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Supervi so r :  Dr. M io .e la  Serra

A bstract

T h i s  d i s ser ta t ion  encom passes  p r imar i ly  design for te s t ab i l i ty  ( D F T )  p r o b le m s  of 

c o n c u r re n t  checking and  s t ru c tu ra l  off-line Bui l t - In  Self-Tost.  W e  presen t  a  new 

D F T  m e t h o d ,  which em ploy s  cyclic code checking as a  m e d i u m  to  c o m b i n e  the  

co n c u r r e n t  checking  and  s igna tu re  analys is  in a  bui lt- in fashion.  It uses b i t -s l iced 

l ineai feedback shi ft  registers (LFSHs)  or  l inear ce llu lar  a u t o m a t a  regis ters  ( L ( ' A R s )  

as t h e  im p le m e n t a t i o n  mechan ism.  A ci rcui t  u n d e r  tes t  de s igned in th is  m e t h o d  

s u p p o r t s  both, on-l ine  and off-line te s t ab i l i ty  wi th  shared h a r d w a re  resources .  It  has  

c o m p a r a b l e  on-l ine  e r ro r-de tec t ing  ab i l i ty  to t h e  convent iona l  e r r o r - d e t e c t i n g  codes 

a n d  w i th o u t  a f f e a m g  the  h igh fault  coverage of off-line s i g n a t u r e  analys is.  T h i s  

t e s t i n g  sc h e m e  com pl ies  wi th the  I F F F  boun d ary - sean  s t a n d a r d  a n d  is ap p l i ca b le  

to genera! c ircui try.

Fvaluat ion-i  of t h e  proposed s ch em e  are  carr ied  o u t  wi th  r e sp ec t  to  t h e  a r e a  

o v e r h ead ,  p e r f o r m a n c e  and tes t ing  t im e ,  des ign complex i ty ,  pin co u n t ,  a n d  faul t  

coverage

T h e  conca tena t  ion proper t ie s  of L C A R s  are  i n t ro duce d  and re cent  d e v e lo p m e n t s  

in re la ted  issue's ar e  reviewed. Final ly,  a  new a r ea  e s t i m a t i o n  m e t h o d  for e i t cu i t  

des ign is p re sen ted  to  ease silicon cos t  m easu rem en t
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C h a p t e r  I. In t rodu ct ion I

C hapter 1 

In trod u ction

The re l iabil i ty  of d ig ital  sys tem s  d e p e n d s  on t o ' t i n g  t h a t  is, th e  d e t e r m in a t i o n  of 

w h e t h e r  a  c i rcui t  is m a n u f a c t u r e d  prope r ly  an d  behaves  correc tly .  Digital  tes t ing  

en c o m p a s s e s  logic, an d  p a r a m e t r i c  tes ts .  Logic tes ting  concerns  t h e  logical correc t  

ness  of a  circui t  u n d er  test (CHIT), whi le  paramet r ic  test ing  e x a m i n e s  t h e  ci rcui t  

p a r a m e t e r s  such as cu r re n t ,  vol tage,  t i m e  delay and power  co n s u m p t i o n .  T h i s  dis 

s e r t a t i o n  is d evo ted  to  logic te s t ing  issues T h e  t e rm  l i s t i n g  is used to refer to logic 

tes t ing .

As c i rc u i t  dens i ty  rap id ly  increases ,  tes t ing  has  become  m o re  difficult  b ecause  of 

increas ed  s y s t e m  co m p lex i ty  a n d  decreased  cir< nit  accessibi li ty.  In a, te s t ing  process,  

o n ly  a  “p a s s / f a i l ” s ignal  is required to in d ica te  if a  c ircui t  is good or  not ,  as op posed  

to  diagnos t ic  m e t h o d s ,  where  the  locat ion of defect? :s required.

It is i m p o r t a n t  to  pre sen t  new research in its a p p r o p r i a t e  co n tex t .  F igure  1.1 

i l lu s t r a te s  a  t a x o n o m y  of logic te s t ing  techniques .  As shown ,  logic te s t ing  can be 

classified i i to two m a in  categories :  external  test  and Bui l t- In Self - ' les t  ( B I S T )  [40, 

p ag e  131]. E x te rn a l  test, uses a  tes ter ,  ex te rnal  to the  sy s t em ,  to s t i m u l a t e  a  c ircui t.  

Su ch  gen era l  p u r p o s e  tes ter s  are  very expens ive  and not necessari ly  ava i lable  to all 

des igners .  Moreover ,  a  large vo lume of  d a t a  needs  to be h an d led  by t h e  tes ters,



( h a ' i l c r  i. h i t r i x l ue t ion

re su l t ing  in lung test in̂ i, t imes  and high test ing cost.

iiu ill In S e lf T esl

O n I mi' Ii in T

In fo rm a tio n -re d  u m iiin l

R esiden t so flw n rc

O ff-lin e  HIST

lix le rn a l  lesl

H ardw are-red undan t

Figure  1.1: T a x o n o m y  of t e s t in g

A viable a l t e r n a t iv e  to ex te rnal  tes t  is BIST,  which in genera l  refers to  the  

inclus ion of on-chip  c i rcu i t ry  to faci l i tate tes t ing .  B IS T  t ech n iq u e s  of ten  im p ly  

us ing some design f o r  testabili ty  ( D F T )  m e t h o d s  to  reduce  t e s t  cost  a n d  inc rease  

c i r cu i t  tes tabi l i ty .  D F T  techniqu es  include ad hoc ap p r o ach e s  such, as p a r t i t i o n i n g  

[2, pages .'111-1115] a n d  inser t ing  test  points  [2, page 347], and s t ruc tura l  a p p r o a c h e s  

such as scan t echn iques  [2, pages 358-407]. A B IS T  s t r u c t u r e  consis ts  of tw o  key 

co m p o n e n t s :  a  m ech a n i s m  to provide  inpu t  s t imul i  to  t h e  C U T ,  an d  a  m e c h a n i s m  to 

ev a lu a t e  th e  c ircui t  responses.  B IS T  techn ique s  can be  fu r th e r  d iv ided  in to  on- l ine  

an d  off-line m e t h o d s .  On-l ine B I S T  al lows t h e  ci rcui t  t o  be t e s t e d  as it is p e r fo rm in g  

its in t en d ed  func t ions ,  while off-line B I S T  typica l ly requires  t h e  C U T  to  s u s p e n d  

n o r m a l  o p e r a t i o n  a n d  en ter  a  s ep a r a t e  tes t mode.
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As shown  in F igure  1.1, on-l ine BIST techn iques  can he  fu r th e r  charnel  or 

ized into hardware- redundan t ,  t ime-redundant  and  i n f o r m a l io n - n  dundan l  ca tegor ies.  

H a r d w a r e - r e d u n d a n t  t echnique s  vary from sel f-checking c i rcui ts  at t h e  g a le  level 

t h r o u g h  d u p l i ca t io n s  at, the  m o d u le  level, up to  repl ica ted  c o m p u t e r s  at th e  sy s tem  

level f46]. T i m e - r e d u n d a n e y  uses add i t ional  t i m e  to repeat  c o m p u t a t i o n s  in o rd e r  to 

ach iev e  fault  de t ec t ion .  In fo rm a t io n - red u n d a n t  a pp roaches  em ploy  er ror  d e t ec t in g  

cod es  such as  Berger,  res idue  and cyclic r e d u n d an cy  checks  as par t  of t h e  function 

speci f ica t ions .  In t ins  d i s ser t a t ion ,  t h e  te rm  concurrent  e l nek iny  is used to refer 

to  t h e  i n f o r m a t i o n - r e d u n d a n t  m e th o d s .  One  focus of th e  new resenr<h falls in this 

ca tegory .

Off-l ine B IS T  techn iques  have been widely accep ted by design eng inee rs  in prac  

t ica l  app l i ca t ions .  T h e s e  tech n iques  can be grouped  into res ident  sof t  ware, J i nn  wart 

a n d  data co m pac t io n  m e th o d s .  Var ious d a t a  c o m p a c t io n  t echn iques  a r e  available 

[2, pages 421 452]. T h e  be s t  known is s ignature analys is  [2, pages 422 448]. If is 

ba sed  on t h e  conc ep t  of cyclic r e d u n d a n c y  checking ( ( 4 1 0 ) ,  a n d  real ized in hard  

w a re  us ing l inear  feedback  shi f t  registers (L FSRs) .  A co m p re h e n s iv e  ex pos i t ion  of 

t h e s e  back g ro u n d  s u b je c t s  can be found in [2, 4, 24, l(ij. 'I'lie new research in this 

d i s s e r t a t i o n  enc o m p a sse s  data,  com p ac t io n  techn ique s  us ing s i g n a tu r e  analys i s  and,  

in fact ,  p re sen t s  m e t h o d s  for merging such off-line B IS T  t echn iques  wi th c o n c u r re n t  

checking.

S c an -b ased  tes t  is a  D F T  te ch n iq u e  t h a t  provides t h e  m ea n s  to access  interna,I 

p a r t e  of a c ircui t .  It conv er ts  a  sequent ia l  c i rcui t  tes t p ro b lem  in to  a  co m b in a t io n a l  

o n e  by co n n e c t in g  s to rag e  e l em e n t s  in to  a chain  of  shift  registers ,  such t h a t  test  dal., 

c a n  be sh i f t ed  in for te s t ing  an d  c ircui t  responses  can be shi f ted  o u t  for e x a m i n a t i o n .  

T h e r e  are  m a n y  var ia t ions  of scan design and  the  det a i l s  can be found in [2, 258 

395],  In th i s  d i s se r t a t ion ,  t h e  t e r m  off-line B f S T  refers on ly  to  t e s t i n g  m e t h o d s  t h a t  

c o m b i n e  s i g n a tu r e  ana lys is  an d  scan-based D F T  techniques .  T h e  I F F F  S ta n d a r d
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i 149.1 S t a n d a r d  r|V*st. Access Port, and B o u n d a ry  Scan A r c h i t e c t u r e  [1], <dso known  

as  the  b o u n d a r y  -can s t a n d a r d ,  is based on scan t echniques .  It dec la re s  t h e  ar r ival  of 

t h e  er a  of design for tes tabi l i ty ,  main ly  en hanc ing  off-line tes tab i l i ty .  T h e  new  te s t ing  

sch e m e  p re sen ted  in this  d i sser t a t i on  can be a d a p te d  to  s u p p o r t  th is  s t a n d a r d ,  wi th 

en h a n c e d  on-l ine tes tabil i ty .

'I’lie m a in  goal of th is  research is to  com bine  co n c u r r e n t  che ck ing a n d  off-line 

H IS T  techn ique s ,  so t h a t  the  ha rdw are  resources  involved in t h e  two ty p e s  of t e s t ­

ing  can be  sha red,  an d  th e  overall  silicon cost  can be  m in im ize d .  To ach ie ve  this 

merging ,  it is essential  to  find a  means  to  br idge  the  two di fferent  tes t  techn ique s .  

T h e r e  a r e  two basic re la ted  issues: an a p p r o p r i a t e  e r r o r - d e t e c t i n g  code  for t h e  con­

cur rent  checking  and  a  su i t ab le  i m p le m e n ta t io n  m e c h a n i s m  for t h e  off-line BIS T .  

T h e  new di sign f o r  lest  m e t h o d  proposed in th is  research resu l ts  in a  new  te s t ing  

a r c h i t e c tn r e ,  where  t h e  h a r d w ar e  resources  ar e  shared in bo th  on- l ine  a n d  off-line 

tes ts.  It, s u p p o r t s  t h e  I E E E  b oundary -s can  s t a n d a r d  a n d  is a p p l i ca b le  to  genera l  

c ircui try .  In th e  course  of  presen t ing t h e  new m erg in g  te ch n iq u es ,  we also  d iscuss 

s o m e  o t h e r  new research ideas for th e  co n c a t en a t io n  p ro p e r t i e s  o f  l inear  ce l lu lar  a u ­

tomat ,a ,  for the  e s t im a t io n  of ar ea  ove rhead  an d  for the  ev a lu a t io n  of e r ro r  coverage 

for s o m e  co n c u r r e n t  checking  techniques .

S o m e  iniiia,1 a p p ro ach es  to this  prob lem  ut i l izing ef fectively t h e  bu i l t - in  h a r d w a r e  

resources  an d  per fo rm on- l ine te s t ing  ar e  r e po r t ed  in [30, 48, 51]. T es t in g  sch emes  

an d  D F T  m e t h o d s  t h a t  m erge  s ig n a tu re  analys is  and  sca n -b ased  tes t ,  o r  b o u n d a r y  

scan technique s ,  can be  found in [2, pages 496-513] a n d  [17].

'I'lie r e m a i n d e r  of th is  d is ser ta t ion  is organized as follows. T h e  gen e ra l  b a c k ­

g r o u n d  is provided in C h a p t e r  2. Add i t ional  de t a i l s  ar e  i n t r o d u c e d  as nec es sary  in 

la t er  ch a p te r s .  C h a p t e r  3 reviews the  previous  work in m e rg ing  c o n c u r r e n t  checking 

an d  olf-l ine HIST', an d  discusses  the  m ai n  obstac les.  C h a p t e r  4 explore s  t h e  con ­

c a t e n a t i o n  p ro pe r t ie s  of  l inear ce llular  a u t o m a t a  regis ters  (L C A R s ) ,  w hich  play  a
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key role in o u r  solut ion to t h e  merging.

C h a p t e r  5 p re sen ts  t h e  new te s t ing  scheme.  T h r e e  modif ied s t ructu re ' s  for im 

pr ov ing  t h e  s y s t e m  p e r fo rm an ce  a i e  i n t roduced.  A des ign t e m p l a t e  of a b e n c h m a r k  

c i r cu i t  is p rov ided  to  d e m o n s t r a t e  t h e  appl icabi l i ty  of this s tudy.

C h a p t e r  6 is d ed i ca t ed  to evalua t ion measures .  A new ar ea  cost e s t im a t io n  

m e t h o d  for gene ra l  c i r cu i t r y  is suggested .  T h e  cost  ( 'valuat ion of the  proposed  

sch e m e s  in t e r m s  of  silicon cost ,  te s t ing  t ime ,  design complexi ty ,  an d  pin count a n '  

pr e sen ted .

C h a p t e r  7 is d evo ted  to  the  er ro r  coverage capabi l i t ies  of L K S R / L C A R  based 

cycl ic codes,  as c o m p a r e d  to  convent .on'  1 er ro r -d e tec t in g  codes  such as Merger an d 

r e s idue  codes .  C c n r l u d i  tg re m ark s  and  topics  of fu lu r "  research are  pre sent ed  in 

C h a p t e r  8.

T h e r e  a r e  two append ic es .  A p p e n d ix  1 conta ins  t h e  tab le s  of L C A R  self c o n c a t e ­

n a t i o n  for length  2 to  16 LC ARs ,  co n c a t e n a t in g  up to  length (id. A p p e n d ix  2 is the  

m a n u a l  page of t h e  Concurren t  Checking code generator  a n d  M I N I m i z c r  (c cm ini )  

p ro g r a m ,  d eve lo ped  by th is  a u t h o r  to  a u t o m a t e  the  en co d in g  process  of c o n c u r r e n t  

checking.
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C hapter 2 

B ackground

'I'llis c h a p t e r  provides  the  necessary  back g ro u n d  m a te r i a l  We first p re s e n t  gene ra l  

faul t  m ode l s  used in tes t ing.  T h e n ,  we consider  th e  p ro b le m s  t h a t  B u i l t - I n  Self- 

Tos t  ad d res ses ,  an d  explore  two widely used te s t ing  t echn iques :  p s e u d o r a n d o m  test  

g e n e ra t io n  a n d  d a t a  co m p ac t io n .  Finally,  we in t ro d u ce  two ex tens ive ly  used c i r cu i t  

s t r u c t u r e s  lor  tes t  g en e ra t ion  and d a t a  co m p ac t io n :  l inear  feedback shi f t  regis ters  

(L F S I t s )  a n d  l inear ce llu lar a u t o m a t a  registers  (L C A R s) .

2.1 Faults and Fault M odels

T h e  e l e m e n t s  of digi ta l  sy s t em s  are  s u b jec t  to  physical  defects  t h a t  can cause  t h e m  

to  m a l f u n c t io n .  T h e  defects  can be  m a n u f a c t u r i n g  defects  a t  chip ,  b o a r d  o r  s y s t e m  

level,  or ser v ice- r e l a t ed  defects  such as b u r n o u t  d u e  to over loading.  To avoi d  dea l i ng  

d i r ec t ly  wi th  t h e  large n u m b e r  of physica l  defects,  th e  logical b eh a v io u r  o f  t h e  defects  

ar e  m o d e led  as f a u l t s , such t h a t  t h e n  effects can be e x a m in e d .

A faul t  model  re p re sen ts  a  r ang e of physical  defects.  T es t i n g  is a lwa ys  def ined 

wi th  re spect  to  a  se t  of  faults.  Fau l t s  can be m o d e le d  a t  d i fferent  levels o f  t h e  des ign 

hiera rchy f rom layout  geom etry ,  t r ans i s to r ,  logic ga te ,  u p  to fu nc t i ona l  a n d  s y s t e m
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levels.  Faul ts  can  bo classified according  to  the i r  n a tu re  of  ap p e a ra in  e: i pi >'inunt lit 

f a u l t  is a lways  presen t  an d  does  not  d i sap pea r ,  o r  cha ng e its n a t u r e ,  d u r i n g  tes t ing;  

a  t rans ient  f a u l t  is pr e se n t  in som e  int ervals of t i m e  and absen t  in o the rs .  T h e r e  are  

tw o  m a i n  types  of faul ts  wi th  respect  to the i r  effects on c i rcui t  behaviour s :  sequential  

f a u l t s  a n d  com bin a t iona l  faul ts.  A sequent ia l  fault  is caused by some defects ,  e.g. 

t h e  b r i dg ing of  two or  m ore  signal  lines in a  c ircui t ,  such that, a  feedback p a t h  is 

c r e a t e d  to  form a  new s t a t e  in th e  network.  C o m b in a t io n a l  faul ts  inc lude the  f i u l t s  

w hich do  not  have such feedback paths .

M a n y  faul t  models  have been proposed,  inc luding t h e  s tuck  a t  model ,  the  s tuck  

o p e n  m ode l ,  t h e  delay model  an d  the  cu r ren t  test, model .  T h e  m o s t  c o m m o n l y  used 

fa ul t  m o d e l  is t h e  s tuck -a t  fault  model  [2, page 94] a t  logic g a t e  level. T h i s  model  

has  been  gene ra l ized to  apply  to  any fault  condi t ion  t h a t  causes  a. logic g a te  lo 

b e h a v e  as t h o u g h  one of its in p u t s  or o u t p u t s  is s tuck  a t  logical 1 o r  0. A fault  

in th is  m od el  is d e t e c t e d  by app ly ing  a  test  vec tor  t h a t  should  se t  t h e  line to  the  

o p p o s i t e  of t h e  value it  is s tuck  a t ,  th en  p ro p a g a t in g  t h e  value  of t h e  line to the  

c i r c u i t  o u t p u t .

T he  s tuck-op en  faul t  model  is cr ea ted  to deal  wi th t h e  m e m o r y  effects caused by 

b re ak s  in a  C M O S  c i r cui t  [46, pages  8-10]. It. models  a  t r an s i s to r  t h a t  is s t uck -o pen  

(i.e. n o n -c o n d u c t in g ) .  A test  to  de tec t  a  pa r t i c u la r  s tuck-opc n  t r a n s i s t o r  consis ts  of 

two vectors.  T h e  first ini tial izes  the  value of t h e  line t h a t  the  t r an s i s to r  in ques t ion 

dr ives ,  an d  t h e  second cr eates  a  s i tua t ion where  the  t ra ns i s to r  m u s t  c h a n g e  th e  value  

of  t h e  l ine a n d  also m u s t  p ro p a g a t e  the  new value of t h e  line to  an o u t p u t .

T h e  delay fa u l t  m ode l  is used to de t ec t  t im in g  faults  in th e  c ircui t .  It mode ls  a 

faul t  t h a t  causes  a  s ignal  line (or pa th  of signal lines) to  be slow to rise or slow to 

fall. T o  d e t e c t  a  delay  fault ,  t h e  ap p r o p r i a t e  t r ans i t ion  on th e  faul ty  line m u s t  be 

g e n e r a t e d ,  a n d  th e  t r an s i t ion  m u s t  be visible a t  an o u t p u t .

F a u l t s  in the curren t  test  m od el  ar e  bridges  between) two nodes,  ' l b  test  for a
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br idg ing fault  be tween two nodes ,  a  tos t  vec tor  is app l i ed  which dr ives  t h e  nodes  to 

o p p o s i t e  values.

Faults  can be s ingle or mul t ip le .  T h e  s ingle fault  model  is used in m o s t  te s t ing  

research d u e  to the  s impl ic i ty  of analys is  an d  the  l imi ted  c o m p u t a t i o n a l  power  to 

s i m u la t e  m u l t i p le  (a id ' s  [2, p age  94J.

In th is  d i s ser ta t ion ,  unless  o therwise  no ted ,  we consider  b o t h  p e r m a n e n t  an d  

t r a n s i en t  co m b in a t io n a l  faults ,  which can be single an d  mul t i p l e .  O t h e r  faul t  mode ls  

a r e  also used,  and th ey  are  in t ro d u ce d  when needed.

2.2 P seudorandom  Test P a ttern  G eneration

' l e s t  gen e ra t io n  refers to t echn iques  for gene ra t ing  an a p p r o p r i a t e  se t  of i n p u t  s t imul i  

for a  c i rcui t  u n de r  te s t .  Tes t  gene ra t ion  is a  com plex  p ro b lem .  T h e  m o s t  i m p o r t a n t  

m ea su r e s  of  a  tes t g e n e r a t i o n  techn ique  are t h e  cost  of  test  gen e ra t i o n ,  t h e  qua l i t y  

of th e  g en e ra t ed  tes t ,  and t h e  cost of a p p ly ing  the  test .  T r a d i t i o n a l  t e s t in g  m e t h o d s  

re qui re  gen e ra t ion  of  tes t vectors ,  which is an  ex pens iv e  process ,  a n d  a  large  a m o u n t  

of m e m o r y  m a y  be requi red  to  s tore th e  set.

Exhaus t i ve  tes t ing  uses all  possible input  c o m b in a t io n s  as t es t  p a t t e r n s  [4, page 

•10]. E x h au s t iv e  t e s t in g  g u a ran t ee s  d e tec t io n  of all d e t e c t a b l e  c o m b i n a t i o n a l  faults.  

However,  th e  exponen t i a l  g ro w th  of t h e  requi red  n u m b e r  of vec tor s  l imi t s  t h e  p ra c ­

tical  app l i ca bi l i ty  of this m e t h o d  to c ircui ts  w i th  less t h a n  t w e n ty  or  so i n p u t s .

R a n d o m  test ing  involves gen e ra t io n  of r a n d o m  t e s t  vectors.  However ,  to  achieve  

a  h igh-qua l i ty  tes t ,  a large ,:et of r a n d o m  vectors  is needed ,  r equi r ing  a  long t i m e  

to  ap p ly  t h e  tes t [4, page 177]. In p s eu d o r a n d o m  tes t ing , te s t  vec tor s  ar e  g e n e r a t e d  

de te rm in is t i ca l ly .  T h e  vec tors  can b e  regener a t ed ,  an d  the re fo re  do not  need  to be  

s tored .  Moreover ,  t h e  g en e ra to r  i tsel f can be  im p le m e n t e d  by s im p le  a n d  e c o n o m ­

ical c i rcui t  s t r u c t u r e s  (e.g. LFSRs) .  Hybr id  app roaches  c o m b i n i n g  th e  ab o v e  tes t
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g en e ra t i o n  m e t h o d s  have also been explored in orde r  to o b ta in  t h e  best fea tures  of 

e a c h  t e ch n iq u e  [•!].

2.3 D a ta  C om paction

T o  test  a  c i r cui t ,  a  large voluim of o u t p u t  da t a ,  gen e ra t ed  by a p p ly in g  a large 

n u m b e r  of i n p u t  p a t t e r n s  to the  C U T ,  has to be s tored in m e m o r y  an d  co m p are d  

w i th  the  e x p e c t e d  goo d response .  A possible a l t e rn a t iv e  is given by <Inin com pact ion  

t e s t ing ,  w he re  th e  o u t p u t  vector from a  C U T  is co m p a c te d  in to  a m u c h  s h o r t e r  

c o m p re s se d  form,  called a  s ignature , wi th som e loss of in format ion.  An invalid 

s i g n a t u r e  ind icat es  t h e  presence  of er rors  in the  o u t p u t  s t r e a m .  F igur e  2.1 shows 

t h e  coi c e p t  of d a t a  co m pac t io n  techniques .  A fault  is d e t e e ' e d  if t h e  s ig n a tu re  

S ( R ' )  o b t a i n e d  f rom the  C U T  differs from the  p r e c o m p u t e d  s i g n a t u r e  A'(//o) of a 

faul t - f ree  c i rcui t .

In p u t test 
se q u e n c e

C U T

lirm r
i n d i c a t o r

Figure  2.1: D a t a  co m pac t io n  techniques

M a n y  m e t h o d s  can be used to ob t a in  a  s ignature :  o n e ’s co u n t in g  ( t h e  s ig n a tu r e  is 

t h e  s u m  of t h e  n u m b e r  of Us in th e  c ircui t  o u t p u t ) ,  pa r i t y  check ( t h e  s i g n a t u r e  is one 

b i t  s igni fying o d d  o r  even pa r i t y  of t h e  o u t p u t ) ,  t r ans i t ion  co u n t in g  ( t h e  s ig n a tu re  

is t h e  n u m b e r  of 1 to  0 and  0 to 1 t r ans i t ions  a p p e a r in g  on t h e  in fo rm a t io n  bi ts ) ,  

s y n d r o m e  t e s t in g  ( t h e  s i g n a tu re  is th e  normal i zed  n u m b e r  of Us in t h e  cir -nit o u t p u t
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u n der  e x h a u s t i v e  app l i ca t ion of all possible inpu t  p a t t e r n s ) ,  an d  Walsh  s p e c t r a  

(•(impression ( t h e  s ig n a tu re  is all the  Walsh coefficients or a careful ly  chosen s u b s e t  

of t h e m ) .  Facli d a t a  c o m p ac t io n  m e t h o d  has its own ad v a n ta g es  and  d i sadvan tages .  

A deta i l ed  d iscussion of these  techn iques  can be  found in [2, 4].

T h e  m o s t  c o m m o n l y  used d a t a  co m pac t io n  te ch n iq u e  in d ig i ta l  c i rc ui t  te s t ing  

is s ignature  analysis  [4, pages  109-144]. T h e  ac tua l  im p le m e n t a t i o n  of s ig n a tu re  

analys is  relies on l inear feedback shi ft  registers ( L F S R s )  as co m p a c t o r s .  A L F S R  

pe r fo rm s  a  po lynom ia l  division over a  b i nary  field, w he re  t h e  i n p u t  s t r e a m  is the  

d iv idend  polyn om ia l  and th e  LFSR. i tsel f  im p le m e n ts  t h e  d ivisor  po ly n o m ia l  [4, page 

I 12]. At  t h e  end  of th e  d ivision,  the  las t s tage  of the  L F S R  desc r ibes  t h e  r e m a i n d e r  

p o lynom ia l ,  which is used as t h e  s ignature .  T h e  o u t p u t  of th e  LF SR ,  r e p re s e n t in g  

t h e  coefficients of th e  q u o t i e n t  polynomial  [4, page 115]. As an  a l t e r n a t iv e ,  l inear  

ce l lu lar a u t o m a t a  n gis ters  ( L C A R s )  can be used to o b t a i n  th e  s i g n a t u r e  of a  C U T  

in a s im i l a r  way. L C A R s  have been found hav ing t h e  s am e  b eh a v io u r  as L F S R s  

when used as d a t a  co m p a c to r s  [56].

D a t a  co m p a c t io n  solves t h e  tes t se t  s to rage  p rob lem  and simpl if ies  t h e  c o m p a r ­

ison process  as only  the  s ig n a tu re  needs  to be  ex am in ed .  O n e  d ra w b a c k  of  this 

process is t h a t  er ro r  p a t t e r n s  from a  faul ty  circuit m ig h t  be  c o m p a c t e d  in to  the  

s a m e  s ig n a tu r e  as the  good ci rcui t .  T h i s  p h e n o m e n o n  is called m a s k in g  or  aliasing  

[4, page 114]. It is unavoidab le  since t h e  co m pac t io n  process in t ro d u ce s  si m e  loss of 

in fo rm at ion.  In t h e  ne x t  two sections  we provide  some b a c k g r o u n d  on t h e  o p e r a t i o n s  

of  LFSR s and LC A R s .
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2.4 Linear Feedback Shift R egisters (L F SR s)

2.4.1 Binary Sequence and Polynom ial Transformations

A po ly n o m ia l  of degree  1 in -  1,

B(.r)  =  r m_ | . r m-1 +  r m^ . r " ‘ | .... I r , .r  I /•„,

can be  expres sed  1 y an m-bi t  b inary  sequence,  B  - r m i /•„, 2 . .  . n m -  bv replac ing 

all t h e  nonze ro  coefficients of  the  polynomial  wi th ones  and  insert iug zeros  lor the  

co r r e s p o n d in g  zero coefficients.  For ex am p le ,  tin* degree  I p o lynom ia l ,  B{.r)

.r'1 +  .rJ +  1, can be  re presen ted by the  b ina ry  sequence,  B  I 1001. T h e  reverse 

r e p r e s e n ta t io n ,  i.e., a b inary  sequence to a  polyno mial  t r a n s f o rm a t io n ,  ca n  also be 

p e r fo rm ed .  T h e  b in a ry  sequence  . . . / V o  correspond*- to the  cocll ieients

of  the  a p p r o p r i a t e  powers  ol .r, a s sum ing  t h a t  t h e  lef t -mos t  bit  of B  is the  mos t  

s igni f icant  bit .  T h e  t ra n s f o rm a t io n s  provide conven ien t  ways to re p re sen t  data, in 

d if ferent  do m ains .

2.4.2 LFSR Im plem entation of Polynom ials

A l inear  b in a ry  network  is one  cons t ruc ted  from the  following basic c o m p o n e n t s :  uni t  

de lays ,  m o d u lo -2  ad d e r s  a n d  modulo-2  scalar  mul tip l iers ,  A ne tw or k or  sequent ia l  

m a c h i n e  c o n s t r u c t e d  of l inear e l em e n ts  has t h e  p ro pe r t y  t h a t  its re spon se  to  a l inear 

c o m b i n a t i o n  of i n p u t s  will preserve th e  pr inciple  of superpos i t ion^.  As  a resul t ,  

l i near i t y  is an i m p o r t a n t  considera t ion in th e  analys is  of shi ft  regis t er  sequences .  A 

shi f t  reg is t er  wi th a  l inear feedback network is called a l inear feedback shi f t  reg is 'e r

' T h e  degree, of  a  po lyn om ia l  is tin* larges t  power  o f  r  wi th  nonze ro  coefficient.

2Tlie Pr inc ip l e  of  Sup e rpos i t i  a .  t he  response o f  a l inear  ne twork  to  l inear  co m b i n a t i o n  of

s t imu l i  is t h e  l inear  c om b in a t i o n  of  t he  responses  of  the network  to  t he  i nd iv idua l  s t imul i  (I In*

l inear  ne tw ork  is i n i t i a l l e d  such t h a t  all s t o rage  e lemen t s  ( un i t  del ay )  are  m the  () s l a t e  in each

case) .
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(LFSR.) [4, page  64]. 11, is com po sed  of m e m o ry  e l em e n t s  (u n i t  de l ay)  an d  X O R  

ga tes  ( M o d u lo  2 adde rs) ,  control led  by a synch ronou s  clock.

A L F S R  re pre sen ts  in t h e  s t r u c t u r e  of its feedback loops  a  p a r t i c u l a r  po ly n o m ia l  

which ac ts  as th e  d ivisor in th e  opera t ion of t h e  l inear finite s t a t e  m ach in e .  T h e r e  

a r e  th ree  types  of L F S R  s t ru c tu re s ,  type-1,  type-2  [56] an d  hyb r i d  L F S R s  [63]. For 

ex a m p l e ,  Figure  2.2 shows t h e  type-1 L F S R  of the  po ly nom ia l  P ( x )  =  x* +  x  +  1. 

Here,  a  non-zero  coefficient,  excluding t h e  h ighes t  o rd e r  b it ,  of a  pow er  of  x  is 

m a p p e d  into an XOR g a te  wi th  a  feedback conn ect ion  between t h e  o u t p u t  of  the  

highest  s t age  ( c o r re spond ing  to the  h ighest  powei of x  in the  p o ly n o m ia l )  a n d  the  

X O R  gate ;  a  zero  coefficient is co rrespo nd ing  to  a d i rec t  conn ect ion f rom s t ag e  i to 

s t ag e  i +  1. In type-2  LFSRs ,  all feedbacks  ar e  co n n e c te d  to  e x t e r n a l  X O R  gates  

as shown in F ig u re  2.T. For a  given polynomial ,  its type-1 a n d  type-2  L F S R s  have 

i so m o rp h ic  b eh a v io u r  (see ;.ection 4.1.1) [56]. A hybr id  L F S R  is t h e  c o m b i n a t i o n  of 

t h e  two types  [63]. To s impl i fy  our  discussion th ro ugh  th is  d i s se r t a t io n ,  we a s s u m e  

t h a t  type-1 L F SR s  are  used.

O u lp u lInput

X “

F igure  2.2: An ex a m p l e  of a type-1 L F S R

Input

F igure  2.3: An ex a m p l e  of a type-2  L F SR  

T h e  s t a t e  eq u a t io n s  which descr ibe  t h e  t r ans i t ions  be tw een  s t a t e s  can be  d i r ec t ly
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o b t a i n e d  l’roni  a LFSR  s t ru c tu re .  A l en g th - r  LFSR consis ts  of r s t ages  of m e m o ry  

cells, a n d  each of t h e m  can have a  b ina ry  value “0” or "1” . T h e  s t a t e  of the  Unite 

s t a t e  machie .-  a t  t i m e  t is r epres en te d  by the  con ten t s  of t h e  r -bit  m e m o r y  cells. Let 

S- an d  ,S'- + 1 den o te  t h e  values of s t ag e  i of t h e  LFSR at t im e  I and  I 1 1, respect ively.  

For th e  type-1 L F S R  shown in F igure  2.2, for ex a m p le ,  we have

.S ' |+1 =  I n p u t 1 t p  .S ']

S’.'+' =  S ' \ d ' S \

C’t+ 1 _  ct

C'Z+1 _  c to,i — ‘ a •

A L F S R ,  as sh own  in Figure  2.2,  per forms po lyno mia l  d ivision over  a  b inary 

field [59]. T h e  L F S R  itself re p re sen ts  the  d ivisor po lynon  ial,  B ( x ) \  t h e  serial i n p u t  

sequence  re p re sen t s  t h e  d i vidend po lyno mia l ,  M(. r ) ;  t h e  sei ial  o u t p u t  is th e  qu o t i en t  

p o lynom ia l ,  Q ( x ) .  A t  the  e n d  of m  cycles,  w here  m  is t h e  degree'  of A/(.r) ,  the' last 

s t a t e  of t h e  L F S R  desc r ibes  the  r e m a in d e r  po lyno m ia l ,  l l(.r).  T h u s ,  th is  o p e r a t io n  

can  be  desc r ibed as follows:

T ab le  2.1 shows t h e  s t a t e  table co r re spond ing  to th e  ab o v e  s t a t e  eq u a t io n s ,  for 

M ( x )  = x 8 +  x  +  1 =  100000011. A t  the  end of the  pol yn om ia l  d iv ision,  we have

Q ( x )  =  .F1 + x  +  I =  00001001 I 

R(.  r )  = .r2 +  .r =  0110.

A cellular a u t o m a t a  (CA ) is defined as a un i form a r ra y  of ident ica l  cells in an 

n-c limensional  space  [21, 56,  66]. Fach  cell is ca pab le  of hav ing  a  p a r t i c u l a r  s t a t e ,
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Clock ln[>ut(M(x)) ■sy+1 .sy+1 Oul(nU(Q(x>)
0 0 0 0

1 1 1 0 0 0 U(x8)
2 0 0 1 0 0 o(H)
:i 0 0 0 1 0 0(x6)
-1 0 0 ) u 1 0 (x''J
r> 0 1 1 0 0 I (x<)
(i 0 0 ! 1 0 0 (x3)
7 0 0 0 1 1 0 (x2)
8 1 0 1 0 1 1 (x1)
<) 1 0 1 1 0 1 (x°)

R(x) (x°) (*') C2) (x3)

Table  2.1: An ex a m p le  of polyn om ial  division

in o u r  case  a  b inary  s t a ' e .  Fur ther ,  each cell is re s t r ic t ed  to  local n e ig h b o u r h o o d  

in te rac t io n  only  a n d  has no global  co m m u n ica t io n ,  i.e.. t he  n e ig h b o u r h o o d  of a cell 

is typica l ly  tak en  to be t h e  cell itself and all i m m e d ia t e ly  a d j a c e n t  cells. A one-  

t l i i iKiisional  l inear cellular a u to m a ta  is a  l inear a r ra y  of ident ica l  cells w i th  left a n d  

r igh t  ne ighb ou rs  an d  l inear  opera t ions .  T h e  a lgo r i thm s  the  cells use to  c o m p u t e  t h e i r  

successor  s t a t e s ,  based on the  in fo rmat ion  received from th e i r  nea re s t  n e ighbours ,  

a r e  refer red  as t h e  com pula t ion rules  [66]. For a b in a ry  o n e -d im en s io n a l  l inear  C A ,  

t h e r e  exis t  a  to ta l  of 2 2'1 =  256 di s t inc t  b inary  rules.  However ,  a  class of  l inear C A  

using  only  l inear rules 90  and 150 is extens ively  considered in th e  l i t e r a tu re .  In ru le  

90, the  n e x t  s t a t e  of a  cell is the  modu lo -2  sum  of t h e  nea re s t  n e i g h b o u r s ’ p re sen t  

s t a t e ,  while rule 150 der ives the  nex t  s t a t e  from th e  m o d u lo -2  s u m  of  t h e  p re sen t  

s t a t e s  of t h e  cell and  b o th  its left and r ight  neighbours .  T h e s e  rules  can be m o r e  

formal ly  g iven as

Rule 90: S ' +1 =  5?_, ® S j +l 

Ru le  150: A‘+' =  Sf_,  0  S ‘ 0  A'+1,
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w here  S ‘ and  5',,+l d e n o te  the  s t a t e  of s tage i a t  t i m e  I and / f  1, respect ively.

A l inea r  ce l lu lar  a u t o m a t a  regis ter  ( L C A R )  is a finite s t a l e  m a c h i n e  i m p l e m e n t ­

ing a  l inear  ce llu lar  a u t o m a t a .  In th is  d i sser t a t i on ,  wo use L C A R s  wi th  rules 90 and 

■50 only. F igure  2.4 dep ic t s  an e x a m p l e  of a LC A R .  T h e  corr espond ing  c o m p u t a t i o n  

rules  a r e  shown for each cell. T h e  L CAR is said to have null  boundt in j  cond i t ions  

s ince  t h e  first a n d  th e  las t  cells receive constant  0 ’s, as shown.

S 4  S 3  S 2

(ISO)( 1 5 0 )

Figure  2.4: A LCAR

If we use M” to d e n o t e  a cell wi th  rule 150 and “0” for a, cell wi th  rule 90, the  

L C A R  s t r u c t u r e  can be  represen te d by a. b inary  sequence .  T h e  e x a m p l e  b C A R  in 

F ig u re  2.4 can be  r epr esen ted by “ 1010’'.

If t h e r e  is no  ex t e rn a l  inpu t  to  a  LF SR or a L C A R ,  it is said to  have a null 

b o u n d a r y  cond i t ion .  A L F S R  or a  LCAR  wi th  null b o u n d a r y  cond i t ion  behaves  as 

an a u t o n o m o u s  m a c h i n e  t h a t  cycles throug h sequences  of s t a t e s ' .  A L F S R / L C A R  

w i t h o u t  an  ex te r n a l  i n p u t  can be used as a  p seu d o ra n d o m  leal pal I c m  i/cncralor  

( P R P G )  th e  s t a t e s  of th e  m ach ine  are  used as t e s t  p a t t e r n s  to s t i m u l a t e  a C U T  

in a  p s e u d o r a n d o m  o rd e r  [4, pages 61-80].

2.6 Sum m ary

Digital  s y s t e m  te s t in g  requires an app l i ca t ion of a  su i t ab le  se t  of te s t  p a t t e r n s  as 

i n p u t  s t im u l i  an d  the  com par i so n  of ac tual  c ircui t  responses  with t h e  co rrec t  re 

spouses .  Various  tes t  p a t t e r n  gene ra t ion  and d a t a  co m p a c t io n  t echn iques  have been

• 'An a u to n o m o u s  m a c h in e  is a  finite s t a t e  m a c h in e  with n o  ex te rn a l  input..
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deve loped to  m ee t  th is  requ iremen t .  In Buil t- In Sel f-Test ,  t h e  c i r cu i t r y  lor tes t  

p a t t e r n  gen e ra t ion  an d  d a t a  co m pac t io n  is bui l t  on to  th e  chip  itself.  L F S R s  are  

widely  used as Lest p a t t e r n  gen e ra to rs  and d a t a  co m p a c to r s  in B I S T  ap p l i ca t i o n s  

[•1]. Recently,  th e re  has  been interest  in us ing L C A R s  as a  sou rce  of te s t  s t imul i  

| l » ,  2I | .

In this c h a p te r ,  t h e  fault  types  a n d  models  in d igi ta l  c i rcui t  t e s t i n g  are  briefly 

def ined.  We reviewed the  two i m p o r t a n t  te s t ing  t echn ique s ,  p s e u d o r a n d o m  te s t  

p a t t e r n  gene ra t ion  an d  d a t a  co m pac t io n .  Moreover,  we de sc r i bed  t h e  o p e r a t i o n s  

of two well -known s t r u c tu r e s  for p s eu d o r an d o m  test  p a t t e r n  g en e r a t i o n  a n d  d a t a  

co m p ac t io n :  l inear feedback shift  registers (L F S R s )  a n d  l inear ce l lu lar  a u t o m a t a  

regis ters  (L C A R s ) .
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C hapter 3 

C oncurrent Checking and O ff-line 

B IS T

3.1 In trod u ction

C o n c u r r e n t  checking a n d  ofr-line tes t ing  ar e  c o m p l e m e n t a r y  t echn iques  in tes t ing:  

c o n c u r r e n t  checking  is c a p ab le  of d e t e c t in g  er rors  in real t im e  while oil' l ine te s t ing  

pro vides  t e s t i n g  d u r in g  t es t  mode;  conc urr ent  checking is able  to  ca tc h  Irnnaicnl  

faul t s  which m a y  no t  be  de t ec t ed  by off-line tes t ing.  Off-line HIS T has  been widely 

used  by des ign eng inee rs  in com mercia l  chips ,  whi le co n c u r re n t  che ck ing is still con 

s ide red to  be  expens iv e  in silicon. However,  it is possible,  wi th p rope r  coord in a t io n  

of  des ign t e chn ique s ,  to  ex p e d i t e  off-line tes t ing  by m a k in g  use of on line te s t ing  

facil it ies d u r i n g  off-line te s t ing  [20, 51].

In th e  n e x t  th ree  sections ,  we s u m m a r i z e  t h ree  i m p o r t a n t  t e s t in g  and D I ' T  

techn ique s :  co n c u r r e n t  checking,  s i g n a tu re  analys is ,  and scan based test .  A review 

of the  l i t e r a t u r e  c o m b in in g  the  th ree  techniques  can be found in sec t ion b. Final ly,  

we p re sen t  t h e  p ro b lem  s t a t e m e n t  for t h e  m erging of the  t echn iques  an d  s t a t e  the  

ju s t i f ic a t ion  an d  m o t iv a t io n  of th is  research in sec tion (i.



(HuipUr  3. ( ' ou f i i rron l  (■hocking a n d  Off-l ine B I S T  18

3.2 C oncurrent Checking

Since  off line HI S T  techniques  are  c onduc te d  only at, p rese t  t i m e s  and n o t  co n t in u ­

ously,  a t r ans ien t  fault, m ay  go u n d e tec t ed  if it does n o t  h ap p e n  to a p p e a r  d u r in g  

a te s t ing  per iods.  Moreover ,  off-line HIST r e q u i r e  t h e  c ircui t  u n d e r  t e s t  su sp en d  

norm al  o p e ra t i o n  and  swi tch  to a s ep a ra t e  test, mode.  In safety cr i t ica l  ap p l i ca t i o n s ,  

bo th  high re liabi l i ty and cont inuou s  oper a t ion  are  cons idered to  be  very i m p o r t a n t .

C o n c u r r e n t  checking includes  er ro r  detec t ion c ircui t ry ,  which d e t ec t s  er ro rs  t h a t  

o cc u r  d u r i n g  n o rm a l  sys tem  ope ra t ion  ['16]. E x t r a  checking  b i t s  are  a d d e d  to th e  

or iginal  c i r cu i t  function so t h a t  the  oper a t ions  of the  in t eg ra te d  func t ion ( inc lud ing  

t h e  or ig inal  an d  th e  a u g m e n te d  checking c i rcui t ry )  can be m o n i t o r e d  when th e  

or ig inal  c i rc ui t  is funct ioning.  T h i s  is achieved th ro u g h  the  use  of e r ro r  d e t e c t in g  

codes .  Var ious er ro r -d e tec t in g  codes  well known in d a t a  c o m m u n i c a t i o n  can be  

used in conc urr ent  checking.  T h e y  a,re: Berger  codes ( t h e  code bits  ar e  t h e  b in a ry  

re p re s en t a t i o n  of the  n u m b e r  of 0 ’s or l ’s in th e  or ig inal  d a t a ) ,  res idue  codes  ( t h e  

check ing  bi ts  are  t h e  res idue of in fo rm at ion  bi ts),  m -o u t -o f - n  codes (in, o u t  of  n 

i n fo rm a t io n  bi ts  ar e  required to be  “ 1” ), an d  par i ty  checking (an  o d d  or  even p a r i t y  

b i t  is a d d e d  to th e  info rmat ion  bi ts ).  W h e r e  a  par i ty  code  can be  used for genera l  

c i rcui t ry ,  a  res idue  code is m or e  su i t ab le  to a r i t h m e t i c  uni ts ,  a n d  B erg e r  an d  m-  

cmt-of-n  codes  ar e  b e t t e r  for er ro r-de tec t ion  of c ircui t  func t ions  wi th  u n id i r ec t i o n a l  

er ro rs  ( l - t o - 0  or G-t.o-l e r ro rs  only, b u t  not both) .

E r r o r -d e t e c t i n g  codes can be g ro uped  in to  s ep a rab l e  codes an d  n o n - s e p a ra b l e  

codes .  S e p a ra b le  codes are  those  in which t h e  d a t a  can be e x t r a c t e d  d i r ec t ly  f rom  

t h e  c i rcui t  o u t p u t s  w i th o u t  the  need for decoding,  i.e. code a n d  d a t a  o u t p u t s  ar e  

d i s jo in t ,  a n d  the  d a t a  o u t p u t s  are  un a l t e r ed  by the  ex i s t en ce  of t h e  a d d e d  code  bi ts .  

For n o n-s epa ra b le  codes,  decod ing  of all o u t p u t s  ( t h e  d a t a  b i t s  plus  t h e  cod e bi ts )  

is necessary  to e x t r a c t  the  d a t a  in fo rm at ion af te r  t h e  e n c o d in g  process.  O n e  useful  

p r o p e r ly  of s ep a rab le  codes  is t h a t  the  d a t a  can  be used by t h e  s y s t e m  i n d e p e n d e n t
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Outputs

terror iiulicuior

Checker

F igure  .‘F i t  A co ncurr en t  checking o rgan iza t ion

of th e  checking process.  In con t ra s t ,  wi th no n- se pa rab le  codes,  th e  d a t a  is not 

ava i lable  unt i l  a  decoding process is com pl et ed .  T h i s  m ay  im p ly  a l i m e  delay. 

T h e  d ec o d in g  c i rc u i t r y  requ ired  by the  no n-separab le  codes can also represen t  a 

s igni f icant  h a r d w a r e  cost  in compar ison to the  sep a rab le  schemes.

F ig u re  3.1 shows a co ncurr en t  checking org anizat ion us ing a s ep a rab l e  code. 

D u r in g  n o r m a l  o p e r a t i o n ,  t h e  checker  collects bot h  the  n o rm a l  o u t p u t s  an d  the  

co d ing  b i t s  from t h e  C U T  for every  inpu t  co m b in a t io n .  An e x p e c t e d  s ig n a tu re  is 

c o m p u t e d  f rom t h e  o u t p u t s  and it is co m p a red  wi th  the  ca rr i ed  co d ing  bits.  T h e  

checker  s ignals  th e  d e tec t io n  of a fault .  T h e  sys tem  cont inues  o p e r a t i n g  for t h e  next  

i n p u t  vec tor .

O n e  a d v a n ta g e  of  co ncurr en t  checking is t h a t  th e  d a t a  p a t t e r n s  used in nor 

m a l  o p e r a t i o n  also serve as test  p a t t e r n s ,  thus  e l im in a t in g  s o m e  expl ic i t  tes t ing  

exp enses .  A n o t h e r  a d v a n ta g e  is t h e  abi l i ty  to d e tec t  t r an s i e n t  faults ,  wi th less si I i 

con a r ea  ove rhead  t h a n  t h a t  of h a rd w are  du p l i ca t ion .  Converse ly ,  t h e re  ar e  several  

p ro b lem s .  T h e  app l i ca t i on  p a t t e r n s  m ay  not  exercise all t h e  s to ra ge  e l e m e n t s  or all 

t h e  i n te rn a l  conn ect ion  lines,  such t h a t  defects,  which exis t  in unexe rc i sed  places, 

a re  not  d e t e c t ed .  A dd i t iona l  hardware '  c i rcui t ry  is requ ired  for t h e  a u g m e n t e d  cir 

cu i t  an d  to  im p le m e n t  th e  checkers.  A c ircui t  funct ion wi th ad d e d  checking  bits 

usual ly  re sul ts  in an  a u g m e n t e d  c ircui t  t h a t  is larger in size than  t h e  or iginal  one.
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C o m p le x i t i e s  of th e  specia l ly des igned checkers vary in t h e  d i fferent  co d ing  schemes.  

At  least  two ( so m et im es  th ree  or four) e x t r a  pins ar e  requ ired  as er ror  ind icato rs ,  

which can he considered expens ive  in a  design because  of th e  l im i ted  n u m b e r  of p ins  

available.  T h e  degree  o f  fault  coverage provided by c o n c u r r e n t  checking  can also be 

less th a n  t h a t  of off-line tes t ing.  T h ese  pr ob lem s  have l imi ted  t h e  use of c o n c u r r e n t  

checking  in the  VLSI te s t ing  env i ro nm en t .

3.3 S ignature A nalysis

S ig n a t u r e  analys is  is an extens ively  used d a t a  co m p a c t io n  t e c h n iq u e  for off-line 

H IS T,  based on the  concep t  of cyclic r e d u n d a n c y  checking (C R (J )  a n d  real ized in 

h a r d w a r e  us ing l inear feedback shi ft  registers ( L F S R s )  as e x p la in e d  in sec t ion 2.4. 

F ig u re  3.2 shows a  s ig n a tu re  analys is  organizat ion of a  s ingle o u t p u t  n e tw ork ,  w he re  

t h e  L F S R s  serve  two purposes :  d a t a  co m p ac t io n  an d  te s t  p a t t e r n  g en e ra t io n .  T h e  

Lh'SR-A is used as a  p s eu d o r an d o m  tes t p a t t e r n  gen e ra to r ,  an d  the  s t a t e s  oi t h e  

L FSR  are  used as test  p a t t e r n s  to s t i m u l a t e  t h e  C U T .  T h e  L F S R - B  works  as a  d a t a  

c o m p ac to r .

Inpul lesl 
sequence Output 

response 
sequence R’ Signature S(R ’)

Good signature S (R q )

Error
indicator

Comparator

Data compactor 
(LFSR-B)

CUT

Figure  3.2: A s igna tu re  analys is  o rg an iz a t io n

For a m u l t i p l e - o u tp u t  c i rcuit ,  t h e  over head  of a  s ingle- inpu t  s i g n a t u r e  a n a ly z e r  on
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e v e r y  o u t p u t  would  ho high.  Normally ,  a m uthpU -i npu t  snjnatuve t innhju  r {M IS R ) 

is used.  T h e  o u t p u t s  of a  C U T  are  connected  to t h e  MISR through. XOR g a l e s  ad d e d  

to  the  sh i f t  lines between  stages.  A considerable  am o u n t  of work hits been doin'  on 

us ing  M I S R s  in B IS T ,  b o th  in th eo ry  an d  app l ica t ions .  A de ta i l ed  desc r ip t ion can 

b e  found in [2, 4].

For b o t h  L F S R s  and  MISRs ,  a lias ing occurs  when s ignat u re s  for faul ty an d  

faul t - f ree  re sponses  are  th e  same.  Thi s  resul ts  in a failure if d e t e c t in g  faults  in a 

C U T .  T h e  p robabi l i ty  of a l ias ing is pr imar i ly  a funct ion or the  L F S R / M I S R  m ach in e  

l engt h ,  r ,  and it is a s y m p t o t i c  to 2 ~ r [4, page  116], Al ias ing can be m in im ize d  by 

choosing  a  long L F S R / M I S R  (e.g. r = 16), m a k in g  an a p p r o p r i a t e  se lec t ion of t h e  

d ivisor  p o ly n o m ia l  [4], a n d  app ly ing  a sufficient n u m b e r  of test vectors.

As for L FSR s ,  L C A R s  can be  used as d a t a  p a t t e r n  g en e ra to r s  and d a t a  com 

pac to rs .  A L C A R  with null b o u n d a r y  condi t ion s  is c a p ab le  of g e n e ra t i n g  pseudo  

r& ulom t e s t  p a t t e r n s .  It  per fo rm s  d a t a  c o m p ac t io n  if an in p u t  s t r e a m  is fed into t h e  

m a c h i n e  from o n e  of t h e  b o u n d a r y  cells. For m u l t i p l e - o u tp u t  c ircui ts ,  a nn dhp l i  - 

inpu t  cellular a u to m a t a  ( M I C A )  can be used as a  d a t a  c o m p a c t o r  [45). It, has been 

shown  t h a t  L C A R s  have b e t t e r  p seu d o r an d o m  ness than  LFSR s  [211 and have  b e t t e r  

fau l t  coverage for cer ta in  types  of faults [56].

