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Abstract - It is often assumed that the faults instorage elements (SEs) canbe

modeledas output/input stuck-at-faults of the element. They are implicitlycon-

sidered equivalent to the stuck-at faults in the combinational logic surrounding

the SEcel ls. A more accurate higher level fault model for elementarySEs used

in asynchronous circuits is presented. This model o�ers better representation

of the physical fai lures. It is shown that the stuck-at model maybe adequate i f

onlymodest fault coverage is desired. The enhanced model includes somecommon

fault behaviors of SEs that are not covered by the the stuck-at model . These

include data-feed- t hrough behaviors that cause the SEto be combinational . Fault

models for complex SEcel ls can be obtained without a signi�cant loss of infor-

mationabout the structure of the circuit. The implications of the dat a- f eed- t hrough

faults on the behavior of asynchronous circuits are considered.

1 Introducti on

Functional faul t model i ng i s an e�ect i ve approach t o handl e t he compl exi t i es of l ar ge

di gi t al ci r cui t s . A f unct i onal f aul t model hi des t he compl ex f aul t behavi or and pr es en

a way of cons i der abl y s i mpl i f yi ng t es t gener at i on [1], [ 2] . Hi gher l evel f aul t model s ar e

eas i er t o us e becaus e t hey r epr es ent t he f aul t behavi or i ndependent of det ai l ed l ower l e

des cr i pt i on. However i t has been s hown i n s ome s i t uat i ons t hat a s i mpl e f unct i onal model

may not adequat el y r epr es ent a s i gni �cant f r act i on of f ai l ur es . When t hi s i s t he cas e, t
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bas ed on s uch a model may not be s i gni �cant l y bet t er t han r andomt es t i ng. If t he f aul t

model i s adequat e , a f unct i onal t es t s et wi l l t es t f or mos t f aul t s , whi l e at t he s ame t

cons i der abl y r educi ng t he t es t gener at i on e�or t . A f aul t model can be t ermed adequat e i f

i t expl i ci t l y cover s (i . e . cover age i s guar ant eed f or ) a major f r act i on, s ay x%, of al l

f aul t s [ 2] . The number x cannot be obt ai ned by us i ng any f undament al cons i der at i ons , but

woul d be bas ed on a r eas onabl e convent i on. The f aul t s not expl i ci t l y cover ed may or may

not be t es t ed i f t he t es t vect or s ar e obt ai ned us i ng a f aul t model . Thus a f aul t model wi t

l ow explici t coverage i s l i kel y t o be i nadequat e.

Agood s t r at egy i s t o obt ai n a f unct i onal f aul t model f or l ogi c bl ocks der i ved f r omt he t

phys i cal s t r uct ur e of t he ci r cui t . Thi s r equi r es t hat accur at e f aul t model s f or pr i mi t i ve b

s uch as el ement ar y s t or age el ement s ( SEs ) be cons i der ed. Al t hough t es t cons i der at i ons a

t he l ow l evel can be comput at i onal l y compl ex, an accur at e f aul t model f or compl ex l ogi c

bl ocks i nf er r ed f r omt he phys i cal s t r uct ur e of t he ci r cui t can r educe t he t es t gener at i on

f aul t s i mul at i on e�or t s s i gni �cant l y.

The el ement ar y SEs ar e t he bas i c pr i mi t i ves i n compl ex l ogi c bl ocks l i ke r egi s t er s , �ni

s t at e machi nes , and s t at i c memor y bl ocks . Thi s paper exami nes t he maj or t r ans i s t or - l eve

f aul t s f or two el ement ar y SEs us ed bas i cal l y i n as ynchr onous ci r cui t s . The behavi or o

each cel l under t he above f aul t s i s anal yzed t o eval uat e pos s i bl e f unct i onal f aul t mode

Res ul t s f or el ement ar y SE cel l s ar e ext ended t o char act er i ze compl ex SE cel l s . I n s ect i on

t he mi ni mal s t uck- at model and t he pr opos ed enhanced model ar e des cr i bed. SE cel l s ar e

exami ned i n s ect i on 3 f or al l pos s i bl e t r ans i s t or - l evel f aul t s t o s eek a f aul t model wi t h

f aul t cover age.

