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Abstract

In BiCMOS, transi s t or s t uck-OPEN fault s exhi bi t del ay f aul t s i n addi t i on t o s e-

quent i al behavi or . St uck- ON f aul t s caus e enhanced IDDQ. The f aul t y behavi or of

Bi pol ar (TTL) and CMOS l ogi c f ami l i es i s compar ed wi t h Bi CMOS. The f aul t s i n

Bi CMOS devi ces caus e one or more par t s ( p- par t or n- par t s ) of t he ci r cui t t o ex

hi bi t a di �er ent s t at e ( conduct i ng or non- conduct i ng) f r omthe f aul t - f r ee ci r cui

i nput pat t ern cl as s i �cat i on s cheme i s pr es ent ed f or di �er ent f aul t s . Thes e cl as

pat t erns ar e t hen us ed t o obt ai n t es t s et s .

||||
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Input PatternClassi�cation for Transistor Level Testing of iC Circuits

tr ct

ith the inherent advantages of S and bipolar, i S is emerging as a major technology

for many high performance digital and mixed signal applications. i S o ers the fol lowing

advantages [1 ]; improved speed over S, lower power dissipation compared to bipolar, exi-

bi l ity in I , , S compatibi l ity , highperformance analog capabil ityand latchup

immunity.

ransistor level shorts and opens model manyof the physical fai lures and defects in I s. he

major fault models at transistor level are stuc -at faults, and shorts and opens of transistors

and interconnects. It has been shown [ ]-[ ] that the stuc -at model does not cover many of

the manufacturing defects in i S devices and that most open faults manifest themselves as

delay faults. nalysis on the e ects of bridging faults in i S is given in [ , , ] . eference

[ ] presents testabi l ity analysis and fault model ing of i S circuits in which the behavior

of i S under faults is compared with S. he most common type of i S circuits

employbipolar transistors to performthe functionof driving output loads and S to perform

logic functions.

Inthis paper, since i Stechnology combines the advantages of both Sandbipolar,

we compare the faulty behavior of i S with S and bipolar. he faults in i S

device causes the p-part or n-parts to exhibit a di erent state, conducting or non-conducting,

fromthe fault-free circuit. classi cation scheme for input patterns is presented for di erent

faults. he classes of input patterns obtained are then used to obtain test sets for detection of

the various faults in i Scircuits. he tests so derivedfor one logic gate can thenbe used to

generate the appropriate primary input patterns.

his paper is organized as fol lows. omparison of the faulty behaviors of the three logic

famil ies , Sand i S are done insection . Section deals withmanifestations of

faults and input pattern classi cation in i Sdevices. Section deals withgenerationof test

sets for detectionof the various faults in i S circuits. erivation of input pattern classes is

given in section . inal ly, conclusions drawn fromthe study are given in section .

ar s t a

i Scircuits employone or two ipolar unction ransistors s to performthe function

of driving output loads and S to performlogic functions. loc diagramof a general Single
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igure 1: general S- i Sdevice

S- i S device is shown in igure 1. n S- i S gate consists of S

p- and n-parts to performlogic function, a and a pull -down n-part for driving the output

load.

Summaryof faultybehavior of single i S, S and devices is given

in able 1. nalysis of i S as well as S and are given in [ ] .

test generation methodology and a testable design for i S circuits are presented in [1 ]

and [11 ] respectively. esponse of the respective devices is evaluated for hard fai lures of the

components S bipolar transistors and resistors . l l possible fai lures such as, stuc -

and stuc - of transistors, opens and shorts betweenterminals are considered.

he manifestations of faults in i S devices that are summarized in able 1 are, logic

testable, delay testable and current testable. ogic testable faults are faults that can be detected

at logic level. elay testable faults are those faults that exhibit delay in its output response.

eneral ly, two or or multi -pattern se uences are used to detect delay faults. Some faults in

i Sdevices exhibit enhances I DDQ and these are classi ed as current testable faults. hi le

some current testable faults can be detected by logic monitoring, some can be detected only by

IDDQ monitoring.

rom able 1, the conclusions that canbe drawnare givenbelow. hi le faults in devices

manifest either as logic testable or indeterminate output, in S devices they exhibit either as
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able 1. Summaryof faultybehavior in i S, S and ipolar ates.