3.4  Scan-based  Test

A n  e x t r e m e ly  large  n u m b e r  of i n p u t  tes t vectors may  be necessary  for an e x h a u s t i v e  

te s t .  For an n - in p u t  c i rcui t  cont a i n ing .s latches ,  the  ex h a u s t i v e  i n p u t  tes t  se t  is 

2"  x 2s =  2n+“ i n p u t  vectors.  For example ,  a c ircui t  wi th 60 in p u t s  requires  a. to t a l  

o f  250 i n p u t  vec tors  for an  exhaus t i ve  tes t.

Scan des ign is a s t ru c tu ra l  t e chn ique  used to increase the  cont ro l l ab i l i ty  a n d  

o bse rvab i l i ty  of s eque n t ia l  c ircui ts ,  thus  m ak in g  th e m  eas ier  to test .  T h i s  is done by
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m odi fy ing  the  c i r cu i t ' s  m e m o r y  e lem en ts  and conne ct ing  t h e m  to g e t h e r  as a  large 

shi f t  register .  T h e  con ten t s  of the  m e m o r y  e lem e n ts  are  contro l led  a n d  o b se r v ed  by 

sh i f t ing  or  s ca nn in g  values in to  and o u t  of the  shift  register .  'The c i rcui t  is t e s t e d  as a  

s t r i c t ly  co m b in a t io n a l  c i rcuit ,  wi th t h e  m e m o ry  e lem e n t s  bei ng  t r e a t e d  as p r i m a r y  

i n p u t s  an d  o u tp u t s .  T h e  com plex i ty  of te s t ing  t h e  s equent ia l  c i r cu i t  d i r ec t ly  is 

avoided.  T h e r e  ar t  m a n y  var ia t ions  of scan-based te s t ing  t e ch n iq u e s  b u t  t h e  m ai n  

pr inc iple  is the  same .  F igure  3.3 shows an ex a m p l e  of such a  s y s tem .

Primary
inputs

Suite
variables

Primary
outputs

Combinational

M ode control Scan-out

Memory 

Shift reg

Excitation
variables

Scan-in

Figure  3.3: Scan -b ased  test

1 F F F  S t a n d a r d  l l l b . l  has  ident ified the  b o u n d a r y - s can  t e c h n i q u e  as m e a n s  of 

ad d r es s in g  the  p ro b lem s  of fu tu re  highly complex ,  m in ia tu r i z e d  b o a r d  des igns .  It 

provides  a  f r am ew ork  for s t r u c t u r e d  des ign for tes tabi l i ty .  T h e  b o u n d a r y - s c a n  t e c h ­

n ique  involves the  inclus ion of a  shif t - regis ter  la tch  (c o n ta in ed  in a  b o u n d a r y - s c a n  

cell) ad jac en t  to each funct ional  co m p o n e n t  pin. T h i s  al lows th e  s ignals  a t  c o m p o ­

nen t  b o u n d a r ie s  to be  control led  an d  observed us ing scan -b ased  t e s t i n g  pr inc iples .  

B o u n d a r y - s c a n  also provides an excel lent  basis for t h e  use of  B I S T  featu res  d u r in g  

boa rd  tes t ing .  Figure  3.1 dep ic ts  a b o a rd  of two c i rcui ts  w i th  b o u n d a r y  s ca n  cells
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Each device  on the  boa rd  has a 4 or  5-wire interface'  called the* Teal .dcrrs.s 

P o r i  ( T A P )  t h a t  inc ludes  two control  pins,  T M S  ( te s t  m o d e  selec t )  an d  I’CK (test 

c lock) ,  two scan pins,  T D I  ( te s t  d a t a  in) an l T 1 ) 0  ( tes t  d a t a  ou t ) ,  an d  opt ional ly ,  

t h e  T R S T  ( te s t  reset  i n p u t )  pin. T h e  tes t  logic in b o u n d a ry  scan also includes  a 

T A P  cont ro l l er  an d  var ious  registers [1]. T h e  s t a n d a r d  s u p p o r t s  the  following test 

m od es :

(a)  Bypass:  in th is  m o d e  a m i n i m u m  leng th  serial pa th  is se t  up  to  bypass  a 

chip.  T h i s  al lows access to t h e  chi]) of in terest  in the  m i n i m u m  poss ib le 

l ime ,  increas ing test  t h r o u g h p u t .

(b )  Idcode /U ser code Icsl: this allows a b inary  d a t a  p a t t e r n  to  be  (ea d  from 

the  ch ip  t h a t  identifies the  m an u fa c tu re ,  the  par t  n u m b e r ,  t h e  var ian t ,  

and  (w he re  a p p r o p r i a t e )  the  p ro g r a m m e d  s t a t e ;  the  ident i f ica t ion regis 

t er  is used for this  purpose .  T h i s  in fo rm at ion migh t  be used,  for ex a m p l e ,  

to ver ify that, co rrec t  IC has  been m o u n t e d  in each bo ard  locat ion.

(c)  S a m p l e / N o r m a l  lest:  this allows a  sn ap sh o t  ol no rmal  o p e r a t i o n  of the  

c o m p o n e n t  to  be t ak en  and  ex a m in e d .  D a ta  is la tched in b o th  th e  inpu t  

and o u t p u t  regis ters.  Dur in g  this t es t  only the  b o u n d a r y  scan register  

is c o n n e c t e d  be tween T D I  a n d  T D O .

(d )  P rlcvn al  test:  th is  m o d e  is used to  test, t h e  in terconnect  ions ol the  

p r in t ed  c i rcui t  board .  T h e  b o u n d a r y  scan register  is th e  one  an d  only 

regis t er  t h a t  is to be conn ect ed  between T D I  and T D O  lor d a t a  scan 

ning purposes .  B o u n d a ry  scan regis ter  cells at, o u t p u t  pins ar e  used to 

ap p l y  tes t  s t imul i  to the  board ,  whi le those a t  input, pins  c a p t u r e  the  

tes t  results  flowing from a n o t h e r  chip  via the  board .  Oapt .ure resul ts
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art* s cann ed  oul, of th e  serially l inked b o u n d a r y  scan regis ters  of a  boa rd  

whi le the  nex t  set  of te s t  inpu t  values is scanned in.

(e) In ter na l  lest:  this is one  of the  two opt ional  tes t  modes  def ined by the  

s t a n d a r d .  It provides the  m ean s  to test  th e  in ternal  logic o f  the  des ign.  

D ur i ng  in ternal  tes t ,  tes t  s t imul i  are shi f ted in th ro ugh  t h e  b o u n d a r y  

scan in p u t  regis ter ,  one  a t  a  t im e ,  a n d  appl ied  to  the  on-ch ip  s y s t e m  

logic. T h e  co r re spond ing  responses  are  c a p tu r e d  in the  I d ’s b o u n d a r y  

scan output ,  regis ter  an d  are  ex a m in e d  by su b seq u e n t  shi ft ing .

(f) Bui l t - In  self-test:  this  is the  second op t iona l  t e s t  mode.  However,  th e  

S t a n d a r d  r e c o m m e n d s  its i m p le m e n t a t i o n  wherever  poss ib le .  T h e  use 

of B I S T  m o d e  allows a  c o m p o n e n t  user  to d e t e r m in e  t h e  hea l th  of  a 

component ,  without,  t h e  need to  load com plex  d a t a  p a t t e r n s .  W hi le  th e  

B I S T  m o d e  is se lec ted,  the  b o u n d a r y  scan register  may a c t  as a  p a t t e r n  

g e n e ra t o r  a n d / o r  s ig n a tu re  co m p ac to r .  T h e  resul t ing  s i g n a tu r e  is sh i f ted  

o u t  an d  is checked to  ensure  p ro p e r  c i rcui t  op er a t ion .  W h e n  B I S T  is th e  

cu r r e n t  t es t  m ode ,  t h e  test  d a t a  regis ter  into which th e  results  of  the  

sel f- tests will be loaded,  must, be  co nnec ted  for t h e  serial access  be tw een  

T D I  and  T D O  ( th is  register  can  be the  b o u n d a r y  scan register ) .

W h e n  th e  c i rcui t  is not  in one of t h e  tes t m od es ,  it per fo rm s  i ts  no rm a l  funct ions .  

T h e  s t a n d a r d  m a in ly  addresses  the  problem s  of  off-line tes t ing ,  as it is ev i d e n t  from 

live of t h e  six test, modes  ab ove  (excep t  the  s a m p l e  tes t ) .  T h e  s a m p l e  m o d e  provides  

a  degree  o f  on- l ine  m o n i to r in g  (i.e. a  sn ap sh o t  of  the  c i r cu i t  can b e  o b t a i n e d  in t im e ) ,  

b u t  does no t  s u p p o r t  cont inuo us  on- l ine  checking (i.e. concurre i  * checking).
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3.5 P revious W ork in M erging

Mos'  D F T  techniques  involve e i the r  resynthes is  of an exist  ing des ign or t h e  ad d i t ion  

o f  e x t r a  h a r d w ar e  to t h e  design.  Most  app roache s  require  ci rcui t  m odi f i ca t ion s  and 

ailed,  sue h factors as an  >, p e r fo rm ance  and  I / O  pin coun t .  O n e  trade-ofi" is to  m erg e  

som e  t es t  techn iques  to ob ta i n  t h e  com bined  te s tab i l i ty  fea tures .  M ea nwhi le ,  it is 

also possible to re duce  t h e  overall  cost, th ro ugh  the  merg ing  In th is  d i s se r t a t io n ,  

we are in ter e s t ed  in two types  of merging:  the  merg ing of B I S T  a n d  b o u n d a r y  scan 

t echni qu es ,  and t h e  m erg in g  c concurrent,  checking an d  BIS T .

3.5.1 Merging BIST and Boundary Scan

Both B I S T  and  b o u n d a r y  scan em ploy  regis ter  based s t r u c t u r e s  in i m p l e m e n t a ­

t ion.  Var ious  a r c h i t e c tu r e s  for merging  the  two t echn iques  hav e been p ro p o se d  [2, 

p a g e s , 183-501]. In genera l ,  these merg ing  m e t h o d s  allow a  C U T  to  be t e s t ed  us ing 

BIST,  a n d  scan p a t h s  a r e  used to  o b ta in  add i t ional  access to t h e  in te rna l  c i rcuit ry .  

L F SR s  a r e  used as the  i m p le m e n ta t i o n  s t ru c tu r e s  of t h e  B I S T  c ircui t ry .  T h e  built-in  

( valuat ion and .self-test (B U S T )  [2] and  the  circular self-test  path  ( C S T P )  [27] are  

ap p l i ca b le  to b o th  co m bina t iona l  and  sequen t ia l  ci rcui ts .  T h e  L L S D  on-chip  self- 

test  ( L O ( ' S T )  [13, 28], t h e  concurrent  B I S T  ( C B I S T )  [49], Central ized  a nd  embedded  

B I S T  ( ( ’KBS) [2, pages 490-492],  and  random test data  ( R T D )  [4] ar e  for c o m b i n a ­

tional  C U T s  only.  In these  approaches ,  some te s t ing  c i r cui t ry  is s e p a r a t e d  f rom  the  

C U T s  a n d  o th e r  c i rc u i t r y  is e m b e d d e d  in the  design.  F igure  3.5 shows an e x a m p l e  

of  these ap p roaches ,  the  ( 'KBS.  T h e  first r-bil  sec tion of th e  inpu t  b o u n d a r y  scan 

registers  ac ts  as a P R P G  and s ingle-output  a u t o n o m o u s  L F S R  (SRPC1),  t h e  last 

.s bits of  the  o u t p u t  b o u n d a r y  scan registers ac t  as b o th  a M I S R  an d  a  s ingl e- input  

s i g n a tu r e  register  (S1SR).  T h e  tes t ing  proceeds  as follows. A tes t  m o d e  s ignal  is 

set and th e  scan regis ters  arc seeded.  T h e n  t h e  P R P G  loads  t h e  scan p a t h  wi th
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p s e u d o r a n d o m  tesl da t a .  A sys tem  clock is issued an d  th e  scan p a t h  registers  arc  

loaded in paral lel  wi th  sys tem  dat a ,  except  lor the  signal  lire register ,  which o p e r a t e s  

in th e  M I S R  m o d e ,  d 'h e  scan pa th  is again loaded wi th  p s e u d o r a n d o m  d a t a  whi le 

t h e  s i g n a t u r e  regis ter  o p e ra t e s  in t h e  SISR m ode ,  co m p re s s in g  dat a tha t  were in t he 

scan p a th .

Ids

MISR/SISR

Output B oundary scan  register

Input Boundary scan  register

So

I’Os

Figure  3.5: T h e  (T IBS a r c h i t e c t u r e

G los ter  a n d  Brglez have d e m o n s t r a t e d  t h a t  L C A R s  a r e  a, feasible a l t e r n a t iv e  

to L F S R s  in t e s t in g  schemes  wi th the  co m bined  MIST and  b o u n d a r y  scan [IS). A 

det a i l ed  d iscuss ion of  this s ch eme can be found in sec tion 1.5. Moreover ,  IF K F  

Stcl. 1149.1 f u r th e r  p ro m o te s  the  merging  of MIST and b o u n d a r y  scan t echn iques  

by def in ing B IS T  as one of the  r e c o m m e n d e d  tes t m o d es  [I). M er ging B IS T  and 

b o u n d a r y  scan is an  ac t ive  a r ea  of appl ied  research.

3.5.2 M erging Concurrent Checking and BIST

In s o m e  cr i t ica l  appl i ca t i on s ,  co ncurr en t  checking arid off-line B IS T  have different 

r e q u i r em e n t s .  In a  sys tem  with off-line BIST c i r cu i t r y  in place,  one  m ay  no t  be
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sat isfied wil.li t he  per iodical  ofr-line test  provided,  an d  co n cu r ren t  m o n i to r in g  m a y  

be  des i ra b le  to im prove t h e  reliabil ity and t h e  fault de tec t ion  l a t en cy  of t h e  s y s tem .  

T h e  fault, d e tec t io n  la tency is the  t im e  delay  to r e p o r t  a fault  a f te r  a  t e s t i n g  vec tor  

is appl i ed .  Conversely,  in a sys tem with conc urr en t  checking,  t h e  ap p l i c a t i o n  p a t ­

t e rn s  of t h e  C U T  m ay  not  exercise all the  in ternal  e l em e n ts ,  a n d  th e  def ec ts  in t h e  

unexe rc is ed  places may  go und e tec ted .  To avoid ha v ing  these  defects  a p p e a r  a t  a 

cr i t ica l  c o m p u l a t i o n  t ime,  th e  C U T  may need  to be ex h a u s t iv e ly  t e s t ed  w h e n  it is off 

du ty .  Off-l ine tes t ing ,  may,  thus,  still be required  for b e t t e r  fault  coverage.  Hence,  

s h a r in g  o f  resources  between the  two test  m odes  would  seem a  n a t u r a l  so lu t ion to  

t hese  problems.

T h e  idea  of merg ing on- l ine an d  off-line BIST was first su gges ted  by S e d m a k  in 

[51] as an a l t ernat ive1 to deal ing wi th tes t abi l i ty  p rob lem s  in V L S I -b a sed  des igns . 

T h e r e ,  t h e  genera l  design philosophy and som e  guidel ines for poss ib le  i m p l e m e n t a ­

t ion  of t h e  ap p ro ach  are presen ted .  Specific t echn ique s  ap p l i ca b le  to  th i s  a p p r o a c h  

a r e  d iscussed  in [52], inc luding  pa r t i t i o n in g  the  logic, p l a c e m e n t  a n d  des ign of t h e  

t e s t  c ircui t ry .  T h e  checking c i rcu i t ry  r e co m m en d ed  in t h a t  p a p e r  involves  d u p l i c a ­

t ion of t h e  funct ional  c i r cu i t r y  and com par i so n  of t h e  o u t p u t s  of th e  two  i m p l e m e n ­

ta t ions .  T h i s  t echn ique avoids  the  a lias ing pr ob lem  an d  co n seq u en t  loss of  ef fective 

fault  coverage  of t h e  s igna tu re  analyzer .  F ig u re  3.6 shows a su gges ted  B I S T  i m p le ­

m e n t a t i o n  us ing th is  scheme,  w here  the  du p l i ca t ed  c i r cu i t r y  is ac tu a l ly  real ized in 

c o m p l e m e n t a r y  form to re duce  des ign and c o m m o n  m o d e  faul ts .  T h e  t e s t  p a t t e r n s  

a r e  shi f ted  ser ially into t h e  inpu t  registers f rom the  i n p u t  s t im u l i  g e n e r a t o r  which is 

ad d e d  for test, p a t t e r n  genera t ion .  T h e  g en e ra to r  cycles  t h r o u g h  all i n p u t  p a t t e r n s  

I hns  g e n e r a t i n g  ex h a u s t iv e  tes t pa t t e rns .  T h e  co n ten t s  of t h e  two i n p u t  regis ters  

a r e  checked by t h e  c o m p a r e  1 ci rcui t .  T h e  o u t p u t  re sponse  of t h e  c o m b i n a t i o n a l  

c i r cu i t r y  is checked by th e  c o m p a r e  2 c ircui t.

Lu an d  MeClnskey [30] desc r ibe  an efficient m e t h o d  for exp l ic i t  t e s t i n g  of  a
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F ig ure  3.6: B IS T  us ing ( 'onnuTenl ,  c h e c k i n g  to c o m p a r e  c i rcui t  response

R A L I I  ( regi s te r  a r i t h m e t i c  logic un i t )  t h a t  inco rp ora te s  par i ty  p re dic t ion lor :mpliril .  

tes t ing .

A n o t a b l e  resul t  in the  merg ing  is clue to  Salt tja cl <il. [-1H], i l lu s t ra te d  in Fig 

u r e  3.7. In this s cheme ,  t h e  oil-line te s t ing  resources  are  modified  such t h a t  d u r in g  

s y s t e m  o p e r a t i o n  th ey  can also observe  the  normal  i n p u t s  and o u t p u t s  of a  com 

b in a t io n a l  (JUT.  D ur i ng  off-line tes t  m ode ,  th e  multiploxcu is set  such t h a t  the  

t e s t s  g e n e r a t e d  by th e  Test  G e n e r a t o r  are  appl i ed  to the  G U T ,  and  th e  responses  

a r e  co m p re s sed  us ing the  R espo ns e  Verifier. Af ter  t h e  app l i ca t i on  of all tes ts ,  the 

c o n t e n t s  of th e  R espo ns e  Verifier are  used to  d e t e r m in e  t h e  s t a t u s  of the  G U T .  In 

t h e  no rm a l  m o d e ,  t h e  te s t ing  of the  C U T  proceeds  co n c u r re n t ly  wi th  I lie norm al  

o p e r a t i o n  of th e  sys tem .  'The Respon se  Verifier is enab led  only  if a vector from a 

p a r t i c u l a r  set  occurs .  T h e  Tes t  G e n e r a to r  produce’s, at  its o u t p u t s ,  vectors  from 

t h e  tes t  set .  D u r in g  the  n o rm a l  oper a t ion ,  o u t p u t s  of the  ' l e s t  G e n e r a t o r  arc’ con
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s t a n l ly  c o m p a r e d ,  bit,-by-bit,, with th e  normal  input s  to  the  C U T  by th e  eq u a l i ty  

c o m p a r a t o r .  A signal 11 IT' is gene ra ted  if, an d  oidy if, the  n o r m a l  i n p u t s  to  the  

C U T  are  the  s a m e  as an ac t ive  tes t  vector of the  l e s t  G e n e r a to r .  W h e n  a  H I T  is 

g e n e r a t e d ,  the  Response  Verifier is enab led to  compress  the  n o r m a l  o u t p u t s  of  t h e  

c i rcui t ,  and  the  Test  G e n e r a to r  is advanced to  the  n e x t  s t a t e  to  p ro d u c e  t h e  n ex t  

vector .  U nfo r tuna te ly ,  t in co ncurr e n t  checking tes t l a t e n c y  can be  2n, w he re  n is the  

n u m b e r  of inpu t s  of the  c i rcuit .  A n u m b e r  of app roaches  were sugges ted  to r educe  

th e  test  la tenc y  by paying  the  price’ in silicon, t ime,  a n d  pe r fo rm ance .

Norm al inputs M ode se lec t

liquidity
Com parator

i p E Z

- L e —
Multiplexer

M ode selecl

C U T

HIT
R esponse

V erifier

N orm al outputs

Figure  3.7: T h e  concur rent  c o m p ar a t iv e  t e s t i n g  o rg a n iz a t io n

N i cola i cl is [37, 38] suggests  a  unified B IS T  sch eme ( U B I S T ) ,  which in t e g ra te s  off­

l ine tes t  (design val idat ion test ,  g o / n o  go tes t  of dies, t e s t  of b o a r d s , a n d  m a i n t e n a n c e  

t es t )  a n d  on-l ine  er ror  d e tec t io n  a t  sys tem  level, and  provides  high fa u l t  cove rage 

for single faults.  U B I S T  is based upon  the  concep t  of se l f -exercis ing checkers , sh ow n  

in F igure  3.8. In ad d i t ion  to convent ional  double-ra i l  checker ,  pass t r a n s i s to r s  are
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used to co nnect  t h e  checker  inpu ts  an d  the  test p a t t e r n  g en e ra to r ,  and  a logic hlock 

( C N C I )  is i n t ro d u ce d  to ind icat e  w h e th e r  a code word is gen e ra t ed  (S 1). U nde r  

faul t  free condi t ion ,  Jo and J\  are double-rai l  encoded .  T h e  code will not re ta in if a 

fault  presents.

TestTest
Test

Primary
Inputs

Primary 
-  Output

CNCI

Checker

Test Vector Generator

Figure  3.8: Self-exercising checker

For t h e  UBIST'  m e t h o d ,  all funct ional  blocks are  des igned to be s Iront/h/  / null 

secure  ( S F S )  [ 36 ,39,58 ] .  F igure  3.9 shows the  unil ied BIST’ scheme.  (I B I S T  m od ul es  

a r e  c o m p o s ed  of an  LFSR  p a r t  and a  coding par t .  T h e  LFSR part, m ay  be  real ized as 

t h e  BILBO[25] ,  an d  the  cod ing p a r t  (UN CI block) is as proposed  in the  s chem es  ol 

sel f-exercis ing checkers.  T h e  checker  modu les  t r an sp o se  code word in p u t s  to co rrec t  

i n d ica t ion  and  non-code  word to er ro r  indicat ion.  Dur in g  the  T F S T I  phase ,  lest, 

vec to r  g en e ra t ed  by odd U B I L B O s  are appl ied  on odd funct ional  b locks  and on 

even  checker  m odu les .  T h e  re sponds  of odd  funct ional  blocks  ar e  verified by od d 

checker  m odu les ,  an d  are  also  com pressed by even U B IL B O s  to give .signatures.  At  

t h e  end  of the  T F S T I  p h as e  the  s ignatur es  in even U B IL B O s  are  sh i l led  out lor 

ver if ica tion.  Simi lar ly ,  d u r in g  T F S T ‘2 phase  we test, even funct ional  b locks  and od d  

checker  modu les .  T h e  double-rai l  checker is used for r educ t ion of er ror  indicat ion 

s ignals  a n d  is t e s t ed  d u r in g  t he T'KST'3 phase.

Recent ly ,  O u p t a  arid P r a d h a m  [20] d e m o n s t r a t e  t h a t  t h e  in fo rm a t ion  g ene ra ted
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Figure  3.9: Unified B IS T  sch em e

in coiiciii'reiil. checking (even pa r i t y  checkmg)  can be u t i l ized to r e d u ce  off-line te s t ing  

t i m e  and  fault  es cape  probabi l i ty.  T h e  modif ica t ion to  the  co nven t iona l  s i g n a tu r e  

analys is  s t r u c t u r e  is t h a t  t h e  o u t p u t  of a C U T  is col lec ted by b o t h  t h e  s ig n a tu re  

a n a ly z e r  an d  the  par i t y  checker .  If any of the  test  responses  is found e r ro n e o u s  by 

t h e  checker ,  then th e  CUT’ is d e t e r m in e d  to be  faul ty  im m e d ia t e ly ,  wi th  no fur ther  

tes t ing  necessary.  In the  case,  on complet ion of tes t ing ,  th e  c o n t e n t  of t h e  s i g n a tu r e  

an a ly z e r  is an a ly zed  to d e t e r m in e  w h e th e r  it co r r e sp o n d s  to t h e  good s ig n a tu re .

It shou ld  also be  noted t h a t  the  S a m p l e / N o r m a l  m o d e  of t h e  I E E E  S td .  1149.1 

p e r m i t s  a  sn ap s h o t  of normal  sys tem  ope ra t ion  and  al lows t h e  o u t p u t  re sponse  to 

b e  shi f ted on '  for ex a m i n a t i o n ,  w i th o u t  s uspend ing  t h e  c o m p u t a t i o n .  T h i s  test  

provides  a  degree  of  on-l ine m o n i to r in g  and  it is a  s t ep  towar ds  t h e  merg ing .

3.6 P rob lem  S tatem ent

A l th o u g h  som e  des ign and tes t  eng ineers  may  still  no r e lu c t a n t  to  i n c o r p o r a t e  B I S T  

a n d / o r  b o u n d a r y  scan in the i r  des igns , an average  of 30% or lower a r e a  ov e rhead  

has  been widely  accep ted  as reasonable.  T h e  m a in  concern  of th is  d i s s e r t a t i o n  is the  

m erg in g  of conc urr ent  checking and off-line BIST’, since,  even for VLSI  t echno logy
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ava i la ble  today,  concurrent,  checking is still considered expensive.

His tor ica l ly ,  on- l ine  and off-line te s t ab i l i ty  s tud ies  have been the  concern  of two 

s e p a r a t e  technical  co m m u n i t i e s .  Consequent ly ,  two sets of test a lg o r i th m s ,  which 

ar e  rare ly  c o m m o n  in design and im p le m e n ta t i o n ,  have been deve loped .  On t h e  one 

h a n d ,  off-line B IS T  using d a t a  co m pac t io n  schemes usual ly requires (a)  a m echan i sm  

for s u p p ly in g  tes t  p a t t e r n s  to  the  O U T ,  and (b) a m eans  for c o m p a c t in g  th e  C H T  

respon ses  in t o  a  s ignature .  On  the  o t h e r  hand,  co ncurr en t  checking em p lo y s  er ror 

d e t e c t i n g  codes ,  such as par i ty ,  Berger,  and residue codes,  to  encod e a given c ircui t  

func t ion  a t  des ign s tage .  Modif ica t ion of the  original c ircui t  function usual ly resul ts  

in an  a u g m e n t e d  c ircui t  rea l izat ion that  is bigger than  t h e  original  one.  It has 

been shown that, for an a u g m e n t e d  c i rcuit ,  a br>%-2l)0% h a r d w ar e  increase  can  be 

e x p e c t e d  [5*1, (54]. T h e  increase d ep e n d s  on the  funct ion al i ty  and s ize of the  O U T ,  

a n d  th e  co d in g  s ch e m e  chosen.  Moreover,  since d a t a  p a t t e r n s  also  serve as  test 

p a t t e r n s  in c o n c u r r e n t  checking,  t h e r e  is no reference to t h e  fault  free s i g n a tu r e  of 

t h e  good  c i r cu i t  response.  T h u s ,  checking c i rcui t ry  is requi red  to be  sel f checking in 

o r d e r  to  g u a r a n t e e  a  high fault  coverage.  Designs of totally si  If-elu r k i n y  ( T S ( ' )  and 

s t ro n g ly  cod e dis jo in t  (SCI))  checkers can be found i" [2, pages ,r 7X bXX] an d  140], 

respect ively .  Specia l ly  des igned checkers are  required for d i s ' i n c t  cod ing  schemes.  

For ex a m p l e ,  a  p a r i t y  checker  is a  log ndeve l  b i nary  t ree  of X O R  gates ,  where  

n  is t h e  n u m b e r  of in fo rm at ion  bi ts  be ing cheeked,  while a, res idue  checker  is an 

a r i t h m e t i c  u n i t  pe r fo rm ing m o d u lo  op era t ions .

T h e  m a in  technica l  obs tac l e  of t h e  merg ing is t h e  use of  d ifferent  tes t met  hod 

ologies  in t h e  two t e s t  modes .  It leads  to sep a ra t ion of h a r d w are  and in t ro d u ce s  un 

a c c e p t a b l e  silicon cos t .  As d iscussed above,  concurrent  checking an d  MIS'I usual ly 

e m p l o y  d i s t in c t  t e s t in g  techniques .  T h ese  techniques  require  different implemei i ta  

t ion  s t r u c t u r e s ,  thus  m a k in g  the  merg ing  of on-l ine and off line t echn iques  difficult . 

In th i s  d i s se r t a t io n ,  we propose  to  use a  c o m m o n  test  t e ch n iq u e  for on l ine and
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o f f l i n e  te s t  inode's. 'I’o achieve this,  it is necessary  to  find a link be tw een  t h e  two 

types  of te s t ing  methodologies ,  as well as the i r  im p le m e n t a t i o n  m e c h a n i s m .  T h e  

ob jec t i v e  is to .support bo th  on-l ine and off-line te s t ab i l i ty  wi th  m a x i m u m  sh a r in g  

of  h i i rdware  resources  and low impac t  on sys tem  per fo rm an ce.
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C hapter 4 

C on caten ation  and P artition in g  

o f  L FSR s and LC A R s

A t  th e  c i rc ui t ,  boa rd  or  sys tem  level it is des i rable  to have a cost, ef fective impl»*men 

t a t i o n  of b it -s liced registers,  reeonfigurable for di fferent  lengths  as needed .  LFSR s  

a n d  L C A R s  are  t h e  m o s t  co m m o n ly  used regis ter  devices .  In c h a p t e r  ‘2, we provided 

s o m e  bas ic back g ro u n d  on LFSR s  and  LCAR s,  and the i r  conve n t iona l  ap p l i ca t io n s  

as  p s e u d o - r a n d o m  p a t t e r n  gene ra to rs  and s ig n a tu re  ana lyzer s ,  in HIST.  T h i s  chap  

t e r  e x a m i n e s  theore t ic a l  an d  pract ica l  issues of LFSR an d  LCAK c o n c a t e n a t i o n  and 

p a r t i t i o n i n g ,  g iv ing reeonf igurable  regis ter  lengths.  T h e  resul ts  of th is  s t u d y  add 

flexibi l i ty to  d ig i ta l  c i rcui t  design and BIST in genera l ,  and is one  of t h e  bases  of 

t h e  new te s t in g  s ch em e  proposed in C h a p t e r  A

Ear ly  work on the  prope r t ie s  of au t o n o m o u s  L F S R s ’ conca.teiial.ion can be found 

in Elspas  [14]. Late r ,  B h av sa r  [5] in t ro duced  th e  pr inciple  of po lynom ia l  coi i ra tena.  

t ion ,  and th e  concep t  of polyno mial  spl i t t ing  (po lynom ia l  pa r t i t io n in g )  and  bi t  sliced 

des ign of  LF SRs.  Con sequen t ly ,  a  family of genera l  p u rp ose  bi t -s l iced LFSK. regis 

t e r  chips  is proposed to  fac il i tate self- test.  Sun and Se r r a  [00] lay th e  foun da t ion  

o f  th e  p r in cip le  of L C A R  co n c a ten a t io n  and pa r t i t ioning.  Recent ly ,  K onlop id i  [20]
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es tab l i shed  a more  formal def ini tion of polynomial  p a r t i t io n in g ,  a n d  exp lo re d  the  

p a r t i t i o n in g  behav io ur  of L F SR s  and L CARs  from s o m e  new per spect ives .

In this  ch ap te r ,  we first give som e  theore t ica l  b ackgro und  an d  def in i t ions ,  then  

s u m m a i i / e  the  work on po lynomial  co n ca tena t ion  a n d  pa r t i t ion ing.  S u b s eq u e n t ly  

we i n t ro d u ce  the  co r re spond ing  issues for LC AR s,  d iscuss  var ious  ap p l i ca t i o n s  of 

L FSR  and LC AR  co n c a t en a t io n  and  par t i t ioning ,  an d  p re sen t  so m e  resul ts  of a

c o m p ar a t  ive s tu d y  of t h e  two types  of l inear machines .

4.1 B ackground

In th is  sec tion we give some theo re t ica l  bac kg ro un d of l inear  finite s t a t e  m ach ines  

an d  the i r  a lgebra ic  co n tex t ,  an d  show thei r  different re p re sen ta t i ons .

4.1.1 Linear Finite State Machines and Isom orphism

A basic result in l inear a lgeb r a  is t h a t  a  l inear t r an s fo rm a t io n  in a  ve c to r  space  can 

be rep re sen ted  by a  m a t r i x  an d  th a t ,  in t u rn ,  such a  t r ans i t ion  m a t r i x  r ep re sen t s  a 

l inear t r an s f o rm at io n .

D e f i n i t i o n  4 .1  [59, page 297] A funct ion / :  V' —> V'  is a l inear  fu nc t ion from a 

ve c to r  space  V  info a  vector  space  V ’ over t h e  s am e  sca lar  field K  as V  if, for all Ci 

and  c-i in A" an d  all v | and  n2 in V

f { c  1 iq +  C 2 V 2 )  =  c i / ( t> i ) +  ca/ (t>2).

For o u r  purposes ,  the  field is a  b i nary  field an d  t h e  +  o p e r a t io n  is Modulo-2

( X O R )  add i t ion .  T h e  l inear t r an s f o rm a t io n  desc r ibes  the  b e h a v io u r  of a  co r re ­

sp o n d in g  l inear finite s l a t e  m ach ine ,  whose def ini t ion follows.

D e f i n i t i o n  4 . 2  [59, page 297] A m ach in e  A / i s  a  l i near  f in i te  s ta te  machine,  if
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(1) t h e  s t a t e  space  S,\i of .V, the  input  space  /,\/, a n d  the  o u tp u t  space  

)]\l a r e  each vector  spaces  ovet the  a p p r o p r i a t e  finite' liehl (he re  a b i nary  

field), and

(2) let  the  vec tor  ,s, deno te  the  state'  of the  mach ine ,  the  vec tor  u, d e n o te  

t h e  i n p u t s  to  the  m ach ine  and  the  vector y, den o te  the  o u t p u t s  of the  

mach ine .  T h e  next  s t a t e  ,sf  of M  is del ined by

+  Pa,

an d  th e  o u t p u t  is def ined by

y, -  V’.s, +  Q u „

w here  li,  P ,  T ,  an d  Q  an* t r an s f o rm a t io n  m a t r i ce s  of the  a p p r o p r i a t e  

size over  t h e  finite field. In th e  case of an a u t o n o m o u s  m a c h i n e  (w i th  no 

ex t e rn a l  i n p u t  u,) ,  t h e  second t e rm  is o m i t t e d  from each eq u a t io n .

For o u r  pu rpose s ,  we can s u m m a r i z e  by th e  fact  t h a t ,  in the  op era t  ion of a l inear  

fini te s t a t e  m ach in e ,  the  nex t  s t a t e  is always  c o m p u t e d  from the  previous  s l a t e  us ing 

onl y  l inear  rules,  i.e. rules which t r a n s l a t e  into XOR ' , 1 ‘m en ta t io n s .

D e f i n i t i o n  4 . 3  [59, page 306] If two mat r i ce s  A and If  are  sq u a r e  m a t r i c e s  for 

which t h e r e  exis ts  an inver t ib le  m a t r ix  P  such t h a t  P  P ~ x A P ,  t hen A  is said to 

be  s im i la r  to  B.

T h e o r e m  1 [29, page 155] Two  mat r i ce s  A and B  represent  th e  s a m e  l inear  oper  

a t o r  T  if a n d  only  if they  are  s imi l ar  to each o ther .

D e f i n i t i o n  4 . 4  [59, page 310] T h e  characlr.rislir po lyn omial  of a s qua re  m a t r i x  A 

is def ined as A a (A )  =  d c t ( \ l  — A) .
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D e f i n i t i o n  4 .5  [44, page 145] A polyno mial  p ( .V) of degree  u which is not d iv is ib le 

by any po lynom ia l  of  degree  k,  where  0 <  k  < n,  is called i n r d u r i b l r .

D e f i n i t i o n  4 .6  [44, page 161] An i r reducible  polynomia l  of degree  n over  a  b in a ry  

field is pr im i t iv e  and  if, an d  only if, it d iv ides  A''"' -  I for no in less t h a n  2k — 1.

T h e  i m p o r t a n t  consequence of the  p r im i f i v i t y  of a  ch a ra c te r i s t ic  po ly n o m ia l  is 

I ha t  the  l inear finite s t a t e  m ach ine  in its a u t o n o m o u s  o p e r a t io n  t rave rses  all possible 

2" I non-zero  s t a t e s  before re tu rn in g  to  its initial  conf igura t ion.

A I,CAR. is a  finite s t a t e  machine ,  which can be  r ep resen ted  by a  t r an s i t i o n  

m a t r i x  c o n s t r u c t e d  from t h e  nex t  s t a t e  eq u a t io n s  of t h e  c o m p u t a t i o n a l  rules  used.  

Simi lar ly ,  a, t rans i t ion  m a t r i x  can be found for an LFSR.  For each of these  m a t r i ce s ,  

a  ch a rac te r i s t ic  polyno mia l  can be  c o m p u t e d .  T h e  re la t ions h ip  between  L F S R s  an d  

L C A R s  is s t a t ed  as follows:

T h e o r e m  2 [56] A one -d imensional  l inear LC AR  an d an LFSR  with t h e  s a m e  i r re­

ducibl e  (or  p r im i t ive )  cha rac te r i s t ic  po lynom ia l  are  i som orphic ,  and  t h e  c o r r e s p o n d ­

ing t rans i t  ion m a t r i ce s  are  s imilar .

T h e  c o n se q u en ce  is t h a t  a  L CAR an d  a  LFSR,  which ar e  based on t h e  s a m e  

i r r educi b le  or p r im i t ive  polyn om ia l ,  have th e  s am e  b eh a v io u r  as l inear finite s t a t e  

m ach in e s  up  to p e r m u t a t i o n  of the  orde r  in which th e  s t a t e s  ap p e a r .  However ,  the 

riirl t  s t ruc ture  of the  s t a t e s  [59, page 507] is ident ical ,  t h a t  is, t he  s t a t e s  m a y  be 

p e r m u t e d  in orde r ,  but  they  m us t  a p p e a r  in the  s a m e  cycle conf igura t ion .

E x a m p l e  1 F igure  1.1 shows a  L CAR an d  L F S R  with t he i r  co r r e s p o n d in g  t r a n s i ­

t ion  m a t r i x  and th e i r  cha rac te r i s t ic  polynomial .  T h e  cycle s t r u c t u r e  is also sh own  in 

t h e  s t a t e  t ra n s i t i o n  d iagrams.  Since this po lynom ial  is i r reduc ible ,  b u t  n o t  p r imi t ive ,  

t h e  s l a t e s  form four s ep a r a t e  cycles,  where  s t a t e  0 a lways  goes  back to itself.
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Characteristic
p olynom ial

F(x) = x x̂  + r  + x +1

LFSR ( M i l l ) L C A R  (0  I 0  0)

□ 00 150 00 00

Transition matrix Transition matrix
( o o o n f  0 1 0 0 ^

10  0 1 1 1 1 0
0 10 1 0 10 1

k 0 0 1 i J k 0 0  1 { ) /

Figure* 4.1: Trans i t ion  mat,rices of a LFSIt  and a LC AR

4.1.2 Dili* rent Representations

T h e r e  ar e  t h ree  d ’fferent re p re sen ta t i ons  which are  used in t r r eh a i ig e ah ly  in polyno 

rnials a n d  the i r  LFSR  im p le m e n ta t io n s :  po lynom ia ls  in b inary  held,  b in a ry  s t r i ng  

r e p re sen t a t io n s ,  and  t h e  LFSR im p le m e n ta t i o n  of \. ' nomials .  Facli  roprosonta 

t ion  prov ides  a  conv en ient  express ion in a co r re spond ing  d o m a in ,  an d  can be  easily 

t r a n s f o r m e d  to  e i t h e r  of the  o t h e r  two. A polyno mial  P(.r)  can be d i re c t ly  m a p p e d  

in to  a  L F S R  im p le m e n t a t i o n ,  where  th e  zero and non zero coefficients o rr e sp o n d  to 

feedback t a p s  of th e  LFSR;  and it can also be  m a p p e d  to a b ina ry  s t r i ng ,  when* the



( 'haptcr  ■!. C onca tenat ion  find Par t i t ioning  o f  L F S R s  a nd  L C A R s 40

non zero an d  aero  coefficients correspond to l ' s  and 0's,  respect ively.  T h e  reverse1 

t r a n s f o r m a t i o n s  hold as well. In t h e  previous ex am p le ,  these  t r a n s f o r m a t i o n s  were 

shown.

T h e  s i tua t io n  is sl ight ly more  complex  for LCAR s.  ( l iven a cha rac te r i s t i c  p o ly ­

nomial ,  t h r e e  a lg o r i th m s  have boon developed and  im p le m e n t e d  to find its c o r re ­

sp o n d in g  LCAR:

(1) the  first a lgo r i thm  in [5(>] is based on a p ru n ed  search;

(2) a b e t t e r  a lgo r i thm ,  in [hr)], uses the  Lauezos t r idiagonal iza i  ion m e t h o d  

h u t  requires  exponen t i a l  t ime;

(t{) the  bes t  known a lgo r i thm  re por t ed  recent ly  [8] appl ies  E u c l i d ’s g re a t e s t  

( o m m o n  divisor a lgo r i thm  to c o m p u t e  the  L C A R .  It has  a po ly n o m ia l  

ru n n i n g  t im e ,  which is sufficiently fast to genera te1 L C A R s  for p o l y n o ­

mial s  of very  large degree.

Converse ly,  g iven a L C A R ,  it is easy to ca lcu la te  th e  ch a ra c te r i s t ic  po ly n o m ia l  

of  d s  t r an s i t ion  m a t r ix  [56]. T h e  m a p p i n g  between  a  L C A R  i m p l e m e n t a t i o n  and 

i ls b inary  form is also s imple :  rule-90 and  rule-150 cells co r re sp o n d  to  0 ’s a n d  l ’s 

r e spec t ivel y  and form t h e  p a t t e r n  of the  main  d iagonal  oi t h e  t r an s i t i o n  m a t r i x .  

1'his is also shown in F igur e  1.1. Figure  1.2 s u m m a r i z e s  the  t r a n s f o r m a t i o n s  above ,  

a n d  visual izes  t h e  re la t ions  am o n g  th e  di fferent  re pres en ta t ions .

4.2 P o lyn om ia l C oncatenation  and P artition in g

A im in g  at bui ld ing off-the-shel f chips  wi th different sizes of L F S R  for b o a r d  a n d  sys­

t e m  level sel f- test ,  B havsa r  [5] considered a subset  of po lyno m ia ls ,  which p r e s e r v 1 

ce r t a in  proper! ies such as pr imi t iv i ty ,  a nd  cer t a in  types  of c o n c a t e n a t io n s  which b e n ­

efit B I C C  O ne of the  m a i n  in teres ts  in po lynom ia ls  concerns  p r im i t iv e  po ly n o m ia l s
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L

L FSR

IM «-

Characteristic
polynom ial

(e.n. l’U I  =  x^ + x + 1 )

Binary form  
1 1 0  1

LCAR

90 90 150

Binary form  
0 0 I

Figure  *1.2: T rans fo rm a t ions  of LF SR and LCAK

[4]. T h e  i m p o r t a n t  p ro p e r ty  is t h a t  l inear finite s t a t e  m ach in es  based  on pr imi  

l ive  p o ly n o m ia ls  cycle t h ro u g h  a m a x i m u m  length sequence  when in a u t o n o m o u s  

m o d e  (i.e. w i th o u t  ex te r n a l  inpu ts ) .  'I his is p a r t i c u la r l y  useful when they  ar e  used 

as p s e u d o r a n d o m  p a t t e r n  gen e ra to rs ,  as they  can s t i m u l a t e  a  circuit, exhaus t ively .  

W i t h  rega rds  to  co n c a t en a t io n ,  the  in teres t  lies in f inding s t r u c t u r e s  which can be 

c o n c a t e n a t e d  an d  still m a i n t a i n  the  a t t r i i m te  of m a x i m u m  length  cycles,  t h a t  is, 

f inding p r i m i t i v e  po lynom ia ls  which rema in  pr im i t i ve  af ter  c o n c a t e n a t io n .

S ince  a p a r t i t i o n  is t h e  op p o s i t e  ope ra t ion of a  c o n c a t e n a t io n ,  th e y  are  th e  s am e  

in t e r m s  of i m p le m e n t a t i o n .  Kontopidi  [26] explored s t a t i s t i ca l ly  t h e  genera l  par  

t i t i o n in g  b e h a v io u r  of L FSR s ,  a p p m  able to polynomials .  T h e  whole  spac e  of ir 

reduci b le  and p r i m i t i v e  L F S R s  from length 2 to 16 are  e x a m i n e d  in [26|. In the  

fol lowing subsec t ions ,  we first g ’me th e  basic p ro b lem  s t a t e m e n t s  for co n c a ten a t io n  

and  p a r t i t i o n in g ,  then  p re sen t  the  results  of the  two issues separa te ly .
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4.2.1 Definitions

T h e  def in i t ions  for polynomial  co n c a ten a t io n  and p a r t i t i o n in g  ar e  col l ec ted  here.  

Most  of t h e m  are  reworded from [5, 261 and [f>0].

D e f i n i t i o n  4 . 7  [fj] Let, A ( X )  and B { X )  he  two po ly n o m ia ls  of degree  r  and  s  

respectivelv .  'I’hen A  anrl B  are concatenated  to real ize two d i s t in c t  p o lynom ia ls ,

( t AH and ( 'h a , of degree  /• +  .s as tollows:

c A H  =  x ' ( A  +  i )  +  n

C HA =  X r( B + \ )  + A.

T h e  two ty p es  of co n c a t e n a t io n  ar e  referred to as A B  and  B A  co n c a t e n a t i o n s  re- 

spee t i  vely.

D ef in i t ion  4.8 [5] If the  po ly nom ia l  C  formed by e i t h e r  of t h e  ab o v e  o p e ra t i o n s  is 

p r im i t i v e ,  t h e n  t h e  o p e r a t i o n  is ca lled primi t ive  concatenat ion.

D ef in i t ion  4.9 [5] T h e  co n c a te n a t io n  of a  po lynomial  of d eg ree  s w i th  i tself n 

t im e s  (/! >  1) to form a  polyn om ial  of degree n  x s is called sel f-concatenation, .  It  is 

ca l led non -sc l f - concah nat ion  if t he  po lyno mia l  co n c a t en a t e s  w i th  one  or m o r e  o t h e r  

p o l y n o m i a l s ) .

D ef in i t ion  4.10 [26] A po lyno mial  C  formed by t h e  c o n c a t e n a t io n  of two  po ly n o ­

mials ,  A  an d  B , can  be also part i t ioned  into two p a r t s ,  A  a n d  B.

D ef in i t ion  4 . 1 1  [26] T h e  par t i t ion  of a po lyno mia l  C ,  of deg ree  /., in to  two i r r e ­

d u c ib le  p o ly n o m ia ls  A  an d  B,  of length  r a n d  .s respect ively ,  such t h a t  r  +  s = t, is 

ca l led an irreducible par ti tioning.  O the rw ise ,  it is ca l led a reducible par t i t ioning.

D ef in i t ion  4.12 [26] T h e  p a r t i t io n  of a  po lynom ia l  C \  of deg ree  /, in to  tw o  p r i m ­

i t ive  po lynom ia ls  A  and B , of deg ree  r a n d  s respect ively,  such t h a t  r  +  s =  /, is 

ca lled  a pr im i t i v e  part i t ioning.  Otherwi se ,  it is called a n o n p r im i t i v e  par t i t ioning.
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it shouK! l)c n o t ed  that  p r i m i t i ve  co nca tena t ion  rospoots pr imi l  ivily of I ho newly 

fo rmed p o ly n o m ia l ,  while p r im i t ive  p a r t i t i o n ’ng insists bot h  po ly n o m ia ls  o b ta in ed  

from th e  p a r t i t i o n in g  arc' pr imi t ive .  T h e  logic beh ind these  seemingly  Inconsis tent  

def in i t ions  is t h a t  in bo th  cases,  co nca tena t ion  and  par t i t ion ing ,  th e  a t t r i b u t e  of 

p r i m i l i v i t y  is o idy re la ted  to  the  result  of the  o p e r a t io n s  (p r im i l iv i tv  of th e  resul t ing  

(■ in c o n c a t e n a t i o n ,  and t h e  resul t ing  A  an d  B  in par t i t ion ing ) ,  while t h e  i n p u t s  ( t he  

p o ly n o m ia l s  A  an d  B  before co n c a tena t ion ,  and polyn om ial  ( '  before pa r t i t io n in g )  

a r e  no t  necessar i ly  pr imi tive.

D e f i n i t i o n  4 . 1 3  [26] If a  finite s t a t e  m ach in e  of length  / is p a r t i t i o n e d  in to  two

bi t-s lices  of leng th  r and s respect ively,  such that  r t s - /, r 1 or s I, then  it

is ca lled a  degenerate part it ioning.

D e f i n i t i o n  4 . 1 4  [26] If a  finite s t a t e  m ach in e  of length  I is p a r t i t i o n ed  in to  two

bi t -s l ices  of  length  r  and  ,s respect ively,  such t h a t  /• -j- s  /,  I - r,,s < I I, then

it is ' ' ai led a proper  parti tioning.

E x a m p l e  2 T h e  d eg e n e ra te  pa r t i t ions  of length 6 finite s t a t e  m a ch in e s  are:

□ || □  □  □  □  n

□ □ □ □ □ || □

w he re  “ | |” ind ica te s  the  p a r t i t ion  point .  T h e  p ro pe r  p a r t i t ion ings  are:

□ □ || □ □ □ □

□ □ □ || □ □ □

□  □ □  □ || □  n .

Hence,  a  fini te s t a t e  m ac h in e  of length n has  (n  -  1) possible* p a r t i t i o n in g s ,  two 

d e g e n e r a t e  pa r t i t ion ings ,  and (n — 3) p rope r  par t i t ion ings .
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4.2.2 Concatenation of Polynomials and LFSRs

T ab le  4.1 shows Hu primi t iv e  se l f -conrah nat ions  of p r i m i t i ve  p o ly n o m ia l s  of degr ee  

4 to degree  8, forming polynomials  up  to degree  64. T h e  second  c o l u m n  of this  

t a b le  lists all th e  p r i m i t i ve  po lynomial s  of thes e  degrees,  which  are  used as th e  

initial  polyno mia l  for conc at enat ion.  T h e  th i rd  co lum n represent s  t h e  n u m b e r  of 

p r im i t i v e  se l f -concatenat ions  of the  co r re spond ing  ini tial  po lynom ia ls  to  c o n s t r u c t  

p r im i t i v e  polynomials .  Both  the  initial  and th e  re su l t ing  po lynom ia ls  a r c  pr im i t i ve .  

As  an e x a m p le ,  t h e  degree  8 primi tive1 polynomial '  re p re sen ted  by IGl tOOlOl  self- 

e o n c a t e n a t e s  in g ro ups  of 2, 4 and 7 to  form degree  16, deg ree  32 a n d  deg ree  56 

p r i m i t i v e  polynom ia ls  respectively.

T h e  or iginal  t a b le  of degree  3 to 10 p r i m i t i ve  po lyno mial  s e l f - conca te na t ion  can 

be  found in [5]. 'Table 4.1 is wi th ou r  modif ica t ions  (in i tal ics) .  It  sh o u ld  be 

n o ted  t h a t  'Table 4.1 does  not  include reciprocal  po lyno in ia ls 'o f  the  p o ly n o m ia ls .

It is kno wn t h a t  reciprocal  po lyno mia ls  of p r im i t i ve  p o ly n o m ia ls  are  a lso p r im i t i v e  

[44, page  163], a n d  this p ro p e r ty  is preserved in p r im i t i ve  se l f - conca te na t ion .  For 

e x a m p l e ,  th e  deg ree  3 polynomial ,  .r3 +  .r +  1 =  1011, se l f - conca te na te s  2, 3 a n d  

I t imes  forming degree  6, 9 and  27 p r im i t i ve  polv nom ial  respec t ively ,  whi le  its 

rec ip rocal ,  .r3 +  .r2 + 1  =  1101, can also co n s t ru c t  degree  6, 9 and  27 p r im i t i v e  

po ly n o m ia l s  by se l f -concatenat ion.

P r im i t i v e  se l f - concatena t ion is in t ere s t ing  as it al lows reconf igura t ion of ident ical  

sh o r t  regis ters  in to  much longer ones,  which pre serve  primil, ivity.

In [5], t he pr inciple  of genera l  co n ca ten a t io n  of L F S R s  is also a d d r e s s ed  in t e r m s  

of  te s t ing  app l i ca t ions .  In genera l ,  co n c a t en a t io n  of two po lynom ia ls  of deg ree  s  a n d  

r  rc’sul ts  in a polynom ia l  of degree  s -f r. T h e  ini tial  po ly n o m ia l s  an d  t h e  r e su l t ing  

o n e  m ay  or m ay  not be primi tive .

' T h e  rec iprocal  po lynomia l  is defined as / J( 1 / J’) an d  its b in a r y  r ep re sen t a t i on  is t he  reverse 

image  o f  t he  or i ginal  / ’( J').
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1011
n o n e

1 00101  

1101 11
1000011 
1100111
10001001 
10001111 
10011101 
11001011 
11010101 
11100101
100011101 
101 1001 01

N u m l i r i  o f  P i i i n i l i v e  S r l f  

C o n r n l e n n t i n n s  o f  I n i t i a l  I ’o l v

S, .1, U

:t, 12

:i, 5 
2

0
:i, o

:i, » 
:t, o  

:s

2, o
(<
2,  'I, 7

T ab le  4.1: Sel f - conca tenat ion  of degree  15 to S po lynom ia ls .

4.2.3 Partitioning of Polynomials and LFSRs

B h a v s a r  first in t ro d u ced  th e  concept, of polyn om ial  split l iny,  and p re sen ted  ex a m  

pies.  In [26], polyno mia l  p a r t i t i o n in g  is formally def ined an d  the  co n c e p t s  are  ex 

paneled.  We s u m m a r i z e  here  the  results  of LFSR p a r t i t i o n in g  from [26].

T h e  p a r t i t i o n in g  b eh a v io u r  of LFSRs ,  for all deg ree  2 to  Hi p r im i t i v e  and  i rre 

d u c ib le  p o lynom ia ls ,  a re  ex a m in e d  by m eans  of s imula t ion.  T h e  ex h a u s t i v e  search is 

ap p l i ed  to  p r i m i t iv e  an d  i r r educible  polynomials  wi th  p r i m i t iv e  p a r t i t i o n in g  a n d / o r  

i r re duc ib le  p a r t i t i o n in g  respect ively.  It impl ies  t h a t  both  t h e  original  an d th e  result, 

ing m a c h in e s  are  also pr im i t i ve  an d  i rreducible.  Moreover ,  the  s t u d y  is re s t r i c ted  

to  p r o p e r  p a r t i t ion ings ,  since d eg en e ra te  par t i t ion ings  result, in a m a c h i n e  ol lengt h 

one,  which  see ms  to  be  no di rec t  use [26].

