (continued)
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Add a c c u m u la to r  
o u t p u t s  fro m  
s l a v e s  an d  s t o r e  
i n p u t  l i n e s  IMA

D e te rm in e  d e g r e e  
o f  t h e  s ig m a  
p o ly n o m ia l  i n  
REG2 an d  p l a c e

In c re m e n t  t h e  
KREG an d  s t o r e  
IMA i n  t h e  MA

F ig u r e  4 . 3 (continued)
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I s  0C2

S to r e  0C2 i n  
WTLINE

Com pute I n v e r s e  
o f  MA an d  p l a c e  
on  IMA l i n e s

S to r e  IDSR i n  
DSREG an d  IMA 
i n  MA

^  EXIT

F i g u r e  4 . 3 .  (continued)
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S h i f t  i n s t r u c t i o r
r e g i s t e r IR 0 -IR 2
f o r  n e x t c y c le

F i g u r e  4.  3. (continued)
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N ex t, the c o m p a r iso n s  a r e  m a d e  to s e t  the O C l and OC2 l in e s .

T he D L IN E  is  s e t  to O i f  the m a s te r  a c c u m u la to r  i s  0, and the R SL IN E  

i s  s e t  to th e c o m p le m e n t o f  O C l A N D ed  w ith  the D L IN E .

The SREGO and SR E G l v e c to r s  a r e  now  sh ifte d  to s im u la te  the  

se q u e n tia l sh ift  b e tw e e n  s la v e s .  P a s s iv e  s la v e s  a r e  b y p a sse d  and  

SREGO is  not sh ifted  i f  12 = I , s in c e  the r e g is t e r  i s  a m u lt ip lie r  input 

d u rin g  c y c le  3.

The s la v e  p r o c e s s o r  ro u tin e  i s  c a l le d  fo r  e a c h  s la v e , both  

a c t iv e  and p a s s iv e .  T he SCL^ and SCL^ l in e s  a r e  u s e d  to d e te r m in e  

w h e th e r  o r  n ot the in p u ts to the SREGO and SR E G l v e c to r s  should  b e  

t r a n s fe r r e d .

D uring  in it ia l iz a t io n , the in p u ts to the KREG a r e  z e r o e d . The 

c lo c k  p u ls e  i s  a p p lied  to  the KREG .and the W T L IN E . The IN ITLN  is  

c le a r e d  to 0 to s im u la te  th e  a c tio n  of the co u n ter .

D uring  C y c le  I ,  th e  ACIN a c c u m u la to r  l in e s  a r e  a l l  added  

(m odulo  2) and u se d  to sp e c ify  the input l in e s  to the m a s te r  a c c u m u la to r , 

IM A. The d e g r e e  o f  the s ig m a  p o ly n o m ia l i s  d e te r m in e d  u sin g  the T L IN E  

v e c to r ;  the r e s u lt  i s  p la c e d  in  IDSR, the inputs to th e D SR E G . The  

c lo c k  p u ls e  i s  a p p lied  to  in c r e m e n t  KREG and IMA is  s to r e d  in  M A .

D uring  C y c le  2 , the IN V ER SE rou tin e  i s  c a l le d  to  re tu rn  the 

in v e r s e  of the e le m e n t  in  M A and the r e s u lt  is  s to r e d  in  IM A. The c lo c k  

p u lse  i s  a p p lied  to s to r e  IDSR in  D SR E G , IMA in  M A, and O C l in  

W T L IN E . If O C I i s  I , the ro u tin e  R U N E N T  te r m in a te s .  D urin g  ea ch
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c lo c k  c y c le ,  e x c e p t  in it ia l iz a t io n , the in s tr u c t io n  r e g is t e r  IJR0-IB.2 is  

sh ifte d  r ig h t one b it  to  p r e p a r e  fo r  th e  n ex t c y c le .  T he p r o g r a m  

e x e c u t io n  r e tu r n s  to  lo c a tio n  RUNSEQ to e x e c u te  th e n ex t c y c le .

T he s la v e  p r o c e s s o r  s im u la to r , SL A V E , f lo w c h a r t  is  show n  

in  F ig u r e  4 . 4. The f ir s t  a c t io n  is  to  s e t  the T L IN E  fo r  the s la v e . If 

the s la v e  is  p a s s iv e ,  th e  ACIN lin e  and T L IN E  a r e  c le a r e d  to  0 and the  

SL A V E  ro u tin e  e x it s .  If the s la v e  is  a c t iv e , the IO and I l  l in e s  are  

u s e d  to  s e t  th e  inputs to the m u lt ip lie r  in  the a r ith m e t ic  unit. T he ISU  

ro u tin e  is  u se d  to  s e le c t  the in p u ts. T h en  the m u lt ip ly  ro u tin e  is  c a l le d  

and th e tw o  outputs M LTO UT and M LTA C  a r e  s p e c if ie d  w ith  the p ro d u ct. 

T he v a lu e  of REG.2 in  the s la v e  is  added (Mod 2) to  th e  p rod u ct and th is  . 

r e s u lt  i s  s to r e d  in  A D D O U T .

N ow , th e r o u tin e s  fo r  the In te rn a l R outing N etw o r k  and the R e g ­

i s t e r  S e le c t io n  U nit a r e  e x e c u te d . T h e IRN r o u tin e  s e t s  th e  s la v e  

r e g is t e r  in p u ts , and the RSU ro u tin e  s e le c t s  the r e g i s t e r s  to  be c lo c k e d .  

A ll that r e m a in s  is  the a c tu a l c lo c k in g  o f ea ch  s la v e  r e g i s t e r  a c c o r d in g  

to  the v a lu e s  on th e SCL l in e s .

F ig u r e  4 . 5 sh ow s the f lo w c h a r t  fo r  the In te rn a l R outing N etw o rk . 

The r e g is t e r  inputs a r e  s e le c t e d  a c c o r d in g  to the s ta te  of the 1 0 , I I ,  12, 

SC L N  and R SLIN E v a r ia b le s .  A s e r i e s  of OR in s tr u c t io n s  s im u la te s  

the c o l le c t io n  o f t e r m s  for  the ou tp uts.

T he m u lt ip lie r  s im u la tio n  ro u tin e  M ULTXY is  show n  in  F ig u r e

4. 6. F i r s t ,  the ite r a t io n  count is  in it ia l iz e d  and a rg u m en t #2 is  sa v ed .
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B e g in

S e t  t h e  TLINE f o r  
d e t e r m in a t io n  o f  
t h e  d e g r e e  o f  
s ig m a  i n  REG2

Z ero  ACIN accum u­
l a t o r  in p u t s  and  
TLINE

I s  t h i s  
s l a v e  a c t i v i

S e l e c t  REGl as  
m u l t i p l i e r  in p u t

S e l e c t  REG3 a s  
m u l t i p l i e r  
in p u t  #1

S e l e c t  REG2 as  
m u l t i p l i e r  in p u tI l =  I?

S e l e c t  SREGO a s  
m u l t i p l i e r  in p u t

n

S e l e c t  MA ( MALINE I 
a s  m u l t i p l i e r  
in p u t  #2

F i g u r e  4 . 4 .  S la v e  P r o c e s s o r  S im u la t io n
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E x e c u te  t h e  IRN 
( I n t e r n a l  R o u t­
in g  N etw o rk )  
r o u t i n e

S t o r e  m u l t i p l i e r  
o u tp u t  i n  MLTAC, 
MLTOUT, add i n  
REG2 and s t o r e
i n  ADDOUT

M u lt ip ly  in p u t  

#1  and in p u t  #2

E x e c u te  t h e  RSU 
( R e g i s t e r  S e l e c t ­

io n  U n it )  
r o u t i n e

F i g u r e  4.  4.  (continued)
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S la v e  
'C lo c k  l i n e  

SCL = I?

SCL.,

SCL,

SCL,

SCL1

Y T r a n s f e r  IREGl

Ii t o  REGl

j—

X .  Y
T r a n s f e r  IREG2— ±  i

t o  REG2

Z T -

x X  Y T r a n s f e r  IREG3
= i ? t o  REG3

I ..........