2 Faul t odel i ng of l e entary Cel l s

The mi ni mal ( s t uck- at ) f aul t model as s umes t hat i nt er nal f aul t s i n t he SEs can be mod-

el ed as s t uck- at - 0/1 at t he i nput s or t he out put s of t he SEs . We exami ne bel owt he e�ect i ve-

nes s of t he mi ni mal f aul t model i n r epr es ent i ng phys i cal f ai l ur es . The r es ul t s r eveal t he n

f or a mor e accur at e f aul t model t o bet t er r epr es ent t he phys i cal f ai l ur es at t he t r ans i s

l evel of an el ement ar y SE.

To exami ne a SE cel l , i n gener al , an i nput s equence i s r equi r ed r at her t han a s i ngl e i npu

vect or . Let T=ft1, . . . . , tng be t he s et of al l pos s i bl e i nput combi nat i ons and ( s; ti) be t he

r es pons e of t he cel l t o t he i nput vect or ti appl i ed t o t he cel l when t he cel l i s at s t at e s. The

behavi or of each cel l under al l pos s i bl e t r ans i s t or f aul t s i s exami ned f or al l i nput combi na
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and pr evi ous s t at es . Amul t i val ued l ogi c r epr es ent at i on i s us ed t o bet t er r epr es ent vol t

l evel s t hat ar e not exact l y l ogi c 1 ( har d 1) or l ogi c 0 ( har d 0) [ 3] . Her e hi gh l evel ( )

cor r es ponds t o bot h `har d 1' and ` s of t 1' , and l ow l evel (L) cor r es ponds t o bot h ` har d 0' an

` s of t 0' [ 4] . Af aul t t hat caus es t he SE out put t o be L( ) f or al l ti 2 T , r egar dl es s t he s t at e

of t he SE, can be model ed as s t uck- at - 0 ( 1) . nder s ome f aul t s t he out put of t he f aul t y

cel l cannot make a hi gh t o l ow ( l ow t o hi gh) t r ans i t i on, and t he cor r es pondi ng behavi or i

r epr es ent ed by H!L (L!H) . Such f aul t s gener al l y appear as s t uck- at - 1( s t uck- at - 0) .

However , s ome f aul t y behavi or s of t he SE cel l do not mani f es t as s t uck- at - 0/1. Such

f aul t s caus e t he SE cel l t o become dat a- f eed- t hrough as de�ned i n [ 2] .

e�nition 1: A f aul t y SE cel l i s s ai d t o be dat a- f eed- t hrough when i t s behavi or becomes

combi nat i onal s uch t hat ( s; ti) = ( y) f or each ti 2 T, wher e y i s t he dat a par t of ti.

For exampl e, f or a A pai r l at ch, y i s a doubl e el ement vect or cor r es pondi ng t o and

i nput s .

Some r ecent paper s addr es s t he det ect i on of s ever al phys i cal f ai l ur es i n S s yn

chr onous l at ch cel l s [ 2] , [ 4] - [ 7] . Acompr ehens i ve f aul t s model f or s uch l at ches i s pr es ent ed i n

[ 2] . The pr opos ed enhanced f aul t model i s pr es ent ed. I t was obs er ved t hat dat a- f eed- t hroug

f aul t s caus e a race- ahead condi t i on i n s equent i al ci r cui t s , i . e . t he ci r cui t r eaches a s t

cl ock per i od t oo ear l y [ 8] . I n t hi s paper , we i nves t i gat e t he enhanced f aul t model f or SEs

t hat ar e us ed i n bui l di ng as ynchr onous ci r cui t s . The enhanced model i ncl udes f aul t s t ha

caus e dat a- f eed- t hrough and pr obl ems of non- ret ent i on of l ogi c l evel behavi or s as wel l as

s t uck- at f aul t s . Such f aul t s can be det ect ed by moni t or i ng l ogi cal l evel s . Hence t hey

t ermed l ogi cal l y t es t abl e.