T h e  p a r t i t i o n i n g  beh av io u r  of p r i m i t i ve  and i r reducible  po lynom ia ls  ol deg ree  n 

is m e a s u r e d  us ing two p a ram ete rs :
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(1) A T L O P :  t he n u m b e r  of degree  n polynomials  which have AT Least O n e  

P a r t i t io n in g  with t h e  desi red proper ty .

(2) P K P P :  the  PHrc en tage  of Par t i t io n ings  which have t h e  des i red  prope r ty .

For ex a m p le ,  for pr im i t i ve  polynomials  of degree  n,  a  p a r t i t i o n  wi th  t h e  des i red  

p r o p e r ty  is a p r im i t ive  pa r t i t ioning ,  and hence  P H P P  is def ined as

P p r u n  x  1 0 0  

(n  — 2) x p r i m ( n )

w here  Pl>rtin is th e  total  n u m b e r  of (p rop er )  p r im i t ive  p a r t i t io n in g s ,  an d  p r i i n ( n )  is 

t h e  total  n u m b e r  of p r im i t ive  po lyno mia ls  of degree  n.  T h e  fac tor  (n  — 3) is used 

to  s u b t r a c t  d eg en e ra te  cases.

T ab le  1.2 shows the  p a r t i t i o n in g  behav io u r  of polynom ia ls  i m p l e m e n t i n g  p r i m i ­

tive' po lynom ia ls  of  degree 4 to 16; th e  co rrespo nd ing  t a b l e  for i r re duc ib le  p o ly n o ­

mials  can be found in [26]. Note  t h a t  the re  are  no leng th  four L F S R s  t h a t  have 

p r im i t i v e  par t i t ion ings .  As  a  result  th e  values of P K P P  a n d  A T L O P  a r e  b o t h  zero.

4.3  L C A R  C oncatenation  and P artition in g

Recen t ly ,  Linear C e lm la r  A u t o m a t a  Regis ters  (L C A R s )  have  been p roposed  as an  a l ­

t e r n a t iv e  to  L F SR s  for p s e u d o r a n d o m  d a t a  p a t t e r n  g e n e ra t ion  an d  d a t a  c o m p a c t io n  

[21]. 'I'llis sec tion in t rod uces  the  pr inciple  of L C A R  c o n c a t e n a t i o n  which is th e  or ig ­

inal work of the  au th o r ,  a n d  also presents  the  b ehav io u r  of  L C A R  p a r t i t i o n i n g  from 

[26],

4.3.1 Definitions

A l inear finite s t a t e  m ach in e  is said to have a  m a x im a l  length cycle  [56] if all poss ib le 

s t a l e s  lie on a s ingle conn ected  cycle in th e  s t a t e  t r ans i t ion  g r a p h  ( e x cep t  for the  

all 0's s t a t e )  in its au t o n o m o u s  b eh av io u r  (no ex te rna l  i n p u t s ) ,  ' [ 'he c h a rac te r i s t i c
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D i ' l *  r c i ' P K I ’ P N i m i l i i ' i  n f  

P r i m i l  i v < -  P o l y n o m i a l s

A l t  O P

• I 0 2 0

r . t a n a 0 1

( i 2 2 . 2 2 0 1

7 1 0 . 0 0 I S I I I

S 1 2 . 5 0 1 0 1 0

• 1 0 . 7 2 I S

1 0 S . . 5 7 0 0 . l i t

1 1 0 . 8 1 1 7 1 . M l )

1 2 0 . 3 2 I l l 7 0

i s • 5 . ' 1 2 0 0 0 2 7 0

C l ' 1 . 9 0 7 5 0 ; i : u i

1 5 O . O ' I 1 8 0 0 7 0 - 1

1 0 • 1 . 1 . 5 2 0 0 8 0 0 1

T ab le  1.2: T h e  pa r t i t ion ing  behav iour  of p r im i t i v e  LFSR s

po ly n o m ia l  is p r im i t i v e  in this ase. In this research vve d e n o t e  by p n u n l i v i  I . C A R  

as one which has  a  m a x i m a l  length  cycle.

L C A R  c o n c a t e n a t io n  can be ex a m in e d  from t h r e e  di fferent perspec t ives :  the 

m e t h o d  of co n c a t e n a t i o n ,  the  a t t r ibute ' s  of t h e  resu l t ing  L C A R s ,  and th e  at t r i b u t e s  

of  the  p a r t i c ip a t i n g  LCAR s.

4.3 .1 .1  M e t h o d  of  C oncatenat ion

D ef in i t ion  4 .15  Let A  and  H be two LCAILs of length  r  and .s, respect ively.  T h en  

a  L C A R  C  of length  r +  s can be o b t a in ed  by eq u a t io n s  as:

( ' a h  =  A  <  .s  +  U  

( ' h a  — M c +  A

w here  “ /I <C .s” deno tes  th e  shi f t ing  of .s-bits of A to  the  lelt an d  “ l ” d e n o te s  the  

logic O R  o p era t ion .  T h e  two eq u a t io n s  are  referred to  as A H  roi icuh nnlinii  an d  )SA
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concalt  aid t on , respect i  vely.

D e f i n i t i o n  4 . 1 6  T h e  conca tena t ion  of a L CAR of leng th  .s wi th  i tself n t imes  

(n I) to form a LC A R  of degree  n x ,s is ra i le d  se l f -concatenat ion.  It is t e r m e d  

non-st  I f -concah nat ion  if the  LCAR eo i i ea ten ates  wi th one  or  m o re  o t h e r  L C A R (s ) .

4 . 3 . 1 . 2  A t t r i b u t e s  o f  R e s u l t i n g  L C A R s

D e f i n i t i o n  4 . 1 7  If a LCAR ob ta ined  from e i th e r  of th e  c o n c a t e n a t i o n s  in t h e  e q u a ­

t ions  ab ove is pr im i t ive ,  then the  co n c a ten a t io n  is called a  p r im i t i v e  concatenat ion.  

O the rw ise ,  it is called a no n-pr imi t i ve  concatenat ion.

4 . 3 . 1 . 3  A t t r i b u t e s  o f  P a r t i c i p a t i n g  L C A R s

T h e r e  are  four possible cases for the  a t t r i b u t e s  of t h e  p a r t i c ip a t i n g  L C A R s  which 

are  considered:

(1) P r im i t i v e - P r im i t iv e  LCAR  co n ca tena t ion  (P R) ,

(2) P r i m i t i v e  No npr i m i t iv e  LC AR  co n c a t en a t io n  ( P N ),

(3) N o n p r im i t iv e -P r im i t i v e  L CAR co n c a t en a t io n  (N P ) ,  and

(1) N o n p r im i t iv e -N o n p r im i t iv e  L CAR co n c a te n a t io n  (NN ).

T h e  co n c a t e n a t io n  o p e ra t ions  given above can be  used r e p e a t e d ly  to co m b in e  

any  n u m b e r  of LC AR s.  Obviously,  there  are  m a n y  choices.  In t h e  case  of  self- 

c o n c a t e n a l i o n ,  the  two L C A R s  o b ta in ed  from A B  and  B A  co n c a t e n a t i o n s  a r e  iden ­

tical .  F igure  ' 1 . 3  shows the  t a x o n o m y  of L C A R  co n c a t en a t io n .  W e  a s s u m e  that  

the  root is l e v e l  I, t h en  levels 2 ,  3  an d  1 in t u r n  repre sen t  t h e  t h r e e  per spec t ives  

of t h e  classification: m e t h o d  of co n ca ten a t io n ,  a t t r i b u t e s  of re su l t ing  m ach in e ,  and

a t t r i b u t e s  of p a r t i c ip a t in g  machines ,  respect ively.  Note  t h a t  this  class if icat ion is

ap p l i ca b le  to  LFSRs as well.
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I C A R  ( ' i m c u l c n a t i n n

S c H ( ' e m . a l e n a l u m N o n s e l l  C a i k . i t c i u l i o i i

Primitive Nonpnmitive Primitive Nonpn mi live

F igure  105: T h e  t a x o n o m y  of LCAR  coi i ra teunt ion  

Similarly ,  wo dolino L CAR pa r t i t io n in g  as follows:

D e f i n i t i o n  4 . 1 8  If a L C A R ,  C ,  is co ns t ru e te d  by co n c a t en a t io n  of two L C A R s ,  A 

a n d  13, t h e n  C  can  also bo said to  be par t , i t ionable into I,wo L C A R s ,  .1 a n d  H.

D e f i n i t i o n  4 . 1 9  A p r i m ' d m  part i t ioning  occu rs  wlion a L C A R ,  C ,  of longt.li I can 

bo p a r t i t i o n ed  in t o  two LC ARs ,  A  and H of longtli r and .>, such that, c l *  / and 

b o t h  A a n d  B ar e  pr imi t ive .

T h e  def in i t ions  of dcgencrat f  and pro/x r p a r t i t ion ing  lor po lynom ia ls  a io  also 

ap p l i c a b le  to L C A R s .  Hence,  a L CAR of length v has  (n - 1) possible p a r t i t ion ings ,  

tw o  d e g e n e r a te  p a r t i t i o n in g s  and (n - 3 )  p rope r  pa r t i t ion ings .

4.3.2 LCAR Concatenation

T h e r e  ar e  two d i s t in c t  app roache s  to s tu d y in g  I Ik* co n c a t e n a t io n  prope r t ie s  of l inear 

fini te s t a t e  mach ines :  find the  m a t h e m a t i c a l  basis of LC AR  co n c a te n a t io n  or  use 

a  s im u la t i o n  m e t h o d .  An a t t e m p t  was m a d e  to find the  m a t h e m a t i c a l  basis ol the  

c o n c a t e n a t i o n .  T h e  co n ca ten a t io n  of po lynomials ,  both  lor LFSRs and L C A R s ,  

impl ies  a  co m p o s i t io n  of the i r  respect ive  t r ans i t ion  m a 1 rices. 'I lie primi l  ivily and 

i r r e duc ib i l i ty  of t h e  ch a rac te r i s t ic  polynomial  of th e  resul t ing  m a t r ix  t a n  not be
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ded u ced  by the  a t t r i b u t e s  of t h e  cliaract erist ie po lyno mial  of t he  s u b m a t  rices. T h u s ,  

it, is inves t igated  by s imula t ion .

It. was sfiowri in the  previous  section t h a t  t h e re  are  m a n y  poss ib le  co n c a t e n a t io n s .  

O u r  s t u d y  in LOAR co n ca tena t ion  em phas izes  the  s e l f - conca te na t ion of p r i m i t iv e  

L C A R s  d u e  to t h e  following reasons:

(1) a L CAR based p a t t e r n  g en e r a to r  wi th a  pr im i t i ve  ch a ra c te r i s t ic  p o ly n o ­

mial  produc es  the  m a x i m u m  pseu d o - ran d o m  set  of  i n p u t  s t imu l i ,  which 

is i m p o r t a n t  because  m a x im a l  runs  are  needed for tes t ing;

(2) Wi l l ia m s  [65] showed t h a t  p r im i t i ve  LFSRs,  and thus  L C A R s ,  ar e  m o re  

s u i t a b l e  as d a t a  co m p a c t o r s  u n d e r  ce r t a i n  a s sum pt ions ;

(3) se l f - conca tena t ion  of L C A R s  reflects t h e  m o d u la r i t y  an d  regu la r i ty  n a ­

tu r e s  of VLSI design and im p le m e n ta t i o n ,  and  provides  flexibil i ty for 

d y n a m i c  reconf igura t ion,  whi le p r i m i t i ve  se l f - conca ten at ion  ensur es  t h a t  

m ach in es  wi th  m a x i m a l  length  cycle are  avai lable in d i fferent  lengths .

Tables  of LC A R  co n c a te n a t io n  ar e  presen ted  in A p p e n d ix  1. T h e  t ab le s  are  

s u m m a r i z e d  below and laid o u t  to  co r re spo nd  to  the  c o n c a t e n a t i o n  h ie ra rc hy  shown  

in Figure  •1.3.

(1) Sel f p r im i t i v e  co nca tena t ion .

Tab le s  u n d e r  this ca tegory  are  p ro duced  for self p r im i t iv e  co n c a t e n a t io n  

only  and ar e  shown in Sect ion 1 of A p p e n d ix  1.

O n e  t able  is shown for each length from 2 to  16. We list all p r i m i ­

t ive  L C A R s  forming longer prii n t ive  L C A R s  by se l f - conca te nat ion up 

to length 6-1. I’he  n u m b e rs  in the  b racket s  ar e  the  n u m b e r  of self- 

co n c a t e n a t i o n s  to form a p r i m i t i v e  L C A R  from a  g iven L C A R .  As an  e x ­

a m p l e ,  in t h e  t able  c.f length  ■!, th e  p r i m i t i ve  L C A R  1010 se l f - conca te na tes
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3, 7, 13 and  15 l imns to  form p r im i t ive  L C A R s  of length  12, 2S, 52 an d  

60 respectively.  An in te re s t iug  observat ion Imre is tha t  t lm longtli S 

pr imi l  ive L( ’Al ls ,  11101110 an d  11110111, s e l f co n ca ten a te '  twice  and 

four t imes  re spect ively  to give length  16 and  32 primitive's.  16 ami  32 

are’ t h e  word lengths  of nmst  e'ompute’r sys tems.  This type' e>f I 'oucaU' 

na t ion  e'orre'sponels to th e  one’ in the  sepiare’ l)e)unding l>e>x e>f h' igure 1.3 

on page  *19.

(2) Non-sel f  p r im i t i v e  co n c a tena t ion .

D ue to  the  very large1 n u m b e r  e)f pewsible cemeate' int  iems eif e-ae’h h' l iglh,  

we oidy incluele some ex am p le s  here1.

In Sect ion 2 of A p p e n d ix  1, we list all le’ngth  5 primi tive '  L C A R s  in 

t h e  first row of the  table ,  f o r  each of the  LC A R s ,  we  ee>ne-aInnate’ the' 

r e m a i n in g  L C A R s  to  it and check the  primi l iv i ly .  The- le-ngth 10 primi  

t ive  L C A R s  on the  second renv are  obtaiucel from th e  neai-se'lf primi tive '  

c o n c a t e n a t i o n  of the  L C A R s  in mw 1. Simi larly,  th e  pr imi t ive’ L C A R s  

of rows 3 ar e  formed by non-self  primitive'  e'ejne'ate'natiexi e>l the' lemglh 

5 L C A R c  in row I anel the  10 L C A R s  in m w  2. Th e1 eliamemel be>x in 

F ig u re  4.3, page’ 49, re |) resents  the  concale’nalie>ns in this  e-al.e'gory.

(3) Non-sel f  p r i rn i t i v e /n o n -p r im i t iv e  e'oncate’nat ion.

T h e  t ab le  in Sect ion 3 of Appenel ix 1 lists a  se't e>l L C A R s  eel le-ngl h 16 

c o n s t ru c te d  by both  l }P  anel P N  e-oncal.e'iiation f m m  buigth X LC A R s .  

T h e  newlv forme’el L C A R s  wi th * are’ primitive' .  The'  eire’h's in f igure '  1.3 

d e n o te s  co n c a t en a t io n  of this kinel.
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1 )l>ul-r*l- I’KPI' Nimib'-r of 
Primitive LCAKh

ATLOl’

-1 5(1.(1(1 2 1
5 Ki.fifi (1 2
o 27.77 (i -1
7 18.05 18 11
8 12.50 10 8
9 12.15 -18 27
1(1 11 .-12 00 -1(1
1 1 8.59 170 91
12 7.-1(1 l-l-l 78
IS 0.S8 oso SI 1
H 5.7S 750 S78
IS 5.5S 1800 910
Hi -1.81 20-18 1002

Tab le  1.3: 'The par t i t ion ing  b ehav io u r  of p r im i t i ve  L C A R s  

4.3.3 LCAR Partitioning

Using th e  s a m e  p a r a m e t e r s ,  A F L O P  anti Pl'JPP def ined in sec tion 1.2.3 of page 45, 

t h e  p r im i t i v e  p a r t i t i o n in g  behav io ur  of all L C A R s  i m p le m e n t in g  degree  4 to  16 

p r i m i t i v e  pol ynom ia ls  is g iven in Tab le  4.3. R F R P  reaches  t h e  h ighes t  values ,  50%,  

for n — I. T h e  p e r ce n ta g e  of pr im i t i ve  par t i t ion ings  dec reases  g r a d u a l ly  unt i l  it 

reaches  tin* lowest value,  4.81, a t  n =  16. T h e  co r re sp o n d in g  t a b l e  for i r re du cibl e  

L C A R s  can be found in [26].

T h e  p a r t i t i o n in g  behav io u r  of L C A R s  presen ted  above is o b t a i n e d  e x p e r i m e n ­

tally. However ,  as the  leng th  of t h e  l inear m ach ines  becomes  g r e a t e r  t h a n  16, th e  

s im u la t i o n  process reaches  the  m e m o r y  l imi t  of o u r  c o m p u t e r s .  A p roba bi l i s t ic  

I r e a l m e n t  of a L CAR co r re sp o n d in g  to r a n d o m ly  chosen i r re duci b le  a n d  p r im i t iv e  

po lynom ia ls ,  is p re sen ted  in [26] a n d  provides  a  m e t h o d  to  e s t i m a t e  the  p a r t i t i o n in g  

b eh a v io u r  of longer LC ARs .  A c o m p a r a t iv e  s tu d y  of pa r t i t i o n in g  b e h a v io u r  of L F S R
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a n d  IX'AWs and the i r  app l i ca t ion issues is given in sec tions  l . l  an d  l .n respect ivciv.

4.3.4 Summary of Look-up Tables

Tables p ro v id ing  a fas! m ean s  for l indiug a cer t a in  t y p e  of po lynom ia l ,  or a I,CAW 

with  a g iven cha ra c te r i s t ic  polynomia l ,  have  been p rodue ed .  Of  p a r l i e u la r  inleresl  

a re  b o th  IX'AWs and  bh'SHs (or polynomials)  with I lie min im a l  n u m b e r  of non 

ze ro  t e r m s ,  thus  leading to a  m or e  cost effective im p le m e n ta t i o n .  T h ese  are  usual ly 

d en o t e d  as m i n i m u m  weight. T h e y  are  s u m m ar i z e d  as follows:

(1) Peter son [hi] con ta i ns  a co m p le te  t able  of all i r re duc ib le  po lynom ia ls  

( i nc l ud ing  b o th  pr im i l i ve  and non-p r im i t iv e  ones) of degree  2 to Iti.

(2) In [-I], a t  least one  primitive'  polynomial  wi th th e  fewest n u m b e r  ol 

nonze ro  t e r m s  of each degree  up to degree  .'100 is l isted.

(11) Tab le s  of i som orp h ic  IX'AHs of all the  i r reducible  po lynom ia ls  from (44], 

a n d  a large por t ion of the  p r im i t ive  m in imal  weight po ly n o m ia ls  l ioui 

[4], f a n  be  found in [57].

(4) Is om orp h ic  L C A R s  of all p r imi t ive  min im a l  weight po ly n o m ia l s  Irom

[4] are  l is ted in [!)]. Note  t h a t  the  i somorph ic  IX'AWs ol the  p r im i t i v e  

m in im a l  weight po lynom ia ls  are  usual ly not the  pr imi l  ive m in im a l  weigh! 

IX'AWs of each length .

(5) T h e  p r im i t i ve  m in im a l  weight. LCAWs from degree  2 to l(> and d e g r e e  I 

to  150, one  for each length,  are  p roduced and re por ted  in ](il] an d  [70], 

respect ively .

(6) Sel f p r i m i t i v e  co n ca tena t ion  of degree  4 to 10 po lynom ia ls  from |M] a r e  

given in [.Kj.
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(7) S<4f pri i i . ;1;ve ( oncatenat icjn of length 2 to l(i L C A R s  from [57] to form 

L C A R s  up to  length (il are  presented in [hi].

( !S )  L x am p le s  of . ion-self primi t i ve /non-pr imi t  ive co n c a t en a t io n  of L C A R s  

can he found in [hi].

4.4  C om parison o f LFSR s and L C A R s for C on­

caten ation  and P artition ing

In t lie previous  sect ions of t his cha p te r ,  we pre sen ted th e  results  of L F SR  an d  L('AIL 

co n c a t e n a t io n  and par t i t ioni ng .  In this sec tion,  we c o m p a r e  the  two types  of  l inear 

m ach ines  in the  context  of conca tena t ion  and par t i t ioning.

4.4.1 Choice of Primitive Concatenation and Partitioning

T h e r e  a.re m an y  p r i m i t iv e  polynomials  for each degree  and th e re  are  m a n y  poss i ­

ble self co n c a t e n a t i o n s  of t h e  p r im i t ive  polynomials .  However ,  from degree  2 to  8, 

t h em  are  only  14 p r im i t i v e  polynomials  t h a t  have p r i m i t iv e  se l f - conca te na t ions  to 

form p r im i t i ve  L C A R s  up to  degree  64. Tab le  1.1 of page 41 lists th e  15 in it ia l  

pr imi t  ive po ly n o m ia ls  and thei r  25 possible p r im i t i ve  se l l - co n c a t en a< ions. A d d in g  

th e  co r re spond ing  reciprocal  polynomials ,  we doub le  t h e  two n u m b e r s  above ,  an d  

have 26 p r i m i t i ve  po lynom ia ls  wi th p r im i t ive  se l f -concatena t ions  a n d  4G p r i m i t i v e  

self c o n c a t en a t io n s  from t h e  2h initial ones.

On the  o th e r  h a n d ,  in Sect ion 1 of A p p e n d ix  1, t h e re  exist 58 ini tial  p r i m i t i v e  

L C A R s  wi th  primi t ive se lf -concatenat  ion, from length  2 to 8, an d  110 possib le p r i m ­

i t ive sol f-eoncalonal  ions from the  initial LC ARs .  T h e  m i r ro r  im age  (c o r re s p o n d in g  

to  the  reciprocal  of a po lynomial )  of a LC A R  is cons idered as a d is t inc t  L C A R .  In 

s p i t e  of th e  fact t h a t  there1 a n 1 equal  n u m b e r  of ini tial  p r i m i t iv e  po ly n o m ia ls  and
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pr imi tive '  L C A R s  at any ele'gm1, L CARs  provide' a ric lie'r se't e>i‘ sedf e'emen.te'uabh1 m a  

chine's t h a t  m a i n t a i n  primi t iv i tv .  It L e’viele'nt tha t  the* numhe 'r  e>f pr imi t ive1 maediine's 

w i th  p r im i t i v e  sedf-cenicate'natiem is h'lVc more  t h a n  the1 im m l i r r  of pe>ly i uin li a Is I’remi 

ele'gre-e' 2 to 8, t h u s ,  LF SRs ,  anel the- numhe' r of primi tive '  soil' e-oueal emit iems from 

the* ini tial  mae'hine's is 29(/< more’ than  that  lor pedynemials.

An inte're'sting ohse' rvation is tha t  thena1 is ih> primi t  ive1 sedf concale-nation and  

prope'r pr imi t ive1 pa r t i t io n in g  lor ele'gre'e1 1 primi tive1 pol yn om ia ls ,  while1 L C A R s  im 

p l e m e n t i n g  de'gre'e1 ■! ]>rimitive1 jjeilynejmials have1 m an y  edieden's in emura! emat ion and 

p a r t i t ioning .

In the1 ease1 of  par t i t ioning,  the- elRR'ivne-e' Ix'tvve'on the1 hohn viou r  of the  two 

type's of  machine' s is not. subs tant ia l .  L C A R s  appevir to  have- s l ight ly but lor per  

l o n u a n c e  ir primi t ive1 anel irre-elucihle1 pari  it iemiug.s t han dee LFSRs.  However ,  the  

n u m b e r  of  pr imi t ive1 anel irre'ehiedble1 par t i t ion ings  is epiile1 smal l  in co m p ar i so n  wi th 

the1 n u m b e r  of p r i m i t iv e  anel irreducible1 pedytmmials  in eaarh ele'gree1. For e x a m p le ,  

for L C A R s  corresponel ing to ele’gre'e1 Id pedynembals,  the1 f e>t a I uumbe-r of p ro pe r  

p r i m i t i v e  pa r t i t ion ings  oven- the* t.e>t a I n u m b e r  ed' propeu- p a r t i t io n in g s ,  i.e. I JI ' ! P I \  

is only  4 .81%.  T h i s  leel to  an inve'st igation te> impreive1 the1 p a r t i t i o n i n g  behav iour .  

It is demonst ra te 'el  t h a t  a  signifie-anf  improveme'ut  of the1 p a r t i t i o n in g  b e h a v io u r  ran  

be  obtaine'el by al lowing m i n i m u m  modi jicuhnn.  i.e. in t ro d u c t io n  or e l im in a t io n  of 

a  no n-zero  t e r m  in a L F S R ’s cha rac tc r i s t ic  polyno mia l ,  e>r one  reronl igura l  ion of a 

rule 90 cedi tei a  rule1 150 cedi eir viea1 versa,  te> form a p r im i t i v e  LFSR an d  LCAR wit h 

b o th  p r im i t iv e  anel irreducible1 par t i t ion ings .  T h e  hardware1 cost, ol th is  modi f ica t ion 

is veu-y smal l  [20].

To conc lude ,  in both  e-oncat.enat.ieni anel part it ieuiing. L C A R s  provieh1 more1 ediuie 

in t h e  selec t ion eif pr imit ive1 machine's anel eejnse-ej ueMit ly preiviele* more' fle-x i hi I i t.y in 

app l i ca t ions .
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4.4.2 Aliasing and Pseudorandomness

It, lias been shown [56] that, i somorph ic  LF SR s  and L C A R s  exh ibi t  t h e  s a m e  a l ias ing 

b e h a v io u r  when they  are  used as s ingle- input  d a t a  co m p ac to r s .  However ,  t h e  a l iasing 

b e h a v io u r  differs in th e  case of mu' t ip le- input ,  d a t a  c o m p a c t o r s  [35].

In [21, 34], it has been shown t h a t  L C A R s  are s l ight ly  b e t t e r  t h a n  L F S R s  as 

p s e u d o r a n d o m  tes t  p a t t e r n  genera to rs .  T h e  result  is in b c . m r  fault  cove rage for 

ce r t a i n  typos  of  faults by LC ARs .  It is also re por ted  in [17] t h a t  99 .7% of  t r ans i t ion  

faul ts  can be covered when a  LCAR  is used as the  p a t t e r n  source ,  as c o m p a r e d  wi th  

93.4%. t r an s i t io n  fault  coverage in L F S R  im p le m e n ta t io n .

4.4.3 Structure of Concatenation and Partitioning

T h e  co m p a r i so n  of LC AR  an d  LFSR  concat en at ion  (p a r t i t i o n in g )  in t e r m s  of the i r  

s t r u c t u r e s  can be  m a d e  a t  two levels of descr ip tion:  logic an d  c i rcui t  levels.

4 . 4 . 3 . 1  L o g i c  L e v e l

Since  c o m m u n i c a t i o n  in a  L C A R  im p le m e n ta t io n  is re s t r ic t ed  to  nea re s t  ne ig hbours ,  

two L C A R s  can be co n c a t e n a t e d  by s imply  l inking the  o u t p u t  of t h e  o n e  to  th e  

i n p u t  of the  o the r .  F igure  4.4 shows how two 2-bi t  L C A R s  are  c o n c a t e n a t e d  to  

form a L C A R  of length  4. All L C A R s  involved are  p r im i t ive .  Obvious ly ,  L C A R  

c o n c a t e n a t i o n  does  not in t ro d u ce  any delays.

X

(1 5 0 )
■

C<»
------- 0 -------

(150) m  j g *

( )

I.CAR-A I.CAR-B

Figure  4.4: L C A R  c o nc a tena t ion

Converse ly ,  global  b ro adcas t ing  forms an essential  pa r t  of LF SRs .  T h e  feedback
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co n n ec t io n  of a L F S R  runs  across its length  anil conn ect s  at least th e  o u t p u t  of the  

las t  cell to  th e  input  of t h e  first. T h e r e  a r e  two ways  to c o n c a t e n a t e  LFSRs:

© —►

I.l 'SR-A l. l 'Sk-l i

Figure  1.5: LFSR co n c a tena t ion

(1) to b re ak  the  feedback loops of each p a r t i c ip a t in g  L F SR s  except  the  right 

m o s t  one,  am i  connec t  th e  last cell of the  c o n c a t e n a t e d  LFSR to the  ap 

p r o p n a t e  non-zero  coefficients of t h e  newly c o n s t ru c te d  L F S R ,  as shown 

in F ig u re  4.5.

(2) to m a k e  side by s ide d i rec t  connec t ion of two L F SR s  w i th o u t  th e  reeon 

f igura t ion of each feedback t ap  in th e  feedback loop,  as doin '  in Klspas 

[14].

T h e  first ap p r o ach  can  m a in t a in  p r im i t i v i ty  of the  re su l t ing  m a c h i n e  il parf ic  

i p a t i n g  L F S R s  have a p r im i t i v e  concatenat ion .  However ,  b re ak in g  the  feedback 

loops  is n o t  a  very easy task in practice .  T h e  second m e t h o d  is easy  in t e r m s  of 

re conf ig ura t ion ,  b u t  it a lways  leads  to a longer LF SR im p le m e n t in g  a reduc ib le  poly 

n om ia l  a n d ,  thus ,  w i t h o u t  a m a x im a l  length  cycle [14]. Hence,  direct, connect ions ,  

m a i n t a i n i n g  p r i m i t iv i t y  of l inear  machines ,  are m uch  s im p le r  lor LC A R s .

4 . 4 . 3 . 2  C i r c u i t  L e v e l

F igur es  4.6 and 4.7 [26] d e m o n s t r a t e  e x a m p le s  of c ircui t  level i m p le m e n t a t i o n  ol 

L F S R  an d  L C A R  with co n ca ten a t io n  (par t i t ion ing ) .  W h e n  signal  /V l / l 'V i s  high,
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A d d i l io n a l
h a r d w a r e

P A R T

Figure  4.6: Dynamic’ reconf igura t ion of a  L F S R

A dditional
hardware

PART:

cluck

(150) (90)(150) (90)

Figure  4.7: D ynam ic  reconf igura t ion of  a  L C A R

t h e  two LFSR s  or L C A R s  are  d i sconnected an d  work ind ep en d e n t ly ;  w h e n  P A R T  

is low, i.e. for co n c a t e n a t i o n ,  the  4-bi t  mach ines  are  co n s t r u c te d .

In p ract i ce ,  t h e  c o n c a ten a t io n  of LFSRs is even m o re  c o m plex .  For e x a m p l e ,  if 

wo c o n c a t e n a t e  two L F SR s  of 16 b u s  each,  th e  dr iv ing  c a p ac i ty  of t h e  last  s t age  

cell in t h e  newly c o n s t r u c te d  LFSR could  be  crucia l  to  the  s y s t e m  p e r f o r m a n c e .  

So lu t ions  to th is  p ro blem  can be e i the r  to des ign a  specia l  d r iv e r  for it ,  or  to  al low 

th e  s y s t e m  to run a t  lower speed.  L C A R s  do no t  shar e  this  p ro bl em .
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d e g r e e M i n - r o s i  P r i m .  P o ly . M in  r i . s i  P r i m .  I . I 'A l l

2 I l l 10

3 1 0 11 0 0 1

■1 1 0 0 1 1 1 0 1 0

5 1 0 0 0 1 1 1 0 0 0 0

0 1 0 0 0 0 1 1 1 0 0 0 0 0

7 1 0 0 0 0 0 1 1 0 0 1 0 0 0 0

8 1 0 1 1 0 0 0 1 1 0 1 1 0 0 0 0 0

9 1 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0

1 0 1 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 1 0 0 0

11 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0

12 1 0 0 0 0 0 1 0 0 1 1 0 1 0 ( 1 1 0 0 0 1 0 0 0 0 0

13 1 0 0 0 0 0 0 0 0 1 1 0 1  I 0 0 0 0 1 0 0 0 0 0 0 0 0

M 101 100000 001X 1 11 l O O O O O O U O O O O O O

15 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

18 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0

Tablo  4.4: M i n i m u m  cost  Lb’SKs n.iul L C A R s

4.4.4 Cost of Bit-sliced Implementation

Bit-s liced i m p le m e n t a t i o n  of  L C A R s  in genera l  requires  m o r e  Fxclu s ive  O R  gates  

th an  LFSRs ,  since t h e y  have to he p laced between every  two stage’s. S o m e  saving 

in a r e a  can b e  achieved  by careful  choice of LC ARs .  IV im it ive  L C A R s  wi th a 

m i n i m u m  n u m b e r  of “ i ” coefficients,  called m i n i m u m  coal/t in ii/lil L C A R s ,  can be 

used to  reduce  th e  cos t  since rule 150 (co rr es pond ing  to a “ I")  is m o r e  ex p en s iv e  in 

i m p le m e n t a t i o n ,  ' f a b l e  4/1 lists a  selec tion of p r im i t i v e  po ly n o m ia ls  and pr im i t i ve  

L C A R s  wi th t h e  m i n i m u m  n u m b e r  of “ 1” coefficients from degree  2 to 10, where  

co l u m n  2 is r e p r in te d  from [4] and co lumn 5 is produced  by th e  a u t h o r  jOOj an d  [70].

T h e  following obser va t ions  can be m a d e  from 'Fable 4.4:

(1) most  p r im i t i v e  m i n i m u m  cost  po lynomial s  ar e  t r i nom ia l s  (h av in g  th ree  

t e rm s ) ,  a n d  t h e r e  are  no p r im i t ive  t r in o m ia l s  of degree  H or degree  Kn 

for any n  [19];
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(2) tin p r im i t i ve  L CARs  all have fewer t h a n  th ree  non-zero  t e r m s ,  an d  m o s t  

of t h e m  have only one non-zero t e rm .

It has  been repo r t ed  [26] t h a t  length  16 L C A R s  are  a t  leas t 40 % m o r e  ex p en s iv e  

than  LF SK s of t h e  s am e  leng th ,  using ac tua l  layouts of t h e  m ach in e s  as i m p l e m e n t e d  

by O A S I S 2. 'Phe s am e  m arg in  of h a r d w ar e  increase  is also r e p o r t e d  on C A L B O  (cel­

lular  a u t o m a t a  logic block obse rvat ion)  and  B IL B O  (bui l t - in  logic b lock ob se rv a t io n )  

desigiis [22]. 'Phe cost  of t h e  B IS T  resources  can be  reduced  by us ing low cost  X O R  

[13], an d  careful  design layout .  Overa ll ,  t h e  h a r d w are  cost  of L I ' SR  a n d  L C A R  

is still very low, c o m p a r e d  wi th o th e r  B IS T  c i r cu i t ry  in i m p le m e n t a t i o n .  O n e  has  

to  e v a lu a t e  t radeoffs  of b e t t e r  p e r fo rm an ce  (as P R P G  an d  delay  fault  d e t e c t io n )  

an d  a r e a  ov er head.  If used in t h e  co n tex t  of b o u n d a r y  scan,  t h e  d i f ference  in a r e a  

be tw een  LFSR s  an d  L O A R s  m ay  not signi ficant  sb  ce the  b o u n d a r y  scan cells ar e  

p laced in the  u nused  a r ea  next  to  I / O  pads.

4.5 A pplications o f L FSR  and L C A R  C on cate­

nation  and P artition ing

( l iven  t h e  pr inciple  of L ( ’A R  concat en at ion  and its ad v a n ta g es  over  an  LFSR. i m ­

p lem e n t a t i o n ,  we ou t l ine  some of its d i rec t  app l i ca t ions  to  D F T  a n d  V LSI  tes t ing .

(1) 'Phe pr inciple  of L C A R  c o n ca ten a t io n  allows efficient use of B I S T  re­

sources,  such as P R P G ,  s igna tu re  an a ly zer  an d  C A L B O  a t  funct ion,  

chip ,  p r in ted  c i rcuit  boa rd  or  sys tem  level. It inc ludes  d y n a m i c  reconfig­

u ra t i on  of  t h e  devices into di fferent  lengths  e r  for d ifferent  func t iona l i t ie s .

“O p e n  Arc h i t e c t u r e  Sil icon Im p l em e n t a t i o n  Sof tware,  by t he  Microe l ec t ron ic  C e n t e r  of  N o r t h  

( ' arol ina.



C h a p t e r  I. C onca tena t ion  and  Part i t ioning o f  L F S R s  a nd  L C A R s (i I

(2) In a b o u n d a r y  scan en v i r o n m e n t ,  a chip  may consist of several  func t ion 

blocks  wi th  di fferent  n u m b e r s  of inpu t s  and o u t p u t s .  L CAR e o u c a le  

n a t i o n  can be  used to reconfigure th e  b o u n d a r y  scan cells info MIST 

c i r c u i t r y  to  faci l i ta te on-chip  tes t  of t h e  functions.

(3) T h e  p r inciple  of L C A R  co n c a t en a t io n  can also be used to des ign specia l  

p u r p o s e  LCAR.-ba.sed chips ,  which have1 m ul t ip le  o p e r a t io n  m odes  such 

as p a t t e r n  gene ra t ion  and d a t a  co m pac t io n ,  and  can be conf igured into 

s t a n d a r d  off -the-shel f c i r cu i t ry  of var iable sizes for the  boa rd  and  s y s t em  

des igners  an d  tes t  engineers .

(4) (R o s t e r  a n d  Brglez [17] proposed a  new way to m erge  b o u n d a r y  scan 

w i th  Bui l t - In  Self-Test, of pr in t ed  c ircui t  boards  ( P C B ) .  T h i s  a p p r o ach  

m a k e s  use of t h e  h a r d w are  resource  for b o u n d a r y  scan as part, of MIST 

circuit,ry, such t h a t  the  to t a l  cost  in b o u n d a r y  scan and MIST is reduced .  

T h e  b o u n d a r y  scan registers  used are  based on L CAR i m p le m e n t a t i o n ,  

a n d  have s im i l ar  function:; as th e  registers of MILMO [25], wi th less a r ea  

o v e r h ead .  In t h e  B IS T  m ode ,  the  b o u n d a r y  scan register ,  i n s tead  of 

b e in g  idle, serves  as a  source  of a  n-bit  p s eu d o r an d o m  p a t t e r n  gen e ra to r .  

W h e n  an (n  +  m ) -b i t  tes t  p a t t e r n  is needed for te s t ing  t h e  circuit., where  

m  is the  leng th  of an in ter ior  register ,  one  may to  clock th e  source  regis ter  

m  t im e s  an d  shi ft  the  serial o u t p u t  of th e  source  regis ter  la; the  in ter io r  

regis ter .  T h e n ,  th e  (n  -f m ) -b i f  p a t t e r n  (stored in bo th  the  sour ce  and 

t h e  in te r io r  regis ters)  can be appl ied  to the  C U T  in a single clock cycle,  

as shown  in F ig u re  4.8.

T h i s  s ch e m e  has  two m a in  d rawbacks:

(a)  th e  pr ice paid  for sh a r in g  the  b o u n d a r y  scan resource  is to 

i n t ro d u ce  delays  when each test  p a t t e r n  is g en e ra ted .  If t h e
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In te rio r R e g is te r

C U T

Figure  4.8: T h e  tes t  p a t t e r n  gene ra t ion  s ch e m e

average n u m b e r  of test, p a t t e r n s  appl ied  to  a  C U T  with  a  r e a ­

sonab le  fault  coverage is, for ex ample ,  ten t h o u s a n d s ,  th en  th e  

de lay  of rn cycles for every  tes t  p a t t e r n  is s igni ficant ly large;

(b) a l t h o u g h  an (n  +  m ' - b i t  tes t  p a t t e r n  can be  g en e ra t ed  in th is  

way, th e  n u m b e r  of d i s t inc t  p a t t e r n s  can be  very sm al l  in c o m ­

par ison wi th th e  to ta l  n u m b e r  of possible test  p a t t e r n s  t h a t  

can be  produced  by a  P R P G  of t h e  s am e  length.  Faul ts  m a y  

rema in  u n d e t e c t e d  due  to t h e  low tes t  p a t t e r n  coverage.

Using th e  pr inciple  of LCAR conc a t en a t io n ,  an  (;t +  m ) - b i t  t es t  p a t t e r n  

can  be  o b t a i n e d  by m ean s  of d y n a m i c  reconf igura t ion of the s ou rc e  and 

infer ior  regis ters  in one  clock cycle,  as op posed  to t h e  m-bit, de lay  in 

t h e  original  scheme.  Meanwhi le ,  ex h a u s t i v e  se ts  of tes t  p a t t e r n s  ca n  be 

g u a r a n t e e d  for the  n-bi f ,  m -b i t  and (n +  m ) -L i t  P R P G s  To  achieve  

litis, we choose  two p r imi t ive  L C A R s  of length n  and rn , which  can be  

c o n c a t e n a t e d  to form a  pr im i t i ve  LC A R  of le ng th  (n  -f m ) ,  so t h a t  th e  

struct, t ire of th e  source  and in ter ior  registers are  def ined,  o r  p a r t l y  def ined 

bv these LC AR s.  In add i t ion ,  th e  in ter ior  regis ter  can be des igned  in 

such a way t h a t  it works wi th th e  source  regis ter  as t h e  (n +  m ) - b i t  

P R P C  in t h e  BIST' m ode ,  and  func t ions  as a  shi ft  regis ter  o the rw ise .  

T h u s ,  a n o tab le  im p ro v e m e n t  in the  te s t ing  delay  (especia l ly  for large
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in)  an d  fault coverage ' an be  achieved.  However,  h a r d w a r e  over lu ad 

will ho  i n t ro d u ce d  when conve r t i ng th e  regular  in ter ior  regis ter  in t o  a 

r e g i s t e r / P R P C .  For a  large in,  the  overhead m ay  c o n t r i b u t e  a signilicaut 

po r t ion  of t h e  overal l  cost. TradeoH- has  to he m a d e  as a p a r t i cu la r  

ap p l i ca t i o n  is concerned.

(5) T h e  la tes t  app l i ca t i on  is the  topic  of som e  new research which has a l r eady  

sugg es ted  s o m e  prom is ing re sul ts  [hi]. Detail s of t his work ar e  p re sen ted  

in C h a p t e r  5.

As c a n  be  seen,  the  m o d u la r i t y  and regular i ty  of L C A R s  n a tu ra l ly  lit the  hier  

archical  n a t u r e  of VLSI design an d  a u t o m a t i c  design process.  T h e  high llexibil i ly 

of L C A R  co n c a te n a t io n  en hances  t h e  m o d u l a r  ap p ro ach es  of such ,  and al lows new 

des igns  an d  te s t ing  s ch emes  to be  explored.

4.6 Future W ork on LFSR  and L C A R  C on cate­

nation  and P artition ing

T h e r e  a r e  m a n y  in te re s t in g  topics  which can be fu r th e r  inves t igated  in LFSR and 

L C A R  c o n c a t e n a t i o n  a n d  par t i t ioning.

(1) T h eo re t i c a l  issues:

(a)  T h e  m a t h e m a t i c a l  basis for predic t ing th e  p r im i t i v i ty  of bot h  

L F S R  an d  LC A R  con c a t en a t io n s  is a m a j o r  open  qu es t ion.

Different  app roaches  l a t h e r  th a n  the  d i rec t  su m  of squa t  e m a 

t rices  could  be required  in solving this problem .

(b)  P r i m i t i v i ty  of LFSR a n d  LCAR. c o n c a t en a t io n s  could be pre­

dic ted  1)3’ m ean s  of p robab i l i ty  analysis.  An inves t igat ion could
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be co nduc te d  in te rm s  of behaviour  of (i) i rreducible ,  (ii) p r i m ­

itive, (iii) m i n im u m  weight  an d  (iv) reducible  mac h ines ,  ai m 

a l t e r n a t iv e  to  an ana lyt ica l  app roach  to  solve this p ro b lem .

(e) A m a t h e m a t i c a l  basis for predic t ing if a  g iven degree  n  p o ly ­

nomial  can be  par t i t ioned in to  (n  — k)  leng th  p r im i t i v e  or  

i r r educible  b i t  slices is des irable .

(2) Appl ica t ion  issues:

(a) fo r  pract ica l  use m o re  com pre hens ive  tables  of  the  c o n c a t e n a ­

tion,  especia l ly  for L F SR s  a n d  L C A R s  of large degrees,  need  

to be  pro du ced .

(b)  T h e  cost  of L F S R  an d  L C A R  with  co n c a t en a t io n  ( p a r t i t i o n ­

ing) would be  e x a m in e d  when low cost  X O R  gates  ar e  used.  

P e rf o rm ance  of  the  two types  of mach ines  can be inves t iga ted  

in t e r m s  of t h e i r  i m p a r t  on a  s y s t em  with  B IS T ,  and wi th  b o th  

b o u n d a r y  scan and BIST.
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T h e N ew  T esting Schem e

In this  c h a p te r ,  we pre sen t  a new tes t ing  sch em e  t h a t  merges  co n c u r r e n t  checking,  

off-line d a t a  co m p a c t io n  and scan-based test  with shared h a r d w a r e  resources.  It is 

ap p l i ca b le  to genera l  c i rcui t ry  and can be a d a p t e d  to co m p ly  wi th I F F K  S t a n d a r d  

1149.1.

Off-l ine ciata c o m p ac t io n  is one  of the  m os t  widely used HIST t echn iques  in 

d ig i ta l  s y s t e m  des ign to replace  or reduce  the  use of expens iv e  e x t e r n a l  tes ters .  T h e  

t e r m  of f - l ine  B I S T  usually  refers to s igna tu re  analys is .  A genera l  o rg a n iz a t io n  of 

t h e  B I S T  scheme ,  shown in Figure  2.1 of c h a p te r  2, is dep ic ted  in F igur e  5.1 (a). 

A s y s t e m  des igned wi th B I S T  p e r m i t s  two basic oper a t ions :  HIST' an d  N O R M A L .  

D u r in g  N O R M A L  o p e ra t io n ,  iho  l es t  p a t t e r n  g en e ra to r  and the  s i g n a t u r e  ana ly ze r  

used in B I S T  s tay  idle,  as shown in Figure  5.1 (b) in the  d o t t e d  lines.  T h e y  ar e  the  

p o te n t i a l  resources to  be used in concurr e n t  checking in o u r  new t e s t i n g  scheme .  If 

t h e  c i r . u i t  is de s igned to com ply  wi th the  b o u n d a r y  scan s t a n d a r d ,  it s u p p o r t s  a 

S C A N  m o d e  which encom passes  By-pass ,  I d c o d ' / I  ’sercode,  lute nal and Fx te rn a l  

tes ts .  T h e  s t a n d a r d  also makes  an a t t e m p t  to in t ro duce  s o m e  form of on line te s t ing  

t h r o u g h  t h e  “S a m p l e ” tes t  available in the  normal  o p e r a t io n  [I].

Ini t ial ly,  we a s s u m e  t h a t  the  c ircui t  u n d e r  tes t  is co m b in a t io n a l  logic, and  full
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(a) The HIST mode (b) The N O R M A L  mode

K ig u r r5 .1 :  A B IS T  organizat ion

scan des ign is used.  These  res t r ic t ions  are  lifted in th e  la t er  sec t ions  of th is  ch ap te r .  

We in c o r p o r a t e  full concurrent,  checking in th e  new te s t ing  s ch em e ,  in a d d i t i o n  to  

all t e s t in g  m odes  above,  an d  we use the  ha r d w a re  resources  a l r e ad y  in place .  T h i s  

is ac co m p l i sh e d  by using a  unified m e t h o d  of test s ignatures ,  based on cyclic codes  

(as s i g n a tu r e  analys is  wi th LFSR s  or  L C A R s  a l r eady  is). Converse ly ,  o n e  m a y  s t a r t  

wi th  a  c i r cu i t  a l re ady  des igned wi th  c o n c u r re n t  checking an d  a d d  off-line s i g n a t u r e  

analys is.  We propose  here  t h a t  if c o n c u r r e n t  checking is des igned  based on  a  cyclic 

code,  resources can be used dur ing  off-line tes t ing.

T h i s  c h a p t e r  is organ ized as follows: we first in t ro d u ce  th e  new co d ing  sch eme ,  

which plays  a  key role in m a k in g  use of t h e  idle B IS T  an d  b o u n d a r y  scan resources  

for c o n c u r r e n t  checking.  T h e n  we pre sen t  t h e  new tes t  s c h e m e  in s ec t ion 2. We 

discuss  s o m e  modified  s t ru c tu re s  to  im prove the  s y s t em  p e r f o r m a n c e  a n d  e n h a n c e  

t h e  t e s t ab i l i ty  in sec tion 3. A des ign t e m p l a t e  of  a  b e n c h m a r k  c i rcui t  is g iven in 

sec t ion 1. Final ly,  in sec tion 5, we show t h a t  th e  s c h e m e  is ap p l i ca b le  to  s eq u e n t i a l  

c i r cu i t  t e s t in g  and discuss som e  a l t e rna t iv e s  to full scan des ign in sec t ion 5.
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5.1 T he N ew  E rror-D etecting C ode

'Fhe choice  of e r ro r-de tec t ing  codes is crucial  in a design will) concur re n t  checking.  

T h e  choice  affects th e  following design factors:

® t h e  types  of ha r d w are  used for th e  en co d in g /d e co d in g ,

•  t h e  a r ea  ove rhead  in t ro du ce d ,  and

•  t h e  faul t  coverage.

C o m m o n l y  used er ro r-de fec t i ng  codes in c o n c u r re n t  checking are  Merger and 

r e s idue  codes,  whe re  Merger codes  are  used to defect  un id i rec t iona l  er ro rs  (m ainly  

in P L A s)  [46, page 338] and res idue  codes are used for er ro r  d e tec t io n  in a r i t h m e t i c  

u n i t s  [46, page 339]. Historical ly,  P L A s  have played an impor t  ant role in digit al 

s y s t e m  des ign,  when c ircui t  complex ify  increased d ra m a t i c a l l y  an d  design a u f o m a  

t ion  tools  for in t eg ra te d  circuit, were still  in t he i r  infancy.  'Fhe regular  n a t u r e  of 

P L A s  is s u i t ab l e  for im p le m e n t in g  large com binat ional  logic func t ions  an d  is easily 

i n c o r p o r a t e d  in a  des ign a u t o m a t i o n  process.  It, has been shown  t h a t ,  in a PLA ,  

all i n te rn a l  single faults (single stuck-at,  faults,  shor ts  bet,ween adjaeeni .  l ines,  or 

c o n t a c t  faults )  cause  only  un idi rec t iona l  er rors a t  its o u t p u t s  [31]. C o nsequen t ly ,  

codes  t h a t  de fec t  unidi rec t ional  er rors,  such as Merger a n d  in out  of n codes  can be 

used to  d e f e c t  the  faul ts  [46, page 292). Wi th  m a n y  powerful  C A I )  fools available 

today ,  t h e  new t r en d  in im p le m e n t in g  com binat ional  logic is back to conve n t iona l  

g a t e  re a l i za t ion,  which is no rm al ly  cheape r  in silicon. Th e re fo re ,  two new p rob lem s  

a r e  ra ised in conc urr ent  checking:

(1) gene ra l  er ro r -d e tec t in g  codes are  needed since uni di rec t i ona l  er ro rs  are  

no longer t h e  m a in  concern in s t a n d a r d  g a t e  real izat ion;

(2) new models  descr ib ing  th e  re la t ionsh ip  bet ween faults  mid er ro r  pat  ferns  

a r e  requi red  for er ro r  detec t ion  of  gal /1 rea l iza t ions  of genera l  c ircui ts .
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I n p u ts  V e c to rs O u tp u t  V ecto rs  -|- L C A K  c o d e

001011 0 0 0 0 0 1 1 1 0 0 0 0  00

001001 0 0 0 0 0 1 0 1 0 0 0 0  10

101110 1 0 0 001000000  01

110011 1 0 1000100000  00

01 0-00 0 0 0 1 0 0 0 0 0 0 0 0  10

10-010 0 1 0 0 1 0 0 0 0 0 0 0  00

I able  5.1; An e x a m p le  function encod ed  wit h L C A R  codes

In th is  sect ion, wo propose  a new e r ro r-de tec t ing  code,  ca l led the  L F S R / L C A R  

code,  to replace  Merger an d  res idue  codes in co ncurr en t  checking.  'Fhe L F S R / L C A R  

c ode  is a s ep a rab l e  cyclic code,  used in m a n y  appl ica t ions ,  b u t  not  pr ev io us ly  in 

c o n c u r r e n t  checking.

A L F S R / L C A R  code,  appl ied  to co ncurr en t  checking,  is g e n e r a t e d  in th e  usual  

m a n n e r  as for o t h e r  such er ro r-de tec t ing  codes.  T h e  in fo rm a t io n  bi ts  ar e  sent  in to  

an  enc ode r ,  an L F S R / L C A R ;  this in t u r n  produces  t h e  checking  bi ts  which are  

a t t a c h e d .  In c i rcui t  des ign,  an o u tp u t  word is fed in to  the  en coder ,  one  bi t  a t  a 

t ime .  At t h e  end of t h e  c o m p u t a t i o n ,  we use t h e  last  s t a t e  of th e  e n c o d e r  p ro vide  

t h e  checking bi ts and a t t a c h  t h e m  to the  o u t p u t  word to  form t h e  en t i r e  code word.  

As  exp la ined  in C h a p t e r  8, the  circuit  is now im p le m e n ted  wi th  t h e  a u g m e n t e d  code  

words  as out put

'Fable 5.1 shows a segment  oi a t ru th  table  descr ib ing  a func t ion of 6 i n p u t s  and 

12 o u t p u t s ,  enc oded  wi th  a 2-bit LC A R  code,  where  t h e  s t r u c t u r e  of t h e  L C A R  

is dehi ied  by 10, co r re spond ing  to a cha rac te r i s t ic  po lynom ia l  ol .r2 +  .r +  1, and  

a m ach in e  wi th  a r u l e - 150 and  a rule-90 cells. For e x a m p le ,  the  or iginal  o u t p u t  

vec tor  000001010000, on t h e  second row, co rr es pond ing  to  the  i n p u t  s t i m u l u s  001001 

be c omes  000001010000 10 a f ter  the  encoding,  whe re  t h e  last two bi ts ar e  the  L C A R  

(cycl ic) ci)'le.
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For a ci rcuit  dcscriptic n given in c u b e s 1, the  e n co d in g  process  can l>e a u t o m a t e d  

by a c o m p u t e r  p ro g r am  per fo rm ing  th e  following funct ions:

(1) call a m in im ize r  (e.g. espresso  [()]) to min imize  th e  given function;

(2) o b t a i n  t h e  fully specified t r u t h  t able  if “d o n ’t c a r e s ” exist in t h e  given 

t r u t h  t a b l e  rep re sen t ing  the  circuit function;

(3) c o m p u t e  a  L l ' S R / L C A H  code for every o u tp u t  word in the  fully specihed 

c i rcui t  des c r i p t i on,  an d  ap p e n d  it to the  cor e spond ing  output ,  word;

(4) call  the  m in im iz e r  aga in  to m in imize  the  a u g m e n t e d  funct ion ( increased 

in the  n u m b e r  of o u tp u t  bits),  to  be i m p le m e n ted  as th e  main  c i rcui t .

