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1 Introduction

Emitter Coupled Logic (KI) wing bipolar techmlogy is a nosaturated formof digital logic
whi ch elimnates tramsistor storage time as a speed l1imting characteristic, permtting very high
speeds of operation [I |. (dnvertional hipolar KL technol ogy represents the state of the art in
silicon speed, providing systempropagation delays of the order of 300 to 500 pico seconds bt
the price paid for such speeds is very high pover dissipation (1.5 nW or nore per gate - vay
too mch for VISI dersities) [2  ]. Tramsistor size and circuit dersity are tvo factors casing high
pover dissipation. Soma recent devel opants in technol ogy suchas BIT1 [2 | devel oped by Bi pol ar
Integrated Technol ogy have made it possible to create smaller hipolar tramsistors and KL devi ces
are being fabricated at higher dersities and mich lover pover. A BITI tramsistor takes about
1/20 th the area of present day conventional KL devices and the speed is comparable to the
fastest KL tramsistors whichis achieved at 1/10th the pover [2 ].
With the attainment of lowpover, high speed, as vell as high dersity, KL techmology is
expected to be wed wdely in variows high performance digital circuts. For exanple, Sparc
archi tecture devel oped by Sun mcrosystem is being i npl eranted tsing BI'T s newhi pol ar process
[3]. The B5000 KL Sparc series of components represents a new approach to corstructing hi gh
performance computer systera at a rel ativel ylowcost, wing vhichthey are able to design small
KL system that performat a level equal to large mainframm compters and approach that
of presert day supercompters [3 ]. The integrated KL mecroprocessor chip contaims 122, 000
tramsistors. Ben more hi ghly integrated bipolar and hipolar/MOS chips are expected in future,
further narrowng the gap betveen lowcost vorkstations and hi gh performance servers [3 ].
Tramsistor level shorts and opers model nany of the physical failures and defects in1Gs [4 ].
study performad by Gailiay [5 ] on4-hit MOS nicroprocessor chips revealed that a great majority
of faults vere shorts and opers at the tramsistor. Defects and failures in present day integrated
circuits can be abstracted to shorts and opens in the interconnects and degradation of devices
[6]. Therefore, fault mdels at the tramsistor level, can characterize failwres quite accurately
[5, 7,8, 9 10, 11, 12]. For MOS devi ces it has heen shown that gate level model s may mot correctly
represert som major failure modes [13 , 14, 15]. Analysis of fauts insinple logic circuits suggest
that tramsistor level testing provides a higher coverage of faults compared to that at gate level
[16]. It is necessary to study the effects of failures at the tramsistor level and devel op accurate faul t
mdels at this level [4 ]. The mjor fault mdels at tramsistor level are stuck-at faults, stuck-shorts

Sakaan MMm Yashwat K. Mayaad Anra P. Jasuar



Filt Mg ad g for Btalility o Hitter Cyled Iogic (KI)

and opens of tramsistor and intercomects, and bridging faults [17 ].

In this paper, ve first examne an KL OR/NOR gate for variows physical failures and its
effects. SPI(Esiml ations are wsed to study and conpare anal ytical results to emsure that there
are no inconsi stencies or inaccurate assunptions. Delay faults due to various physical failures are
not corsidered in this study. Variows physical failures are compared wth the classical stuck at
faut nodel and fault coverage is obtained We propose an augnanted stuck-at fault model vhich
provides a higher coverage of physical failures. We extend this philosophy to 2-1evel complex
HL gates to obtain a generalized fault model. Morandi et. al. [18 | have proposed an KL
logic mdel obtained wing the dictionary for tramslating each circut elemart into a gate level
description, which results in a complicated logic model even for a simple K, OR/NOR circu t
description. The proposed augranted stuck-at fault model is mch sinpler than the 1ogi ¢ mdel
proposedin[18 ]. A testable designapproachis presentedto detect certainerror conditions, termad
[IKEerrors, exhihited by gates having true and conpl erartary ot puts. (ertain defects during
nanf acturing process lead to a short in the integrated circuit caising excessive current to be
dram by the device. Ore suwch falt exhibits delay fault, and detection such delay faults in a
device is mch nore difficult. We present a built-in current sersing techni que for detecting such
faults.

This paper is organized as follows. Insection 2, a brief description of Hntter (oupled logic
and HL. OR/NOR gate operation is given. Sectiors 3 and 4 deal with the anal ysis of physical
defects, applicationof classical stuck at fault model and proposed augrented stuck-at fault model
of one-level and tvo-level HL gates respectively. In Section 5, pover supply current moni toring
techni que to detect certain manufacturing defects in KL devices is presented. A testable design
approach is presentedin Section 6 and finally concl isiors are givenin Section 7.

2 Emitter Coupled Logic

Schottky TTL produces speed i nprovenant by prevertion of saturation but K1 wses differential

anplifier configuration to control current levels so as to avoid saturation. (ontrol of emtter

current or collector current is achieved wsing the differential amplifier circut shown in Figure 1.
Tramsistors () 1 and () 5 are arranged in a differential amplifier configuration. The tramsistor ()
conducts in its active region as long as input V in 18 less than V4 vhichis grounded as shown in
Figuwe 1. When V', starts exceeding V' 1, the current [ g through R 3 divides betveen tramsistors
Q1 and Q) 2. As V, starts exceeding V' 1 even by a small anount, () 1 tums OFF and ) 5 turns ON
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Figure 1: A Differential Anplifier.

fuly remining in the active region. The collector outputs of both the tramsistors are al vays in
opposi te states. The collectors of ) 1 and ) 5 provi de compl erantary out put signals. This anplifier
vith the addition of emtter follover output stages form the hasis of KL hasic OR/NOR gate
[19]. Hmtter (bupled refers to the mamer in which the emtters of the differential arplifier
are comected wthin the integrated circuit [19 ]. The differential anplifier provides high inpat
impedances and vol tage gain wthin the circuit. Hmtter follover outputs restore the logic levels
and provi de lowout put i mpedance for good line driving and hi gh fan-out capability [1 ].
Figure 2 shows the Hlock diagramof a fundarental K1 gate which corsists of a current
steering differential amplifier comected by inputs, a temperature and vol tage compersated hias
retvork for provi ding stabl e vol tage hias to the differential anplifier and emtter foll over out puts.
Figure 3 shows the hasic gate circuit diagram of the Motorola MKL 10K famly [1 | vhichis
being wsed as the basic buil ding blockinmost impl erartations of current day KL 1ogic desigrs.
The operation of a hasic KLOR/NOR gate can be expl ai ned by referring to Figure 3. Tran
sistors (1, (o along wth () 3 forma differential anplifier with base vol tage of @ 3 (V Bs) derived
froman internal reference circuit. The tramsistor stage () 4 18 a temperature and vol tage conpen
sation retvork to provi de stable reference (V BB) at about the center of the output vol tage swing.

The functioning of the KILOR/NOR gate can be sumarized as follows: The tramsistor ¢ 3 wll
conduct only vhen the input trarsistors (@) 1) and (@) 2) are held OFF with lowinput vol tages as
(Vir). As soon as any ore of the tramsistors is turned ON (i.e. aninput tramsition to V/ m)s Qs
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Figue 3: Greut diagranmof a 2-impt KLOR/NOR. gate.
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tums OFF. Tuning OFF of @ 3 cawes otpt of @ 5 (OR output) to goto V' om and that of @ 4
(NOR output) togoto V' or. Similarly vhen the input signals revert to lowstate, ) 1 and () o are
tuned OFF again and ) 5 gets turned ON. The collector vol tages resul ting fromthe swtching
action of ) 1, @)y and () 5 are tramsferred through the emtter follovers to the outpit termnals.
Hence, the circuit provides logic OR and NOR functions inpositive logic, or AND and NAND in
the regative logic. No inverters are needed in KL since every gate provides a direct as vell as a
conpl enanted out put.