Su ar o S, S ates

Type of fauty Bi MO MO TT

Behavior N ND -BT N ND N ND

au t - r ee | |

et er at e | |

o es t a e:

tuc -at- or

e uentia Behavior |

e a es t a e: | |

ur r e t es t a e:

o ic Testabe |

Not o ic Testabe |

logic testable or current testable faults. of the faults in S devices manifest as stuc -at

and as se uential behavior. ut of the of the faults in S whichmanifest

as current testable faults, in S are logic testable. owever, of the current

testable faults in S devices are not logic testable, whichmeans that onlyI DDQ testing

would detect the faults in a de nite way. bout of the faults in single devices

manifest as current testable faults, out of which almost 1 of the faults are not logic testable

and hence, for these faults, only I DDQ monitoring would ensure detection. 1 of the faults in

S- are delay fault testable.

romthe above summary on the behavior of S- i S devices vis-a-vis S and

devices, it can be seen that a major portion of the faults in S- devices manifest either

as current testable faults or as delay testable fault. his ma es I DDQ testing as well as delay

testing methodologies important for i S devices. urrent monitoring techni ues [1 , 1 , ]

can be used to detect such faults. scheme for current monitoring I DDQ for i S devices

is presented in [ ] . In addition to current testable faults, i S devices exhibit delay testable

faults too. ence, the strategy for testing of i S devices are muchmore complicated than

S and devices. anifestations of faults and test generation in i S devices are

addressed in the next sections.
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able . Summaryof manifestations of faults in i S gates.

Summary

ault type anifestation

ny transistor Stuc - nhanced I DDQ

p-part Stuc - Se uential ehavior

n-part 1 Stuc - elay ault

n-part Stuc - Se uential ehavior

1 e b Stuc -at ehavior

1 c elay ault

a stat s a ts

he results obtained under various stuc -on and stuc -open faults for a general S- i S

gate shown in igure 1 is summarized in able . stuc - fault of any of the transistors in

the S- i S gate manifests as enhanced I DDQ being drawnby the device for one or more

input vectors. ence, I DDQ monitoring would detect the fai lure mode. stuc - fault in

the p-part or n-part exhibits se uential behavior. elay faults are observed for stuc -

faults in n-part 1 or for 1 col lector open fault. ipolar transistor emitter or base open faults

manifests as stuc -at- .

In this section, we classi fy the input patterns according to the e ect on the output in the

presence of a fault. section of the i S gate [p-part, n-part 1 or n-part ] is either

conducting or not conducting for a givenvector. et denote the set of vectors which turn

the p-part. Similarly, let 1 and denote the set of vectors which turn the n-part 1 and

n-part respectively. 1 and are e uivalent, and e ual to the complement of as shown

in igure a . ,
1

and are the set of vectors which turn the p-part, n-part 1 and

n-part respectively in the presence of fault in that part. n input vector, when applied

to a fault-free i S gate causes a conduction path in the p-part DD to output and base of

bipolar or in n-part 1 base of bipolar to round and n-part output to round . ere, we

are considering irredundant gates such that, for each transistor there is at least one input vector

for which al l the conduction paths are through that transistor. his condition maynot be true,

for example, for high drive cel ls where many transistors with the same gate input are connected

in paral lel .

an aran . enon, nura P. a asu ana an as ant . alai a



Input PatternClassi�cation for Transistor Level Testing of iC Circuits

ÊÊÊÊ
ÊÊÊÊ
ÊÊÊÊ

Pt

ÊÊÊÊ
ÊÊÊÊ
ÊÊÊÊ

P N
t 1t

2tN

N1t

2tN

ÊÊÊÊ
ÊÊÊÊ
ÊÊÊÊ

N1t

2tN
Pt

(a) Fault–free

(b) Open fault in n–part(1)

(d) Open fault in p–part

f

f

ÊÊÊÊ
ÊÊÊÊ
ÊÊÊÊ
ÊÊÊÊ

P
Nt

1t2tN

(c) Open fault in n–part(2)

f

igure : enndiagrams for i S stuc - faults.
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elowwe give a series of lemmas that summarize the impact on the sets , 1 , due to

the di erent faults.

Lemma : he set of vectors
1

that cause the n-part 1 to turn ina i Sgate with

a stuc - fault inn-part 1 is a proper subset of the set of vectors 1 that turn the

n-part 1 in the absence of the fault, i .e. , 1 1 .