A C o n c u r r e n t  Checking code g ene ra to r  and M IN I m ia e r  (cciuni t)  was des igned 

a n d  im p le m e n t e d  to  a u t o m a t e  the  procedures  above,  us ing < s p n  ss<> as the  min imize r .  

C c m i m  is c a p ab le  of ad d in g  Berger,  residue,  par i ty ,  an d  L F S R / L C A R  codes  to a 

given c ircui t  funct ion.  Note  th a t  espresso can be a p p r o p r i a t e l y  s u b s t i t u t e d  by o t h e r  

m in im ize r  . 1 iie ccmini  m a n u a l  page can be found in A p p e n d ix  2.

For a  c i rcui t  des igned an d  im p le m e n ted  wi‘ h LFSR / L ( 'A R er ro r  d e f ec t in g  codes ,  

concurrent,  checking  can be  ena b le d  d u r in g  normal  sys tem  o p e r a t i o n .  ( liven an input, 

c o m b in a t io n ,  t h e  C R T  gen. rat .es  the  normal  o u t p u t s  and  th e  cod ing bits.  T h e  

n o r m a l  o u t p u t s  serve two purposes:  they are  ut i l ized by o t h e r  s y s t e m  him l ions, 

and  also serve as th e  in fo rm at ion  bi ts  to be checked against, I,he coding  bits.  T h i s  

check ing is pe r fo rm ed  by r e c o m p u t in g  the  L F S H / L C a R code Irom th e  no rm al  circuit, 

o u t p u t s  in real t im e ,  us ing a  L F S R / L C A R  with the  s a m e  s t r u c t u r e  as the  logical 

L F S R / L C A R  e m ployed  in t h e  encod ing  process.  T h e  newly c o m p u t e d  LI S R / L (  IAR 

code is then  c o m p a r e d  wi th t h e  checking bit s, which lorm a p a r t  ol I lie CI T  out pul s. 

A fault  is signal led if the  two codes differ.

’ A t r u t h  t a b l e  f o r m  p l u s  s o m e  i n f o r m a l  i on  o n  n u m b e r  o f  i n p u t s ,  o u t p u t s  a n d  p r e d i a l  t e r m s

[6],
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Id d e t e r m in i n g  the  e w ’rhe’ad ol a emncurre’nt checking scheme ,  t h e re  ar e  two 

concerns:  t h e  a u g m e n t e d  C U T  and the  concurr en t  checking  test logic. T h e  a r ea  

over head  of t h e  a u g m e n t e d  C U T s  depend s  on the  e r ro r -d e t ec t i n g  codes  used as well 

as th e  c ircui t  functions .  We show later  t h a t  t h e  i n t ro d u c t io n  of an L F S R / L C A R .  

cyclic code proves  to  he signi ficant  because:  (1) t h e re  is no loss of c o n c u r r e n t  er ror  

d e tec t io n  from o t h e r  codes; (2) it pe rmi t s  shared i m p le m e n t a t i o n  wi th  s ig n a tu re  

ana lys is  and scan based test .

T h e  cost of the  concur rent  checking logic d ep e n d s  heavi ly  on t h e  e r ro r -d e t ec t in g  

codes em ployed .  In the  case of th e  new code,  an L F S R / L C A R  of l e n g th - /1 is used 

as the  code  gen e ra to r ,  where  r  is the  n u m b e r  of checking bits.  We r e c o m m e n d  

L C A R s  over L F SR s  in our  proposed sche me due to  the  ease  of c o n c a t e n a t i o n  and 

p a r t i t i o n in g  d LC A R s ,  as d iscussed in the  previous  ch a p te r ,  not w i t h s t a n d i n g  th e  

h igher  a r ea  ov e r h ead  of LC AR s.  However,  LFSR s  can ce r t a i n ly  be  used wi th  th e  

s a m e  effec tiveness of  fault  coverage.  Detai led discussion on t h e  ar ea  o v e r h ead s  and 

ot her cos t  m e a s u r e m e n t s  can be found in C h a p t e r  6.

5.2 T he Prim ary Schem e

O u r  proposed tes t s ch e m e  compl ies  with the  IFHK Sid .  1119.1, wi th  th e  t h r e e  m ai n  

moth 's  of op er a t ion :  N O R M A L ,  S CA N  and HIST.  We modify  th e  N O R M A L  mode'  

by int roelue’ing e-emcu'Tenil checking,  and keep th e  o t h e r  two mode's u n c h a n g ed .

5.2.1 The NORMAL Mode

In the- p i w ie m s  sect ion,  we- show how to encode’ a g iven ci rcui t  func t ion wi th  L C A R  

eeieh's at the’ de'sign stage.  As shown in Figure’ h,2, t h e  C U T  takes  elata f rom the  

input  bus  anel proelue-es coele- worels ( o u tp u t s )  of (in +  r )  bits.  T h e  n o r m a l  (m -b i t )  

e>u t p u t s  proce’e'el in the’ elata pa th  to o the r  moelules in the  s y s tem .  T h e  c o n c u r re n t
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checking  facil ity is called t h e  chtcker.  It consis ts  of two funct ional  uni ts ,  the  coilt 

gene m l  or  a n d  th e  comparator.  T h e  code g en e ra to r  is ca pab le  of  r e c o m p u t in g  the  

cod ing bi ts  from t h e  norm al  o u t p u t s  in real t ime ,  and th e  c o m p a r a t o r  co m p a r e s  the  

cod ing  bi ts  carr ied  by the  ( ' F T  to the  newly co m p u t e d  one.  In th e  code g e n e ra to r ,  

t h e  n o rm a l  o u t p u t s  are loaded into the  m-L . shift regis ter ,  and the  co d ing  bits are  

held  by i h e  / '-bit buffer.  T h e  shift regis ter  ' 1 *s bit serial  i n p u t s  to t h e  c o m p a c t o r  

(w i th  L C A R s ) ,  a n d  the  c o m p a c t o r  co m p u t e s  the  ex p e c t ed  co ding bits in real t ime.  

A c o m p ar i so n  can  be m a d e  between the  expec ted  cod ing bits an d  the  ones  s tored 

in th e  buffer  af te r  rn clock cycles. T h e  presence  of a fault, is s ignal led  if t h e  two are  

d ifferent .

In th i s  initial  a p p r o ach ,  the  co n cu r ren t  checking is c o n d u c te d  only lor out pu t  

words  / x  ///., w he re  i =  0 , 1 , 2 , . . . ,  d u e  to th e  la tency in t ro duced  by the  seri/d 

L F S R / L C A R  cork1 c o m p u ta t i o n .  S o m e  modified st ru c tu res  for im p ro v in g  I lie sys tem  

p e r f o r m a n c e  are found in t h e  next, section.

Inputs

Hu tie r

■rr

( I . ( 'A K )

X I
C/5

00

N o r m a l  ou tpu t s
C U T

F igure  5 . ‘2: T h e  concurrent  checking organ iz a t ion

We i n t ro d u c e  here  t h ree  def ini t ions  to help ev a lu a te  a concur re nt  check ing scheuu

D ef in i t ion  5.1 T h e  delay  in t ro duced by the  serial code c o m p u t a t i o n  is t h e  c o n c u r ­

rent  checking latency.  It is m easured  by th e  n u m b e r  ol clock cycles.

A4A
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D e f i n i t i o n  5 .2  If one  out  of eve ry  I consecu t ive  o u t p u t  ' ‘ode  words ,  I > I, is 

e x a m i n e d  in c o n c u r re n t  checking,  I hen \ / l  is the  concurrent  checking frequ ency,  t is 

t h e  concurren t  c lucking interval.

In th e  proposed N O R M  A L /co nc urrenl  checking m od e,  t h e  c o n c u r re n t  check ing la­

te ncy  is tn. clock cycles,  and  the  co n c u r re n t  checking f requency a n d  int< rval  ar e  1 / rn  

an d  in,  respect ively.

'The c o n c u r re n t  checking sc heme  requires  the  following h a r d w a r e  resources :

(a)  an m-bi t  shi ft  register;

(b) an /'-bit buffer;

(c) an /'-bit. s i g n a tu re  ana lyzer  with L C A R  im p le m e n ta t i o n ;

(d) an / -bi t  c o m p a r a t o r .

5.2.2 The SCAN Mode

Prior  to a  scan tes t ,  t h e  conc urr en t  checking tes t  logic, t h e  shift  regis ter ,  t h e  buffer  

a n d  th e  c o m p a c to r ,  or t h e  B IS T  test  c i rcuit ry ,  to  be des c r ibed  in sec t ion 5.2.3,  a r e  

reconf igured to  form a shi ft  regis ter  chain ,  as shown in F igur e  5.3 (a).  T h e  t e s t i n g  

of fhe  c ircui t  is n e r fo rm ed  in two phases.  T h e  first phase  consis ts  of a  fun ct ion al  

t e s t in g  of  the  shi ft  register .  T h e  test, is per fo rm ed  by sh i f t ing  th r e e  seq u en ces  of 

tes t  vectors  in and  out of the  register .  A sequence of ones  (zeros) is fol lowed by 

a sequence  of zeros (ones) ,  and by a  sequence  of ones  (zeros).  For e x a m p l e ,  if a 

s eq u e n ce  of zeros is sh i f t ed  into th e  register ,  a n d  the  sequence  s ln f ted  o u t  co n ta in s  

s o u k '  ones , then  s tuck-a t-1  faults in the  registei are  de t ec t ed .  Such seq u en ces  ar e  

used to  check if ('very s to rage  e l em e n t  of t h e  regis ter  can flip f rom  1 to  0 a n d  f rom 

0 to 1 property.
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Scan in

MICAScan register

Scan register

Cl IT

(a) SCA N  (b )B IST

F igure  5.3: T h e  S CA N and  HIST' o rg anizat ions

T h e  second phase  of t e s t in g  involves the  tes t ing  of the  c o m b in a t io n a l  part, of tin* 

c i r cui t .  T h e  te s t  is ac com pl is hed  by (a) selec t ing t h e  S CA N  m o d e  an d  sca n n in g  m 

a  tes t  vecto r ,  (b)  se lec t ing t h e  N O R M A L  m ode ,  ap p ly ing  t h e  s t im u lu s  to t h e  C U T ,  

c locking th e  c i rcui t  once  and col lec t ing the  c ircui t  re sponse  in the  o u t p u t  por t ion 

of  the  shi f t  regis ter ;  (c) swi tch ing to th e  S C A N  m o d e  again and shi f t i ng  t h e  circuit 

re spo nses  o u t  for eva lua t ion.  Ideally,  the  second phase  is r e p e a t e d  m a n y  t im es  by 

a p p ly in g  dif ferent  t e s t in g  vec tors  in o rd e r  to achieve high fault  coverage.

T w o  scan regis ters  ar e  needed  in th e  S C A N  mode:

(a)  an  n-bit  scan register ,  where  n is th e  n u m b e r  of  i n p u t s  of th e  C U T ;

(b) a n  (m  +  r ) - b i t  scan register .

5.2.3 The BIST Mode

In this  m o d e ,  t h e  t e s t i n g  h a r d w a re  in th e  N O R M A L  or the  SCAN' m o d e  needs  to be 

conf igured in to  a  P R P C  and  a M IC A  (M ul t ip le  Input  Cel lu la r  A u t o m a t a ) ,  as shown 

in F ig u re  5.3 (b) .  T h e  P R P C  gen e ra tes  input, vectors  and t h e  M IC A  c o m p a c t s  the  

o u t p u t s  into a s ig n a tu re  in paral lel ,  as in convent ional  s i g n a tu re  analys is.  T h en ,  

th is  s i g n a tu r e  can be  shi f ted o u t  and co m p ar ed  wi th  the  e x p e c te d  one.
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I lie h a r d w ar e  resources  for the  HIST m o d e  a i e  as follows:

( a) an n, bit PH P( 1;

(b)  an (in  I r)  bit- s i g n a tu re  ana lyzer  with MICA.

5.2.4 Sharing of Hardware Resources

it has been shown th a t  all t lu1 h a rd w are  resources ( e xcep t  the' / -b i t  c o m p a r a t o r  

for co n c u r r e n t  checking) in the  t h ree  modes  of ope ra t ion  a r e  r eg is te r -bas ed  uni ts .

A p p ly in g  the  co n ca ten a t io n  and pa r t i t io n in g  prope r t i es  of L C A R s ,  d y n a m i c  re co n ­

f igura tion can be achieved,  so that, t h e  ha r d w are  resources  can be  sha red  in the  

different, m odes  of o p e ra t ion .  For ex a m p le ,  th e  i t em s  (a),  (b )  an d  (c) of t h e  N O R ­

M A L  m o d e  can be shared wi th  the  i tem s (a) and (b) of th e  S C A N  m o d e ,  as well as 

wi th  t h e  it( (a) and (b) of the B IS T  m o m .  \  des ign * e m p l a t e  for a, b e n c h m a r k  

c i r cui t  is g iven in a later  sec tion of this ch ap te r ,  where  de ta i l ed  co n s id e r a t i o n s  of 

I ho sh a r in g  are  m o r e  ev ident .

5.2.5 Summary

We have shown th e  main  co ncept s  of ou r  te s t ing  scheme.  T h e  key idea  is to  em p lo y  

L C A R  based  cyclic codes  to  replace convent ional  e r ro r -d e t ec t i n g  codes  for c o n c u r ­

rent checking,  since,  af ter  all.  co m m o n ly  used s ig n a tu re  analys i s  is base  1 on cyclic 

codes .  T h e  LC AR  bast 'd c ode  g en e ra to r  is cost  effective in co m p a r i so n  to  t h o se  for 

Berger  and residue codes,  an d  can be  used wi th t h e  off-line' te s t  resources ,  i.e. th e  

scan regis ter  in the  S CA N mode,  a n d  the  P R P C  an d  the  M I C A  in t h e  B I S T  m ode ,  

th ro u g h  s imple  d y n a m ic  reconfigura tions .

In ih e  next two sections ,  we first present  some modif ied  s t r u c t u r e s  to  ov e rco m e  

so m e  of t h e  p rob lem s  in th e  p r im ary  scheme,  th e re b y  im p r o v in g  the  s y s t e m  p e r fo r ­

mance .  We then present  a design t e m p l a t e  of the  pro posed  scheme.
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5.3 T he M odified Structures
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T h e  t e s t i n g  s ch e m e  pre sen ted  in the  previous  section demons!  ru les a new D I 'T  and 

B I S T  s t r u c t u r e .  O n e  d ra w b a ck  of t ins  sc heme  is the  concur re n t  cheeking la tency 

d u e  to t h e  t i m e  delay  of serial d a t a  co m p ac t io n .  In th is  sec tion we suggest  th ree  

modif ied  s t r u c tu r e s :  output  purl it inning, output  mull  iph i m p  and  output  par t i t ioning  

C  mult ip lex ing , t o  increase t h e  concur re n t  checking frequency.  In all < ases, the  

pr i nci p le  of  the  S C A N  tes t  and  the  HIST' re mains  the  same.

5.3.1 Output Partitioning

In the  p r i m a r y  t e s t in g  sch eme in t ro duce d  in the  pr eced ing se l ion,  a code word 

( o u t p u t s )  of a  C U T  consists  of ///-bit regular  o u t p u t s  an d  an /•■bit L C A R  ( ode. We 

p a r t i t i o n  th e  m - b i t  o u t p u t  vector  into k  subv ee lo rs  an d  t he r bit coding, bits in to  k 

s e g m e n t s ,  where  1 <  k  <  in and i n / k  > r,  d e p e n d in g  on the  speed r e q u i r e m e n t s  of 

t h e  c i rcui t  and t h e  h a r d w are  overhead which van be to le ra ted .  '1 he C U T  is des igned 

in such a way t h a t  each subvec tor  of th e  o u tp u t  is en c o d ed  by an ( r / k )  bit LCAR  

code.  In co n c u r r e n t  checking,  the  k  subv ec to r s  are fed in to  the i r  co r re s p o n d in g  

L C A R s  s im u l t aneous ly ,  and r n / k  clock cycles are  needed to c o m p u t e  the  L CAR 

codes .  T h e n ,  t h e  c o m p a r a t o r  c o m p ar e s  the  r bit. r e c o m p u te d  L CAR co de s  col lec ted 

f rom t h e  k  L C A R s  wi th  the  /’-bi t  coding bits s tored in the  k  buffers.  Hence,  wi th 

t h e  pa r t i t i o n in g ,  t h e  concurrent  checking la t ency is reduced  from in (for t h e  p r im ary  

s e l l e r 10) to  i n / k .  Moreover,  t h e  cost, in silicon is the  s a m e  lor both  schem es  since 

t h e  s a m e  n u m b e r  of LC A R  code bits (/’) is used to encode  the  circuit o u t p u t s ,  and 

t h e  s a m e  n u m b e r s  of shift regis ters,  buffers L CARs  are  re /pnred for emu urrenl 

checking.  T h e  a l ias ing probabi l i ty  of I lie LCAR  code re m a ins  th e  same .

F ig u re  5,1 dep ic ts  an e x a m p le  of the  pa r t i t ion ing  lor k and r I I lie

n o rm a l  out  pu t s  an d  t he coding Cits of the  Cl ” 1 are logically d iv ided in t o  I wo par t  s.
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'[ h r  two o u t p u t  por t ions  arc  denoted  by 0 1 and 0 2 and the  two co d ing  seg m en t s  are  

n a m e d  as ( \  an d  C’2, respect ively.  T h e  two LC A R s ,  L( ' A H -1 and LC Al l -2 ,  work in 

paral lel  to  c o m p u t e  the  co rrespo nd ing LC A R  codes for 0 \  an d  ()2. T h e  co m p ar i so n  

of  the  r e c o m p u t e d  LC AR  codes and th e  coding bi ts  can t h en  be m a d e  in a single 

clock cycle.

<N
X>

l ir ro r  In d ic a to r

S h i f t - !

( m / k - h i t )
S h i f t - 2 

( m / k - b i t )

CUT

Figure  b.-l: T h e  o u t p u t  pa r t i t i o n in g  organizat ion

5.3.2 Output Multiplexing

If concurren t  checking  is required  for every  o u t p u t  word,  we can d u p l i c a t e  t h e  cede 

//( /hTutor  of th e  p r im a ry  scheme,  shown in Figure  5.2, in t imes ,  such t h a t  an o u t p u t  

code  word is sen t  (m u l t ip lexed )  to a  code g ene ra to r ,  as  dep ic ted  in F ig u r e  5.5. For 

e x a m p l e ,  code g e n e ra to r  I can be  enab led when th e  first code  word is avai lable ,  an d  

se t  2 is ass igned to the  second code word,  and so on.  Each of the  d a t a  c o m p a c t io n  

sc'ts takes  m  clock cycles to c o m p u t e  a LC A R  code.  At t i m e  m ,  * he L C A R  code



C h a p t e r  T h e  S e w  'rest ing S c h e m e 77

of t h e  first code word is ready  in set 1, and compar ison betwee-n t h e  LC A R  code 

a n d  t h e  co d ing  bi ts  held in t h e  buffers can be  m a d e  by th e  c o m p a r a t o r .  At t im e  

(in +  1), d a t a  c o m p a c t o r  set ! s t a r t s  process ing o u tp u t  code wo I ( m  t 1), an d  the  

L C A R  code of the  second cod e word is ready in code g e n e ra to r  ‘2. It tala ' s  in cycle's 

to  fill up  t h e  in code  gene ra to rs ,  t h en  all t h e  se■ ts are- we>rking s im ul tane ous ly .  I'he* 

c o m p a r a t o r  receives the  first pai r  of valid d a t a  at clock in and  is busy the  re'st eel I lie- 

t ime .  T h u s ,  every  o u t p u t  word is checked wi th  in unit  e'oniurroiit  chocking late-ncy, 

and an ad d i t iona l  (in  — 1) code  gene ra tors  are- ne'e'deel in silicon.

^ I n p u l s |

| C U T  
■ N o rm a l e 'ouc-
I o u tp u ts  b its

x .

F igur e  5.5: 'The o u t p u t  m u l t i p lex ing  o rganizat ion

5.3.3 Output Partitioning & Multiplexing

T h is  a l t e r n a t iv e  s t r u c t u r e  is a combinatiejii  of the  p a r t i t i o n in g  and t h e  m u l t ip l ex in g  

schemes .  ' I 'he O U T  is first designee! according te> the- techuiepies de sc r i bed  in the  

par t  i t ion ing.  Ne-xt, t he  concurren t  checking hardware- t e x e lu d m g  t he e o m p a r a t o r  J, 

as show n in Figure- 5 . 1, is eluplicate-el ( i n / k )  time-s U) lorm a s y s t em  wliie h is I he s a m e  

as t h a t  of t h e  mul t i p lex ing ,  e-xee-pt t hat t h e  numbe-r of code gene ra to rs  is re*e|ue <*eI 

to i n / k .

'I'he- newly constrncte*d sys tem  has  the  aelvant.age-s oi the- two eemibim-d s l i m
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I ures,  wil.li ( m / k )  concurr en t  checking latency,  t h e  h ighes t  checking f r equenc y  (every 

(output, word is ex a m in e d )  an d  the  silicon cost of [ m / k  — 1) d a t a  c o m p a c t io n  sets.

5.4 A D esign  E xam ple

In this sec tion,  we pre sen t  a  design t e m p l a t e  for the  o u t p u t  p a r t i t i o n i n g  te s t  a r ­

c h i t e c tu r e  in t ro duce d  in sec tion 5.3.2. A Berkeley’2 b e n c h m a r k  P L A  ci rcui t ,  ape.rJh  

is used to show a  c o m p le t e  design procedure .  T h e  s y s t em  i m p le m e n t in g  a p e x j  has 

t h r e e  m o d es  of opera t ion :  N O R M A L ,  S CA N  and  BIST.

E n c o d i n g  o f  t h e  c i r c u i t  f u n c t i o n :  A p t r j  has !) i npu t s ,  I 1) o u t p u t s  an d  138 

p r o d u c t  t e rm s ,  given in t h e  inpu t  fo r m a t  of espresso.  'The o u t p u t s  ar e  p a r t i t i o n e d  

in to  two pa r ts ,  ()\  =  o\nO\7 . . . o r i an d  0 2 =  os o7 . . . o 0 , an d  each of t h e  s eg m e n t s  

is e n c o d ed  by a 2-bit, L C A R  code,  i.e. k =  2 and  r  =  -1. T h e  LCA1L codes are  

c o m p u t e d  following the  en co d in g  procedure s  given in sec t ion  ‘1.1 for each p a r t i t ion .  

I’he a u g m e n t e d  function thus  has 23 o u t p u t s ,  where  I!) of t h e m  ar e  fhe  no rm a l  

o u t p u t s  an d  ■! of t h e m  ar e  the  LC A R  coding bits.  For e x a m p le ,  t h e  o u t p u t  word 

“0001 0 0 0 0 0 0 0 10010000” , co r re spond ing  to the  input  s t imul i  “O U O l i O l T ,  bec om es  

“0001000000 Off' “010010000 I f f ' , where  the  cod ing bi ts  are  in ital ics.

C h o i c e s  o f  L C A R s *  L C A R s  should  be chosen careful ly  wh en  desig  t ing the  

ci rcui t  for fhe  N O R M A L  a n d  the  B I S T  modes .  In th e  S C A N  tes t ,  all s to rage  

cells are  conf igured into a  shift  register ,  where  the  s t r u c t u r e  of  L C A R s  does  not  

m a t  ter.  I’he qual i ty  of test pat te rn  gene ra to rs  a n d  d a t a  c o m p a c t o r s  d e p e n d s  on the  

s t r u c t u r e  of  L CARs  or LFSRs[21] .  P r im i t iv e  L C A R s / L F S R s  have been used a lm o s t  

exc lus ive ly  in lest app l i ca t ions .  However,  these l inear m ach in e s  h ave  s o m e  as soc ia te d  

cos t ,  a l t h o u g h  they  are  c h e ap e r  in si licon th a n  o th e r  ap proaches .  Tradeoffs  nee d  to 

bo m a d e  be tw een  the  q ua l i ty  and th e  cost  of t h e  mach ines .  We have s ugges ted  in

’Wil l i  t h e  Berkeley VI,SI des ign tools.
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sect ion 1.1 tliat m in im um -w e igh t  pr imi t ive  L C A R s  arc  th e  must  s u i t ab l e  choices.  

We show below how to  choose L C A R s  by going th ro ugh  the  des ign process  of n/x  .r 1.

A P s e u d o r a n d o m  P a t t e r n  ( l e n e r a t o r  ( P R P ( l )  and a M ul t ip le  Input  Cel lu la r  An 

t o m a t a  ( M I C A )  are  required  in the  B IS T  oper a t ion .  1 C AR s t r u c t u r e s  im p le m e n t in g  

t h e  tw o  m e c h a n i s m s  are  d e t e r m in e d  by t he following considera l  ions. Lor t lie PR P( I, 

we choose  a  leng th  9 (corre spon ding to the  9 inpu t s  of the  c i rcui t )  m i n i m u m  cost 

p r im i t iv e  L C A R ,  “ 1000000000” , which has  t h e  m ax im al  length  cyc le  and is the  

ch e a p e s t  in h a r d w a re  im p le m e n ta t i o n .  W h e re  tin'  MICA is co nce rne d ,  o th e r  issues 

shou ld  be  t ak en  into conside ra t ion  as well.

•  F i rs t  of all,  t h e  M IC A  should be pr imi t ive .  If a s t a n d a r d  length M I C A , e . g .  Mi 

b i t ,  is requ ired  an d  the  n u m b e r  of out pu ts  is g re at er  t h an  the  s t a n d a r d  lengt h, 

a  m u l t i p lex o r  can be used to reduce  the  o u t p u t s  to t h e  requ ired  length .  In 

th is  des ign t e m p l a t e ,  we s imply  use a  M IC A  t h a t  has t h e  s a m e  length as the  

o u t p u t s ,  i.e. 23 b i ts  long. A n o th e r  version of this des ign was ca rr i ed  out. with 

a  16-bit. regis ter  and  a mul t ip lexor ,  wi th s imi la r  results.

•  Secondly,  the  23-bi t  M I ( 'A  should  be pa r t i t i o n ab le  in to  2 bit  p r im i t i v e  L( ’A Its, 

in o rd e r  to  c o m p u t e  LCAR. codes d u r i ng  th e  concurrent,  checking,  one for each 

o u t p u t  p a r t i t io n .

•  'Thirdly,  all t h e  p r i m i t i ve  LC ARs ,  na m ely  t he 2 bit shor t  L C A R s  and the  23 bit  

long L C A R  shou ld  conta in  the  m i n im u m  n u m b e r  of l ’s in o rd e r  to re duce  the  

h a r d w a r e  cost .  S ince th e r e  exist  only two primi t ive LCA Rs of leng th  2, n am ely  

“01” an d  “ 10” , the  23-bit, LCAR can consist  of any co m b i n a t i o n  of t h e  2 bit  

LC A R s .  'This impl ies  t h a t  the  LC AR  should  have at, least  tw o  l ’s. It t u rn s  

o u t  that, th e  L C A R ,  "01 00 00 10 0 10000000000000",  is o n e  of t h e  best choices 

m e e t i n g  all t h e  r eq u ir em en ts  above.  We show later  how this LC A R  s t r u c t u r e  

can be used to  ob ta in  th e  m a x i m u m  shar ing  bet ween dif ferent  o p e r a t i o n  mod es
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anel t.lic* best, machine- performance.

L o g i c  d e s i g n  -  t h e  N O R M A L  m o d e :  Figure- 5.0 shows the- logic d i a g r a m  of 

( lie- concurre-nl, che-cking organ iz at ion ,  where  the  S h i f t - 1 and  Shift 2 re-gi.sle-rs hold 

t h e  o u t p u t  segme-nts ()\ ( t h e  o u t p u t s  0 to 8) anel O-i ( t he  o u t p u t s  9 to 18) an d  th e  

Huffc-r 1 and BuIfe-r-2 re-giste-rs con ta in  the  coeling hi ts  ( \  (the- coeling bi ts  0 to ' )  

an d  ( ' i  (the* coeling bits 2 to  3). In real t im e ,  re-giste-rs S h i f t - 1 a n d  L C A R - l ,  anel 

re-giste-rs Shift -2 anel LC AR -2,  form two sets of serial d a t a  c o m p a c t io n  sets,  work ing  

in paral lel .  ' I 'he co n cu r ren t  che-cking la t ency in this case is 10 clock cycle-s, which is 

th e  length  of the- longe-st o u t p u t  par t i t ion .

L o g i c  d e s i g n  -  t h e  B I S T  m o d e :  F igure  5.7 shows th e  b lock d i a g r a m  of t h e  

B IS T  archite-ct,ure. 'I’he PRPC! anel the  M I C A  are  9- and 23-bi t ,  re-spective-ly.

t'.mii' hulicttlor

■Shift-1 
(9-hit)

Inputs
CUT

TSC Comparator

Figure  5.6: Ape-x-1 co n c u r r e n t  checking o rg an iz a t io n

Figure- 5.8 shows the  sh ar in g  of  M IC A  an d  t h e  c o n c u r re n t  che ck ing re-sources. 

I'lu- b inary  s t r i ng  a t  the  t o p  rep resent s  the  s t r u c t u r e  of M IC A  ( i m p l e m e n t i n g  L C A R  

“01000010010000000000000” ). I ’he L C A R - l  and Buffer-1 regis ters ,  each 2 bi ts  long,
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C U T

Figure  5.7: Apex-1 IJIST o rg a n i / a t i o n

a rc  s h a r ed  wi th th e  first 1 hits of the  M IC A,  where  the  lirsl two hi ts  im p le m en t  I lie 

p r im i t i v e  L C A R ,  “01” . ' I 'he Bulfer 2 and LC AR  2 reci ters ,  each 2 hi ts  long. are  

s ha red  w i th  t h e  second I hi ts  of th e  M IC A,  where  t h e  Iasi two hit im p le men t  the  

p r im i t i v e  L C A R  “ 10” . T h e  S h i f t -1 regis ter ,  !) hits long, has  I lie s a m e  leng th  as the  

PRPC.  a n d  perfect  sh ar in g  r an he m a d e  between the  two. Final ly,  the  Shill  2, 10 

hi ts  long,  can he  u ti l ized by the  next 10 hi ts  of the  M IC A.

T h e  M I C A  consis ts  of live types  of hit  sliced cells: M l( 'A!)(l( I 5 l ) ) / I . ( ' \  R')ll( I 5(1). 

M IC A O O /B ul 'e r ,  MICAOOf 1501/Shift ,  M1CA90/  and C o n n e c l o i ,  whe ie  l lie left pm 

t ions  of t h e  “ / ” d e n o te  the  funct ion of the  cells in th e  BIST m o d e ,  a n d  t h e  nglil 

p o r t i o n s  re p re sen t  the i r  funct iona l i t ies  ;n the  N O R M A L  and  c o n c u r r e n t  < h*« Kin** 

For e x a m p l e ,  cell M I C A 9 Q /L C A R 0 0  works as a rule 00 cell < >! I lie M l < \  m 11.. 

B I S T  m o d e  and a  rule-90 cell of the  LCAR l ( L C A R  2)  in n o r m . , I  . p o i n t n e  It i 

a s s u m e d  t h a t  in t h e  S CA N  m o d e  every  cell is connected  in t in ■•lull < h u m  I On 

t h e  scan funct ion is not expl ic i t ly s l a t ed  in the  cell names .  I h< < . . / m , , / . ,  ,u 

simple lat  t swi tches  to co n c a t e n a t e  and par t i t ion  I lie M l ( 'A  him k m 1 » ih-rrn 

o p e r a t i o n  modes .

Similar ly .  F igure  5.9 shows the  hloek di ag ra m  of the  P R P ( .  in •<;■■ HI >1 ■!>

an d  t h e  Shift 1 in the  concurrent  checking.  T h e  binary s t r i ng  . *.mi < hrn the  

s t r u c t u r e  of the  P R P C ,  “ 100000000” . 'I lie cells used are  PRPCOOi l  iti Shift

'I’he  logic des igns  of the  hit-sl iced cells m en t ioned  ahov ar e  d< , <tcd rn f i g
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Figure  5.8: T h e  block d iag ra m  of th e  MICA 

1 0 0 0 0 0 0 1! 0

B R l’tW O /S h ilt x  8

0 0 0 0 0

Figure'  5 (>- '[ 'ho block d iag ram  of P R I ’C

ures 5.10, 5.11 an d  ■ 12. T h e  . ells have Uirue basic fuiu*t.ions: t h e  loml  .signal loads 

d a t a  into t h e  flip-flops, t h e  shift  signal shi ft s the  c o n ten t  of neig h b o u r  / I to cell 

i. a n d  th e  oj jl ine  signal enab les  t h e  BIST m e ch an i sm  such as t h e  P R P C  and th e  

M I C A .  We only  show t h e  design of rule-90 cells in t h e  figures, h h<- c o r re sp o n d in g  

rule-150 i m p le m e n t a t i o n s  are  s imi l ar  to t h e  rule 90 cells, except  one  m o re  KXOR 

g a t e  is n eeded  to add  t h e  cu r re n t  s t a t e  of cell i to the  su m  of I lie c u r r e n t  s t a t e s  of 

cells {i — 1) and  (i  -f 1).

L o g i c  d e s i g n  -  t h e  S C A N  m o d e .  All the  s to ra ge  e l e m e n ts  of t h e  lest logic 

(for both  t h e  N O R M A L  and B IS T  modes)  are co n n e c ted  to form a shi f t  register 

cha in ,  a s s u m i n g  t h a t  full scan des ign is used.  A l t e rn a t iv e  a p p r o a c h e s  t o  tin 

sca n des ign are  discussed in sec tion 5.5.2.
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Figure' 5.10: Logic design of Lit-,sliced cells

L o g i c  d e s i g n  -  t h e  C o m p a r a  j r .  Finally, a  c o m p a r a t o r ,  which c o m p a r e s  the  

co d in g  hi ts  and  the  newly co m p u t e d  LC AR  code,  is needed  in c o n c u r r e n t  checking.  

It is shown in [.‘12] t h a t  a t re e  rea.li..at.ion of an c-bii c o m p a r a t o r  is ' l o t a l l y  Self- 

checking ( T S C )  [2, pages 581-585] if all 2r c o m b im  l ions  of t h e  checking hi ts  arc 

available.  'I’he r-bil c o m p a r a t o r  is formed as an in t e rconnec t ion  of c o m p a r a t o r  

module' s  [22], with two input  pairs (knew, as 2-tail  checker  [2, page 585]). F igur e  5.12 

(a )  and (b)  show thcv c o m p a r a t o r  module'  and the' t ree  rea l iza t ion  c o n s t r u c te d  from 

the> c o m p a r a t o r  moeiules,  where  (a) co m pares  two input  pai rs ,  « j a n d  an d  

dc'tc'e l,i all angle'  faul ts  d u r i ng  ope ra t ion ,  anel ;b)  shows th e  b lock d i a g r a m  of a  4-bi t  

l’SV ’ c o m p a r a t o r .

In s u m m a r y ,  in the1 HIST mode's, t here  are  a  to ta l  of (9 -f 23) b i t-sl iced cells 

ne'e'ded to  form * lie P R I R ! a n d  the  M IC A ,  while c o n c u r re n t  check ing rc'quires a to t a l  

o f  (23 -f I) bit slice'd cedis, which is a sub.iel of t h e  B IS T  rc'sources. T h u s ,  the  only  

h a r d w a r e  int roeluce'd by co ncurr en t  checking is t h e  c o m p a r a t o r ,  which is in expens ive  

for a smal l  numbe ' r  of checking bits,  plus the  silicon for th e  encocie’el ci rcui t  function.
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Figure  5 . 1 I : Logic des ign of bit sliced cells (conl in i ie d )

A c o m p l e t e  e x a m in a t io n  of area ove rhead  ( i ncluding this case s t u d y ) ,  and o the r  

a s soc ia te d  cos ts ,  can be found in C h a p t e r  (i.

5.5 T esting of Sequential Circuitry

A sequent ia l  m a c h i n e  can be  def ined as a 6-l.uple <  / ,  0 .  S ’, A, A, .s„ -, where  / is

t h e  i n p u t  a l phabe t  , 0  is t h e  output,  a lp h a b e t ,  S  is 1.1m* set of s t a l e ,  A is I lie next 

s l a t e  fun ct ion ,  A is th e  o u t p u t  function,  and  ,s(l is the  initial  s t a i e .  I h<■ i s / m  .-..so 

f o r m a t  of a seq uen t i a l  m a ch in e  can be  used [6], T h e  lei'1 block of ' I  a ide 6.2 shows the  

espresso  desc r ip t ion  of a b e n c h m a r k  circuit,, dl<27, which has  one  i n p u t , I wo out pul s 

an d  7 s t a l es .  C o l u m n s  1, 2, 2 and -I correspond to the  , n p u t ,  d i e  cur rent  s t a l e ,  

t h e  nex t  s t a t e  and t h e  o u t p u t s ,  respect ively.  In the  right co lu m n s  ol the  tabl e ,  we 

show a. possib le b in a ry  s t a l e  as s ignm en t .  T h u s ,  a sequen t ia l  circuit  can be defined 

by a  s t a t e  t r an s i t io n  table  de sc r ib ing  the  input  and o u tp u t  re la t ions.  I lie inpu ts  

inc lude  two par ts :  t h e  p r i m a r y  in p u t s  and the  current  s t a l e s  of t h e  m a c h i n e ,  while 

t h e  o u t p u t s  a r e  the  p r im ar y  o u t p u t s  and th e  next s ta l es .
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' igure r ,A2:  Logic design of b i t - s l im i  colls (contii iuc'd)

A seq uent ia l  circuit, can be  des igned in our proposed s ch em e  in a  s im i l a r  m a n n e r  

as for co m b in a t io n a l  logic. At  the  design s tage,  we encod e th e  c i rcui t  o u t p u t s  

( p r im a r y  o u t p u t s  and  the  next  s l a t e )  by LC AR  codes  following the  p r o c e d u re s  given 

in sec t ion r». 1. The sys tem  s u p p o r t s  th ree  moth's  of oper a t ion :  N O R M A L ,  HIST,  

an d  S C A N  tes t ,  where  the  MIST and the  S C A N  m o d es  work s imi la r ly  to t h e  case 

of c o m b in a t io n a l  ne tworks.  O u r  main  concern  is c o n c u r re n t  checking.  W e  briefly 

d esc r i be  t h e  MIS'!' and  the  S CA N  modes  of op e ra t ion  below,  then  d ev o te  t h e  rest of 

th is  sec tion to  concur rent  checking.

' T h e  B I S T  m o d e .  T h e  s t a l e  register  of a seq uent ia l  m a c h in e  is conf igured as 

par t  of the  M IC A ,  and the  feedback from the  o u t p u t s  of the  s t a t e  regi s t er  to  t h e  

i n p u t s  of th e  circuit  a re  d i sconnected,  as shown in F igure  5.1.1. T h e  l en g th  of t h e  

F R l ’O is (n | s ), where  n and ,s are  the  n u m b e r s  of th e  p r i m a r y  in p u t s  a n d  th e  

leng th  of th e  s t a t e  regis ter ,  respect ively.  T h u s ,  th e  c o m b in a t io n a l  s u b n e t w o r k  of 

the  m ach in e  can be t es t ed  in the  s am e  m a n n e r  as in conve n t iona l  paral lel  s i g n a t u r e  

analys is .
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Figure  5.14: 'I'lte B IS T  organi/ .al ion of a seq uent ia l  circuit

T h e  S C A N  m o d e .  T h e  s t a t e  register  is reconfigured as pa r t  of the  scan chain 

a t  t h e  o u t p u t s ,  as shown in Figure  5.15. T h e  scan regis ter  and t h e  co m b in a t io n a l  

s u b n e t w o r k  can be  t es t ed  by shi ft ing  in test  vectors,  and th en  col lec t ing a n d  shi f t ing  

o u t  the  c i r c u i1 re sponse  from flu* scan register.

T h e  N O R M A L  m o d e ,  in orde r  to  conduc t  concurrent  checking,  c i r ru i t  out 

p u t s  are  used as t h e  in fo rm at ion  bi ts encod ed ,  in this  case,  by a l,( AH code  at design 

t im e .  For a seq uen t i a l  c i rcui t ,  t h e  c ircui t  o u t p u t s  to be  encod ed  ar e  cons idered to 

b e  t h e  c o n c a t e n a t i o n  of th e  pr imary o u t p u t s  an d  the  cu rren t  s la t e .
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.p  I I p l-l
0  hI h I H KtatW) 0 0 0 001 1 10 0 0
0  « f a * r 2 0 0 0 0 1 0 101 0 0

0 H ta t r f i 0 0 0 01 1 101 0 0
0  s t a t M h( . i t r f l 0 0 0 100 1 10 0 0
0  f t i u t t '5 s t a t o  I 10 0 101 001 10
f) s t a l c f i s l a t H 01 0 110 001 01
0  s l a t  r* 7 s l a t < ,r> 0 0 0 1 1 1 101 0 0

1 * i a t f l 0 0 1 001 t o o 0 0
1 H , n ! < ' 2 s l a t K l 0 0 1 0 1 0 01 1 0 0

1 rtiatc . ' i s t a l e ? 0 0 1 01 1 1 1 1 0 0
1 s t a l r - l s t a t e d 10 1 1 0 0 1 10 10
1 s t a t r f ) s l a t e ' 2 10 1 101 0 1 0 10
1 s l a l e 2 01 1 110 0 1 0 01
1 s t a U ‘7 s t a l e d 10 1 1 1 1 1 10 10

rm kI . e n d

Table  5.2: Kspresso express ion f'f  d k ‘27

F igure  5.16 shows t he eoneepl,ual d iagra in  of th e  N O R  M A L /eo n e n r re n l ,  checking 

o p e r a  l ion.  We d e m o n s t r a t e  la ter  t h a t  the  er ror  coverage of  this s y s t e m  can be 

f u r th e r  im pro ved ,  and the  s t r u c t u r e  can be s impli fied,  by us ing s o m e  ex i s t in g  B IS T  

resources .

We a s s u m e  t h a t  t h e  S t a t e  Regis ter (S .R.) ,  t h e  O u t p u t s  Buffer (O . B . ) ,  t h e  ( lode  

bi ts  Buffer (C .B . )  an d  the  Nex t  S t a t e  buffer (N.S. )  are  work ing  u n d e r  t h e  s am e  

clock.  T h u s ,  a t  t im e  /0, the  S .R. holds the  cu r ren t  s t a t e  of t h e  seq uen t i a l  mach ine .  

W h e n  the  p r i m a r y  in p u t s  are  available ,  the  co m b in a t io n a l  s u b n e t w o r k  p ro d u c es  the  

p r i m a r y  o u t p u t s  and  the  next  s ta tes .  At  t im e  /[ ,  t h e  cu r r e n t  p r i m a r y  o u t p u t s ,  

co d in g  bi ts ,  and  the  nex t  s t a t e  var iables  are  loaded in to  t h e  O .B . ,  t h e  C .B .  and 

I he N.S. ,  respect ively.  Note  t h a t  the  next  s t a t e  of th e  c i rcui t  b eco m es  t h e  c u r ren t  

s t a t e  a t  / ( , an d  is also held in the  S.R.  We c o m p u t e  t h e  L C A R  code  of t h e  p r i m a r y  

o u t p u t s  an d  th e  nex t  s t a t e s  for the  inpu t s  and  th e  cu r r e n t  s t a t e s  a t  t i m e  tQ by 

feeding I he  con ten t s  of the  N.S.  and  th e  O.B.  in to  t h e  d a i a  c o m p a c t o r  ( L C A R ) .  

T h i s  fakes  (s -}-m )  clock cycles.  T h e  c o m p a r a t o r  then  c o m p a r e s  t h e  c o n t e n t s  of the
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L C A R  and  t h e  C.B,  to d e t e r m in e  if a fault is in'csciit.

B y  us ing t,he st ruct,tiro shown in Figure  5.1 f>, t he following ft 

bes ides  for al iasing:

•  defect ,able faults  in 1 he combinat ional  sub n e tw o rk ,

s can be  d e lec ted

•  faults in all t h e  s to rage  devices (except, the  S .R .) ,  an d  on the  s ignal  lines 

between  the  cor ib inaf ional  subnet  work an d the  buffers,  and

•  the  faul ts  on t h e  connect ions  between the  co m b in a t io n a l  net,work an d  the  S .R.  

to th e  N.S.

T h e s e  faults  can be  d ivided into th ree  types : the  output ,  b it s  are  u n i f y ,  the  nex t  

s t a t e s  are  faulty,  a n d  both  the  o u t p u t s  and flu next, s t a t e s  ar e  faulty. However ,  

faul ts  in t h e  S .R.  or  on the  o u t p u t s  of the  S .R.  ca n n o t  be defect -vl  by th is  scheme,  

s ince  a  faul ty  cu rrent  s t a b  is d i rec t ly  con ne cted  to the  i n p u ' s  of the  c i r cu i t  and 

leads  to a n o t h e r  e n t r y  of th e  s t a t e  t rans i t ion  fable to be exerc ised,  'I Ims, these 

faul t s  are  equivalent.  to  the  faults on p r im ary  inpu t s  of a  c i rcuit .  Below, we propose  

two a l t e r n a t i v e  s t r u c t u r e s  to  dei.cct faults on p r i m a ry  in p u t s  for b o th  co m b in a t io n a l  

an d  s eq u e n t i a l  ne two.  ks,
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F igure  5.16: I’Ik* concurrent,  checking o rg an iza t ion of a  sequen t i a l  c i rcui t

5.5.1 Alternatives to Full Scan Design

A l th o u g h  full scan t echniqu es  increase  the  cont rol lab i l i ty  and  obser vabi l i t y  of se­

q u en t i a l  c i rcui ts ,  and  offer good test  coverage,  th ey  have som e  d raw b ack s :  (a)  for 

long scan cha ins ,  t h e  tes t ing  t im e  bec om es  very long; (b) s c a n n a b le  flip-flops have 

longer  p ro paga t ion  delays  t h a n  non scannab le  flip-llops, thus ,  t h e y  caus e  scan d e ­

s igns  to have lower pe rfo rm ance.

I ’tirlial or incomplete scan path is an a l t e r n a t iv e  to full scan design [T 10, 11]. It 

is based on th e  a s s u m p t io n  t h a t  the  difficulty in te s t ing  sequen t i a l  c i rc u i ts  res ides 

m o s t ly  in soirn'  localized par ts  of the  c ircui t.  In par t ia l  scan,  only  a s u b s e t  of t h e  

Hip flops art '  conf igured in a shift  register .  Hence  th e  p ro b le m  b e c o m e s  how to 

choos e  a set of flip-flops which gives t h e  bes t  im p r o v e m e n t  in tes t abi l i ty .

For the  te s t ing  schemes,  for bo th  co m b in a t io n a l  and s eq u en t i a l  c i rcui ts ,  p ro posed  

in t h e  previous  sections,  if full scan p a t h  is too  expens iv e  in silicon or  t es t  t im e ,  

p a r t i a l  scan t echn iques  can be  used to reduce  I 'm ov er head .  Ilov ever ,  if t h e  B I S T  is 

i n c l u d e d  in a des ign in the  first place,  full scan can  usual ly be incor  united w i t h o u t  

p ay in g  ex t r a  cost in silicon. In the  case when tes t  t ime is the  m a in  co nce rn ,  pa r t i a l
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scan provides  cons iderable  flexibility ol design ( tu ice?..

If lias been rcconinic iu lcd  that  scan test can he  used in conjunct  inn wi th  hou nd  

a ry  scan at t h e  chip  h'vel. S ince b o u n d a ry  scan cells m ak e  use ef  tin* si licon areas  

next  to  i / ( )  pads ,  savings  are o b ta in ed  by shar ing  the  resources  of the  <cau cells *.vi ll 

t h a t  of  the  M K T  ha rdw are .  Moreover ,  if t here  is m ore  th an  one funct ion block in a 

chip ,  they  can be re s ted  one at l ime using the  s am e  b o u n d a ry  s c a n / M K T  ha r d w are  

resources .  T h e s e  s a m e  sawings ean be  inher i ted  and included when m erg in g  M K T  

a n d  concurrent ,  checking as proposed here.

5.5.2 Conflict with the Boundary Scan Standard

T h e  b o u n d a r y  scan s t a in .a rd  mainly  addresses  the  pr ob lem s  of olf l ine tes t ing .  It 

m o v id e s  a  basis for es t ab l i sh ing a f ramework to co m b in e  o ' f  l ine H IS T and S CA N 

t e s t i n g  to faci li late t h e  p rob lems of chip,  bo ard  and sys tem  level tes t ing .  In this 

sec t i on ,  we »xpiore t h e  feasibil i ty of a d a p t i n g  our  now te s t in g  sc h e m e  to suppo r t  

t h e  s t a n d a r d .  Since th e  B IS T  and S C A N  o p er a t ions  are  d i i ee t ly  s u p p o r t e d  by the  

s t a n d a r d ,  t h e  p rob lem  becomes  how to  inco rp orat e  concurrent,  checking  u n d e r  this 

s t a n d a r d .

In C h a p t e r  II we showed t h a t  the  b o u n d a r y  scan s t a n d a r d  defines six mod es  

of  tes t ing:  Bypass ,  Id code / l J se rc ode ,  S a m p l e / N o r m a l ,  In te rna l ,  Kxfernal  ten Is and 

B u i l t - I n  Self-Test, [1]. We classified th e  six test modes  into t h ree  ca tegor ies :  NOW 

M A L  ( in cl ud ing  S a m p l e / N o r m a l ) ,  S C A N  (consis t ing  of Bypass ,  l d e o d o / l I s e r c o d e ,  

In fe rnal  an d  Kxtornal  tes ts ) an d  HIST ( including Buil t- In Self ' lest ,), where  all the  

t es t s  u n d e r  t h e  S C A N  ca tegory  em ploy  scan-based techniques .  T h u s ,  a s y s t e m  de  

s igned to s u p p o r t  t h e  three  op e ra t i o n s  should  be a d a p ta b l e  to the  s t a n d a r d .

T h e  S a m p l e / N o r m a l  m o d e  of (lie s t a n d a r d  allows a, s n a p s h o t  of th e  n o rm a l  sys 

t o m  o p e r a t i o n  (see a lso C h a p t e r  T h e  N O R M  A b /co n c u r r e n l  checking tes t  of our  

s c h e m e  works  in real t i m e  as well. T h e r e  is a conflict  bet ween th e  o p e r a t i o n s  defined
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by th e  S a m p l e / N o r m a l  m o d e  of s t a n d a r d  arid I,ho NOR M A L /eo n e i "T en t  chocking 

of o u r  te s t ing  sclioino. 'I 'wo possible solutions  are  given as follows:

(1) In th e  S a m p l e / N o r m a l  mode,  circuit responses  arc* c a p tu r e d  in th e  scan reg­

isters,  whose co n ten t s  are  t h en  shi f ted ou t  for ex a m i n a t i o n .  To achieve  this,  it is 

requi red  t h a t  the  se.tn regis ters  o p e r a t e  u n d e r  a s e p a ra t e  te s t ing  clock.  T h i s  also 

impl ies  t h a t  the  scan registers cannot,  be used for o the r  pu rposes  in th is  m ode .  

Moreover ,  since S a m p l e / N o r m a l  is one of the  m a n d a t o r y  test  mock's def ined by 

t h e  s t a n d a r d ,  we suggest t h a t  a des ign in co rp o r a t in g  o u r  p ropos ed  sc h e m e  ad d  

an user  def ined tes t  mode,  which can  be called “coi c u r ren t  ch eck in g ” , such t h a t  

S a m p l e / N o r m a l  ope ra t ion  can be p e r fo rm ed  as def ined in t h e  s t a n d a r d ,  arid N o r ­

m a l / c o n c u r r e n t  checking ca n  also be  su p p o r ted  for closer  on- l ine  m o n i to r in g .  A 

modi f ic a t ion of o u r  test s c h e m e  is required:  the  d a t a  a  m p a e t i o n  set (s )  for t h e  

N O R M A L / e o n c u r r e n t  checking m u s t  be independent ,  of t h e  S C A N  and t h e  B I S T  

resource' ,  S ince th e  m ech an i sm  to i m p le m e n t  L C A R  codes  is c he ap ,  th e  o v e r h ead  

d u e  to the  s e p a ra t i o n  of c o n c u r re n t  checking and off-line resources  would  not  be  

s ignif icant to  the  overal l  cos t .  T hus ,  o r r  te s t ing  sch em e  can  be a d a p t e d  to  a c c o m ­

m o d a t e  th e  b o u n d a r y  scan s t a n d a r d .

(2) It is also possible t h a t  the  res t r ic t ions  on us ing s e p a r a t e  clock a n d  scan 

regis ters  m th e  S a m p l e / N o r m a l  m o d e  will be l ifted in f u tu re  s t a n d a r d s ,  if m o re  

ell ieienf on- l ine  te s t ing  a r ch i t e c tu re s  can be  found to replace  th e  S a m p l e / N o r m a l  

opei  at ion .

5.6 Sum m ary

In th is  c h a p t e r  we pr e sen ted  the  new te s t ing  scheme  which involves t h e  m erg ing ,  in a  

bui l t - in  fashion,  of c o nc urr en t  checking and off-line BIST.  T h i s  m e t h o a  is ap p l i ca b le  

to genera l  ci rcui t  ry. C o ncurr en t  checking is achieved us ing L C A R - b a s e d  cyclic codes,
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rep la ci ng  oil ier onvent  ional codes.  The choice ol er ror d e l e d  ing i ode  is cruci.il .  ll 

al lows th e  sh ar in g  of h a r d w are  resources  in the  on line and oil l ine t e s t i n g  mod es  

by m ean s  of L CAR co n c a ten a t io n ,  because  the  LCAKs used in concur re n t  checking, 

ar e  the  s a m e  ones  used as signal m e  analyzers.

T h ro e  modified  s t r u c tu r e s  for im prov ing the  concurrent  checking  la t ency and 

in terval  a r e  p resen ted .  T h e  best perl’o i m a n c e  wi th our  sch emes  is lOO' i concurrent  

check ing wi th  (m / k ) checking latency,  whom in is the  n u m b e r  of o u t p u t  bits of a 

c i rcui t  u n d e r  tes t  an d  h is the  ’lu m b e r  of p e t i t i o n s  over the  o u t p u t s .  A l t e rn a t iv e  

i m p le m e n t a t i o n  s t n i  ‘lures  are  d iscussed and a  design t e m p l a t e  is provided.