The input tramsistors have their bases held to the V' g live by the pull-down resistors (R 1 and
Ry) vhich provide a leakage current path. Umsed input termnals can be left floating wthout
riskof noise coupling to the differential amplifier inputs. The 50 Kohminput resistances mai ntain
logic ‘0" at inputs wthinputs discommected. The emtter follover output provides sufficiert drive
capahi lity and al so changes the ot put vol tage level s so that the input high and lowvol tages are
compatible. The output of emtter follovers are left open without internal 1oad resistances, vhich
allovs the commection of matching transmssion line and matchi ng i npedance/loads at the recei ve
end according to the wer requirenant which increases speed and reduces pover consunption.
When wsing the faster type KL gate wth no output pull-down resistance, there is a choice of a
load resi stance betveen using 50 ohmto -2 V or wsing 510 ohimto the V gr lire. A 50 ohnresistor
comected to -2 V is comonl y wsed vhen trarsmssion lines are wed for driving. In practice,
Veoer and V' ey are comnected to ground and V gE 1s comected to-5.2 V.

The reference voltage V' pp which tracks V' ¢ is approximately -1.3 V. The reason for wing
separate V' ¢ comectiors (V' 1,2 being comected to ground) is to mmi nize the effects of crosstalk

interference fromfast tramsients. The output logic levels are betveen -1.63V and -1.85V for V oL
and -0.810V and -0.980 for V' op. Tramsistor () 4 along wth the diode and resistor retvork form
the temerature and vol tage comersated hias netvork. Tramsistors () 5 and () ¢ comstitute the

emtter follover otputs. Resistors B ¢ and R 1o are comected externally and are not provided
internal ly by the KL OR/NOR gate. The logic vol tage levels for MKL 10K gates are showin
Figure 4.

Jwst like conplex gates in ntMOS and IMOS, ol tilevel inplemantations are possible in KL
Ore of the techniques is called series gating in vhich tramsistor pairs are “stacked one above the
other in‘tiers’ so that current can be steered through different paths. This techni queis illwstrated
inFigure 5 vhere there are tvo tiers of tramsistor pairs inpleranting the function (A+ B).(C'+ D)
and its conpl erant (A+ B).(C+ D). The pemalty for the additional functionalityis anincrease
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Figue 4: Output and Input K1 vol tage level s.

in the propagation delay; hovever, this gererally is less than in the case vhere the function
is decomposed into tvo or more gates [3]. Series gating techni ques are wed, for example, in
costruction of shift registers that make up the diagnostic chainin the Integer Unit (I1U) and
floating-point controller (FPQ [3].

3 Faut Modeling of the ECL OR/NOR Gate

3.1 Analysis of Physical Defects

Inthis section, ve eval uate the resporse of the basic KLOR/NOR gate for variows faults. Before
performng defect anal ysis and fault mdeling, basic circuit operation, hias conditions, interface
corstrai nts have been verified. A list of possible hard failures (opems, shorts etc.) which affect the
circut functionalityis obtained Possible hard failures considered here include all possible opens
and shorts of tramsistors, diodes and resistors, tramsistor junction opers and shorts.

HLOR/NOR gate circuit outputs are obtai ned after perforning anal ysis for all imput vectors
by simal ating one failure at a tine for all the possible hard failures (opems, shorts etc.) of all
the devices (tramsistors, diodes and resistors). The KLLOR/NOR gate outputs obtai ned anal yt-
ically have been conpared wth the SPTCF [20 | simlation otputs to ersure that there are o
incomsistencies or 1naccurate assunptions.

Although the standard specified V' jp is betveen-1.85 V and -1.475 V, SPI(E[20 | simolations
indicate that aninput betveen-2.00 V and-1.475 V is al so recogni zed by al ogi ¢ gate as validlogic
‘0. Simlarly, though the specified V' 77 is betveen-1.105 V and -0.810 V., aninput betveen-1.105
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Figuwe 5 Tvo-level series gating impl erantation.

Table 1: Tist of Fault groups vs Physical failures.

Jf: Faut-free, R1/R2 (pen.
f1: Q1 Ertter/Bse (pen.
f2: Q1 Collector Gpen.
3: Q2 Ertter/Bse (pen.
f4: Q2 Collector Gpen.
/5: Q3 Ertter/Bse (pen, Q4 Ertter/Bse/
Cdlector Qen, R6 Qen, Q1/Q)2 Short.
f6: Q3 Cdlector Qen, Q5 Short,
@6 Bse to Cdlector Short.
J7: Q5 Ertter/Bse/Collector (pen, R4 (pen,
@5 Bse to Emtter Short.
/8: Q6 Ertter/Bse/Collector Gen, R3 Qen, Q1/()2
Bise to Collector Short Q6 Bse to Emtter Short.
f9: Rb en, @3 Bwe to Emtter Short.
f10: R7 Qen, 4 Bse to Emtter Short.
J11: R8/D1/D2 (pen, @3/Q4 Short,
@4 Bse to Cdlector Short.
f12: R9 Qen.
f13: R10 Qen
f14: @6 Short, @6 Bse to Collector Short.
f15: @1 Bse to Emtter Short.
f16: Q2 Bse to Emtter Short.
f17: 3 Bse to Collector Short.
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Table 22 Greuit behaviour under physical failures (f f=Faut-free, f1- f17=Defective).

ECL OR/NOR Gate Stuck Open/Short Analysis

Input| ff | fL| f2 | f3 | f4 | f5 | f6 | f7| f8
AB XY XY XY XY XY XY XY XY XY
00 01}01(01}01{01)10}]11/01} 00
01 410}10(10}01{11,10]10/007] 10
10 {10(01}11,10(10}10]10]00| 10
11 (1010101010} 10]10]00| 10

Input| £9 | F10| F11| 12| F13 | f14| £15 | £16 | f17
AB XY XY XY XY XY|XYXYXY XY
00 |11]01]|01|U1l|l0L|0L|11|11] 01
0L |11[10[01 10|1U[IL[10|11|/0U
10 [11,10/01|10|1U|11|[11]|10|0U
{1 |11/10/01 101U |11|[1L|11|0U

X=0OR Output, Y=NOR Output, U=Undefined.

V and 0.00 V is also recognized as logic 1. These values could occur in faulty logic gates. The
interrad ate vol tage level betveen-1.475 V and - 1. 105 V is termad ‘ Undefined (U) logic level.
Table 1 lists the variows fault groups and the physical failures comsidered This includes all
opers and shorts of tramsistors, diodes and resistors, tramsistor junction opers and shorts. The
outpit of the circut behavior obtained under variows defects are tabulated by conhining and
grouping the variowss faults as shown in Table 2. It can be seen that only the fault groups f12,
f13 and f17 case an undefined logi ¢ level . Fault grous f12 (True output) f13 ((onpl erantary
output) and f17 (Complerantary output) are undetectable at logic level as there are no input
patterrs for vhi chthe faul ty and faul t-free gate provi de opposite logi ¢ val ves at any of the out puts.
Aninteresting observation whi ch needs mantioning is that of the physical failwe R1/R2 short.
The purpose of the input resistances are to maintain the inputs at logic ‘0" wth inputs discon
rected. If an KL gate wth R1 or R2 short is driven by another KL gate wth output equal to
logic ‘17, thenthe -5.2V appearing at the input die to the short of input resistance wll domnate
cawsing the inpit to appear as logic ‘0. It has been verified ith SPI(E [20 | simlation that
the imput then effectively appears stuck at 0. Diodes D1/D2 serve the parpose of terperature
compersation and shorting only caises degradation of temperature corpersation performance.
Sore of the fault groups represent effects of several equivalent faul ts.
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Figure 6: (lassical stuckat fault model.

