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ABSTRACT

This paper describes a new apprm.ch to automatic test
generation [rn' detecting physical faults in MOS digitat
circuits. The faults could be shorts between [ines or nodes,
includ.ing drain-to-gate and source-to-gate shorts, or opens
in lines or in transistor channels. Faults which fail to tn
tested by existing metfuils are successfully detected by our
apprm.ch. This is done by using switch-ter;el mod.els and
properly taking into at:count the possibilities of charge
sharing and charge loss. The uppranch detects the need

for setting up appropriate initial conditions when neces-
sary and derives robust test vector pairs that are free
ft-om race conditions. The method has been implemented
in a computer program t'alled Itest which accepts inputs
in the form of transistor intet'connections and fault lis/s,
and, aulomatically gelrcrates the test vectors.

I. INTRODUCTION

It is well established that some types of physical
faults in digital circuits, especially MOS circuits, cannot
be represented by classical fault models (stuck-at-O,
stuck-at-l) [t], [2], and thus cannot be detected using the
classical lest generation techniques [3]. In CMOS circuits,
for example, stuck-at-open faults may require two test
patterns [4], that cannot be derived using classical tech-
niques. This problem could also occur in NMOS circuils.
For example, the simple NMOS circuit of Figure 1, which
includes a pass-transistor T3, requires a two-patlern test
sequence to lest for'T3 stuck at ON' (a SHORT fault).
The first test is [X,y]:[t,l], which is applied to initialize
the output node to 0, followed by the test [X,Y]:[O,O].
Notice that if X switches before Y then the output may
erroneously go to I even if the fault is not there, thus a
GOOD (fault-free) circuit would be diagnosed as BAD
(faulty). The reason being that the preserved chargc (O)
is in the GOOD circuit in this case. ln the case of an
OPEN fault the charge is preserved in rhe BAD circuit;
and if the charge is destroyed, the BAD circuit will be
diagnosed as GOOD. In general, it turns out that a test
may require initializalion of certain charges in either the
BAD circuit or the GOOD circuit or both.

The main problems associated with test generation
of physical faults are charge-sharing [3] ana charge-loss
l5]. A test generation algorithm should solve these prob-
lems; it should guarantee that the derived tests, if they
exist, will not lead to charge sharing or to any ambiguity
in the expected output. The tests should also be robust
[a]: i.e. the output will not suffer from charge loss.
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Figure l. An NMOS circuit that needs two test vectors.

To i l lustrate these problems corrsider the circuit  in
Figure 2, u'here the fault to tr tested 1'or is T stuck at
open. This circuit  is shown in [3] to demonstrate the ina-
bility of cxisting test generation schemcs 1o derive tests
that are free of charge sharing. Charge sharing may occur
in the faulty circuit because the application of the test
vector 1r, shown in Figure 2, joins nodes 5,6,7 and 8 and
causes them to be isolated from the supply nodes. For
this reason, the init ial izing vector t ,  should init ial ize al l
of these four n<rCes to I in preparation for tr. In addition
it is important to note that if node 3 suffers a glitch dur-
ing the transition then these charges may be destroyed
and the test invalidated. Thus the circuit suffers from
charge loss problems as well.
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Figure 2. A circuit with charge sharing and
charje loss problems.

The rest of this paper is organized as follows. In the
next section the proposed test generation technique is
outlined. Sections III-V describe the implication, initiali-
zalion, and propagation phases of the algorithm. Section
VI presents examples and implementation issues, and
section VII draws some conclusions.

II. PROPOSED SOLUTION

In this paper we describe an automatic approach to
deriving tests for faults resulting from either a short
between two nodes or linfs, or an olrn in a lransistor
channel or in a line. Drain-to-gate and source-to-gate
shorts, which are not uncommon, and which are hard to
detect by existing methods, are included. Thus, local
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lct . t lhat 'k \ i thi l l  a stt tx ' i t ' t ' t t i l  ot '  h' tu'cen ts'o ai j31'1'111
strtrt ' i l t 'ui ls is al lou'cd: ot lrct ' rr- ist '  tht '  t ' i l t ' rr i ts al lou'cd art '
hasit 'al Iv t 'orttbit tat ional. AIthttuth s()nl( '  approat 'ht 's havc
hr.rr prrr;xrsed l ' t ) t '  phYsieal l 'ault  t t 'st qcrrcral iolr

lJ], t5], t6l, t7],  thcse approat 'ht 's arc n()t  {r 'n( 'r 'al  t ' rrough ro
r lc tc t ' l  a l l  pxrss ib lc  I 'a t r l ts ,  t ' sJx ' t ' ia l lv  u 'h t 'n  t l r t ' I 'a t r l t
r ' t ' ( 'atr 's sc(l t l ( ' t l l ial  tx 'havi() l '  ()r '  ( 'aus('s t 'harfc sharirrg t tr
(x'( 'ur ' ,  tr t ' t 'attsc lht ' t '  t tsc loqit 'al  ntodcls ihal t 'artnr)t  a( '( 'u-
ratclt '  dcst 'r ' ih '  thc tt 'havi()t '  () l '  lv lOS r ' i rcrr i ts.