( 7 /ap /e r  fi. Cost  Cluirnctcris tics

C hapter 6 

C ost C haracteristics

T h i s  c h a p te r  is devoted  l.o eosl  measures  t h a t  are su i t ab le  for e v a lu a t in g  th e  t e s t in g  

Hcl e m e  of C h a p t e r  5. T h e  concerns  are  ar ea  overhead,  te s t ing  t im e ,  des ign c o m p l e x ­

ity, a n d  pin coun t .  In sec tion 1, we discuss th e  p ro b lem s  of ex i s t ing  a r e a  ove rhead  

e s t i m a t i o n  m e t h o d s  and present, a new m e t h o d  of e s t im a t io n  for gene ra l  c ircui ts .  

In sec t ion 2, we ev a lu a te  t h e  proposed  sch eme an 1 show som e  ev a lu a t io n  re su l ts  on 

b e r u h m a r k  c ircui ts .  Faul t  co . e ra g e ,  which is a n o t h e r  crucia l  m e a s u r e  of a  t e s t in g  

s ch e m e ,  is t r e a t e d  sep a ra t e ly  in C h a p t e r  7.

6.1 A rea O verhead E stim ation  M eth od s

A r e a  over head is one  of t h e  m ai n  concerns  of a  B I S T  scheme.  C o m p a r i s o n s  a r e  very 

dilfic ill a m o n g  des igns pre sented  in di fferent  technologies ,  C A D  tools  an d  b e n c h ­

m ark s .  T h e r e  ar e  two basic re q u i r em en t s  for r easonable  com par i so ns :  a  set  of s t a n ­

d a r d  b e n c h m a r k s ,  a n d  a universa l  cost  e s t im a t io n  m e t h o d .  R es ea rche rs  an d des ign 

engi nee rs  have been us ing b e n c h m a rk s  such as B erk e le y 1 an d  IS C A S 8 9 2 b e n c h m a r k s

' W i t h  Berkeley tuois.

’*’ 1989 In t e rn a t i on a l  S y m p o s i u m  on Circui t  Sys t ems .
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for t e s t in g  sch eme eva lua t ion .  However,  l i t t le eilorl bus been m a d e o n  ar ea  es t im e 

tion m e thod olog ie s

Historical ly,  research in on line and  research in oil’ liii“ te s t ing  t echn iques  have 

b e e .  deve lope d  separa te ly .  Distinct  area e s t im a t io n  m e thod ologies  .ire em ployed  

Area  cost of off-line tes t ing  schemes is usual ly m easu red  dds-ctly on circuit g eo m et ry  

layou ts ,  as the  ad d e d  te s t ing  c i rcui t ry  is usual ly q u i ' e  d is t inc t  from t h e  original  

c i rcui ts .  However ,  one may  not he in teres ted  in a p a r t i cu la r  des ign,  T h u s ,  going 

th r o u g h  a  c o m p l e t e  design to make such a m easu r em en t  heroines  unec on omic al .  An 

a l t e r n a t iv e  is to co u n t  the  n u m b e r  of t rans i s tors  involved in des igns  [22|. T h e  mai n  

d ra w b a c k  of  this m e t h o d  is t h a t  it is only s u i t ab le  for s l a n d a r d  g a l e  i m p le m e n t a t i o n  

of des igns ,  c'or e x a m p le ,  t h e  n u m b e r  of t r ans i s to rs  in a I’ LA doe '  not teller! I lie 

cost  of silicon.

In c o n c u r re n t  checking,  a  given circuit funct ion is encod ed  bv er ro r  d e t ec t in g  

codes .  T h e  a u g m e n t e d  function usual ly results  in a circuit tha t  is lugger in silicon 

t h a n  the  original  one.  In addi t ion ,  a checker is needed to m o n i to r  the  o p e r a t i o n  of 

t h e  a u g m e n t e d  c i rcui t  in real t ime. Theore t ica l ly ,  both  I In c i rcui t  and t h e  checker 

can be  im p le m e n t e d  by a  I’ LA (two-K vel co n s t ru c t )  or  a s t a n d a r d  g a l e  rea l iza t ion  

(mul t i - level  cons t ru c t ) ,  '[’lie ar ea  overhead  of co n cu r ren t  checking sch e m e s  repo r t ed  

in t h e  l i t e r a tu re  is most ly  for the  a u g m e n t e d  c ircui t ,  and in p a r t i c u l a r  for I’LA 

i m p le m e n t a t i o n s  [2, pages 600-60S], T h e  cost, of the  checker  a lone  is f r equen t ly  

u n s t a t e d .  'The cos t  of checkers can be  bigger Ilian I lie original  c i rcu i ts  t Immsel ves, 

d e p e n d i n g  on the  functional i ty ,  size and i m p le m e n ta t io n .  A c o m m o n  e s t i m a t i o n  

t e c h n i q u e  used for an a u g m e n te d  circuit wi th I’ LA im p le m e n t a t i o n  is to use a cost  

func t ion,  which is a  function of th e  1. m b e r  of inpu ts ,  o u t p u t s  and p r o d u c t  t e r m s

[53, 61, 64, 68].

In C h a p t e r  5, we showed t h a t  a checker  consists  of two pa r ts ,  t h e  co de  g e n e i a l o r  

a n d  th e  c o m p a r a t o r ,  where the  code g en e ra to r  re genera te s  the  cod ing bi ts  in real
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t i m e  and  I ho c o m p a r a t o r  com pares  t h e  coding bits an d  the  check hi ts  c a rr i ed  by th e  

c i rcui t  funct ion.  Checkers  ar e  usual ly im p le m en ted  by s t a n d a r d  gates .  In th is  case,  

it is more* difficult to c o m p a r e  the  cost of a checker  in a s t a n d a r d  g a t e  i m p le m e n t a t i o n  

to tha t  of t h e  original ci rcui t  function realized in a P L A ,  b ec au se  of t h e  di fferent 

im p le m e n ta t i o n s .  In [64], it has  been shown t h a t  PLA im p le m e n t a t i o n s  can  be used 

for I lie a u g m e n t e d  c i rcui t  and  the  checker.  T h e  s imi lar i ty  of i m p l e m e n t a t i o n  for the  

two p a r ts  eases the  ar ea  e s t im a t io n  of  th e  des ign,  but of ten  i n t roduces  h ig h e r  silicon 

over head  to the* checker .  Recent ly,  s o m e  C A D  tools,  such as O A S I S 3, hav e p rovided 

a r ea  cost in fo rm at ion  for des igns , t he re by  re ducing t h e  a m o u n t  of work involved in 

cost, m e a s u r e m e n t s .  However,  to o b t a in  such in fo rm at ion ,  a c o m p le t e  des ign  us ing 

th e  f ' A D  tools is required ,  an d  the  e s t im a t io n  is still d e p e n d e n t  on t h e  avai labi l i ty  

of the' tool.

We pro po se  a new m e t h o d  below to e s t i m a t e  the  a r ea  cost of a gen e ra l  des ign 

an d  ov e rco m e  the  p ro b lem s  discussed above.  We pre sen t  an e x a m p l e  o f  e s t i m a t i o n  

us ing one of o u r  proposed  sch emes  given in t h e  previous  ch ap te r .

6.1.1 Transistor Pair Layout Estimation

Transistor pa i r  layout  ( T P L )  es t imat ion  is a silicon cost  e s t i m a t i o n  m e t h o d  for 

genera l  ci rcuit  ry, us ing the  a r e a  of a  t r an s i s to r  pai r (a  pai r  of N and  P t ra ns i s to rs ,  

a s s u m in g  t h a t  C M O S  technology is used in t h e  des igns) as t h e  m e a s u r e m e n t .  In 

o t h e r  words,  we use* a  grid line sys tem ,  where  t h e  w id th  of the  t r a n s i s to r  p a i r  is used 

as the' ver tical  grid sep a ra t i o n ,  and t h e  height  for t h e  ho r izon ta l  ones,  t o  m e a s u r e  

a des ign.  In this  desse r t a t iou ,  we limit.e ou r  d iscuss ion to t h e  fully c o m p l e m e n t e d  

C M O S  technology,  but  the  T P L  can be  genera l ized for th e  o ther s .

We classify c ircui t  i m p le m e n ta t i o n s  into t h ree  ca tegor ies:  s t a n d a r d  cell rea l i za­

t ion,  m o d u l a r  im p le m e n t a t i o n ,  and miscel laneous  s t r u c f ures.  T h e  s t a n d a r d  cell re-

' 'O p en  Archi tecture '  Si l icon Im p le m e n ta t i o n  Sof tware  by M C N C .
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al iza t ion en c o m p a s s e s  circuit  functions  im p le m e n ted  in s t a n d a r d  cells; th e  m o d u l a r  

i m p le m e n t a t i o n  includes  s t ru c tu ra l  designs,  such as P L A s  and R O M s  etc.  the  mis 

ce l laneous  s t r u c t u r e s  can he  an y th in g  which is exc luded  iu the  lirsl two categor ies ,  

s uch  as d a t a  bus,  ro u t ing  channels ,  I / O  pins and so on.

6.1 .1 .1  A rea  e s t im a t io n  for standard cell realization

"Hie ar ea  cos t  of an y  design at ga t e  level can he easily e s t i m a t e d  by co u n t in g  the  

n u m b e r  of  t r an s i s to r s  in it. 'The genera l  formula can be g 'ven  as follows.

A g a t e  — N ( ) g n i f  i y p ,  [ X /  /  y, i / (  1 +  N O i f t l f t  h f i * r 2  x 1 1
t j n t t  f t / }>(  I  ( b .  I )

T  • • • T  N  O g a t e l y p , ; ,  I  I  gat f  t y p t g i

w h e re  A antf is the  to ta l  a r ea  cost of a design using a st a n d a r d  g a l e  imple tm lit at,ion, 

NOgatrtypei an d  I'Cgatetyprt ;o '  * he n u m b e r  of gat es an d  the  n u m b e r  of t ra ns i s to r  

p a i r s  in t /a lc i t j pc i , respect ively .  For ex am p le ,  t h e  s t a n d a r d  C M O S  im p le m e n t a t i o n  

o f  a  N A N D  g a te  consis ts  of iwo pairs of t rans is tors .  T h e n ,  we say t h a t  t h e  area cost, 

of  t h e  N A N D  is 2 T P L .

6 .1 .1 .2  A rea  e s t im a t io n  for m odular  s tructures

L e t  the  he igh t  an d  t h e  w id th  of a  t ra ns i s to r  pai r be and  IT,,,,,, respect ively .

T h e  ar ea  cos t  of a  m o d u l a r  s t r u c t u r e  can be e s t i m a t e d  in t e rm s  of the  area  of the  

t r a n s i s to r  pair.  If t h e  height  and width  of the  m o d u l e  are  I I  a n d  IT, respect ively,  

t h e n  the  a r e a  of t h e  un i t  is c o m p u t e d  by

A m o d u l e  =  ( H  /  I I  pai r  ) X (W/W,„ur) =  ( I I  /  W) / ( l l p,tlr /  Wp,ur). (b.2)

T o  clarify t h e  e q u a t io n  we show how the  area cost  of a genei ic  F L A  is e s t i m a t e d  in 

t h e  T P L  m e t h o d .  T h i s  m e t h o d  can be easily a d a p te d  to o th e r  m o d u l a r  s t ru c tu re s .
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(bj L 4

A N D OR

(C) (d) (<!)

12
<»*-
8 6

Input buffers Output buffers

(a) ) 5

Figure  6.1: A generic PLA layou t  s ch e m a t ic

F igure  6.1 dep ic ts  a  gener ic  s t r u c t u r e  of a  p se u d o -n M O S  P L A  la you t  in C A D E N C E ' 1.

'Plie areas  (a) an d  (b) are  for t h e  s u b s t r a t e  ex tens ion  an d  o u t p u t  l ines ’ pu l l -up  

t r an s i s to r s ,  respect ively;  the  areas  (c),  (d)  and (e) are  for t h e  p r o d u e t  l i ne s’ pul l-  

up  t r ans i s to rs ,  t h e  space  s ep a ra t i n g  the  A N D  an d  th e  O R  ar rays ,  an d  t h e  areas  of 

subs t r a t e '  ex ten s io n  respect ively.  Each inpu t  var iable  co r re sp o n d s  to  two  bi t  l ines  

(ve r t ic a l ly  a,cross t h e  i n p u t  buffer of the  A N D  ar ra y ) .  Each o u t p u t  var iab le  is r e p ­

resen ted  by one o u t p u t  line ( r u n n in g  ver t ical ly  across  t h e  O R  a r ra y ) .  T h e  p r o d u c t  

l ines run horizonta l ly ,  c rossing bo th  AND and O R  arrays .  T h u s ,  th e  he igh t s  of (a) 

a n d  (b),  n a m e d  11 boundary, add to th e  height  of t h e  PLA ,  H pia. T h e  w id th s  of  (c), (d )  

a n d  (<'), ca lled  I I ) , , v, co n t r ib u t e  to the  m o d u le  w id th ,  W via. We a s s u m e  t h a t :

(1) the  w id th  o t h e  a r ea  lor a pai r  of bit  lines an d  thei r  cross po in t s  are  d e t e r m i n e d  

by th e  w id th  of t h e  i n p u t  buffers; (2) th e  height  of the  A N D  a r r a y  d e p e n d s  on t h e  

n u m b e r  of  p r o d u c t  t e r m s  in the  given funct ion; an d  (3) t h e  w id th  of t h e  a r ea  for 

o u t p u t  l ines and thei r  cross point  t rans is to rs  is t h e  s a m e  as t h e  d i s t a n c e  b e tw e en

"'A VLSI design tool  by Cade nce  Design Sy s t em,  Inc.
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two input  or  o u tp u t  buffers. Lot us use’ tin* height ami  th e  width  of a t r ans i s to r  

pa i r  in an i n p u t  Imfl'or of tho PLA as tho  and  11 , rospootivoly. Lot

bo tho height  of a p roduc t  lino including the  spac ing  between,  and  I, O, P be tin* 

n u m b e r  of i n p u t s ,  o u t p u t s  and  product  t e rm s ,  respect ively.  I ' s ing  eq u a t io n  ( . 'J, the  

area  cost of th e  PLA in term  of the  t ra ns i s to r  pai rs is as follows:

11 phi * 11 ; i / i i  (O.d)

w here

* I r  ̂ huuii'lfiry +  h  pmr x ( I I C )
=  717—  =   ------------ - j T 7......   t * ' ' 1)fxitr W mur

=  ~ ~ +  I +  (0.5)
p m r

f f H . - X  11 pmr '’I" / 1bounilnrtf I ffpnnlutt * t ,  , ,  . . .

U p l n  =  J , --------=  ---------------- ( (> - (>)
*‘pair ••ptur

  2 X lip, llT T 11 hiiniilni'!/  ̂11 prmhn t j j  j
11 pun' 11 pit ir

l i q u a t io n s  6.3, 6.5 and 6.7 can be simpli fied when a  p a r t i c u l a r  C A I)  tool and 

fabr ica t ion techno logy  are chosen.  For an ex am p le ,  we use ( ' A l ) F N ( ' F  and a  C M O S  

techno logy  ( c m o s 3 d l m 5), a pai r  of N a n d  P t rans i s to rs  co n s u m es  10 (w i d t h )  v I!) 

(he ig h t )  sq u a r e  un i t s  of sil icon,  i.e. W pnir =  10 and //,,„,r -- 1!). T h e  height  of a 

p r o d u c t  line an d  th e  co r re spon ding spacing,  i.e. is 6 uni ts .  T h e  heights

of ar ea s  (a) a n d  (b) in the  gener ic  PLA shown in Figure  6.1 ar e  5 and M uni ts,  

respect ively .  T h e  w id th s  of t h e  areas  (c),  (cl) and (e) are  12, N, an d  6. T h u s ,  the  

Hboundary — 19 and  Wboun,i,tTy =  26. Replac ing  the  p a r a m e t e r s  iu e q u a t io n s  6.5 and 

6.7, we h a  rc

w „,, =  ^  +  /  +  0

r’A 3 -m ic ron  t e chno logy  suppl i ed  by the ( ' an ad i an  Microe lect roni cs  ( toroornt ioi i
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= 2.( 5 + /  +  0  (9.8)

2 /  1 9 +  19 , G „  u vh =  -------   +  _  > I

= ; r + o . : 5 2 / J (6.9)

For ex a m p le ,  if a  PLA has  2 i npu t s ,  2 o u t p u t s  an d  1 p r o d u c t  t e r m s ,  t h e n ,  we 

have W,,i„ 0.6 and ~  >1.28. T h u s ,  the e s t i m a t e d  silicon cos t  is a p p r o x i m a t e l y

28 T P L .

G. 1.1.3 Area es t im at ion  for m isce l laneous  s tructures

Tli'* TIM, m e t h o d  can be applied  easi ly  to e s t i m a t e  t h e  cost  of any s t r u c t u r e s  e x ­

c luded  from tho  first two categories.  For ex am p le ,  if a ro u t in g  ch anne l  occ up ie s  5 x 1(5 

s q u a r e  uni ts  of silicon, then its area cost is e s t i m a t e d  as (5 x l (> ) / ( / / ;JU,r x W,„UT) 

TIM,.

6 . 1 . 1 . 4 S u m m a r y

In s u m m a r y ,  t h e ' F P L  m e t h o d  provides  a uni form way to  e s t i m a t e  a r ea  cos t  of gene ra l  

des igns .  A l though  t h e  results  of T P L  es t im a t io n  are n o t  as a c c u r a t e  as exact, layout  

m e a s u r e m e n t ,  we bel ieve it is more  a p p r o p r i a t e  than  a  si in pie t r an s i s t o r  c o u n t  for 

t h e  following leasons .

•  T h e  'F P L  m e t h o d  is based on logic level des ign,  thus  layo ut  des ign,  which is 

needed in the  exact, layout  measures ,  is no t  requ ired  for th e  e s t i m a t i o n ;

•  Thi s  m e t h o d  is app l i ca ble  to genera l  c i rcui t  s t r u c tu r e s  unl ike  t h e  conven t iona l  

t rans is to r  count  m e t h o d ,  which is re s t r ic t ed  to s t a n d a r d  g a t e  i m p le m e n t a t i o n ;

•  For a given implementa t ion,  s t r u c tu r e ,  e s t i m a t i o n  eq u a t io n s  can  a lwa ys  be 

found by us ing th e  a r ea  of a t r an s i s to r  pai r  as a m e a s u r e m e n t  u n i t  in a  C A D  

tool. 'Fhese eq u a t io n s  then  can be  used by othe rs  who m a y  not  s h a r e  t h e  s a m e
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do'sign tool. T h u s ,  re la t ive ly fair ■•omparison can be  mad<’ a m o n g  des igns  wi th 

t he  s a m e  m e a s u r e m e n t ;

•  T h i s  m e t h o d  can be easily ad o p ted  to suppo r t  o t l .e r  technologies ,  such as 

N M O S  technology,  where'  t h “ m easu rem en t  unit is tin area of a s ingle  N M O S  

t rans i s tor ,

6.1.2 An Area Estimation Example

W e presen t  th e  ar ea  ov e rhead  es t im a t io n  of t he design e x a m p l e  g iven in sect ion 5.4 by 

us ing th e  T P L  m e t h o d  int roduced  in t he previous  subsect ion.  T h e  e x a m p l e  c i r c u i t , 

aptx /h  has  9 i npu t s ,  19 o u t p u t s  and  436 p ro d u c t  t e rm s  af te r  t s p n s s o  m in im iza t io n

(1) We first c a lc u l a t e  th e  a r ea  cost of the  original  a p c s j  PLA .  Using eq u a t io n s  

6.8 and 6.9, we have  I Ipi„ =  1T2.58, IP,,/,, — 80.6, and t h e  silicon cost  of the  original  

P L A  is a b o u t  4361 t r an s i s to r  pairs.

(2) We co u n t  t h e  a r ea  ove rh ead of the  PLA with the  output,  p a r t i t i o n i n g  scheme.  

T h e  cost  funct ion is d iv ided into two par ts :  t h e  a u g m e n t e d  circuit  wi th  LCAK 

e n c o d in g  an d  the  res t  of t h e  te s t ing  c i rcui t ry  in s t a n d a r d  cell i m p le m e n t a t i o n .

(a)  A u g m e n t e d  circuit .  It is a s sum ed  t h a t  apex/, is des igned us ing the  

o u t p u t  p a r t i t i o n in g  wi th  k  =  2 (p a r t i t i o n in g  o u t p u t s  into two segmem.s) 

a n d  r  =  2 x k  =  4, i.e. each seg m en t  is encoded by a 2 bit  LC AR  codes.

T h e  a u g m e n t e d  PLA has  9 inpu ts ,  23 o u t p u t s  an d  150 p r o d u c t  lei ms 

af te r  m in im iza t io n .  Using eq u a t io n s  6.8 and  6.9, we have W,,/,, 3,4.6

an d  Hpia =  147. T h e  a r ea  cost  of the  enc oded PLA is 5086 t rans is to i  

pai rs .  Hence,  th e  a r e a  overhead with th e  LCAK e n c o d in g  is (5086 

4361 ) /4  361 =  16.6%.

(b)  O th er  circuitry.  T h e  basic e l em ents  used to co n s t ru c t  the  bit sliced
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cells ( sin >v\ ii in I- iff 11 res -ri. 10. ■VI 1 and Figure,s 5.12) of «/rr.r^ in sec tion 

5.1 ar e  N A N  I K  KXOUs.  A N D  and I) flip-flops. T ab le  (i.l l ists I lie cost of 

each of t he e lem en ts  in n u m b e r  of t rans i s to r  pairs.  It is a s s u m e d  t h a t  the  

s t a n d a r d  2 pair t rans i s to r  im p le m e n ta t i o n  is used for t h e  N A N D  gates .  

T h e  cir< i d i a g ra m s  of the  F X O R  [43] a n d  the  I) flip-flop ar e  sh ow n  in 

F igure  (i.2 (b) and Figure  0.2 (a) respect ively.  T h e  A N D  ga les  consist  of 

pai rs  of t rans i s to rs  (2 for the  N A N D  funct ion a n d  1 for t h e  inver te r ) .

C o l u m n  1 of t able  0.2 is a list of bit-sl iced cells used in (die a p r x j  des ign.  

C o l u m n s  2, V I and 5 list the  n u m b e r  of  basic e l e m e n ts  requi red  by 

bit sliced cells, a n d  the  r ig ht -m os t  co lumn is t h e  co r re sp o n d in g  silicon 

c o s t .

Klrmenl Name Nil. (if Transis tor Pairs

NANI) 2

IOXOR 2

AND 3

i) fiip-iiup 10

Table  0.1: ( los t of  the  bas ic e l em e n ts

Figures  5.8 5.9 and  5.13 of C h a p t e r  5 depict, t h e  func t iona l  m o d u le s  

used in aptx/ , ,  t h e  M IC A ,  P U P C  an d  c o m p a r a t o r ,  respect ively .  T h e  a r ea  

cos ts  of these  modu les  can be found in T ab le  0.3. C o l u m n s  2, 8 an d  4 

pre sen t  th e  n u m b e r  of bit-sl iced cells requ ired  by th e  m odu les .  C o l u m n  

5 is the  n u m b e r  of conn ec to rs  needed,  a n d  co lu m n  0 shows t h e  to ta l  

n u m b e r  of t ra ns i s to r  pai rs  used in each ty p e  of cell.  T h e  to t a l  cos t  of 

each m o d u le  is given in co lumn 7. Th o  bot tom-r ight ,  e n t r y  is t h e  to ta l  

cos t.

Using th e  in fo rm at ion  provided in 'Fables 0.1, 0.2 a n d  0.3, 'Fable 6.4 s u m m a r i z e s
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Q

—►

Q

'  0  C i r c u i t  d i a g r a m  nl  I )  l ' l i , i - l l n | i  

( h )  C i r c u i t  d i a g r a m  o l  l iX< >U ga l e

F igur e  6.2: Circuit.  d i ag ram s  of basic bit  sl iced cells

t h e  cos ts of  a p ex j  wi th di fferent  te s t ab i l i ty  designs.  D a ta  on the  rows are  ex p la ined  

as follows:

(a) Row I shows the  cos t  of the  original  ci rcuit ,  TUil t r an s i s to r  pairs;

(b)  T h e  cos t  of t h e  original  apex/) c ircui t  with c o n c u r re n t  checking ( h ( ' A K  

code)  a lone  is given in row 2. T h e  a r ea  overhead in co m par i son  to the  

or ig inal  c i rcui t  is the  sum of:

•  tho  a i m b e r  of t r an s i s to r  pai rs for I lie coding p a r t  of c i r cu i t ,  (DUXfi

■1361),

•  th e  cos t  of the  conne ctor s  and the  c o m p a r a t o r ,  ( IS) ,  a n d

M u s t e r

- 0° -

S l a v c
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1

O i l  hlicci .1 m i l

2

N o .  o f  N A N D h

:s
N o .  o f  K X O I t s

•1

N o .  A N D h

5

N o .  o f  l ) s

(i

N o  I r a n .  P a i r s

M I C A d O / l / ' A H O O :i 2 - 1 2 0

M lO A I .V l/f / . 'A im u :i .’I - 1 2 2

M I C ’A ! ) 0 / H i i f r . T ;i 2 1 2 l

M K ' A V O / S l i i f t ■I 2 - 1 2 2

M I C A  i r .o /S liir t •I - 1 2-1

M K ’A 'JO / 2 2 - 1 18

p M ' c s o / s h i n •I 1 - 1 2 0

1’H P f  i 1 n o / S h i f t •1 2 - 1 £1/

A v e r a g e  i t II ros l, o. ' l - 2.1 1 21

C ’< >1 in .- .  t o r - - 2 - r>

2 i n p u l  M o d u l e  

(< o i n p n m t . o r )

(i - - (>

Table  6.2: (lost  of the  basic colls

•  tlio cost  in bi t-s liced cells for c o n c u r re n t  '■’becking is (21-4) x ( 2 3 + 4 ) ,  

where1 21 is t h e  average  cost  of bi t-s liced cells (see T a b l e  6.2),  (21- 

4) is t h e  cost  of a bi t-sl iced cell w i th o u t  s u p p o r t i n g  t h e  B I S T  an d  

S C A N  o p e r a t io n s ,  and (2 3+ 4)  is the  to ta l  n u m b e r  of b it -s l iced cells 

used.  T h u s ,  th e  a r ea  overhead  wi th re spect  to  the  or ig inal  apex// is 

1202/436 1= 27.6% .

(c) How 3 shows t h e  cost  of t h e  original  c ircui t  wi th  th e  B I S T  an d S C A N  

tes t .  It costs 4963 t ra ns i s to r  pai rs,  which, is t h e  s u m  of t h e  original  cost ,  

•1361, plus th e  cost  of  the  o t h e r  resources for t h e  M I C A  an d  P R P G ,  

(•176+180),  and  m inus  the  cos t  of th e  N A N D  ga tes  for c o n c u r r e n t  ch eck ­

ing in bi t-s liced cells, (2 x (2 3 + 4 ) ) .  T h e  a r ea  ov e rhead  over  th e  orig inal  

a p r x j  is 13.8%.

(<!) T h e  cos t  of o u r  proposed  sch em e  (i.e. wi th co n c u r r e n t  che ck ing  plus  the  

B I S T  and  S C A N  tes ts ) ,  shown in row 4, is 5790 T P L ,  w hi ch  is t h e  s u m
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1

B i t - s l i c e d  ce l l

2

M I C A

.1

I ’ H P t !

1

C o m p a r a t o r

r,

C \m n « M -to r h

o

N o  *»f l i n n

M I C A U O / L C A R O O 2

. ...
10

M I C A I 5 0 / L C A R I S 0 2 - 11

M I C A i l O / B u l T e r <1 s o

M I C A O O / S h i f t t) - 10 8

M I C A l f i O / S h i f t 1 -
M I O A H U / 5 - 1)0

P R P d O U / S h i f t - 8 100

P R P d  1 5 0 / S h i f t - 1 JO

C o n n e c t o r - - r» .(0
2 - i n p u t  m o d u l e  

( c o m p a r a t o r )

- a 18

T o t a l  T r a n .  1 a o s -

11 Jilt r .vuM/'m.ululr

170

I H - l

U)
. H

7 tM

T ab le  G.!5: Cos t  of 1.1 u' modu les

of th e  ' ’os t  of iho  original  c ircui t  wi th coding,  .r>08li, plus the  cos t  of the  

res t  of t h e  t e s t in g  c ircui try,  701 (see T ab le  ( id) .  T h e  to ta l  a rea ove rhead  

is ."2.8% over I,lie original .

It can  be  seen f rom Tab le  6 1 tha t :

(a)  W i t h  c o n c u r r e n t  checking a lone,  27. G%. area ove rhead  is requ ired  for 

apexJ), whi le us ing o u r  m erg ing scheme,  only ari add i t iona l  2% increase  

is needed  to  provide  b o th  on-l ine and off-line te s t ab i l i ty  (see row I j. Note  

also t h a t  we used cyclic codes for co ncurr en t  checking,  and thus  a, smal l  

checker ,  ins tead  of Berger  cod ing and a  < o rr e sp o n d in g  larger checker .  

More  d iscussion on th is  can be  found in Cha.pter7.

(b)  W i t h  B I S T  a n d  St.!AN tes t ing alone,  12.8% area o v e ih ea d  is indu ced  

by a d d in g  B IS T  and S C A N  ci rcui try.  To  use o u r  s cheme ,  an e x t r a  l!)%



( ' Im p le r  (i Cost ( 'hnnisl  er/.sgv.s 107)

D r s g i l i s N o .  o f  T r a n s i s t o r  P a i r s A r e a  O v e r h e a d  ( % )

1 O r i g i n a l '1301 0

2 C o i n  u r r r n l  c h e e k i n g '1301 +  120'2 2 7 . 0

I H I S T  +  S O A N -11)03 1 3 .8

•1 ( ' o n r n r m i l  c h e e s i n g .1080 +  7(/' l 3 2 . 8

r ms i i- s c ' a n

T ab le  (i.'l: C o m par i son  of different sch emes

(.T2.H LI.H) si I icon is needed l,o add concurrent,  chocking to  it,  as opposed  

to the  2 7 .(>% requ ired  by hav ing concurr en t  checking aione.

In s i 'm m a ry ,  we have shown th ro ugh  a  des ign ex a m p l e  how th e  T P L  m e t h o d  works.  

It provides  an elfieient, way to  e s t i m a t e  silicon cost, of des igns , i t  is b a se d  011 g a t e  

level logic des igns  b u t  also p e r m i t s  lower level desc r ip t ions  such  as t r ans is to rs .  Thi s  

m e t h o d  can be  used a t  diffc rent  levels of a  design hierarchy,  a n d  c o m p ar i so n s  a m o n g  

des igns  can be  m a d e  w i th o u t  d ep e n d in g  on th e  avai labi l i ty  of VLSI  de s ign tools.

6.2 C osts on B enchm arks

In t h e  previous  sect ion,  we i n t ro d u ce  a set  of formulas ,  which can be  used to e s t i ­

m a t e  t h e  silicon cost  of genera l  c i r cu i t ry  an d  provide  a  case s t u d y  e x a m p l e  of a r ea  

o ve rhead  e s t im a t io n .  Th i s  sec tion presents  various cost  m e as u re s  of o u r  p ropos ed  

test ing sc h e m e  011 Berkeley  b e n c h m a r k  ci rcui ts .  T h e  cost  m e as u re s  d iscussed in the  

following su bsec t i ons  a,re a r ea  ove rhead ,  a n d  te s t ing  t ime .  Fau l t  coverage  a n d  er ror-  

d e t e c t i n g  issues are  p re sen ted  sep a ra te ly  in C h a p t e r  7. In th is  expos i t ion ,  we use 

a  n u m b e r  ef  b e n c h m a rk s  to  i l lu s t ra te  th e  feas ibi l i ty  of the  sc heme ,  b u t  we do  not 

rely on t h e m  as proof of its effectiveness in all cases.  W h e n  d ea l i ng  wi th  c o n c u r r e n t  

checking techniqu es ,  one  m u s t  be aw are  t h a t  th e  en c o d in g  is very  d e p e n d e n t  on th e  

funct ion an d  one can a lways find co u n te r  e x a m p le s  for which a  p a r t i c u l a r  s c h e m e
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does  not work as well as o the rs  in area overhead.

6.2.1 Area Overhead

In our  e x p e r i m e n t s  on a r e a  overhead,  we look only at des igns  im p le m e n t e d  e i the r  

w i th  a  P L A  (two- level  co n s t ru c t )  or a s t a n d a r d  gate  real iza t ion ( m u l t i  level eon 

s t r u c t ) .  In the  a r e a  ov erhead  es t im a t io n  discussed in th is  sec tion,  we a s s u m e  that  a 

P L A  i m p le m e n t a t i o n  is used for t h e  main  par t  of a  circuit , and a s t a n d a r d  gal e  real 

izatiori is em ployed  for the  rest  of the  test c i rcui t ry  (i.e. the  HIST,  S C A N  resources  

a n d  th e  checker  for co n cu r re n t  checking) .  T h e  jus t i f i ca t ions  b eh in d  this a s s u m p t i o n  

a r e  twofold:  first of all, mos t  of the  work re por ted  in t h e  l i t e r a tu re  in concurrent,  

check ing  is for P L A  im p le m en ta t io n s .  Secondly,  the  circuit  d esc r i p t i on  of a PLA 

c o n ta in s  only  t h e  funct ional  in fo rmat ion  of t h e  c i rcui t ,  such as the  n u m b e r  of in 

p u t s ,  o u t p u t s  an d  p r o d u c t  te rm s ,  while the  co r re sp o n d in g  i m p le m e n ta i  ion s t r u c t u r e  

is im pl ied  and  is t h e  s am e  for all when a layout fo rma t  is chosen.  In cont rast ,  a ga le  

re a l i za t ion  m ay  g re a t ly  vary from one designer or  CAI)  package to  an o t h e r ,  and the  

a r e a  cos t  usual ly  d e p e n d s  on m a n y  o th e r  factors  such as cell l ibrar ies  an d  ro u t ing  

s t r a t eg i e s ,  etc.

T h e  discussion of ar ea  ove rhead  is d iv ided in to  two par ts :  I,he mai n  circuit, and 

t h e  res t  of  the  t e s t  ci rcui try.

6 .2 .1 .1  Area  overhead of  the  main  circuits

D esign ing the  a u g m e n t e d  c ircui t  of a given funct ion involves o b t a in in g  t h e  fully spec  

lfied (i.e. no “d o n ’t - ca re s” ) form,  ad d in g  code bits  to each o u t p u t  vector ,  m in im iz ing  

t h e  e n c o d ed  fu nc t ion and im p le m e n t in g  ii, as th e  a u g m e n t e d  circuit. ,  as del,ailed in 

sec t ion 5.1. N o te  t h a t  this  process is t h e  s am e  for PLA and g a t e  real izat ions.  T h e  

a r e a  o v e r h ead  is inves t igated  from four di fferent  perspect ives.
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(I j In t h e  previous  ch ap te r ,  we show that  lengt h -r  cyclic codes  can he* used 

to replace  o t h e r  er ro r-de tec t ing  codes for co n c u r re n t  checking,  a n d  we 

choose to im p le m e n t  t h e m  with LCARs.  However,  for a  g iven l en g th - /1 

code,  th e re  ar e  m an y  choices of LCARs.  Tab le  6.5 shows th e  a r e a  over ­

head of t h e  b e n c h m a r k  ci rcui ts  encoded  by L C A R  codes  g e n e r a t e d  by 

all length-2  an d  -3 primitive'  LC AR s.  T h e  ex ac t  silicon cost a n d  ar ea  

ove rh ead is e x a m in e d  by using C A D E N C E ’s PLA g e n e r a t o r  s ince  e i t h e r  

the  T P L  or the* p ro d u c t  term  co u n t ing  m e th o d s  m ay  not be ab le  to re­

l i e d  t h e  d ifference a m o n g  di fferent  L C A R s  of the  s a m e  length .  C o l u m n  

:t, A m i n ,  is the  ex ac t  a r e a  cost of  the  original  b e n c h m a r k s  af te r  espresso  

m in im iza t io n .  C o lu m n s  4 and  5 present  the  a r e a  o v e rh ea d  of L C A R  

code's g e n e r a ' e d  by length-2  LC A R s ,  “ 10” and “01” , respect ively .  S i m ­

ilarly, co lum ns  6, 7 an d  8 are  t h e  ar ea  overhead  of L C A R  codes  from 

longth-.'l p r im i t i ve  LC A R s ,  “ 100", “001” and  “ 110” .

O b s e r v a t i o n s :

va) W h e n  the  n u m b e r  of cod ing bits increases ,  t h e  ove rhead  u s u ­

ally increases.

(b) A re a  ove rhead of cyclic codes gen e ra t ed  by dif ferent  L C A R  

m ach ine s  of the  s a m e  length  may  vary signi ficant ly.  For e x ­

am p le ,  length-0  L C A R ,  “001” , in t ro duces  only  23.8% ov erh ead  

for c ircui t  con I, whi le LC A R s ,  “ 100” an d “ 110” cause  80.5% 

a r e a  increase.

(e) 'The area overhead  induced by encod ing d ep e n d s  heavi ly  on t h e  

nat  ure  of an im p le m e n ted  function.  T h e  bes t  L C A R ,  i n t r o d u c ­

ing th e  m i n i m u m  a rea  overhead  to a  c ircui t ,  can be  found by 

s imula t i on .
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(2) Table'  6.6 shows tho area  overhead e s t i m a t e d  in p r o d u C  t e rm  co u n t in g  

m e t h o d  [61, 62] on the  s am e  sot of b en c h m a rk s .  C o m p ar i so n s  are  m a d e  

am o n g  2-bit L CAR codes , res idue codes of th e  s am e  leng th ,  an d  Merger 

codes,  which usual ly recuiire more1 checking bi ts  T h e  area ove rhead  is 

dcTnod is t h e  p er cen tag e  of t h e  n u m b e r  of u o d u c t  t e r m s  increased af 

te r  encoding , over  t h e  nu n b e r  of produc t  t e rm s  of t h e  original  c i rcui t ,  

'[ 'able 6.6 provides  t h e  results of the  ex pe r i m en t s .  C o l u m n s  I and 

5 list th e  numbo'-  of inpu ts ,  o u t p u t s  an d  product  t e r m s  of the  c i rcui ts  

respect ively.  C o lu m n  6 is t h e  n u m b e r  of product  t e r m s  a l t e r  the  ini 

t iai m in im iza t io n .  C o lu m n s  7, !), and 11 give the  n u m b e r  of produc t  

t e r m s  af ter  ad d in g  a 2-bi t  cyclic code based on I,CAM ■')I , Mod 3 and 

Berge r  codes respect ively,  and minimizing.  Column.-. 8, It) and  12 are  

th e  p e r ce n tag e  increase  co m par ing  wi th  co lumn (i.

(3) T ab le  6.7 present s  t h e  ar ea  ove rhead  e s t im a t io n  in TIM, wi th  I d ' A l t ,  

res idue  and  Berge r  codes.  T h e  area  overhead  of an a u g m e n t e d  I’ LA in 

t h e  T P L  m e t h o d  is defined as the  n u m b e r  of t r an s i s to r  pai rs  increased 

af te r  ad d in g  t h e  checking bits.  T h e  t ab le  shows the  results  of t h e  «*sti 

m a t io n .  C o l u m n s  3 an d  I list the  n u m b e r  of inpu t s  and  out p u t s  of the  

c i rcui ts  respect ively.  C o lu m n  5 is t h e  n u m b e r  of t r an s i s to r  pairs  afte.  

th e  m in im iza t io n .  C o lu m n s  6, 8, and 10 give the  n u m b e r  of t r an s i s to r  

pai rs  af te r  a d d in g  a  2-bi t  cyclic code based on L C A IC  01, Mod.3 and 

Berger  codes respect ively,  and minimizing.  C o lu m n s  7, 0 and 1 I a r e  the  

p e r cen tag e  increase c o m p a r in g  with co lum n  o.

Observat ions  from (2) and (3):

(a) It can b • seen from Tables  6.6 a n d  6.7 t h a t  I lie area ove rhead  

of an a u g m e n t e d  C U T  is usual ly b e t t e r  wi th LCAK  codes th an
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wit h res idue cor] \s, and always  b e t t e r  Mian Berger  encoding (if 

th e  n u m b e r  of c ircui t  o u t p u t s  is g e a t e r  t h a n  one).

(b) T h e  a r ea  ove rhead  in Table  6.7 are h igher  t h a n  those  in T a ­

ble 6.6 in m os t  cases.  Tab le  6.7 not  only reflects t h e  cha nges  

in t h e  n u m b e r  of p r o d u c t  t e r m s  af ter  encod ing ,  b u t  also shows 

the  di fference in t h e  n u m b e r  of checking b i t s  in t ro duced .  For  

e x a m p le ,  d k ! 5  of Tab le  6.6 has  the  s a m e  n u m b e r  of p r o d u c t  

t e r m s  (17) af ter  ad d in g  th e  LC A R ,  m od3  and  Berger  codes.  

T h u s ,  the  th ree  e r ro r-de tec t ing  codes have t h e  s a m e  a r ea  o v e r ­

head.  It is obvious  t h a t  t h e  ar ea  ove rhead  for Berge r  co d e  

is u n d e r e s t im a te d  since t h e  5-output,  c ircui t  requires  a 3-bi t  

Berge r  coch bu t  only  2-bit  L C A R  an d  m o d 3  codes.  T h e  d a t a  

shown in Tab le  6.7 also shows th e  effects of th e  increased n u m ­

ber  of p ro d u c t  t e r m s  or checking bi ts  on t h e  c i rcui ts  of di ffer­

ent sizes. T h u s ,  th e  T P L  es t im a t io n  is sup er io r  to t h e  p ro d u c t  

t e rm  co u n t in g  ap p ro ach  for a r ea  e s t im a t ion .

To m a k e  co m par i sons  wi th  the  a r ea  overhead  o b t a i n e d  from t h e  two 

level ( P L A )  real iza t ion above,  e x p e r i m e n t s  us ing m u l t i p l e  level g a t e  im ­

p l e m e n t a t i o n s  were also pursued .  T h e  a r ea  cost  is ev a lu a t ed  by m e a n s  of 

OASIS,  in pa r t i c u la r ,  us ing the  p ro g r am  decaf. Deca f  take s  an espresso  

form of circuit, des c r ip t ion,  and p roduces  t h e  co r re spond ing  m u l t i p l e  level 

g a t e  rea l izat ion au tom at ica l ly .  It. provides  two sets  of i n f o r m a t io n  re­

g a r d in g  silicon cost:  t h e  types  of gates  a n d  n u m b e r  of gates  u sed ,  and 

th e  exact  a r ea  cost in a  design.

Fable 6.8 shows t h e  a r ea  cost, of some b e n c h m a r k  ci rcuits.  C o l u m n s  2, 

3, 1 an d  5 are t h e  n u m b e r  of i npu t s ,  o u t p u t s ,  to ta l  n u m b e r  of  gates ,  

an d  si l icon cost of t he original  c ircui t ,  respect ively.  C o l u m n s  6 a n d  8 list
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t h e  n u m b e r  of gales  an d  ar ea  cost  af te r  ad d ing  2 bit LC A R  codes , and 

c o lu m n s  7 an d  9 are  th e  percen tage  increase of the  a u g m e n t e d  c i rcui ts  

over  t h e  original  ones.  Simi larly,  co lumns  10 to  12 are  for Mod-2 codes.

O bservat ions  and discussions  from (4):

T h e  p e r cen tag e  increase of a r ea  ove rhead in m u l t i p l e  level im p le men t  a 

l ion  is bigger th an  those  of PI,A rea liza tion.  Mod-2 codes  give lower 

a r e a  ov e r h ead  than  L C A R s  in terms of n u m b e r  of gale's used,  for this 

se t  of  b e n c h m a r k  c ircui ts .  T h i s  is not n e e e s s a r l y  t r u e  in genera.!, and 

needs  to  be  fu r th e r  e x a m in e d .  T h e  i m p o r t a n t  point  is tha t  t he n u m b e r s  

a r e  q u i t e  close. W h e n  exact  silicon cost is .•oncerned,  t h e  c i rcui ts  wi th 

L C A R  e n c o d in g  show some be t t e r  results.  T h e  leason be h ind  th is  is 

t h a t  OA SIS  cell b i n a r y  con ta ins  gates  wi th var ious iizes. Pur e x a m p le ,  

b o t h  a  2-input,  and 6 - input, g a t e  are coun ted  as one  gat e ,  lint the  size of 

t h e i r  g e o m e t r y  layout  differ significantly.  It should  also be no ted t h a t  

t h e  d a t a  in T ab le  6.8 ar e  des ign- tool-dependent . .  T h e y  rely on th e  des ign 

of t h e  cell l ibraries ,  t h e  p lacement  and rout ing  a lg o r i t h m s  used,  etc.

For th is  set  of b en c h m a rk s ,  Mod-2 codes  seem to i n t ro d u c e  lower area 

o v e r h ea d  t h a n  LC ARs .  However,  when both  on-l ine  a n d  off line t e s t a  

b il i t ies  are  requir ed ,  LCAR. codes are  more1 cost, effective b ec au se  of the  

m e r g in g  of h a r d w a r e  resources  in the  two test, modes .

6.2 .1 .2  A rea  overhead of the  rest of  t e s t  circuitry

In t h e  pre vious  sect ion,  we have shown how t h e  T P L  m e t h o d  can be used to e s t i m a t e  

a r ea  cos t  of des igns .  In t h e  apef// design,  o u r  s ch eme provides  bot h  on line and off 

line t e s t ab i l i ty  wi th  s igni ficant  savings  in silicon when c o m p a r e d  wi'.li i n c o rp o ra t i n g  

c o n c u r r e n t  checking,  and 131ST and  SCAN separa te ly .  For t h e  given ex a m p l e ,  oidy 

an e x t r a  3% and  19% increase  is required if the  co n c u r r e n t  checking an d  off line
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t e s t i n g  arc  associa ted  wit h a design in t h e  first place,  respect ively  (see T a b le  6.4),  as 

opp o sed  to  27.6% an d  13.6%. If Berger or o th e r  convent ional  e r r o r -d e t e c t in g  codes  

a r e  used,  t h e  cost  of  the  code gene ra to r  (which is par t  of th e  checker)  would ad d  

significant overhead to  the  cos t.  It m ay  m ake  th e  to ta l  silicon cost  exceed  t h a t  of t h e  

or ig inal .  T h e  main  saving of our  s ch em e  is from the  L C A R - b a s e d  co de  g en e ra to r ,  

which is inexpens ive  in im p le m e n ta t i o n  and can be  shared wi th  the  B IS T  a n d  S C A N  

resources .

Tabl e  6.!) s u m m a r i z e s  t h e  area  overhead of t h e  te s t ing  c i rc u i t r y  (excl ud ing  th e  

a u g m e n t e d  c i r cui t )  for ou r  proposed schemes  in T P L  e s t im a t io n .  We a s s u m e  t h a t  

e v e ry  in p u t  and  o u t p u t  of a design co r responds  to a bi t -s l iced B IS T  cell,  i.e. e i t h e r  

coniK t ing to a PR PCI and a  d a t a  c o m p a c to r  or a  scan register .  T h i s  is t h e  m o s t  

e x p e n s iv e  case  when h a r d w are  overhead is concerned ,  as opp o sed  to  pa r t i a l  scan or 

p a r t i t i o n i n g  t echn iques  for t h e  (HIT.  C o lu m n  2 shows t.lv.- n u m b e r  of  b i t -s l iced cells 

re qu ir ed  for each scheme.  C o lu m n  U is t h e  co r re spon ding n u m b e r  of t r a n s i s to r  pai rs ,  

w h e r e  fac tor  21 is t h e  average- cost of a  bi t-sl iced cell from T ab le  6.2, a n d  the  P ( c )  

is t h e  cost  of  the  p r i m a r y  sch e m e  def ined as follows:

P (c )  =  in +  2r  i f  n  +  [in +  r )  <  in +  2 r (6.10)

/■’(c) =  n + in +  r i f  n  +  [rn +  r) > in +  2r. (6.11)

w h e r e  the  (in  +  2r)  in the  i f  s t a t e m e n t s  is the  n u m b e r  of bi t -s l iced cells requi red  in a 

de-sign ( ( in  +  c) -bi l  for the  o u t p u t  buffer and r -bit  for the  L C A R  c o m p a c t o r ) .  T h e r e  

are- two cases  hen-: (1) ther e  is an equal  or sm al le r  n u m b e r  of b it -s l iced cells in t h e  

B I S T  re-sources t h a n  the  ( in  +  2c) cells for the  co n c u r r e n t  checking;  (2) t h e re  are  

m o r e  b it -s liced cells in the  B I S T  resomce .  For (1) as shown in e q u a t i o n  6.10, t h e r e  

are- (in -|- n -f r )  bi t-sl iced B IS T  cells, where  in, n and  r  a rc  t h e  n u m b e r  of in p u t ,

o u t p u t  an d  coding bits  of th e  design.  T h ese  cells can be  modi f ied  for c o n c u r r e n t

checking.  For (2), s ince  (m  + n + r) < ( m - f 2 r ) , a n  add i t iona l  ( m + 2 r )  — ( m + 7 i + r ) - b i t  

sl iced celis ar e  needed when co ncurr en t  checking is i n t ro duced .
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F ig a ro  6.3 shows I ho logic d i a g r a m  of a I -  in -  I mull iplexor.  In genera l ,  a 

m u l t i p l e x o r  of .s control  inpu t s  an d  2s d a t a  inpu l s  forms a 2" to I mul t ip lexor .  

A s s u m e  t h a t  an  /’- input  N A N I)  g a te  requires i t r an s i s to r  pai rs .  S i i c e  the re  a n '  2'  

N A N D s  a t  the  first level and  each of t h e m  has (.s +  I ) i npu t s ,  t h e  n u m b e r  of I raus is tor  

pai rs  a t  th e  first level is 2'’ x (,s -f I). S imi larly,  2-’ t r an s i s to r  pairs ar e  needed for 

t h e  second level NAN I) .

w

s O ' s l s ( ) s l

i l lill)

Figure  6.3: Logic d i ag ra m  of a I -- In -  I m u l t i p lexo r

Moreover ,  each of t h e  ,s controls  needs  two inver te rs  (2 I ,rausistor pairs)  to  gen 

o ra te  t h e  t ru e  an d  c o m p l e m e n t a r y  signals internally .  T h u s ,  t h e  cost of a. 2" to  I 

rti i l t ip lexor  is

2* x (.s +  1) +  T  +  2s = 2* x (,s +  2) + 2s.

In t h e  a r ea  ove rhead  es t im a t io n  above,  we are  aw are  of ignor ing th e  ro u t ing  cost,, 

which can  be easi ly  in co rp o ra ted  into of the  'I F F  m e t h o d  when a p a r t i c u la r  des ign 

is cons idered  (see Sect ion 6.1.1).

6.2.2 Performance and Testing Time

T h e  t e s t i n g  t i m e  of t h e  proposed  s ch em e  varies in t h e  three  m o d es  of o p e r a t io n .
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N O R M A L / c o n c u r r e n t  c h e c k i n g .  In c h a p t e r  5, we def ined two m e a s u r e ­

m e n t s  for t h e  p e r fo rm ance  of co ncurr en t  checking:  concurrent  checking la tency  and 

concurren t  checking interval.  T h e  former  is def ined as th e  t im e  del ay  to s ign 'd a 

fault  in real t ime (defined di fferent ly from [d8]); while t h e  l a t t e r  is th e  n u m b e r  of 

consecu t ive  output ,  words  between any two checked o u t p u t  words,  p lus  one.

In Tab le  (i.K), in is th e  n u m b e r  of o u t p u t s  of a  circuit, u n d e r  t e s t ,  and k  is th e  

n u m b e r  of pa r t i t i o n s  over th e  o u tpu t  bits.  It can be  seen t h a t  the  p r i m a r y  s ch em e  

has  the  larges t  co n c u r re n t  checking la t ency an d  interval.  T h e  p a r t i t i o n in g  s ch em e  

improves  t h e  two p a r a m e t e r s  by a factor of \ / k .  M u l t ip lex ing  achieves  100% con­

c u r r e n t  checking  (i.e. checking every o u t p u t  word)  wi th rn clock latency.  Final ly,  

p a r t i t i o n in g  and  m ul t i p lex ing  imposes  the  smal le s t  checking la t ency,  [ y ] ,  a n d  the  

in terval ,  I. T h e  bes t  known merging sch eme is by Sa lu ja  cl ed [48]. T h e  c o n c u r r e n t  

checking  in terval  of its p r im ar y  sch em e  is 1 an d  th e  checking  l a t en c y  can  be 2", 

w he re  u is t h e  n u m b e r  of  C l f ' t 1 inputs .

B I S T .  T h e  s ig n a tu r e  analys is ,  used in th is  case,  can b e  e x h a u s t i v e  or  non- 

ex h a u s t iv e .  In the  case  of ex h a u s t iv e  test ing ,  th e  PRPC1 goes  t h r o u g h  all  2 ” — 1 

poss ible p a t t e r n s  an d  a s ig n a tu re  is o b ta in ed  a t  the  end of th e  lest ,  where  n  is th e  

n u m b e r  of i n p u t s  of th e  (H IT .  T h e  tes t ing  t i m e  is thus  2" — 1 -f- t =  2n , where  I 

is t h e  n u m b e r  of (dock cycles required to ini t ial ize the  B I S T  m ode .  If a s y s t e m  is 

des igned  to  com ply  wi th  the  I F F F  Std .  1149.1, then  t = I +  1 c locks  ar e  needed ,  

w he re  / is (lie n u m b e r  of clock cycles to shift  t h e  B I S T  m o d e  in s t ru c t io n  in t o  th e  

in s t ru c t io n  regis ter  of the  b o u n d a r y  scan control ler ,  and I is the  n u m b e r  of clock 

cycle's requ ired  to swi tch  the  sys tem  to  the  B IS T  mode .  T h e  p e r f o r m a n c e  o f  off-line 

B I S T  is unaffec ted  by the  new merged scheme.

S C A N .  A s im ple  scan ope ra t ion  requires  t clock cycles to se t  up  t h e  te s t ing  

m o d e ,  2 x L cycles to  shift-in and o u t  the  scan d a t a ,  an d  1 cycle to  exerc ise  t h e  

( ’F T  for a co m b i n a t i o n a l  logic, where  L is the  length  of t h e  scan p a t h .  A s e q u en t i a l
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c i rc u i t  requires  the  s a m e  se t -u p  t ime ,  hut I \  /, cycles to shift in and out d a t a ,  a n d  '2 

c lock cycles to  exerc ise  th e  c i rcui t ,  one for the  in i t ia l iza t ion and  one for eva lua t ion.  