Table 3: KLOR/NOR Gate outputs for (assical Stuck-at fault nodel.

ECL OR/NOR Gate Classical Stuck-at fault model
Input ff Al Bl Ao Bo X1 Y1 Xo YO
AB XY XY XY XY XY XY XY XY XY
00 011010010111 )10101 00
0110101071001 ,10111/00 10
10 (10101001 )10]10|11]00 10
11 (10410}10(10710{10,11]00 10

X=0OR Output, Y=NOR Output, ff=Fault-free

3.2 Effectiveness of Classical Stuck-at fault model

In order to mdel the physical failures, the classical stuckat fault mdel is applied to the KL
OR/NOR gate as showm in Figre 6. Results showm in Table 3 vere obtained by exercising the
mdel wthall possible input conhi natiors for fault-free as vell as faul ty conditiors by introducing
ore stuck-fault at a tire. In Table 3, the subscripts 0 and 1 are wsed to represent stuck at 0 and
1 respectively. For example, X' ¢ indicates stuckat-0 on X and X 1 indicates stuckat-1 on X.
The defective circuit behavior (Table 2) nowcan be compared with the classical stuckat fault
mdel output (Table 3) to obtain the effectiveness of the stuck at model in representing variows
componert, failures.

(orrel ation betveen OR/NOR gate classical stuck-at fault nodel output and physical failures
is showin colums 1-3 of Table 4, vhere it can be seenthat all the classical stuck at faults mdel
som physical failwes. InTable 3, A 1/B; indicates A stuckat 1 or B stuck at 1. The physical
failwes as mdeled by faul t-groups f1, f3, f5, f6, f7, f8 and f14 are mdel ed accuratel y wsing
the classical stuckat fault model. The faults f12, f13 and f17 caise ore of the output to becor
indetermmnate, vhich cannot be represented by a logical fault model. Fromthe rest, the classical
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Figue 7: Proposed augnanted stuck-at fault model .

stucke at fault nodel leaves 7 fault groups uncovered, corresponding to 14 physical failures. Inthe
next section, ve present an augranted stuckeat fault model that provides a higher coverage of
physical failures conpared to the classical stuck at fault model.

3.3 An Augmented Stuck-at fault model

The classical inpat /otpt stuck-at fault mdel is mot effective for modeling K1, gates. Figure 7
shows the proposed augranted stuck-at fault model vhi chinproves the fault coverage. Here, the
device is modeled as a parallel comhination of an OR gate and a NOR gate. There are this six
independent, nodes to be corsidered. Table 5 presents the behavior of the device under this fault
model .

For further classification and correl ation betveen physical failures and stuck-at fault nodel,
comarison is done betveen Table 2 wth that of the proposed augranted stuck-at fault nodel
output (Table 5). The outcom is presented in colum 4 of Table 4, vhich also lists the faults
model ed by the angranted stuck-at fault model. Here, (b 0, fo) indicates that the true output is
mdeled as b stuck at 0 and conpl emantary outpit 1s modeled as f stuck at 0. It can be seen
that fault groups f2, f4, f9, f11, f15, f16, f17 and f18 mot mdeled by the classical stuck-at
falt mdel, are mdel ed by the augrented stuck-at fault model . Fault groups f15, f16 and f17
are model ed and are olservable at ore of the outputs only (True outputs in these cases). Fault
groups f15, f16 and f17 exhihit the fault as a complex logical fault. Again faut groups f12
(Trve output) and f13 ((onpl emantary out put ) are not nodel ed by the augranted stuck-at faul t
mdel. These faults canmot be mdel ed at the gate level, as the erroneous ot puts al vays appear
as undefined val ves (U) hovever, the conplerantary outputs appear as fault free.

A first glance of Table 4 colum 4 may give an inpression that mst of the fault grous
in angrarted fault nodel output can only be represented as mltiple stuck-at faults. Hovever
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Table 4: (orrel ation betveen Physical failures vs Stuckeat fault model s.

Physical failures vs Stuck-at faults
Fault | No. of Corresponding Corresponding
groups | Ph. fls |Classical Stuck-at| Augmented Stuck-at
ncluded model fault model fault
f1 2 Ag Cy, Ey
f2 1 Not Covered Ey
f3 2 By Dy, Fy
f4 1 Not Covered Fy
f5 8 Al/Bl Cl/Dl/Xl,El/Fl/YO
f6 4 X Ci/Dy /Xy, ff
I 6 Xo Xo, ff
I8 7 Yo TfE/F1/Yo
f9 2 Not Covered Cy/Dy /X1, 11
f10 2 Ir Ir
f11 6 Not Covered Xo, V1
f12 1 Not Covered NotCovered
f13 1 Not Covered NotCovered
f14 2 Y fhh
f15 1 Not Covered Ci1,Dp, X7 **
f16 1 Not Covered Ci1,Dp, X7 **
f17 1 Not Covered Xo

ff = fault-free, ** = covered by one of the outputs.
No. of Ph. fls. ircluded = Number of Physical failures included.

Table 5: KLOR/NOR Gate outputs for Proposed Augnanted Stuck-at fault model .

ECL OR/NOR Gate Augmented Stuck-at fault model

Input ff 01 D1 CO Do X1 Xo E1 F1 Eo FO Y1 YO
AB [ X | X|X|X|X|X|X|Y|Y| Y |Y|Y Y
6o (01 y1}00}1)0]0]0 1|11 0
o1 1)1 y1}1,0}1,0]0]0 0|11 0
10 111,011 7010]0]1]0]1 0
111111714170 10]0]0|0]1 0

X=0OR Output, Y=NOR Output, ff=Fault-free

Sakaan MMm Yashat K. Mayaad Anra P. Jhesuan
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Figwe & Tvolevel implemrtationof (A + B)(C + D) and (A+ B)(C+ D).

several miltiple faults can often be dropped becawse of equivalence. For example, the mltiple
falt (co,€) is equivalent to A o, vhichnay be covered by the output of the driving logic stuck at
0. Thesarris true for f3 and f5. Only the fadlt grous f9, f11 and f18 are al vays required to
be represented by ol ti ple stuck-at faults.

The ml ti plestuck at faul t model is anextersionof the single stuckfault mdel, vherei nseveral
lines are corsidered to be simnl taneowsl y stuck. If n is denoted to be the muher of possible single
stuckfaul t sites, thenthere are 2 ™ single stuckfaults. Assumng that any multiple stuckfault can
occur including the condition of all lines simltaneowsly stuck, there are 3 " — 1 possible mltiple
stuck farlts. Assumng that the mltiplicity of a fault is no greater than a corstant k, then the
murher of possible miltiple stuck faults (F7) is given as,

F:Zle(?)Qi

vhichis wsually too large a mher to deal explicitlywthall mltiple fauts [21 ]. For exarple,
the mwher of miltiple faults (double faults, where k =2) inacircut wthn = 1000 possible fault
sites is about 2 mllion.

