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Abstract 

The selection of adequate fault models is crucial to generating tests of high quahty 

for complex digital VLSI circuits. This thesis presents a methodology to perform empirrcal 

validation of fault models and to get measures of effectlveness of test sets based on the 

targeted fault mooels. 

The methodology is based on the automated fault diagnosis of test circuits. repre­

sentatlve of the class of Circuits being studled and deslgned tù capture the characteristics 

of the fabrication process. cell hbrarles and CAO tool5 u5ed in their development 

The methodology IS applied to study th~ faulty behavlour of random 10gIC envi­

ronments for an experimental VLSI fabrication process. A test circuit is designed. using 

CMûS technology. and a statlstically significant number of samples fabricat€d. The sam­

pies are tested and. subsequently. dlagnosed. using a set of software tools developed for 

the purpo~e Results of the ensuing analysis are presented. 
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Résumé 

La sélection de modèles adéquats de pannes est cruciale pour la génération de 

tests de qualité supérieure pour les circuits ITGÉ complexes. Ce mémoire présente une 

méthodologie pour effectuer la validatIOn empirique de modèles de pannes et mesurer 

l'efficacité des ensembles de tests basés sur ces modèles 

La méthodologie est basée sur le diagnostic automatique de pannes de circuits 

d'essais, représentatifs de la ::lasse de circuits étudiée et conçus pour avoir les caractér­

istiques du procédé de fabrrcatlon. de la bibliothèque de cellules et des outils de CAO utilisés 

pour leur développement 

La méthodologie est appliquée pour étudier le comportement défectueux de logique 

aléatoire pour un procédé expérimentai de fabrication ITG É Un CircUit d'essais est conçu 

en utilisant la technologie CMOS et un nombre statistiquement slgnrflcatlf d'echantillons 

-est fabriqué Les échantillons sont vérrfiés et diagnostiqués en utilisant des logiciels 

spécialement développés à cette fin: les résultats de cette analyse sont présentés 

XIII 
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Chapter 1 Introduction 

Recent advances ln VLSI technology have made possible the fabrication of digital 

circuits with millions of transistors on single chips With new photolithography techniques 

supporting even smaller feature-slzes. coupled VJith other Improvements ln submicron fab­

rication technology. CircUit denslties can be expected to tncrease further Whtle the number 

of components wlthtn dlgltallntegrated CIrCUits (ICs) has increased rapldly. the number of 

Input/output (1/0) pinS the logle is accessed wlth has grown only by a modest amount. 

resultlng ln an increase ln the ratio of loglc to 1/0 pinS and a consequent reductlon in the 

controllablltty and observabihty of these Circuits The complexlty of current VLSI chips. 

coupled with thelr Itmited controllability and observability have made their testing a chal­

lenging task 

ln present-day CirCUits. testing accounts for approxlmately one-third of the chlP's 

production costs [BhMuHa89]. Fl'rthermore. the cost of testing increases between five 

and ten times per level of packaging [WtlPar83][BaMcSa87] Hence. trom an economlc 

viewpoint. it 15 advantageous to detect faulty devlces early and to prevent them from being 

shipped out as "good" parts 

The Importance of fault modelling in developing hlghly cost-effective test strategies 

for VLSI Circuits IS illustrated in figure 11 A large number of dlfferent physlcal defects 

can potentlally occur ln CMOS CirCUits These are caused mostly by silicon substrate inho­

mogeneltles. local 5>urface contamination and photollthography related processlng [RavI81] 

Through a proceS5 of abstraction. a fault model maps this relatively large number of defects 

into a small lîumoer of modelled faults The task of test pattern generation then reduces 

te that of devlsmg tests to cover ail modelled faults The percentage of ail possible faults 

covered by a test set IS ca lied its fault coverage 



Introductloll 

Although the single stuck-at fault model has traditionally been used in the indus­

try. there is growing interest in extended fault models representmg transitIOn [WaLiRI87]­

[ShMaFe85] and stuck-open [WoNeSa87] faults There IS also Increasing evtdence thal 

layout-related fault models Indudmg bndgmg faults êccount for most non-classlcal faults 

[ShMaFe85] Multiple fault models hdve slmllarly ellclted renewed mterest smce the test 

sets developed for them stand to cover more physlcal fallures [Maly87] The selection of 

adequate fault models IS crucial to achlevlng a hlgh quallty of testmg slnce faults covered 

by them are used as targets in t.::>ols IIke fault slmulators and automated test pattern gen 

erators. Fault models are equally Important ln BISTed CirCUits 1, where these faults serve 

as targets and are used to grade the efflclency of the test scheme 

AnalliSis 01 Physical Fa.'Ilu:res 

Fa,'uJ.t Simulation, Test Genemtum 

Figure 1.1 The complete process of testing 

The process of fault modelling IS especlally constructive ln the framework of scan 

design [WiIPar83]. where the Increased observabllity and cOlltrollabillty. wlth the support 

of adequate CAD tools. make It possible to achieve arbltranly hlgh coverage of modelled 

faults. This. in turn, provldes a strategy to make trade-offs between the cost of testlng 

and ItS quallty, where test quallty IS defmed as a measure of the efTectlveness of the test 

process to detect real circuit faults - rather than Just the modelled ones Clearly, an 

1 Circuits employing Built-In Self Test (8IST) 

2 



Il Overview of EXlstlng Fault Models 

effective fauit mode!. cou pied with a "high" fault coverage results in a correspondingly high 

test quality 

It is essentlal for any effective test strategy to perlodlcally validate ItS fault models 

Such validation is Important to maintain a high quallty of test because of the extreme 

dependence of fault Illodelling on design. tec.hnology and fabrication processlng related 

parameters whlch are not always stable For example. an effective way of modelling physlcal 

defects in TTL devlces may not be suitable for logically identlcal devlces fabricated ln CMOS 

technology [Wadsac78] Even worse. fault models sUltable for a glVt.n fabrication process 

may not be effective for slmllar devlces fabncated under a dlfferent process 

Smce fabrication processes are constdntly belng tuned to improve process ylelds 

and even replaced to accommodate new technologies - a recent addition belng BICMOS 

- it is important to penodlcally monitor the effects of such changes on the valldlty of fault 

models 

This thesis presents a methodology to perform the validation of fault models using 

automated fault dlagno~ls a5t a key element The methodology is applied to a large number 

of samples of a test circuit. designed and fabrlcated specifically for the experiment. and 

the ensuing results are presented 

This chapter presents a brlef overvlew of some eXlstlng fauil models. looks at state 

of tht:! art schemes to build effective fault models and validate eXlstlng ones. introduces 

the new rnethodology for the validation of fault "odels c:nd descnbes how the rest of the 

thesis is organlzed. 

1.1 Overview of Existing Fault Models 

This section brlefly descrlbes sorne of the currently used fault models. Circuit 

"Iines" represent interconnects between circuit eiements at the same level of abstraction 

the fault model assumes -- for example the gate level 

1.1.1 Stuck-At Faults 

One of the earllest refere.nces to stuck-at faults IS made by Eldred [Eldred59] Under 

the stuck-at fault assumptlon. any line in a circuit rnay have elther of two kinds of faults 

3 



1 1 Ûverview of Existing Fault Models 

- a stuck-at-one or a stuck-at-zaro. Aline stuck-at-one remains at a logie one irrespectlve 

of the polarity of the driving signal. Similarly. a lir.e stuck-at-zero remains at a loglc zero 

irrespective of the polanty of the drivmg signal 

ln a circuit wlth n Imes. there are n difTerent stuck-at fault sites Consldenng stuck­

at faults of 'III multipllcities. each Ime in the Circuit can be either stuck-at-one. stuek-at-zero 

or fault-free. Since there IS only one state for which the circuit is fault-free - when alllines 

are simultaneously fault-free - there can be 3n -1 stuck-at faults of different multlpllcities 

in the circuit. 

1.1.2 Stuck-Open and Stuck-On Faults 

Pl -q 

NI --1 

N2 --1 

Figure 1.2 Faulty CMÛS NAND gate 

Stuck-open faults. flrst proposed by Wadsack [Wadsac78] to handle failure modes 

unique to MOS CircUits. are transistor-Ievel faults. A transistor IS sald to be stuck-open If 

its channel (between source and drain) behaves IIke an open circuit Figure 1 2 IIlustrates 

a ÇMOS NAN D gate where transistor Ni IS stuck-open Clearly. the gate cannot be 

reset to a logle zero unless It already e IStS ln that state When both Inputs are held 

high. the output of the (faulty) gate goes mto a hlgh Impedance state slnee the output 

15 not drlven by any transistor group Stuek-open faults fall II1to the class of sequentlal 

faults slnce they requlre a partlcular sequence of 'Jeetors to test them - to Inltlallze the 

output and to exercise the transistor Ir. question to toggle the output value IWadsac78] 

4 



11 Overvlew of Existlng Fault Models 

Consequently. an exhaustive test set is not necessarily a complete test set for stuck-open 

faults Many mcthods have been proposed to generate test sets for such faults both 

at the sWltch [BasCou84][BKLN PW82] and gate levels [RaJCox86][Chandr83][JaIAgr83]­

[Elziq82J[ElzCI081] Arbltrary delays and timing skews in circUits cano however. combine to 

mvalldate tests for stuck-open faults by vlolatlng the setup conditions reqUired to initialise 

them A robust test 15 deflned to be one whlch cannot be 50 mvalldated [ReReAg84] 

Stuck-On faults are also transistor fault~ wherè the channel of the faulty transistor 

behaves IIke an electncal short Test sets complete for stuck-at and stuck-open faults are 

not guaranteed to detect ail stuck-on faults. In addition. detectlOn of stuck-on transistor 

faults reqUires monitoring the ldd steady-state current. Methods have prevlously been 

proposed to generate tests to detect such faults [Malaly84J[ReAgJa84] 

1.1.3 Transition afld Delay Faults 

Under the transitIOn fault assumptlon. any Ime in a Circuit may have a transition 

fault of either of two polaritles - slow-to-me or slow-to-fall [BarRos8311WaLiRI87] A 

Ime is slow-to-rise If It takes an unacceptably long tlme to propagate a loglc zero to one 

transition on It Conversely. a "ne IS slow-to-fall If It takes an unacceptably long tlme 

to propagate a logle one to zero transitIon on It TransformatIons have prevlollsly been 

formulated for modellmg stuck-open faults III fully-complementary MOS structures on the 

basls of transition faults [CoxRaJ88b] Methods to slmulate transItion fallits have also been 

proposed [LevMen86]!WaLIRI87] 

Two dlfferent delay fault models have been used ln earlier ilterature - the gate delay 

model and the path de l3Y model Agate delay fault is slmllar to a transitIon fault where 

the slow-to-flSe and slow-to-fall delay faults are assoclated wlth gate Inputs and outputs 

[StoB:u77][LesShe80] ln the pa th delay mode!. on the other hand. delays are associated 

wlth paths through the CIrCUit [Smlth85] If a cambmatlonal netwark falls ta propagate 

data from an Input to an output wlthln an acceptable tlme. ane; It has no stuck-at faults. 

it 15 sald to contam a path delay fault. 

1.1.4 Bridging Faults 

Bndgmg faults occur when two. or more. Imes ln a circuit are shorted and. as a 

result. a wired logic operation performed at the junctlon [Mei74]. Circuit "Iines" in this 

5 
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1 2 Techniques to Develop and Valldate Faull Modcl~ 

case are not restrieted to being metal rntereonneets only For example. bndgmg faults 

may oeeur due to shorts between two different layers m the Circuit The actual wlred 

logie operation performed as a result of the fault depends on the technology of the CircUit 

Fp.edback brtdgtng faults - Involvlng shorts betwt'en Imes on the same pa.:h of a CIrcUit -

can also lead to sequentlal behavlour of combtnatlonal CIrCUits [MeI74] If there are 11 Imes 

in a circuit. there can be n· (n - 1). or 0 (n 2) dlffHent bndgmg fault sites. assummg only 

two separate Imes get shorted at any site 

1.1.5 Specialized Fauli Models 

ln addition to the basic fault models described earller. a number of speclaltzed fault 

models exist whlch address the problem of fault modeilmg for vanous functlonal Unlts 

These fault models serve the twofold purpose of provldmg effective modellrng of modes of 

failure unique to the unlts and of provldrng hlgher-Ievel taul, modelllng m functlonal blocks 

too complex to model at the gate, or sWltch. level 

Speclahzed fault models mc\ude crosspomt faults for PLAs. IOter-cell coup/mg faults 

for RAMs and instructIOn decodmg faults ln mlcroprocessors 

1.2 Techniques to Develop and Validate Fault Models 

The best known systematle method to generate a IIst of taults that can potentlally 

occur ln a speclfte Integrated CIrcuit (ICl 15 Inductive Fault Analysis (lfA.) [ShMaFe85] IFA. 

proposed. and later implemented. by Shen. Maly and Ferguson [ShMaFe85]. approaches the 

problem of fault modellmg ln a bottom-up manner. It determmes a hst of faults most hkely 

to occur in a given device. based upon its layout topolo;,;y and the' defect statlstlcs" of 

the f~bricatlon process used 

1.2.1 Inductive Fault Analysis 

The authors of IF.~ belleve that most tradlt!onal and eXIstmg test techniques are 

inadequate pnmanly because of three reasons' 1) the use a single-Ievel or fiat approach 

based on a gale level representatlOn of the cIrcuit. 2) the use of teehnology mdependent 

fault models -- hke the hne stuck-at fault model and. 3) the mablhty ta generate a . ranked" 

fault Ilst 

6 
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1 2 Techniques to Develop and Validate Fault Models 

IFA proposes to compile a "ranked fault IIst" 50 that the most IIkely to occur faults 

may be tested flrst ln a stop-at-flfst-fault production test strategy It is the authors' 

mtentlon to emphaslze "local" or spot defects leadlng to circuit faults rather than "global" 

defects at the It!afer level slnce they belleve that fallures resultlng from global defects can 

be eastly Identlfled and the fabrication process tuned to fli\ them 

To develop an appropnate fault modelllr,- approach makmg use of process-related 

information. phySICfll fallures are vlewed at four dlfferent levels of abstraction process­

level. structure-Ievel. clrclllt-ievei and loglcal-Ievel For example. a pOint defect cJused by a 

plnhole ln the SZ()2 (lnsulattng) layer may be vlewed as an open reglon III the 5102 layer. 

a contdct between two conductlng layers. a short between two wlres at the circuit level. or 

posslbly a stuck-at-one fault at the loglcal level 

Defects are flrst "generated" for a glvf'n lay~~t UStng statlstlcal information obtalned 

from the fabrication process ln an n-Iayer process. a defect at any spot IS assumed to be 

either one of two baSIC types an extra layer where there should not be one or a mlsslng 

layer where there should For any reg IOn ln the Circuit. a Single defect assumptlOn IS 

used ThEc generated defects are then "screened" so that only the electncally slgmflcant 

ones are further analyzed 5tnce d number of dlfferent physlcal fallures can lead to the 

sa me electncal faults. a K-map of "electrlcally equlvllient classes" IS used to perform the 

necessary mappll1g from physlcal defects to electrtcal faults 

Electrtcally slgnlflcant defects are analyzed to extract thelr faulty behavlours in 

terms of a "primitive fault IIst'· The fault types in the primitive fault IIst are 1) shorts 

between two or more equlpotentlal reglons. 2) breaks resulttng ln the separation of a Single 

equipotentlal reglon Into two or more. 3) introduction of "new" devlces to the CIrCUit and 4) 

changes III the behavlour of eXlstmg devlces ln the CircUIt Note that It IS possible for two 

different physlca! defects to produce Identlcal faulty behavlour ln term5 of thelr elE:ctrlcal 

charactenstlcs The primitive fault Iist IS then mterpreted to produce the clrcUit-level fault 

Iist The flve types of Circuit faulls consldered are 1) Ime stuck-at. 2) trdnsistor stuck­

at (0 N or 0 F F). 3) floattng Ilne. 4) brldgmg and 5) mlscellaneous MI5ceilaneou5 faults 

mclude ail faults not covered by the flrst four categories These tnclude the creation of 

parasltlc active devlces ~nd faults Involvlng power and ground Imes 

A ranked fault 115t IS then complled on the basls of the clrcu!t-Ievel faults IIst. 

accounttng for the number of phys/cal defects whlch can result in each fault. The flowchart 

in figure 1 3 Illustrates the procedure 
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Figure 1.3 Steps Involved ln the IFA procedure 