Detai l ed a i nati ons of the l e entary Cel l s

I n t hi s s ect i on, a det ai l ed exami nat i on of two di �er ent el ement ar y as ynchr onous SEs i

pr es ent ed. Each cel l i s exami ned f or al l pos s i bl e t r ans i s t or f aul t s . Res ul t s obt ai ned

l yt i cal l y bas ed on a mul t i val ued al gebr a have been ver i �ed by S I E. A good f unct i onal

f aul t model i s s ought s uch t hat t he f unct i onal behavi or of f aul t y SE cel l s can be adequat e

des cr i bed. ot h t he mi ni mal and t he enhanced f aul t model s ar e exami ned f or t he e�ect i ve-

nes s i n r epr es ent i ng t he f unct i onal f aul t s . ecaus e of t he t r ans i s t or s i zi ng and t echno

us ed, ` 0' domi nat es i f t wo nodes ar e br i dged. Al l pos s i bl e br i dgi ng f aul t s between nodes

t he s ame wel l ar e cons i der ed. We us e (x; y) t o i ndi cat e a br i dgi ng f aul t between nodes x

and y. r i dgi ng f aul t s between i nt er nal nodes of di �er ent wel l s ar e not i ncl uded becaus
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t he pr obabi l i t y of havi ng s uch f aul t s i s ver y smal l . Anal ys i s as s umes t hat a br i dgi ng f a

cor r es ponds t o a hard shor t . The anal ys i s s hows t hat many s t uck- on and br i dgi ng f aul t s

change t he conduct ance pat h betweendd and ss nodes . Thi s s ugges t s t hat moni t or i ng t he

s uppl y cur r ent ( IDDQ ) , whi ch can be many or der s of magni t ude hi gher i n t he pr es ence of

s uch f aul t s , can be us ed f or t es t i ng s uch f aul t s . I n t he pr es ence of s t uck- open f aul t s , a SE

coul d t ur n f r oms t at i c t o dynami c under s ome i nput vect or s . Thi s means t hat t he l ogi c val ue

of t he out put of t he cel l i s mai nt ai ned due t o t he char ge s t or ed i n t he capaci t ance as s oci at

wi t h t he out put node. Thi s s t at e may l as t onl y f or a s hor t t i me due t o t he l eakage of t he

char ge. However , at normal cl ock r at es s uch f aul t s can be det ect ed onl y i f t hey mani f es t a

del ay f aul t s . Faul t y behavi or of two SE cel l s ar e s ummar i zed next .

. ir l

The cel l i s s hown i n Fi gur e 1. As i ngl e- r ai l out put i s cons i der ed her e and t he out put i

obs er ved at 1. Si mi l ar but s omewhat mor e compl i cat ed r es ul t s f or doubl e- r ai l cas e can be

obt ai ned. I n f aul t f r ee cel l , vect or =11 caus es bot h 1 and 2 nodes t o r et ai n t hei

pr evi ous l ogi cal val ues and t he cel l r emai ns s t at i c, whi l e vect or = 00 i s t o be avoi d

becaus e i t caus es r ace pr obl emi n t he cel l . However , onl y vect or s =f 01; 10g make t he

cel l i n t he t r ans par ent phas e, i . e . can der i ve t he cel l t o a known l ogi c val ues .