Applying mltiple stuckat faults to Figue Twthamltiplicityof fauts equal to2, i.e. double
faults, vould need 72 ml tiple faul ts to be considered, vhichis obtained by substituting k=2 and
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n=10 in the expression for F'. (omsidering all 72 miltiple stuck faults and obtaining a table for
all input vectors is too difficult a task Referring to colum 4 of Table 4, ve knowapriori the
behavior of augranted fault mdel to the 2-1evel KL gate. For fault group f9, ore possihilityis

to comsider the ml tiple stuck fault of « 1 and y 1 for true and conpl emantary outputs respectivel y.
Sl arly, mltiple stuck faults need to be corsidered only for f11 and f18. Only 3 mltiple stuck
faults need be corsidered ot of 72 possible doble faults since the mltiple faults are known
apriori fromthe avgranted fault nodel .

Beluding f10, f12, f13 and f17, only about 73.58 % of the physical failures are covered by the
classical stuck-at fault nodel vhereas 9433 % coverage of all detectable faults is obtained wing
the avgranted stuck-at fault model. Fen better coverage is obtainedif special handling is dore
for f15, f16 and f17. Test generation and fault simlation vould be correct if the conpl erarted
output, for these cases are assumad to be wnknow. In that case 100 % fault coverage of the
determmnistically testable faults vould be obtained. Only 8 single and 3 double stuckat fault
groups need to be corsidered for modeling all the physical failwres of the KL OR/NOR gate.
The proposed augranted stuck-at fault mdel 1s also a mich sinpler and effective fault nodel
compared to the complicated logic mdel proposed by Morandi et. al. [18 ], whichis obtained
wing the dictionary for tramslating circuit el enarts into a gate level description

Another possihility is to corsider the structure of the fault mdel showm in figre 6 wth
miltiple stuck at faults vhich vould provide 90.56 % falt coverage. Fault groups f2 and f4 in
this case cannot be included by multiple stuck at faults wing the structure shown in Figure 6.
The fault coverage obtai ned voul dstill be less than the fault coverage obtai ned using the proposed
augranted stuck at fault model bt the muber of nodes need to be corsi dered voul d be less.

4 Two-level Complex ECL Gates

Inthis section ve extend the fault nodel devel opedfor 1-1evel KLto2-level KLOR-AND/NAND
and AND/NAND gates.

4.1 Analysis of Physical defects for 2-level ECL OR-AND/NAND
Gate

The respomse of the 2-level KL OR-AND/NAND gate is eval uated for variows faults. The 2-
level KL OR-AND/NAND gate circuit realizing the true function (A 4+ B).(C' + D) and its
conpl enantary function (A4 B).(C+ D) is wed as an exanple and is shomin Figure 8. Before
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Table 6: Tist of Fault groups vs Physical failures.

fr:

fl
f2:
f3:
fa:
f5:
f6:
fr
f8:
f9:
f10
f11
f12
f13
f14

flb:
fl16:
fir:
f18:
f19:
f20:
f21:
f22:
f23:
f24.
f25:
f26:
f2r:
f28:
f29:
f30:

Fault-free, R1/R2/R3/R4/R9 Qen, D1/D2/D3/D4/R9 Short,
Q7 Bse to Emtter Short.

Q1 Entter/Bse Qen, R2 Short.

@1 Cdlector Qen.

Q2 Entter/Bse Qen, R1 Short.

@2 Cdlector Qen.

Q3 Entter/Bse Qen, Q7 Emtter /Bse/Collector Geen, R8 Qen, R9/R10 Short.

@3 Cdlector Qen.

Q4 Entter/Bse Qen, R4 Short.

@4 Cdlector Qen.

Q5 Entter/Bse Qen, R13 Qen, R3 Short.

: @5 Cdlector Qen.

: Q6/Q10 Entter/Bse/Collector Qen, R14/R15 Short.

: R14 Qen,@Q8 Entter/Bse/Cdlector Qen, R11/()3 Bse to Collector Short.
: Q9 Entter/Bse/Collector en, R6 Qen, R12/Q9 Enitter to Bse Short.
. D1/D2/D3/D4/R10/R15 Gen, Q3/Q6/QT7/Q10 Short, Q10 Erittter
to Bse Short, Q7/(Q10 Bse to Collector Short, R8/R13 Short.

R5 Qen, Q1/Q2/Q3 Entter to Bse Short.

R7 Qen, ()8 Emtter to Bse Short.

Q9 Bse to Collector Short, R6/Q9 Short.

Q10 Entter/Bse Qen, Q1/Q2 Short.

Q4/Q5 Short.

@4 Emtter to Bse Short.

@5 Emtter to Bse Short.

@6 Emtter to Bse Short.

@1 Bise to Cdlector Short.

@2 Bse to Cdlector Short.

@4 Bse to Cdlector Short.

@5 Bise to Cdlector Short.

Q)8 Bse to Collector Short, R7/Q8 Short.

R11 Qen

R12 Qen

R5 Qen

Sakaan MM
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Figue 9: (Tassical stuckat falt nadel for 2-level KLOR-AND/NAND gate.

performng defect anal ysis and fault mdeling, basic circuit operation, hias conditions, interface
corstraints have been studied A list of possible hard failures (opers, shorts etc.) which affect
the circut functionalityis givenin Table 6. Possible hard failures comsidered include all possible
opers and shorts of tramsistors, diodes and resistors, tramsistor junction opens and shorts.

The 2-1evel KL OR-AND/NAND gate circuit otputs are obtained after performng SPTCE
[20] simlatiors for all inpat vectors by simlating one failure at a time for all the possible hard
failures (opers, shorts etc.) of all the devices (tramsistors, diodes and resistors). The output of
the circuit behavior obtai ned under variows defects are tabul ated by conhi ni ng and groupi ng the

variows fad ts as shownin Tabe 7.

4.2 Effectiveness of Classical Stuck-at fault model for 2-level Com-
plex ECL OR-AND/NAND Gates

Several gate level implerartations are possible for the logic function (A + B).(C' + D) and its
corpl erant (A4 B).(C+ D). A gate level imlemantation of the above functions is showm in
Figure 9. In order to mdel the physical failures, the classical stuck-at faut mdel is applied
to the 2-level KL OR-AND/NAND gate as shom in Figare 9. Results showm in Table 8 vere
obtai ned by exercising the nodel wthall possibleinput conhi nations for faul t-free as vell as faul ty
conditions by introduci ng ore stuck-fault at a time. The defective circuit behavior (Table 7) now
can be conpared w th the cl assi cal stuck at fault nodel output (Table 8) to obtai nthe effecti veress

of the stuck at model in representing various conponent failures.
(orrel ation betveen 2-1evel KL OR-AND/NAND gate classical stuck-at fault mdel output

Sakaan MMm Yashat K. Mayaad Anra P. Jhesuan 16
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Table 7. Greut behavior under physical failures of 2-level (onples HL gate (ff=Fault-free,
f1- fir=De fective).