Aga in ,  this  p e r fo rm a n c e  is unaffec ted  by th e  new merged scheme.

6.2.3 Design Complexity

O n e  solut ion to th e  des ign com plex ify  of i n t ro duc ing  te s t ab i l i ty  is to use s t r u c t u r e d  

a p p r o a c h e s  and to  au to m a ta '  the  design process.  Some VLSI  C A D  tools have in 

e lu d ed  var ious  t e s t ab i l i ty  features  and great ly  reduced th e  design complex i ty .  T h e  

pro po sed  t e s t i n g  schemes  in this d i sser t a t i on  arc' all s t r u c t u r e d  ap proaches .  T h e  

e n c o d in g  process  a d d s  com plex i ty  to the  des ign,  b u t  the  p ro ced u re  is a u t o m a t e d  by 

us in g  our  p r o g r a m  ccinini. ( t h e  m an u a l  page can be  found in A p p e n d ix  2).

6.2.4 P in  Count

W e claim t h a t  ou r  pro po sed  sc heme  s u p p o r t s  t he  IKKK Slab I I If). I . T h e  mini  

m u m  n u m b e r  of pins  required  by flu* s t a n d a r d  is four. T h e y  are:  /In l i s t  clock  

i n p u t ( T ( I K ) ,  the lest  mo de  select input ( ' I'M S),  the l i s t  data  t n p u l ( T I ) l ) ,  an d  tin 

tes t  data output  ( T O O ) .  W i t h  ou r  scheme',  an e x t r a  pin can be i n t ro d u ce d  lac signal  

a  fault  in c o n c u r r e n t  checking.

6.3  Sum m ary

In th is  c h a p te r ,  we present a  new area e s t im a t io n  m e t h o d ,  T ra n s is to r  I’ai r  Layout. 

( T P L ) .  T h e  main  goal of th e  T P L  m e t h o d  is to provide a uni form m e t h o d  of area 

e s t i m a t i o n  for genera l  c i rcui t  i m p le m e n ta t i o n  s t r u c tu r e s ,  wi thout going down to 

l ay o u t  level des igns ,  and  al lowing design com par i so ns  to be m a d e  in des ign houses  

t h a t  do n o t  have access to  d ie  s a m e  T A D  tools. T h e  'I PL  m e t h o d  em p lo y s  th e  area 

of a  t r an s i s to r  pai r  as a m e a s u r e m e n t  un i t  and relies on des igns  m a in ly  a t  the  logic
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g a l e  level. 'I’lie e s t im a t io n  a r e u r a r y  lies between c x a r l  layout  and conve n t ion a l  

t r an s i s to r  count ing .  An area  e s t im a t io n  e x a m p l e  us ing the  T P L  m e t h o d  for our  

proposed s ch e m e  is provided.

We pre sen t  various cost  measu res  of our schem on Berkeley b e n c h m a r k  c ircui ts .  

T h e  a r ea  over head  is ex a m in e d  for t h e  a u g m e n te d  c i rc u i t  func t ions  a n d  th e  res t of 

th e  te s t ing  ci rcui try.  We show the  exact  a r e a  cost of  the  cyclic codes  g en e ra t e d  

by di fferent finite s t a t e  mach ines  of the  s a m e  length.  T h e  results  a r e  funct ion-  

d e p e n d e n t .  Overa l l ,  t he  a r ea  overhead  of cyclic codes  in concurr en t  che ck ing is 

c o m p a r a b l e  to residue codes  of the  s a m e  length ,  and m o r e  cost ef fec tive t h a n  Berge r  

codes.  For the  rest  of the  te s t ing  ci rcui try,  s igni ficant  savings  can be  o b t a i n e d  by 

m erg in g  t h e  on- l ine  and  off-line resources.

T h e  Ic.sling t im e  is eva lua ted  for co ncurr en t  check ing  and off-line t e s t  separa te ly .  

In t h e  former ,  o u r  proposed p r i m a ry  scheme achieves  m  clock c o n c u r r e n t  checking  

la tency,  as opp osed  to the  2” in ['18], where  rn and n  a r e  the  n u m b e r  of  i n p u t  a n d  

o u t p u t  of th e  C U T ,  respect ively.  For the  l a t t e r ,  the p e r f o r m a n c e  is n o t  af fec ted  by 

merg ing.  B e t t e r  p e r fo rm an c e  can be  ob ta ined  by using o u r  modif ied  s t r u c t u r e s .  The 

bes t  a c h ie v e m e n t  is having every  o u t p u t  word checked wi th  ( r n / k )  che ck ing latency.

f a u l t  coverage of cyclic codes is an o th e r  m a in  concern  of th i s  re search.  In C h a p ­

ter  7, we formal ly  i n t ro duce  t h e  fault  models ,  er ror  coverage analys i s  a n d  p re sen t  

faul t  s im u la t i o n  resul ts  on b e n c h m a r k  ci rcui ts.
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1 2 3 ■1 5 0 7 8

T y p e N a m e A m i n 1 , C A H =  10 L C A i m o i U ’A I U  100 U ’A l t  001 U  ’A H  n o

t ur n2 ) % % % % %

( ’ rrl8-l 5 , 2 2 1 , 1 9 2 7 7 1 1 2 1 1 2 i 1 2

O O s y m 1 , 7 7 0 , 7 3 2 8 8 8 8 8

M r o u l 2 7 0 , 0 0 0 0 5 . 5 13 8 0 . 5 2.3.8 8 0 . 5

B m i s e x  1 -KM,-100 11 1 1 12.2 12.2 12 .2

I niixex . ' ! 2 6 0 , 0 2 0 ,8 - 1 2 -

N b w 1 ,1 1 8 ,3 0 ! ) 5 .3 5 . 3 10.2 1 0 .2 10 2

A f2 222 ,0 -10 18 .9 18 .0 3 2 . 8 2 7  1 2 0 . 7

T i d  5  3 5 8 2 , 0 2 7 10 .8 10 .8 12 .5 12.5 1 2 .5

I r d 7 3 2 , 2 7 3 , 0 5 8 13.1 10 1 2 .8 1 2 .8 1 2 . 8

C) s a o 2 1,- M 0 ,2 8 0 10.1 I0.-I 18 .5 18.5 10. 1

N 5 x p l 2 1 3 , 1 0 0 7 .5 7 .5 17 .5 17 .5 17 5

S b b t a s 3 0 0 , 0 3 3 2 .5 0 0 0 (I

E d k l - l 5 2 0 , 3 5 0 5 .7 10.1 0 0 (i

Q d k  1 ,r> 3 0 0 , 5 2 0 0 0 0 0 0

U (Jk 10 2 , 0 5 7 , 5 8 0 0 0 0 0 0

E elk  17 '10-1,000 0 0 0 0 0

N d k 2 7 2 3 7 , 0 0 0 0 0 0 I) 0

T r lkf l 12 59-1 ,2 10 0 0 0 0 0

I d o n f i l c 0 37 , -18 0 0 0 0 0 0

A li o n O 3 0 0 , 1 0 5 0 0 0 0 0

I, m o d u l o  12 5-11,2 00 0 0 0 0 0

s h i f t  ro g 210 ,7 -10 0 0 5 .3 5 .3 5 3

T a h i r  fi.b: C o m p a r i s o n  of a r e a  overhead us ing different, LC AR  codes  of (lie s am e  

leng th
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1

l y ij,>

2 :i '1 5 6 7 8 9 10 11 12

N n i i i c

N<<.

in p u t .

N « .

m i l  pu t.

N o .

p r o d u c t

N o .

p m i n

n o  a h = 01 M o d 3 B e r g e r

p r o d u c t % p r o d u c t % p r o d u c t %

r r d 8 -l s -1 2 5 0 2 5 5 2 5 5 0 2 5 5 0 2 5 0 0.-1

o llHyiu 9 1 8 7 85 88 - 1.2 8-1 - 1.2 15 0 7 9 . 3

M • o n  1 7 2 9 9 9 0 17 8 8 . 9 22 1-1-1 .-1

H MHKOX I 8 7 82 12 18 8 . 3 13 8 . 3 18 5 0

1 l l lixox .) h i M 18-18 0 9 0 10 -1-1 5 1 . 3 1331 9 2 . 9 1 9 3 7 1 8 0 . 7

N i )W 5 2 8 8 7 22 22 0 22 0 2-1 9 .1

A n •1 <1 12 8 9 12 .5 10 2 5 15 8 7 . 5

r r d 5 3 5 8 2 81 31 0 31 0 3 2 3 . 2

i r<l7:t 7 a I 'll 127 129 1.0 127 0 1 2 8 n .8

o s n o 2 10 <i 5 8 58 5 8 0 5 8 0 60 3.-1

N 5 x p  1 7 10 75 I’vt 9 7 51.2 127 98.-1 1 15 7 9 . 9

S 1)1)1. HH 2 2 2 ‘l 10 16 0 17 6 . 3 1 7 6 . 3

K (Ik h i :> 5 5 0 25 2 8 12 2 8 12 2 7 8

y (III If. :s 5 8 2 17 17 0 17 0 17 0

i i <lk Hi 2 a 108 55 55 0 5.5 0 5 8 5 .5

i'. <lk 17 2 a 82 20 20 0 20 0 21 5

N <lk27 i 2 H 10 10 0 10 0 10 0

T <11(512 i a 8 0 21 21 0 21 0 22 -1.8

1 t l o u f l l c 2 i 9 0 2‘1 2-1 0 2-1 0 2-1 0

A l i o n D 2 i 25 10 10 0 10 0 10 0

1, m o d u l o  1 2 1 l 2<1 2-1 2-1 0 2-1 0 2-1 0

s l i i f t i r g 1 i 10 9 9 0 9 0 1 0 1 1 . 1

T ab le  6.6: A re a  ove rh ead in t e rm s  of n u m b e r  of p r o d u c t  t e r m s
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1 2 3 '1 5 ti 7 I , 0 I .

N o . N o . N o . I , C A B  = 01 M o d . l H r t ' u c r

Typo Name i n p u t output ' I T ( m i n ) N o.  T.l> . % N o .  l . | - % N o .  I I '  [ %

c H 8 3 8 ■1 123 S 1 *10*1 13.7 1303 13 .7 1 9 9 5 2 1 1

0 O ay in 1) 1 381 ■130 M . l 3 3 0 , 13 .3 7 2 0 8 9

M r o n  1 7 2 0 8 8 0 17.0 1 15 0 9  1 1.37 101 5

B I t l i sn x  1 8 7 120 l i t ) 10 .7 130 10 .7 1 8 0 5 0

I m i s e x . i M H 0 8 0 8 1008!) 0 0 .3 1 3 9 8 3 1 0 . 2 1 5 5 0 2 1 9 . 7

N bw 5 2 8 3 5 7 3 7 8 5 .9 3 7 8 5 0 13.3 21 .3

A f2 •1 ‘1 5!) 73 2 5 .3 78 3 2 .2 100 7! .7

T rein:) 5 :i 137 102 18.2 103 19 137 2 1 9

I r d 7 3 7 :i 5 5 0 0.10 17.3 0 3 7 1 5 .8 091 H i . 5

( ) »au2 10 >1 3 5 7 ■101 12.3 301 1 2 .3 135 21 8

N 5 x p l 7 it) ■Hit) 7 3 5 00 0 3 3 10.5 93!) 109

S bbtaa 2 2 5.) 7 0 20.0 7 3 3 5 .1 7.3 .05.1

E elk 1 3 5 117 151 29.1 151 29 .1 1 5 8 3 5

Q t i k i  5 3 s 8!) 100 19.1 100 19.1 1 I I 28 .1

U d k l d 2 3 157 197 2 5 .5 108 '0 .1 2 0 0 .31.2

E d k  17 2 3 71 9 0 2 0 .8 9 0 2 9 .3 9.3 31

N ( I k 2 7 1 2 3 5 ■17 3 3 . 3 3 7 3 0 . 3 3 7 .39.3

T ( I k 5 12 1 3 00 83 3 1 . 2 83 31 .2 HO 3 9 . 3

1 donp .l l ! 2 1 (it) 81 35 81 3 5 7 0 10 .7

A l ion! ) 2 1 35 •17 3 3 .3 37 .33 .3 II) 1 0 .3

L m o d u l o  12 1 1 ■1!) 7 0 32.!) 7 0 0 2 .9 5 9 2 0  9

a l i i f t r o g 1 1 2 0 2 0 0 20 0 28 7 '/

T ab le  6.7: Area  ove rhead in TIM/ e.sl imal.ion
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1 2 :t '1 S 0 7 8 9 10 11 12 13

N o . N o . Thu O r i g i n a l 2- b i t  L C A R ( O I ) M o d 3

N a m e in p u t . n u t  p u t N i l . '  l a t e A n u t N o . G a t e % A r e a % ( late % A rea %

r u n  1 7 2 IS 2 1808 22 •10.7 2 9 0 9 0 3 0 . 2 3 0 100 -10*100 112.8
h w r, 2H i : m 200-180 159 15 .2 2 3 .1 3 2 0 1 3 .5 1*10 l . ' l 2 0 5 0 8 8 - 0 . 7

(2 -I ■1 2 0 2598-1 21 5 2 9 0 9 0 M . 3 20 0 3 3 ' I C S 2 8 . 6

nlr . : i 5 :t <10 SO 1 'H 00 5 0 8 0 7 0 8 5*1.5 '12 5 6-10 3 2 1-1
r d 7 : i 7 3 0-1 1 '11S 2 0 158 0 8 .1 2 3 0 1 7 0 0 0 . 9 133 '11.5 1 9 -1880 3 7 . 7

rd8- l 8 '1 178 2 7 0 9 7 6 2 7 8 5 0 .2 .10878 '! 5 0 . 9 2 3 9 3 ‘1.'I 3 6 3 7 7 6 3-1.2

s a o 2 It) -1 120 1 8 2 3 5 2 185 50.'1 2 7 2 8 3 2 '19 .6 151 ;2 .8 232-16-1 2 7 . 8

.'> X | ) I 7 10 1 OS I S'10'18 178 0 9 . 5 2 6 2 0 2 ' ! 7 0 . 5 156 '17.2 2 3 6 1 7 6 5 3 . 3

Table  6.8: A re a  ove rhead  for s t a n d a r d  g a te  rea l i za t ion

Schemes No. of bit-sliced cells No. of T.P.

Primary P(c) 21  x P ( c )

Partit ioning P(c) 21  x P ( c )

Mutipli-xing P(c)  X rn 21 X P ( c )  X rn

+ m  to 1 Mux. •f m  to 1 Mux.

Partit ioning

k I ’ t c )  x  i f  1 2 !  x  P ( c )  X i f ]

Multiplexing + f ^ l - l o - 1  Mux. +  f x l ‘ tH"* M , l x -

Table  6.9: Area  cos t  formulas  for di fferent  t e s t in g  s chemes

Schemes Concurrent Cheeking 

Latency

Concurrent Checking 

Interval

Primary rn m

Partit ioning i f ] r f i

Mutiplexing m i

I’arti tioning

k

Multiplexing
f f i i

T ab le  6.10: Im p a c t  on c o n c u r re n t  checking
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C hapter 7 

Error C haracteristics

In C h a p t e r  5 we p re sen ted  a  new te s t ing  scheme,  which e m ploys  ! ,I*'SK/!,(’AK 

b ase d  cyclic c ede  checking as a  m e d iu m  to com bine  t h e  co n c u r r e n t  checking  and 

s i g n a t u i e  analy s i s  in a  bui l t- in  fashion,  and uses bi t-s liced U \ S U s / L ( ’AHs as the  

i m p l e m e n t a t i o n  m ech a n i sm .  T h i s  c h a p te r  is dev o ted  to  the  e r r o r d e t e c t i n g  capa, 

b i l i t y  of L F S R / L C A R  codes.  T h e  inves t igat ion is carr ied  o u t  on b o th  I’LAs and 

gene ra l  c i rcui t ry ,  by m e an s  of s imula t ion.  In section 1, we give* t h e  p re l iminar i es .  In 

sec t ion 2, gene ra l  er ror  coverage of several  er ro r-de te t  t i n g  codes is given.  In sec tion 

3, we pr e sen t  som e  s im ula t ion results  on fault  coverage of er ror  d e t e c t i n g  codes.

7.1 P relim inaries

7.1.1 Definitions

A n  error  is a  resul t  of noise in a  co m m u n i c a t i o n  sys tem  or fault effects in a defect ive  

c i r cu i t .  In on- l ine  B IS T ,  concurr en t  checking t echn iques  em ploy  e r r o r d e t e c t i n g  

codes  as p a r t  of a  fu n c t io n ’s specif icat ion.  It is achieved by e n c o d in g  a given d(i,la 

w o r d  wi th an  e r ro r -d e t ec t i n g  code,  and co n c a te n a t in g  the  g e n e r a t e d  r /urki ii f j  bits 

t o  t h e  d a t a  word to form the  rode word. Dur in g  no rmal  o p e r a t i o n ,  th e  r e co m p u ted
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checking bits,  calk'd I,lie s ignature,  a rc  o b t a in ed  from the  o u t p u t  d a t a  word and 

c o m p a r e d  wi th t h e  a t t a c h e d  checking bits.  If th e  s ig n a tu re  differs from t h e  checking 

bi ts ,  an e r ro r  is de tec ted .

An err or  pat tern  is an er roneous  code word,  which differs f rom  th e  co r rec t  code 

word.  F r r o r  p a t t e r n s  can be  classified into the  following two categor ies :

1. Unidirect ional  error  pattern:  an er roneous  code word t h a t  has only  1 —> 0 or 

0 I e r rors  in it;

2. Bidi rect ional  error  pattern:  an er roneous  code word t h a t  co n ta in s  b o th  1 —> 0 

and 0 — > 1 errors .

D e f i n i t i o n  7 .1  The behaviour  of er ro r -d e tec t in g  codes  is desc r i bed  in t e r m s  of the i r  

error  coverage.  We define

1. Unidirect ional  error  coverage is t h e  total  n u m b e r  of unid i re c t i ona l  e r r o r  p a t ­

t erns  d e t ec t e d  by an er ro r -d e tec t in g  code over t h e  to ta l  n u m b e r  of  u n id i r ec ­

t ional  er ror  pa t t e r n s ;

2. Bidirec t ional  error  coverage  is t h e  to ta l  n u m b e r  of b id i rec t iona l  e r ro r  p a t t e r n s  

d e t e c t e d  by an er ror-control  code over th e  total  n u m b e r  o f  b id i rec t ional  er ror  

p a t t e r n s ;

3. Total  error  coverage  is the  to ta l  n u m b e r  of er ror  p a t t e r n s  d e t e c t e d  ( b o t h  u n i ­

d i rec t ional  an d  bidi rec t ional )  over the  ‘otal  n u m b e r  of e r r o r  p a t t e r n s .

7.1.2 Error-detecting Codes: Berger, R esidue, L FSR /L C A R

In C h a p t e r  5, we in t ro duced  L F S R / L C A R  codes as an a l t e r n a t iv e  to  conven t iona l  

e r r o r -d e t e c t in g  codes  in co n cu r ren t  checking.  L F S R / L C A R  codes  are  genera l  er ror-  

d e t e c t i n g  codes t h a t  can be  used for b o th  P L A -b ased  an d  conv ent ion a l  logic app l i ­

ca t ions .  T h r o e  e r ro r -d e t ec t i n g  codes,  Berger  [46, page 338], re s idue  [46, p ag e  339],
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a n d  L C A R  codes,  a r c  ex a m in e d  in I his chapte r .  T h e  reasons  we chose Merger and 

r es idue  codes  lor com par i so n  are as follows:

1. Merger codes ar e  t radi t i i  ally used in concurrent  er ror  d e l e d  ion for FLAs.  A  

cons iderab le  work has been re po r ted  in th e  l i t e r a t i m ■ Reiger  codes ar e  known 

t< uive high er ro r  coverage for unidi rec t ional  er rors ,  but t h e  checker  is very 

expens ive [!2 ,  31];

2. R es idue  codes are  especial ly su i ted  for er ror  defect ion in a r i t h m e t i c  ope ra t  ional 

uni ts.  In pa r t i cu la r ,  M od and Mod 7 codes have  th e  a d v a n ta g e  of low cost 

bot h  in checking bits an d  en c o d in g /d e co d in g  process [17, page I2N|. Res idue 

codes are  also used in no n -a r i th m e t i c  . ; , '' nt.ions [.•>()[.

7.1 .2 .1  Berger  C odes

Let (f/mr/m_i • • • d \ ) be a given dat a  word,  where  d, f :  a bi nary  Jit Id for (t 

1 ,2,  • • • , / ; ; ) .  T h e  checking bi ts are  formed by co u n t in g  the  n u m b e r  of O’s in the  

d a t a  word,  and  conver t ing  such n u m b e r  in to  the  c o r re sp o n d in g  b in a ry  represent  a 

l ion of r b i t s ,  w here  r  =  |"log.2(m  + 1)]. T h e  en t i re  code word is (in  I /•) bit. long. 

For e x a m p l e ,  if t h e  given d a t a  word is 001 I I, then t h e  c o r re sp o n d in g  che ck ing  bi ts  

ar e  010, s ince  there  ar e  two 0 's  in t h e  d a t a  word.  Merger codes for in bit  d a t a  words  

have (in  +  1) valid checking pat t e rns .  For ex a m p le ,  d a t a  words of length  0 have a 

m a x i m u m  of  live zeros ,  and thus  have six valid checking p a t t e r n s ,  000, 001 • • •, 101.

7.1 .2 .2  R es id u e  Codes

Let I)  be a  pos i t ive  integer represented  hi b inary  form.  T h e  res idue  II of  I) for 

d iv iso r  b is d en o ted  by

II = lJ m o d  b.

97
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T h e  c o n c a t d i a l  ion of I) and R , (1)11), is ra i led a rode word of  t h e  res idue  cod e wi th 

chech ha.se b. how-rosi  residue codes have  a m o d u lu s  of b =  2r — 1, w he re  r  is some 

in teger  g r e a t e r  t h a n  or equa l  to 2. We use t e r m  residue codes t o  refer o low-cost 

res idue codes  in this  d is ser ta t ion .  Residue codes of r  b i t s  have 2r — 1 valid checking  

p a l  terns.

7 . 1 . 2 . 3  L F S R / L C A R  C y c l i c  C o d e s

L F S R / L C A R  codes are  s ep a rab le  cyclic codes  based on a  l inear ce llu lar  a u t o m a t a  

regis ter  im p le m e n ta t i o n .  L F S R / L C A R  codes  a r e  o b t a in ed  by t a k i n g  a  d a t a  word as 

t h e  input  s t r e a m  of the  L F S R / L C A R .  T h e  d a t a  s t r e a m  is fed in to  th e  L F S R / L C A R  

o n e  bit a t  each clock cycle.  A t  the  end of t h e  o p e ra t ion ,  t h e  last s t a t e  of  the  

L F S R / L C A R  is used as t h e  checking bits.  L F S R / L C A R  codes  of r  bi t s  h av e  2 r 

valid p a t t e r n s .

7.2 Error C overage -  G eneral E stim ation

T h e  p r i m a r y  e m p h a s i s  of er ro r -d e tec t in g  codes has  been th e  des ign  of re l iable  c o m ­

m u n i c a t i o n  sys tems.  In c o n c u r re n t  checking,  checking c i r cu i t r y  is p a r t  of t h e  func­

t ion specifics! ion, and  is often  im p le m e n ted  a long  the  m a in  c i r cu i t  w i th  s h a r e d  cn 

cui t ry .  T h u s ,  faul ts  m ay  occ ur  an d  cause  er rors  in b o th  d a t a  word a n d  check bits. 

However ,  in t h e  l i te r a tu re ,  it is usually  a s su m ed  t h a t  checking bi ts  e i t h e r  c o n t a i n  un i ­

d i re c t io na l  er rors  only  (for Berger  codes) or are  er ror- f ree  (for o t h e ’ e r ro r - d e t e c t i n g  

codes).  In pract ice ,  b id i rec t ional  er rors  m a y  also occu r  in P L A -  and  R O M - b a s e d  

s y s t em s ,  where  unidi rec t ional  er rors are  considered m o s t  likeiy to  o ccu r  [15, 31,  67]. 

For ex a m p l e ,  it is known t h a t  m u l t i p le  faults in PLA can  cause  b id i rec t i onal  error:  

A l thou gh  the  equally likely e r ror  model  m ay  be  cons idered i n a d e q u a t e  [23], i t  can 

b e  used to  provide  so m e  genera l  e s t im a t ion .  U n d e r  t h e  equally likely e r ro r  mode l ,
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D n l H - \ v o r < l  l e n g t h I ' h e e k - h i t . s  l e n g t h H r i - R C T R e s i d u e 1 3  ’ A l l

( r n ) r  =  / < n / . > I
• " t J

1 1

2 2
. . . . . . . . . . . . . . . . . . . . . . . . 1

3 3 . . *
r  * ■ . . . . . . . . . . . . -

3 3 . 3 2 5 . 0

• 1 a 2 0 . 0 1  1 . 3 1 2 . 5

8 1 1 1 1 0 . 0 7 0 . 2 5

I S . 1 5 . 8 8 3 . 2 2 3 . 1 2

32 ( i 3 . 0 3 1 . 5 0 1 . 5 0

( 5 - 1 7 1 . 3 - 1 0 . 7 0 0 . 7 8

1 2 8 8 0 . 7 8 0 . 3 0 0 . 3 0

2 . 1 ( 5 9 0 . 3 8 0 . 2 0 0 . 2 0

'Pablo 7.1: Tota l  a lias ing of the  th ree  codes

th e  a l ias ing p ro bab i l i ty  of an e r ro r-de tec t ing  code can be c o m p u t e d  by I/A-, where  

k  is t h e  n u m b e r  of valid checking p a t t e rn s  of the  code  word.  Tab le  7.1 shows the  

p re d ic a t e d  a l ia s ing  p roba bi l i ty  o r Berger,  residue a n d  LCAH codes,  for d a t a  word 

le ng ths  2r , r  =  1,2,  • • • 8 ,  when th e  s am e  n u m b e r  of  checking bits ar e  used.

It is shown that  the  fault  de tec t ion abil i ty  of L I ' S R / L C A R  codes  is c o m p a r a b l e  

to  re s idue  and  Berger  codes  because:

1. a  res idue  code of r - b i t s  has a  general  a l ias ing p ro b a b i l i ty  of 1 / ( 2 ’' 1), while 

t h a t  of a  L F S R / L C A R .  code of the  s a m e  leng th  is a s y m p t o t i c  to 1 /2 ’ . For 

smal l  va lues  of r, (as a s su m ed  in o u r  proposed  t e s t in g  s ch em e) ,  and wi th r 

i n d e p e n d e n t  of m, res idue  and L F S R / L C A R  cyclic codes  are co m p a r a b le ;

2. t h e  to tal  a l iasing of L F S R / L C A R  codes is a r ound  o n e  hal f t h a t  of Berger  

codes  w h e n  d a t a  word lengths  are equa l  to or  g re a te r  t h an  -1, all p a t t e r n s  are  

considered.

In both  cases ,  L F S R / L C A R  codes preserve  lower a l ias ing probabi l i ty .  T h e  gen 

eral  er ro r  coverage of t h e  codes can be ob ta ined  by 1 p,t . where  ]>„ is the  a l ias ing 

p robab i l i ty  of  t h e  er ro r -d e tec t in g  codes.
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7.3 Fault Coverage -  S im ulation R esu lts

In our  e x p e r i m e n t s  on fault  coverage of th e  three  e r ro r -d e t ec t i n g  codes,  b o th  two  

level ( P L A )  and m ul t i p le  level ( s t a n d a rd  ga te)  c ircui t  im p le m e n t a t i o n s  a r e  con s id ­

ered.  In t h i s  sec t ion,  we first i n t ro duce  the  s im u la t i on  e n v i r o n m e n t  of th i s  ex p e r i ­

m e n t ,  i nc l ud ing t h e  s imula to rs ,  b en c h m a rk  ci rcui ts ,  an d  s im u la t i o n  processes .  T h e n ,  

we p resent  some s im u la t i on  resul ts  for the  two c ircui t  s t r u c t u r e s  separa te ly .

7.3.1 Sim ulation Environment

7.3.1.1  Fault  S im ula tors

T h r e e  fault  s im u la to r s  ar e  involved in this inves t igat ion.  T h e y  ar e  f a u l t s i m u l a t o r  

[(id], plasi.ni [69] a n d  Logic! l l (uvic) . sim  [7], where the  first two a r e  P L A  s im u la to r s  

a n d  the  las t  one is for m u l t i p le  level ga t e  real izat ion.

1. L'aidlsiinulator  is a  d ed u c t iv e  PLA faul t  simulator[42].  It t akes  as i n p u t  t h e  

i'sp i t .s . so-output  s ty le of PLA desc r ip t ion,  an d  s im u la te s  all single fa u l ts  of t h e  

s t u c k - a t ,  br idging  (all ad jacen t -p a i r  faults  which do not  cau se  t h e  fo r m a t i o n  of  

a s equen t i a l  c i rcui t ) ,  an d  crosspoint  faults  [42], T h e  s im u la t i o n  is p e r f o r m e d  

based upon a  gat e  level im p le m e n ta t i o n  of PLAs.  For a  P L A  with  n  i npu t s ,  m  

o u t p u t s ,  and  p  p r o d u c t  t erm s ,  the  exp e c ted  ru n n i n g  t im e  is 0 { 2 n (n  +  m ) 2p 2 ). 

De ta i l s  on t h e  design and  i m p le m e n ta t i o n  of t h e  fault s i m u la to r  can  b e  found  

in A p p e n d ix  B of [64].

2. I ’lasiin  is a t rans is tor- level  p seu d o - N M O S  PLA s im ula to r .  It  a ccep t s  a n  espresso  

f o r m a t  desc r ip t ion  of  a  c i rcuit ,  and s im u la te s  all single faul t s  of t h e  s tu ck - a t ,  

b r i dg ing  and  crosspoint  faults in a P L A ,  and m ul t ip l e  s t u c k - a t  fa u l ts  on t h e  

p r i m a r y  in p u t s  and o u t p u t s .  T h e  to ta l  n u m b e r  of faults  s i m u la t e d  for a  P L A  

with  n inpu ts ,  in o u t p u t s  and  p p r o d u c t  t e rm s ,  is ( 9 n - f 6 m + 3 p + 4 p n - f 5 p m —5).



C h a p t e r  7. Error Character is t ics

Detai ls  on th e  des ign and im p le m e n ta t io n  of the  fa. It s im u la to r  are  in [(i()].

3. Lo(jicI Il (u i ' ic)sim  is a g a t e  level s im ula to r .  It takes  a h o g i e l l l 1 descr ip t ion 

of a  c i r c u i t ’s funct ion,  a n d  s im u la te s  all single s tuck  at faults in the  mul t ip le  

level g a t e  i m p le m e n ta t i o n .  It, is a s su m e d  tha t  the  gat es  are  fault -f ree,  and all 

s t u c k -a t  faidts a p p e a r  on signal lines.

T h e  m o t iv a t io n  for des igning t h e  Lo<jiclll(tivic)sim s im u la to r  is d u e  to the  

co m p l i ca t ed  t ra ns la t ion  process between Logic III language’ an d  the  hog ie l l l  

s im u la to r .  A ho g ie l l l  c i rcui t  desc r ip t ion is first t r an s l a t e d  in to  U N  I, f o r m a t ’2, 

t hen  t h e  R N L  file is conve r ted  in t o  I S ( ' A S  c ircui t  desc r i p t i on '1. T h e  hog ie l l l  

s i m u la to r  takes  ISCAS fo r m a t  as t h e  inpu t ,  s im u la te s  all s ingle s t uck  a.t faults,  

an d  g en e ra t e s  som e  s ta t i s t ics .  However ,  to  trace- a  faul t  simulate-el by the  sim 

u l a to r ,  t h e  reverse  t rans la t ions ,  i.e. from t h e  s im u la to r  te» bogie'll  I ele'se-riptieui, 

a re  r equi red .  T h e  back tr ack ing  complicate-s the1 faul t  simulatieui  e-nvimnmei it .  

De ta i le d  d iscuss ion on thes e  issue’s can be’ found in [7].

It shou ld  also be noted t h a t  d e c a f  ae'ce’p t s  espresso  forms of cireuiit de’seuip 

t ion,  per fo rm s  mul t i p le  le’ve’l c i rcui t  m in im iza t io n ,  anel prejelileem a hogie l l l  

c i rc u i t  des c r ip t ion.  Thi s  fea ture  of OASIS  be-iie-fits euir e’xpe’rime’iit eui fault  

s im u la t io n ,  an d  allows t h e  sam e se t  of P b A  bem chmarks  to Im use’d in mul t ip le’ 

level g a t e  rea l izat ion.

7 .3 .1 .2  S im u la t ion  Processe s

All t h ree  fau l t  s im u la to r s  follow the  same’ s im ula t i on  processes:

’T h e  h a r d w a r e  de sc r ip t i on  language- of  OASIS .

2 A net l i s t  descr i pt i on  o f  logic circui ts .

3 F rom 1985 and  1989 1SCAS ( I n t e rn a t i on a l  Sympr j s i um on ( , ' i r rui ls  and  S ys t e m s )  ben ch m a rk  

c i rcui t s .

'’T h e  m u l t i p l e  level logic minimizeer of  OASIS .
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1. for each fan 11, e n u m e r a t e d  by th e  s imula tor s ,  ex h a u s t iv e  in p u t  c o m b i n a t i o n s  

are  app l i ed  to  the  circuit,, the  o u t p u t  response's a r e  col lec ted,  a n d  c o m p a r e d  

wi th t h e  fault -f ree o u t p u t ;

2. t h e  o u t p u t  responses  are  classified into fault -f ree,  unid i rec t ional  a n d  b id i r ec ­

t ional  categories ;

i{. the  fault  coverage of the  c i rcuit  is o b t a in ed  by c o m p u t i n g  t h e  m e a n  fault  

coverage for all the  faul ts  in t h e  fault  set .

7 .3 .1 .3  B en chm ark  Circuits

T h e  b e n c h m a r k  c i rcui ts  used in this e x p e r i m e n t  are  a s u b s e t  of t h e  Berkeley  b e n c h m a r k s  

t h a t  we used for th e  a r ea  cost  es t im at ion .  However ,  there  a r e  two m a i n  r e s t r i c ­

t ions  on c i rcui t  sizes when fault  s im ula t i on is concerned:  n u m b e r s  of  i n p u t s  an d  

o u t p u t s .  In faul t  s im u la to r  ( t h e  first one  used) ,  a l t h o u g h  only s ingle  fau l ts  are  t a k e n  

info ac coun t ,  t h e  to ta l  n u m b e r  of faults  s im u la te d  is ex p o n e n t i a l  in t h e  i n p u t s  an d  

o u t p u t s .  Moreover ,  for each fault,  all input  c o m b in a t io n s  are used to  exerc ise  t h e  

c i rcui t .  T h a t  is exponen t i a l  in the  n u m b e r  of  input s  as well. T h e s e  fac tors  pose  

sev e re  re s t r ic t ions  on the  sizes of th e  c i rcui ts  we can s im ula te .  In ad d i t i o n ,  e x t r a  

co d in g  bi ts  arc* ad d e d  to t h e  original circuit, function in orde r  to  achieve  c o n c u r r e n t  

chocking,  increas ing the  pr ob lems  because  of t h e  a d d i t iona l  o u t p u t s .  W i t h  all t h e  

re s t r ic t io ns  ou t l in ed  above*, th e  b e n c h m a rk  c i rcu i ts  we use in p ra c t i c e  a r e  l im i t e d  to 

I to 5 i npu t s ,  and  .'I to 12 ou tp u t s .

7.3.2 Fault Coverage for PLAs

In C h a p t e r  5 we show t h a t  conc urr en t  checking  is achieved by e m p lo y in g  er ror-  

d e l e c t i n g  codes to  encod e a  given c ircui t  funct ion at  des ign s tage .  C h eck in g  bi ts  are

5W i t h  Horki' lcy tools.
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a d d e d  to each  o u t p u t  vector,  and th e  a u g m e n te d  circuit  funct ion is then  m in imized  

a n d  im p le m e n t e d  by cer t a in  ci rcui t  s t ru c tu re s .  The fault coverage of L CAR codes 

is inves t igat ed  from two aspects .

1. For a  given n u m b e r  of checking bits,  there1 are  dilferent L CAR m ach ines  which 

can p ro duce  t h e  cyclic codes.  Tables  7.2 and 7.if show the  un id i rec t ional  and 

bidi rec t ional  fault coverage of LCAR codes gen e ra t e d  by all length  2 and  if 

L C A R s ,  where  t h e  d a t a  in the  two tables  are  o b ta in ed  from fiiullsiiii uhit or  and 

plns i in , respect ively.

We ap p ly  s t a t i s t i ca l  t es ts ,  / tes ts ,  [11, page 205] to the  d a t a  col lec ted  in Ta 

ble 7.2, and e x a m i n e  how the  fault  coverage from t he s im u la t i on  m a t c h e s  the  

e x p e c te d  value  of al ias ing,  1 / 2 k x 100%, for a k bi t  L CAR code.  T h e  tes t  

re sul ts  are  as follows.

(a) For the  un id i re c t i ona l  fault  coverage of 2-bi t  L CAR codes,  the  exp e c t ed  

fault  coverage is 75%. T h e  average  un idi rec t ional  fault  coverage of the  IS 

s am p le s  is 80 .36%.  T h e  s t a n d a r d  devia t ion is 1.51. T h e  I is 5.05 and  '( .005) is 

2.9. T h e s e  re su l ts  ind ica te  t h a t  with 99% conf idence  t h e  uni di rec t i ona l  fault  

coverage of 2-bit, LC A R  codes is h igher  than  75% in a  two tail tes t  [ II ,  page  

197].

(b) For the  unid i re c t i ona l  faul t  coverage of 3-bi t  LC A R  codes,  t h e  ex p e c te d  

faul t  coverage is 87.5%.  T h e  average  fault  coverage of the  27 s am p les  is SO. 1S%. 

T h e  s t a n d a r d  d ev ia t ion  is 4.52. T h e  I is -1.10 and /( .005) is 2.78. Since the  

t falls in the  re jec t ion region of the  tes t  [d I , page 194], we have insufficient  

ev idence  to re jec t  th e  exp e c t ed  fault  coverage,  87.5%.

(c) For the  b id i rec t i onal  fault  coverage of 2-bi t  L CAR codes,  th e  exp e c ted  

faul t  coverage is the  s a m e  as (a),  75%. T h e  average  fault  coverage ol the  IS 

sam p le s  is 60.55%.  T h e  s t a n d a r d  devia t ion is 17.73. T h e  I is 3.40 and / (.005)
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is 2.9. It, ap p e a r s  t.hat th e  bidi rec tional  fault  coverage of 2-bit, L C A R  codes  is 

lower th an  75%.

(d) For the  b idi rec t ional  fault  coverage of 3-bi t  LC A R  codes,  th e  e x p e c t e d  fault  

coverage  is 87.5%.  T h e  average fault  coverage of t h e  27 s a m p le s  is 69.54%.  

T h e  s t a n d a r d  devia t ion is 22.45. T h e  /. is -4.16 an d  / (.005) is 2.78. It a p p e a r s  

t h a t  t h e  b idi rec t ional  fault  coverage of 3-bi t  L C A R  codes  is lower t h a n  87.5%.

(e) For the  to ta l  fault  cov ' rage, bo th  un id i rec t iona l  and b idi rec t iona l  ones , 

of 2-bi t  L C A R  codes,  the  ex pe ct ed  fault  coverage is again  75%). T h e  ave rage  

fault  coverage of t h e  36 sam pl es  is 70.47%. T h e  s t a n d a r d  d e v ia t io n  is 16.24. 

T h e  i is -1.68 and /(.005) is ab o u t  2.7. T h u s ,  we c a n n o t  re jec t  t h e  value  of 

75%,.

(f) For the  to ta l  fault  coverage of 3-bi t  LC AR  codes , t h e  ave rage  faul t  coverage 

of t h e  54 sam ples  is 77.86%). T h e  s t a n d a r d  dev ia t ion  is 18.35. T h e  /. is -3.85 

and  / (.005) is a round  2.66. It ap p e a r s  t h a t  t h e  b id i rec t i onal  faul t  cove rage of

2-bi t  L CAR codes is lower than  87.5%), th e  e x p e c t e d  faul t  coverage.

I'Vo m the  above inves t igat ion ,  it is not  ev id en t  t h a t  any LCAR. m a c h i n e  is 

su p e r io r  to t h e  o ther s  in t e r m s  of t h e  fault  coverage.  As wi th  m a n y  o t h e r  logic 

p ro b lem s ,  it is func t i on -d ependen t .

T h e  al l-zero b idi rec t ional  fault  coverage from plas im  is d u e  to  th e  facts t h a t  it 

s im u la te s  a  p s e u d o - N M G S  PLA,  where  un id i rec t i on al  er ro rs  d o m i n a t e  as only  

s ingle faults are  in jec ted.  As a consequence,  the  b id i r ec t iona l  faul ts  s i m u la t e d  

by plas im  a r e  the  ones  on p r im ar y  o u t p u t s  of c i rcui ts .  However ,  d u e  to  the  

l im i ted  c o m p u t a t i o n a l  power  of o u r  mach ines ,  only  smal l  c i rcui ts  w i th  3 an d  

12 o u t p u t s  ar e  chosen.  T h u s ,  a  very  smal l  n u m b e r  of  b id i rec t i onal  er ro rs  o cc u r  

d u r i n g  the  s imu la t i on ,  M isca tch ing of a b id i rec t iona l  e r ro r  m a y  re su l ts  in a 

0%) bid i rec t iona l  er ro r  coverage.
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L C A H = 0 1 U ’A H  =  10 l.C’ A U = 0 0 1 U ’A K =  100 l.C’A I -1  10

Uni. Bi. Uni. Bi. Uni. Bi. Uni. Bi. Uni. 111

r<J53 7 9 .8 3 0.00 8 3 .4 0 6 0 .0 0 8 0 .1 9 0 .0 0 8 7 .9 2 6 0 .0 0 8 0 .8 8 0 .0 0

>l»y'2 7 5 .7 5 5 3 .3 7 7 5 .8 2 6 3 .8 1 7 4 .4 4 6 6 .6 7 8 3 .9 6 7 6 .1 9 7 0 .0 2 15.2 1

f'2 7 3 .1 3 8 1 .2 5 7 2 .2 9 7 7 .0 8 7 4 .9 9 8 6 .6 7 8 1 .6 0 9 2 .8 0 75  20 8 5 .4 0

2 b y  3 7 ‘1 .83 5 2 .8 6 7 6 .2 7 5 2 .2 2 8 0 .9 0 6 5 .1 9 8 5 .0 5 0 2 .6 7 8 1 .0 8 6.3 .92

del 8 1 .7 8 5 4 .9 2 7 9 .9 2 4 9 .0 0 8 9 .7 6 6 7 .2 2 8 8  25 7 1 .0 5 8 7 .1  1 0 9 .5 5

witri 8 2 .2 7 6 9 .2 4 8 3 .1 6 6 1 .2 9 9 1 .8 9 7 4 .5 7 9 1 .3 4 7 6 .8 3 9 4 .1 0 8 2 .4 1

D k 2 7 8 5 . ‘12 6 9 .0 2 8 5 .6 2 6 3 .0 0 9 3 .4 3 7 8 .4 4 9 2 .7 2 7 8 .0 0 89 .4 .4 8 0 . 10

A p ia 8-1.92 6 7 .6 2 8 2 .6 5 6 6 .9 7 9 1 .2 9 8 0 .2 5 8 9 .6 3 81 4 7 9 2 .1 3 8 4 .8 6

Sqrfi 8 4 .7 6 7 4 .6 6 8 4 .5 7 7 4 .1 5 8 8 .7 9 8 5 .0 9 9 1 .1 6 8 1 .4 0 9 2 .3 0 8 0 .0 9

Table* 7.2: Fault, coverage of L CAR codes  (fa u l ls im  ti lulor)

2. Tab le s  7.4 a n d  7.5 compare'  t h e  fault coverage of Merger, Modd,  and  2 and 

.'5-bit L C A R  codes,  from f a u l ls im td u lo r  and plas iin , respectively .  T h e  fault 

cove rage for L C A R  codes l isted is t h e  best  one  for t h e  given lengths .  It can 

b e  seen t h a t  (a) Berger codes  have very high unidi rec t ional  fault, coverage ,  

f rom 94.41% to 100.00%), in faultsi inulatnr ,  and  100%) in plasiiii] ( b) 2 bit  

L C A R  codes  have  b e t t e r  un idi rec t ional  fault  coverage t h a n  M odd  f rom both 

f a u l l s i m u l a t o r  a n d  p la s im ; (c) Berger codes  give b e t t e r  fault cove rage than  

M o d d  an d  L C A R s .  T h e  reason behind  this is main ly  becau se  m o re  checking  

b i t s  are  used for Berger encoding.  For ex a m p le ,  a 4-bi t  out  put, c i rcui t  requires

3-b i t  Berge r  codes ,  as opp osed to the  2 bits for Modd an d  2 bi t  L CAR codes;  

t h e  zero  b idi rec t ional  fault  coverage by plas im  is caused by th e  sunn reasons  

d iscussed  ear l ier  in 1.
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u :a h = o i i , f 'A H = i o l / . 'A K = 0 0 1 U 'A H = I O O L C 'A H = I  10

U n i. H i. U n i. B i. U n i. H i. U n i. B i. U n i. B i.

r r l5 3 7 5 .1 4 0 .0 0 8 0 .5 1 0 .0 0 7 5 .0 0 0 .0 0 8 3 .3 9 0 .0 0 7 3 .3 9 0 .0 0

2 b y  2 6 3 .4 2 0 .0 0 0 5 .4 3 0 .0 0 6 4 .0 5 0 .0 0 7 3 .4 6 0 .0 0 6 7 .4 2 0 .0 0

f2 6 0 .9 3 0 .0 0 0 0 .9 3 0 .0 0 6 1 .3 3 0 .0 0 6 9 .4 8 0 .0 0 6 1 .3 3 0 .0 0

2l>y3

d e l

0 2 .7  5 0 .0 0 0 2 .1 9 0 .0 0 6 4 .5 4 0 .0 0 6 8 .9 9 0 .0 0 6 4 .9 6 0 .0 0

72.7-1 0 .0 0 0 9 .2 0 0 .0 0 7-1.94 0 .0 0 7 2 .4 3 0 .0 0 7 2 .3 7 0 .0 0

w im 77.4-1 0 .0 0 7 8 .4 0 0 .0 0 8 5 .0 2 0 .0 0 8 6 .3 8 0 .0 0 9 1 .6 4 0 .0 0

1)1(27 HH.Oo 0 .0 0 8 0 .4 9 0 .0 0 9 4 .4 5 0 .0 0 92.-14 0 .0 0 8 9 .6 5 0 .0 0

A p l/ i 81 .!)& 0 .0 0 8 0 .4 4 0 .0 0 8 7 .2 6 0 .0 0 8 4 .2 0 0 .0 0 8 8 .7 3 0 .0 0

S q rO 8 0 .2 2 0 .0 0 8 9 .0 2 0 .0 0 8 1 .5 2 0 .0 0 8 4 .1 9 0 .0 0 8 7 .3 3 0 .0 0

T ab le  7.3: Fault, coverage of LC AR  codes  (p las im)

7.3.3 Fault Coverage for M ultiple Level G ate Im plem en­

tations

T h e  second ty pe  of ci rcui t  s t r u c t u r e  in ou r  e x p e r i m e n t s  is a  m u l t i p l e  level g a t e  

rea l i za t ion.  'The d a t a  is l isted in the  L o g ic !! I (u v ic ) s im  co lu m n s  of T a b le  7.6, where  

th e  Tolal  is the  m e a n  of t h e  total  e r ro neo us  o u t p u t  p a t t e r n s  d e t e c t e d  by ‘2-bi t  

L C A R  codes,  from th e  g en e ra to r  L C A R = 1 0 ,  d iv ided  by t h e  m e a n  n u m b e r  of t h e  

to ta l  e r ro neo us  o u t p u t  p a t t e r n s  for all i n p u t  com binat ions .

In theory ,  for 2-bi t  L C A R  codes,  we e x p e c t  75% er ror  cove rage or  ‘25% al iasing 

(see T ab le  7.1).  T h e  Total  co lum n  of L C A R  codes in T ab le  7.6 shows t h a t  a b o u t  50% 

of t h e  b e n c h m a r k  c i rcui ts  reach this e x p e c t a t i o n ,  and the  r e m a i n d e r  is 5.7% to  8 .75% 

lower th an  t h e  ex p e c t ed  value. T h e  reason is mai n ly  b ec au se  of t h e  b id i re c t i ona l  faul t  

coverage,  which we ar e  not ab le  to s im u la te  or  c a n n o t  s im u la te  a d e q u a t e  n u m b e r  of 

m u l t i p l e  faults  in th e  ci rcui ts .

T h e  f a u l t s im u la to r  and plasim  co lu m n s  of  Tab le  7.6 dep ic t  t h e  un id i re c t i ona l ,  

b id i rec t ional  and  th e  to tal  fault coverage of L C A R  codes respect ively ,  f rom m a c h i n e  

L C A R  =  I(). T h e  fault  coverage for m u l t i p l e  level g a t e  rea l iza t ion falls b e tw een  t h e
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B e r g e r M m l.3 l .C A H

#!• #». # P l.C A H  : 10 l .C A H -  100

U n i. H i. U n i. H i. 1 b ii . H i. U n i. H i.

rd .1 3 r> a :u 1 0 0 .0 0 0.00 7 8 .0 0 0 .0 0 8 3  10 00.0(1 8 7 .9 2 00.00

'2 b y ’2 ■i ■i 7 9 7 .0 4 7 0 .1 9 7 1 .1 0 88 .8 1 7 1 .8 2 0 3  81 8 3 ,9 0 7 0  19

f2 ■i •i 12 9*1.11 0 1 .1 3 7 2 .0 3 72.9.1 7 3 .1 3 8 1 ,2 1 8 1 .0 0 9 2 .8 0

2 b y  a 5 12 97.9.1 7 1 .7 3 7 3 .1 1 7 3 .1 1 7 0 .2 7 .12.22 8,1.01 0 2 .0 7

d o  1 •I 7 9 90.9(1 8 9 .2 8 7 1 .3 3 0 7 .0 9 8 1 .7 8 1*1.92 8 8 ,2 1 71 .0 .1  9

wini -l 7 9 9 3 .7 8 8 0 .0 1 8 0 .7 1 7 1 .0 1 8 2 .2 7 (19.2*1 9  1.10 8 2 .1 1

D k 2 7 5 9 10 9 8 .3 0 0 9 .0 9 8 1 .1 2 1 0 .8 0 8 1 .1 2 0 9 .0 2 9.3. *1.3 7 8  H

Apia ■1 12 2(1 xc X 8 3 .0 7 7 3 .8 1 8*1.92 0 7 .0 2 9 2 .1 3 8*1.80

S q rO •1 12 AO X X 8 0 .0 3 0 8 .0 1 8*1.70 7 1 .0 0 8 8 .7 9 8 1 .0 9

T ab le  7.4: Faul t  coverage of th ree  codes [fa nil s imulator)

d a t a  f rom the  two PLA s imulato rs .  It is in t ere s t ing  to  see t h a t  the  resul ts  from 

Logic [I I ( u v i c ) s i m  and  plas im  are  very close, in spi te  of the  di lferenl  ty p es  of faul ts  

s i m u l a t e d  for th e  two distinct,  c i rcui t  s t ruc tu re s .

7.4 Sum m ary

In th is  ch a p te r ,  t h e  er ror  de tec t ion  abil i ty  of LC AR  codes was e x a m i n e d  for a n u m b e r  

of  b e n c h m a r k  c i rcui ts.  C o m p ar i s o n s  are  m a d e  a m o n g  th ree  e r r o r d e t e c t i n g  codes,  

L C A R ,  Berge r  an d  res idue  codes,  by m ean s  of two PLA faul t  s i m u la to r s  am i  one 

m u l t i p l e  level g a t e  faul t  s im u la to r .

In s p i t e  of t h e  res t r ic t ions  on th e  c o m p u ta t i o n a l  power,  t h e  size of b e n c h m a rk  

c i rcui ts ,  a n d  th e  se ts  of faults  s im u la te d ,  we can conc lude  from this  e x p e r i m e n t  tha t :

1. t h e  s t a n d a r d  dev ia t ion of L CAR code fault  coverage gen e ra t ed  by dilferenl. 

L C A R s  of t h e  s a m e  length varies up to 2'-i%. However ,  it is not  ev id en t  t h a t

r,Tl i e  s i m u l a t i o n  failed due  to  the c ir cui t  exceeding the im p le m e n ta t i o n  l imits.
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B a r g e r M orl.'i L C A R

# i - # o . #!>■ L C A R =  10 L C A R =  100

U n i. B i. U n i. B i. U n i. B i. U n i . B i.

rtl.VS 5 3 .'11 1 0 0 .0 0 0 .0 0 7-1.9-1 0 .0 0 8 0 .5 1 0 .0 0 8 3 .3 9 0 .0 0

2 liy 2 -1 'i 7 1 0 0 .0 0 0 .0 0 0 2 .5 7 0 .0 0 05.-13 0 .0 0 73.-16 0 .0 0

12 •1 'i 12 1 0 0 .0 0 0 .0 0 0 0 .9 0 0 .0 0 0 0 .9 3 0 .0 0 09.-18 0 .0 0

5 r 12 1 0 0 .0 0 0 .0 0 0 1 .5 1 0 .0 0 0 2 .7 5 0 .0 0 0 8 .9 9 0 .0 0

d e l ■I 7 9 1 0 0 .0 0 0 .0 0 0 8 .1 0 0 0 0 72.7-1 0 .0 0 7-1 .90 0 .0 0

w im -1 7 •J 1 0 0 .0 0 0 .0 0 8 1 .0 7 0 .0 0 78.-10 0 .0 0 91.0-1 0 .0 0

I ) k 2 7 r> 9 10 1 0 0 .0 0 0 .0 0 8-1.3-1 C .00 8 8 .0 5 0 .0 0 9-1.-15 0 .0 0

A p ia •I 1 2 20 1 0 0 .0 0 0 .0 0 8 0 .2 5 0 .0 0 8 1 .0 9 0 .0 0 8 8 .7 3 0 .0 0

.Srp'(i •I 12 5 0 1 0 0 .0 0 0 .0 0 81.1-1 0 .0 0 8 9 .0 2 0 .0 0 8 7 .3 3 0 .0 0

Table  7.5: Faul t  coverage of  th ree  codes  (p las im)

an y  IX'A II is b e t t e r  t h a n  o ther s ,  as a  cyclic code g ene ra to r .  As  wi th  o t h e r  logic 

prob lem s ,  it is fu nc t i o n -d ep en d en t .  For a  given c i rcui t  funct ion  an d  a  n u m b e r  

of checking  bits,  the  bes t  L CAR code g en e ra to r  can be found by s im u la t i o n ,  

if t h e  c i rcui t  size an d  co m p u t a t i o n a l  power  p e r m i t ;

2. t h e  fault  coverage of L C A R  codes is c o m p a r a b l e  to re s idue  an d  B erg e r  codes 

of  t h e  s a m e  length .  In mos t  cases,  the  L C A R  codes  g ive b e t t e r  fault  coverage 

t h an  res idue  codes of the  s a m e  length,  in all u n id i re c t i ona l ,  b id i rec t i onal  an d  

to ta l  fault  coverage ca tegories .