Proof : onsider an input pattern
1
. s

1
i s the set of vectors whichma es the n-part 1

conduct, there is at least one conductionpaththroughthe n-part 1 part for this vector. owever,

as is a stuc - fault for example, intransistor , this conductionpathcannot be through

the transistor . s we use the single fault assumption, onlytransistor has a fault, andtherefore

the conducting path is not due to the fault. hus the vector wil l cause this path to conduct in

the fault-free circuit as well , i .e. , 1 . hus i f
1

then 1 .

owconsider a vector
0

1 suchthat the onlyconducting paththroughn-part 1 is through

the transistor . owever, in the presence of , the stuc - fault of transistor , this path

cannot conduct. herefore
1
. hus, there is at least one vector in 1 that is not in

1
.

hus,
1

i s a proper subset of 1 .

E

he relationships betweendi erent sets is i l lustrated in igure b .

Lemma : he set of vectors that cause the n-part to turn ina i Sgate with

a stuc - fault inn-part is a proper subset of the set of vectors that turn the

n-part in the absence of the fault, i .e. , .

he proof given for emma 1 can be easi ly extended for n-part . he resulting set causing

shrin ing of the region in the enndiagramis shown in igure c .

Lemma : he set of vectors that cause the p-part to turn in a i S gate with a

stuc - fault inp-part is a proper subset of the set of vectors that turn the p-part

in the absence of the fault, i .e. , .

he proof given for emma 1 can be easi ly extended for the p-part. he resulting set region

is shown in igure d .

It maybe noted that a vector which turns the conduction path in the p-part causes the

bipolar transistor 1 to turn , provided the bipolar transistor 1 i s fault-free. ence, no

separate test vector is needed to turn the bipolar transistor . aults in the bipolar transistor
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igure : enndiagrams for i S stuc - faults.
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are addressed later.

Theor em: he set of vectors that cause the transistors inanypart [n-part 1 , n-part or p-part]

to turn in a i Sgate witha stuc - fault in that part is a proper subset of the set

of vectors that turn the corresponding part in the absence of the fault.

he proof of this theoremfol lows fromthe above lemmas.

Single stuc - faults are considered next.

Lemma : he set of vectors 1 that cause the n-part 1 to turn in a i S gate

is a proper subset of the set of vectors 1 that turn the n-part 1 in the presence of the

stuc - fault inn-part 1 , i .e. , 1 1
.

ol lowing anargument similar to proof of emma1, we can showthat anyvector in 1 i s also in

1
. ow, consider a vector

1
which causes n-part 1 to provide a single conducting path

through the transistor containing the stuc - fault. s is stuc - , there should be a

vector such that the gate voltage applied to transistor is logic . his vector when applied

to fault-free circuit wil l not cause n-part 1 to be conducting as it wil l turn o . hus 1 .

his completes the proof that 1 1
. he resulting 1 region in the enndiagramis shown

in igure b .

Lemma : he set of vectors that cause the n-part to turn in a i S gate

is a proper subset of the set of vectors that turn the n-part in the presence of the

stuc - fault, i .e. , .

Lemma : he set of vectors that cause the p-part to turn ina i Sgate is a proper

subset of the set of vectors that turn the p-part in the presence of the stuc - fault ,

i .e. , .

he proof given for emma can be easi ly extended for n-part and p-part. he resulting

region and region in the enndiagrams are shown in igures c and d respectively.

Theor em: he set of vectors that cause the transistors inanypart n-part 1 , n-part or p-part

to turn in a i S gate under fault-free condition is a proper subset of the set of vectors

that turn the corresponding part in the presence of a stuc - fault.

he proof of this theoremfol lows fromthe above lemmas.
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st ts r a t t ct

i ththe above results, the test generation for i Sdevices canbe done using the procedures

given in the next subsections. Since the manifestations of the faults in the di erent bloc s of

p-part, n-part 1 and n-part are nown, appropriate test sets need to be generated to observe

the manifestationof the respective faults at the output.

In the presence of a stuc - fault, the size of the sub-set of vectors turning the corresponding

conduction paths increases, resulting in the expansion of the corresponding regions in the

enndiagram. asedonthis result, tests faci l itating I DDQ testing for the various stuc - faults

of a i S gate can be generated as givenbelow.

he set of test vectors for a stuc - fault in the p-part is 1 .

he set of test vectors for a stuc - fault in the n-part 1 is
1

.

he set of test vectors for a stuc - fault in the n-part is .

he set of test vectors for a stuc - fault in the bipolar transistor is 1 .