ECL OR/NOR Gate Stuck Open/Short Analysis

Input | Ff | FL L f2 0 #3 | f4 | f5 | £6 | £7 | #8 | £9 | f10| F11| f12 | F13| f14 | 15
ABD (XY XY XY XY XY XY|XY XY XY XY XY|XY XY XY XY XY
0000 |O0L|0L1|01|0T|0L|OL|TL|0L|0L|0Ll |01 |01 01]00|01 /11
0001 |01|01|01]|01|0T|T0|TLl|0L|0L|01 01 01 [01]00/01 |11
0010 |01 |01|01|0LT|0L|t10|TL|0L|o0oL|0Ll 01|01 01]00|01 11
0011 |01|01|01]|01|0T|10|TLl|[0L|0L|01][01][01]01]00/01]|11
0100 |0L|0L|11]|0tl|0tT|0L|0L|0L|0L|O0Ll 0Ll [11]01]00|01]|11
010l 10|01 |11]10|10|10]10[0L|1L[10[10[10[00]10/01 |11
0110 | 10|01 |11]|10[10]10][10|[Ll0|[Ll0[01l|[11[10[00 100111
0111 |10|01|11]10|10|10|10[Ll0|[Ll0[Ll0[10[10][00 100111
1000 (0100101 [11]01 |01 01|01 01|01 |11|01]00 01 11
1001 [10[f0[f0]01|11[10[10/01|11|10/10|10|/00|10|01|11
1010 [10[10[t0]01 111010101001 |11/10/00/10 /01 11
1011 [10[Ll0[f0]01 111010101010/ 10|10/00|10|01|11
1100 [0L[o0L|[o01 01|01 01|01 01|01 /01|01 |11]01]00 01 11
1101 [10|10|10|10|10[10|10]0L|11|10|10|10]00]10]0L]|11
1110 |10 10| 10|10|10[10|10|[10|10|0L|11|10]00]10]0L]|11
1111 (10,10 10|10[10[10|10[10|10|10]10|10]00]10]|0L |11

Input | ff | F16 | £17| F18 | 19| £20 | £21 | £22 | 23| f24 | £25| £26 | £27 | 28 | £29 | £30

ARD XY XY XY XY XY XY XY XY XY XY XY XY XY XY

>
<
>
<

0000 1O01/01]01]01701/01]01 01/00(00)11]0U1|01]00

o
—_

0001 |01]00|01{10]01]01]00 00/00(00)11]U1|01]00

0010 |01]00|01|10|01]00/|01 00/00(00)11]U1|01]00

0011 |01|00|01|10|01|01|01 00/00(00)11]U1|01]00

= OO OO

== =] = =
o OO
o OO

0100 |101/01]01]01710/01]01 11700/00({114U1}01,00

—_
—_

o101 y10,00}11}10}10}11}00{11411}10,10]00,10]10|10]060
o110 y10,00}11}10}10}00}11{11411(10,00}10,10]10|10]060
o111 y10,4,00(11410y4120f21}12411y11}10410410(10}1041U|0O0
1000 101}01401}j01}10}01,01 1111110040011 /U1]01,00
1001 1070011101011 ,0011}10}11]10400{10,101U,00
1010 y110}00411}10}10}00,1111}10}11}]0010{10,10]1U,00
1011 1000|1110 }10}j11|j11|11}j10j11}j10|10j10,10|2U]0O0
1100 101}01401}j01}j10}01,0111}11}11}00400{11/U1]01/00
1101 |10}00}11}{10}10}j11}j00|11})11}j11}10|00]10,10|2U]0O0
1110 y10}00411}10}10}00 111111110010 10,10]1U,00
1111 10700411 }10}j10}11 111111117104 10{10,10}1U0,00

X=0OR Output, Y=NOR Output, U=Undefined.
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Table 8 HIL 2 level (onplex Gate outpits for (Tassical Stuck-at fault model .

ECL 2-level OR/NOR Gate Classical Stuck-at fault model

Input ff Ao Al Bo Bl CO 01 Do D1 Xo X1 YO Y1
ARD XY XY XY XY XY XY XY XY XY XY XY XY XY
0oo0 |O0O1}01}01}01}01|01}01}]01{01}01]11]00/01
oot j01}01}10}01}10|01}01}01{01}01]11]00/01
0oto j01}01}10}01}10|01}01}01{01}01]11]00/|01
oo1tr j01}01}10}01}10(01}01}01{01}01]11]00/|01
0100 |1O1}01}01}01}01|01}10]01{10}01]11]00/|01
0101 |10}10}10}01}10|10}10]01{10}00]10|10|11
0110 |10}10}10}01}10|01}10}10{10}00]10|10|11
0111 101010011010} 10}10{10}00]10|10|11
1000 0101010101401 |10|01)10|01|11/00)01
1001 j10/01}10}10|10410|10|01)10|00|101011
1010 1001101010401 }|10|10)10|00|10)1011
1011 j10,01}10}1010410|10|10410}|00|101011
1100 |01 01}01}01|01401|10|01)10}|01 1110001
1101 1010|1010 |10410|10|01)10|00]10)1011
1110 1010|1010 10401}10|10)10|00|10)1011
1111 j10,10}10}1010410|10|10y10j00]101011

X=0R Output, Y=NOR Output.

and physical failures is shown in colums 1-3 of Table 9, vhere it can be seen that almost all
the classical stuck-at faults model som physical failures. The physical failures as modeled by
fadt-groups f1, f3, f5, f7, f9, f12, f13, f17, f18 f19 and f27 are nodel ed accuratel y wsing
the classical stuck-at fault mdel. The faults f28 and f29 cawse ore of the outputs to becom
indetermmnate, which cannot be represented by a logical fault mdel. Fromthe remining, the
classical stuckat fault nodel leaves 17 fault groups uncovered out of 28 detectable fault groups,
correspondi ng to 40 physical failures out of 76 possible hard fail ures exarmned. Only 39.28 % faul t
groups are covered wing the classical stuck-at faut model corresponding to 47.36 % of physical
failwres. Inthe next section, ve present an augrented stuck-at fault mdel that provides a hi gher
coverage of physical failures conpared to the classical stuckat fault model.

4.3 An Augmented Stuck-at fault model for 2-level ECL OR-AND/NAND
Gates

The classical input /ot put stuck-at faul t model is not effective for modeling KL gates. Figure 10
shows the proposed augranted stuck-at fault model vhi chinproves the fault coverage. Here, the
device is modeled as a parallel corhinationof OR-AND and OR-NAND gates realizing the true

Sakaan MMm Yashat K. Mayaad Anra P. Jhesuan 18



Figure 10: Proposed augnanted stuck-at fault model .

and conpl erartary function. Thus, there are 10 independent nodes to be corsidered. Table 10
10 preserts the behavior of the device under this fault nodel.

For further classification and correl ation betveen physical failures and stuck-at fault nodel,
comarison is done betveen Table 7 wth that of the proposed augranted stuck-at fault model
output (Table 10). The outcoma is presented in colum 4 of Table 9, vhich also lists the faults
mdel ed by the avgranted stuck-at fault model. The fault groups f2, f4, f6, f8 f10, f11, f14,
f15, f16, f20, f21, f22, f23, f24, f25 f26 and 30 not nodeled by the classical stuckat fault
mdel, are model ed by the augrented stuck at fault mdel. Fault grous f2, f4, f20, f21, f23
and f24 are mdel ed and are observable at ore of the outputs only. For these fault groups, the
other output exhi bits the fault as a coplexlogical fadt. Fadt groups f28 (True output) and £29
(Corpl erantary output) camot be model ed at the gate level, as the erroneows outputs al vays
appear as undefined val ves (U), hovever, the conplemartary outputs appear as fault free.

Faut groups (f2, f4, f20, f21, f23 and f24) vhich are mdeled and observable at ore of
the outputs according to the model vorks effectively vhen a 2-level KL OR-AND/NAND gate
alone is modeled. Abnormal behavi or may be observed on the other output vhichis not model ed
properly and mght 1ead to fault nasking vhen the outputs reconverge on a subsequent gate. A
first gl ance of Table 9 col um 4 may gi ve an i mpression that most of the fault groups in augnented
fault model are nodeled as miltiple faults (double faults). Hovever, several mitiple faults can
be dropped becawse of equi val ence, for exarple, the mltiple fault (b 0, fo) nodeled by fault group
flisequvalent to B ¢, vhichmay be covered by the otput of the driving logic stuckat 0. Only
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Table 9: (orrel ation betveen Physical failures vs Stuckeat fault mdels for 2-1evel (onplex K1
Gate.