(b) The transistor level

p1p2p3p4

n1

n2

n3

n4

A
2

2 A

3

3

B

B

45

67

Q1 Q2

0

1A

B
Q2

Q1

(a) The gate level

Fi gur e 1: The A - pai r cel l

Tabl e 1 s hows t he f aul t y behavi or of t he cel l f or t r ans i s t or - l evel f aul t s . The r es ul t s

t hat s ome of t hes e f aul t s caus e enhancement i n t he s uppl y cur r ent ( IDDQ ) becaus e a di r ect

pat h between dd and ss under s ome t es t vect or s i s es t abl i s hed. ons i der s t uck- open f aul t

i n t r ans i s t or s n1 or n2 or bot h. When vect or =01 i s appl i ed, a di r ect pat h betweendd
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and ss i s f ormed. The s ame obs er vat i on i s appl i ed f or s t uck- open f aul t i n t r ans i s t or n3 o

n4 or i n bot h when vect or =10 i s appl i ed. The r es ul t s s how t hat onl y two s t uck- open

f aul t s s how f aul t f r ee behavi or . ons i der s t uck- open f aul t i n p3. Thi s f aul t caus es t he

t o exhi bi t dynami c behavi or when vect or =11 i s appl i ed and t he cel l i s i ni t i al i zed t

l ogi c 1. ue t o t hi s f aul t , node 1 cannot keep i t s l ogi cal val ue of 1 i nde�ni t el y s i nce

onl y way t o r ef r es h node 1 i f t hi s vect or appl i ed i s t hr ough t r ans i s t or p3. St uck- open f a

i n t r ans i s t or p2 caus es s i mi l ar change when t he s ame vect or appl i ed and t he cel l i ni t i al i

t o l ogi c 0. Thes e two f aul t ar e cons i der ed undet ect abl e i f t es t s ar e appl i ed at normal r a

However , i f t es t s ar e appl i ed much s l ower t han normal r at e, whi ch i s unus ual i n t es t i ng

t hen when vect or =11 i s appl i ed, t hen t he node 1 capaci t ance can di s char ge t o br i ng

node 1 t o l ogi c 0. Thi s met hod of det ect i on may al s o be unr el i abl e becaus e t he vol t age

on oat i ng nodes may s et t l e down at an i ndermi nat e val ue r at her t han at l ogi c 0. Hence

t hes e two f aul t s ar e r egar ded undet ect abl e. Al l s t uck- on f aul t s caus e enhancement i n IDDQ

compar ed wi t h t he f aul t f r ee cas e.

Tes t i ng t he cel l f or br i dgi ng f aul t s r eveal t he i mpor t ance of t he mul t i val ued al gebr a. T

r es ul t s ar e gi ven i n Tabl e 2. The i ndet ermi nat e val ue i s obs er ved when bot h nodes 1 and

2 ar e s hor t ed. Thi s f aul t can caus e char ge s har i ng i f vect or =11 i s appl i ed. Such

behavi or can onl y be det ect ed by obs er vi ng t he s uppl y cur r ent IDDQ . r i dgi ng f aul t between

nodes 7 and s hows s t uck- at behavi or dependi ng on t he i ni t i al condi t i ons . Ther ef or e t hi

f aul t i s model ed as s t uck- at r egar dl es s of t he l ogi cal val ues at nodes 1 and 2. Si mi l a

br i dgi ng f aul t between i nput nodes and has cons equences as s umi ng 0 domi nance. I f

i nput vect or =01 i s t he i ni t i al i zat i on vect or , t hen 1 i s al ways at l ogi c hi gh ( ) a

2 = , however t he obs er vat i on i s r ever s e- ver s a i f vect or = 10 i s appl i ed �r s t .

Ther ef or e f or t he s ake of f aul t cover age, we model t hi s f aul t as s t uck- at .

Tabl e 1 s hows t hat onl y 18 f aul t s out of 38 f aul t s ( i . e . 47%) ar e model ed as s t uck- at and