T r a n s f e r  IREG4!\H t o  REGU

Ir*=---------------- Z T

EXIT

F i g u r e  4.  4.  (cont inued)
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IRNT = REGl 
IRNT^= SREGl 
IRNTj =ADDOUT

IRNT = ICON 
IRNTjT = SYNl 
IRNT^ = S YN2

I ----------------------

IRNT = 
1REGO 

IRNT9 =

REGl
—̂ ( f s i a v e  0 o r  I?

IRNTg = 
SREGl

^  I

IRNT1 1  = 
MLTOUT

Y x X  N
_ l < j  r SLINE = 0 ?  —

IRNT = 4
r e g 4

T I ---------

F i g u r e  4 .  5. In ternal  Routing  N etwork

£

C le a r  IRNT l i n e s

IRNT = REGO 
IR F N  = REG2 
IRNT^ = SREGO

IR N N  = SREGl 
IRNT^0 = MLTAC

------- 5>
________ V
Collect the new 
register inputs 
and place in 
IREGO...ISREGl

V
EXIT
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B e g in

I n i t i a l i z e  and  
s a v e  argu m en t  

#2

S h i f t  a c c u m u la to r  
l e f t  I  b i t

S h i f t  argu m en t  
#2 l e f t  I  b i t

E x c l u s i v e - o r  
i r r e d u c i b l e  p o ly  
IRPOLY i n t o  
a c c u m u la to r

I-------------

E x c l u s i v e - o r  
argu m en t #1 i n t o  
a c c u m u la to r

I

R e s t o r e
a rgu m en t

---- 5» EXIT

# 2

F i g u r e  4 . 6 .  M u l t ip l i e r  Routine
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T he a c c u m u la to r  is  sh ifte d  le f t ,  and if  an o v e r flo w  o c c u r s ,  the i r r e ­

d u c ib le  p o ly n o m ia l i s  added m od u lo  tw o to the a c c u m u la to r . A rg u ­

m en t #2 is  sh ifte d  le ft; i f  o v e r f lo w  o c c u r s ,  a rg u m en t #1 i s  added  

m od u lo  2 in to  the a c c u m u la to r . The c y c le  is  r e p e a te d  m  t im e s ,  and 

a fte r  a rg u m en t #2  is  r e s to r e d , th e  ro u tin e  e x its .

T he on ly  s im u la t io n  r o u tin e s  not show n in  the f lo w c h a r ts  a r e  

the RSU and IN V E R SE  r o u tin e s . T he RSU ro u tin e  is  s im p ly  a se t  o f  

lo g ic a l  OR in s tr u c t io n s  w h ich  c o r r e sp o n d  to  the c ir c u it  d ia g r a m  for  

the R e g is te r  S e le c t io n  U nit. T he IN V ER SE rou tin e  is  a ta b le  look  up 

ro u tin e . T he ta b le  is  c o n s tr u c te d  b y  G F IN IT .

T he f in a l s im u la t io n  p r o g r a m  is  the C hien  s e a r c h  s im u la to r ,

CHIEN- T h is  ro u tin e  is  s im ila r  to  PA R IT Y  in that th e  co n sta n ts  fo r  

m u lt ip lic a t io n  o f th e  SIG (CSR) v e c to r  a r e  c a lc u la te d  r a th e r  than b e in g  

s to r e d  in  a co n sta n t v e c to r . F ig u r e  4 . 7 sh ow s the f lo w c h a r t for  CHIEN. 

T he SIG v e c to r  is  f i r s t  g iv e n  the v a lu e s  in  REG2. T h en  the prod u ct  

w ith  the co n sta n t v e c to r  is  fo r m e d  and SIG is  r e s p e c i f ie d .  The su m  of  

a ll  e le m e n ts  o f SIG is  n ex t co m p u ted , and if  0, the c o r r e sp o n d in g  d ig it  

is  c o r r e c te d . The o p e r a tio n  is  r e p e a te d  fo r  ea ch  d ig it .

4 . 4 T he U tility  S u b p ro g ra m s

T h e s e  p r o g r a m s  p ro v id e  th e in te r fa c e  to  the u s e r  th rou gh  the  

input and output d e v ic e s  and e x e c u te  c e r ta in  in it ia l iz a t io n  t a s k s . The  

p r o g r a m s  a r e  q u ite  s im p le , and no f lo w c h a r ts  w i l l  b e  g iv e n . The
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B e g in

L a s t  b i t
p r o c e s s e d

B la n k ?

L a s t  s l a v e ? S la v e  a c t i v e ?

EXIT

M u lt ip ly  
accum  by  
pow er o f

T r a n s f e r  s ig m a  
p o ly n o m ia l  and  
i n i t i a l i z e — f i n d  
f i r s t  s l a v e

Add a l l
a c c u m u la to r s  and  
i f  sum i s  0 ,  
co m p lem en t b i t .

G et t h e  n e x t
Code c h a r a c t e r

F in d  n e x t  s l a v e

I n i t i a l i z e  f o r  
m u l t i p l i c a t i o n  o f  
a c c u m u la to r

F i g u r e  4 .  7. C hien  S e a r c h  Routine
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l is t in g s  a r e  in c lu d ed  in  A p p en d ix  B .

4 . 5 P r o g r a m  R e su lts

T he s im u la t io n  p r o g r a m  w a s run fo r  a la r g e  n u m b er o f w o r d s ,  

and d eco d ed  s u c c e s s f u l ly  w h e n e v e r  th e  n u m b er o f e r r o r s  w a s  not 

g r e a te r  than  t , the m a x im u m  n u m b er  to  b e c o r r e c te d . C odes o f  

v a ry in g  le n g th s  w e r e  run. A p p en d ix  B sh ow s the output fr o m  a 

n u m b er o f ru n s. T he la r g e s t  w o rd  d eco d ed  w a s a le n g th  1023 code  

w ith  255 e r r o r s  c o r r e c te d . C om p u tation  tim e  w a s about 4 . 5 m in u tes. 

S in ce  th e a c tu a l cod e w o rd  tr a n sm it te d  is  ir r e le v a n t  to  the d ecod in g  

a lg o r ith m  on ce  the p a r ity  c h e c k s  h a v e  b e e n  com p u ted , the a ll  z e r o  

cod e w ord  w a s u se d  fo r  m o s t  of"the t e s t s .  F o r  the sh o r te r  code w ord s, 

the REGO, R E G l and REG2 v e c to r s  w e r e  p r in ted , T he l is t in g  sh ow s  

both  th e a c t iv e  and p a s s iv e  s la v e s .

4 . 6 C o n c lu s io n

T he s im u la t io n  p r o g r a m  v e r i f ie s  th e  lo g ic  d e s ig n  p r e se n te d  in  

C hap ter 3. The p r o g r a m  is  r e a so n a b ly  sh o r t, and y e t  s im u la te s  in  

d e ta il  a l l  im p o rta n t fu n ctio n s p e r fo r m e d  b y  the e le m e n ts  o f the d e c o d e r .  

The s im u la to r  can  o p era te  fo r  any r e a so n a b le  co d ew o rd  len g th  and 

c o r r e c t  any r e a so n a b le  n u m b er of e r r o r s , w ith  r e a so n a b le  tim e  and  

m e m o r y  r e q u ir e m e n ts .  T he u t il i ty  r o u tin e s  p ro v id e  an im p o rta n t I /O  

in te r fa c e  w ith  the u s e r ,  and a llo w  in te r a c t iv e  o p e r a tio n  w ith  the u s e r



v ia  th e te le ty p e  te r m in a l .  T h is  in te r a c t iv e  m od e w a s  found to  be  

e x tr e m e ly  v a lu a b le  in  im p le m e n tin g  d e s ig n  ch a n g es and in  lo c a tin g  

and c o r r e c t in g  " bu gs. " T he p r o g r a m  su g g e s te d  a n u m b er  of 

ch a n g es  in  th e d e s ig n  a s  the w o rk  p r o g r e s s e d .