Fault Types Number of Defects Percentage of faults 

Line Stuck-ats 132 28% 

Transistor stuck-ats 70 15% 

Bridgmg 101 21% 

Miscellaneous 29 6% 

Table 1.1 Companson of Fault Types for Example CircUit 

The authors have demonstrated the IFA procedure usmg an example CIrCUit Imple­

mented in NMOS technology The circuit is a full-adder cell contalnlng 29 transistors 
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1 2 Techniques to Develop and Vdlldate Fault Models 

Their results are summanzed m table 1.1. The method has also been applied succ.essfully 

to analyse regular structures IIke memories [DeBe Th88] 

1.2.2 Behavioral Analysis of Fault Models 

Whlle IFA addresses the problem of generatmg adequate fault models for cl given 

circuIt. much work has centered around establlshlng the effectlveness of the stuck-li fault 

model for CMOS Circuits The followlng two sections descrtbe emplrical studles. performed 

on test chips. to establtsh the abtllty of complete stuck-at test sets to detect st .JCk-open 

faults Whlle the approach taken by IFA to generate a Iist of potentlal fault" assoclated 

with a glven Clrcliit IS "bottom-up" In nature. startlng at the physlcal devlce level. the work 

descnbed below uses a "top-down" or behavloral approach 

1.2.2.1 Empirical Results on Undetected CMOS Stuck-Open Failures 

This expertmemal work. devised and performed by Woodhall. Newman and Sammult 

[WoNeSa87] addresses the questIOn 0, how adequate CMOS stuck-at testmg is to detect 

stuck-open faults 

The expertmental procedure conslsts of uSlng a purely comblnatlonal ASIC CMOS 

circuit as a test vehlcle and testmg it with three separate test patterns - for stuck-open 

faults. for stuck-at faults (only) and uSlng the manufactUrt,lg test The test vehlcle used 

by t:,e authors contalned 1854 stuck-open fault sites OIJL of whlch 616 stucK-open faults 

were eqUivalent ta stuck-at faults The stuck-open fault set. therefore. conslsted of 1238 

dlstlngulshable single stuck-open faults 

Stnce any stuck-open test set mherently stands to cover a subset of stuck-at faults. a 

stuck-al only test set was devlsed from the stuck-open test set by msertlllg "de-Inltlallslng" 

vectors between the Iflltlallzatlon and test vectors for each vector pair and before each 

mitlallzatlon vector This Insured that the stuck-at-cnly test sequence covered ail of the 

stuck-at faults covered by the stuc~-open test set but no stuck-opens 

Each wafer die cleanng an Initiai parametnc test for conttnUlty and short was sub­

Jected to the three dlfferent test sets Ali faulty dies were classrfred accordlng to the 

procedure outllned m table 1 2 
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1 2 Techniques [0 Develop and Valida te Faull Models 

Test Sequence Fatlure 

Stuck-Open Stuck-At-Only ClassificatIOn 
-

Pass Pass No Fallure 

Pass Fail lnconslstency 

Fall Pass Stuck-Open Fault 

Fatl Fa" Stuck-At Fault 

Table 1.2 Fault CiasSlficatl(1) Procedure 

A total of 45!::2 die were tested out of whlch 1255 had one or more stuck-at faulte;, 44 

had one or more sluck-open faliits - posslbly ln additions to stuck-at faults -- and there 

were 4 die whlch had stuck-open faliits only Each of these 4 die escaped detectlon Wltl! 

the manufactunng test whlch provlded a 100% coverage of stuck-at faults The observed 

stuck-open escape rate of stuck-open faults wlth the manufactunng tp.st glven by 

E 
Stuck - Open Escaplllg DIe 

sop = Passtng Dze + Stuck - Open }j'scapmg DIe 

was 0.121% 

Assummg thal the number of faults on a device, n. has a Poisson distributIOn. the 

authors derived a relation between the stuck-at escape rate, ES A, and the stuck-at fault 

coverage, fSA, glven by' 

where the constant a can be expenmentally determlned USlng expenmental results from 

their t~st chip. they found that at 99% stuck-at fault caverage, the stuck-at escape rate 

was greater than the stuck-open escape rate, whlch was assumed to be the sa me as wlth 

a 100% stuck-at test set 

1.2.2.2 Experiments to Study the EfTects of CM OS Stuck-Open Faults 

Turner. Leet, Pnllk and Mclean developed a complet~ test system from test gen­

eratlon to devlce testlng, that supports CMOS stuck-open and short faults ITulePM85j 

The test tools work wlthln the framework of lSSD [WdPar82] To allow for l,f,l (current) 

monitoring for the detectlOn of transistor short (stuck-on) faults, an attachment was de­

signed and built for the tester whlch tral"slates the value of the observed current lOto a 

voltage level on a tester channel 
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An experlment was developed uSlng "CMOS mastershce" hardware to determme the 

nature and frequency of stuck-open and short faults and to establlsh whether such faults 

required the use of special tests - other than those for stuck-at faults - to detect them. 

ln additIOn to several "test circuits" . the test hardware contalned an ImplementatIOn of the 

TI 74181 4-blt A~U and a collectIOn of ail "books" (cells) in the mastershce IIbrary, each of 

whlch was completely controllable and observable from pnmary inputs and outputs The 

hardware was developed wlthln an LSSD envlronment 

Essentlally, two dlfferent tests were apphed to the test hardware - one generated 

by "LSSDSTUCK" for detectlng stuck-at faults and the other generated by ETG (Elihdnced 

Test Generator) for stuck-open faults LSSDSTUCK's stuck-at fault coverage was better 

than ETG's stuck-at coverage ETG's stuck-open tault coverage, however, was 2.5 times 

that of LSSDSTUCK's 

The two tests were applled undeï dlfferent test conditIOns to measure any power 

supply and Input level sensltlvlt es Further, some tests were repeated wlth current mon­

Itoring to establlsh the effectlveness of the Idd mOnitor (for transistor shorts). Table 1 3 

summanzes the nature of the 8 dlfferent tests applled 

Pattern Source Id" monitor Test Conditions 

LSSDSTUCK No Nominal 

LSSDSTUCK Yes Nommai 

LSSDSTUCK No Hlgh Conductance 

LSSDSTUCK No Low Conductance 

ETG No Nominal 
r---" 

ETG Yes Nominal 

ETG Yes H Igh Conductance 

ETG Yes Low Conductance 

Table 1.3 LoglC Test Summary 

A "statlstlcally slgnlflcant" number of chips was tested ln a "development envlron­

ment". The authors establlshed that 93.9% of ail chips that passed parametric tests, elther 

passed or faJled ail elght "corners" (stages) of the test By analyzlng the corners on which 

the remalnlng 6.1 % faJled, suspected fall mechanlsms were determmed It was found that 
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2.9% were Idd monitor fails. 1.5% were "corner sensitive falls" and 0.7% failed the LSS­

DSTUCK test but passed the ETG test 1.0% were not analyzed since they accounted for 

only statlstically Insignlficant samples from each category For the 2.9% where the current 

mOnitor failed. the fallures were attnbuted to "generally leaky chips" rather than partlcular 

transistor shorts smce ail patterns falled the ldd mOnitor ln ail chips that passed the ETG 

but failed the LSSDSTUCK. the stuck-at faults assoclated wlth the LSSOSTUCK patterns 

were faults not tested by the ETG test 

It was cuncluded. by the authors. that: 1) no chlP falled on a stlJck-open fault. and 

2) no chip failed on a stuck-on fault. The "pnmary" reason proposed by the authors to 

explam why transistor faults did not affect the yleld in the expenments IS that the lélyout 

of the mastershce provlded for a low probabliity of occurrence of transistor fdults 

1.3 Proposed Methodology 

Since IFA pnmarlly addresses the process of denvlIlg ranked fault models and not 

the quality of the test sets developed for some faults. It cannot be used to determllle the 

escape rates for tests developed under dlfferent fault model assumptlOns The expenmental 

procedures developed III [WoNeSa87] and [TuLePM85] are weil sUlted for studymg the 

effectiveness of stuck-at test sets to cover stuck-open faults but. agam. cannot be used 

to evaluate the effectlveness or quahty of test sets developed undp.r other fault model 

assumptlons 

This thesls develops â methodology for the experlmental validation of fault models 

A top-down approach 15 proposed (unhke 1 FA). where the effectlveness of a fault model IS 

determined by the ablilty. or lack of it. to diagnose faults. based on the glven fault model. 

m test chips deslgned speclflcally to capture the charactenstlcs of a glven deSign process 

and subsequently tested wlth a near "Ideal" test set 

ln bnef. the key elements of the proposed melhod are 

1) The design and fabncatlon of an "easlly dlagnosable" test chlP. representative of 

the class of CirCUits bemg studled. the CAD tools used III its deSign and the fabri­

cation process used ln Its production. 

2) The denvatlon of an extremely "robust" test set. capable of detecting faults from 

withm a wide range of fault models: 
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1 3 Proposed Methodology 

3) The development of a set of diagnostic tools to perform automated dlagnosis on 

faulty circuits. 

4) The use of the results to get measures of "effectlveness" of the target fault model(s) 

and test sets generated to cover ail mode lied faults. and 

5) The validation of the results of the diagnosis using an electron-beam voltage-contra st 

circuit prober 

Slnce the valldlty of fault models is very sensitive to the layout topology. design 

technology and fabrication process of the circult( s) under consideration. the results of such 

a study cannot be generallzed beyand the confines of a partlcular set of these parameters 

whlch are comman only to a partlcular class of CirCUits Hence. the test cirCUit IS designed 

to capture thls parametnc information and be representatlve of the class of CirCUits being 

studled Moreover. slnce the methodology uses automated diagnosis as a key element. the 

CIrCUIt IS also deslgned to be "easlly dlagnosable" 

The test set IS deslgned to cover faults from a number of difierent fault models 

Faults are covered ln a robust fashlOn. ImplYlng thelr detectlon even m the presence of 

other faults. as much as possible This deflnltion of robustness. In the context of a genenc 

test set. remalns Independent of the deflnltlon of robust tests ln the context of stuck-open 

and transition faults ln addition. the test set provides a hlgh diagnostIc resolution so that 

d!fferent faults may be dlstmguishable from one another. as muc h '":, possible A set of 

software tools IS deslgned ta perform automated fault diagnosls on faulty chips. assuming 

different fault models The results of the dlagnosls are Interpreted and other experiments 

performed to get measures of effectiveness of fault models for the c1a.:.s of circuits bemg 

studied An electron-beam voltage-contrast probu IS then used ta validate the results of 

the dlagnosls and. by extensIOn. the methùdology The methodology IS carned out to study 

the faulty behavlour of purely combinational random loglc Circuits for an experimental1.5/i 

double layer metal (DLM) CMOS process. 

Chapter two of the thesls dlsC'lsses Issues related to the deSign of the test chlP 

and contams a detailed deSCription of the chlP rl~slgned to serve as a test vehicle Chapter 

three desCrJbes the theory behlnd the test set and the steps Involved ln ItS generatlon. The 

theory behlnd fault dlagnosls. Includlng a hlstorlcal perspective and sorne state of the art 

techniques. IS dlscussed ln chapter four. along wlth a discussion of sorne Implementation 

issues Chapter flve dlscusses measures of effectlveness of fault models and test sets and 
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1.3 Proposed Methodology 

proposes experimental ways to get their estlmates. Experimental results. from the analysis 

of a number of faulty devices. and their subsequent validation are presented in chapter six 
Chapter seven concludes the thesis. 
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Chapter 2 The Test Chip 

The test chip serves as a means to study. in general. the manifestations of physical 

defects in terms of the faulty behavlour of the class of circuits it represents. Since the 

th ru st of the work IS to study random logic environments in combinational circuits. the 

chlP IS required to reallstically duplicate such an environ ment The generality of its rep­

resentatlon. however. canl10l be stretched beyond the confines of its design and process 

related parameters whlch charactense the circuIt. 

This chapter presents the phdosophy behmd the design of the chip. discusses the 

parameters whlch charactenze It and deswbes its design in detail. 

2.1 Design Philosophy 

The empincal approach to failure analysls. outhned earlier in chapter 1. imposes 

two basic requirements on the design of the test chip: its structure should be "sUitable" 

for fault dlagnosls. provlding for a high "resolution" of faults. and its design should be 

"representative" of the general class of circuits bemg studled The basIc philosophy behind 

the design. then. is ta satisfy each requlrement to the maximum extent possible without 

violatmg the cor,,,traints Imposed by the other. 

2.1.1 Smalt Fault Equivalence Classes 

Two faults ft and h are sald to be equlvalent If ail tests which detect fault ft also 

detect fault h and vice versa Two equlvalent faults are. therefore. indlstinguishable from 

a diagnostic vlewpomt For example. a stuck-at-one fault on the output of a 2-input NAN D 
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gate is equivalent ta a stuck-at-zero on elther input since the only vector whlch tests for a 

stuck-at-one at the output (a 11) also tests for a stuck-at-zero at either input. Moreover. 

the sa me vector (11) also happens to be the only test for a stuck-at-zero on elther Input 

Fault eqUivalencf' 15 transitive For example. If fault ft is equivalent to fault h and fault 

h is equivalent to fault h. then fault ft 15 also equivalent to fault 13 When a number of 

faults are mutually equivalent to each other. the group (of taults) IS sald to form il (ault 

equivalence c/ass. Clearly. It IS impossible to dlstlngUlsh between faults ln a glven fault 

equivalence class based upon an analysls of faulty respollses slnce ail faults are detected 

on exactly the same vectors and primary outputs 

From the discussion above it is clear that havmg large fault equivalence classes ln 

a circuit is detrimental to fault diagn0515 Determming ail fault equivalence classes ln a 

given circuit. however. 15 an NP-Complete problem [FuJT0I82]. Nevertheless. simple cases 

of fault equlvalence can be analysed to come up wlth some baSIC gUidelines on how to keep 

fault eqUivalente classes down to a minimum 

••• ~ 
L 

••• 

••• 

Figure 2.1 Circuit with large fault equlvalence classes 

,The strlJcture shown in figure 2.1 iIIustrates a circuit wlth a large fault eqUlvalence 

class. The structure IS a multl-Ievel (anout-(ree reglon made up of similar non-Invertlng 

simple gates. Dommatmg loglc value taults (stuck-at-ones) on the inputs of the OR gates 

are equivalent to stuck-at-one faults on thelr own outputs as weil as stuck-at-one faults on 

the inputs of subsequent OR gates Due to the transItIve property of fault equlvalence. a 

stuck-at-one at the output of the structure IS equlvalent to a stuck-at-one fault on any other 

line of the CircUIt The flllai 3-lnput OR gate ln the structure adds to the fault equivalence 

class slnce ail of its mput stuck-at-one faults are equlvalent to the output stuck-at-one 
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The above observations serve as the basis for sorne general gUidelmes to limit the 

fault equivalence classes ln a structure' fanout-free regions in a circuit should be kept to 

a minimum - addmg fanout can only reduce fault equlvalence, the number of levels of 

logic, both wlthm fanout-free reglons and in the circuit as a whole, should be mlnimlsed 

- 3gain. the more the number of levels of logle, the more the potent/al for larger fault 

equivalence classes: If non-Invertmg gates ar~ used. dlsslmllar gates should be used for 

successive levels of lagic to prevent domlnatmg loglc value faults from propagatmg down 

the circuit. If mvertmg gates are used, simllar gates are recommended for successive 10gIC 

levels for the same reason, and, smce multHnput gates imply a larger number of equlvalent 

faults on their own inputs and output. thelr use should be minimised. 

2.1.2 No Reconvergent Fanout 

Cl C 

Figure 2.2 Reconvergent fanout in an XOR gate 

Reconvergent fanout descnbes a structure in which more than one dlrected path 

may be traced from one line to another in the circuit [SchMet72] Figure 2.2 illustrates 

a circuit with reconvergent f~lnout - the Circuit Implements the two input XOR function 

Lme a, Ilke Ime b, IS sald to be a fanout stem while Ilnes c, J, d and e are sald to be fanout 

branches As can be seen from the figure, two dlfferent paths - acgzk and ah k (shown 

wlth thlck Ilnes ln the figure) - can be traced from fanout stem a to the output of the 

Circuit Simllarly, two separate paths can be traced from the other fanout stem, b, to the 

output of the Circuit 

There are two major problems associated with testmg for faults assoclated wlth 

Circuits wlth reconvergent fanout reglons. Some faults - associated with the reconvergent 

fanout reglon Itself - may not be testable at ail while some stuck-open and transition 
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faults. if testable. Inay not be testable in a robust manner. A 2-input NAND gate wlth 

its inputs tied together provides an example of a a reconvergent fanout structure wlth 

untestable faults. Neither of the two Inputs of the gate can be tested for stuck-at-one 

faults since such tests require complementary logle values on the Inputs of the gate at the 

same time. 