17 f aul t s ( i . e . 4 %) t ur n t he cel l combi nat i onal . Ther ef or e t he enhanced f aul t model woul

cover 2%of t he l ogi cal l y t es t abl e f aul t s . Tes t i ng t hi s l at ch us i ng r obus t t es t s i s not t

becaus e t es t pat t er ns depend on bot h combi nat i on of pr i mar y i nput s (Aand ) and al s o on

t he s t at e var i abl es , whi ch ar e not di r ect l y cont r ol l abl e and dependent on change of pr i ma

i nput s . ons i der s t uck- open f aul t i n t r ans i s t or p4. I n gener al t o t es t f or a s t uck- open f

a two - pat t er n t es t , t he i ni t i al i zat i on pat t er n and t he t es t pat t er n ar e r equi r ed. To t es

t hi s f aul t , node 1 has t o be i ni t i al i zed t o l ogi c 0 by appl yi ng 2 =11. 2 however i s

f unct i on of and 1 and can be dr i ven t o 1 by maki ng ei t her =0 or 1=0. For t hi s f aul t ,

onl y pos s i bl e way i s t o make =0 al ways . Ther ef or e t o ens ur e t he r obus t l y of t he t es t , a

3- pat t er n t es t ; =f 10; 11; 01g i ns t ead of a two- pat t er n t es t i s r equi r ed. Thi s s hows



t he t es t i s not t r i vi al r obus t becaus e we have t o t ake i nt o cons i der at i on t he s t at e var i a

or out put s of t he l at ch i nt o cons i der at i on.

Tabl e 1: Faul t y behavi or of t he A pai r l at ch under pos s i bl e f aul t s

r n au t a a r

S t u c k -o p e n : p

S t u c k - o n : n

r i d i n : ; , ; , ;

S t u c k - o p e n : p

S t u c k - o n : n

r i d i n : ; , ; , ;

S t u c k - o p e n : n , n s t u c k - a t

S t u c k - o n : p , p

r i d i n : ;

r i d i n : ;

r i d i n : ; , ; �� �� �� ��

S t u c k - o p e n : n , n

S t u c k - o n : p , p

r i d i n : ; , ;

r i d i n : ;

S t u c k - o n : n

r i d i n : ; , ;

d a t a - f e e d - t h r o u h

r i d i n : ;

S t u c k - o n : n

r i d i n : ;

r i d i n : ; , ; , ;

r i d i n : ;

r i d i n : ; I n d e t e r mi n a t eI n d e t e r mi n a t ep a r a me t r i c

S t u c k - o p e n : p , p f a u l t - f r e e f a u l t - f r e e � ���

: The cel l t ur ns i nt o dynami c under vect or =11

. l

The - el ement s hown i n Fi gur e 2 i s t he s t or age el ement us ed i n s el f - t i med as ynchr onous

ci r cui t s . Such ci r cui t s l i ke a pi pel i ne i nt er connect i on ci r cui t t hat cont r ol s dat a t r



between comput at i on bl ocks , whi ch i s bas i cal l y a hal f or f ul l hands hake ci r cui t [] , [ 10] . Thi s

i s a dynami c cel l becaus e t her e i s no f eedback i n t he cel l and t he out put i s obs er ved at nod

. I t s l ogi c f unct i on can be des cr i bed by t he ool ean equat i on = , wher e

i s t he pr es ent s t at e andi s t he pr evi ous s t at e. Hence onl y two vect or s =f 11; 00g

make t he cel l i n t he t r ans par ent phas e, whi l e vect or s =f 01; 10g make t he cel l l at ch i

pr evi ous val ue.

The cel l i s exami ned t o ver i f y t he e�ect i venes s of t he s t uck- at model . I t was obs er ve

t hat t hi s model can not cover al l t he pos s i bl e phys i cal def ect s wi t hi n t he el ement . Act ual

mos t of t he def ect s wi t hi n t he cel l l i ke t r ans i s t or s t uck- on, t r ans i s t or s t uck- open and br i

between i nt ernal nodes have s ome ot her f aul t y behavi or whi ch can not be i nt er pr et ed by t he

s t uck- at f aul t model .