159
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5. I S u m m a r y

T he p r o b le m  c o n s id e r e d  in th is  th e s is  i s  the d e s ig n  of a s p e c ia l  

p u rp o se  co m p u ter  to d eco d e  the B C H  c o d e s . S y s te m  r e q u ir e m e n ts  fo r  

b oth  f ix e d  and v a r ia b le  - w o r d - le n g th  d e c o d e r s  a re  d is c u s s e d ,  but the  

s ig n if ic a n t  p r o b le m s  of cod e w ord  sy n c h r o n iz a tio n  and in te r le a v in g  a r e  

not c o n s id e r e d . F a u lt  d e te c t io n  c ir c u itr y  is  d e v e lo p e d  for  the p r o c e s ­

s o r s  and fa u lt c o r r e c t io n  is  d is c u s s e d ,

T he d eco d in g  a lg o r ith m  can  b e p e r fo r m e d  by a s in g le  p r o c e s ­

s o r ,  but the t im e  re q u ir e d  to  d eco d e  a w ord  can  be r ed u ced  b y  u s in g  

m u lt ip le  p r o c e s s o r s - - w e  can  tr a d e  eq u ip m en t for  t im e . D ev e lo p m e n ts  

in  LSI te c h n o lo g y  su g g e s t  that su ch  a tr a d e o ff  m ig h t b e c o m e  qu ite  

a ttr a c t iv e  in  th e n e a r  fu tu re . W hile th e d u p lica tio n  of L SI p r o c e s s o r s  

is  l e s s  c o s t ly ,  the p r o c e s s o r  d e s ig n  c o n s tr a in ts  a r e  so m ew h a t d if f e r ­

ent. LSI d e s ig n  p la c e s  a p e r m iu m  on r e g u la r ity  and on red u cin g  the  

n u m b er o f e x te r n a l c o n n e c tio n s , but the to ta l n u m b er o f g a te s  is  l e s s  

im p o rta n t than  in  c o n v en tio n a l s y s t e m s .  A ls o , d if fe r e n t  ty p es  of 

te s t in g  p r o c e d u r e s  m u st  b e  d ev e lo p e d .

T he te c h n iq u e s  u se d  in  th is  d e s ig n  should  b e u s e fu l in im p le ­

m en tin g  o th er  a lg o r ith m s  w ith  p a r a lle l  p r o c e s s o r s .  F o r  e x a m p le , the  

b lo c k  d ia g r a m  of the s la v e  p r o c e s s o r  cou ld  b e u se d  a s  a s ta r tin g  p o in t  

in  d e s ig n in g  s y s t e m s  to  im p le m e n t o th er  a lg o r ith m s . S e v e r a l u n its  in  

the s la v e s ,  su ch  a s  the s la v e  r e g i s t e r  s e t  and the in te r n a l rou tin g  n e t ­

w o rk , cou ld  v e r y  l ik e ly  be u se d  d ir e c t ly  fo r  o th er  a lg o r ith m s . M any
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of the te c h n iq u e s  u se d  h e r e  m ig h t be im p le m e n te d  u s in g  a g e n e r a l c o m ­

p u ter  d e s ig n  p r o g r a m  cou p led  w ith  a g r a p h ic s  in te r fa c e  to  the d e s ig n e r .

D u rin g  the r e s e a r c h , the m a n y  s im u la tio n  p r o g r a m s  w r itte n  

p ro v ed  to  b e in v a lu a b le  in  deb u ggin g  and im p ro v in g  b oth  p r o c e s s o r  and  

a lg o r ith m  d e s ig n s . S im u la tio n  o f the p r o c e s s o r  d e s ig n  is  a n e c e s s a r y  

step  in  any fu tu re  w o rk  w h ich  is  done. T he s im u la tio n  p ro v ed  to be  

m o s t  u s e fu l w hen  done on tw o le v e ls ;  the f ir s t ,  a g e n e r a l s im u la tio n  

of the p r o c e s s o r  data flo w , and the seco n d  a d e ta ile d  s im u la tio n  o f the  

lo g ic  d e s ig n .

T h is  r e s e a r c h ,  in  co m b in a tio n  w ith  o th er  r e s e a r c h  on p a r a lle l  

p r o c e s s o r  a lg o r ith m s , sh ou ld  b e h e lp fu l in  d e v e lo p in g  th e  p h ilo so p h y  

and o r g a n iz a tio n  of g e n e r a l p u rp o se  p a r a lle l  p r o c e s s o r s .

5. 2 S u g g e s tio n s  fo r  F u tu re  R e s e a r c h

T h e r e  a r e  u n dou b ted ly  m a n y  o th er  a lg o r ith m s  w h ich  can  be  

p e r fo r m e d  b y  p a r a l le l  p r o c e s s o r s .  In the f ie ld  of cod in g  th eo ry , 

r e s e a r c h  sh ou ld  d e te r m in e  w h eth er  co n v o lu tio n a l c o d e s  can  be d eco d ed  

b y  a p a r a l le l  p r o c e s s o r .

A s m o r e  c o m p lic a te d  a lg o r ith m s  a r e  e x a m in ed , so m e  m eth od  

sh ou ld  b e d e v e lo p e d  to  d e te r m in e  w h ic h  p a rts  of an a lg o r ith m  can  be  

e x e c u te d  s im u lta n e o u s ly . The m eth od  shou ld  d e te r m in e  w h eth er  the  

p r o c e s s o r s  e x e c u te  th e sa m e  o r  d if fe r e n t  in s tr u c t io n  s e q u e n c e s .

C e r ta in  c l a s s e s  o f a lg o r ith m s  m a y  e x is t  w h ich  can  b e p e r fo r m e d
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O

e f f ic ie n t ly  b y  p a r a l le l  p r o c e s s o r s  w ith  a s p e c if ic  o r g a n iz a tio n . F o r  

in s ta n c e , c e r ta in  m a tr ix  a lg o r ith m s  su ch  as the K a lm an  F i l t e r  a lg o ­

r ith m  a r e  p e r fo r m e d  e f f ic ie n t ly  b y  C annon 's m a ch in e  (3). A study  

sh ou ld  b e m ad e f ir s t  to d e fin e  a s e t  o f m a ch in e  o r g a n iz a tio n  e q u iv ­

a le n c e  c l a s s e s  fo r  a lg o r ith m s  and se c o n d  to c la s s i f y  a lg o r ith m s  in  

th e s e  e q u iv a le n c e  c l a s s e s .  T h e se  r e s u lt s  w ould  be e s p e c ia l ly  u se fu l  

in  d e fin in g  a g e n e r a l p u r p o se  p a r a lle l  p r o c e s s o r .

The p r o b le m  of fa u lt d e te c t io n  w a s  c o n s id e r e d  in  C hapter 3. 

F a u lt  d e te c t io n  fo r  th e  c e l lu la r  a r r a y  m u lt ip lie r  p ro v ed  to  b e p a r t ic u ­

la r ly  s im p le , b e c a u s e  o f th e  la r g e  n u m b er of lin e a r  o p e r a tio n s  p e r ­

fo r m e d  b y  the a r r a y . F u r th e r  r e s e a r c h  shou ld  s e e  if  the sa m e  

te c h n iq u e s  can  b e u se d  to  d e te c t  fa u lts  in  o th er  l in e a r  c ir c u it s .

R e s e a r c h  sh ou ld  b e  p e r fo r m e d  to  d e te r m in e  w h ich  o f the u n its  

in  th is  s y s t e m  a r e  u s e fu l in  d e s ig n in g  o th er  p r o c e s s o r s .  O ther u n its  

fo r  p r o c e s s o r  d e s ig n  sh ou ld  a ls o  b e  in v e s t ig a te d . T he r e s u lt s  of th is  

r e s e a r c h  co u ld  b e  u se d  to  im p le m e n t the g e n e r a l co m p u ter  d e s ig n  

p r o g r a m  p r e v io u s ly  m en tio n ed . -



/

A P P E N D IX  A

A P L  SIM ULATIO N R E SU L T S
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V BCHB
[ l ] M+p I R P O L I .
[ 2 ] N-*-. 1+ 2* M
[ 3 ] A 0"<-A/<y I
[ 4 ] Al-*- I f  AO
C 5 ] * ENTER RECEIVED WORD ?
[ 6 ] cw<-n
[ 7] BLRITI
[ 8] -+( I = + /  + / [  I ] S ) /  B CHB 2
[ 9] BERM2
[ 1 0 ] SIG+ R2
C 1 1 ] DSIG+  l  + (p J ? 2 ) [ l ]
[ 1 2 ] SIG+ SIGL DSIG + 2 - i DSIG+  I ; ]
[ 1 3 ] CHIEN
[ 1 4 ] + ( I B = 0) / B C H B 1
[ 1 5 ] 'CORRECTED WORD I S '
[ 1 6 ] B CHB 2 -. CW •
C 1 7 ] ->■ 0
[ 1 8 ]

V
B C E B l : ' UNCORRECTABLE ERROR'



OTHIS- I S  A TEST OF■A LENGTH-I DOUBLE ERROR 
oCORRECTING BCH CODE. . . , .
OTHE IRREDUCIBLE POLINOMIAL I S  J*3  + Z + I

IRPOLI+Q I I 
T+-2

BCHB
ENTER RECEIVED WORD
□ ;

0 0 1 0  1 0  0 
CORRECTED WORD I S  

0 0 0 0 0 0 0

BCBB
ENTER RECEIVED WORD.
□ :

0 1 0 0 0 0 1 
CORR EOTED WORD I S  

0 0 0 0 0 0 0

BCHB
ENTER RECEIVED WORD 
□ : .