At lhc ( '() l 'c () l '  th( '  l ( 's1 qt.rrt ' r 'at i t l rr  algori thrn is alr
' i r r rp l i t 'a t ionn s tcp [8 ] ;  r r r t 'an ing that  thc  bas- i t 'qu( .s l i ( )n  t ( )
h. ans\r '( ' r 'cd rcpx'atedlv is: u'hat t 'orrrbi lrat i .rrr(s) ol '
i l rprtts artd intclrtal rrtxlc ini t ial  t 'ondit iorrs u'ould pro-
dut 'c a ccrtain dcsircd otrtput? This 

ndcsircd' ()utput
valuc is gcncrated by reqr,riring that thcrc hrt' an obserr--
ablc disclcparl( 'y hrtu'cerr thc outputs ol '  thc I 'ault- l ' rcc
and thc l 'atr l ty circ'uits.
l i  u'e dcl inc

Go (C, )  :  the sc t  o f  inputs  and in i r ia l  t 'ond i t io r rs
r 'onrbinations that u'ould give an clutput of O
( I  )  in thc GOOD circuit ,

and
Bo (Bt )  :  thc  sc t  o l '  inputs  ar rd  in i t ia l  t .ond i t ions

conrbinations that u'ould givc an outpul of O
( l  )  in  thc  BAD c i rcu i t  ( for  a  c 'c r ta in  fau l t ) ,

tht'n the set ()f test paucrns for the consider.ed fault is:'  T :  (C , ,  n  Br )  u  (c r  n  Bo) .
For a givcrr fault ,  thc inrpl icat ion stcp is carr icd out

only on thc subt-ircuit u'here the fault (x'curs. Thc node
values are thell propagat_cd forr,l'ard and backward using
a mtvJificd D-algorithrn Itg] to reach the cxternal nrxles.
We considcr the circuit to be partitionccl into clc-
conrrcctcd sutx'irc'uits [9], u'here cvcry subr.ircuit con-
tains a se1 of nodes that al-e connectecl by transistor
channels. A sub,<'ircuit may havc more than one output
nodc. For a given fault in a given sutx'ircuit, the test sets
are gcneratcd using thc following steps:

l .  F ind Go,G, ,  Bo and B,  .  ( impl icat ion)

2.  Form T"  :  (G, ,  n  B l )  U (Gt  n  Bo)
3. For evcr) '  t2 € T", i f  no init ial  cotrdi l ions are

required, then t" is a single test vector; oth-
erwise, f i l td T,={ set of al l  t ,  i rr i t ial izing
input patterns that wi l l  produce the init ial
conditions required by t, ).

4. Extract the robust test pairs from those pairs
derived in step 3; these tests are still at the
subcircuit level.

5. Propagate the node values associated u,ith a cer-
tain test or test pair forward and backward
10 the accessible external nodes of the cir_
cuit.

I I I .  IMPLICATION

lmplication, in general,  is a dif f icult  problem. In our
approach, a su'itch-level model is used [9], and the cir_
cuit is lirsr parlitioned into dc-connected subcircuits. The
implication step is then carried out on the subcircuit
where the fault crcurs. By using the approach described
in It0],  where, for a targi clasJ ol digitat circuits, the
storage, as well as the input nodes, 4re assigned to a
hierarchy of strength groups delermined by path
strengths, the implication step becomes easy. This is done

by' tr lrrsidet ' i rrg thc strerrgth groups scparatcly, start i trg
n' i th the slrongt 'st,  arrd idclrt i l ' f  ing hou, thc rrtxlcs
irrvolvt 'd t 'arr al l 'ct ' t  the outpul. Ftu' a givcn sutx. irr.uit ,
thc algori thrn kgins u' i th a graph scart 'h start ing l ' rorrr
thc sclcctcd output ntrdc arrd discovcri trg al l  thc paths to
('\'('r'\ ' other rrtxk. ol' thc sr.rtrircrrit that is stronger tharr
thc  output  r r tx le .  Thc scar t 'h  a lgor i thm I t  t ]  is  a  var ia t ion
ol '  thc dcpth-l irsr scarch ItZ]. fnc rcsult  () l '  thc scarch
givcs lcvcls ol '  the hierarchy as '* 'el l  as the paths from
tht' otrtput nodc to cvery other n<xlc.