A

B

2

3
4

5

6

7

p1

p2 p3

n1

n2

n3

C

1

0

Fi gur e 2: The - el ement

The r es ul t s gi ven i n Tabl e 3 s how t hat s ome f aul t s caus e t he cel l t o exhi bi t a behavi or

change i n t he l at ch phas e, whi l e s t i l l f unct i oni ng pr oper l y i n t he t r ans par ent phas e. o

t i onal no- ret ent i on of l ogi c 1/0 ( 1 0) behavi or s ar e obs er ved. The de�ni t i on i s gi v

bel ow [ 2] :

e�nition : ons i der a SE cel l i n t he s t at e = 1 i n t he t r ans par ent phas e, t he cel l

exhi bi t s condi t i onal non- ret ent i on ( 1) behavi or i f t he cel l f ai l s t he l at ch l ogi c

i ns t ead t ur ns t o l ogi c 0, i . e . ( 1; ti) =0, wher e ti i s an i nput vect or s uch t hat ti 2 l at ch

phas e vect or s . ( 0) i s de�ned s i mi l ar l y.

As an exampl e, cons i der s t uck- on f aul t i n t r ans i s t or p1. I f t he cel l i s at l ogi c 1 and ve

=10 i s appl i ed, t hen t he cel l i s unabl e t o l at ch l ogi c 1 as i n t he f aul t f r ee cas e, but

vect or wi l l t ur n t he cel l t o l ogi c 0. t her ef or e t he behavi or i s model ed as 1. The t ab

7



s hows al s o t hat t he cel l become combi nat i onal under s ever al f aul t s , and t her ef or e t hey a

model ed as dat a- f eed- t hrough. Some f aul t s caus e t he cel l t o be paramet r i c , wher e t he l ogi c

val ue of t he cel l i s i ndet ermi nat e and l ogi cal t es t i ng cannot be us ed. Such f aul t s can o

be det ect ed by moni t or i ng t he s uppl y cur r ent ( IDDQ ) , whi ch i n t he pr es ence of t he f aul t i s

many or der s hi gher t han t he f aul t f r ee cur r ent . Thi s enhancement i n IDDQ i s due t o t he

f ormi ng of conduct i ng pat hs betweendd and ss under s ome f aul t s .

Tabl e 3 s hows t hat among 33 pos s i bl e def ect s wi t hi n t he - el ement , onl y 18 ( i . e . 3%)

can be model ed by t he s t uck- at f aul t model , whi l e t he enhanced model cover s 13 f aul t s mor e

( i . e . 1%) . Thi s means t hat 100%of t he l ogi cal l y t es t abl e f aul t s ar e cover ed by t he enhanc

f aul t model , whi l e onl y 3 f aul t s can be t es t ed by moni t or i ng t he s uppl y cur r ent IDDQ . .

Tabl e 2: Faul t y behavi or of t he - el ement

au t a a r

r i d i n : ; , ; , ; s t u c k - a t -

r i d i n : ; , ; , ; s t u c k - a t -

S t u c k - o p e n :p , p , n

r i d i n : ; , ; , ; s t u c k - a t

S t u c k - o p e n :p , n , n

r i d i n : ; , ; , ;

S t u c k - o n : p , p

r i d i n : ; , ; NR-

S t u c k - o n : n , n NR

r i d i n : ; , ; NR-

r i d i n : ;

r i d i n : ;

r i d i n : ; d a t a - f e e d - t h r o u h

r i d i n : ;

r i d i n : ;

S t u c k - o n : p , n i n d e t e r mi n a t e p a r a me t r i c

r i d i n : ;

Data- f eed- through Faul ts i nAsynchronous Ci rcui ts

I n t hi s s ect i on t he det ect i on of f eed- t hrough f aul t s i n s equent i al ci r cui t s i s cons i der

as ynchr onous s equent i al ci r cui t i s compos ed of combi nat i onal pr i mi t i ves and SE pr i mi t i ve