Physical failures vs Stuck-at faults ‘
Fault | No. of Corresponding Corresponding ‘
groups | Ph. fls |Classical Stuck-at| Augmented Stuck-at ‘
ncluded model fault model fault ‘
True ofp , Comp. ofp ‘
J1 2 By bo , fo |
f2 1 Not Covered -, fo ** ‘
‘ f3 2 Ao ap , €p ‘
o 1 Not Covered -, eg ¥* ‘
‘ f5 6 Al/Bl al/bl,el/fl ‘
‘ f6 1 Not Covered - ff
f7 2 Dy dy , ho
8 1 Not Covered fr, ho
79 3 Co o , go
f10 1 Not Covered ff, 90
f11 6 Not Covered er/dy, ff
f12 5 Xo o, ff
13 5 Yo Ir oy |
fl14 15 Not Covered zo, Y1 |
f15 4 Not Covered z1, Y1t
f16 2 Not Covered zo, e /fi 1
Y 3 Y1 frown
f18 3 Al/Bl Cll/bl s 61/f1
f19 2 Cl/Dl Cl/dl agl/hl
120 1 Not Covered co , - ¥
r21 1 Not Covered dy , - **
f22 1 Not Covered er/dy ,y §
123 1 Not Covered er/dy - **
f24 1 Not Covered er/dy - **
f25 1 Not Covered co, Yo T
f26 1 Not Covered do , yo 1
f27 3 X1 v, ff
f28 1 @ @ ff
29 1 @ ff,Q
30 1 Not Covered zo, Yo |

ff = fault-free, ¥* = observable at one of the outputs.
@ = cannot be modeled at gate level. T = multiple stuck-at fault.
No. of Ph. fls. ircluded = Number of Physical failures included.

- = too complex to be modeled at gate level.
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Table 10: KL 2 level (omplex Gate outputs for Proposed Augranted Stuck-at fault nodel .

ECL 2-level OR/NOR Gate Augmented Stuck-at fault model ‘

|

Input | ff|ff]ao|ay|bo by co|er|do|dy|eoer| folfi]go]gr|holht|zo|e1|yo |y
ARD [ X | Y [ X | X | X XXX X|IX|Y|Y YYY Y Y Y X XYY
0000 O | 1|0|0j0|0j0]j0OjOjOj2y2|2y2 |11 1}1]0]1 0|1
0001 O |1 |0/1]|0|2|0|0|0O|0OJ2/0O)2 |01 1)1 ]1]0|1]0]|1
00to |0} 1(0/1j0[2|0|0|0O|0OJ2/0O)2j0O|T | 1)1 ]1]0|1]0]|1
ootr O 101|020 0|0O|0OJT /02O 1) 1]1]0|1]0]|1
000 O} 1|(0/0|0j0O|OT|O|2 |22y 1|1 0)1]0]0O|1]0]|1
otor |1 (01,1011 1|01 |0/042]0|0/0O)2]O]O|1]0]|1
otto |10 f1,1j0/2(01|1}j140/041j0|10j0]0]0O|1]0]|1
otrr 101 y1j0f1(1y1j1j1r40/041j0j0/040j0j0|1]0]|1
1000 fOj1}j0j0j00|0O]2|0O|2 |2 }|1]1|1)1]0]2]|0]0O 1|01
001t 100114111401 }1}0]0]0j0]0]2]0]0|1 01
0w 1001 /141|011 |1}1}0(0]042]0]0|0]0|1 01
w1t y1jo0joj1 14111411170/ 0(040}0]0]0]01 01
1100 fO|1j0j0j0|0|0O|2|0O|21 |11 ]1|1)1]0]2]|0]0O 1|01
1ot 10111411140 1(0]0]0]0J0]0]2]0]0O|1 01
1mwo|1j0j1}1/141j0}141{1(0(0(0|0)2]0]0]0]01 01
1mir 10414111111 }(1/0{040]0[0]0[0|0]0]1]0|1

X=0R Output, Y=NOR Output.

the falt groups f14, f15, f16, f22, f25, f26 and f30 are al vays required to be represented hy
mltiple stuck at faults.

Applying mltiple stuckat faults to Figmwe 9wthamltiplicityof fauts equal to2, i.e. double
falts, vould need 198 mltiple faults to be comsidered, vhich is obtained by substituting k=2
and n=10 inthe expression for F. (omsidering all 198 mltiple stuck faul ts and obtaining a table
for all input vectors is too difficult a task. Referring to colum 4 of Table 9, ve knowapriori the
behavior of augnanted fault nodel to the 2-level KL OR-AND/NAND gate. For fault growp
f14, ve need to comsider the miltiple stuckfault of o andy 1 for true and conpl erartary out puts.
Smlarly, mltiple stuck faul ts need to be corsidered only for f15, f16, f22, f25, f26 and f30.
Only 7 ol tiple stuck faul ts need be corsi dered out of 198 possible double faul ts since the mltiple
faults are known apriori fromthe augranted faul t model .

90.78 % coverage of all detectable falts is obtained by the augranted stuck at fault model
compared to 47.36 % coverage obtained wing the classical stuckat fault mdel. Ben better
coverage is obtainedif special handlingis dore for f2, f4, f20, f21, f23 and f24. Test generation
and fault simlation vould be correct if the conpl emanted outputs for these cases are assumd
to be wknown. In that case 100 % fault coverage of the determmistically testable faults vould
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Figue 11: KLAND/NAND gate.

be obtained Only 14 single and 7 doubl e stuck-at faults need be comsidered for mdeling all the
physical failures of the 2-level KL gate investigated It can be seen that the augranted faul t
mdel proposed for 2-1evel KL gates is much sinpler and effective conpared to the 1ogic mdel
proposed by Morandi et. al. [18 .

Another possihilityis tocomsider the structure of the fault model shominfigure 9 wthmltiple
stuck at faul ts vhich vould provide 68.42 % fault coverage. Fault groups f8, f10, f11, f12, f13,
f1Tand f27 inthis case canmot be incl uded by il tiple stuck at faults wsing the structure shown
inFigure 9. The fault coverage obtai ned voul d still be less than the faul t coverage obtai ned wsing
the proposed augrented stuck at fault model bt the muher of nodes to be consi dered woul d be

less.

4.4 Analysis of Physical defects for 2-level ECL AND/NAND Gate

The resporse of the 2-1evel KL AND/NAND gate is eval uated for variows falts. The 2-1evel
KL AND/NAND gate circuit realizing the true function (A.B) and its conpl eantary function
(A.B) is wed as an exanple and is shown in Figure 11. Before performing defect anal ysis and
fault mdeling, basic circuit operation, hias conditions, interface constraints have been studied.

A list of possible hard failures (opers, shorts ete.) which affect the circuit functionalityis given

in Table 11. Possible hard failures corsideredinclude all possible opens and shorts of tramsistors,
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Table 11: Tist of Fault grous vs Physical failures for 2-level KL AND/NAND.

Jf: Fat-free, R1/R2/R9 (pen, D1/D2/D3/D4 Short,
Q7 Bie to Emtter Short.

f1: Q1 Collector en, Q6 Bise to Emmtter Short.