1 

.......-[)o-1-0----Dt 
0-1 

0-1 
o 1 

Figure 2.3 Hazards Ir structure wlth reconvergent fanout 

Figure 2 3 shows another structure with reconvergent fanout Due to the differ~nt 

number of loglc levels present on the two dlfferent paths between the fanout stem and the 

output of the Circuit. logie transitions on the fanout stem propagate to the mputs of the 

final 2-input NAN 0 gate wlth dlfferent delays This leads to halards wlthm the CirCUit. due 

to which some transitions on the fanout stem - evell wlth the other Inputs held stable 

- can lead ta glttches at the output The figure shows that wltb the other mputs held 

stable (at the values shown). a 0 ---> 1 transition on the fanout stern leads to a gllteh al 

output before It stabdlzes agaln Ghtches are detnmental to testlng for the twofold reason 

that they can preclude the generatlon of robust vectors for faults and their effects can 

camouflage faulty resp0nses If they propagate to the output. 

2.1.3 Robust Propagation of Faults 

T estmg strategies - Ilke fault models - ar€ based on certain fundamental assump­

tions One key assurnptlon IS often regardlng the rnultlpliclty of faults ln partlcular, single 

fault models - hke the single stuck-at fault model - assume that fi'lulty CircUits contall1 

only single faults Slnce the object of the present work IS to establlsh the nature of such 

faults. any presumptlons regardlllg thelr type and multipllclty are clearly un justifiable ln 

facto the approach taken to study the faults is required to be as general as pOSSible 
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Figure 2.4 Struc~ure supporting a robust propagation of faults 

ln keeplng wlth the above strategy. the design of the test chlP is required to be such 

that faults may be uetected and analysed ln the presente of other faults The structure of 

the chip. therefore. should be deslgned ln a manner such that most faults ca" propagate 

to more than one prlmary output Whde faults assoclated wlth Imes in the final level of 

loglc can only propagate to single outputs. sUltably deslgned fanout loglc can ensure that 

ail faults. other than those assoClated wlth the flnallevel of logie. can propagate to. and be 

detected on. at least two dlfferent pnmary outputs Figure 24 illustrates the Idea As can 

be seen ln the figure. ail faults associated wlth the flrst two levels of loglc ln the structure 

can be detected on both pnmary outputs ln the event of a fault. assoclated wlth the final 

level of loglc. preventmg detectlon of another fault. It (the latter fault) can still be detected 

and analysed on the basis of observations made on another output The structure. In thls 

case. 15 sald to support the robust propagatIon of faults 

2.1.4 Other Considerations 

As was pointed out in the las.t section. the approach taken to study faults needs to 

be as general as possible to account for any eventuality One such eventuality could be the 
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requirement for the application of an exhaustive test to the circuit. The provIsion for such 

a requirement has a dlrect bearing on the total number of input pins ln the circuit since the 

number of vectors in an exhaustive test set. and consequer 'Iy their application tlme. grows 

exponentlally with them. To keep the application time of an exhaustive test set wlthrn 

"reasonable" limlts. there should not be a large number of Input pinS ln the cirCUit 

For an accurate representatlon of the class of circuits being studied. the test chlP 

IS expected to duplrcate a "realrstic environ ment" . The factors affectlng the realism of 

the circuit are its size. - ln terms of Its gate count. transistor count and sIlicon area -­

its functlonal capability. the average fanout assoclated wlth internai Ilnes of the CIrCUIt. 

the number of Input/output pinS and. In a seml-custom deSign. the selection of standard 

cells used. Clearly. the test chlP should be "slmdar" to a real chlP wlth respect to ail the 

properties enumerated above. 

2.2 Characterisation of the Test Chip 

The nature and frequency of physlcal defects m devlces are mtlmately related to 

thelr layouts [ShMaFe85] Slnce dlfierent cell Irbrarres stand to contain differences ln thelr 

layouts. even for Identlcal loglc blocks. typlcal defects occurring on devices are characterrstlC 

of the cellilbrarres used ln thelr deSign Automated deSign tools - used tYPlcally for routrng 

and layout - slmdarly play a large part ln characterrslng the deSigns for whlch they are 

employed 

The fabrication process used dictates. to a very large extent. the defectlvity of the 

devices fabffcated wlth It Whde "young" processes often prcduce devices with catas 

trophic fallures resultrng from mask mlsahgnments. they can be "tuned" to minImise such 

gross defects Mature processes. on the other hand. frequently produce defects whlth 

are more "local" ln nature but very charactenstlc of the fabrrcatlon process Itself The 

charactensatlon IS reflected both ln the nature and frequency of physlcal defects 

Wh de the test chlP IS deslgned to be representatlve of a certain c\ass of CirCUits. Il 

is characteris€d by the cell Itbraries. deSign tools and fabrIcatIon process used ln Its deSign 

and productIOn. The expenmental results obtarned from ItS use as a teSt vehlc.le. therefore. 

remain valid only withrn the confines of the above parameters 
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2.3 The Design and Structure of the Test Chip 

The design of the test chlP follows a structured hierarchy At the top level. the design 

is speclfled ln terms of loglc blocks Each block. in turn. is a collection of modules The 

basIc building blocks of the modul~s. at the lowest level of the design hlerarchy. are gates. 

buffers. tnstate dnvers and pad cells. ail taken from a number of dlfferent cell libranes. 

This section presents a detalled description of the structure and design of the test chlP 

2.3.1 Top level Structure 

Figure 2 5 IIlustrates the top level structure of the chip. The chlP can be seen as a 

collection of 10 Independently accessible loglc blocks The loglc blocks share a set of 16 

pnmary mputs and 16 pnmary outputs Any block can be functlonally selected at a glven 

time by flagglng its correspondlng select signai The select signai for each block controls 

a set of 16 tnstatable buffers on its output Ilnes 

ln addition to the :oglc blocks shown ln figure 2.5. the test chip contalns pull-upj­

pull-down reslstors on each pnmary output. Outputs 0-7 contaln pull-down resistors -

from the output to ground - whlle outputs 8-15 contaln pull-up reslstors - from output 

to Vdd When ail blocks are slmultaneously de-selected. these reslstors force the outputs 

into default 10gIC states ThiS property of the outputs - to go into default loglc states 

when not dnven - IS used to advantage to generate tests to detect faults associated with 

the tnstate drivers as dlscussed later ln chapter 3 

2.3.2 The Structure of Blocks 

Out of the 10 logic blocks present in the chlP. 9. labelled DSl through DS5 and 

DZl through DZ4. conta ln combinational logic to Implement certain boolean functlons 

The tenth logic block. DEMPTY. contams no loglc It merely connects each output to 

each correspondmg mput. 

Whlle unacceptably large CIrcuit delays can be falrly "local" phenomena. conformlng 

to the gate delay model and restricted to a small section of the Circuit. they can equally 

weil be "global" ln nature. resl!lting ln an inherently "slow" device or even a slow wafer 

due to problems assoclated wlth the fabrication process. Since the DEMPTY block does 
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Blocks SELECfO 

OEMPTY 

SELECfI 

OS! 
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IH .. ' .... OSS 

.' 

SELECf6 

; 
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~ 

• 
• 
• 

SELECf9 

OZ4 

Figure 2.5 Structure of the test chip 

not contain any logic. it serves as a test block to get a measure of pa th delays assoclated 

with the logle in its nelghbourhood Deviees wlth unaeeeptably hlgh pa th delays ean. 

therefore. be easily Identifled and subJected to further analysis to establtsh the cause of 

sueh problems. Simtlarly. "'norrr.al" devices wlth ac.:eptable delays ean be charaetensed for 
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2 3 The Design and Structure of the Test Chip 

thelr timing performance. 

Figure 2 6 illustrates the structure of each of the other 9 combinationalloglc blocks 

Each block has 16 pnmary inp1lts and 16 primary outputs The blocks are Identlcal in 

structure. dlffermg only ln thelr functlonallty. A collection of 8 dlfferent modules -- DX GA. 

DX AO. DAXO. DOX A. DOOO. DAAA. DOAX and DAOX - IS used in the design 

of each block Each module has 16 Inputs. 4 outputs and contalns 2 levels of loglc made 

up of 2-lnput NANDs. NORs and XORs The (4) outputs from each module fan out Into 

2 branches. wlth each branch feedlng a 4-mput gate The 4 Input gates used are NANDs 

and NORs for loglc blacks US'1 trrough DS5 For the 4 DZ blocks. a number of complex 

gates. Implementlng the AND-OR-INVERT and OR-AND-INVERT functlOns are us~d in 

addition to the simple 4-lnput gates The 4-lnput gates serve as the fmal level of logic ln 

each block From the structure. It IS clear that ail faults assoclated wlth the macro umts 

(upto and mcludlng the second level of loglc ln the structure of the chlP) can propagate ta. 

and be detected on. two separate outputs 

The dlfference between any two successive blocks III the same ~roup - for example 

between blocks DZ2 and DZ3 -lies ln the relative positions of the modules. The modules 

are rotated. relative to the other loglc. for each successive lJlock m a manner analogous to 

an anthmetlc rotate operation Figure 2 7 I/lustrates the relation between two successive 

blocks ln the sa me group 

2.3.3 The Structure of Modules 

As descnbed earlter. each module contains 16 mputs and 4 outputs The loglc ln 

each module 15 made up of four copies of a 2-level macro. each with 4 inputs and 1 output. 

Each macro contams a combmatlon of 3 2-input gates. The gates used are NAN Ds. NORs 

and XORs Figure 28 shows the elght dlfferent macros used ln the deSign of the chlP 

Overall. there are 64 2-mput gates ln the flrst level of loglc. 32 2-lnput gates ln the 

second level and 16 4-lnput gates ln the thlrd level of loglc ln each block (other than the 

DEMPTY) ln the CirCUit The gates used ln the Circuit are taken from two different CMOS 

standard cell Itbranes A total of 12 dlfferent standard cells are used ln the deSign of the 

logic. Each block III the CirCUit contaills approxlmately 750 transistors The test chlP. as 

a whole. contams about 7500 transistors 
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Figure 2.6 Structure of the loglc blocks 
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Figure 2.7 Relation between two successive blocks 
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DX.AO DAXO 

DXOA DOXA 

DOAX DAAJI 

DAOX DODO 

Figure 2.8 Structures of the macros 

An analysis of the design of the test chlP will reveal that not ail the recommendations 

made in section 2.1 were rigorously Implemented. In partlcular. 4-input gates are used ln 

the design of ail logic blocks (except the DEMPTY block) and some macros use dlsslmllar 

inverting 2-input simple gates ln successive loglc stages Whlle thls VIolation of gUidellnes 

increases the fault equiva!ence groups to an extent. It makes the deSign more "reallsllc" In 

the fmal analysis. a delicate balance is malntalned between deSIgn features support mg ease 

of diagnosis and others which offer more reahsm at the cost of some dIagnostic properties 
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Chapter 3 The Test Set 

The fundamental requirement of the test set. in the context of the thesls. is to 

provide an insight mto the failures occurring within the test circuit. and to do so in a 

robust and fault-tolerant manner - in the presence of other failures. 

A complete coverage of faults undel a number of different fault models is required 

to maximise the coverage of actual physlcal failures within the circuit. The fault models 

consldered are, 

- Smgl~ and multiple stuck-ats. 

- Smgle and Ilultiple delays. and 

- Single and multiple stuck-opens 

ln addition. a good coverage of shorts and bridging faults is considered essential 

ln order to provide an mSlght mto actual physlcal failures m the circuit. the test set 

is required (0 support good diagnostic resolution. In particular. it is essential to distmguish 

between faults - for dlstingUishable faults under the sa me fault model as weil as for 

dlstmguishable faults under dlfferent fault models. 

Fmally. the test set is required to be robust in nature so as to be effective in the 

presence of multiple faults. as much as possible. More specifically. the test set is required 

to provide for' 

- A robust mitlallsation _. so as to be able to mitiallse internai nodes of the circuit 

ln the presence of other faults: 

- A robust sensitisation -. 50 as to be able to sensitise faults in the presence of other 

faults. and 



3 1 Gate-Level Analysis 

- A robust propagation - 50 as to allow for the detectlon of faults in the presence of 

other faults by propagating them to ail outputs possible. 

Because of the unique requlrements of the test set. Imes (gates) and switches m 

the circuit are treated separately for generatmg appropnate tests The methodology for 

generating such tests IS dlscussed in the followlng 2 sections 

3.1 Gate-level Analysis 

O--'-"---l 

O--'""--l 

Figure 3.1 Transition propagatIOn on test circuit 

Figure 3.1 illustrates a sub structure taken from the test circuit. Llne 9 is a fanout 

stem wlth 2 fanout branches h and 1. m is a primary output while Imes a. b. c and d are 

the pnmary inputs of the circuit 

Inputs c and d are set to logic 0 whlle input b is set to loglc 1 Other mputs of 

the circuit. not shown in the sub-structure. are set so as to force Os on each of the Imes 

J. k and 1; note that It IS possible to Independently control ail input values of any gale 

ln the test structure smce there are no reconvergmg paths If. under these t:ondltlOns. a 

o ---t 1 transition IS applled on Input a. the transition will propagate to output nt (In a 

fault-free cirCUit) along the pa th aegznt If. m response to such a transition on Input Il. 

the correspondlng 1 --+ 0 transition IS actually observed on output m - glven reasonable 

time for the Input transition to propagate to the output -- the followlng conclusions may 

be drawn about the status of the CIrCUIt based on the uncondltlonal fault testmg approach. 

presented in [CoxRaJ88a] 

- There can be no single or multiple stuck-at faults of any comblnatlon or multlpllClty 

along the path aeglm since thelr presence would preclude the occurance of the 

transition on m. The faults on the path are. therefore. tested uncondltionally 
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3 2 Switch Level Analysis 

- There can be no smgle or multiple delay faults of one set of polantles (correspondmg 

to the input transition) of any combination or multipllclty along the pa th aeglm since 

their presence would preclude the occurrence of the observed transition on output m 

withm a reasonable amount of tlme Furthermore. by propagatmg Input transitions 

of both polantles - the vector triO 0 -+ 1 ---+ 0 serves the purpose for the case at 

hand - ail delay faults of ail multlpllcltles along the glven pa th may be covered. 

80th line and gale delays are accounted for. 

- The observed transition at the output IS a consequence of the transition on input 

a only and could not have occurred as a result of any hazard conditions set up in 

the Circuit Hazards are ruled out since the circuit has no reconvergent paths and 

ail other Inputs (other than a) are held stable dunng the transition. 

The above analysls IIlustrates how complete. robust test sets can be effectlvely gen­

erated for multiple stuck-at and delay faults (both gate and path) for sUltable structures ln 

the example. the single vector tno 0 --+ 1 -+ 0 uncondltlonally covers ail stuck-at. transition 

and delay faults along the rath aegzm wlthout explrcit enumeratlon Transformations have 

prevlously been formulated for modelling stuck-open faults ln fully-complementary MOS 

structures on the basls of transition faults [CoxRaJ88b] 

The method of test generatlon covers structures uSlng XOR gates as weil by ensurlng 

the propagation of tranSitIOns separately through both internai paths. For a glven Input 

tranSition. the pola nt y of the output transition depends on the internai path taken through 

the XOR 

The example also Illustrates how a degree of fallure tolerance IS incorporated into 

the test set While a logic 0 on elther of prlmary mputs c or d satisfactorily initialises li ne 

f to help propagate the tranSitIOn. both c and d are held at loglc 0 to allow for a failure 

tolerant propagation 

3.2 Switch level Analysis 

Conslder the 2 mput CMOS NAND gate shown in figure 3.2 with inputs a and b 

and output c. 
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o 

Figure 3.2 2-inp_lt NAND gale 

a b c stuck-at faults stuck-open faults 

1 1 0 {aO, bO,q} -

0 1 1 {al, co} {a p } 

1 1 a {ao, bo, cil {an,bn} 

1 0 1 {bb co} {bp} 

0 1 1 {ab CO} {} 

1 1 0 {aO, bo,cd {an,bn } 

1 0 1 {bl, CO} {bp} 

1 1 0 {aO, bO,q} {an,bn} 

Table 3.1 Complete Test Set for stuck-at and transition faults for 2 Input NAND 

gate 

A complete test set for single stuck-at and stuck-open faults wlthin the gate IS 

generated by using a sequence of 8 vectors as shawn in the first two columns of table 

3.1 The stuck-at faults detected by each vector are given ln column 4 of the table, For 

example, the first vector ab :::: 11 detects the faults a stuck-at 0, b 5tuck-at 0 and (' 

stuck-at 1 ({aQ,bO,q}) ln addition. 6 of the 7 possible vector pairs detect stuck-open 

faults associated wlth the gate The stuck-open fault coverage of each vector pair IS shawn 

in column 5 of the table Each entry corresponds to the stuck-open fault(s) detected for 

the combinatlon of the current and previous vectors For example, the first vector pair 

(vectors 1 and 2) detects a stuck-open fault on the a pull-up transistor ((JI') The test 

set shown ln the t''lble IS not minimal. For e~ample the vector pairs ab :::: 01,11 and 

ab = 10,11 cover the same stuck-open faults ({an,bn}). The redundancy IS justlfled by 
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the fact that. while the two stuck-open faults associated wlth the pull-down network are 

equivalent. the two vector pairs can lead to different delays observed at the output due to 

transition faults associated wlth the two transistors. In addition. certam vector pairs (Ilke 

ab = 01,11) appear tWlce III the test set. This 15 because one of their occurances is only 

incldental to the sequence of the test set Whde the test set should really be seen as 4 

pairs of non-overlappmg vectors wlth each pair testmg a transistor (or branch) of the gate. 

certain stuck-open faults are detected because of the way the ~'ector pairs are stacked 

These vector pairs are repeated to slmpllfy the analysis presented III thls sectIOn Note 

also that the 'Jector pair ab = 10,01 IS not free from statlC hazards. 