IV .  IN IT IAL IZAT ION

Having for.rnd T", the set T, is constructed for every
tcst vcctor t , ,  in T., that nctds init ial izat ion. This is done
b1' r,rsing i lnpl icat ion whcrc cach nodc, whose init ial  con-
dit ion is rcquircd, is dcclared as an output node. In gen-
cral,  s() lnc pattcrns in Tl ntay rcquirc ini t ial i :at ion
thcnrsclves, so that a tcst scqueltce for a given fault  may
bc tnm;xrscd o[ n]ore than just tu'o test patterns. For
clari ty, the casc u'hen more than tu,o tesl vectors are
nceded is not discussed here.

The selection of robust lests is then carried out by
conslructing a set of input assignments, C, associated
with each t2 e T 2. This is done at thc same time when
T, is being found. C is the set of all allowable states
that the inputs may take during the transition from a t,
€ T, to t, without destroying the charges that were se1
up  by  1 , .

The problem now is to select those test pairs t, and
t" v'hich do not create a race condition that involves
states outside C. This is done by selecting maximal cubes
It g] ln C that have non-empty intersection with r., and
T,. The two sets resulting from this intersection bi.o..
the required robust tesl pair. A l'urther requirement is
needed, however, and this is that, depending on the par-
ticular maximal cube, some inputs may need to be frec
of glitchcs during thc transition. Such rcquircmcnts arc
directly obtained by looking at the maximal cube and are
rcpresented by setting a static hazard free (s.h.f.) flag for
these inputs. The result is a set of tr iplets <t l ,  hf,  t2>,
where hf is a flag indicating the s.h.f. requirements, if
any.

V. TEST PROPACATION

After the test vectors are generated at the subcircuit
lcvcl, thc nodc valucs associated u'ith a certain test or
tcst pair are propagated forward and backward to the
accessible external nodes of the circuit. We have
dcv-cloprd a modification of the classical D-algorithm
It 3] t trat can handle mult i- input mulr i-outpur subc' ir-
cuits and which takes into account the robuslness con-
straints by propagating two sets of test values simul-
taneously along with their s.h.f. requirements.

VI. IMPLEMENTATION AND EXAMPLES

We have implemented the test generation algorithms
in a computer program, called ltest, which accepts the
input in the form of MOS tran'sistor interconnections and
fault lists (the program could be made to accept
hierarchical c'ircuit descriptions). lt then automatically
partitions thc circuit, sets up an event scheduler and
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derives the test sets. The program is written in the
language C and is composed of = 5OOO lines of code.
Test vectors for many circuits with faults for which
existing test generation methods failed have been
correctly derived by ltest. In the following we present
examples on how test generation at the subcircuit level is
implemented.

We will represent an input pattern as composed of
three fields within brackels:

[ . . . r . . . / . . . )
The first field contains the values to be assigned to the
subcircuit inputs (transistor gate labels and/or primary
inputs). The second field shows the required lnternal
node initial conditions (including the output node) to be
set up in the GOOD circuit. The third shows these initial
conditions required in the BAD circuit. The value 'X'

wilt be used to represent a don't care situation.

that the outpul node Z be initialized to 1wo different
values in the GOOD and BAD circuits. These two par-
terns are really useless because they require an initializ-
ing vector which is the same vector we are trying to
derive. So they are automatically deleted I'rom T" to
give:

Tz : { [or rzxxx/xl l ]  ]
The next slep is to derive the init ial izing input par-

tern to set up nodes Y and Z to' l ' in the BAD circuit  as
required in the last field of tr. By treating y and Z as
outputs and applying implicarion we get the init ial izing
set :

T r : { [ O O T Z X X X / X X X ] ]
At.the same t ime the al lowable set of input states, C,
during the transition fronr tl to t2 is easily derived as a
by-product :

c: {  [oxx] ]
The threc dimensional boolean space is shown in

Figure 3b, which shows the vertices corresponding to t,
and t, and the set of states corresponding to C. An
acceptable maximal cube turns out in this case to be
[OXX] and includes all of C. This means rhat l, can have
a glitch during the transition irrespective of the lime at
which I, makes the change; on the other hand, I, must
not get a glitch and should be static hazard free (it is in
the dimension in which the maximal cube does not
extend). It is easy to see from the circuit that this is
indeed required in order to preserve the charges at nodes
Y and Z. Therefore the test triplet is (y : yes, r : no):

For another example reconsider the circuit in Figure
2. As shown previously, this circuit, when tested foi the,
fault 'T stuck at open,'suffers from charge sharing and
chargc loss problems and cannot be tested by existing
techniques. we will present the required ltest input filei
to describe that circuit and fault and will show ihe out-
put o1' the program giving the valid test shown above in
Figurc 2. Furthermore, Itesl reports that this is the only
robust test and gives the required hazard free require-
ment at node 3.