12: Q1/Q4 Bse/Enitter Qen, D1/D2/R10/D3/D4/R15 Qen
R8/R13/Q3/Q6/QT/Q10 Short, Q7 Bse to Collector Short
@10 Bse to Emtter & Bse to Collector Short

13: Q4 Cdlector Qen, R6/Q9 Short, Q4 Bse to Entter Short.

f4: R5 Qen, @1 Bise to Emtter Short, Q3 Bise to Emtter Short.

f5: R6 en, Q4 Bise to Cdllector Short, Q9 Bse to Emtter Short,
Q9 Enitter/Bse/Collector Qen, R12 Short.

f6: R7 Qen

J7: R8 Qen, R9/R10 Short, Q3 Entter/Bse (en,
Q7 Cdllector/Bse/Emtter Qen, Q1 Short.

f8: R11 Qen.

f9: R12 Qen.

F10: R13 Qen, R14/R15 Short, Q6 Collector/Bse/Entter (en
Q10 Collector/Bse/Entter Qen.

F11: R14 Qen, R11 Short, Q3/Q6 Bse to Collector Short.

Q8 Codllector/Bse/Emtter Qen.

f12: Rb5 Short.

f13: R7/@Q8 Short, Q8 Bse to Collector Short.

f14: @4 Short.

f15: @1 Bse to Cdlector Short.

f16: @8 Emtter to Bse Short.

f17: Q9 Bse to Cdlector Short.

f18: @3 Cdlector Qen.

di odes and resistors, tramsistor junction opers and shorts.

The 2-1evel KL AND/NAND gate circuit outputs are obtained after performng SPICE[20 ]
simlatiors for all input vectors by simnl ating one failure at atimafor all the possible hard failures
(opers, shorts etc.) of all the devices (tramsistors, diodes andresistors). The output of the circuit
behavior obtained under variows defects are tahul ated by combining and grouping the various
faults as shownin Table 12.

4.5 Effectiveness of Classical Stuck-at fault model for 2-level Com-
plex ECL AND/NAND Gates

Gate level implerantation of the above functiors 1s shown in Figure 12. In order to nodel the
physical failures, the classical stuck-at fault model is applied to the 2-level KL AND/NAND
gate as shom in Figure 12. Results showm in Table 13 vere obtained by exercising the nodel
wthall possible input conhinatiors for fault-free as vell as faulty conditiors by introduci ng one
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Figue 12 (Tassical stuckat fault model.

stuckfault at a tim. The defective circuit behavior (Table 12) now can be conpared vith the
classical stuckat fault nodel output (Table 13) to obtain the effectiveness of the stuck at nodel
in representing variows conporent failures.

(orrel ation betveen 2-1evel KLAND/NAND gate classical stuck-at fadt nodel output and
physical failures is shown in colums 1-3 of Table 14, vhere it can be seen that almst all the
classical stuckat faults mdel som physical failures. The physical failures as nodeled by faul t-
groups f2, f3, f5, f7, f11, f13, and f14 are mdel ed accuratel y using the classical stuck-at fault
mdel. The faults f8 and f9 caise one of the outpits to becorr indetermnate, vhich cannot
be represented by a logical fault mdel. Fromthe remining, the classical stuck-at fault mdel
leaves 11 fault groups uncovered out of 16 detectable fault groups, corresponding to 20 physical
failures out of 70 possible hard failures examned. Only 39.28 % fault groups are covered wsing the
classical stuck-at fault model corresponding to 47.36 % of physical failures. In the next section,
ve presert an augranted stuckeat fault nodel that provides a higher coverage of physical failures
compared to the classical stuck-at fault nodel.

4.6 An Augmented Stuck-at fault model for 2-level ECL AND/NAND
Gates

The classical input /ot put stuck-at faul t model is not effective for modeling KL gates. Figure 13
shows the proposed augranted stuck-at fault model vhi chinproves the fault coverage. Here, the
device is modeled as a parallel corhinationof OR-AND and OR-NAND gates realizing the true
and conpl erartary function. Thus, there are 10 independent nodes to be corsidered. Table 15
presents the behavior of the devi ce under this fault model.

For further classification and correl ation betveen physical failures and stuck-at fault nodel,
comparison is done betveen Table 12 wth that of the proposed augrented stuck-at fault model
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Figure 13: Proposed augnanted stuck-at fault model .
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Table 14: (orrel ation betveen Physical failures vs Stuck-at fault mdels for 2-level (omplex KL

AND/NAND Gate.

Physical failures vs Stuck-at faults
Fault | No. of Corresponding Corresponding
groups | Ph. fls |Classical Stuck-at| Augmented Stuck-at
ncluded model fault model fault
True ofp , Comp. ofp
f1 2 Not Covered by , do/Y1 7§
f2 19 AO/BO Clo/bo/Xo s do/Y1
f3 4 Y, ff, do/1
4 3 Not Covered X1, do/V1
f5 7 Yo I, eo/Yo
‘ f6 1 Not Covered ao/bo/Xo , c1 T
‘ f7 9 Al a , Cq
8 1 @ @ ff
f9 1 @ ffa
f10 9 Not Covered bi, ff
fll 7 Xo Clo/bo/Xo s ff
f12 1 Not Covered ap/bo/Xo , - **
13 3 X1 X, ff
f14 1 By by , dy
f15 1 Not Covered by , - **
f16 1 Not Covered ao/bo/Xo , c1 T
f17 1 Not Covered X, ff
f18 1 Not Covered -, ff

ff = fault-free, ¥* = observable at one of the outputs.

@ = cannot be modeled at gate level. T = multiple stuck-at fault.
No. of Ph. fls. ircluded = Number of Physical failures included.

- = too complex to be modeled at gate level.
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Table 15: KL 2 1level (omplex Gate otputs for Proposed Augranted Stuck-at fault nodel .

Augmented Stuck-at fault model ‘

|

Input| ff|ff]ao|ar|bo|bi|co|er|do|dy|2o| 21|y |
AB (XY | XIXIXIXIY|Y|Y Y X|X|Y|Y
00 0j1j0|0j0j0O]jO|1|1]1]0]1|0]1
01 0j1}j0|1j0j0]j0O|0O|1]1]0]1|0]1
10 0j1j0|0j0|1]0|1]1]0]0O]1|0]1
11 1700101001001 ]0]|1

X=0R Output, Y=NOR Output.

output (Table 15). The outcom is presentedin colum 4 of Table 14, vhich also lists the faults
mdel ed by the avgranted stuck-at fault model. The fault groups f2, f4, f6, f8 f10, f11, f14,
f15, f16, f20, f21, f22, f23, f24, f25 f26 and 30 not nodeled by the classical stuckat fault
mdel, are model ed by the augrented stuck at fault mdel. Fault grous f2, f4, f20, f21, f23
and f24 are mdel ed and are observable at ore of the outputs only. For these fault groups, the
other output exhi bits the fault as a coplexlogical fadt. Fadt groups f28 (True output) and £29
(Corpl erantary output) camot be model ed at the gate level, as the erroneows outputs al vays

appear as undefined val ves (U), hovever, the conplemartary outputs appear as fault free.