To illustrate the diagnostic resolution offered by thls test set. let us assume that the 

b pull-up transistor IS stuck-open The responses expected from the faulty (fy) cirCUit upon 

application of the test set are shown ln table 3.2 along with the fault-free (ff) responses 

Minus (-) slgns beslde faulty output values mdlcate a weak state where the output IS not 

dnven (because of the fault) but retalns charge from ItS prev/Ous state. 

a b c (ff) c(fy) sfl(s-a) sfl(s-o) 

1 1 0 0 {&o,&o.~,al,bl'cO} {aF" an, b1' , bn } 
-

0 1 1 1 {er, b1, en} {f1.p, an, b1' , bn } 

1 1 0 0 {bd {lbrr, bp , brr} 

1 0 1 0- {bd { bp } 

0 1 1 1 {bd {bp } 

1 1 0 0 {bd {bp } 

1 0 1 0- {bd {bp } 

1 1 0 0 {bd {bp } 

Table 3.2 Fault Diagnosis on the NAND gate 

8ased on the results of the test. diagnosls is performed. where the faults detected 

by vectors (vector-palrs) wlth good responses are ellminated from a suspect fault-list (sfl) 

initlally contall:lIlg ail faults. The dlagnosls operations on suspect fauit-ilsts are shown for 

each v\'ctor and vector pair III columns 5 and 6 respectlvely For Instance. since the response 

to the fir:t vector IS good. ail stuck-at faults detected by It ({ ao, bo, cd) are removed from 

the stuck-at fault suspect IIst as shown ln column 5 of the flrst row Slmtlarly. since the 

response to the flrst vector p~'r (vectors one and two) is also good. the &tuck-open fault 
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3 2 SWltch Levf'1 AnillySIS 

detected by it ({ap}) is removed from the stuck-open fault suspect IIst The complete 

suspect fault list left at the end of the dlagnosis operation contains the faults {b l . il/,} 

Hence, a complete test set guarantees that ail targeted faults are detected but does 

not necessarily provide the required resolution in terr IS of fault dlagnosls 

a b c stuck-at faults stuck-open faults 

1 1 0 {ao, bo, cd -

0 1 1 {at,co} {al'} 

1 1 0 {ao, bo, ct} {an, bn} 

1 0 1 {bb co} { bp } 

0 0 1 {co} {} 

0 1 1 {at,co} {} 

1 1 0 {ao, bo, q} {an,bn} 

0 0 1 {cO} {} 

1 0 1 {b1,co} {} 

1 1 0 {ao, bo, cd {an,bn } 

Table 3.3 Diagnostic Test Set for stuck-at and transition faults for 2 Input NAND 

gate 

A modified test set for the 2-input NAN 0 gate is glven in table 3.3 along wlth 

the fault-free responses and faults covered for each vector jvector-pair The only change 

from the test set in table 3 1 IS that the last two vector pairs testlng the pull-down senes 

transistor network are each preceded by the vector ab = 00 

Once agaln. we assume a faulty CircUit wlth the b pull-up transl<;tnr stuck-open 

The fault diagnosis operations based on the results of the modlfled test set are IIlustrated 

in table 34 The pruned fault list left at the end of the dlagnosls operation contalns the 

single fault bp - the correct one The modlfled test set, therefore, offers supenor diagnostic 

resolutlon. 

The basic Ideas used to genf'rate the diagnostic test for the 2-input NAN 0 gate can 

be generallsed to generate tests for other simple (MûS gates ln additIOn to the tradltlonal 

approach of generating tests for stuck-open faults [Wadsac78] by testmg each transistor 

ln the structure by 

, 
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b c(tT) c(fy) sfl(s-a) 1 sfl (s-o) a 

1 1 0 0 {~,~,&t,al,bl,cO} { ap, an, bp, bn } 

0 1 1 1 {&r,bbeo} {Bp, an, bp, bn } 

1 1 0 0 {bl } {Gn-, bp, brr} 

1 0 1 0- {bl} {br} 

0 0 1 1 {bl } { br} 
0 1 1 1 {bl } {bp} 

1 1 0 0 {bl } {bp} 

0 0 1 1 {bd {bl' } 

1 0 1 1- {~-} {bp} 

1 1 0 0 {} {b
" 

} 

Table 3.4 Fault Diagnosis on the NAND gate for modifled test set 

- Inltlalislng the output to a value the complement of which the transistor is expected 

to drive it to: and 

- Turning the transistor ON to try and toggle the output value. 

the followmg gUidelllles are presented for generating robust. diagnostic tests. 

- Choose the mitiallsmg vector such that It dlffers from the test vector in only one bit 

position. 

- ln case the initialisation can be performed by any one of a group of transistors in 

parallel. choose any transistor to perform the Initialisation. and precede the initlal­

ising vector wlth a robust initialisation using ail transistors in the parallel group 

simultaneously. 

3.2.1 Complex Gates 

Formai methods exist to transform fully complementary CMOS transistor networks 

into equivalent loglc circuits. conslstlng of AND. OR and NOT gates. such that tests for 

stuck-at faults ln the equlvalent Circuit can be used to detect Ime stuck-at and stuck-open 

faults m the modeled CMOS ci~cult [ReAgJa84I1JaiAgr85] For the case at hand. however. 

the gUidelmes used to generate dlagllostlc test sets for simple gates are extended to cover 
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Figure 3.3 1-1-2 AND-OR-INVERT gate 

fully complementary Implementations of complex gates used in the test circuit because of 

the special requirements of diagnostic resolutlon and failure tolerance ln the test set 

Consider the 1 ~ 1 - 2 AN D-OR-INVERT gate shown m figure 3 3 A test sequence 

may be generated for the pull-down a transistor by mitiahzmg the output node to a 10gIC 

1 by using any of 3 vectors - abcd = 0001, 0010 or 0000 - and then switchmg the 

transistor ON To make the test robust. however. the last mitlalizmg vector (abcd = 0000) 

is preferred smce It guarantees Inltiallzatlon of the node even ln the presence of a stuck­

open fault on elther of pull-up transistors c or d. To generallze the pOint. the followmg 

guidelme is appended to the set of guidellnes descrlbed m the last section 

- ln case an mltialization can be performed by usmg any one of a number of parallel 

transistors in a network use ail of them. provlded the test vector does not dlffer 

trom the mitlallzing vector by more than on~\ bit 

Using the gUidelines. a test can be generated for the pull-up a transistor by pelform­

ing a robust initialisation followed by a normal Initialisation and the actual test The vector 

trio abcd = 1111,1000,0000 serves the purpose Note that both parallel pull-up transIS­

tors c and d are sWltched ON during the actual test so that a fallure on elther one of them 

still allows for the detectlon of faults assoclated wlth the transistor under test (the pull-up 

a transistor). The pull-down a transistor IS tested by the vector pair abcd = 0000,1000 
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The same strategy (used for the a transistors) may be applied to test the pull-up and pull­

down b transistors. The network of transistors controlled by inputs c and d. which are still 

to be tested. forms a 2-mput NAN D structure which can be accessed for testing by keeping 

ab = 00. A point to note. however. IS that the pull-down a or b translstor~ <:.an still be 

used to provlde for a robust mitiallsation when testlng the pull-up c and d transistors. For 

example. the pull-up c transistor IS tested by the triO abcd = 1111, 0011, 0001 Instead of 

the pair abcd = 0011, 0001 so as to be able to detect a fault ln the pull-up c transistor 

even in the presence of faults in one of the pull-down branches The pull-down c transistor 

is tested by the triO abcd = 0000,0001,0011. Tests are slmilarly generated for the pull-up 

and pull-down d transistors Table 3.5 shows the complete test for each transistor ln the 

1-1-2 AND-OR-INVERT gate. 

Tests for other. non-XOR complex gates are based on the same guidellnes and are 

included in Appendix A 

3.2.2 2-input XOR 

INt 

1N2 

OUT 

Figure 3.4 2-lnput XOR 

The transistor level structure of a 2-input CMOS XOR gate is shown in figure 34 

The Ideas used in generating tests for simple and complex gates cannot be used for the 
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Stuck-Open Test Inputs 

for Transistor a b c d 

1 1 1 1 

a 1 0 0 0 

0 0 0 0 

1 1 l 1 

b 0 1 0 0 

Pullup 
0 0 0 0 

1 1 1 1 

c 0 0 1 1 

0 0 0 1 

1 1 1 1 

d 0 0 1 1 

0 0 1 0 

0 0 0 0 
a 

1 0 0 0 

0 0 
b 

0 0 

Pulldown 
0 1 0 0 

0 0 0 0 

c 0 0 0 1 

0 0 1 1 

0 0 0 0 

d 0 0 1 0 

0 0 1 1 

Table 3.5 Diagnostic test set for 1-1-2 AND-OR-INVERT 

XOR since each of the 4 branches m its 00H00 structure are tightly coupled and cannot be 

mdependently controlled 

The test set for the XOR IS generated by testing each translstC'r ln the "H" structure 

and dOlng so tWlce - uSlng both possible branches for initialisation For Instance. the 

vector pair ab =- 11,01 tests the pull-up a transistor The test IS then repeated by usmg 

the vector pair ab = 00,01 to use the other pull-down branch for initialisation Other 

transistors in the structure are slmilarly tested Propertles of the test set thus generated 
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are that it IS robust. since vector pairs differ in only a single bit position. and each transistor 

can be tested. even if there are faults in any one of the two transistor branches which may 

be used to initialise it 

Transistors wlthm the two inverters in the XOR cannot be mdependently tested 

because of mternal reconvergence wlthin the gate They are. how€ver. Imphcltly covered by 

the test deswbed above. Table 36 shows the complete test for stuck-at and stuck-open 

faults for the 2-mput XOR gate generated on the basls of the diSCUSSion above 

a 1 1 1 0 0 1 0 0 0 1 0 0 1 1 1 0 

b 1 0 1 1 0 0 0 1 1 1 1 0 0 1 0 0 

Table 3.6 Test sequence for 2-mput XOR gate 

3.3 Complete Test Set Generation 

Complete test sets for each loglc block are generated by stackmg tests for each gate 

within the block Eaer test vector. for a glven gate. is justlfted back to the primary Inputs 

of the block and neeessary asslgnments made to the remalnlng pnmary mputs so as to 

propagate the logle value at the output of the gate belng tested to a pnmary output Note 

that thele can be no confiletlllg C!!:>slgnments to pnmary mputs due to dlfferent sensltlzatlon 

and propagation requlrements slnce the logle blocks are orgamzed as tree structures wlth 

no reeonvergent fanout ln addition. eaeh gate wllhln the flrst two levels of logle ln each 

block IS tested tWlce. under dlfferent conditIOns of the Circuit. so that faults assoclated 

with It propagate to. and are detected on both possible prrmary outputs 

The gate-Ievel tests devised earllcr ail contam at least one transition (of both po­

lantles) gOlllg from each Input (of the gate) to ItS output When the gates III the flrst level 

of log'c ln the Circuits are tested wlth these test sets. the rest of the Circuit IS IIlItlaltzed to 

propagate thelr responses to a pnmary output As deswbed prevlously. however. each gate 

ln the flr5t two levels of logle 15 tested tWlee. under dlfferent propagation conditions. so as 

to propagate ItS responses to both prrmary outputs possible The complete test set for 

eaeh block. therefore. contalns transitions of both polafltles propagatmg from each IIlput of 

the flrst level of logic to each pnmary output possible. thereby sat'sfylllg the requirements 

of the test set from the point of vlew of the structural analysis presented III sE:'ction 3.1 
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3 3 Complete Test Set Generation 

pnmary output 

Figure 3.5 Structure of the logie driving each primary output ln alogie block 

Moreover. by propagating transitions through ail paths of the CircUit. keeping the nodes an 

the rest of the CircuIt statlc. a signiflcant coverage of bridglng faults 15 achieved 

The aetual test generation for each block IS done m a hlerarchlcal fashlon. takmg 

advantage of the regular structure of the loglC blocks. FIgure 3 5 illustrates the structure 

of the logle drivmg each prrmary output Each collectIon of 3 2-rnput gates. termed macro. 

drrves an input of a 4-lnput gate whlch drrves the prrmary output T hree sets of vector 

modules are defrned for each macro the flrst contamrng concatenated tests for each of 

the 3 gates wlthin It. the second contarnmg the necessary asslgnments at the Inputs (of 

the macro) requrred to get a loglc 0 at Its output and. the third contammg the necessaly 

asslgnments at the mputs (of the macro) requlred to get a loglc 1 at Its output The test 

of the structure (behand each prlmary output) IS then spe':lfled at a hlgher level rn terms 

of the test of each of the 4 macros drrvmg the 4-mput gate and the test of the gate Itself 

Each macro drivlr.g the 4-rnput gate IS tested ln sequence. usmg the vector modules defmed 

earlier. by holding the other 3 mputs to the gate to non-controlling values The necessary 
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assignments to the relevant pnmary inputs to hold the other 3 inputs to the 4-lnput gate 

to non-controlll'lg values are easdy made by lookmg up the vector module. for each macro. 

whlch results m an output of the deslred loglc value. The 4-input gate is then tested using 

its correspondmg diagnostic test sequence Agam. the test Inputs to the gate are backward 

justlfled slmply by lookmg up the vector module entries correspond mg to the driving macros 

and thelr reqUlred loglc values 

The test set for each block IS completely speclfied m terms of a hlgher level represen­

tatlon. The fde contamlng the specificatIOn is then processed automatically by a program 

whlch expands the hlgh-Ievel test speciflcatlor into test vectors. In terms of loglc ones and 

zeros. by readmg the appropriate vector modules_ The format of the hlgh-Ievel specification 

is illustrated ln table 3 7 

Tne table shows the specificatIOn for a structure usmg a 4-mput NOR gate at the 

output A non-control/mg value for the gate IS a loglc 0 The group of flrst four vectors m 

the table specifies the test for each of the 4 macros in the structure The header specifies 

the macros themselves (DXAO. DAXO. DOXA and DAAA) A "tr" entry for a macro 

implles Its test wh de the outputs of the other macros are held at statlc non-controllmg 

values for the duratlon of the test A "50" specifies a requlred loglc 0 tlt the output of a 

macro - the reqlllred no~-controlling value - whde a "51" specifies a requlred loglc 1 

As can be seen from the flrst four entnes ln the table. each of the macros 15 tested m 

sequence whde the other macros drive the 4-mput NOR gate with non-domlntltmg values 

to allow for the propagation of faults wlthm the macro bemg tested The next set of 20 

entnes specifIes the test for the 4-mput NOR gate The test IS speclfled simply ln terms 

of the values requlred at the outputs of each of the 4 dnvlng macros 

The vector m.)du~es for each macro tire deflned manually The pre-defmed test for 

each gate ln a macro 15 backward Justifled and ItS response propagated to the output of the 

macro in a fallure-tolerant manner For example, if a loglc 1 IS required at the output of a 