0 0 0 1 0 1 0 
CORRECTED WORD I S  

0 0 0 0 0 0 0

BCHB
ENTER-RECEIVED WORD .
U i

1 0  1 1 1 1 1  
CORRECTED WORD I S  

1 1 1 1 1 1 1

BCHB
ENTER-RECEIVED WORN
U i

1 1 1 0 0 0 0
UNCORRECTABLE ERROR
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OTHIS I S  A TEST OF -A LEEGTH; 1 5 TRIPLE ERROR 
OC0RREC.TING BCH CODE * „ . .
OTHE IRREDUCIBLE POLYNOMIAL I S ■Z*4 + X + I
IRPOLY<-0 0 . 1  I 
T+3

BCHB
ENTER - RECEIVED WORD-
U i

0 0 0 1 0 0 1 0 0 0 0 1 0 0 0  
CORRECTED WORD I S  - 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BCHB
ENTER RECEIVED WORD
U i

0 0 0 0 0 1 0 0 0 0 0 0 0 0 1  
CORRECTED WORD IS'

0 0 ©  O 0 0  0 © 0 0 0 0 0 0 0

BCHB
ENTER RECEIVED WORD .

1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 '  

CORRECTED WORD J S  .
1 1 1 1 1 1  I '  I  1 1 1 1 1 1 1

BCHB.
ENTER RECEIVED WORD.
U i

1 1 1 1 0  0 '  0 0 0 0 0 0 0 0 0  
UNCORRECTABLE ERROR
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OTHIS I S  A TEST OF-A LENGTH . 15 TRIFLE ERROR 
OC0RRECTING BCH CODE--WITH A - LI ST I NG  OF THE 
OSYNDROME AND ERROR .LOCATING POLYNOMIALS * .

IRPOLY+O O i l  
T-t-3

BCHB
ENTER RECEIVED WORD
□ :

1 0 0 0 0 0 1 0 . 0 0 1  0 0 0 0  
CORRECTES WORD I S  

0 0 0 0 0 0 0 0 0 0 0 0 0  0 0

oSYNDROME D I G I T S . . .  
S

O O O l  
1 1 1 1  
1 0  1 0  
1 0  1 0  
1 0  0 0 
O l l O  
1 0  0 0

oERROR■ LOCATING POLYNOMIAL. . .  
' SIG

1 1 1 0  
1 1 0  0 
1 1 1 1  
O O O l
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OTHIS I S  A TEST OF-A LENGTH 31 FIVE- ERE@M~ CORRECTING 
OBCH CODE. . . THE IRREDUCIBLE 'POLYNOMIAL I S  Z*5 + Z*2 + I

IRPOLY+Q O l O l  
T <-5

BCHB
ENTER RECEIVED WORD 
0 :

0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0  
0 0 0 1 0 1 0 0 0 0 0 0  

CORRECTED WORD I S
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0

oSYNDROME.  . . . . OSIGMA O o ,
S SIG

0 0 0 0 I I I I 0 I
I I I I I 0 I ■I I I
I 0 0 I 0 ■ ' I 0 0 0 0
0 I I I I I 0 0 I I
0 I 0 0 I I I I I I
0 0 I I I 0 0 0 0 I
I I I I I
0 0 0 I I
0 I 0 I I
I 0 I I I
I 0 I 0 I
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*  *  *  ■ *  *  *

* SIMULATION— THIS PROGRAM CALtS THE VARIOUS ELEMENTS *
* OF THE SIMULATION PROGRAM.' . ■ • *
*  *  *  . ■ *  *  *

DEF INOU Ti P A R I TY t RUN ENT,CHIEN,OUTCM I P ROUTfGFINIT
DEF IOLAST, ADRS,LCOMP, INITLN,TRFPT
DEF PSHIFTfACTSL
DEF START,REDO
DEF REGO,REG2 ,"SALNrSCLNrTREG
DEF RDMPSWrPRSW,BTMSW
REF m: s i , m: lo

START EQU $
C A L I , 8 TRFPT

RESTART EQU $
B AL , D 2 GFINIT
BAL , D2 ACTSL

REDO EQU $
B AL, D2 INOUT
LW,R2 IOLAST
CW ,R2 ADRS
BE OUT
BAL, D2 PARITY
BAL, 0 2 PSHIFT
L W , R 2 LCOMP
STW »R2 INITLN
B AL, D2 RUNENT
BAL , 0 2 CHIEN
BAL »D2 OUTCW
MTW , 0 PRSW
BNE $ + 2
BAL , 0 2 PROUT
B REDO
EQU $
C AL I , 9 I

OUT
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\

***
* UTILITY— DATA DEFINITION AREA FOR SIMULATION PROGRAM. 
***
NOSLAVE EQU ID
NOERR EQU I
M DATA 5
IRPOLY DATA X 9 2 8 0 0  GD OD'
IRPOLYI DATA O
BTM EQU O
IRPTAB EQU $ - 2

DATA XeCOOOOOOO 9
DATA Xe 6 0 0 0 0 0 0 0 e
DATA Xe3 0 0 0 0 0 0 0 e
DATA Xe 2 8 0 0 0 0 0 0 »
DATA X»OCOOOOOOe
DATA Xe 12,00000 0»
DATA XeIDOOOOOOe
DATA X e 0 8 8 0 0 0 0  Oe
DATA Xe0 2 4 0 0 0 0 0 »
DOl BTM
GOTO BTMl

CRET ' EQU X » 4 0 4 0 4 0 4  Oe
BUFSZ EQU 20
BUFSZB EQU 80

GOTO BTM2
BTMl BOUND I
CRET EQU X »15 0 0 0 0  00»
BUFSZ EQU 15
BUFSZB EQU 60
BTM2 . BOUND I
RD EQU O
Rl EQU I
R2 EQU 2
R3 EQU 3
R4 EQU 4
R5 EQU 5

*  *  *

*

*  *  *

SIGMA 7 REGISTER DESIGNATIONS
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RG 
R7 
SI  
S 2 
Xl  
X2 
Dl  
D 2 
D3 
D 4
NOBITS
TRFPT

SELSL
RDMPSW
BTMSW
PRSW
LCOMP
COMP ■
XFO
XFl
RlSAVE
ARGl
SCNT
SOSV
SlSV

EQU G
EQU 7
EQU 8
EQU 3
EQU ID
EQU 11
EQU 12
EQU 13
EQU 14
EQU 15
EQU 32 NUMBER OF BITS IN SIGMA 7
GEM , 8 , 2 4 X’ 14 ’ , O TO SET TRAPS
DATA X’ 3 CODOOO 3 ’ TO IGNORE INTEGER OVERFLOW
DATA, I l f l s l f l
DATA O .
DATA BTM
DATA BTM
DATA I TO COMPLEMENT MACHINE LINES
DATA X’ FFFtrFFFFf FOR PARALLEL LI NE COMPLEMENTS
DATA 1O 9 character  O
DATA ’ I 9 CHARACTER I
DATA O .
DATA O
DATA - I
DATA C
DATA O
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* *  *

* UTILITY— INPUT/OUTPUT DATA DEFINITION AREA,
* # #

*  *  *  

*

***
DATA ,  ,

CODEBUF R E S , I 2160 HOLDS THE CURRENT CODEWORD
BUFTOP EQU $ UPPER LIMIT OF CODEWORD
READ GEN e 8 , 2 4 x 9i o » , m: s i FOR COEDWORD INPUT