Funct i onal f aul t model s f or s uch ci r cui t s can be obt ai ned us i ng t he pr opos ed f aul t mode

f or t he el ement ar y SE cel l . Such model s r et ai n t he accur acy of t he l ow l evel f aul t mode
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of t he pr i mi t i ves , by al l owi ng phys i cal f ai l ur es t hat cannot be model ed as s t uck- at f aul t

be f unct i onal l y char act er i zed at a hi gher l evel . Thi s can r educe t he t es t gener at i on e�

becaus e a l owl evel f ai l ur e can be t es t ed by cons i der i ng t he cor r es pondi ng hi gher l evel f a

Ther ef or e t he number of el ement s t o be cons i der ed i s r educed s i nce t her e i s no need t o

cons i der t es t gener at i on at t he t r ans i s t or l evel . Her e, we exami ne t he i mpl i cat i ons of d

f eed- t hrough f aul t s i n as ynchr onous s equent i al ci r cui t s . Her e a s u s t at e cont ai ns a s ubs

t he s t at e var i abl es , t hus i t coul d des cr i be s ome or al l of t he s t or age el ement s of t he ci r

Ar ace- ahead i nvol ves change i n t he s t at e of t he machi ne as de�ned bel ow [ 1] , [ 2] :

e�nition : Arace- ahead occur s when a f aul t y s equent i al ci r cui t s t ar t s f r oms ubs t at e si

and back t o t he s ame s ubs t at e i n y t r ans i t i ons s uch t hat y x, wher e x i s t he number of

t r ans i t i ons i n t he f aul t - f r ee ci r cui t .

Example1: ons i der t he r ay code up- down count er s hown i n Fi gur e 3 us i ng two nand- pai r

l at ches as an exampl e of an as ynchr onous s equent i al ci r cui t .

00

01

11

10

F=0
F=1

Z1

Z1

Z1

Z0

FZ1

FZ1

FZ1

Z0F

FZ0

Z0

Z0

Z1 Z0

FZ1

FZ 0

FZ0

L1

A1

B1

A0

B0

P

L2

Fi gur e 3: The up- down r ay code count er

When =1, t he ci r cui t di s pl ays on1, t he modul o 4 r ay code r epr es ent at i on of

t he number of pos i t i ve cont r ol pul s es r ecei ved ( i n Fi gur e 3) . When = 0, t he ci r cui t

count s backwar d (modul o 4) . The e�ect s of two di �er ent f aul t s ar e i l l us t r at ed i n Fi gur

4, whi ch gi ves t he s t at e di agr ams i n t he pr es ence of each of t hes e f aul t s . St at es , ,

and r epr es ent t he s t at es cor r es pondi ng t o1 =00; 01; 11; 10 r es pect i vel y. ons i der L1

becomes dat a- f eed- t hr ough s uch t hat1 = 1. Thi s means t hat l at chL1 becomes compl et el y

combi nat i onal , i . e . t he dat a i nput s 1 and 1 ar e not pr oces s ed as i ndi vi dual event s and t h

l at ch i s no l onger a s t or age el ement . Ther ef or e t he event s wher e t he cel l l at ches i t s pr evi

val ue ar e not avai l abl e, i ns t ead at t hat event s , t he l at ch behaves combi nat i onal . Fi gur e 4

s hows t he s t at e di agr amcor r es pondi ng t o t hi s f aul t . Fi gur e 4( b) cor r es ponds t o t he s am

f aul t i n L2. ons i der L1 s t uck- at - 1, t hen t he ci r cui t wi l l s t uck t o s t at e 10 when =1, an



t o s t at e 11 when =0 as s hown i n Fi gur es 4( c) and 4( d) r es pect i vel y.