NAN D gate. both Inputs of the gate are he!d at loglc Os 50 that the reqUired conditions for 

sensltlzatlonjpropagatlOn are correctly set up even ln the presence of a stuck-at-one fault 

on one of the Inputs 

3.4 Characterisation of the Test Set 

The test sets generated ,for each loglc block. accordmg to the methodology presented 

in thls chapter. are unusually long because of thelr qualJtles of robustness in mltlallzatlon. 
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dxao daxo doxa daaa 

tr sa sa sa 

sa tr sa sa 

sa 50 tr sa 

50 sa sa tr 

dxao daxo doxa daaa 

sa 50 50 50 

51 sa 50 sa 

51 51 51 51 

51 50 50 50 

SA 50 sa 50 

sa 50 50 50 

SA sa 51 si 

50 51 51 s1 

sa 51 51 51 

50 50 51 51 

sa 50 50 50 

50 51 50 51 

sa 51 51 51 

50 51 51 51 

sa 51 50 51 

sa sa sa sa 

50 51 51 50 

sa 51 51 51 

sa 51 51 51 

sa 51 si sa 

Table 3.7 Hlgh-level test specification for a structure wlth a 4-input NOR gale at 
the output 

sensitization and propagation. diagnostic resolutlon and completeness across several dlffer­

ent fault models The test length for each of the DS blocks 15 2528 whde that for each of 

the DZ blocks 15 2544 The test sets for each loglc block are subsequently fault-slmulated 

for stuck-at faults Agate level descnptlon (of each block) 15 used as an Input to the 

simulator. The complex gates m the blocks - 3 implementations of the 4-mput AND-OR-
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150 
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50 
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2 5 la 20 50 100 150 200 300 500 1000 2500 

X a}(IS Detection counts of faults 

y aXIs Number of faults 

Note: Faults Iying exactly on the boundanes of 

intervals are placed wlthm boxes to thelr left 

Figure 3.6 Detectabillty profile of single stuck-at faults wlth the robust test set 

INVERT functlon, 3 Implementations of the 4-input OR-AN D-I NVERT function and the 

2-input XOR gaie - are represented as eqUivalent slmple-gate networks using AND, OR 

and NOT gates The results of the fault simulation conflrm complete coverage of single 

stuck-at faults for each block Morcover, each stuck-at fault ln the Circuit IS covered many 

tlmes Figure 3 6 shows the distribution of single stuck-at faults agamst thelr decectlon 

count 2 wlth the diagnostic test set for one of the blocks To get another measure of the 

stuck-at fault detectlon redundanc.y ln the test set, It was found that complete stuck-at 

coverage of the DS1 block was achleved wlth only 63 randomly generated vectors 

Once complete \:overage of stuck-at faults in each of the blocks IS establlshed usmg 

an equivalent gate-Ievel deScription of ail complex gates. the coverare of stuck-open faults 

ln the CircUit may be determmed Since the algonthm followed to generate the test set 

propagates transitions through each Ime ln the CIrCUit at least once (mcludmg ail Imes m 

the equlvalent gate-Ievel representatlon) to a pnmary output, It follows that ail stuck-open 

2 Number of tlmes they are do:!tected 
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35 Test for the Tnstate DrIVers 

faults ln the circuit are covered by the test set [ReAgJa84] Furthermore, an analysls of 

the stuck-at fault simulation results mdlcates that for each hne m the Circuit, there IS at 

least one vector pair for which stuck-at faults of elther polarity on that hne are detected ln 

succession Hence the test set for each block provldes complete coverage of ;)11 transition 

faults in the CIrcuit 

3.5 Test for the Tristate Drivers 

As described earller, the test chlP contalns a set of 10 mdependently accessiblE' 

blocks, each wlth Its own set of tristate drivers to throttle its access to the common output 

bus when not splected. If. however, a fault assoclated wlth a trrstate buffer prevents It frorn 

being dlsabled - gOlng Into a state of hlgh Impedence - It nullifies the results of the tests 

of ail the other blocks by corruptlng the data on the shared output bus T 0 test whether 

each tnstate driver r.an be dlsabled, use IS made of the pull- upjpull-down reslstors at the 

pnmary outputs of the chip, whlch, when ail tnstate drIVers (of ail blocks) are de-selected. 

Jorce the primary outputs of the chlP lOto default loglc states Essentlally, ail trlstates are 

de-selected and then each tnstate drlven wlth a loglc value opposite to that of the default 

logic value on Its correspondll1g primary output (Iearly, If the tnstate still drives the output 

it will result ln a loglc state of the output the opposite of Its default value If. however, a 

default value 15 mamtalned, It may be assumed that the tnstate can be de-selected Wh de 

a stuck-at fault on a pnmary output of the same polarlty as ItS default ~tate may render 

the tristate test meffectlve, the stJck-at fault ln such a case overpowers the faulty tnstalp 

driver and the output IS slmply dlagnosed as stuck-at for ail loglc blocks 

3.6 Test for the DEMrTY block 

The DEM PTY block does not contam any loglc apart from its set of tnstate drIVers 

at the output Each II1put leads, through the tnstatE:, to ItS correspondll1g output A 

sequence of marching ones followed by a sequence of marchrng zeros IS used to test the 

block The test, therefore, cr"ers ail stuck-at and bTldglng faults between ail Imes ln the 

block 
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Chapter 4 Fault Diagnosis 

Fault diagnosis refers to the process of determining faults in faulty systems. The 

resolution of diagnosis. depending on the techniques used and the application requiring the 

diagnostic information. can range from physical failures on chips to faulty boards in large 

systems. 

Fault location is clearly necessary in any repairable system For example. a faulty 

module or board can be repalred by replacing faulty chips Simllarly. many fault-tolerant 

systems can be re-conflgured by bYJ.-assing faulty components [CoFGJM87] Fault location 

often serves as a means to get an Inslght mto process related fallures for fabrication 

processes wlth unacceptably low ylelds. wlth an alm of "tunlng" them for Improvement 

[Ma1Na189] ln the context of thls thesls. aulomated fault dlagnosis serves as a key element 

in the expenmental validation of fault models 

This chilpter revlews some of the current state of the art fault dlagnosls schemes. 

dlscusses the fault dlctlOnary based approach and prol/ides Implementation details of an 

automated dlagnosls package usmg the fault dlctlonary algorithm 

4.1 Overview of Fault Diagnosis Schemes 

The fault-dlctionary based approach. which will be dlscussed at length in this chap­

ter. IS perhaps the slmplest method of fault diagnosis One of the earlier references to 

the approach can be found ln [Ts1Ulr62] where the fault dlctionary IS referred to as a 

"maintenance dlctlonary" 

If the presence of a fault ln the CIrcUIt causes the response of the circuit to a given 

vector to differ from ItS fault-free value. the vector is said to detect that fault Further. a 



4 1 Overview of Fault Diagnosis Schel11e~ 

fault is said to be detected on a primary output for a given vector If the logie value observed 

on the output in the presence of the fault IS different from its fault-free value 

ln essence. the fault dlctlonary contalns complete informatIon regardtng the detectlon 

of ail detectable fêlults of the cIrcuit on each prtmary output for each test vector (for 

combmational faults) or each pau of test vectors (for sequentlal faults) CircUit responses 

are analyzed simply by lookmg up the correspondtng entnes of the fault dlctlonary Good 

re~-'ponses from the CIrCUIt lead to the ellmlnatlon of those fauits as suspects whtch. If 

present. would have caused faulty respon~es The major drawback of the fault dlctlonary 

approach IS m the computer resources requlred to generate. tYPlcally by fault SImulation. 

and store the large amounts of mformatlon reqUlred for the fault dlctlonary 

A modifled approach has been suggested /Il [KaShKa89] whereby "non-candIdate" 

faults are successively eltmtnated by. 1) performlng a trace-back through the CIrCUIt from 

the "error output pins". 2) accountmg for faults detected by test vectors wlth no erroneous 

outputs. 3) performmg SImulation on the remamlng faults to determme those detected on 

good outputs of faulty vectors. and 4) calculattng the "error probabdlty" for each rematnlllg 

fault. 

ln éinother novel approach. suggested by Yano and Okamoto [YanOka87J. an electron­

beam tester is used ln conJunction wlth a convent/Onal fault dlctlonary By treattng ail top 

level interconnects as "eqUivalent output pinS" or pseudo-pnmary outputs. a fault dlct/Onary 

with an unusually hlgh fault resolutlon can be made 

Most of the current state of the art schemes III fault diagnosis deal wlth diagnosis 

wlthin the BIST framework ln brtef , BI ST involves CIrCUIt test. tYPlCally by pseudo-random 

patterns. and comparison of a compacted response (sIgnature) wlth a stored f.lUlt-free one 

[Wang88J. Both. pseudo-random pattern generatlcn and response compactlon are typlCally 

accompltshed wlth linear feedback shlft reglsters (LFSRs) 

ln mtermedlate signature collection (ISC) [WaILtn89J. CirCUit sIgnatures are taken 

every L patterns and the entlre output sequence of L vectors fOt each fadtng block IS stored 

for analysis Only those faults whlch could have caused the observed behavlour are retalned 

in the Itst of suspects and these are then slmulated Oiî the set of L patterns wlthln each 

failing block A vanety of heur/stlcs IS suggested by the authors to cut down on the slze 

of the potentlal fault Ilst. and hence on the amount of Simulation reqUired 
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4 2 Discussion of the Fault Dictionary Approach 

ln algebraic analysis techniques. attempt IS made to locate a failing pattern before 

performirlg any simulation. The method suggested by McAnney and Savir [M<..ASav87] 

proposes to determme error patterns whlch could cause a glven signature ::Ind then equate 

these to faults. In essence. the signature of each single bit error ln a sequence of iL vectors 

IS pre-computed - where the compactlon LFSR length 15 at least lo92n bits - and the 

faulty signature. assumed to be a smgle bit error. traced to a faulty pattern. Faults are 

then simul,jted to fmd those detected by the faulty pattern. 

4.2 Discussion of the Fault Dictionary Approach 

The sm311 slze of the present test circuit. cou pied wlth the simpliclty of the fault 

dictionary based dlagnosls approach. makes for easy and efficient automation of the algo­

rithm. 

For each vector. for comblnatlonal faults. and each pair of vectors. for sequentlal 

faults. the fault dictlonary contalns a IIst of faults detected by the vector /vector-palr on 

each pnmary output ln other words. for every unique combmatlon of vector number 

(vector-palr number) and pnmary output. therefore. there 15 a correspond mg IIst of faults 

detected The number of fault IIsts stored ln the fault dlctlonary IS N . PO. where N is 

the number of test vectors III the test set and PO is the number of pnmary outputs in the 

Circuit Combmatlons of vector numbers (vector-palr numuers) and pnmary outputs for 

whlch no faul~s are detected contaln nul/ fault 115t5 

If the response of a CIrCUit under test is good" on a given primary output for a 

glven vector (pair of vectors) then. clearly. none of the taults ln the hst corresponding to the 

particular combmatlon of vector number and pnmary output can exist smce their presence 

would. Instead. result ln a "faulty" response This reasoning !S used to mcrementally prune 

a hst of suspect faults. IIlltlally contamlng ail faults. for each good response logged for the 

CirCUit under consideratIOn The faults pruned for each good respon5e are /ooked up from 

the fault dlctlonary The faults remallllng ln the suspect fault IIst (SFL). after ail responses 

have been processed. are the dlagnosèd faults for the faulty Circuit 

The baSIC dlagnosls algortthm can be expressed mathematlcally as a set operation. 

F;- F\L1,J Vl,) E {goodresponse} 
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42 Discussion of the Fault DlctionalY Approach 

tnlllahse fault hst 

read response to next vector from test log 

currencvector = vector number from log 

yes 

clear faults detetted by current_ vector on current_output 

tncrement cUITent_output 

no 

no 

Figure 4.1 Flow of operatIOns dunng fault dlagnosis 

where F IS the suspect fault set. Inltlally contalnlng ail faults. Lt,J IS the set of faults 

detected on vector land pnmary output J and \ 15 the set dlfference operator The steps 

involved in the algonthm are further dlustrated by the flowchart of figure 4 1 

4.2.1 Dealing with Structural Dominance of Faults 

There are confhctmg opinions regarding the deflnltlon of the term fault dominante 
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4 2 Discussion of the Fault Dictionary Approach 

ln the original deflnition given by Poage [Poage62] and subsequently used in text books 

IBreFri76J. a fault h IS sa Id to dominate fault ft if ail tests which detect ft also detect 

h but only sorne of the tests whlch detect h aiso detect ft According to this definition. 

a s-a-O fault on the output of a NAN D gate dominates any input s-a-1. Sorne authors 

[Abraha86]. however. have used the term to indlcate the opposite relation. justifying it by 

the fact that. In a case such as thls. It would only be necessary to consider the fault ft for 

the purpose of test generatlon. 

A subtly dlfferent relationship - that of structural i;"JUIt dG 77inance - is used in 

fault dlagnosis to retaln only the most significant fault ln every group of suspects . 

• •• -----1 

Figure 4.2 Fault Dominance in L' gic Cone 

Figure 4.2 illustrates the concept. If the output of the logic cone is faulty. we cannot 

uncondltionally detect or diagnose faults on lines wlthin the cone. regardless of their fault 

types For instance. If the output of the cone is stuck. the results of the dlagnosls operation 

will mdlcate stuck-at faults of single polanties on allilnes wlthm the loglc cone slOce values 

on nodes and I:nes 10 the CIrcuit wlthm the cone can no longer propagate through the output 

of the cone to a pnmary output. The fault at the output of the cone is sa Id to structurally 

dominate ail faults wlthm 

Structural fault dominance. In any glven circuit. occurs withln each fanout-free re­

glon. In princlple. It IS possible to stretch the concept of structural dominance to consider 

reglons wlth fanout as weil For exarnple. if the output of a loglc cone fans out lOtO two 
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4 2 Discussion of the Fault DlctlOnary Approach 

branches. each of which leads to a primary output. we cannot uncondlt;onally detect or dI­

agnose faults within the cane (ancludmg its output) If there are faults on bath paths leadmg 

from the cone to the pnmary outputs. Faults on Ilnes on elther of the two paths leadmg 

from lhe logic cone to the two primary outputs are said to structurally half-dommate ail 

faults associated with the loglc cone (mcludmg Its output) 

To prevent an unnecessanly large number of faults from c1uttering up the "st of 

suspects as a result of structural dominance and half-dominance. the Iist IS pruned after 

the diagnosls operation ta retain only the most structurally domInant faults as suspects 

While it is possIble to conslder partial dominance relatIons between loglc cones and multIple 

fanout paths. It IS not deemed necessary to Implement It m the diagnosls package because 

of Its large Implementation overhead and low marginai gain - the probabllny of faults 

occurring on ail fanout paths leadlng from a logic cone to a pnmary output IS assumed to 

be very small 

4.2.2 Detecting Unmodelled Fault-Sites 

Usmg "unreahstlc" fault models can lead to there being no dlagnosed modelled 

faults in faulty CIrCUIts Whlle thls reflects on the mabdity of the fault model to accurately 

model physlcal defects. Il does not provlde a measure of the effectlveness of the test set 

generated to cover ail faults under the glven fault model due to ItS windfall coverage of 

other crucIal fault types Ways of gettmg such measures are dlscussed ln chapter 5 

To get il better understandlng of the nature of faults. however. a loca/Jsmg method 

is developed to get an indication of the nelghbourhood of unmodelled fautt sites ln faulty 

circuits in whlch no fault(s) can be diagnosed Once such sites are determlned. speclallzed 

instruments. such as electron-beam voltage-contrast probers. can be used to study the 

exact nature of the unmodelled faults 

If two cirCUit Imes are brtdged together due to a physlcal defect ln the Circuit, 

one would expect the loglC value on at least one Ime - and posslbly both - to bp 

dependent on the 10gIC value of the other accordlng to some wlred-Ioglc fundlon IMel741 

Further. assumlng that both loglc values are observed on elther Ime at somt' pOint dunng 

the application of the test set - consIstent wlth the faulty wlred-Ioglc behavlOur - no 

stuck-at faults will be dlagnosed for the faulty Circuit If dlagnosls IS performed on the basis 

of the stuck-at fault model If. however. a hst 15 kept for ail faults contatntng the number of 
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tlmes each fault could account for a faulty response. clearly. ail faulty responses cou Id be 

jointly accounted for by stuck-at faults - possibly of both polarities - on both lines. The 

number of faulty responses a fault accounts for - regardless of whether it iS eventually 

cleared from the IIst of suspects - IS termed its suspect count. 1 n devlces with smgle 

unmodelled faults. modelled faults with larg€ suspect counts - close to the total number 

of faulty responses - can lead to the neighbourhood of the actual fault sites. 

To perform such an analysls. a fault suspect count IIst is generated. containing 

numenc entnes correspond mg to ail possible faults The entnes are initlallsed to zero. 

For each subsequent faulty response. the suspect cOLints of ail faults detected for the 

combmation of faulty vector (pair of vectors) and primary output - looked up from the 

fault dlctlOnary - are mcremented by one. The suspect cou nt for each fault. after ail 

responses have been processed. mdlcates the total number of faulty responses the fault 

could account for. The flowchart in figure 43 illustrates the operations invoived ln detectmg 

probable unmodelled fault sites 

The algonthm can be expressed mathematically as a set operation. 

sfauit +- sfault++ Vfault E Lt,]andVi,) E {fauLtyresponse} 

where S fauit1 IS the suspect count of fault fauLil. L t ,] IS the set of faults detected on 

vector land primary output J and ++ is the arithmetic mcrement-by-one operator. 