GEN,4 , 2 8 1 5 , 1 6
DATA IOHLT
DATA IOHLT

RADR DATA CODEBUF
DATA BUFSZB+1

WRITE GEN, 8 , 2 4 x *i i *-»m: lo FOR CODEWORD ECHO
GEN,4 , 2 8 3 , 1 6

WADR DATA CODEBUF
DATA BUFSZB

ADRS DATA CODEBUF ADDRESS OF CODEBUF
IOLAST DATA O POINTER TO LAST CARD IMAGE
BLNK DATA , ,
ECK DATA 7EOD 7
RCK DATA 7REST7
TCK DATA ' , j  »'
MCK DATA 7M 7
FCK DATA 7F I L E 7
CHMSK DATA X7F 7
PRHD4 EQU $

TEXTC 7ACTIVE SLAVE CONFIGURATION: 7
ORG S - I -
DATA CRET

PRHDl EQU $
TEXTC ’ RECEIVED CODEWORD: 7
ORG $ - 1
DATA CRET

PRHD2 EQU . $
TEXTC ’ CORRECTED codeword: 7
ORG $ — I
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PRHD3

ERRMl
ERRM2
ERRM3
E R R M 4
TPAGE
MAXPAGE
OUTBUF

OUTFMT
PRBUF

MOVBL
MOVCB

DATA CRET
EQU $
DATA Xt ^FGDGDGDt
TEXT 1------------------------ SYNDROME POLYNOMIAL-----------------------------»
TEXT ’ — SIGMA POLYNOMIAL—  '
ORG $ - 1
DATA CRET
TEXTC 'NOT ENOUGH SLAVES AVAILABLE--ENT ER NEW '
TEXTC f NOT ENOUGH SLAVES —  MUST REASSEMB.E— T
TEXTC 'NO T ENOUGH CODEBITS ENTERED —  »
TEXTC f BUFFER OVERFLOW’
GEN,8 , 2 4  2,M:L0 NEW PAGE ON LINE PRINTER
EQU 9 MAXIMUM FIELD TO PRINT ONE CW
DATA, I  ’ ’ OUTPUT BUFFER
RES, I . 119
EQU 5
GEN,8 , 2 4  X’ 1 1 ’ ,M:L0 PRINT OUTBUF
GEN , 4 , 2 8  3 , 1 6  
DATA OUTBUF
DATA 120
GEN,8 , 2 4  119 , BA$ 0 U TBU F) +1 CLEAR OUTBUF
GEN, 8 , 2 4  BUFSZB,BA (CODEBUF)
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❖  * *
* SIMULATION— MASTER PROCESSOR DATA
* TANTSo
* * *
INVM RES ' 1 0 2 4
MA RES I
DSREG DATA O
KREG DATA O
TREG DATA NOERR
OCl DATA O
0C2 DATA O
WTLINE DATA O
INITLN DATA O
DLINE DATA O
IO DATA O
I l DATA O
12 . DATA O
RSLINE DATA O
IRO DATA O
I R l DATA O
IR 2 DATA O
IMA DATA O
IDSR DATA O
IKR DATA O

** *
AREA— ALL DATA STORAGE » *

*

MASTER ACCUMULATOR 
DEGREE SIGMA REGISTER 
K REGISTER (ITERATION COUNT).

OUTPUT OF COMPARATOR FOR K AND DSIG 
OUTPUT OF COMPARATOR FOR K AND T

MASTER PROCESSOR CONTROL LINES 
OR. REDUCTION OF MA

THESE ARE INPUTS TO THE RESPECTIVE 
LINES AND REGISTERS BEFORE THE 
CLOCK PULSE I S  APPLIED .
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* -T *
* SIMULATION— SLAVE PROCESSOR DATA
*  *  *

ICON RES NO SLAVE
ADDOUT RES I
MLTOUT RES I
MLTAC RES I
REGD RES NOSLAVE
REGl RES NOSLAVE
REG2 RES NOSLAVE
REG3 RES NOSLAVE
REG4 RES NOSLAVE
SREGD RES NOSLAVE
SREGl RES NOSLAVE
S YN 2 RES NOSLAVE
SYNl RES NOSLAVE
SYNLOAD EQU $ - 1
SIG RES NOSLAVE
MALINE RES I
ACIN RES NOSLAVE
TLINE RES NOSLAVE
SALN EQU $

RESrl NOSLAVE
BOUND 4

SCLN EQU $
RESrl NOSLAVE
BOUND 4

IREGO RES I
IREGl RES I
IREG2 RES I
IREG 3 RES I
IRE54 RES I
ISREGD RES NOSLAVE
ISREGl RES NOSLAVE

AREA
*  *  *

*

* * *

ADDER OUTPUT 
MULTIPLIER OUTPUT

SLAVE REGISTER O 
SLAVE REGISTER I 
SLAVE REGISTER 2 
SLAVE REGISTER .3 
SLAVE REGISTER 4

SYNDROME BUFFER 
SYNDROME BUFFER 
LOAD ADDRESS FOR SYNDROME 
CHIEN SEARCH SUFFER

ACCUMULATOR INPUT 
DSIG UNIT INPUTS

INPUTS TO THE REGISTERS



* * *

* SIMULATION— THIS SUBPROGRAM COMPUTES THE PARITY CHECKS
* FOR THE CODEWORD STORED IN COOEBUF.
***
CHARIN DATA O
RETPAR DATA O
PARITY EQU $

STWrDZ RETPAR
L I f R l NOSLAVE+NOSLAVE
LIrRZ O
STWrRZ SYN2-1 rR I
BDRrRl $ - 1
LWrRS MEXP
AIrRG - I
LWrXl AD
SLSr-Xl- I
L I r R l I
LWr D3 TREG
SLSrDZ I
LIfRT NOSLAVE
LI r D4 I
BALrDZ . SKPAR
LWrSl AC
STWrSl SYNLOADrRl

DOPARN EQU $
BALrDZ SKPAR
L I r S l O
LIrRZ □
LIrRZ - I

DOPAR EQU $
LI f R4 O

GETCHAR EQU $
AIrRZ I
LBrRB CODEBUFrRZ
CBrRB XFD
BE DOMULT

*  *  *

*

*

*  *  *

x.

j
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CBfRB XFl
BE DOEOR
A l t  R 4 I
Cl  f R4 i
BLE 6 ETCHAR
BALrDZ PRINT
DATA ERRM3
B REDO

DOEOR EQU $ .
EOR , S I AO ■

DOHULT EQU S
A l , R3 I
CW , R 3 RB
BE ■ STOPAR
LWrXZ SI
BALfDZ MULTXY
B DOPAR

STOPAR EQU $
STWrSi SYNLOADrRl
A l ,  D4 I
CW rD4 ' D 3
BGE SCHAR
SLSf Xl I
BEV $+2
EORr Xl IRPOLY
B DOPARN

SKPAR ■ EQU $
AIr Rl - I
AIrRT - I
BGE RSK
C I r Rl -NOSLAVE-NOSLAVE+3
BL POUT
AI»R7 NO SLAVE

RSK EQU $
MTBrD SALNfRT
BE SKPAR
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*D2 
$
CHARIN 
*RETPAR .
$
PRINT 
ERRMl 
RESTART

# # * * * *
* SIMULATION— THIS SUBPROGRAM EXECUTES THE CHIEN SEARCH ROUTINE.*
* * * * * *
CHOUT DATA O
CHIEN EQU $

STW,D2 CHOUT
L I »Rl NOSLAVE
L W »R 3 R E G2 - 1 , Rl
STW »R3 S I G - I r R l
BDR * Rl $ - 2
L i »R2 - I
LI , RB D

NEXTDIG EQU $
LW , X l AO

SKBL EQU $
Al ,R2 I
LB,R4 CO D E B U F , R 2
C l , R4 X' 40*
BE SKBL
L I , Rl - I

NEXTCH EQU $
CHPAS EQU $

A l , Rl I
C l , Rl NOSLAVE
BE CHADD
MTB , D SALNfRl
BNE CHACT
STWtRB S I G rRl

B
SCHAR EQU

STW.R2
B

POUT EQU
BAL » D2
DATA
B
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B CHPAS
CHACT EQU $