(a)

00

01

11

10

(b)

00

01

11

10

(c)

00

01

11

10

00

10

11

01

(d)

Fi gur e 4: Faul t y behavi or of t he up- down r ay code count er ( a) L1 dat a- f eed- t hr ough
( 1 = 1) , ( b) L2 dat a- f eed- t hr ough (= 0) ( c) L1 s t uck- at - 1, ( d) L2 s t uck- at - 1

Example : Anot her exampl e i s t he hands haki ng ci r cui t i mpl ement ed by t he - el ement s

s hown i n Fi gur e . I t was cl ai med t hat t he ci r cui t i s s el f - di agnos t i c f or t he s t uck- at f

model [ ] . Si nce t he ci r cui t i s s emi - modul ar , or ever y oper at i ng cycl e i n i t s s t at e gr a

i ncl udi ng al l pos s i bl e t r ans i t i ons ( s ee Fi gur e ) , a s t uck- at f aul t wi l l hal t t he oper

Ther ef or e, t he det ect i on of t he s t uck- at f aul t can be guar ant eed. Thi s may not be t r ue

unf or t unat el y, f or t he ot her f aul t s we model ed i n t he l as t s ect i on.

Rout

Ain

Rin

Aout

C1

C2

Fi gur e : Ahands haki ng ci r cui t
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As an exampl e, cons i der t he dat e- f eed- t hr ough f aul t i n whi ch t he two i nput s of 2 i n

Fi gur e ar e s hor t ed. ecaus e of t hi s f aul t , - e l ement 2 i s r educed t o an A gat e as we

di s cus s ed i n t he l as t s ect i on. The e�ect of t hi s f aul t can be s een f r omt he f aul t y s t at e gr

i n Fi gur e 7. Two news t at es ar e pos s i bl e and s ever al newt r ans i t i ons ar e cr eat ed. nl i ke t

s t uck- at f aul t , t hi s f aul t may not be s el f - di agnos t i c becaus e t he news t at e gr aph i s no l on

s emi - modul ar and ci r cui t can have s uch oper at i ng cycl e as � [ t; ; t ; ] .

or eover , t hi s dat e- f eed- t hr ough f aul t may mas k t he det ect i on of s ome ot her s t uck- at f aul t

1100

1101 1110

0101 1111

0111 1011

0011 1001

0001

0000

0010

1010

0010

Rin -

Rout -

Aout

Rin +

+Aout

-

Ain

+Ain

+Rout

-

State=[Rin, Rout, Ain, Aout]

Fi gur e : St at e gr aph of t he hands haki ng ci r cui t

Concl usi on

The e�ect i venes s of t he mi ni mal f aul t model f or two bas i c SEs us ed i n as ynchr onous

ci r cui t s i s eval uat ed. The enhanced f aul t model f or t he two cel l s i s pr opos ed, whi ch pr ovi

hi gher expl i ci t f aul t cover age compar ed t o t he mi ni mal f aul t model . Hi gher l evel f unct i on

f aul t model s f or compl ex ci r cui t s us i ng t he two cel l s cons i der ed i n t hi s paper as pr i mi t i ves

be i nf er r ed f r omt he pr opos ed model , wi t h hi gher f aul t cover age. Thi s al l ows t he t es t i ng

l owl evel f ai l ur es t hat cannot be char act er i zed as s t uck- at - 0/1 at t he f unct i onal l evel wi

t he need t o cons i der t he phys i cal i mpl ement at i on of t he ci r cui t . Thus t he advant ages o

f unct i onal t es t i ng i s r et ai ned wi t h a hi gher cover age of l ow l evel f ai l ur es . Tes t gener

coul d be bas ed on t he change i n t he s t at e- t r ans i t i on gr aph of t he compl ex ci r cui t due t

s uch f aul t s . Thi s can be us ed t o enhance t he exi s t i ng t es t i ng t echni ques f or s el f - t i med a
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as ynchr onous s equent i al ci r cui t s bas ed on t he changes i n s t at e t r ans i t i on gr aph whi ch

pr es ent onl y cons i der s t uck- at f aul t s onl y.

1100

1101 1110

1111

1011

0011 1001

0001

0000

0010

1010

0010

Rin -

Rout -

Ain

+Ain

+Rout

-

Rin +

+Aout

Aout -

0111

Aout
-

-

0101

Rin
+

0111

0101

State=[Rin, Rout, Ain, Aout]

Fi gur e 7: E�ect of a dat e- f eed- t hr ough f aul t on The - el ement
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