In co n ju n c t io n  wi th the  inves t igat ion in C h a p t e r s  5 an d  6, it has  been  sh own  t h a t  

LC A R  codes can be  used in co n cu r ren t  checking as an a l t e r n a t iv e  to  t h e  conv ent ion a l  

e r ro r  d e l e c t in g  codes in regard  to its er ror  detec t ion abi li ty.  T h e  high faul t  coverage 

of  olf-line B IS T  is not af fec ted by in t ro d u c in g  the  proposed  L F S R / L C A R - b a s e d  

c o n c u r r e n t  checking.  W h e n  the  m erg in g  of on- l ine a n d  off-line B IS T  is co n ce rn e d ,  

L F S R / L C A R - b a s e d  co n c u r re n t  checking al lows th e  s h a r in g  of h a r d w a r e  resources  

wi th  off-line s ig n a tu re  an a l ) s is ,  a n d  scan-based  O F T  te chn iques ,  t hus ,  r e su l t ing  in
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L o g i e l l l ( n t ' i c ) » i m J a u l t s i m  n la or ;i In , n  h i

Uni. B i. T o U l Uni. B i. I’- .d l l Uni. Bi lo t  <1.1

r d 5 3 7 . 1 . 8 0 s r . ,  70 7 8 . 1 0 8 3 . 1 0 0 0 .0 0 8 2 .  1 1 8 0 . . M 0  0 0 0 3 . 7 3

'2 b y  2 O S ) .  1 7 1 3 . 8 ! ) 0 0 . 3 0 7 3 . 8 2 0 3 . 8 1 7 3  1 1 O B .  1 3 0 3 ) 0 3 0 . 7 0

f 2 0 8 . 7 S ) 0 . 0 0 O '  0 ’2 7 2 . 2 0 8 1 . 2 3 7 2 . 3 8 0 0 , 0 3 0 . 0 0 . 3  1 . 7  1

2 b y  3 7 1 . 3 8 1 0 . 7 0 0 0 . 2 3 7 0 . 2 7 3 2 . 2 2 7 2 . a s 0 2 . 1 0 0  0 0 3 3 . 1 2

d r l 8 1 . 0 1 1 0 . 8 1 7 8 . 0 1 7 0 . 0 2 f t - 1 . 0 2 7 7 . 8 0 O S )  2 0 0 3 ) 1 ) 0 0  1 2

w im 8 1 . 3 0 1 0 . 1 8 7 - 1 . . I 0 8 3 . 1 0 0 0 .2 1 7 0 . 0 0 7 8 .  1 0 1 ) 3 ) 0 0-1. 10

9 - 0 . 2 3 - 7 . 1 0 - 1 . 1 ( . - 0 . 3 2 - 1 2 . 8 0 - 1 . 1 1 1 .0 0 .1  1

i( .0 0 5 ) • 1 . 0 3

'PahIf 7.0: Faul t  coverage' co m par i so ns  

a  significant,  r e d u c t io n  in t h e  overall  silicon cost.
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C hapter 8 

C onclusion

Technological  advances  have been d ra m a t ic a l l y  changing o n e ’s t r a d i t i o n a l  view of 

d ig i ta l  des ign an d  tes t.  T h e  I E E E  b o u n d a r y  scan s t a n d a r d  [1] fu th e r  en co u rag es  

t h e  te s t ing  c o m m u n i t y  to  a  r e p t  bui l t - in sel f- test  (B IS T )  an d  in c o r p o r a t e  t e s t i n g  

c i r cu i t r y  in d ig i ta l  designs . T es t ing  p ro b lem s  now can no longer be  t r e a t e d  as pos t -  

m a n u f a c t u r e  p rob lem s  and  pr ob lem s  of t e s t in g  engineers .  T es t i n g  r e q u i r e m e n t s  need  

to  be  conside red  a t  every  s t ep  of a  des ign process from th e  m o d u le ,  chip ,  bo ar d  up  

to  s y s t em  levels. IBM re por t ed  t h a t  t e s t in g  cos ts  exceeded  50% of t h e  t o ta l  chip  

cos t  [10]. To  re du ce  the  overall  cos t  of p ro d u c t io n ,  te s t ing  cos ts  m u s t  be m in im ize d .

'Plus d i s se r t a t ion  p r imar i ly  encom passes  des ign for t e s t ab i l i ty  ( D F T )  p ro b lem s  

of co n c u r r e n t  checking and s t r u c tu r a l  off-line BIST.  It differs from t r a d i t i o n a l  ci rcui t  

des ign met hodologies ,  where  des ign and te s t ing  prob lem s  are  t r e a t e d  sepa ra te ly ,  a n d  

f rom the  c on ve n t iona l  s t r a t eg y  in solving te s tab i l i ty  p ro b lem s ,  w he re  on- l ine  an d  off­

l ine te s t ing  ar e  cons idered independen t ly .  T h e r e  has been an in d u s t ry -w id e  effort  to 

use b o u n d a r y  scan t echn ique s  to  e n h a n c e  m a in ly  off-line t e s t ab i l i ty  s ince  t h e  re lease 

of t h e  s t a n d a r d .  In a s y s t em  wi th  th e  b o u n d a r y  scan c i r cu i t r y  in place ,  on - l i ne  B I S T  

m a y  be  ac c e p ta b le  if it can be provided by s ha r in g  the  ex i s t ing  resources .  T h e  goals 

ar e  to  in t r o d u c e  on-l ine  B IS T  wi th  a  rea sonab le  increase  in si l icon (in c o m p a r i so n
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with hav ing  on-l ine  an d  olf line tes t abi l i ty  s epa ra te ly ) ,  and wi th  a c c ep tab l e  im p a r t  

on t h e  s y s t em  per fo rm ance.  The object ives  of this research ar e  to p u r su e  a feasibil i ty 

s t u d y  of  the  merging of on-line and off-line BIST,  an d  to find a feasible solut ion.  

T h e  m a in  c o n t r ib u t io n s  of this d i sser t a t i on  are  as follows.

(1) We reviewed previous  work on the  merg ing of on-l ine an d olf l ine BIS T ,  and 

e x a m i n e d  the  prob lem s  wi th the  merging.  I'his initial  research led to  a new l ) F T  

m e t h o d  and  a new te s t ing  scheme.

(2) T h e  m ai n  idea is to find co m m o n a l i t y  between t he different test ing solid ions, 

such that, on-l ine  and  off-line tes t ing  c i rcui t ry  f,an be shared.  T h e  new I ) F T  m e t h o d  

em p lo y s  LFSR* / L C A R 2-based cyclic code checking as a m e d i u m  to combine* con 

cu r r e n t  checking  and s ig n a tu re  analys is  in a bui lt  m fashion,  and uses bit  sliced 

L F S R s / L C A R s  as th e  i m p le m e n ta t io n  mechan i sm.  T h e  choice of i , F S R / h ( ' A R  

code's is crucial :  cyclic codes are  t he basis of signat ure analys is,  a n d  I lie use of 

cyclic code's in bo th  concurre*nt che*cking and off line' B IS T  implies  I lie s a m e  im 

p l e m e n t a t i o n  i tu 'chanism T hus ,  the  ha r d w a re  re'souire' can be  sha red  bet ween the  

two te'st modes .  T h e  des ign procedure's for e*e>ne*urre'i11 cheeking  are1 au tom nte 'd  in 

this  research.  T h e  sugge'steel I ) F T  methoel is s y s t e m a t i c  auel can be ineorporate 'd  in 

des ign a u t o m a t i o n  tools.

(.'}) 'The new. B I S T  scheme’ sup |  euhs bejth on-line' anel off-line' t e s t ab i l i ty  with 

sha red  harelware resource's anel comparable '  on line’ er ror  eh ' tect ing ab i l i ty  to the  

conve n t iona l  er ror-e le tec t ing eoek’s, anel wi themt  affe'cting the' high faul t  (o ve rage  

of off-line s i g n a tu r e  analys is .  'I’his scheme1 cemiplie's • he> IFFF,  b o u n d a r y  scan 

s t a n d a r d  an d  is ap p l i ca b le  to geuieral ci rcui try.

T h e  proposed  t e s t in g  sch eme is mai n ly  e*valuatewl from the* following aspe-cts:

(a) A re a  ove rhead  is one  of the  main  eexiee'rns e;f any B I S T  m e t h o d .  T h e

' L i n e a r  feed hack .shift register .

"L in ea r  cel lular  a u t o m a t a  register
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ar ea  over head  of c i rcui ts  a u g m e n t e d  wi th e r ro r-de tec t ing  codes  is e x a m ­

ined th ro u g h  the  app l i ca t ion of enc od ing  m e t h o d s  on a  set  of Berkeley  

b e n c h m a r k  ci rcui ts .  Both two level ( P L A )  and m u l t i p l e  level ( s t a n d a r d  

g at e)  real iza t ions  of  the  c ircui ts  are  considered.  T h e  e r ro r -d e t e c t in g  

codes u n d e r  e x a m in a t io n  are  residue,  Berge r  an d  L F S R / L C A  11-based 

cyclic codes . Are a  overhead  of L F S R / L C A R  codes will: t h e  s a m e  code 

lengths  b u t  gen e ra t ed  by di fferent  m a ch in e  s t r u c tu r e s  is also inves t i ­

g a ted .  T h e  resul ts  show t h a t  the  a r ea  ov erhead  of  th e  a u g m e n t e d  ci r­

cui ts  is fu n c t io n -d e p en d en t ,  as predic ted ,  an d  t h a t  t h e  a r ea  o v e r h ead  of 

t he  L F S R / L C A R - b a s e d  cyclic codes is c o m p a r a b l e  to res idue  codes  of 

the  s a m e  leng th ,  an d  usual ly more  cost  effective t h a n  Berge r  codes.  In 

t he  overal l  des ign,  inc luding checkers and  controls,  s ignif icant  savings  are 

gained by t h e  use of  L F S R / L C A R  code gene ra to rs  an d  t h e  m e r g in g  of 

on- l ine  and off-line te s t ing  resources .  U B I S T  [37, 38] em p lo y s  di fferent 

tes t  t echn iques  in on-l ine  an d  off-line tes t s ,  which usual ly  re sul ts  in a 

su b s t an t i a l  increase  in silicon, m ai n ly  due  to  the  cos t  of code  g en e ra to r s  

for c o n c u r r e n t  checking.  Moreover,  cons iderable  design effort is requ ir ed  

for c i rcui ts  des igned wi th a n u m b e r  of er ro r  d e t ec t in g  codes.

( b ) T h e  e r ro r -d e t ec t i n g  abil i ty  of L F S R / L C A R  cyclic codes is inves t iga ted  

on b o th  P L A -  and  general  c ircui t  s t ru c tu re s ,  by m e a n s  of s im u la t i o n .  It 

is shown  t h a t  fault  coverage of L C A R  codes of the  s a m e  length  g e n e r a t e d  

by di fferent  L C A R s  varies on th e  se t  of b e n c h m a r k  c ircui ts .  However ,  

it a p p e a r s  t h a t  t h e re  is no ev idence  t h a t  an y  L C A R  is b e t t e r  t h a n  o t h ­

ers,  as a  cyclic code gen era to r .  S imi lar ly  to  o th e r  logic p r o b le m s ,  it is 

fu n c t io n -d e p e n d en t .  S ta t i s t i c  tes ts  show t h a t  the  faul t  coverage of L C A R  

codes  is c o m p a r a b l e  to res idue  and  Berge r  codes of  the  s a m e  le ng th  in 

a 11 un id i rec t i onal ,  b id i rec t ional  and to t a l  fault  coverage  ca tegor ies .  Fur ­
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t h e r  more*. L F S R / L C A R - b a s e d  cyclic codes  ar e  genera l  e r r o r d e l e c t i n g  

codes  an d  appl icab le  to genera l  ci rcui try.  W h e n  only un id i rec t i on al  e r ­

rors  are  concerned ,  however,  Berger  codes ar e  sup er io r  to b o th  res idue 

a n d  L F S R / L C A R  codes.  In com par ison,  F B I S T  [.‘17,158] em ploys  dist inct  

er ro r  d e t ec t in g  codes for di fferent  c ircui t  functions .  A sy s tem  des igned 

w i th  U B I S T  is strongly  faul t  secure  (SFS)[.r)8], and is supe r io r  to our  

p ropos ed  sch e m e  in t e r m s  of faul t  coverage.  However ,  the  SI 'S  fea ture  

is o b t a i n e d  by paying  higher  pr ice in silicon.

(c) In co n ju n c t io n  wi th  the  inves t igat ion in the  proposed test ing s c h e m e  and 

t h e  a r ea  cost  e s t im a t io n ,  it can  be concluded t h a t  LI S R / L C A R  based 

cyclic codes is a  v iable a l t e rn a t iv e  to th e  conven t ional  er ror d e t e c t in g  

codes  in c o n c u r re n t  checking,  regarding its er ro r  d e tec t io n  abi li ty.  T h e  

high  faul t  coverage of off-line B IS T  is not affected by in t ro d u c in g  the  

on- l ine  tes tabi l i ty .  W h e n  the  merg ing of on- l ine  and  off line B IS T  is 

co n ce rn e d ,  L F S R / L C A R - b a s e d  co ncurr en t  check ing  al lows the  s h a r in g  of 

h a r d w a r e  resources  wi th off-line s ignat u re  analys is,  and sea  i -based i ) F T  

te ch n iq u es ,  thus ,  resul ts  in signi ficant  r edu ct ion  on t h e  overal l  silicon 

cost .

(d) T h e  co n c u r r e n t  checking la tenc y  of the  proposed  p r i m a r y  sc h e m e  is m  

clock cycles,  as op po sed  to  2n repor ted  in [48], where  n  and in a re  th e  

n u m b e r  f inpu t s  and o u t p u t s  of t h e  c i rcui t ,  respect ively .  B e t t e r  p e r fo r ­

m a n c e  can be  achieved  by us ing the  suggested  modified  s t r u c tu r e s .  T h e  

high fault  coverage of off-line B IS T  is r e ta ined  in th e  merging.  Design 

t e m p l a t e s  an d  s im ula t i on  results  on b e n c h m a r k  c i rcu i ts  are p rov ided  to 

d e m o n s t r a t e  the  feasibil i ty and appl icabi l i ty  of the  D F T  m e t h o d  and the  

new te s t in g  scheme.
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The* co n t r ib u t io n s  of th is  d isser ta t ion  are  also m a d e  in s o m e  re la ted  i ssues in the  

eou r se  of p u r su ing  t h e  mai n  research.

(4) T h e r e  are  two ways to  vary lengths  of LFSR s  an d  LC’ARs:  c o n c a t e n a t i o n  an d  

p a r t i t i o n in g .  We clarified an d  s u m m ar i ze d  recent  d e v e lo p m e n t  in t h e  t heo re t ic a l  an d  

p ract i ca l  issues of LFSR an d  L C A R  conca tena t ion  an d  p a r t i t ion ing .  T h i s  s t u d y  has  

led to a  L e t t e r  u n d e r s t a n d in g  of t h e  m ach ine  behav io u r  and  t e s t in g  ap p l i ca t i o n s  in 

genera l .  A di rec t  appl i ca t i on  is d y n a m i c  reconf igura t ions  of  L F S R s / L C A R s ,  which 

a l low th e  registers to  be used in b o th  the  on-l ine  an d  off-line te s t  modes .

(5) A new a r ea  e s t im a t io n  m e t h o d  for in teg ra te d  c ircui t  des ign,  t r a n s i s t o r  pai r  

layout. ( T P L ) ,  is p resen ted .  This m e t h o d  provides a uni fo rm  way of a r e a  e s t i m a t i o n  

for genera l  ci rcui try.  T h e  e s t im a t io n  is carr i ed  e- f at t r an s i s t o r  an d  logic g a te  

levels.  To  use the  a r ea  of a  t r an s i s to r  pair as a m e a s u r e m e n t  un i t ,  one  can der ive 

a  se t  of e s t i m a t i o n  eq u a t io n s  for s t a n d a r d  l ibrary  cells, d i fferent  i m p l e m e n t a t i o n  

s t r u c t u r e s ,  e tc ,  us ing a  C A D  tool. T h e n ,  th e  eq u a t io n s  can be  used to  m a k e  des ign 

c o m p a r i s o n s  by o th e r s  in di fferent  des ign houses  w i th o u t  r equ ir ing access to  t h e  C A D  

tool  and going  th ro u g h  layout  des igns.  These  eq ua t ions  also lift one  re s t r i c t io n  of t h e  

c o n ven t iona l  t ra ns i s to r  coun t ing  m e t h o d  [22], which is only ap p l i ca b le  to  s t a n d a r d  

g a t e  real iza t ion.  T h e  es t im a t io n  accu racy  lies be tween e x a c t  layout  an d  t r an s i s to r  

coun t ing .

M er g ing  of on- l ine  and off-line B I S T  is a  p ro mis ing a r ea  of  re sea rch in tes t ing .  In 

t h e  nea r  fu tu re ,  one  m ay  ex p e c t  m o r e  considera t ion to  be g iven to  on- l ine  t e s t ab i l i ty  

a n d  to th e  m erg in g  of on- l ine and off-line B IS T .  T h i s  research sh o u ld  increas e  u n ­

d e r s t a n d i n g  of the  des ign t rade-offs in merg ing  on-l ine and  off-line B I S T ,  a n d  should  

there fo re  al low ci rcui ts  to be  tes ted  more  econo mic al ly  an d  effectively.  T i  e fu tu re  

research includes  t h e  inves t igat ion of  o ther  merg ing  schemes ,  B I S T  s t r u c t u r e s  an d  

i m p l e m e n t a t i o n  m ech a n i sm s .  In pa r t i cula r ,  di fferent  e r r o r -d e t e c t in g  codes  a n d  d a t a  

c o m p a c t i o n  sch emes  will be  e x a m in e d  for c o m m o n a l i t y  an d  p o te n t i a l  in merging .
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A p p en d ix  1 

Tables o f  L C A R  C oncatenation

1.1 Self-concatenation  of P rim itive  L C A R s

T h i s  sec t ion  con ta ins  tables  of p r im i t ive  se l f -conca tena t ion  of p r i m i t i v e  h C A K s ,  one  

for each length  f rom length  2 to 16, forming longer p r i m i t i v e  L C A R s  up to length  

64. T h e  digi ts  in t h e  bra cket s  are t h e  n u m b e r  of se l f - conca tena t ions  to c o n s t r u c t  a 

p r i m i t i v e  L C A R  from a  g iven LC A R .  As an ex a m p le ,  in th e  tab le  of  length  I, the  

p r i m i t i v e  L C A R ,  1010, se l f - conca tenates  0, 7, LI and lb t im es  to o b t a i n  pr im i t i ve  

L C A R s  of length  12, 28, 52 and 60 respect ively.
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Length 2 _____________________

initial LCAK (Number of Self-Concatenations of Initial LCAR)
10 ( 2 , 3 , 5 , f i.o , 1 1 ,1 -1 ,2 3 ,2 6 ,2 0 , : i0 )  01 ( 2 ,3 ,5 ,0 ,0 ,1 1 ,1 - 1 ,2 . ' ) , 2 0 ,2 0 ,3 0 )

___________________Length 3___________________________

Initial LCAR (Number of Self-Concatenations of Initial LCAR) 
t o o  (-1) 1 1 0 ( 1 0 )  001  (-1) 0 1 1 ( 1 6 )

Length '1 

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
10 1 0  ( 3 , 7 , 1 3 , 1 5 )  0 1 0 1 ( 3 , 7 , 1 3 , 1 5 )  __________

Length 5 

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
1 1 0 0 0  ( 0 , 7 )  0 1 1 0 0  ( 3 , 9 )  1 1 1 0 0  ( 0 , 7 )

0 0 1 1 0  ( 3 , 9 )  1 1 0 0 1 ( 3 , 8 , 9 )  0 0 0 1 1 ( 0 , 7 )

1 0 0 1 1 ( 3 , 8 , 9 )  0 0 1 1 1 ( 0 , 7 )

Length 6  

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
1 0 0 0 0 0  ( 3 )  1 0 1 0 1 0 ( 2 , 3 , 1 0 )  0 1 1 0 1 0  ( 6 ,8 )

0 1 0 1 1 0  ( 0 , 8 )  1 0 1 1 1 0  ( 9 )  0 0 0 0 0 1  (3 )

1 0 1 0 0 1  (2 ,-1 ,0 )  1 0 0 1 0 1  (2 ,-1 ,0 )  0 1 0 1 0 1  ( 2 , 3 , 1 0 )

0 1 1 1 0 1  ( 9 )

Length 7

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
0 0 1 0 0 0 0  ( 0 ) 1 0 0 1 0 0 0  (3 ) 0 0 0 0 1 0 0 ( 6 )

1 0 1 0 1 0 0  ( 3 ) 1 1 1 0 1 0 0  (-1) 1 0 0 0 0 1 0 ( 8 )

1 1 0 1 0 1 0  ( 3 ) 1 1 1 0 1 1 0 ( 3 ) 1 0 1 1 1 1 0  (-1)

0 1 0 0 0 0 1  ( 8 ) 0 0 0 1 0 0 1  ( 3 ) 0 0 1 0 1 0 1 ( 3 )

0 1 1 1 1 0 1  (-1) 0 1 0 1 0 1 1  (3 ) 1 1 1 1 0 1 1 ( 0 )

0 0 1 0 1  1 I (-1) 0 1 1 0 1  I t  ( 3 ) 1 1 0 1 1 1 1 ( 0 )
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Length S 

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
1 1 1 1 0 0 0 0 ( 7 )  1 0 1 0 0 0 1 0 ( 3 , 5 )  1 1 0 1 0 0 1 0 ( 8 )

1 1 0 1 1 0 1 0 ( 5 )  101 I 1 0 1 0  (M) 1 1 1 0 1 1 1 0 ( 2 8 )

0 1 0 0 0 1 0 1 ( 3 , 5 )  0 1 0 1 1 1 0 1 ( 3 )  0 1 0 0 1 0 1 1 ( 8 )

0 1 0 1 1 0 1 1 ( 5 )  0 1 1 1 0 1 1 1 ( 2 , 8 )  1 1 1 1 0 1 1 1 ( 1 , 7 )

0 0 0 0 1 1 1 1 ( 7 )  1 1 1 0 1 1 1 1  ( 1 , 7 )

Length 9 

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
0 1 1 1 0 0 0 0 0  ( 2 ) 1 0 1 1 1 0 0 0 0 ( 5 , 0 ) 0 0 1 0 0 1 0 0 0 ( 7 )

1 1 1 0 0 1 0 0 0  ( 3 , 7 ) 1 1 1 1 0 1 0 0 0 ( 3 ) 1 1 101 1 0 0 0  ( 3 , 1 , 7

1 1 0 0 0 0 1 0 0 ( 7 ) 0 0 0 1 0 0 1 0 0  ( 7 ) 0 0 1 1 0 0 1 0 0 ( 3 )

0 0 1 0 0 1 1 0 0 ( 3 ) 0 1 0 1 0 1  1 0 0  ( 2 , 3 ) 1 1 0 1 1 1 1 0 0 ( 7 )

1 1 1 1 0 0 0 1 0  ( 5 , 0 ) 0 0 1  1 0 1 0 1 0  ( 2 , 3 ) 11 m i n i  i o  ( 7 )

0 0 0 0 0 1 1 1 0 ( 2 ) 1 0 1 1 1 1 1 1 0 ( 3 ) 1 1 1 0 1 0 0 0 1  ( 7 )

1 1 0 0 1 0 1 0 1  ( 2 ) 0 0 0 0 1  1 101 ( 5 , 0 ) 0 1 1 1 1 1  101 ( 1 )

0 0 1 0 0 0 0 1 1  ( 7 ) 1 0 1 0 1 0 0 1 1  ( 2) 1 101 1 0 0 1  1 ( 3 , 5 )

1 1 0 0 1 1 0 1 1  ( 3 , 5 ) 1 1 1 0 1  101 1 ( 2 , .1, 7) 0 0 1 1 1 1 0 1 1 ( 7 )

0 0 0 1 0 0 1 1 1  ( 3 , 7 ) 1 0 0 0 1 0 1 1 1 ( 7 ) 0 1 1 0 1 0 1 1 1  ( 7 )

0 0 0 1 1 0 1 1 1  ( 3 , - 1 , 7 ) 1101 1 0 1 1  1 ( 2 , 1 , 7 ) 0 1 0 0 0 1  1 1 1 ( 5 , 0 )

0 0 0 1 0 1 1 1 1  ( 3 )

Length 10

Initial LCAR (Number of Self-Concatenations of luit
1 1 1 1 1 1 0 0 0 0 ( 3 ) 0 1 1 0 1 0 1 0 0 0 ( 3 ) 1 ) 1 1 1 0 0 0 1 0  (3 )

1 1 0 1 0 0 1 0 1 0  ( 3 , 5 ) 1 0 1 0 1 0 1 0 1 0  (0) o i l o i o o i m (5 )

1 0 0 0 0 1 0 1 1 0  (<l) 0 1 1 0 0 1 0 1 1 0 ( 5 ) 0 0 0 1 0 1 0 1  . 0  ( 3 )

1 1 0 0 0 0 0 0 0 1  ( 2 ) 01 1 01 0 0 0 0 1  ( . | ) 1 101 1 10001  ( 3 / 1 )

0 1 0 1 0 1 0 1 0 1  ( 0 ) 1 0 1 1 1 0 1 1 0 1  (2 ) 1 0 1 1 0 1 1 1 0 1 ( 2 )

1 0 0 0 0 0 0 0 1 1  (2 ) 0 1 0 1 0 0 1 0 1  1 (3 , 5 ) 10001 1101 1 ( 3 / 1 )

1 1 1 1 0 1 0 1 1 1  ( 3 , 5 ) 1 1 10101 1 1 1 (3 , 5 ) 0 1 0 0 0 1 1 1 1 1 ( 3 )

0 0 0 0 1 1 1 1 1 1  (3 )
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Longtli 11

Initial LCAR (N >or of Solf-Concatenations of Initial LCAR)
(H'l 10000000 11100100000 2)
00000010000 00 (■*) 10000001000 3)
00100001000 00 (3) 01101011000 3)
111)1011000 00 (■’I) 01111000100 2,-1)
01010100100 00 (M 11101110100 3)
00000001100 00 (5) 01110100010 3)
01001100010 10 (3,-1) 10000110010 '1)
01000110010 10 (3) 10000010110 s)
0001 1(1101 10 10 (2) 0010100)110 3)
oooiooioi 11 io (:i) 1110(11) 1010011011110(2)

01000101110 10 (•r>) 00100011 110 2/1)
100101111 10 10 (2) m o m i i i o 3)
00010000001 01 (2) 01101000001 3)
01001 100001 01 (2,-1) 11010010001 '))
00111010001 01 (-1) 11100110001 •1)
l loioi loom 01 (•1) 11101110001 3)
10011110001 01 (2) 01111101001 3)
10001 1 1 1001 01 (3) 11011010101 3)
11)1001 10101 01 (2) 10111001101 3)
10110011 101 01 (S) 11001011101 3)
01110100011 11 (3) 1 111 1110011 3)
00010001011 11 (-D 10001101011 3)
10101011011 11 (2,-1) 01001000111 3,-l)
00000100111 11 ( 1) 1110110011 1 2)
00001010111 11 (2) 10001110111 3)
ooioi i m m 11 (3) 10110001111 2)
10001101111 11 (2) 11001111111 3)

^3999734
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___________________________Longth 12

I n i t i a l  L C A R  ( N u m b o r  o f  S C f - C o n r a l o n a t i n n . s  o f  I n i t i a l  L C A R )

101 1 0 1 0 1 0 0 0 0  ('2 ) 

0 0 1 1 0 1 1 0 1 0 0 0 (2) 
11011!000100 (3) 
1 0 0 0 1 0 1 0 1 1 0 0  ( 2 ) 

0 0 0 1 1 1 1 0 1 1 0 0  ( 3 )  

1 0 0 0 1 0 0 1 0 0 1 0 ( 3 )  

1 0 1 0 1 0 1 0 1 0 1 0 ( 5 )  

1 1 0 1 0 1 0 1 1 0 1 0 ( 3 )  

010100111110 (.1) 
0 0 1 1 0 1 0 1 0 0 0 1 (2 ) 
1 0 1 0 0 1 1 0 1 0 0 1  ( 2 , 3 )  

0 1 0 1 0 1 0 0 0 1 0 1 ( 2 ) 

0 1 0 1 0 1 0 1 0 1 0 1 ( 5 )  

r >  i  i o o o i o o i  i  ( 3 )  

0 0 1 1  1 0 0 0 1 0 1 1  (-1)

I 10 10 0 10 10 11 (2 ) 
111011111011 (2 ,-1) 
110111110111 (2 ,-1)

1 10001 1 10000 ( 2 ) 

1001 1001 10(H) (2) 

1 0 1 0 0 0 1 1 0 1 0 0  ( 3 )  

0 0 0 1 0 1 1 0 1 1 0 0  ( 2 ) 

1 1010001 1 100 ( I) 

01111 1001010 (-1) 
1 0 0 1 0 1 1 0 1 0 1 0 ( 2 ) 

1 10100 1 1 1 0 1 0  ( 3 )  

000101000001 (I) 
100101001001  ( 2 ) 

010101 1 0 1 0 0 1  ( 2 ) 

0 0 1 0 1 1 0 0 0 1 0 1 ( 3 )  

0 0 0 0 1 0 1 0 1 1 0 ! ( 2 ) 

1 I 1010010011 (2) 

1 I 0 10 10 0 10 1 1 (2 ) 
01 0 1 1 0 1 0 1 0 1 1  ( 3 )  

0 0 !  I 1 I 111011 ( 3 )  

I 10010001 1 1 1 ( 3 )

100000101000(I) 
0 0 ! 1 0 1 1 1 1 0 0 0 ( 3 )

110100001100( 2 ) 

010101 101 lull ( 1} 
1101 I I 1 I I 100 ( 3 )  

101000101010( 2 ) 

001 101 101010 (-!) 
1 1 1 1 1 0 0 1 0 1 1 0 ( 3 )  

0 1 0 0 1 0 0 1 0 0 0 1 ( 3 )  

100100101001( 2 ) 

0 0 0 1 1 0 0 1 1 0 0 1(2 ) 
1 0 0 1 0 1  1 0 0101  ( 2 , 3 )  

0 0 0 0 1  I 10 0 0 1 I  ( 2 )  

00110000101 1 ( 2 ) 

0 1 0 1  I 10 0101  I ( 3 )  

0 0 1 0 0 0 1 1 1 0 1 1 ( 3 )

1100100101 1 1 ( 2 ) 

0 1 1 0 1 0 0 1  I I I I ( 3 )

Length 1 a

Initial LCAR (Number  of Self-Cone atonat ions  of Initial LCAR)
1 0 1 1 1 1 0 0 0 0 0 0 0  ( 2 , - 1 ) 1 1 0 I 0 0 0 1 0 0 0 0 0 ( 3 ) 1  1 0 0 0 0 1  1 0 0 0 0 0  ( 2 )

0 0 0 1 0 0 1 1 0 0 0 0 0 ( 2 ) 1  1 0 0 1 0 1  1 0 0 0 0 0  ( 3 ) 0 1 1 0 1 0 1 1 0 0 0 0 0  ( 3 )

1 1 0 1 1  1 1 1 0 0 0 0 0  ( - 1 ) 0 0 1 1 0 0 0 0 1 0 0 ( H )  ( 2 ) 0 1 1 0 1 0 0 0 1 0 0 0 0  ( 2 )

0 0 1 1 1 0 0 0 1 0 0 0 0 ( 3 ) 0 1 0 1 0 1 0 0 1 0 0 0 0  ( 2 ) 0 0 0 0 1 1 0 0 1 0 0 0 0  ( - 1 )

n 1 0 0 1 1 0 0 1 0 0 0 0  ( 3 ) 0 0 1 0 1 1 0 0 1 0 0 0 0  ( 3 ) 0 1  1 0 1 ) 0 1 0 1 0 0 0 0  ( 1 )

0 0 1 1 0 0 1 0 1 0 0 0 0 ( 3 ) 0 0 0 1 1 0 1 0 1 0 0 0 0  ( - 1 ) 1 1 1 1 0 1 1 0 1 0 0 0 0 ( 2 )

1 0 0 0 0 0 0 1 1 0 0 0 ' J  ( 3 ) 0 0 0 0 1 0 0 1 1 0 0 0 0  ( - 1 ) 1 1 0 0 ( 1 1 0 1 1 0 0 0 0  (  2 )

1 0 0 1 1 1 0 1 1 0 0 0 0  ( 1 1 0 1 0 1 0 1  1 1 0 0 ( H )  ( 2 , 3 1 0 1 0 1 1 0 1 1 1 0 0 0 0  ( 2 )

1 0 1 1 1 0 1 1 1 0 0 0 0  ( - 1 ) oi i o i  1111 ( X i n t .  ( 2 ) 1 0 0 0 0 1 0 0 0 1 0 0 0  ( 3 )

1 1 0 0 1 1 0 0 0 1 0 0 0 ( 2 ) 1 0 1 0 0 0 1 0 0 1 0 ( H )  ( 2 ) 1 I  H I  1 0 f ( ) ( J  1 0 0 0  M )

0 1 1 1 1 0 1 0 0 1 0 0 0 ( 3 1 0 0 0 0 0 1 1 0 0 1 0 0 0  ( 2 ) 0 1 0 0 1 0 0 1 0 1 0 0 0 ( 2 )

1 1 1 0 1 0 0 1 0 1 0 0 0 ( 3 ) 1 1 1 0 1  1 0 1 0 1 0 0 0  (  - 1 ) 1 1 1 0 1 0 1 1 0 1 0 0 0  ( 3 )

1 0 1  n i l  1 0 1 0 0 0  ( 3 ) 1 0 1  1 0 0 0 0 1  1 0 ( H )  ( 3 ) 0 1 ) 0 0 1 0 1 0 1  i o o o  H )

1 0 0 1 0 1 1 0 1 1 0 0 0  ( 3 ) 1 0 1  1 0 1 0 1  1 1 0 ( H )  ( - 1 ) 1 1 1 1 1 0 0 0 0 0 1 0 0  (  I )

1 1 0 0 1 0 1 0 0 0 1 0 0 ( 2 ' 1 0 1  1 1 0 0 1 0 0 1 ( H )  ( 3 ) 1 1 1 , 0 1  1 0 1 0 0 1 0 0  ( - 1 )

0 1  1 0 0 0 0 0 1 0 1 0 0  ( - 1 ) 0 1 1 1 0 0 1 0 1 0 1 0 0  ( 3 ) 1 0 0 0 1 0 1 0 1 0 1 0 0  (  3 )
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1
1 ................. ...... L e n g t h  13 ( c o n t i n u e d )

I ni t i a l  L C A I ( N u m b e r  o f  S e l f - C o n c a t e n a t i o n s  o f  I n i t i a l  L C A R )

00)01110)0)00 2,3) 101011)010100 3) 0011000110100 '1)
0000100!10100 ’i) 0010101110100 2,3) 1111101110100 3)

1000011110)00 'A 0100111110100 '1) 0110111110100 3)

1011111110100 ‘i) 1000000001100 3) 0000100001100 2)
0011010001100 A 0010110001100 4) 0000101001100 3)
1101101001100 '0 1110111001100 2,3) 0011000101100 2)
1100100101100 3) 1111100101100 3) 1010010101100 2)
1101110101100 2) 101 1 1 HJ101 100 3) 1001001101100 3)
I 100101101100 3) 1010101101100 3) 10)1101101100 3)
1000000011100 '*) 0100000011100 2) 0000100011100 3)
1100010011100 A 1 10001101 1100 2) 1 111 100111100 2)
0111011111100 2) 1101000000010 ' 0 1110100000010 3)
0011100000010 2) 111 0010000010 2) 1001001000010 2)
1100101000010 3) 0101011000010 4) 1100100100010 3)
1101101100010 3) 0110010010010 3) 0001010010010 2)
1 1 10001'110010 '•) 01 11101010010 3) 0 0 0 0 1 0 0 1 l u O lO 3)
1000101110010 2) 1110011110010 3) 0010111110010 '*)

1101010001010 3) 0110101001(10 2) 1101111001010 ' I)

1 1 11000101010 2,3) 0000100101010 2) 1100100101010 3)
0100001101010 ’1) 1100101011010 2) 0000111011010 2)
1110110111010 2) oi loooi i r o i o 3) 0010100000110 4)
0111100000110 3) 11110010J0110 2) 0000101000110 ■1)

1010111000110 ■1) 0101111000110 3) 1000000100110 3)
0100100100110 3) 1111000010110 -1) 00001C0010110 2)
1110010010110 3) 1001001010110 4) 0101001010110 2)
0000011010110 3) I C J 1 0 0 0 I 1 0 1 1 0 3 ) 0111000110110 3 )

1011110110110 2) 10010011 101 10 3 ) 0000111110110 2)

0010111110110 ;>) 0110110001110 3 ) 1000001001110 3)

0010101001110 3) 1011000101110 2) 1101010101110 3 )

0011111101110 2) 0110000011110 3 ) 1101000011110 2)

0001001011110 3 ) 0 1 0 0 1 0 1 0 1 1 1 1 0 3 ) 1 0 1 0 0 1 1011110 2)

1000110111110 3 ) 110011111 1110 3 ) 0011000000001 3)

00-1100000001 '•) 0!10010000001 3 ) 0000110000001 3 )

0111001000001 3) 0001000100001 3) 1011010100001 3)

11101 101001X11 3) 0010111100001 2) 1001111100001 3 )

0010101010001 3 ) 1 1 10101010(J01 3 ) 0100111010001 2)

0111110110001 3 ) 1001001110001 3 ) 1101000001001 3)

1111000001001 2) 0110110001001 3 ) 0100001001001 2)

1011001001001 2) oi in in i nni oni ■1) 0011011001001 3)

10001 1 10011X11 3 ) 0110111001001 3) 1111100101001 3)
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Lrngt.l i  I.'I ( c o n l  in u r d )  
Ini t ial  i X ’A R  ( N u m b o r  o f  S o l f - C o n c a t o i i a l i o n s  o f  Init ial  L C A R )
1101010101001 1010110101001 (2) 0001101101001 (■•»)
1111011101001 1010101011001 (2) 101101101IOOI (3)

10100001 11001 1111010111001 (I) 000011011IOOI (2)

1000011111001 1001110000101 (•■<) 0001001000101 (2)

o o i 1010100101 Oil 1101100101 (2) 101 1 1 100101(11 (1)

1001101010101 0011011010101 (3) 1111011010101 (2)

0000111010101 ») 1001010110101 (2) 0110001110101 (1)

0010101110101 1101000001101 (1) 0001100001101 (••')

0111010001101 1001001001101 (2 ; 111101IOOI101 (3)

1000010101101 0001110101101 (■1) IOOI101101101 (3)

0010010011101 0011011011101 (■■*) 0000111011101 (I)

0000000111101 1) 1101000111101 (2) 101010(11 1 1 101 (1)

00110101 1 1 I'll 0110110111101 (2) I 110011111101 (3)

0001011111101 0010111111101 (-1) 0000011000011 (2)

001110010001! 0000110100011 (2) 00 101100011 (2)

0001001011110 o io o io io i  11 io (:t) 1111001 101 1 1 10 (2)

11110)1100011 0100010010011 (•*) 0101010(110011 (3)

0011010010011 0100001010011 (•■1) 00)0001010011 (2)

0101101010011 000001101001! (■■>) 00110110100!1 (3)

1100111010011 0001000110011 (2) OOIOOIOIIOOI1 (■1)

1111010110011 1100101110011 (2) 11110111IOOI1 (2)

011111 I I 10011 0100000001011 (■1) 1001000001011 (3)

1011000001011 0111100001011 (2) 0000010001011 (3)

1101010001011 lO'lllOOOIOII (2) 1111011001011 (3)

0101000101011 11010001010! 1 (2) 1001010101011 (2)

0 1 11010101011 0011001011011 H ) 0100011011011 (3)

0011010111011 0101001111011 (-1) o o o o o i ; i i i o i i (■1)

0100101000111 o u r  >000 iooi 11 (2) 0110100100111 (3)

1111010100111 01001111001 1 1 (•») 10!1111IOOI11 (3)

0100000010111 00010100101 11 (•1) non uio l u o i  11 (■I)

1000101010111 00010110101 1 1 (■*) IOOOOIOI10!1 1 (3)

0001010110111 0101110110111 (2) 00110011101 1 1 (2.3)

1001000001111 0110100001111 (1) OIOIOIOOOI111 (2,0)

0110001001111 11110!IOOI111 (•1) 11 lo o io o  1111 (-1)

110011010111 1 10011101011 11 (-1) 1101 (JO 1 101 1 1 1 (3)

1011001101 111 1111001101111 ('!) 0000101101111 '2)

1010101101111 11000!1101111 (3) 100101110111 1 (2)

I100111J01111 0010000011111 M ) io o io io o  m i (3)

0011010011111 00111100111 1 1 (2) 001011101i l l l (3)



( f ' C m 1 0 1 i n o i o o o n o ( r 01101100001010 ( 1: 01 1 0 1 ( 1 1  1  1 0 1  1 0 0

( c m  m i n i  1010010 ( c O I I O I O O I I I O I O O ( t : 011010010!1101
( I ' 01101000010001 ( c 01101000000000 ( I - 0 1  I O O I I I 1 0 1 1 0 1

( l - O U O O I I O O I O I O I ( 1 ’ O I I O O I O I O I O O I I ( 1: 01 1 0 0 1 0 1 0 0 1 1 0 1

( c 0]1001001 1 1 1 0 0 ( l 01 1 0 0 1 0 0 1  1 0 1 0 1 ( t : 01 1 0 0 1 0 0 ( 1 0 1 0 1  1

(?. 01100011001010 ( 1: 01 1 0 0 0 1 0 1 0 1 1 0 0 ( 1: 0 1  1 0 0 0 0 1 1  I I O O I

[ i 0 1 1 0 0 0 0 0 1 0 1 0 1  I ( l ' T . o i o m i o i o i m ( I - 01011110100100
' c 01011000110001 ( i : 0101I O O O I 1 0 0 0 0 ( i ' * t : 01010111011101
( c 0 1 0 1 0 1 I 0 0 I I 0 1 1 ( 1 ’ 0 1 0 1 0 1 I O O I I O O I ( 1: 01010100000100
(1 O I O I O I O O O O O O O I ( e O I O I O O I 1 1 1 1 0 0 0 ( r . O I O I O O I 1 0 1 I O O I

{1 O I O I O O I I O O O I 1 0 ( l ’ O I O I O O I '  . 0 1 0 1  I (!' 010100(1101 1 0 0 0

(?, O I O I O O O I O O O I O I ( i : O l O I O i i O O l U l I I (1 010100001 1 0 1  1 0

( i ; 01010000100000 ( r 010(11 1 1 1 1 1  1 0 1 1 ( i ‘ i : 01001110101111
( r . o i o o m o o m o i (?. O I O O I O I 1 1 0 1 0 0 1 (?. O I O O I O I 1 0 1 0 1 1 0

( o 0 1 0 0 I 0 I 0 0 1 1 1 1 1 (0 01001001110111 ( 1: O I O O I O O I O I 1 1 1 0

(?. 01001000011100 ( l ’ 010001 I I 1 I 0 I 0 1 ( j ; 0 1 1 X 1 0 1  1 1 I O O O I  1

( ? . O I O O O I O I 1 1  1 1 1 0 ( 1 ’ 01000000011011 ( r . 00111111101101

( i : 0 0 1 1 1 1 1 i 0 i o o n i ( c 0 0 1 1 I  1 0 0 1 0 0 1 1 0 ( ? . 00111011001001
( s ; 00111000011101 ( ? . O O I I I O O O O I O O I O ( 1: 00111000000100

(0 0 0 1 1 0 1 1 1  I I O O O I (0 001101110101 1 0 ( I ' 0 0 1 1 0 1 I O O I 1 0 1 1

U: 0 0 1 I 0 I I 0 0 0 I 0 I I (0 0 0 1  [ 0 1 . 1 1 0 1  I O O I ( I ' 0 0 1 1010 I 0 0 1 100

(0 00110I 0 I 0 0 0 I 1 0 ( I ’ 00110100100001 ( 1 - 0 0 1 I O O I I I I ! 1 0 1

( ? . 0 0 1 1 0 0  I I I  0 0 0 0 0 ( I ' 00110010101100 ( 1: 001 I O O O I  1 0 1 ( 1 1  1

( c 0 0 1 0 1 1 1 1 0 1 I O O I ( i : 00101110111011 (1’ o n i o m o i o i  101

( l .1 0 0 1 0 1  I I O O I O I 1 0 ( I 00101101100000 ( I - 00101 1 0 0 1 0 1 1 1 0

(?. O O I O I O I I  I I I O O I ( i ; t . O O I O I O I 1 0 1 0 0 1  I ( c 0 0  I O O I  1 ( 1 0 1 0 1 0 1

( i ' 0 0 1 0 0 1 0 1 1  I  1 0 1 0 ( 1: 0010 0 100011000 (1' O O I O O O l I  1 1 1 0 1 1

( r . O O I O O O l I  1 0 1 1 1 0 ( 1' O O I O O O I O I O I 1 1 0 ( 1; O O I O O O O O I O I O I O

( i ' 00100000101000 ( t : O O I O O O O O O I I I O O (?. 00100000001101
( c 0 0 0 1 1  1 1 l O O l O ' O ( r . 000111 1 0 0 0 1011 ( 1: 00011011011011

( c 0001101000111 1 ( 1' 0 0 0 1 I O I O O O I O I O { I 0 0 0 1 I O O O I 1 1 1 0 1

( t ; 00011000100100 ( r . 00010111 H I  1111 0 ' O O O K M  1 1 I O O I  1 1

( r . 000101 1 1 0 1 0 0 1 1 ( i - O O O I O I O O O O O I O O ( ! ’ 00010000101001
( t : 0 0 0 0 1 I O O O I 1 0 1 0 ( V K O O O O I O I O O O I 1 0 1 (?. 00001000100000
( £ 000001 I I O O I 1 0 0 ( r . 00000110110100 ( r . ( l O ( X ) O I  1 0 1 0 1  1 1  1

( i ’ ' c O O O O O I O O I I O I I O (?. 00000100010000 ( t : O O t K l O  1 0 0 0 0 1  O l d

(y. 00000011110101 00000000010110 ( I - O O I X I O O O O O O O O O I

( n v ; ) r i  n ^ n I J J  J O  S ' U O I ' J U I I O ' I U J I I O J - J P S J 0  • 1 ' > C | U 1 " N ' )  J I V J ' I  1 ™ ) ! " !

!•! q i a u o q

u o i p i u j j v j u o ; )  } ! ' / , ) ' !  J<> s - . j / r / w /y 7  x i p u . x l d y



A p p e n d i x  1. Tables  o f  I T ' A l l  Concaten at ion

Longth 1 !

I n i t i a l  L C A R  ( N u m b e r  o f  Solf-

1 1 1 10011 1 101 10 (-1) 10011000001110 1 1 1 101 I 1001 110 (-1)

00101 100101110 (-1) 00100010101110 10011IOIIO I110 (2)

11U1 1 10111)11 10 (-1) 00100011101110 IOI11000011110(0)

010010010111 10 (.-1) 01000101111110 10110101111110(2)

00000000000001 ()) 010101 OOOOOOl) 1 1011101OOOOOOl(2)

001 10100100001 (‘1) 101 101 1011)001)1 11001011100001(3)

01101000010001 (-1) 11011100010001 1 100000 IOI 0(H) 1 (3)

11011101010001 (-1) 00111111010001 o ioi  ioooi ioooi (;i)

i ioo i  i ioi ioooi (:i) 001101111IOOOI 11uoooooooiooi (;t)

11000001001001 (2) 00111011001001 11111011001001(3)

10101111001001 (2) 00010000101001 11o o io oo io ioo i  (:i)

01001011101001 (2) 0111000001IOOI 010101IOOIIOOI(I)

1 1010001011001 (-1) 00110101011001 OIOIOOIIOIIOOI(2)

00101111011001 (3) 1101 111 1011001 10101IOOI1IOOI(2)

01110110111001 (2) 01100001111001 OOIOIOI111IOOI(2)

11111000000101 (3) 01010001 101 10110100100101 (2,3)

10110001100101 (3) 00100110010101 01 1001 10010101 (1)

10111110010101 (2) 1 101 1 1 11010101 01100100110101(2)

10011100110101(2) 11100101110101 OOOOOOl 1 I 101(11 (3)

10010011110101 (2) 11111011110101 01000111110101(3)

00100000001101(2) 11010000001IOI 0000IOI0001 IOI (3,3)

10100110001101 (3) 01100101001101 I0 1 0 0 I0 0 I0 I101 (2,3)

00101110101101 (3) 01111 I 10101101 10000IO IIO IIO I(3)

01100111101101 (-1) 001l l l l l 101IOI 00111000011IOI (0)

01111000011101 (31 01001110011IOI 101111IOOI1IO I(1)

10000001011101 (2) 01101001011101 OIOIOI 1 101 1 IOI (3,3)

00011000111 101 (2) 10101001111101 IOI1IOOI111IO I(3)

001 10011I I 1101 (-1) IOOI0000000011 100IOOI0000011(2)

1000101000001 1 (-1) 01000111100011 IOOIOIOOOIO' 11 (3)

oi 100101010011 (3) 1100110101001 1 OOIOIOI1010011(2.3)

10000111010011 (3) 00010111010011 1111IOOOIIOOI1 (2)

1100101011001 I (-1) IOOOI101110011 1011000000IOI1(3)

01100100001011 (3) IOOI1010001 Oil 001 101 100011)1 . (3)

00011110001011(2) 0 1100000101011 OIOIOOIOIOIDI 1 (1)

00110001101011(3) 01000000011011 OIOIOIIOOI1011(3)

0 0 110 11001101 1 (-1) 0001 IOI 101 Kill 1000100011101 1 (2)

10001010111011 ('!) 011101IOI1IOI1 0010111011IOI 1 (3)

0010001111101 1 (1) 1 0I010II1 II0 II 1110101111IOI1 (I)

iooi  ioi  i ii  ioi  I (:i) 01001 II I  111011 111IOI10000111 (2,3)

10101 110100111 ('!) 0 0 0 I0 I IU 0 0 I I1 1111IOI1010111 (3)

i r a t o i i a t i o n s  o f  I n i t i a l  L C A R )



A p p e n d i x  I. Tables  o f  l A ' A H  ( 'oneuleiui t ion 157

Length 14 (continued)

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
1 I O I 1 1 1 1 0 1 0 1 1 1 ( 4 ) oiooiooiiioii! (3) 0 0 0 1 1 0 1 0 0 0 1  1 1 1  ( 3 )

0 1 1 0 1 1 1 1 0 0 1 1 1 1  ( 4 ) 0 U 0 0 0 1 1 0 1 0 1  1 1 1  ( 2 ) 0 1 0 0 1 1 1 0 1 0 1  1 1 1  ( 3 , 4 )

0 1 0 1 1 1 1 0 1 0 1  I I I  ( 2 , 4 ) 1 1  1 0 0 0 0 1  1 0 1 1 1  1 ( 2 , . 3 ) 0 1 1 1 0 0 1 1 1 0 1  1 1 1  ( 4 )

0 0 0 1 0 1 1 1 1 0 1 1 1 1 ( 2 ) 1 0 1 0 0 0 0 0 0 1 1 1  I I  ( 1 3 ) 1 1 0 0 1 1 0 0 0 1 1 1 1 1 ( 2 )

oiooioiooimi (,'i) 1 0 0 1 0 0 1  1 0 1  1 1  1  1  ( 1 3 ) 1 1 1 0 1 0 1 1 0 1 1 1 1 1  ( 4 )

i o i o i i ; io iu  n (u) 0 1 0 1 0 0 0 0 1  1 1 1  1 1  ( . ' ) )

Length 15

Initial LCAR (Number of Self-Concatenations of Initial LCAR)
lornooi o o o o o o o o  ( : ) ) 001101010000000( 3 ) 111110110000000(2)
010111110000000(3) inoioooioooooe'2 ) ooiooiooionoooo (2 )
01001001 1000000 (.3) 11IOI1011000000(2) 000100111000000 (4)
Oil 1000001000(X> ( 3 ) i looiooooiooooo (:s) 001 H O ' l O O  100000 (4)
111011000100000(4) 111101100100000(4) 11011(100100000 (4)
110010010100000(3) 111001010100000(4) 100111010100000 (3)
>001001 IOI 1X301X3 (2) 01100100110(3000 (.3) 00110110110000(3 (2)
1 1 1 1001 1 1 10001X3 (.')) 001101111100000(2,3) 110010000010000 (4)
1 10(101 10(3010000 (3) 1010100(0010000(2) 111110110010000 (4)
1 1 101010101(3000 (2) 001111100110000( 3 ) 0111101 0110000 (3)
I O O I  11(301 1 10000 ( 4) 101110111110000(4) 010100110001000(3)
011011110(101000 ( 4) 101011001001000(2) 110111001001000 (4)
111111001001000 ( 2) 011000101001000(2) 111010101001000( 3 )

OOOOOOl11001000(4) 001000111001000(2) 001111111001000(3)
110010000101000(4) 001001100101000(2) 101111100101000(3)
010000001101000 (  3 ) 011110001101000(2) 011101101101 OCX) (3)
011111011101000 ( 2) 100111: 11101000(3 ) 100001100011000(3)

001100101011000(3) 001100011011000 (3)
100001011011000 ( 3) 00110100(31 1 1000 (2) 110111010111000 (2)
101101001111000(3) 100111001111000(3) 011111001111000 (3)
010001011111000(3) 010110111111000(3,4) 100111010000100(3)
001111001000100 (2) 11100010I O O O I 00(4) 001110101000100 (4)
01011001i000100 (4) 100001011000100(4) 000100111000100(2)
100000000100100(4) 000000100100100(2) OIOIOOOIOIOO.'OO (3)
101000001100100 (2) 001010001100100( 3 ) 1011:0 0 0 1 100100 ( 3 )

O O O I O l O O l 100)00 (2) 100101001100100(3) 100100011100100 (3)
100110100010100( 3 ) 001001100010100(3) 001110110010100 (3)

^7170630



((;) oi i ooo i n 101 n i l  
(i.) oi wrxjonot ioi io 
(c) oioi i lonom oi  (I- 
( c ) OIOII 101 0 0 1 0 0 1 I 
(l')OIOI I IOOI I IOI 11 
(s:) oioi ioi 11 looooi
(I') 0 1 0 II0011000100 

(I') OIOIOI 101000110 
(!') OIOIOIOIOIOIOOI 
(?,) OIOIOOI IOI IOI II

iooiooiio 
(r) oioi (K)o i o i o 11 io
((.) OIOOII 100101001 

(SJ) OIOOI IOOI 11 I I 10 
(?.) OIOOIOI I IOOI 100 
{!') OIOOIOOI10 10 100 

(i.-)OIOOIOOOIIOIIIO (l'
(0)oioooioi111iooo 

(i-‘t;) oioooioin11 ioio
(r.)oiooooioiooioi i 
( c ) 010000001 I 10010

(I.IOOIIIIIIOOIIOIO 
(l<) 001 I 11010010001
(1) nm 111oooooi ioi 
(r.) ooi i ioi ioiooooi 
( c ) 001 I10I00I00111 

U:1 ooi 11ooio11 ioio
(i:7.) ooi ioi 1111ooooo 

(r)ooiioiioiinoooo 
(f.')OOl101010000000 
(c)OOIIOOI11011110 
((.') OOI I (Ml 101 101010 
(»:) ooi ioooi ioi iooo 
(i:)oouoooioiiioio 

(t:*r) onioi 111 iooioio
(ill 0 0 1 0 1 1 100100010 

( c ) 001011000100011

0 1 10 0 0 10 1 0 0 1000 

OIOIIIIIOI10010 
0 10 1110 1 0 10 0 0 10 

0 1 0 1 110I0 0 0 1 100 

OIOIIIOOOIIIOOI 
0 10 . 10 110 10 0 0 1 1 

o i o i o m i o o i i i i

0 10 10 10 1 1001X00 

OIOIOIOOOIOIOOI 
OIOIOOIIOI01010 
OIOIOOOI1010110 
OIOIOPOIOIOOIOO 
OIOOIIIOOOOOOIO 
OIOOIIOOI101IOI 
OIOOIOIOOIOIOOI 
OIOOIOOIIOOIIOI 
OIOOOIIIOIIOOOI 
OIPOOIOIIOIIIIO 
OIOOOIOOIIIOIOO 
01000001000101 I 
010000001IOI000 
o o 11111o 11111 n i 
OOIII1001011001 

0 0 1 111000000011 

0 0 1 1IOI10010100 

OOIIIOIOOlOOIOl 
OOI1100001IOOII 
OOI1011110101 11 

OOI101101011 110 

OOI10100011IOOO 
OOIIOOI11010010 
OOII001010IIOOO 
OOIIOOOIIOOOI10 
ooi ioooooo n o n

0 01011U0 1 0 0 III 
00101101IOI 1110 

OOIOIOI10010010

HVJ' I
( | ) o i i u i ) u o . i )  ( j j  t | i i } i i o ' ]

uoi)i.’ih))tK)iH\) U Y J ' }  j o  sojqvj j  7  x i p u o d d y
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A p p e n d i x  I. Tab le s  o f  L C A  It C o n c a te n a t i o n 15!)