4.2.3 Storage Format 

As described prevlously. the fault dictlOnary contains the list of faults detected on 

each primary output for each test vector (pair of vectors) Each fault is given a unique 

numenc ID for reference Since the diagnosis operations performed are 32 bit vector boo/ean 

in nature (as will be descnbed later). information IS stored for groups of 32 vectors each 

Each Ime m the fault dlctlonary contains information in the followmg format· 

[vector _group] [przmary_output] If auLLnumber] = 32 bzt declmaL coded bZ"1ary entry 

For example the Ime. 

1 - 32 poflF] [43] = 8 

contains the detectabllity of fault number 43 on prlmary output 7 for vectors 1 to 32 The 

mformatlon (detectability profile) for each vector. for a glven fault and a glven pnmary 
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mltJahse fault list 

read response to next vector from lest log 

current_vector = vcctor number from log 

no 

mcrement suspect-counts of fault~ 

detecled by current_ veclor on current_oulput 

mcrement current_output 

Figure 4.3 Detectlng probable unmodelled fault sites 

output. IS binary ln nature wlth a 1 mdlcating detectlon of the fault on the pnmary output 

and a 0 mdicatmg otherwlse Each 32-blt b.llary sequence representmg the detectablilty 

profile of a group of vectors IS coded and store,-' as a declmal number As IIlustrated ln 

table 4.1. the value 8 m the example above mdlcah:c; that fault 43 IS detected on output 

7 on the fourth vector m the flrst group of 32 Numertc IDs are asslgned to CIrCUit faults 

so 
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such that complementary faults (of opposite polarity) on the same line are represented by 

a pair of successive mtegers. 

For sequentlal faults. In which fault detection occurs only for pairs of vectors. the 

convention followed in codlng the fault dlctlonary IS to indlcate detection of a fault for a 

vector number only If the fault is detected for the comblndtion of the present and previous 

vectors 

The format of the fault dlctlOnary. followlng the conventions described in the section. 

is Independent of the fault model used to compile It 

Vector Number 32 31 ... 4 3 2 1 

Detectabliity (810 ) 0 0 1 0 0 0 

Table 4.1 Detectabillty of fault 43 on output 7 for vectors 1-32 

4.2.4 Compilation for Different Fault Models 

A fault slmulator IS a tool whlch. for each vector (pair of vectors) of a given vector 

set. determines ail fault(s) 3 that cause the response of a given circuit to be dlfferent from 

ItS fault-free value and. for each faul.y response. determlnes ail pnmary outputs affE;cted 

by each fault Hence. glven the fault-free response for a test set. a fault simulator can be 

used to generate the detectabliity profile of ail faults on ail pnmary outputs - exactly the 

informatIon reqUired to build a fault dlctlonary 

Fault collapslng. whlch refers to the representatlon of only one out of each set of 

equlvalent faults ln the Circuit fault Iist. IS often used as an option in fault simulators to 

speed up the processlng tlme requlred to get fault coverage measures for test sets. It is 

essentlal. In order to budd a fau!t dlctlOnary. to have complete detectabllity information 

for ail Circuit faults so that ail necessary faults. regardless of their possible equlvalence. 

may be pruned from the list of suspects for each good response logged It IS essential. 

therefore. to either perform faull simulation using a non-collapsed fault set or to perform 

fault simulation uSlng a collapsed fault set and tater apply fault equlvalence relations to 

generate complete data for a fault dictionary 

3 8ased on a glven fault model 
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ln summary. a fault dlctionary for any glven fault model can be created sim ply by 

fault-simu!ating the Circuit under consideration for the glven test set using a non-collapsed 

fault set and reformattmg the generated Information lOto the deslred format 

The pre-emlnence of the stuck-at fault model has lead to the development of mJny 

automated test and testabdlty tools - IIke fault slmulators dnd test pattern generators 

- to be based on the stuck-at fault model ln facto stuck-at fault smlUlators and ATPG 

packages are almost unlversally lIsed by commercial and research organlzatlons ahke White 

work has prevlously been done towards developmg transItion fault 511Tlulator5 ILevMen86j. 

such slmulators are not conlmonly used. or even easlly available for use 

It is possible. however. for the purpose of generatmg i! fault dlctlonary. to use the 

results provlded by a stuck-at fault slmulator and mterpret thelT, to extract the informatIOn 

required for generatmg a transition fault dlctlOnary ln addition. It 15 possible to use a 

suitably modlfied Circuit netllst to pel'form bndgmg fault Simulation on a CirCUit. uSlng a 

stuck-at fault slmulator 

What follows 15 a diSCUSSion of the compilation of the stuck-at and transition fault 

dictlonanes for the test cirCUit using the stuck-at fault simulator TULIP [MaaRaJ88j The 

section conc\udes with a brlef overvlew of how a bndgmg fault dlctlOnary may be compded 

on the basls of stuck-at fault simulation re5ults. usmg a sUltably modlfled Circuit netllst 

4.2.4.1 Stuck-at Faults 

ln order to compile the fault dlctlonary for stuck-at faults. the test set IS flrst fault­

simulated for the circuit in question using a non-collapsed fault set The header of the fault 

simulator output contain!'> a cross-reference of the numenc 1 Ds for ail stuck-at faults III the 

circuit in terms of thelr cirCUit netllst IlIle IDs arld fault types For example. the IIne 

d3D/e2/tl saD -t [33] 

indicates that the stuck-at-O f .. ult (s-a-O) on IlIle d30/e2/tl of the CIrCUit IS glven the 

nUinenc ID 33 for subsequent references The simulator follows the convention descrtbed 

earlier to assign successive numenc 1 Ds to stuck-at faults of Opposite polarlty on the same 

circuit line. 

The body of the fault simulator output contalns ail the relevant IIlformatlon for the 

fault dictionary. Each l;ne contams the detectabllity profile of a glven fault on a glven 
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primary output. For example. the line: 

[1 - 32][0][6461 = 011100111000000000000000000000 

contams the detectabihty profile of fault 646 on prlmary output 0 for vectors 1 to 32. one 

bit for each vector The bit position correspondmg to vector 1 is the rlght-most. From 

the Ime it IS clear that fault 646 IS detected on vectors 24. 25. 26. 29. 30 and 31. The 

fault slmulator produces output ln Increasing order of faults. prlmary outputs and vector 

numbers respectlvely 

The output produced by the fault simulator IS subsequently processed by a program 

to extract the relevant mformatlon. reformat It. and store It as a fault dlctlonary. As de­

scrabed prevlously. the detectablltty information IS stored as a decimal coded btnary entry 

for each block of 32 vectors The Information is stored ln 1 ncreasing or der of vector num­

bers. faults. and prlmary outputs. In that order. for mort' efficient access by the diagnosis 

programs. 

4.2.4.2 Transition Faults 

ln general. If stuck-at faults of opposite polaritles are detected on a given line of a 

circuit by subsequent vectors. then clearly. a transitIon fault is detected on the sa me Itne 

for the glven vector pair This forms the underlymg premlse for the creation of a transition 

fault dlctlcnary on the basis of stuck-at fault simulation resuits 

For example. consider the following output Imes from the fault slmulator. 

[1 - 32][0}[1] = 000000000000000000000000000001 

[1 - 32] [0][2] = 000000000000000000000000000010 

where fault number~ 1 Jnd 2 refer to stuck-at-O and stuck-at-l faults on the same line 

Clearly. a stuck-at-O IS detected. on the Ime ln question. on vector 1 A stuck-at-l on the 

same Ime IS detected on ve<..tor 2 Stnce the detectlon of a stuck at-O fault on the line on 

vector 1 Imphes a value of 1 on It ln the fault-free case and the detectlon of a stuck-at-l 

on the Itne on vector 2 slmtlarly Imp/les a value of 0 on the hne ln the fault-free case. the 

flrst vector pair (vectors 1 and 2) detects the sIOl'1l-to-fall transItIOn fault 

A program has been coded to efflciently Implement the procedure to generate a 

transition fault dlctlOnary on the basls of the results of a stuck-at f.Jult simulation. The 
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A: profile of fault l 

B: profile of fault 2 

4 2 Discussion of the Fault Dlctionary Approach 

[o~ Il 1 0 1 0 1 A=LEFf _SHIFf(A) 

Il 10 101 B 

Il 10 101 AND(A,B) 

Figure 4.4 Computing the detectabillty profile of slow-ta-me taults 

program extracts information about transitions on circuit Imes from the stuck-at fault 

simulation output through two baSIC logie operations - left shifts and bltwlse AN Os -

performed on the stuck-at dp.tectablltty profiles of the CIrCUit m question 

As an example. conslder the detectability profiles 

[1 - 3][0][1] = 010 

[1 - 3][0][2] = 100 
The information - a truncated version of the actual format - indlcates that fault 1. 

- stuck-at-O by convention. on the glven Ime IS detected on pnmary output 0 on vector 2. 

and fault 2. stuck-at-l on the sa me Ime by convention, IS detected on pnmary output 0 011 

vector 3. If the detectabllity profile of fault 1 IS shtfted left one bit and the resultrng array 

ANDed bltwlse with the detectabllity profile of fault 2. we get the detectabllity profile of 

the correspondmg slow-to-fall fault on the same l!ne The operation IS IIlustrated III figure 

4.4. The transition fault detectablilty profile th us created follows the conventions descnbed 

earher - detectlon on a vector Impltes detectlon for the comblnatlon of the prev/Ous and 

p;e~ent vectors The detectablhty profile of the slow-to-rrse fault can be slmllarly generated 

by left shifing the detectabillty profile of fault 2 and bitwise AN Ding the resultmg array 

with the detectabi:ity profile of fault 1 

4.2.4.3 Bridging Faults 

ln a circuit with Tl Ilnes. there can be n· (n - 1) or 0 ( n 2 ) brrdgrng faults. assumlng 

bridges are limlted to those between any two Circuit lines at a tlme Slnce bndgmg faults 

are related to the layout topology of a circuit. the Iist of potentlal bndglng faults wlthm 

the Circuit may be substantlally pruned by considering only combmatlons of Ilnes ln close 

proxlmlty to each other 

Conslder the Circuit lines a and b shown ln figure 4 5 The Imes are bndged together 

forming an electrical short. Implying. by deflnitlon. Identlcal 10gIC values on both Ilnes 
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4 2 Discussion of the Fault Dictionary Approach 

a ... ....;;;;------:~----- ... 

b ... -.::----*------ ... 

Figure 4.5 Bridge between lines a and b 

c 

b 

Figure 4.6 Modelhng and detecting "AND" -type bndglng faults between lines a and 
b 

Hence. a test vector that detects the bridgmg fault also implies complementary logic values 

on the two Imes Dependmg on the nature of the wlred logic formcd. the circuit can be 

suitably modlfled m a manner such that the detectlon of a stuck-at fault on a modified 

circuit IIne guarantees detection of the bridgmg fault modelled by the circuit. 

c 

b ••• ......:;........L.-______ ---.~ 

Figure 4.7 Modelling and detecting "OR" -type bridging faults between lines a and 
b 

Figure 46 illustrates how the circuit can be modlfled to model an AN D-type bndge 

between Imes a and b As can be seen in the figure four extra gates have been added to 

the ongmal circuit The Imes a' and b' carry the same loglc values as the Imes a and b 

respectlvely. provlded that the Ime c. a pnmary mput m the modifled circuit. 15 dnven by 

a logic 1 For modelling "normal" circuit operation, therefore, input c 15 kept hlgh If the 
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4 3 Implementation Details of Fault DlctlOnary Based Approach 

the stuck-at-one fault on line C (cs-a-d is detectable. It will be detected under elthE'r. and 

possibly both. of the following conditions. c = O. a = 0 and b = 1. and c = O. a = 1 

and b = O. Under the flrst condition. the stuck-at fault propagates to a prunary output 

through line b' - whde Ime a IS held low - mdlcatlng an mcorrect value of 0 on Ime b due 

to a wired-AN 0 bridge between Imes a and b [Me174j Under the second condition. where 

a = 1 and b = O. the same bndgmg fault IS detected through Ime a'. Implyll1g a a faulty 

value on hne a due to the wlred-AN D behavlour be\.ween Imes a and b 

Figure 4 7 illustrates how the circuit may be modlfled to model and generate tests 

to detect the OR-type bndgmg fault between Imes a and b Detection of a stuck-at-zero 

fault on Ilne C (cs-a-o) 10 the modlfled Circuit Implles the detectlon of the OR-type bndgmg 

fault be .ween the Imes a and b 

By sUltably modlfymg a Circuit as descnbed above to account for Itkely bndgll1g 

faults. a bndging fault dlctionary can be generated on the basls of stuck-at fault Simulation 

It should be noted. however. that the assumptlon of an electncal dead-short between 

two circui. Imes IS valld only for tracks runnmg 111 met a 1 Bridges between tracks of other. 

possibly disslmdar. layers can result in dlfferent electncal behavlour because of reslstlve 

and capacltlve effects 

4.3 Implementation Details of Fault Dictionary Based Approach 

A fault dlagnosls package has been coded ln the "C" programmlng language for 

a compiler supportlllg 32-blt vector boolean operations The storage format of the fault 

dictlOnary. 111 facto was chosen so as to effectlvely use the vectm boolean manipulation 

capabihties supported by the compiler 

The fault dlctlonary IS read ln by the program dnd stored Internally as a tnply mdexed 

array of long (32-blt) mtegers The value of each array element mdlcates the detectabtllly 

of the speclfled fault on the speclfled pnmary output for the speclfled group of 32 vectors 

The indices ullIquely represent the vector group (of 32 vectors). pnmary output. and fault 

number 

The Circuit response log from the tester contalns the vector numbers of ail faulty 

re~ponses for each pnmary output The mformatlor IS read ln. reformatted and c;tored 



4 3 Implementation Details of Fault Dictlonary Based Approach 

mternally as a doubly mdexed array of long (32-blt) Integers The value of each array 

element (response vector) mdlcates the actual response of the circuit on the speclfled 

pnmary output for the speclfled group of 32 vectors Each bit in a glven response vector 

corresponds to the response of the circuit to a unique test vector wlthin the group of 32 

(on the given output) wlth a "1" md,catmg a good response and a "0" mdicatmg a faulty 

one. 

The fault "st IS stored as a boolean array mdexed by the fault number. A "1" 

correspondmg to a fault m the IIst mdlcates that the fault IS suspected while a "0" mdicates 

that It IS c/eared The Iist IS mltlallzed to ail 1s to mdlcate ail faults as suspects 

The actual diagnosis procedure. whlle bemg the ~ame ln prlllcipie. warrants dlfferent 

Implementations for handlmg stuck-at and transition faults - whlle each logged response 

IS processed as an entlty for dlagnosmg stuck-at faults. responses are prccessed as pairs 

for dlagnosmg transition faults 

4.3.1 Stuck-at Fault Diagnosis 

Il Il 1 0 V· • • d 0 Il 1 0 1 0 1 A = response veClor on output n 

Il 1 0 1 () V·· • 111 1 0 1 0 1 0 1 B = detectablltty vector of fault f 

on output n 

Il 1 0 1 0 V· • • r1 0 1 0 1 0 1 ole = AND( A,B) 

Figure 4.8 Bitwise AND operations ln stuck-at fault diagnosis 

A stuck-at fault needs to be removed from the list of suspects If It is detected on 

a prlmary output for d Iven vector and the response of the Circuit on the sa me prlmary 

output for the same vector IS good ThiS condition IS establlshed by performmg bitwlse AND 

operations between response vectors and their correspondmg detectabillty profile vectors 

for each fault For Instance. If the result of a bitwise AN 0 operation between a rèsponse 

vector - for a partlcular vector group and primary output - and the detectabdlty vector 

of a fault f - for the same vector group and pnmary output - IS non-zero. then clearly. 

there IS at least one vector ln the group on whlCh the fault f IS detected and the actual 

response of the CirCUit IS good As IIlustrated ln figure 4 8. If vector Chas a non-zero value. 

the fault f may be cleared from the IIst of suspects 

57 



43 Implementation Details of Fault Dlctlonary 8ased Apprù.lch 

For each response vector the bitwise AN D operation IS performed wlth the corre­

sponding detectabliity vectors of ail faults whlch are stili suspected (ail faults are Inltlally 

suspected). When a fault needs to be cleared from the hst of SUSpf'cts. the fault numbel 

serves as an index to Its entry ln the fault ltst The entry IS subsequently reset to 0 to 

indlcate a "cleared" fault. 