The circuit specification file is as follows :

10 2 5 PI!0S
lo I  5  PN0S
lo 4 6 PI\oS

E 3 5 PIIOS
5 I 6 ]V\,IOS
6 2 7 NI\0S
7  4  9 I W I O S I
7 3 9 IU\,OS

V +  t 0
v - 9
I N P U T I 2 3 4

OUTPUT 5

The fault description frle in this case is just the line :

OPEN 1

-=- 
6ryp

(a) (u)
Figure 3. CTvtOS circuit and its boolean input space.

consider the circuit of Figure 3a . It has three inputs
I' 

l' and Ir. The three internil (storage) nodes i, y, 
"nAZ (which is the output node) are assumed to have the

*T. node capacitances. The frrst (strongest) level of the
node hierarchy consisrs of : { GND, VbO }, while the
second (and last) level conrains : { K,.y, Z l. inei*rt to
be tested for is "transistor T stuck at open." The values
inside the fields of an input patlern correspond to the
circuit nodes as shown :

I t , t , 1 3 / K y z / K y z )

nV applying implication rhe following four sets are
obtained :

Go: { [xt rzxxx/xxx], Irxtzxxx/xxxJ,
lxxozxxo/xxxl lG, : { [ootzxxx/XxxJ, lxxo,zxxllxxx] ]

Bo - { [txt,rxxxlxxx], lot trxxx/xoo],
lxxozxxx/xxol lBr : { [oorzxxx/xxx], lor tzxxx /xtt),
lxxo/xxx/xxl I l

T, is then constructed by forming the required intersec-
tions and unions:

Go O Br - { [ol rzxxx./xtr], [xxozxxo/xxl] ]
G, o Bo: { [xx0/xxt/xxo] ]

T, - { [or t zxxx /xl t], [xxo/xxo/xx 1 ],
lxxozxxl/xxol I

Notice that the second and third patterns in T, require

i.. '
.46 .n

I I I

t o o I

L2 o I t
hf v n n

388



Thc output from ltcst is :

r  *  *  *  |  l , i  *  t  I  I  *  I  t  t  *  r t  *  *  t , i  *  I  *  |  *  *  *  *  ) t  t  I  t  *  *  t  |  *  *  *  t  *  *  r

' l ' l :S1 'S  FOR l :AU l  T :
O P E \  a t  e l e m e n t  :  I

#  #  #  #  #  ##  #  #  #  *  #  #  #  #  #  #  #  #  #  #  #  #  #  ##  #  #  #  #  ##  ##  #  ###  #  ####  #
# ' l ' e s t : ( - - i n .  o u t  #

#  N o d e s 4 3 2 t 5 #

# 
' l ' t  . o 0 l t #

# ' f 2  . I  O  I  I  D  b a r  #

\ \ ' \ N #
########  #  ####  #  ##  #  ##  #  #  #  #  ######  ##  ####  ##  ####  #  #  #

t  r t  r t  *  * , 1  t  r t  |  |  1 , 3  *  t  r i , 3  i  I  t  *  *  *  I  t  *  *  I  *  * , t  t  t  I  I  ) i  t  t  I  r t  *  t  *  ) t , t

Whcrc 
'D-bar" (or D) m(:ans : 0 in thc fault-frcc circuit

and 1 in  the fau l ty  c i rcu i t  as  i r r  thc  D-a lgor i thm.

VI I .  CONCLUSION

A program, ltcst, has been prcscntcd u'hic'h uses
su ' i tch lcvc l  tcchniqucs to  dcr ive a( ' ( 'u ra1( ' tcs ts  Ior  lau l ts
in MOS t ' i rcuits. Thc I 'aults rcsted for includc rhc classi-
cal stuck-at faults as u'cl l  as the (non-r. las.- ical) transis-
tor stu('k-at on or ofl', drain-to-gatc and sour(.('-t()-gatc
shorts, and a variety o1' bridging I 'aults. Thc te'sts arc
guaranteed to be l'rec l rom charge sharing anci chargc
loss.

I tes t  is  cur rent ly  run on a VAX 1 l / iBO,  a  GOULD-
9050, and a SUN 3/75M work-stat ion. A run r ime of
iess than one second is typical for circuits l ikc thosc
given in this pafrr.  For a CMOS 4-bir adder circuit  u, irh
2@ transistors sol l te f 'aults take less than a sccond u,hi le
othcrs ntay takc a minule, dcpending on thc am<lunt of
work donc in the propagalion phasc of the program. This
computation t ime could be reduccd by using ter.hniqucs
such as PODEN,I [14].
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