Faut groups (f2, f4, f20, f21, f23 and f24) vhich are model ed and olservabl e at one of the
ot pits according to the model vorks effectivel y vhen a 2-level KL AND/NAND gate alone is
mdeled. Abnormal behavi or may be observed on the other output whichis not mdel ed properly
and mght lead to fault naski ng vhen the ot puts reconverge on a subsequent gate. A first gl ance
of Table 14 colum 4 may give an inpression that mst of the fault groups in augnented fault
mdel are mdeled as miltiple fauts (double faults). Hovever, several miltiple faults can be
dropped becaise of equi val ence, for exanple, the miltiple fault (b 0, fo) modeled by faul t group f1
is equvalert to B o, vhich may be covered by the output of the driving logic stuck at 0. Only
the falt groups f14, f15, f16, f22, f25, f26 and f30 are al vays required to be represented hy
mltiple stuck at faults.

Appying mltiple stuck at faults to Figure 12 wth a mltiplicity of falts equal to 2, i.e.
doubl e faul ts, vould need 198 mltiple faults to be comsidered, vhichis obtained by substituting
k=2 and n=10 in the expression for F'. (drsidering all 198 mltiple stuck faults and obtaining
a table for all input vectors is too difficult a task Referring to colum 4 of Table 14, ve know
apriori the behavior of augnanted fault model to the 2-level KL AND/NAND gate. For fault
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group f14, ve need to corsider the mltiple stuck fault of o and y 1 for true and conpl erantary
outputs. Simmlarly; ol tiple stuck faults need to be comsidered only for f15, f16, f22, f25, f26

and f30. Only 7 mltiple stuck faults need be corsidered ot of 198 possible double faults since

the mltiple faul ts are know apriori fromthe angrented fault nodel .

90.78 % coverage of all detectable falts is obtained by the augranted stuck at fault model
compared to 47.36 % coverage obtained wing the classical stuckat fault mdel. Ben better
coverage is obtainedif special handlingis dore for f2, f4, f20, f21, f23 and f24. Test generation
and fault simlation vould be correct if the conpl emanted outputs for these cases are assumd
to be wknown. In that case 100 % fault coverage of the determmistically testable faults vould
be obtained Only 14 single and 7 doubl e stuck-at faults need be comsidered for mdeling all the
physical failures of the 2-level KL gate investigated It can be seen that the augranted faul t
mdel proposed for 2-1evel KL gates is much sinpler and effective conpared to the 1ogic mdel
proposed by Morandi et. al. [18 .

Another possihilityis tocomsider the structure of the fault model shominfigure 9 wthmltiple
stuck at faul ts vhich vould provide 68.42 % fault coverage. Fault groups f8, f10, f11, f12, f13,
f1Tand f27 inthis case canmot be incl uded by il tiple stuck at faults wsing the structure shown
in Figue 12 The fault coverage obtained would still be less than the fault coverage obtained
wing the proposed augranted stuck at fault model bt the muher of nodes to be considered
vould be less.

5 Power Suwply Currert Monitoring

(ertain defects duri ng manuf acturi ng process, suchas, spot defects inlithography or inany of the
processing steps could lead to a short. Grrent testing has been studied [ 22 , 23] to be a potential
rathodol ogy for detecting such shorts in (MOS devi ces.

KL circuits drawal most corstant pover supply current, independent of frequency [1 ].
can be observed fromthe structure of KL that when the input tramsistors are OFF, the other
differential tramsistor wll be ON and vice-versa. (ertain defects could nanifest itself in drawng
excessive pover supply current and such defects can be detected wing pover supply current
roni toring. SPI(Esimlations for fadt R 5 shorted indicates that the current drawn under faul t
is almost 100 timas that of fault-free. Hovever, certain faults such as, shorts in the differential
input tramsistors do not nanifest itself in drawng excessive pover supply current as shorting
cawses the other differential tramsistor ()  3/Qs) to turn OFF. This happers as the voltage at
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Figwe 14: Gurrent drawn by an KL gate under R 5 short and faul t-free.

the comon emtter point rises due to the short and since the hase of the fixed hias tramsistors
(Q3/Qs) ave held corstant, these tramsistors camot turn ON. Figure 14 shows current drawn by
an KLOR/NOR gate under fault-free and faul ty condi tions.

6 Designfor Testahility

(areful observation of Tables 22, 7 and 12 indicate that for som of the physical failures, the
inpt test vectors cawse both the true and conplemantary outputs to extihit erroncows LIK E
outputs (i.e. simlar otputs, 00 or 11) imstead of the true and conpl erantary out puts exhi bi ting
fadt-free UNLIKFE outpts (i.e. 01 or 10). Out of the 18 classified faults for variows physical
failures of devices for the KI. OR/NOR gate, 7 of the falt grous extihit errorcos LIKE
outputs wth at least one or more input vectors, vhichis approximately 39 % and out of the
30 classified fault groups for the 2-level HI gate, 20 of themexhibit erroneows LIKE outputs
whichis approximatel y 66.66 %. By wing the followng simple design for testahility approach, it
is possible to ON-TINEdetect suchfaults. This my be wseful in fault-tolerant system.
The design for testability approach wses an excl wsive- OR gate connected to the otput of the
K1 gate as shomnin Figure 15, wththe output of the exclusive-OR gate termadas the ERROR
signal. When the true and compl erartary ot puts of the Kl gate is fault-free UN LI K E outpit
(i.e. 0l or 10), thenthe FERROR signal vouldbe a1 indi cating that ERROR=1and ERROR=0
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Figue 16: Fxclwive-NOR gate to detect IIKEerrors inintercomect nodul es.

(i.ee. NO ERROR). Wherever any of the faults cawse the outputs of the gate to exhihit erro-
reows LIKFE ottputs (i.e. 00 or 11), then the ERROR signal vould becora a 0 indi cating that
ERROR=0and ERROR=1 (i.e. an ERROR has occurred). Use of an Fxclwsive-OR or NOR to
detect LIK E errors insingle level KL gates vould be an increase in area overhead and mght
be prohihitive. Hovever, if the gate is mltiple level and sufficiently complex; then the overhead
may be justifiable in som situations. This approach nay be effective at module level, at the end
of high speed data his, in clock chains ete. and in other applications vhere there is probahility
of LIKF errors to occur.

This design for testahility approach is mot only weful for KL gates bt can be wed in
applicatiors vhere true and conpl erantary signal s are bei ng si ml taneousl y transmtted bet veen
ore wit to the other or vhile driving long distances wing twsted pairs or any other mde
of commication. The otpt driver gate could exhibit erroncowss LIKE output under faults
or if the commication chanrel develops smag wth an open or short betveen the true and
complerantary lines, the receive end vould exhibit erroneoss LIKE error condition. Figure
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16 shovs an i npl emartationof the design for testability approach wsing an exclusive- NOR gate in
a gereral live-driving application, vhere under erroneows LI K FE outpat conditions the EFRROR
signal vould be a 1 and vould be a 0 for fault-free UN LI K E output condi tiors.

7 Corclwsiors

The effectiveness of the classical stuck at fault mdel inmodeling physical failures that are possible
inaore and tvo-level KL gates have been examned.  An augrented stuck-at fault nodel has

been proposed as the classical stuckat fault model didnot mdel amajor fraction of the physical
failues. Highfault coverage can be obtained wsing the augranted stuck-at fault mdel for both
one-level and tvo-level KL gates conpared to the classical stuck-at fault model. The augnanted
stuck-at fault model can easily be extended to mlti-level complex K1, gates. A design for
testability approach vas presented for detecting LI K E error conditions occurring in gates wth
true and conpl erartary outputs which is a normal inplemartation for HI. logic devices. The
designfor testahility approach presented here can al so be wsedtor detecting L1 K E error condi tiors
in applicatiors vhere true and conpl emantary signals are tramsmtted fromore wit to the other

or vhile signals are drivenlong distances wing twsted pairs or other mdes of conmni catiors.
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