Inthe presence of a stuc - fault inanyof the transistors, the number of the vectors turning

the corresponding conduction paths decreases relative to that of fault-free circuit resulting in

the shrin ing of the corresponding regions in the enn diagram. esting of stuc - faults

re uire two-pattern test 1, to be applied. or detection of an s- fault in the p-

part n-part , the rst pattern sets the output to logic logic . he second pattern

thenattempts to provide a lowresistance pathbetweenthe output base of bipolar and the power

supply round through the faultytransistor. et the set of possible vectors for 1 and be 1

and respectively. ased on the above results, test sets 1, for the various faults can be

identi edusing the fol lowing results.

or a stuc - fault in p-part, the possible sets of tests 1 and are givenby:

1 1

or stuc - fault in n-part 1 , the possible sets of tests 1 and are givenby:

1

an aran . enon, nura P. a asu ana an as ant . alai a 1
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1 1

or stuc - fault in n-part , the possible sets of tests 1 and are givenby:

1

Since bipolar transistor emitter andbase open faults manifest as stuc -at- , a test whichtests

for stuc -at- woulddetect the fault. he possible test can be from . ipolar transistor

col lector open fault manifests as lowto high delay fault and hence, two pattern test need to be

applied. he possible sets of tests 1 and are givenby:

1 1

r at t att r ass s

ogic behavior of single anddouble i Sdevices under transistor level shorts andopens

were presented in [ ] -[ ] . or a given fault , i f ,
1

or can be found, then the test vector

canbe selectedaccording to the procedure given in the previous section.

ith the above observations, test sets for S- i S devices can be obtained using the

procedure given in the previous section. Since the manifestations of faults in the di erent parts

p-part, n-part 1 and n-part are nown, appropriate test vectors need to be generated to

observe the manifestationof the respective faults at the output.

In this section, we showhowthe sets , , 1 ,
1
, . . . . etc. can be derived for di erent

faults under the assumption that a primary input of a gate is connected only to one transistor

gate in eachpart. owever this can be extended to the more general case by assigning l iterals to

denote gate inputs of eachtransistor.

elowwe consider the faults in n-part 1 . et be the function implementedby this part,

where 1, , . . . . and is the gate input to the th transistor. or example, for the

n-part shown in igure , , , , , and .

et , 1, . . . . 1, 1, 1, . . . .

and , 1, . . . . 1, , 1, . . . .

or the example, , and ,

Lemma : or a stuc - fault in transistor , the set
1

i s givenby

1
, 1

an aran . enon, nura P. a asu ana an as ant . alai a 11
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A B

C

D E

igure : n-part of a i S gate for xample in section .
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roof fol lows from emma 1 in Section .

xample 1: for stuc - of transistor shownin igure , the set
1

i s
1

1

which results in the fol lowing sets 11 , 11 1, 111 , 1111, 1 1 , 1 1 1, 1 11 , 1 111,

111 , 111 1, 1111 , 11111

he sets and for faults in the p-part andn-part can be derivedina similar manner.

Lemma : or a stuc - fault in transistor , the set
1

i s givenby

1 , 1

roof fol lows from emma in Section .

xample : for stuc - of transistor shown in igure , the set
1

i s
1

1

which results in the fol lowing sets 11 1, 1111, 1 1 1, 1 111, 111 1, 11111

he sets and for faults in the p-part andn-part can be derivedina similar manner.

c s s

anifestations of faults in i Swere comparedwith Sand to bring out the testa-

bi l itydi erences. In addition to se uential behavior observed in Sdevices, i Sdevices

also exhibit delay faults. Some of the stuc - faults can be detectedbyobserving voltage level,

however, power supply current I DDQ monitoringwouldde nitelydetect the fault. comparison

of the faulty behaviors of the three di erent famil ies, namely, , S and i S was

presentedto bring out the testabi l itydi erences between the three logic famil ies. pattern clas-

si cation scheme was shown for i S gates under di erent faults and were representedusing

enn diagrams. methodology for generation of test sets in i S circuits using the above

scheme was presented. he test sets obtained at switch level nowcan be used to generate test

vectors that can be applied at the primary inputs of the circuit to detect these faults.
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