LWtXZ S I G f R l
BAL , 0 2 MULTXY
STWtSl S I G f R l
LWfXZ AO
SLSfXZ I
BAL , 0 2 MULTXY
STWfSl Xl
B NEXTCH

CHADD EQU $
L I f  R3 0
L I f R l no s l a v e

. E0R»R3 S I G - I f R l
BDRfRl $ - 1
CIfRS 0
BNE NOCH
EOR»R4 LCOMP
STB?R4 CODEBUFfRZ

NOCH EQU $
CWfRZ CHARIN
BGE *CH0UT
B NEXTDIG



*«=*
* SIMULATION— THIS ROUTINE SIMULATES THE MASTER PROCESSOR*
***
RUNRET DATA O
RUNENT EQU $

STWp 02 RUNRET
RUNSEQ EQU $

DOl BTM
GOTO BTMl
MTWpO RDMPSW

. BE $+4
BALpDZ BUFDMP
DATA REGO
DATA MALINE

BTMl bound I
L I pRI 3
L  W p R3 INITLN
EoR p R3 LCOMP
LWpRZ I R O - I p R l
ANDpRZ R 3
STWpRZ I O - I  PR I
BDRpRl $ - 3

*DO COMPARISONS
LWpR4 LCOMP
LI pR3 O
STW p R3 OCl
LWpRZ KREG
CWpRZ DSREG
BLE $+Z
STW p R4 OCl
STW pR4 OCZ
CWpRZ TREG
BNE $+Z
STWpR3 OCZ
STW cR4 DLINE
LWpRZ ' MA .

*
* **
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BNE $ + Z
STW oR3 DLINE
LWfRZ OCl
ANDfRZ DLINE
EORfRZ LCOMP
STWoRZ RSLINE

* SET UP SHIFT IREGISTERS•
L I f R l G
L I f RS G

SLSH EQU $
MTBfQ SALNffRl
BE SHBYP
CIfRS 0
BG SETl
STWfRl SOSV
AIfRo I
B SETO

SETl . EQU $
CItRS I
BG SETO
AIrRS I
STWffRl SlSV

SETD EQU S
MTWfO 12
BNE SHSKP
XWffRZ SREGOffRl

SHSKP EQU $
XWfRS R4
XW f R 3 SREGlffRl

SHBYP EQU S
AIffRI I
CIffRl MO SLAVE-1
BLE SLSH
LWrRl SOSV
MTWfO 12
B N E $ + z
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NEXTS

CLS

CL?

CL 8

S T W t' R 2 SREGDtRl
STW sR4 SREGlfRl
LWfRl S l S V
STWoRS SREGlfRl
L I r R l 0
LIfRZ - I
STWfRZ SCNT
EQU $
BALfDZ SLAVE
A I f R l I
C I r R l NOSLAVE-I
BLE NEXTS
L I f R l NOSLAVE.
EQU $
MTWfO SCL-f-5
BE CL?
LWfRZ ISREGO- I f Rl
STWfRZ SREGO-ItRl
BDRfRl $-z
EQU $
L I f R l NOSLAVE
MTWfO SCL+ S
BE CLS -
LWfRZ I S R E G l - I t R I
STWfRZ S R E G l - I f R l
BDR f RI $-Z
EQU $
MTWfO IO
BNE CYCl
MTWfO I l
BNE CYCZ
MTWeO IZ
BNE CYCS
LIfRZ G
STWfRZ IKR
B INITCLK
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CYCl

DOACCUH

SKAC

CYC2

CYC3

IiNITCLK

EQU $
L I  ? R 2 0
L I !? R 3 0
L I  ? R4 0
LI .? R l 0
EQU $
MTB p0 SALN?R I
BE SKAC
E QR pRZ ACINpR I
H TW,0 TLINErRl
BE $ + 2
STWvR4 IDSR
Al »R4 I
EQU $
A I pRI I
C I pR I NOSLAVE
BL DOACCUM
STWrRZ IMA
B CYClCLK
EQU $
L W p X l MA
BALi-DZ I NV E RS E
STW i'X2 IMA
B CYCZCLK
ESU $
B CYC3CLK
EQU $
L W »R 2 I K R
STWrRZ KREG
LWsRZ LCOMP
STW rR2 IRO
LIfRZ 0
STWrRZ I R l
STWrRZ I R Z
STWpR2 INITLN
STWcRZ WTLINE

oo
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B ’
C Y C l C LK EQU

MTW, 1
L W f R Z

STWfRZ
STWfRZ
B

CYCZCLK EGU
LWfRZ
STW »RZ
STWfRZ
LWfRZ
STWfRZ
LWfRZ
STWrRZ
BE

CYC3CLK EQU
MCLOCK EQU

LWrRZ
XWfRZ
XWtRZ
STWrRZ
B

* * #
* SIMULATION—
* THIS SUBROUTINE
* A GALOIS FIELD.
* AND INVERSE I S

RUNSEQ
$
KREG
IMA
MA
MALINE
MCLOCK
$
IMA
MA
MALINE
IDSR
DSREG
OCZ
WTLINE
*RUNRET
$
$
IRO
I R l
IRZ
IRO
RUNSEQ

COMPUTES THE INVERSE OF AN ELEMENT OF 
INPUT ELEMENT IS LEFT JUSTIFIED IN Xl  

RETURNED IN XZ.

*  * *  

*  

*  

*  

*
*  *  *

INVERSE EQU
LWf R3 
LWfRZ
S L S , R3 
LWrXZ
B

$
Xl
M
-NOBITSrRZ  
INVM rR 3
*DZ

* * *
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*.* * * * *
* SIMULATION—  *
* THIS ROUTINE SIMULATES THE OPERATION OF THE SLAVE PRO- *
* CESSORSe Rl  GIVES THE CURRENT SLAVE. *
* * * * * * .
SLVRET DATA D
SLAVE EQU $

STWtDZ SLVRET
LI tR3 O
LWtRZ REGZtRl
BE $+z
LWtR3 LCOMP
STW e R3 TLINEtRl
M TBt O SALN tRI
BNE ACTIVE
LItRZ O
STWtRZ ACINtRl
STWtRZ TLINEtRl
B *SLVRET

ACTIVE EQU $
* DO MULTIPLICATION

LWtDl I l  .
LWtXl R EG3 t Rl
LWtXZ SREGDtRl
BALtDZ ISU
STWtSl XZ
LWtXl REGl f Rl
LWtDl ID
BALtDZ ISU
STWtSl ARGl
LWtXl REGZtRl
LWtXZ MALINE
BALtDZ ISU
STWtSl XZ
LWtXl ARGl
BAL t DZ MULTXY
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SLCLOCK

C L l

CL2

CL 3

CL4

STWrSl MLTAC
STWrSl MLTOUT
EORrSl RE52 , R l
STWrSl ADDOUT
BAL , 0 2 IRN
BAL r 02 RSU
EQU 1$
MTWrO SCL
BE CLl
LW,R2 IREGO
STW rR2 REGO , R l
EQU $
MTWrO SCL-s-1
BE CL2
L VJ r R 2 IREGl
STWrR2 REGlrRl
EQU $
MTWrO SCL+2
BE CL3
L W ? R 2 IR EG2
STW rR2 REG2 , R l
EQU $
MTWrO SCL + 3
BE C LA
L W r R 2 IREG 3
STWrR2 REG3, Rl
EQU $
MTWrO SCL-s-4
BE *SLVRET
LW ?R2 IREGA
STW rR2 REGA , R l
B *  SLVRET

oooo



* * * * * *
* SIMULATION —
* THIS ROUTINE SIMULATES THE INTERNAL ROUTING NETWORK OF A *
* SLAVE PROCESSOR . GATE LOCATIONS ARE DEFINED BY AN. ARRAY. *
* * *
IRNSZ EQU 16
IRNT RES IRNSZ
IRN EQU $

LIfRZ IRNSZ
L I »R3 O
S I W»R3 IRNT-IfRZ
BDR ,RZ $ - 1
MTWrD ID ■
BE IRNl
LWtRZ REGDfRl
STWfRZ IRNT
LWrRZ REGZfRl
STWfRZ IRN T + 3
LWfRZ SREGOfRl
STW ,RZ IRN T + 5
LWfRZ SREGl fRl
STW f RZ IRNT+6
LWfRZ MLTAC
STWfRZ IRNT+10
B IRNOR