4.3.2 Transition Fault Diagnosis 

As descnbed earller. responses need to be processed ln pairs for transition fault 

dlagnosis If'l partlcular. a transition fault may be removed from the "st of suspects only If 

It is detected b)1 a pair of vectors and the observed responses to both vectors (of the pim) 

are good At any tlme durmg the dlagnosls process. therefore. information IS rcqulred not 

only about the CIrCUit response for the current vector but also that for the prev/Ous vector 

ln order to efflCIently automate su ch processlng. delayed-response vectors are generated 

for each vector group (of 32 vectors) whlch have the property that for each vector bit 

position. they contam the response of the Circuit (on the glven output) to the preV/OI15 

vector. Oelayed response vectors are generated from thelr correspondmg response vectors 

simply by performmg a sp€CIa"zed one bit left shlft operatIOn such thdt the bit shtfted ln -

the least-slgniflcant bit of each delayed response vector th us created - IS IdentlCal to the 

most-slgnlflcant bit of the prevlous response vector Figure 49 IIlustrates the operation 

Respon<e Vector< 

Group 2 (vectors 33 . 64) Group 1 (veclor~ 1 . 32) 

••• """ - - -- <- - - - -

.. lefl shlfl 
ve<:!or) 

DeJayed Response Veçlors 

Group 2 (vectors 33·64) Group 1 (vedor~ 1 . 32) 

••• 

Figure 4.9 Creation of delaycd rcsponse vcctors 

Once the delayed-response vectors have been created. the é:ctl!~1 diagnosis procedure 

15 Implemented m much the same way as It IS for stuck-at faults For each fault. pflmary 

output and vector group. a bitwise AND operation IS performed on three operands - the 
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4 3 ImplementatIon Details of Fault Dictionary Based Approach 

Il Il 1 0 V. • • t1 0 Il 1 0 1 0 1 A = response veClOr for outpul n 

Il 10 1 <iY • • • Û l 10 10 10 1 B =delayed response vector for 
outpul n 

Il 1 0 1 0 V· • .;11 1 0 1 0 1 0 1 C = detectabùIt} vector for fault f 

on output n 

Il 10 10 V. • • 110 10 10 10 1 D = AND(A,B,C) 

Figure 4.10 Bltwlse AND operatIons in transItIon fault dlagnosis 

response vector. the delayed-response vector and the detectabdity vector for the fault ln 

qu~stlOn. for the glven vector group and prrmary output If the result of such a bltwlse 

AN D operatIon for a fault f - for a glven vector group and primary output - IS non-zero. 

then clearly. there IS at least one vector pair ln the vector group for whlch the fault f is 

detected and the Circuit response to both vectors ln the pair IS good The fault f. therefore. 

may be deleted from the suspected fault IIst FIgure 4 10 I!lustrates the operatIon. Slnce 

the vector C ln the example is non-zero. fault f may be cleared from the li st of suspects 

4.3.3 Locating Probable Unmodelled Fadt Sites 

Suspect-counts for each fault are stored ln an array of mtegers mdexed by the fault 

number Ali counts are Inltlallzed to 0 The response of the cIrcuit IS stored m response 

arrays simllar to those used ln the dlagnosls routmes The convention followed. however. 

IS dlfferent ln that a "1" ln any bit positIOn wlthll1 a response vector. correspondtrg to the 

response of a partlcular vector on a particular output. rndlcates a f~ulty response and a 

"0" Indlcates a good one Delayed-response vectors are created. uSll1g the same format. 

for handltng transition faults The algortthm Itself IS Implemented m a manner slmllar to 

the diagnosis routines For stuck-at faults. each response vector IS bitwise ANDed. In turn. 

wlth the correspondtng detectablhty vector for each fault If the result of such an operation 

for a fault f IS non-zero, the number of 15 (ones-count) ln the result mdlcates the number 

of faulty responses ln the group of 32 the fault could account for The suspect-count 

for the fault ln question 15 subsequently tncremented by that amount (ones-count) For 

transition f:h.dts, the bitwise AND IS performed on three operands - the respon5e vector. 

the delayed-re~ponse vector and the correspondlng detectabdlty vector for each fault -

and the suspect-count Incremented by the ones-count of the result 
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Chapter 5 Measures of Effectiveness of Fault Models and Test Sets 

As descnbed earller ln chapter 1. effective fault modelhng IS essentlal to a hlgh quallty 

of testing ln reallty. however. It 15 very unllkely for any single fault model to accuratf>ly 

account for ail kmds of physlcal defects that are Ilkely to occur ln a circuit Whde an 

inabdlty to locate faults ln known faulty Circuits on the basis of a partlcular fault model IS 

an indication of Its (the model's) ineffectlveness. It does not provlde any clear indication 

_of the effectlveness of the test set generated to cover ail faults - or a large percent age of 

them - under the glven fault model The effectlveness of any determlnlstlcally generated 

test set depends not only on the fault model used as Its basls but also on the CAD tools 

used to generate It. slnce a partlcular algonthm may. Inherently. stand to cover more cruc.lal 

non-mode'led faults than another 

Broadly speaklng. there are two ways to measure the effectlveness of test sets the 

bottom-up approach where actual physlcal defects on chips are analysed and the test set 

evaluated for ItS ablhty to detect them and. the top-down approach where the "performance" 

of the glven test set may be evaluated by comparmg results of actual devlce tests wlth 

those of a known "good" reference test set 

The flrst approach clearly focusses on the Investlgatlve study of actual phYSIc.<ll 

failures Whde Shen. Maly and Ferguson IShMaFe85] provlde a method to account for 

such failures to come up wlth ël ranked fault Iist. addltlOnal work 15 reqUired to usp the fault 

lists ta evaluate what percentage of such faults any glven test set stands to covc·r 

The second approach requlrPc; the genpratlon of a reference test whlch Idealiy. 

provldes coverage of faults from a vanety of dlHerent fault models The test set generated 

accordlng to the methodology presented earller ln chapter 3 can effectlvely servI' as the 

reqUired reference slnce ItS qualltles of redundancy. robustness and a complete c.overage of 
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5 1 Defect Level and Escape Rate 

faults under a number of different fault models make It very close to being an ideal test 

set. Whlle It may be tedlous to genel ate such a test set for large CirCUitS. the actual test 

vehicle for whlch the test set is requlred to be generated need not be a large cirCUit -

it need only be representatlve of the class of CIrCUits bemg studled. The results can be 

scaled. If requHed. to account for larger areas 

ThiS chapter looks at the Implications of usmg ineffectlve test sets. outlmes methods 

to measure the effectlveness of test sets and fault models and dlscusses how the results 

may be scaled to account for larger CIrCUitS 

5.1 Defect Level and Escape Rate 

The ultlmate alm of any production test strategy is to keep the number of defectl'Je 

parts shlpped out wlthm "reasonable" IImlts By extension. then. a crucial reqUirement of 

the test set used for the purpose IS for it to be able to detect ail faulty devlces or. certalnly. 

a very large fraction of them 

The defect level of a test process serves as a measure of its effectlveness It 15 

defmed as a relative measure of the number of "bad" chips classlfled "good" on the basis 

of the test [WIIBr081] ln mathematlcal terms. the defect level. DL. IS expressed as' 

DL = Fe; 
G+Fc 

where G 15 the number of good chips and Fe is the nurl.ber of faulty chips classlfied good 

Some authors have previously used the term reject ratIo [SetAgr84] to indicate the same 

measure 

Faulty chips that go undetec.ted due to the meffectlveness of the test set are sald 

to escape the test The escape rate of a test IS defmed as a measure of the number of 

escapmg chips relative to the total number tested 

Williams and Brown have shown [WIIBr081) that the defect level of a test can be 

determmed ln terms of the process yleld. ,'. and the fault coverage. r;: accordmg to the 

relation 

DL 1 - },(1-7n 
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5 2 Components of Defect Level 
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Figure 5.1 Defect level as a function of fault coverage 

under the assumptlons that a glven chlP has exactly 11 faults out of whlCh mare actually 

tested, the probabliity of a fault occurring IS Independent of the occurrence of other faults 

and ail faults are equally IIkely to occur 

Figure 5 1 shows the variation of defect level as a functlon of tault coverage for 

different plocess ylelds. For hlgh yleld processes the decrease in defect levells almost Imear 

wlth an Increase ln fault coverage For lower Ylelds. however, Increase ln fault coverage 

beyond a certain threshold. correspondlng to the elbow ln the curve, leads to a rapld 

reduction in the corresponding defect level 

5.2 Components of Defect Level 

Chips escaplng detectlon by a glven test set need to be analyzed for thelr fallures 

so as to help generate better tests ~o detect them Each c1ass of such fallures (faults) on 

escaplng chips IS sald to forrn a component of the defect leve l 

What follows IS a diSCUSSion of 1 he dlfferent components of the defect level of a le,;! 

for a glven single fault model (Ilke the single stuck-at fault model) A slngle-fault modells 

used as a basls for the diSCUSSion sinee most, If not ail. current ATPG tools generatl! test 

patterns based on the slngle-fault asslJm~tlon 
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5 2 Components of Defect Level 

Faulty chips escaplng a test set designed to cover single faults can be classifled to fa" 

into one of 3 categOiles - chips contalning non-modelled faults only. chips contalnlng single 

modelled faults. possibly in addition to other non-modelled faults. and chips contalnlng 

multiple occurrences of modelled faults. posslbly in addition to other non-modelled faults 

The defectlevel of a single fault test set !S glven by 

where Fo. F1 dnd F?2 are. respectively. the nur"ber of escaping chips falhng mto each the 

3 categories described above and G IS the number of good chips. For chips containlng 

non-modelled faults only. we rely completely on the windfall coverage of the test set to 

detect them. 

5.2.1 Single Faults 

The defect level due to Incomplete coverage of smgle fault5 15 glven by. 

where }' is the yleld of the proceS5. Qi IS [he coverage of single modelled faults (Qi <. 

100%) and k,qf is the fraction of faulty chips contalnlng single lllode1led faults only Clearly. 

the term (1 - }") (1 - Qt) k$f amounts to the fraction of ail bad chips fabricated contalnmg 

only single modelled faults hkely to go undetected due to mcomplete coverage of such faults 

Figure 52 shows the variation of this component of the defect level wlth single fault test 

coverat?;es for a flxed value of k$f' assumed to be 30% 

5.2.2 Multiple Faults 

If there are n Imes in a circuit. each of whlch can be in one of three possible stdtes 

- fault-free. stuck-at-O and stuck-at-l (assumlng the stuck-at fault model) - the~e are 

3n possible states for the CIrCUit Since there 15 oiily 1 fault-free state. there are 3n - 1 
possible multiple faults ln the CircUit 

Whlle the deflnltlon of multiple faults 15 clear. authors have prevlously u5ed a number 

of dlfferent deflnltlons to get me.a5ures of coverage of multiple fault5 [CoxRaJ88a] [JacBls87] 

[RaJTys85] It has been shown that measures of absolute coverage of multiple faults can 
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Figure 5.2 Variation of defect level with fault coverage for single faults 

be misleadmg [ColvAR88] \ri/hile still being mathematlcôlly sound. In facto It 15 shown 

in [ColvAR88] that m a circuit wlth n Imes and k primary outputs on whlch fallits are 

guaranteed to be detected (GTBD). regardless of the presence of other faults. a lowel 

bound on multiple fault coverage IS glven by: 

1 
Coverage ~ 1 - 3k ' 

The expression. interestingly. IS independent of n whlch leads one to belleve. albelt erra 

neously. that Increaslng the number of pnmary outputs of any CIrCUit. regardless of ItS size. 

should result ln an Increase ln fault coverage 

stuck-at-zero ( maski ng ftndt) 

la d 

000 O ___ c~ 
<----

000 

Figure 5.3 Fault Masklng 
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5 2 Components of Defect Level 

ln any case. a complete test set for single faults may fall to detect a small fraction 

of multiple faults due to the phenomenon of fault masking Fault masking occurs when 

the fault effect produced by a fault IS nullified or masked by the presence of another set of 

faults. There are three dlfferel.t posslbdltles of fault maskmg [Pradha86] 

1 Fault h may mask fault ft ln such a manner that the combllled effect of faults 

(ft, h) makes the circuit behave as If there were no faults m the circuit at ail. 

2 Fault h may mask fault ft ln such a manner that a particular test vector or set of 

test vectors expected ta detect il does not detect il III the combined presenc~ of 

(ft,h) 

3 Faults il, 12,13,14 or any comblnatlon of up to three of these faults may be de­

tectable. but the combmed effect (ft, h, h ,J41 is undetectable. 

Figure 5 3 IIlustrates a simple case of fault maskmg. As can be seen from the figure. 

m order ta detect a stuck-at-one fault on hne a. line b IS he!d at loglc one. Ilne C IS held at 

10gIC zero and a 10gIC zero IS applled to the Ime ln question (hne a) If the stuck-at-one fault 

on Ime a IS the only fault m the structure. then clearly. we should expect a value of one on 

hne d but should actually observe a zero on It. whlch should propagate to the output as a 

loglc 1 511lce the output Itself 15 stuck-at-zero. we observe the "correct" response for the 

test for Ime a stuck-at-one The stuck-at-one fault on Ilne a IS sald to be masked by the 

stuck-at-zero fault on the output 

Lower bounds on the coverage of multiple faults wlth single fault test sets - after 

accountmg for such maskmg - have prevlously been derlved [AgaFun81] It has been 

shawn on the basls of an expenmental study on the 74L5181 4-blt ALU that single stuck­

at fault test sets can provlde extremely hlgh multiple fault coverage for "practlcal" circuits 

IHugMcC86] ln an expenment conducted III IHugMcC86]. It was found that 16 dlfferent. 

complete Single stuck-at fault tests each detected more than 99 96% of the double stuck-at 

faults (faults of multlpllclty two) ln the ALU It has also been analytlcally shown [JacBls87] 

that at least 99.67% of ail multiple faults ln any CirCUit are detected by a smgle fault test 

set if the number of pnmary outputs ln the CIrCUit IS three or more 

On the other hand. If fault maskmg does not occur. whlch IS a very unreahstlc as­

sumptlon. the detectlon probabdlty of multlrle faults IS much hlgher than the corresponding 

smgle fault coverage For example If the coverage of smgle faults m a glven Circuit IS Q1' 

the hkelihood that a slllgie fault IS not covered by the test IS 1 - Q1 By extension. the 
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probabliity that a double fault exists such that nelther of its component5 15 detected by 

the test set is (1 - Qd 2. Therefore. the likelthood of detectlon of any double fault by 

the single fault test IS 1 - {(1 - Ql)2}. Hence. given a single fault coverage of Ql. the 

detection probability of faults of multiphcity k. Qk' assumlOg fault Independence and an 

~Iy likely occurrence of faults. is given by 

As an example. for k = 2 and Qi = 0.99. Q k = 0.9999 

ln general. a test set provlding a sufficiently high caver age of single faults should 

result in only a negligibly small proportion of faulty chips escaplng detectlOn due to the 

presence of multiple faults. 

5.3 Evaluation of Fault Models and Test Sets 

As descnbed earller. a reference test set can be used to evaluate the effectlveness 

of a glven fault model and a test generated ta cover ail faults under thE' model 

ln the hrst phase of the expenment. a batch of (sample) chips are tested wlth the 

extended fault test set (reference test) Ali :aulty responses on ail chips detected faulty 

are logged 

For each faulty chlP. a mad/Fied test set 15 generated from the orlgmal extended 

fault test set (EFTS) by deletmg ail vectors on whlch faulty responses \,'2re logged The 

modlfled test set IS then ~lmulatE'd for faults uSlng the f<lult model unJer consideration 

Clearly. if the coverage of modelled faults remalns com~ 'ete (100%) wlth the modlfled test 

set. a complete test (for modelled faults) can be constructed whlch would fail to detect the 

faulty CircuIt On the other hand. If the resultmg coverage of the modlfled test for modelled 

faùlts falls ta less than 100%. we ,:an conclude that there IS at least one modelled fault 

in the cirCUit whlch would be det'2cted by a test set wlth complete coverage of modelled 

faults. 