Length 15 (continued)

Initial LCAR Nuini>or of Self-Concatenations of Initial LCAR]
110111101000110 3) 111000011000110(3) 001 IOOOI 101X1110 3)
011111000100110 :i) OIOIOOIOOIOO! 10(3) 000001IOOI00110 3)
1IOOOIIOOI00i 10 :>) 01 1 IOI 100100110 (4) 110000110100110 3)
110101110100110 3) 111101111100110(3) OOI100100010110 3)
1 1 OOIOOOl OIOI 10 •*) 111101001010110(4) 101010101010110 ‘I)
OIOIOOOIIOIO!10 3) 110110011010110(3) 101101011010110 3)
IOIIOOI11010110 •■*) 011000000110110(3) 111111110110110 3)
1OOOOOOl11IOI10 •')) 000100011110110(4) OIOOIOOI1110110 3)
11IOOI1111IOI10 :>) 000001000001110(3) 1 1 1001 100001110 ■1)
011IOI1IOOOI110 3) 101110001001110(3) 100000101 OOI 1 10 3)
oioioooioim  i io 2) 0100100011011 10(3) 011001001101 1 10 ‘1)
1 1(100010' IOI 1 10 '•) 101000101101110(4) 000101101101110 3)
011IOOOI1IOI110 3) 101001000011(10(3,4) 000101 100011 n o 2)
11IOOI11001I I 10 3) 110001001011110(2) 111001001011110 3)
OOIIOIIOIOIIIIO 2) 010001011011110(3) 000011011011110 3)
00101IOI10111 to ■*) 001100111011110(3) 01111 1 1 1 1011 110 3)
011001000111110 .3) 100001100111110(3) 1100111001 111 10 3)
oooi ii lo o m  no ■2) 10001iOlOl11110 (3) 000131110111110 2)
100100001 111 110 3) 010011001111110(3) 011110111111110 3)
100001000000001 •2) 001001000000001(4) 111110010000001 ‘1)
10000011OOOOOOl ■1) 101100110000001(3) 011011110000001 3)
111010001000001 2) 011100101000001 (3) 100000011000001 'I)
001IOOOI1000001 3) IOOI 101 1 1000001 (3) 10000000010000! 3)

1IOOIIOOO100001 3) 101000100100001(2) 110100100100001 ‘I)
111100100100001 3) 110010010100001(2) OOIOOOlIOI00001 ‘1)
0001IOI10100001 3) 001110110100001(2) 0001 1 (K 4’1100001 3)
01111IOOI100001 3) 1 11010011100001 (2) o io i i o i i : >uoooi 3)
100101000010001 ')) 100011100010001(3) 111010010010001 3)
1001010100IOOOI ‘1) OOI111010010001 (4) 1 On 1 1 0 1 1 0 0 1 0 0 0 1 3)
101101110010001 3) 101011101010001(2) <*1 100001 1010001 2)
1110100101IOOOI 2) 01111lOlulIOOOI(3) 010001110110001 3,4
IOOOIOOOI1IOOOI 3) 10101)1001110001 (3) 111110111110001 3)
101101100001001 3) 011 111 100001001 (3) 010000010001001 2)
1001IOI10001001 ■•) 001001110001001(3) 000000001001001 3)
000001011001001 2) 100111111001001(3) 100010000101001 ■1)
010101000101001 2) OIOOI 1000101001 (3,4) 010010100101001 3)



Ap p r n d i x  I. Tahirs  o f  L C A I I  Conci i t rn . i t ion IliO

L e n g t h  15 ( c o n t i n u e d )

( N u m b e r  o f  S o l f - C o n c a t o n a t i o n s  o f  I n i t i a l  1,1

(3) C M  0 0 1  1  1 0 0 1 0 1 0 0 1  ( 3 ) 1 0 1 0 1 1 1 0 0 1 0 1 0 0 1  ( 3 )

(D o i o u m m m n o o i  (  i ) 11011011010  t o o  1 ( 2 )

( ■ « ) 1 1 0 0 1 1 0 1 1 1 0 1 0 0 1 ( 3 ) 1 1 1 1 0 1 1 1 0 0 1 1 0 0 1  ( 1 )

(3) 0 0 1 1 1 1 0 0 1 0 1 1 0 0 1  ( 3 ) 1 0 0 1 0 0 0 1 1 0 1 1 0 0 1  ( 1 )

(3) 1 1 1 1 1 0 0 1 1 0 1 1 0 0 1  ( 3 ) 1 0 1 0 1 1 0 1 1 0 1 1 0 0 1  ( 3 )

(3) 0 1 0 1 1 1 0 0 0 1 1 1 0 0 1  ( 3 ) 0 0 0 0 1 1 1 0 0 1 1 1 0 0 1  ( 1 )

(3) 0 0 0 1 1 1 1 C I 0 1 1 1 0 0 1  ( 3 ) O O I O O O O I O I 1 1 0 0 1  ( 3 )

(3.4) 0 0 0 0 0 1 0 1 0 1 1 1 0 0 1  ( 3 ) 11001001  111 l o o t  ( 2 )

(3) 0 0 0 1 0 1 1 1 1 1 1 1 0 0 1 ( 3 ) 1 0 1 1 0 0 1 0 0 0 0 0 1 0 1  ( 1 )

( 2 ) 1 1 1 1 1 1 1 0 0 0 0 0 1 0 1 ( 3 ) l o o o o i o o i o n o i n i ( 2 )

(3) 1 1 0 0 0 1 1 0 1 0 0 0 1 0 1  ( 3 ) 0 0 1 1 0 1 1 0 1 0 0 0 1 0 1  ( 3 )

( ' ! ) 0 1 1 1 1 0 0 0 0 1 0 0 1 0 1  ( 3 , 1 ) 1 1 0 0 1 1 0 0 0 1 0 0 1 0 1  ( 2 )

(4) 1 0 0 0 1 1 1 0 0 1 0 0 1 0 1  ( 3 ) 1 i i y i n n o m l o o i o i  ( 3 )

(3) 0 0 0 0 1 0 0 1 0 0 1 0 1 0 1  ( 2 ) 1 0 0 !  1 1 0 1 0 0 1 0 1 ( 1 1  ( 3 , 1 )

(3) 1 1 0 0 1 1 0 0 1 0 1 0 1 0 1  ( 2 ) 1 0 1 0 1  1 0 0 1 0 1  U t  0 1  ( I )

(1) 1 0 1 1 1 0 0 0 0 1 1 0 1 0 1 ( 3 ) 0 0 0 1 0 0 1 0 0 1 1 0 1 0 1  ( 2 )

(3) m o i  i  l o o i i o i o i  ( 3 ) 1 0 1 I O O O I O I  1 0 1 0 1  ( 3 )

(3) 1 0 0 1 0 1 0 0 1 1 1 0 1 0 1  ( 3 ) 1 0 0 0 1 0 1 0 1  1 1 0 1 0 1  ( 2 )

(3) 0 0 1 1 1 1 0 0 0 0 0 1 1 0 1 ( 2 ) 1 1 0 0 1 0 0 1 0 0 0 1 1 0 1  ( I )

(3) 1 0 1 0 0 1 1 1 0 0 0 1  1 0 1  ( 3 ) 1 0 1  1  1 1 1 1 0 0 0 1 1 0 1  ( 3 )

( - 1 ) 1 0 0 0 0 0 0 1 1 0 0 1 1 0 1  ( 3 ) 0 1 0 0 1 0 0 1 1 0 0 1  1 0 1  ( 3 )

(3) 0 0 0 1 1 1 1 0 0 1 0 1  1 0 1  ( 3 ) 0 1 1 0 1 0 1 1 0 1 0 1 1 0 1  ( 3 )

( 3 ) 1 1 1 1 1 0 0 0 1 1 0 1  1 0 1  ( 3 ) 0 1 0 0 1 1 0 0 1  1 0 1  1 0 1  ( 3 )

(3) 1 0 0 0 1 0 0 1 1 1 0 1  1 0 1  ( 3 ) 1 0 1 0 1 1 0 0 0 0 1  1 1 0 1  ( 3 )

(3) 0 0 1 0 0 1 1 0 0 0 1 1 1 0 1  ( 3 ) 1 1 0 ! 1 0 1 1 0 0 1 1 1 0 ! ( 2 )

( ■ 1 ) 1 1 1 0 0 0 0 0 1 0 1 1 1 0 1 ( 3 ) 1 1 1 1 0 0 0 0 1 0 1  1 1 0 1  ( 2 )

(3) 1 0 1 0 1 0 0 1 1 0 1  1 1 0 1  ( 3 ) 0 1 0 1  1 1 0 1  1 0 1  1 1 0 1  (  1 )

(3) 0 0 0 0 1 1 1 1  1 0 1 1 1 0 1  ( - 1 ) 0 1 0 0 0 1 0 1 0 1 1 1 1 0 1 ( 2 , 3 )

(3) 0 0 0 1 0 1 0 0 1 1 1 1 1 0 1  ( 3 ) 0 0 1 0 1 1 1 0 1 1 1  1 1 0 1  ( 3 )

( 4 ) 1 0 1 1 0 0 0 1  1 1 1  1 1 0 1  ( 3 ) 1 1 1 0 0 1 1 1 1 1 1  1 1 0 1  ( 2 )

(3) 0 0 ' 1 1 1 0 0 0 0 0 0 0 1 1 ( 1 ) 1 0 1 0 0 1 1 0 0 0 0 0 0 .  I  ( 3 )

( 1 ) 0 1 1 0 0 1 0 1 1 0 0 0 0 1 1  ( 3 ) 0 0 1 0 1  1 0 0 0 1 0 0 0 1 1  ( 3 )

( 2 ) 1 1 0 1 0 1 1 0 0 1 0 0 0 1  1 ( 3 ) 0 1 0 1 1 0 1 1 0 1 0 0 0 1 1  ( 3 )

(3) 0 0 0 0 1 0 0 0 1 1 0 0 0 1  1 ( 3 ) 0 1 1 0 0 1 0 0 1 1 0 0 0 1 1  ( 3 )

(3) 0 0 1 1 0 0 1 1 1 1 0 0 0 1 1 ( 3 ) 1 1 i 1 1 0 1 1 1 1 0 0 0 1 1  ( 2 )

(-D 0 0 0 0 0 1 0 0 0 0 1 0 0 1  1  ( 3 ) 0 0 0 1 0 1 0 0 0 ( 1 1 0 0  1 1 ( I )

«
( 4 ) 1 0 1  1 0 0 0 1 0 0 1 0 0 1  1 (  1 ) 0 0 0 0 0 1 0 1 0 0 1 0 0 1  1 ( 3 )
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L e n g t h  15 ( c o n t i n u e d )

I ni t ia l  LC1A I i ( N u m b e r  o f  S e l f - C o n c a t e n a t i o n s  o f  I n i t i a l  L ( ' A I t )

10 0 0 0 1 0 10 0 10011 ( A 010 1 1 1 0 1 0 0 1 0 0 1 1 3) 100111110010011 (2)

1 1 1 111101010011 (■•!) 111000111010011 2) 101011111010011 (3)

0011100 0 0 1 1 0 0 1 1 (•■!) 100001000110011 3) 101001000110011 (2)

lOIOIOHJOl 1001 1 ( A 111011100110011 2) 100101110110011 (3)

111001001110011 (•'>) 1 0 0 ! 1 1 0 0 1 I ' O O l 1 3) 0 1 1 1 1 1 0 0 1 1 1 0 0 1 1 (3)

00101 111 I I 10011 (2,3) oioonool oooio i l 3) 100001001001011 (4)

0100001 0 1 0 0 1 0 1  1 (2) 001 1 (01 1 100101 1 3) 1 1 0 0 0 )0 0 1 1 0 1 0 1 1 (3)

1 1 1001101101011 (3) 1101 1001 1 101(11 1 3) 0 1 1 0 0 1 0 1 1 1 0 1 0 1 1 (3)

00 1 1 0 0 0 0 0 0 1 1 0 1 1 (2) 111110100011011 3) 1 1 1 0 1 1 0 1 0 0 1 1 0 !1 (4)

01 1 0 1 0 1 1 0 0 1 1 0 1 1 (■'») 110101110011011 3) 101110011011011 (2)

I I J010 I0 I  1011011 (2) 101110111011011 3) 111100000111011 (3)

0 0 0 1 0 0 1 0 0 '  1011 (-1) 00 0 1 1 1 0 1 0 1 1 1 0 1 1 2) 111101110111011 (3)

00 0 0 0 1 0 0 1 1 1 1 0 1 1 (■1) 01 KJOOlOl1 11011 3) 1 1 1 10 0 1 1 1 1 11011 (2)

lO l l lO IO O O O O II l (3) 0 1 1 0 0 0 1 1 0 0 0 0 1 1 1 3) 0 0 1 0 0 0 1 0 1 0 0 0 1 1 1 (4)

110010111000111 (2) 111110000100111 2) 0 0 0 1 1 0 1 0 0 1 0 0 1 1 1 (4)

0 0 1 1 1 0 1 0 0 1 0 0 1 1 1 (3) 01 1 1 1 0 1 0 0 1 0 0 1 1 1 3) 110011100100111 (3)

0 0 0 0 0 1 0 1 0 1 0 0 1  1 1 (4) 0 1 0 0 0 1 1 1 0 1 0 0 1 1 1 3) 0 0 1 0 1 1 1 1 0 1 0 0 1 1 1 (3)

01 1 1 0 0 0 0 1 1 0 0 1 1 1 (4) 1 1 0 1 01101100111 3) 0 1 1 1 1 0 0 1 1 1 0 0 1 1 1 (3)

110001011100111 (3) 01101  111 1100111 3) 1011 1 1 1 11100111 (2)

0 0 0 0 0 0 1 0 0 0 1 0 1 1 1 (2) 100000100010111 2) 100010010010111 (3)

100011010010111 (2) 100001110010111 2) 0 0 0 1 0 0 1 0 1 0 1 0 1 1 1 (3)

0 0 0 0 1 0 1 0 1 0 1 0 1 1 1 (2) 0 0 1 1 0 1 1 1 1 0 1 0 1 1 1 ‘1) 110000000110111 (3)

00 0 0 0 1 0 0 0 1 1 0 1 1 1 (■1) 1101 1 (JO 10110111 4) 0 0 0 0 0 0 1 1 0 1 1 0 1 1 1 (2)

01 0 1 0 0 1 1 0 1 1 0 1 1 1 (2) 110011001110111 2) 101011001110111 (3)

01 0 1 1 1 0 0 1 1 1 0 1 1 1 (-1) 1 1 0 1 1 1 0 0 0 0 0 P .1 1 3) 101110100001  111 (2)

tOOOOIOOIOOl111 (3) 0 0 0 0 0 1 1 1 1 0 0 1 1 1 1 3) 0 1 0 1 0 1 1 1 1 0 0 1 1 1 1 (2)

1 1 0 1 1 1 1 1 1 0U 1111 (2) 01 1 0 1 0 1 0 0 1 0 1 1 1 1 4) 0 0 0 0 0 1 0 0 1 1 0 1  111 (4)

100110011101111 (■') 0 0 1 1 1 0 0 1 1 1 0 1  111 3) 110111011101111 (3)

0 1 1 0 0 1 1 1 1 1 0 1 1 1 1 (3) 11 1001000011111 2) 101101100011111 (3)

100000010011111 (4) 100110110011111 3) 110110001011111 (3)

01 1 0 0 0 1 0 1 0 1 1 1 1 1 (3) 0 0 0 0 0 0 0 1 )0 1 1 1 1 1 2) 0 0 0 0 1 0 0 1 1 0 1 1 1 1 1 (4)

110001111011  111 (2) 100011111011111 3) 0 0 0 1 0 0 1 0 0 1 1 1 1 1 1 (2)

1 0 1 1 0 1 1 0 0 1 II  111 (3) 101000001 111 111 3) 110010101 111111 (3)

1 0 1 1 1 0 0 1 I I I I  111 (-0 0 1 1 0 1 1 0 1 1 1 1 1 1 1 1 3)
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L e n g t h  1(>

I n i t i a l  L C A R  ( N u m b e r  o f  S e l f - C o n c a t e n a t i o n s  o f  I n i t i a l  I , C A R )

0011110000000000(4) 0000101000000000 (2,1 010001 lOOlKXXXlOO (2)

1101100100000000(2) 0111010010000000 (2) 101 10001 KXKKXIOO ( 1)

0110011110000000 (-1) 1101110101000000 (4) 0111110011000000(2)

1101 loioooiooooo (:i) 1001111100100000 (2) 1000001 0101 01X100 (3, 1)

1110011010100000(2) 01000101 10100000 (4) 1111010001100000(I)

0010001101100000(0) 101001 1 101 100000 (2) 0111001011100000 (2)

1110101011100000(4) 010101111110001X1 (2) 1010' 1 1 1 1 1 101X100 (1)

1111101100010000(3) 100101 1 KK)OIOO(X) (2) 1000011010010000 ( I)

0000000001010000(2,'!) 0101 100001010000 ( I) 00111000001IOOOO(2)

1000000100110000(3) 0010010001 1 10000 (2) 0011110001110000(3,

100100101 1110000 (-1) 1100101011110000 (3) 1111101000001000(2)

1000100010001000 (.|) 10001 10010001000 (3) 1010110110001000(1)

0111111110001000(3) 0010100001001000 (3) 0001010001001000(3)

11CC011101001000(4) 001 101 1 101001000 ( I) 0101111011001000(2)

0010011111001000(2) 0001001000101000 (3) 0101101100101000(I)

1 11 1 100010101000 (-1) 111101 1001 101000 (4) 1011000101101000(2)

0110100101101000(2) 0110010011101000(2) 10101100!1101000(3)

011010111111,1000 (3) 110111001X1011000 ( I) 1010101000011000 ( I)

0111110110011000(2) 1111101110011000 (4) 0001 1 IOIOIOI 100(1 (2,4)

1001110011011000(3) 1110111011011000 (3) 0011000111011000(2,3)

1100100111011000 (-1) 1000111100111000(4) 10001 10(1101 1 1000 (1)

0100110010111000(4) 0001101010111000 ( 2,4) 1 10100(11 1(11 1 1000 (2)

00110101101111X10(4) 1011001101111000 (4) 01 1001(101 1 1 1 1000 (3)

1001000000000100(2) 1000001 100000100 (4) 01001 101(11000100 (3)

0100010011000100(4) nnoooi io i iooo i  oo (3) 1110011111000100 (4)

0000111000100100(2) 1lOlOIOiOOIOOlOO (2) 1 101 1 lOOIOIIIOlOO (2,1)

0111000101100100(2) 001 1 101 101 11X11 (X) (3) 010001001 1 10010(1 (3)

0101010011100100(3) 01000101 11 l(X)KX) (2) 0001001111100100(2)

0100010000010100(3) 000100101X1010IfX) (3) 0110100100010100 (1)

1011100010010100(3) 01000001 1001011X1 (4) 100110011001 OHIO (4)

1001101110010100(3) 1010!10011010100 (3) 1110100111010100 CM

0110100000110100(3) 1101100000110100 ( I) 1 1 101 1 10001 101(10 (2,

1111101010110100(4) (1101000001 1 101 (XI (3) 1110001001110100(2)

1010100101110100(2) 1000101 101 1 10100 (2) 1 10010001 1 1 1010(1 (3)

1101010011110100(3) 1001100000001 100 (4) l o i o n o o o i o o o i l o o (2)

1111100110001100(4) 0001101 1 10001100 ( 2,3) 00!1110111001100(1)

0110010110101100(3) 0001110110101100(4) 1110010001101100(1)



A p p e n d i x  I. Tables o f  L C A I I  Conca tenat ion 163

Longth 16 (continued) 

Initial LCAR (Number of Self-Concatenations of Initial I / ' A R )
0 0 0 1 0 0 1 0 1  1 101 I (10 ■1) 0 0 0 0 1 1 0 0 0 0 0 1 1 1 0 0 A i l o i o o u i o o o ; l i o o 3 )

(J 1001(10 1 00 0 1  1 100 'I ) 1 0 0 1 0 1 0 1 0 0 0 1 1 1 0 0 A 1 1 0 0 0 0 0 0 1 1 0 1 1 1 0 0 2 )

1 0 0 0 0 0 1 0 1 1 0 1 1 1 0 0 2 ) 0 0 1 0 0 1 1 0 1 1 0 1 1 1 0 0 3) 0 1 1 1 1 1 0 1 1 1 0 1 1 1 0 0 2 , 1 )

0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 -1) 0 1 0 1 1 1 0 0 0 0 1 1 1 1 0 0 ‘1) 1 1 0 1 1 1 0 0 0 0 1 1 1 1 0 0 3 . D

11 t o o l  1 0 0 0 ) 1 1 1 0 0 2 ) 0 0 0 0 1  1101/1111 100 3) 0 1 1 1 0 0 0 0 1 0 1 1 1 1 0 0 2 )

1 1 0 0 0 0 1 1 1 0 1 1 1 1 0 0 A 0 0 1 1 0 0 1 1 1 0 1 ! 1 1 0 0 ■1) 0 1 0 0 0 1 0 0 0 1 1 1 1 1 0 0 2 )

1 1 0 0 0 1 0 0 1 1 1 1 1 1 0 0 A 0 1 1 1 1 0 0 1 0 0 0 0 0 0 1 0 -1) 0 0 1 0 1 0 0 1 1 0 0 0 0 0 1 0 ■1)

1 0 1 1 0 0 1 1 0 1 0 0 0 0 1 0 A O i l  1 0 0 0 1 1 1 0 0 0 0 1 0 2) 1 1 0 1 0 1 0 1 1 1 0 0 0 0 1 0 3 )

1 0 1 0 0 0 0 0 0 0 100U 10 •1) 0 0 1 0 1 0 0 0 0 0 1 0 0 0 1 0 3) 0 0 1 1 1 1 1 0 0 0 1 0 0 0 1 0 2)

1 1 0 0 0 0 1 1 0 0 1 0 0 0 1 0 -1) 0 0 1 0 0 0 1 1 0 0 1 0 0 0 1 0 '1) 0 0 1 0 0 1 1 1 0 0 1 0 0 0 1 0 3 )

01  1 0 1 0 0 0 1 0 1 0 0 0 1 0 ■1) 0 0 0 0 0 1 0 1 1 0 1 0 0 0 1 0 ‘1) 0 0 1 0 0 1 1 1 1 0 1 0 0 0 1 0 2 )

0 (1 0 0 0 0 0 0 0 1  1 0 0 0 1 0 A 0 1 0 1 0 0 1 1 0 1 1 0 0 0 1 0 3 ) 1 0 0 1 0 I 0 1 0 0 0 1 0 0 - . 2 )

0 0 1 1 1 0 0 0 1 0 0 1 0 0 1 0 ■1) 0 1 0 0 1 1 1 0 1 0 0 1 0 0 1 0 3 ) 1 1 0 0 0 0 0 1 1 0 0 1 0 0 1 0 ‘I)

1 0 0 1 0 0 1 1 1 0 0 1 0 0 1 0 3 ) 1 0 0 0 1 0 0 0 0 1 0 1 0 0 1 0 3) o u i o u i n i o i o o i o 2 , 3 )

0 1 1 1 0 0 0 1 1 1 0 1 0 0 1 0 3 ) I I 1 0 0 0 0 1 0 0 1 1 0 0 1 0 '1) 0 0 0 1 1 1 0 1 0 0 1 1 0 0 1 0 -1)

IOIOOIU 0 1 1 0 0 1 0 A 0 0 1 0 0 0 1 0 1 0 1 1 0 0 1 0 3 ) 0 1 0 0 1 0 0 1 0 1 1 1 0 0 1 0 3 )

0 1 0 0 1 1 1 1 0 1 1 1 0 0 1 0 A 1 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 3 ) 1 0 0 0 0 1 0 0 1 1 1 1 0 0 1 0 3 )

0 1 0 0 1 1 1 0 1 1 1 1 0 0 1 0 A 1 1 0 1 1 1 0 1 1 1 1 1 0 0 1 0 3 ) 0 1 1 1 0 1 1 0 0 0 0 0 1 0 1 0 3 )

o o i o i i i o o o o o : _ 1 0 0 0 0 1 0 1 1 0 0 0 1 0 1 0 3 ) 1 1 1 0 0 1 1 1 1 0 0 0 1 0 1 0 2 )

ID 1 1 10 1 0 0 1 ( 1 0 1 0 1 0 -1) 0 1 1 1 0 1 1 0 0 1 0 0 1 0 1 0 'I) 1 1 1 0 1 1 1 0 0 1 0 0 1 0 1 0 ■1)

0 1 0 0 0 1 1 0 1 1 0 0 1 0 1 0 3 ) 1 0 0 0 0 1 0 1 1 1 0 0 1 0 1 0 2) 1 0 1 0 0 0 1 0 0 0 1 0 1 0 1 0 2)

0 1 1 1 0 0 0 1 0 0 1 0 1 0 1 0 'I ) 1 1 0 1 1 1 0 1 0 0 1 0 1 0 1 0 '1) 0 0 1 0 0 1 1 1 0 0 1 0 1 0 1 0 3 )

1 1 0 1 I 0 1 0 I 0 I 0 I 0 1 0 2 ) 1 1 1 0 0 1 1 1 1 0 1 0 1 0 1 0 ■1) 1 0 0 1 1 1 0 0 1 1 1 0 1 0 1 0 ‘0

1 1 1 1 1 0 1 0 1 1 1 0 1 0 1 0 2 ) 0 0 0 0 0 1 1 1 1 1 1 0 1 0 1 0 2) 0 0 0 0 1 0 1 0 0 0 0 1 1 0 1 0 ■1)

1 1 0 0 0 1 0 0 0 1 0 1 1 0 1 0 2 ) 1 0 1 1 0 0 0 0 1 0 0 0 1 0 1 0 0 1 1 0 1 1 0 1 0 'I)

1 1 0 1 0 0 1 0 1 1 0 1 1 0 1 0 'I) 1 1 1 0 0 1 1 1 1 1 0 1 1 0 1 0 A 0 0 1 1 1 1 0 0 0 0 1 1 1 0 1 0 ‘I)

I O I O I O I 1 1 0 1 1 1 0 1 0 2 ) 1 1 0 0 1 0 0 1 0 1 1 1 1 0 1 ’J 3 ) 1 1 1 1 0 1 0 1 0 1 1 1 1 0 1 0 2)

0 0 0 1 0 0 1 1 0 1 1 1 1 0 1 0 2 ) 1 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 2 ,3 , ' . ; 1 0 0 1 1 0 0 0 1 0 0 0 0 1 1 0 3 )

I 1 1 0 0 1 0 0 1  1 0 0 0 1 1 0 3 ) 0 1 1 1 1 1 1 0 1 1 0 0 0 1 1 0 2) 0 1 1 1 0 1 0 0 0 0 1 0 0 1 1 0 ‘I)

0 0 0 1 0 1 1 1 0 0 1 0 0 1 1 0 2 ) 0 0 0 1 1 1 1 1 0 0 1 0 0 1 1 0 3) 0 0 1 1 0 1 0 1 1 0 1 0 0 1 1 0 3 )

1 0 0 0 0 0 1 1 1 0 1 0 0 1 1 0 2 ) 1 0 1 1 1 0 0 0 0 1 1 0 0 1 1 0 3 ) 0 1 1 1 1 1 0 0 0 1 1 0 0 1 1 0 2 )

1 1 1 1 0 0 1 0 1 1 1 0 0 1 1 0 3 ) 0 0 0 0 0 0 0 1 1 1 1 0 0 1 1 0 ■1) 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 0 A

1 1 0 0 0 1 0 0 0 0 0 1 0 1 1 0 ‘I) 0 0 1 0 1 1 0 0 0 0 0 1 0 1 1 0 3) 0 1 0 0 0 1 0 1 0 0 0 1 0 1 1 0 'I)

0 0 1 0 1 0 0 0 1 0 0 1 0 1 1 0 ■1) 0 0 0 1 0 1 1 0 1 0 0 1 0 1 1 0 2) 0 1 1 0 11 0 1 0 1 0 10 1 1 0 3 )

0 1 1 0 1 0 1 1 0 1 0 1 0 1 1 0 3 ) 1 0 1 1 0 1 1 1 0 1 0 1 0 1 1 0 2) 0 1 1 0 1 0 1 0 1 1 0 1 0 1  10 3 )

000101  1 1 i u m m o 3 ) 1 1 0 0 1 1 1 1 0 0 1 1 0 1 1 0 2) 1 0 1 1 1 1 1 1 0 0 1 1 0 1 1 0 •1)

43

^
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L e n gt h  Hi ( c o n t i n u e d )
Ini t ial  L C A R  ( N u m b e r  o f  S e l f - C o n c a t e n a t i o n s  o f  Init ial  I . C A R )  
oi 10101010110 ; ; i n o i o o i  101101 t o ( i )  i m u i i i i  :: : , ;

0 1 1 1 0 1  1 0 0 1  1 1 0 1 1 0 ( 2 )  101 1 0 0 0 1 0 1  1 101 111 ( 2 . 1 )  10 0 0 0 1  1 0 1 1 1 1 0 1 1 0  ( 2 )

I 101 11101 1110110  ( I )  1001 1 0 1 1 1 1 1 1 0 1 1 0 (1 )  I 11 10 0 0 0 0 0 0 0 1 1 1 0  ( 2)

0 0 1 1 1 1 0 1 0 0 0 0 1 1 1 0 ( 2 )  010101 0 0 1 0 0 0 1  I 1 0 ( I )  0 0 1 0 0 1 1 0 1 0 0 0 1 1 1 0 ( 2 )

01000011  10(H)! 110 (2) 0100101  1 100011 10 (0) 000001 I 101001 I 1 0 ( 2 )

o i l o o i o o o o i o i i i o ( - 1)  o o o o o o o i ex)i o i  1 1 0 ( 2 )  i i o i o o o .  :  ; ; ;

o i o i o o o o o i i o i i i o ( a )  010100100110111 0 ;  i )  0 1 1 0 1 11001101110 (  )

0 1 0 0 1 0 1 0 1 1 1 0 1 1 1 0  ( 2 . 1 )  1 I 101 I 101 I 101 I 10 ( I )  101 I I I I 1 0 0 0 1  I I 1 0  ( 2 )

0 1 0 0 0 0 0 0 1 0 0 1 1 1 1 0  (1 )  100100001001  1 1 10 (2) 1 I 1001 iu lOOl I I III (2 )

1 I 11001 1 1001 I 110 (2 )  10101 10 0 0 101 I I 10 (.1) I I 1 I 1001 I 101 I I 10 ( !)

101 1001 1 1 101 1 110 (2 )  1 11 lOOtOOOl I I I 10 (0) 111 lOOl lOOOl I I 1 1 0 ( 2 )

10000001001  I 1 11 0 ( 1 )  0 0 0 0 0 0 1 1 0 0 1 1 1 1 1 0 ( 2 )  110001001011 I I 1 0 ( 2 )

0 0 0 1  1001 1 0 1 1 1 1 1 0  ( 2 )  001  1 101 I 1011  I 1 10 ( 2 , 1 )  I I 1(11001 It 1 I I I I 10 ( I)

01 1 0 0 0 1 1 0 1II1110 (2 ) 11010010111111 10 (.'!) 00010001 I 11 I 11 10 ( I)
00001 10010000001 (.3) OI I 1 1 IOOIOOOOOOI ( I )  OOOOOIOIOIOOOOOI (1 ,1 )

001 I 101101000001  (2 )  0010000 0 1 1 0 0 0 0 0 1  ('I) I I I 1 10101 1000001 (2 ,1 )

01 100101 I 1000001 (2 )  10 0 10 0 1000100001 (:t) 01001 1 I 100100001 ( I )

0 1 0 1 0 0 0 1 1 0 1 0 0 0 0 1  (,'l) OlOIOOl l IOIOOOOI (2) 01 10000001 100(101 (2 ,1 ,1 )

o o o o i o o i o i  i o o o o i  ( a )  o i  i o n  i  i o i  i o o o o i  ( 2 )  i o i  1111 i o i  i d o o o i  ( i )

1011000011100001  ( 2 , 3 )  I O I 1001 I  I I 100001  (  I )  0100101000010001  ( a )  

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1  (-1) 1 0 I 0 0 I 0 0 I 0 0 I 0 0 0 1  (-1) I 101 I 10010010001 ( I )

I 1 1001 I 101010001 (3 )  1 0 1 0 0 1 101 1010001 (1) 00101 1 101 10101)1)1 (2 )

0001000100110001 (.')) IOI 10001001 10001 (2) 0001 I 101 001 10001 ( I)
1 0 1 1 1 01001110001  (3 )  0 0 0 1 1 1 0 0 1 1 110001 ( I )  I O I 1 0 0 1 0 1 ) I 10001 ( ! )

0 0 10000000(H)1001 (2 )  0 !  1 1 10 0 1 0 0 0 0 10 0 1 (2) 1 I I IOI I 100001001 (2)

1 0 0 0 0 10001001001  (3) 00001 1 1 101001001 (-1) OIOOIOOI I 1001001 (3)

1001 I 10111001001 (2 ,1 )  111001 I 1 I 1001001 (3) I 1 I ODD 10 0 0 101001 (1)

01 0 0 1 0 0 0 1 0 1 0 1 0 0 1  (2 )  001 I 1 0 0 0 IO I01001 (2) OOOOIOOOIIIOIOOI (2 )

I 1 1 1 0 0 1011101001  ( -I) 001 I OOOOOOO I 1001 ( I )  1 IOI I I IOOOOI 1001 ( I )

01 1 0 0 0 0 1 0 0 0 1 1 0 0 1  (3 )  I I I lOuOlOOOl 1001 (3 )  I 1001 11)10001 1001 H )

00 1 0 1 0 0 1 1 0 0 1 1 0 0 1  (<1) I 10010100101 1001 (3 )  00101001  I IOI 1001 (3 )

10111001 I 1011001 (3 )  01101111 1 1 0 1 1 0 0 1  ( I )  1011000000111001  (2)

0001 101 1001 1 1(H)! (3 )  0101011  1001 I 1001 (-1) 1001001 I IOI I 1001 (2 .1 )

I I 1 0 0 0 1 1 0 1 I I 1001 (2 )  000001001  I I 11001 (2) 1 I I I I 1001 I I I 1001 (2 )

1 101 11101 I 111001 (3  ) 0 1 0 0 0 1 00000(H) 101 (-1) 0 0 1 1 0 0 0 1 OOOOOI 0 I (2 )

010011  I 100000101 (3 )  010 1 0 1 0 0 0 1 0 0 0 1 0 1  (2) 1 101 IOOOOOI00101 (2 )

02 4280

9855
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Length 16 (continued)

Initial LCAR (Number  of Self-Concatenations of Initial LCAR)
lOOUIOOIOOHJOlOl (-1) 0100110100100101 2 ) 1110101100100101 4 )
101 i 100101 HJOIOI (2 ) M i l !  10101100101 •6 100010110110010! 4 )
0000011011100101( 2 ) 0010111010010101 ■2) 0001100001010101 4 )
0101110111010101( 2 ) 1110000000110101 3 ) 1101000000110101 4 )
101 1 ! >0000110101 (3 ) 0!11101000110101 3 ) 1100001100110101 3 )
00101' 11001 10101 (.')) . •"J101 1 100110101 3 ) 0001000110110101 4 )
000001 1 1 II >10101 (-1) 1101111111110101 '1) 1001110000001101 2 )
0101101 100001101 (-1) 1000011100001101 2 ,3 ) 1111100010001101 4 )
10001 10010001101 ( 2) 0001011010001101 2 ) 0110111010001101 2 ,4 )
00000001 10001 101 (<l) 1000111101001101 3 ) 0100001011001101

0001 1 1 101 1001 101 (4 ) 0111101111001101 2 ) 1000011111001101 4 )
1101101010101101( 2 ) 0110101011101 101 2 ) 1010110000011101 3 )
01 1001 100001 1 101 (I!) 001010010001 1101 3 ) 1010011010011101 2 )
1001 101 1 1001 1 101 ( ! ) 110110000101110! 2 ) 0101001001011101 4 )
l o o o i I  l o o i o i  i i o i  (:<) 11011000110]1101 3 ) 1100100001111101 2 )
01 1 1 10001 1 1 1 1 11,1 ( 2 ) 0 1 IOI10011 111 101 '1) 1000011011111101 4 )
0011101100000011( 2 ) 0100100110000011 4 ) 1100110001000011 4 )
010001001 IOOOOI 1 (-1) 1010110011000011 3 ) 0011110111000011 2 )
1 111 1 I 1 1 1 IOOOOI! (-1) 0110100000100011 4 ) 1101 110000100011 2 )
010110100010001 1 ( 2 ) 1101100100100011 3 ) 0111110100100011 2 )
0 0 i 111110010001 1 ( 2 ) 1110000101100011 ■1) 1101110101100011 3 )
000100101 1 100011 (-1) 1011111000010011 2 ) 1110110100010011 4 )
001011110001001 1 C'l 111011101001001 1 ■1) 0101111010010011 3 )
0001 1011 10010011 (■!) 100110100101001 1 3 ) 1101000101010011 3 )
0000111101010011 (3 ) 1100001000110011 •1) 1001100010110011 4 )
011011001111001 1 (2 ) 0110011111110011 2) 1010110000001 f'l 1 4 )
0011100010001011 (3 ) 0111010010001011 4 ) 1100101010001011 3 )
000111011000101 1 ( 2 ) 0101101101001011 -1) 0111111101001011 3 )
0010111100101011 (3 ) 001001001010101 1 2 ) 0100001110101011 3 )
1 1 10101 l i l t  10101 1 ( 1) 11 100 10 1 11101011 2 ) 1010010000011011 2 )
0010 ! 100000! 10! 1 ( 1) 10!110100001101 1 2 ) 1011101100011011 3 )
00000000100110! 1 ( 2 ) 1100010010011011 3 ) 0000010001011011 3 )
0101011)10101 101 1 ( 2 ) 1011010101011011 2 ) 1111000111011011 2 '
0001 1000001 1 t o n  (-1) 1100010000111011 2 ) 0011110000111011 3 .4 )
lOOUlUOIOOl1101 1 (3 ) 0010010100111011 2 .4 ) 0101010010111011 4 )
0000001010111011 ( 1) 1100011010111011 3 ) 0100111110111011 3 )



Appendix  I. Tahirs of L ( \ \ R  Concatenation  I (Hi

Len gt h  l(i  ( c o n l i n u e d )
Ini t ial  L C A R  ( N u m b e r  o f  S o l f - C o n r a l e n a l i r  is o f  Ini l ia!  L C A R )
100110000111 IUI 1C) 0110111101111011 1) 100111110111IOI1 (U)
10101 1 1 1 11111011 C' 1010110000000111 :t) 0100110010000111 ( 1)
1100011010000111 C) 1001010001000111 1) 00101 1 100100(11 1 1 ( 2)
1001111011000111 (2) 0011011000100111 ■1) oi loom looiooi 11 (;t)
1101011110100111 (2) 0011110001100111 2) 01 1 1 100101 1001 1 1 (2)
0000010101100111 (2) 1000101011100111 :i) 01010001 1 1 11(01 1 1 (2)
0101010111100111 (-1) 0010001111100111 •1) 1001001 1 1 1 1001 1 1 (I)
0101101111100111 (2) 0111111010010111 ■■!) 01 101 101 11)0101 11 ( 1)
0010101110010111 (•■>) OOOOOI1IOI0101II 1) 101001001 10101 1 1 ( 1)
1101011011010111 (-1) 1100100010110111 ■') 1 1 1 1 IOI 1 IOI IOI 1 1 ( t)
0010110001110111 (2) 01010010011IOI11 i) 1IOOIOOIOI1IOI11 ( 1)
t t lllul101110111 (■■!) 01110111011IOI11 -I) Oil 1000000001 III (2)
10011000101X111 1 1(■■») 1101101110001111 2) 01 1 1 1 10001001 1 1 1 (I)
0110011101001111 (■>) 1001011[010011II •1) 011110011100!111 (2)
000001100010111! (-1) 0101111010101111 2) 000101100!IOI111 ( 1)
1001000011101111 (2) 111111001110!Ill -1) 01 101 IOI 1 1 101 1 1 1 (I)
1011000100011111 (-1) 0001010100011111 ■1) ooi loooi ion11 ill ( 1)
Oil 1101110011111 (-1) 00010000010111II 2) 00101IOIOIOI1 1 1 1 ( 1)
100000110101 1111 (2,-1) menu i ioioi i n i 2) 000010001 IOI 1 1 1 1 ( 1)
0001100111011111 (4) 1110110111011111 •■)) 11110111001111 I 1 ( 1)
1001 1 1 1 KJ0111111 (2) 1010011010111111 ■1) 1 IOOOOI 1 1 1 1 1 I 1 1 1 ( 1)
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1.2 N on -se lf  P rim itive C oncatenation  o f  L C A R s

Due  l,o th e  very large n u m b e r  of possible con c a t en a t io n s  of each l ength ,  we only 

include som e  e x a m p le s  here.

We list all length b pr i m i t i ve  L C a R s in t h e  first row of t h e  table .  For each of 

the  L C A R s ,  we c o n c a t e n a t e  the  rest of the  L C A R s  to  it and check t h e  pr imi t iv i ty .  

T h e  leng th  10 p r im i t i ve  L C A R s  on the  second row a r e  o b t a i n e d  from th e  non-,' If 

p r im i t i v e  concafc ' i ial ion of the  L CARs  in row- I. S imilar ly ,  t h e  p r im i t i v e  L C A R s  of 

rows if a r e  formed by the  non-self pr imi t ive  co n c a t en a t io n  of t h e  leng th  5 L C A R s  in 

row I a n d  the  10 L C A R s  in rows 2.

engtli Primitive LCARs

r> 1 1 I 10 1 0 0 0 0  01 1 0 0  1 1 1 0 0  1 1 0 0 0  11001

ID 1 1 1 1 0 - 0 1 1 1 X 1 0 1 1 0 0 - 1 1 1 0 0  1 1 1 0 0 - 0 1 1 0 0  1 1 0 0 0 - 1 1 1 1 0  1 1 0 0 0 - 1 1 1 0 0  

1 1 0 0 0 - 1 1 0 0 1  1 10 01 -1  1 1 10

IS 1 1 1 10-01 1 0 0 - t l  100  10 0 00 -1  1 100-0 1 100 1 0 0 0 0 - 1 1 0 0 1 - 1 1  1 10  

01 100 -0 1  100-11 100  1 1 0 0 0 - 1 1 1 1 0 - 0 1  100 1 1001 -11  110-01 1 00  

1 1001-1  1001-11  1 10
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1.3 N o n -S e lf  Prim itive  and N on-prim itive  C on­

caten ation  of LC A R s

T h i s  lists a sot of l / ' A l l s  of  length l(i co n s t ru c te d  by b o th  / ' / ’ a n d  / ’.V co n ca len a  

t ion  from leng th  8  p r i m i t iv e  b ( 'A H s .  T h e  I , ( 'A l t s  with * are  p r imi t ive .

Length 8  

Primitive LCAIts
1 engtli 1 (i l,( 'A Its

1010 0 0 1 0 101000100001000! 1010001000010111 IIIOOOIOOOOI 1 100

1 010001 0001 00010 l o i o o n i o o o m i o i o * OIIIOOIOOOI IOOOO

1010001000111101 [010001 0 0 1 0 0 1  110 OIOOOIOOIOI1000

1010001001100100 l n i o o o i o o i l o i o o i OIOOOIOOI111001

1010001010000110 1 0 1 0 0 0 1 0 1 0 0 1 0 1 0 0 0101 lOIOIOIIIIOlO

1(110001010101101 l o i o o o i o i l o i o i o o OIOOOIOIIOlOIOl*

1010001011110001

10101011 1010101100000001 i O l O I O l 100110100 o i o i w :  m i i o o o i o i *

1010101101001011  - 1010101101001111 OIOIOI lOIOIOOIIO

1010101101101110 1 0 1 0 1 0 1 1 0 1 1 I O I 11* 0 1 0 1 0 1 1 1 0 0 1 1 1 0 0 *

1010101110100101 1011)101 1 10101 IOI o i o i o i  i n i l  i o o o o

10101(11 1 101 10101 1 0 1 0 1 0 1 1 I O I 11010* OIOIOI 1 1 10001.01

1010101111000110 101 0 1 0 1 1 1 1 0 1 1 0 1 0 *

1101 0 0 1 0 1101001000101010* 1 1 0 1 0 0 1 0 0 0 1 0 1 1 0 0 i o i o o i o o Mi l o i o o

1101001001010000 1 101 (JO 1001 1 IOI 1 1 * lOIOOlOIOOOl 1 III

110100101001 (M) 1 1* 1 IOIOOIOIOIOOOOO i n i n o i o i o i o i o i o

1101001010101101 i l o i n o i o i o i ioooo l o i o o i o i i o i o i o i *

1101001011011010* 1 1 0 1 0 0 1 0 1 1 0 1 1 IOI l o i o m o i  i i o i  i l l *

1101001011110010 1101001011111001 l o i o i n o i  11111  i o

11010011 1 101001 100001 101 1 1 0 1 0 0 1 1 0 0 0 1 0 0 0 0 11)1001 1000101 10

1 101001 100101 OIK) 1 101001 1001 10 ,01 i n i o o i  m o l  111 i o

I 101001101000000 1 1 0 1 0 0 1 IOIOOOOIO l o i o o i  11) i <>01111o

1101001101001101 1 1 0 1 0 0 1 I O I 110001 IO I U O I I O I 111100

i l o i o o i i o i i i i i : i 1 I 0 1 (II) 1 1 101(11 1 1 1 1011)01 I I OI I  IOI 1

1101001111000100 1 IO IU O I111001100 10 1m i 11111  l o o m

1101001111111001 11010011111111  10
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L o n g t l i  X 

I ’ r i m i U v c *  L C A R h

L o n g i l i  1 6  L C A R s  ( c o n t i n u e d )

1 IOl OI Ol 1 IOlOIOl OIXK) 1 UK) 1 10 1 0 1 0 1 0 0 1 0 0 0 1 0  1 1 0 1 0 1 0 1 0 0 1 0 0 1 0 0  

I I 0 I 0 1 0 I 0 0 I I 1 0 I 1  1 1 0 1 0 1 0 1 0 0 1 1 1 IOI 1 1010101 0 1 0 1 0 1 0 1  

I I OI OI OI OI OI I I OI *  1 1 0 1 0 1 0 1 0 1 1 1 0 0 1 0  1101010 1 0 1 1 1 0 1 0 1  

1I O l O I O l 10000001 1 1 0 1 0 1 0 1 1 0 0 0 0 1 1 0  1 1 0 1 0 1 0 1 I0U01111 

1 1 0 ,0 1 0 1 1 0 0 1 0 1 1 0  1 I O lO I O l10111001 1 1 0 1 0 1 0 1 1 1 0 0 0 0 1 0  

1101010111111100

1 1 0 1 IOIO 1101101000011 let) UOliOlOOOlOOOOO 1 1 0 1 1 0 1 0 0 0  ’ 01111 

1101101001010101 1101101001101001  1 1 0 1 1 0 1 0 0 1 1 1 0 0 1 0  

1101101010000001 1 1 0 1 1 0 1 0 1 0 0 0 0 1 1 0  1 1 0 1 1 0 1 0 1 0 0 0 1 1 0 1  

1 10110101U101010 1 101101010101101  1 1 0 1 1 0 1 0 1 1 1 1 1 1 0 0

0 1000101 0 1 0 0 0 1 0 1 OOOOOOO 1 01 0 0 0 1 0 1 0 0 0 1 0 0 0 1  0 1 0 0 0 1 0 1 0 0 0 1 0 1 1  () 

010 0 0 1 0 1 0 0 0 1 1 0 0 0  0 1 0 0 0 1 0 1 0 0 1 1 0 1 1 0 *  0 1 0 0 0 1 0 1 0 1 0 0 1 0 1 0  

0100010101001101  0 1 0 0 0 1 0 1 0 1 0 1 0 1 0 0 *  0 1 0 0 0 1 0 1 0 1 1 0 1 0 0 0  

010 0 0 1 0 1 1 0 1 0 0 0 0 0  0 1 0 0 0 1 0 1 1 0 1 1 0 0 1 0  0 1 0 0 0 1 0 1 1 1 0 0 0 0 0 1  

010 0 0 1 0 1 1 1 1 0 0 1 0 0  0 1 0 0 0 1 0 1 1 1 1 0 1 0 0 1  0 1 0 0 0 1 0 1 1 1 1 0 1 1 1 1 *  

01000101 1 1 1 1 0 0 0 0 *  01000101  1 1 1 ’. 1010*

0 1 0 0 (0 1 1 0 1 0 0 1 0 1 1 0 0 0 1 0 1 0 0  0 10 0 10 1 1 0 0 10 0 1 1 1 0 1 0 0 1 0 1 1 0 0 1 1 1 0 1 1  

0100101 1 0 1 0 1 1 0 1 0  0 1 0 0 1 0 1 1 0 1 1 0 0 0 0 0 *  0 1 0 0 1 0 1 1 0 1 1 0 0 0 1 1  

01001011100011  10 01 0 0 1 0 1 1 1 0 0 1 0 0 0 1  0 1 0 0 1 0 1 1 1 0 1 0 1 1 0 1  

010 0 1 0 1 1 1 0 1 1 0 0 0 0  0 1 0 0 1 0 1 1 1 C 110010 0 1 0 0 1 0 1 1 1 1 0 1 0 0 1 1 *

o i o o i o i i i i o m o i  o i o o i o i i i i i o i m *  0 1 0 0 1 0 1 1 1 1 1 1 1 1 1 0
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A p p en d ix  2 

C C M IN I M anual P age

N A M K

(’( 'mini  a  concurrent,  checking code’ gene ra to r  an d  m in im i /o r .

S Y N O P S I S

ccmiii i  [-h[elp]] [-bferger]] [-p[a.rity]] [-in.'J] [-c[oml)inationaI]]
[ - seq uen t i a l ] ]  [-r[ |)at tern]] [-m7] [-1 [pattern]]  [< l i l en am e > ]

D E S C R I P T I O N

Ccrnini  is c a p ab le  of  a d d in g  be rg er  code,  M o d d / M o d 7  code  and  b K S R / i d  1AR 
to  o u t p u t  of b e n c h m a r k s  c i rcui ts  (or o the r  c i rcuits) ,  and p a r i t y  code lo i n p u t  of 
t h e  c i rcui ts .  M in im iza t io n  is a u to m a t i ca l l y  e a r n e d  o u t  af ter  ab ove  codes  are  adde d .  
T h e  f o r m a t  of i n p u t  file is c o m p a t ib l e  to  t h a t  of espresso .  “ D o n ’t, c a r e s ” can a p p e a r  
in i n p u t  or  o u t p u t  or t h e  both .  A s t a t i s t i c  in fo rm at ion about, the  g iven c i rcui t  can 
b e  found in a * . rp t  file.



A p p e n d i x  2. ( ' ( ' MI N I  M an ua l  Page

O P T I O N S

b[erger] add  berger  code io o u t p u t  of t h e  c ircui t
e[ombinat ional ] for co m bina t iona l  c ircui t.
h[elp] gets  ccmini  user manua l .

ad d  LFSR  code whose divisor  po lynomi;
gi 'en by pul U rn  in b inary  form.

111:5 add  modi} code to o u t p u t  of t h e  c i rcui t .
m7 arid m o d "  code to  o u t p u t  of t h e  c i rcui t .
!>[drit.yj add  par i t y  code lo input  of t h e  c i rcuit .
r [pat tern] add  L C A R  code whose LC AR  s t r u c t u r e

given by pat tern  in b inary  form.
s[c<|!l(Mltial] for sequent ia l  ci rcui t.

f i l en ame> input  file name.