IRNl EQU ' $
MTWfO I l
BE IRNZ
LWfRZ REGl f Rl
STWoRZ IRN T + Z
LWfRZ SREGl fRl
STWfRZ IRNT+7
LWfRZ ADDOUT
STWfRZ IRNT+12
B IRNOR

IRN2 EQU $
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IRN3

IRN 4

IRN5

IRNIN

IRNOR

MTWffO IZ
BE IRNIN
MTB , 0 SCLNtRl
BNE IR N3
LWffRZ SREGlfRl
STWffRZ IR NT+ 8
B IRN 4
EQU $
LWffRZ REGO»RI
STWffRZ IR NT+1
LW»RZ SREGltRl
STWffRZ IRNT + 9
EQU $
MTWffO RSLINE
BE IRN 5
LWffRZ REG4ffRl
STWffRZ IRNT+4
B IR NOR
EQU $
LWffRZ MLTOUT
STWffRZ IRNT+11
B IRNOR
EQU $
LWffRZ ICONffRl
STWffRZ IRNT+13
LWffRZ S Y N l f R l
STWffRZ IRNT+14
LWffRZ SYNZffRl
STWffRZ IRNT + 15
EQU $
LW,RZ IRNT+14
OR 7 R Z IR NT+ 9
ORffRZ IRN T + 7
STWffRZ IREGO
LWffRZ IRNT+15
ORffRZ IR NT+ 8

NO
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ORpRZ IRN T + 1
STWeRZ IREGl
LWeRZ IRNT+13
OReRZ I R N K l Z
STWeRZ IREGZ
LWeRZ IRNH 13
OReRZ IRNT+11
OReRZ IR N H  5
OReRZ IRNT+4
STWeRZ IREGS
LWeRZ IRNI +G
STWeRZ IREG4
LWfRZ I R N H l S
OReRZ IRNT+11
OReRZ IRN T + 4
STWeRZ RS
OReRZ IRNT+3
STWeRZ ISREGOeRl
OReRS IRNT+Z
OReRS IRNT
STWeRS ISREGl j R l
LWeRZ IR NT+10
STWeRZ ACINeR I
B * DZ



$ * * A *
* S I M U L A T I O N  — *
* T H I S ROUTINE SI MULATES THE REGI ST ER SELECTION U N I T *
* IN THE SLAVE PROCESSORSo *
# * # 4= ij: #
SCLSZ EQU 7
SCL RES SCLSZ
RSU EQU $

STWeRI R l SA V E
L WeRO I N I T L N
LWeRl RO
L W e R 2 RO
L W e R 3 RO
LWeRS RO
L W r RS RO
OR ?R3 IQ
L W » R 4 IO
OReRS IO
ORfRS IO
OReRO I l
0RfR2 I l
OReRG I l
OReRl I Z
OR ?R3 I Z
OReRS 12
OReRS 12
LCI SCLSZ
STMrRO SCL
L W e R l R l SA V E
MTBeO S C L N r R l
BE' *02
LWeRZ SCL
OReRZ 12
STWeRZ SCL
B *02

Z6
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* *  *

* s i m u l a t i o n —
* THIS SUBROUTINE COMPUTES THE PRODUCT OF TWO ELEMENTS
* OF A GALOIS FIELD.  INPUT ELEMENTS ARE LEFT JUSTIFIED

I S  IN S I .* IN Xl AND X2. PRODUCT
** *
MULTSl DATA O
MULTXY EQU $

. L I , SI O
STW.X2 MULTSl
LW,D1 M

MULTBR EQU ■ $
SLS , S I I
BCR,8 $ + 2
EOR, S I IRPOLY
S L S , X2 I
BCR , 8 $+2
EOR,SI Xl
BDReDl MULTBR
LW,X2 MULTSl
B *D2

*  * *  

*  

*  

*  

*

* *  *

* * *

* SIMULATION— INPUT SELECTOR UNIT
* THIS DEVICE PASSES Xl  TO SI  IF THE SELECT L i NEIN Dl

SI  IF THE SELECT LINE ( D l )  IS  ZERO.
IS  I ,

* AND PASSES X2 TO
*  * *

*  *  *  

*  

*  

*

*  *  *
ISU LCW,R2 M

LWeSl Dl
S L S e S l NOBITS-I
SASe SI I  »R2
L W»S2 SI
EOReS2 COMP
ANDeSl Xl
AND e S2 X 2
OReSl S2
B *D2
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* * * * * #
* UTILITY' - -THIS SUBPROGRAM DEFINES A NEW GALOIS FIELD *
* ACCORDING TO THE VALUE IN LOCATION M. *
*** * * *'
MEXP DATA O
AO DATA O
GFRET DATA O
GFINIT EQU $

STW»D2 GFRET
LWfRZ M
LWfRZ IRPTABeRZ
STWfRZ IRPOLY
L I t R l ■ I  ■
S f R l *M
STWeRl MEXP
L I f R l .1
LCWfRZ M
S L S f R l NOBITSfRZ
STWfRl AO
LWeRZ M
LWfRl IRPOLY
S L S f R l -NOBITSfRZ
ORfRl MEXP
STWfRl IRPOLYI
L I f R l O
STWfRl INVM
LWeRl AO
STW f R I IN VM +1 ■
LWeRZ SOSV
STW rRI ICONfRZ
LWrRZ LCOMP

INVBR EQU $
CWfRZ LCOMP
BAZ $+2
EOReRZ IRPOLYI
SLSfRZ - I
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"0

*  *  *

* UTIL
* * * 
PRINT 
PRINT

CIfRZ I
BE =PGFRET
S L S f R l I
BEV $ + Z
EOReRl IRPOLY
STWfRl INVMfRZ
B INVBR

— p r i n t s THE SPE

EQU $.
COM f 8 , 4  e3 , 1 7 , 1 5 ,
LW,R2 *DZ
AIfDZ I
LW, R3 MOVBL
MBS,R3 — I
LWfRS MOVBL
AIfRS - I
LB,R4 *RZ
S T B , R4 RS
SLSfRZ Z .
MBS,RZ I
C A L l f l p Rb u f
LW,R3 MOVBL
SLSfRS —Z
LI , R 4 X, 40»
STB, R 4 *R3
B =PDZ

HEADING,

17 X ' 6 A " , X ' D ' , 0 , C F ( 1 ) , 0 , A F ( 1 )

*  *  *  

*

* *  *

SO
Ul



'i= *
* UTILITY— ACCEPTS A CODEWORD FROM THE M:SI DEVICE CR FILEo *
* ALSO RECOGNIZES THE COMMANDS LISTED BELOW=
* EOD MEANS END OF DATA
* RESTART RETURN TO THE SLAVE ACTIVATION MODE
* T. means CHANGE THE TREG TO THE VALUE FOLLOWING I
* M MEANS CHANGE THE M REGISTER TO THE VALUE FOLLOWING
* FILE means SWITCH THE ECHO MODE UNDER BTM=
* * * 
IORET data O
INO UT 2 EQU $

STWoDZ IORET
CALl o l TPAGE
p r i n t pRHD 4
B INOUTl

INOUT EQU $
STWoDZ IORET
C ALl o l TPAGE
PRINT PRHDl

INOUTl EQU $
LWoRl MOVCB
MBSoRl -4
L I o R l BUFSZ
LWoRZ ADRS
STWoRZ■ RADR
STWoRZ WADR
LIoRZ BUFTOP

IOBK EQU $
■CALI o I READ
MTWoO BTMSW
BNE $ + 2
C ALl o l WRITE
L B o R 3 *R ADR
CB ? R3 ECK
BE IOHLT
CB o R3 RCK



IOHLT

!INPUT

STORT

MINPUT

FILIN

BE
CB9RS
BE
CB9RS
BE
CB9RS
BE
AWM9Rl  
AWM »R1 
C W s R .2 
BG
PRINT
B
EQU 
LWf R2 
ST-W »R2 
B
EQU
B AL c- D 2
C I 9RB
BL
PRINT
B
EQU
STW9RB
B
EQU '
BAL 9 D2 
STWdRS 
BAL 9 D2 
B
EQU
DOl
B
LW,R3
EOR? RS

START
TCK
TIMPUT 
MCK - 
MINPUT 
FCK 
FILIN 
RADR 
WADR 
RADR 
IOBK 
ERRM4 
REDO 
$

■ RADR 
IOLAST 
*10 RET 
$
INTNUM
NOSLAVE
STORT
ERRM2
INOUTl
$
TREG
INOUTl
$
INTNUM
M
GFINIT
INOUTl
$
I-BTM
INOUTl
BTMSW
LCOMP
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STWfRS BTMSW
B I N O UT l ■

INTNUM EQU S
LBfRS XFO
LI f R4- O

CINT EQU $
- AI f R 4 I

C l » R4 ID.
BG IOBK
CB»R3 *RADR rR4
3 GE CINT
LIf RS O

NXINT EQU S
LBtRS *RADR rR4
CBfRS XFO
BL * 0 2

ANDfRS CHMSK
MIfRS 1 0
AWrRS RS xO

Al r R4 I

B NXINT
*  *  * *  * *
*  UTILITY— CODEWORD IS PRINTED ON THE M:LO DEVICE. *
*  *  * *  *  *
OUTRE-T DATA O
OUTCW EQU $

STWcDZ OUTRET
LWfRZ M

CIrRZ Ha x p a g e
BL $ + z

' CALl f I TPAGE
PRINT PRHD 2
L I f R l BUFSZ
LWrRZ ADRS
STWiRZ WACR
LWrRZ I O L A S T



NEXTCRD EQU $
CALI , I  WRITE 
AWM,Rl WADR 
CW,R2 . WADR 
BNE . NEXTCRD 
B * OUTRET

***
* REGISTERS REGO, REGl AND REG2 ARE LISTED ON THE
* m: lo d e v i c e  when t h i s  r o u t i n e  i s  ca l l e d -
#* #
PRRET DATA. O
PROUT EQU $ .

STW »D2 PRRET
CALI , I TPAGE
PRINT - PRHD 3
L W , R 3 MOVBL
MBS ,R3 - I
L B , Dl XFO
L I , Rl NOSLAVE

PRBK ■ EQU - $
L W, R2 SYNl - IvR I
LW,R3 S-YN 2-^1 , R l
LW, R4 REG2-1 ,R I
L W , R5 LCOMP
SLSvR5 31
L I ,  RG D
LIvRT I

P R BK 2 EQU $.
STBvDl OUTBUF,R 7
S T B v D l . OUTBUF+OUTFMT »R7
STBvDl OUTBUFTOUTFMT+OUTFMT +1
CW,R2 RB
BAZ $+2
MTBvl OUTBUF v R7
C W, R3 RB
BAZ $ + 2

*  *  *  ■ 

*  

*
*  *  #
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MTBj I OUTBUF+OUTFMTj R7
CW j  R4 RS
BAZ $  +  2

MTBj I OUTBUF + OUTFM.T+OUTFMT+1 j R7
Al  j  R7 2
S L S jRS - I
A I j RG I
CWj RG M
BL PR BK2
CALIj I PRBUF
BDRj Rl PRBK
B *PRRET

*  *  *

* UTILITY^— THIS ROUTINE SETS UP THE ACTIVE SLAVES ACCORDING
* TO THE i n p u t STATEMENT o
* **
ACTRET DATA O
ACTSL EQU $

STWj D2 ACTRET
BAL »D 2 IN0UT2
L I j RI □
L I j SI NOSLAVE
A I j SI 3
S L S j SI - 2
LI  j R 3 □

ACTST EQU $
LW j R2 CODEBUFjRl
CW j R2 BLNK
BE ACTCL
AND cR2 SELSL
STWj R2 SALNj RI
STW eR3 SCLN jR I
Al  j R l I
CWj RI SI
BL ACTST

ACTCL EQU $

* *  *  

*  

*

* * *
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LIrRZ NOSLAVE
L I .  R3 O
STW oR3 ICON-1 rRZ
BDReRZ $ - 1
LWfRZ LCOMP
L We R 3 AO
L I f R l - I
A I r R l I
MTBeO . SALN rR I
BE $-z
STWeRl SOSV
STBrRZ SCLNrRl
STW eR3 ICON iR I
A I f R l I
MTBrO SALN rRI
BE S- Z
STWeRl SlSV
STBeRZ SCLNrRl
B *ACTRET

* ** ***
* UTILITY— THIS ROUTINE PROVIDES
* SHIFT OF THE I3 ARlTY CHECKS.
***
PSHIFT EQU $

L I r R l O
LI r R 3 O
LIfRS O

RSHN EQU $
MTBeO SALNrR 3
BE PSHBYP
CIrRS O
BNE PSETl
AIrRS I
STWeRl SOSV
B PSET

PSETl EQU $

* *  *

THE FIRST CIRCULAR *
*

***
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OCIfRS I
BG PSET
AIfRS I
STWfRl SlSV

PSET EQU $
XW?R2 R4
XW,R2 SYNZrRl

PSHBYP EQU $
Al »R3 I
CIfRS NOSLAVE
BL $ + Z
LItRS O
A I f R l I
C I f R l NOSLAVE+NOSLAVE
BL PSHN
LWtRl SDSV
STWtR4 SYNZfRl
LWtRl SlSV
STWtRZ SYNZrRl
B *DZ

* * * ■
* UTILITY— REGISTER DUMPING ROUTINE— PROVIDES A SNAPSHOT DUMP
* IN HEXADECIMAL NOTATION OF THE REGISTERS SELECTED*
* * * ■
XCO DATA X ’ OOOOOOCO’
RXFO DATA f O»
CHSAVE DATA O
BUFDMP EQU $

C A L l f l TPAGE
LWtRS MOVBL
MBStRS - I
LWtRZ *DZ
A I t R Z “  I
A I t D Z I
LWrRS *  DZ
A I f D Z I

*  *  *  

* 
*

*  *  *
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BUFBK3

BUFBKl

BUFBK2

EQU $
LI »R 4 NOSLAVE
C l »R4 30
BLE $ + 2
L I »R4 30
EQU $
LW.R7 *R2,R4
L I , RB I
EQU $
L I , R 6 0
SLD,R6 4
C l , RG 9
BLE $+4
A l , RG - 9
0R,RG XCO
B $ + 2
0R,RG RXFO
STBfRG CHSAVEfRS
Al ,RB I
Cl , RB 3
BLE BUFBK2
LW,R6 CHSAVE
STWpRG OUTB UF ,R 4
BDR,R4 BUFBKl
C A L l f l PRBUF
A l , R 2 NOSLAVE
CW,R2 R3
BLE BUFBK3
B *D2
end START

N
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ACTIVE SLAVE CONFIGURATION:
1 1 1 1 1 1 1 1 1 1
EOD

RECEIVED WORD?
Mr?
I r  9
QDOOlO ODOOOOOO 10000000OO10 OODO OQOD 10 [3000000000 OOOOO OOODOOOOODOOOOO D OOO1000OOQOO O
OOOOl OO OOOlOO OOOOOO OOOl OOOO OOOOO OOO10 CO OOQO OOOO
EOD

CORRECTED WORD:
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 OOOOOOOOOOOOOOOO0 0 COOOOOOOOO0 0 0 0 0 0 0 0 0

RECEIVED WORD:
M=4 
T r l
1 0 0 1 1 0 0 0 0 0 0 0 1 0 0  
EOD

CORRECTED WORD:
1 0 0 1 1 0 0 0 0 0 0 0 0 0 0
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RECEI VED WORD!
RESTART
A C T I V E  SLAVE CONFIGURATION:
l l l l l l O O O O
EOD

RECEI VED WORD:
M=S 
T = S
OlOOO OOl  OO O l  O OO O O l  O O l  OO OO OO CO OO 
EOD

CORRECTED WORD:
OOOOOQOOOCOOOOQOOOOOOOQOOOO0 0 OO

SYNDROME POLYNOMI AL
O O O O O O O O O O
O O O O O O O O O O
O- O O O O O O O O O
O O O O O O O O O O
I I C I I O O I O O
O O I O I I O I I I
O O C I O O O O O O
O O I I I O O O O O
I O O O I O O O O I
Q O I I I O I I O I

RECEI VED WORD: 
EOD

* E X T T *

S I GMA P O L Y N O M I A L - -  '
O O O O O
O O C O O
O O O O O
O O O O O
O O O I O
I I I O I
O J - I O O
O O G I I
O I I O I
O O O O I
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