The experiment. therefore. provldes a measure of the effectlveness of a fault model 

and a worst-case measure of a test set generated ta caver ail faults Whether faulty chipe; 

actually get detected by a given test set generated to caver ail faults depends on ItS wlrldfall 

coverage of "crucial" faults 

66 



5' Scaling of Results 

The effectlveness of a given test set can be estimated simply by re-testlng known 

faulty chips. tested earller with the EFTS. wlth the test set under evaluation. The relative 

number of faulty chips èscapmg detection by the test set under evaluation then glves a 

lower bound on the escape rate of the test. Note that the method provic!es only a lower 

bound on the escape rate slnce the EFTS Itself may not detect ail faulty devlces 

5.4 Scaling of Results 

The above methods of estimatmg the effcctlveness of fault models and test sets 

reqUire an extended fault model test which may be time-consuming to generate for large 

circUits wlth irregular structures It IS easier. therefore. to use a smaller circuit as a test 

vehlcle to represent the class of CIrcuits bemg studled The ,esults ot effectiveness of fault 

models and test sets. In terms of defect levels and escape rates. then need to be scaled to 

be applicable to larger circuits utlllZlng larger SIlicon areas 

It has prevlously been shown [SetAgr84] that the necessary fault coverage required 

for a glven defect level IS glven by. 

1 [ 1 - (1 - r) ~ {1 + Ab (1 - e-cn ] 
f = - ;ln 1 + -----A·-b---'----'--- (5.1 ) 

where a. Ab and c are the parameters of the yield equatlon. y = [1 + Ab(l- e-C)ra
. 

The yield equation assumes that physical defects on a chlP conform to the negative binomial 

distribution and the number of faults caused by each defect are mdependent A comparison 

wlth Stapper's yleld equatlon [Stappe75] glves the expression: 

(5.2) 

where A (not to be mistaken wlth Ab) is the chip area and D is the average defect density 

Substltuting equatlon parameters estlmated from actual wafer test data. for a given 

fabrication process anà design style. and usmg equatlons 5 1 and 5 2. It is shoVv'l [SetAgr84] 

that as chlP area Increases the reqUired fault coverage for a glven reJect ratio (defect level) 

converges to a flxed value Figure 54 shows the variation of the reqUired fault coverage 

agamst normallzed Circuit area for glven defect levels. ranglng from 2% to 10%. based on 

expenmentally deternllned parameters [SetAgr84] The normalizlng area is the area of tbe 

cnip whose test results were analyzed to estlmate parameters of the yleld equation. It 
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Figure 5.4 Fault coverage versus normallzed area for diffl:rent defect levels 

contamed approximately 2700 transistors The chlP designed to be used as a test vehlcle 

for the work ln thls thesls c.ontains approximately 7500 transistors 

Lookmg at the abolie results another w~y. for a given fallit coverage, the defect level 

of a test set converges to a hxed value as the Circuit area increases. For circuit sizes larger 

than a particular threshold, therefore, the defect levels of test sets providing the sa me fault 

coverage remam almost the same. Irrespective of the area of the chlP. 
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Chapter 6 Results 

The test chip descrlbed ln chapter 2 was deslgned and fabrrcated uSlng an experl­

mental (MOS 1.5J1 double-layer metal (DLM) process A number of wafers were fabrrcaled 

yleldrng a statlstlcally slgnlflcant sample of test devlces 

Ail fabrrcated devices were Inltlally tested at "slow speed" usrng the t:xtended fault 

test set (EFTS) and those whlch farled the test were subsequently analyzed The analysls 

consisted of' 

- automated dlagnosls based on the stuck-at and transition fault models. 

- validation of the results of dlagnosls of selected chips representatlve of major fallure 

classes. and 

- experiments to evaluate the effectlveness of' 

- the stuck-at fault model. and 

- test sets generated to cover stuck-at faults 

ln addition. a smaller sam pie of devlces was tested at a hlgher speed (usmg the 

EFTS) and subJected to transition fault dlagnosls 

This chapter detarls the actual testrng. dlagnosls and validatIOn operations per­

formed on the batch of fabrrcated devlces and presents the results col\ected dUring the 

course of the study 



6 1 Seq uence of Tests 

6.1 Sequence of Tests 

An ASIX 4 desk-top tester was used to perform tests on ail fabncated devlces 

While sorne devlces were packaged and tested as such, an automatic wafer-prober, servlng 

as a front-end to the tester, was used to probe devlces on unpackaged wafers 

Each chlP was Inltlally subJected to a contmUlty test to venfy the protection diodes 

on ail pinS of the devlce Only chips passlng the contlnUity test were tested further 

Subsequent testmg on each chlP conslsted of applymg a sequence of 11 dlfferent test sets 

- one for verification of the set cf tnstate drivers (section 35) ln the chip and one each 

for each of the 10 dlfferent 10gIC blocks 

As descrlbed ln chapter 3, the EFT5s for each of the 05 blocks (051-DS5) consl.;t 

of 2528 vectors Those for each of the DZ block~ (DZ1-0Z4) conslst of 2544 vcctors 

The A51X tester, however, has a limitation ln that It can only log a maximum of 256 faulty 

responses for each "stage" of a test 5mce fault dlagnosls reqUires a data-log of ail faulty 

responses from the circuit under test, the test set for each loglc block was spl!t up mto ten 

stages so that, accountlng for the worst case, ail faulty responses could be logged The 

original test sets were dlvlded (Into stages) ln a manner such that Inltlaflzing and testmg 

vectors (for pairs or trios) dld not stretch across boundarles of test stages to prevent 

Inadvertent insertion of de-Inltiallzlng vectors ln gOlng from one stage of the test to the 

next It also ensured a uniform tlme between application of mitlallzlng and testlng vectors 

Ali chips ln the initiai batch of testlng were tested wlth the EFTS at a rate of 2M H:: 

The samphng strobe for the output data was set at 350ns, or 70% of the test speed Tl,e 

st robe placement, at 350ns, was approximately 10 tlmes slower than the worst-case delay 

expected through the circuit. Chips from one wafer were later tested at-speed wlth the 

sampllng strobe placed close to the mean delay of the Circuit 

Ali faulty responses of ail faulty chips (other than those wlth continuity fallures) 

were logged by the tester, thelr files translatecl to ASC Il formats, from the default tester 

format. and the ASCII files transferred to a network of Apollo workstatlons on whlch 

the automated dlagnosls was performed Each log frle thus generated - typlcally one per 

4 ASIX Systems Corporation 
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wafer - contalns information in the form of a header. clearly Identlfying the faulty bloek(s) 

(within a faulty chlP) and ail thelr faulty responses ln the format. 

< faulty vector number --' <-. e:rpected re.sjJotl8e ;" " obsert'ed rC$pOll$(' 

The data-log files for ail nlne wafers took approxi mately 180 megabytes of storage spa( (' 

6.2 Diagnosis Package 

A package of automated diagnostic tools was developed based on the methodology 

d'scussed ln chapter 4 The package mcludes programs to 

- Perform fault dlagnosls. 

- Determine the nelghbourhood of unmodelled fault sites ln cases where no faults lJIl 

be dlagnosed. 

- "Trace" specifie faults to determme whlch vectors (vector pairs) they are c1eared 

on from the IIst of suspected faults for a glven faulty block. 

- Generate the stuck-at fault dlctlonary from the output of the fault slmulator. 

- Generate the transitIOn fault dlctlOnary from the stuck-at fault dlctlonary. and 

- Generate the database used by the dlagnosls program to Implement fault Iist prunlng 

based on structural dominance relatlonshlps 

The entire package of diagnostic tools IS wriaen ln the "C" programmmg languJge 

and contains approxlmately 4500 lines of code 

Programs in the fault dlagnosls package work dlrectly on the data g.merated by the 

tester As descrlbed prevlously. thls data conslsts of a listing of ail (at/mg vectors wlth 

the expected and observed responses on each pnmary output Results of the dlagnosle, 

are produced in two separate files The format of the information produced ln each ftle 15 

descnbed in the followmg two sections 

6.2.1 Exact Fault Location 

The flrst file produced by the dlagnosls program contalns a IIst of dlagliosed faulte; for 

every faulty black (of every faulty chlp) The location of each suspe<..ted fault IS speclfled 
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6 2 Diagnosis Package 

exactly by Its numerlc ID whlch translates mto a unique circUit Ime and fault type ln 

additIOn. the flle contams a hst of ail pnmary outputs of the CircUit on which faulty responses 

were observed For example. the excerpt 

Results of chlP number 23 

************************* 

Block DS1 

LIst of pf/mary output(s) wah faulty responses 

1 

LIst of stuck-at faults not c1eared' 

204 ls12s-a-l 

taken from a flle produced by the dlagnosls program indlcates that faulty responses were 

observed only on pnmary output number 1 for block DSl of chlP number 23 and the 

dlagnosed fault for the block IS number 204 whlch is a stuck-at-one fault on hne 1812 

6.2.2 Compressed Report 

For each faulty block. the second flle produced by the diagnosis ..,rogram contams 

the followmg information 

- The total number of dlagnosed faults. 

- The total number of faulty responses. 

- The total number of asymmetrlc faults (for t:dnsitlon faults). 

- The number of dlagnosed faults propagatmg to €.ach primary output. 

- The number of faulty responses per output. and 

- The number of asymmetrlc faults propagating to each pnmary output (for transition 

faults) 

Chlp number 23, Block OS1 

FRO 0 178 0 0 o 0 0 0 0 0 0 0 0 0 0 0 

SFO 0 2 0 0 (J 0 0 0 0 0 0 0 0 0 0 0 

AFO 0 o 0 0 o 0 0 0 0 0 0 0 0 0 0 0 

TFV 178 TSF 2 TAFO 

Table 6.1 Excerpt trom file produced by dlagnosis program 
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(; 3 Oillersity of Resliit <; 

Terrn De5cnptlon 

FRO Faulty Output 

SFO Suspected Faults per Output 

AFO Asymmetnc Faults per Output 

TFV Total number of Faulty Vectors 

TSF Total number of Suspected Faults 

TAF 1 Total numbet of Asymmetnc Faults 

Table 6.2 Description of terms lIsed 111 flle prodllced by diagnosis proF,r<l111 

Tabie 6 1 shows an excerpt takell from a flle produeed by the dlagnosls progrillll 

Each column in ln the informatIon produced ln the flle corresponds to a specifie pnrnary 

output. startmg wlth output 0 on the left Table 62 descrlbes the terms USE'd m the flle 

The example .'ldlcates that pflmary output number 1 accounted for ail 178 faulty responses 

and that there are two transition faults suspected on the sarne output (1). nelther of whlch 

is asymmetnc. 

The format of the data ln the compressed report makes It easy for further parslng 

for the compilation of gross statlstlcs Faulty blocks (or chips) can be sorted on the basls of 

any comblnatlon of parameters on whlch informatIOn IS stored For Instance a small utllity 

program can easlly extract the IDs of ail faulty blocks on whlch the number of suspeoed 

faults falls wlthm a certain range ln addition. a general purpose parser was developul 

whlch can sort fau!ty blacks and faully chips on the basls of ranges of a parameter (or 

comblnatlOn of parameters) IIsted m table 6 2 The parser can 51ft through the huge 

amounts of information produced as a result of the dlagnosls and extract relevant portions 

on the basls of user defmed quefles 

6.3 Diversity of Results 

The compressed diagnostIc report generated by the dlagnosls program for faulty 

blocks can be eastly mterpreted to extract baSIC mformatlon regardmg the nature and 

multlplJclty of faults 

The examples shown ln tables 6 3 through 6 8 IIlustrate the diagnostics of sorne 

typical faulty blacks As may be Inferred trom the tables the results are qUlte variee! arlel 

i:'lply a large vaflety of modes of fallure 
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64 Validation 

Chip number 23. Black DS1 

FRO. 0 178 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

SFO. 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

TFV. 178 TSF 1 

Table 6.3 Exall1ple of slIlgle stuck-at fault 

Chlp number 6. Black OS3 

FRO 0 0 0 0 8 352 0 0 0 0 0 2 74 0 0 0 

SFO 0 0 0 0 1 2 0 0 0 0 0 1 2 0 0 0 

TFV 360 TSF 3 

Table 6.4 Example of multiple stuck-at faults 

Chlp number 8. Black OSl 

FRO. 112 460 0 0 386 1361 

5FO a 5 0 0 0 2 

TFV 2455 TSF 13 

176 1170 96 30 72 76 462 518 728 152 

0412102222 

Table 6.5 barnple of a very large number cf faults (catastrophlc failures) 

Chlp number 21. Black OS3 

FRO 0 28 0 0 0 8 0 a 22 0 0 0 2 0 0 0 

SFO a a 0 0 0 1 0 0 0 a 0 0 1 a 0 0 

TFV 54 TSF. 1 

Table 6.6 Exall1ple ot non-modelled taults wlth stuck-ats 

Chlp number 26. Black 052 

FRO a a 0 0 29 0 0 0 0 14 0 0 0 0 0 0 

SFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

TFV 43 TSF. 0 

Table 6.7 Example of non-modelied taults 

6.4 Validation 

While the results of dlagnosls performed c .... faulty chips demonstrated the abillty 

of the method to provlde a hlgh diagnostic resolutlon -- for example ln cases where sIngle 

faults. localtsed to smgle CircUit Imes, were diagnosed - their validation IS essentlal to 

developing any degree of confidence ln the results and ln the methodology on which the 
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64 Va!t(Lltloll 

Chlp number 65. Black OS3 

FRO. 0 0 0 0 0 0 0 176 0 0 0 0 70 0 0 0 

SFO 0 0 0 0 0 0 0 11 0 0 0 0 11 0 0 0 

AFO. 0 0 0 0 0 0 0 3 0 0 0 0 1 0 0 0 

TFV.246 TSF 17 TAF 3 

Table 6.8 Example of asymmetnc delay taults 

experunental work IS based 

It is c1early not practlcal. If at ail possible. to valtdate the results (of dlagnosls) of 

ail faulty blocks because of the tlme-consumrng nature of the process For the purpose of 

validation. therefore. faulty blocks were dasslfled mto two major categories - blocks wlth il 

very large number of dlagnosed faults and blocks wlth exactly one dlagnosed stuck-at {ault 

- and a number of faulty blocks Plcked at random from elther category to be valrdated 

Seven faulty devlces were thus subJected to verification For the 3 devlces fallrng 

under the flrst category, verrflCJtlon was easlly performed usrng an optlcal mluostop<' 

MaSSive fallures could actually be seen at tne slghts suspected The fallures appeared lo 

have resulted both from substrate Impurrtles, appearrng as dark spots, and surfate defor 

mltles Some of the surface dE::formltles appeared to have been taused by post-fabrication 

handlrng - as a result of the bondlllg and packagrng processes - that resulted ln long 

scratches across the surface of the chlP 

The optlCal microscope was not effective ln venfylng results of the diagnosis where 

only srngle stuck-a~ faults were suspected Four faulty del'Ices were subsequently de 

passivated and probed wlth an electron-beam voltage-contrast prober (EBVCP) 

The EBVCP works on the same prtnclple as a scannlng electron Illicroscope (SEM) 

Essentlally. a beam of pnrnary electrons. accelerated through a potentlal of about H\ . 

5cans the area ta be probed The angle of reflectlon of the secondary elec.trons produc.ed 

serves as a measure of the relative potentlol of the area on whlch the prlmary beam of 

eleçtrons was incident Tracks wlth hlgh voltage levels (Ioglt 1s) show up dark ln wntr;Jst 

to other tracks w!th low voltages (logle Os l 

The elertron-beam problng was performed wlth the faulty devlces betng sltmulat<>d 

wlth the test set ln a tlght loop ln ail 4 cases, results of the dlagnosls exactly matdH'd 

the results of the probe ln one case. for example, It could be seen that one of the fanout 
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6 5 Sequence of Expenments 

Figure 6.1 Plcture ta ken through EBVCP 

branches of a stem was stuck at a flxed value even though the stem itself and the other 

fanout branch was functlonmg properly The fault. m thls case. was traced to a mlssmg 

via connectlon between the 2 metal layers Figure 6 1 IS a reproduction of a picture taken 

through the EBVC P The plcture shows an instantaneo~'s snap-shot of the voltage levels 

on metal tracks formmg the top layer of the test chlP Tracks appearing bnght mdlçate low 

voltage levels (Ioglc Os) Glven a layout of the r:hIP. the tracks can be correlated wlth the 

circuit nethst Imes 

6.5 Sequence of Experiments 

Chips whlch falled the tristate test were dlscarded and only those with functlonal 

tnstate dnvers. determllled on the basls of the tnstate test. were subjected to further 

analysls The results were complled on a per-block basis 50 as to provide a platform ta 

compare the behavlOur of circuits (blocks) deslgned wlth dlfferent cel! libranes ln the 

results included ln thls section. however. ail blocks are treated as slm:lar en/Cltles As 

descnbed earller. each loglc black consists of combinational loglc contalning approximately 

750 transistors The test chip contalns approxlmately 7500 transistors 

The expenmental work was dlvlded II1to two phases The flrst phase consisted of 

thr. ailalysis of results of blocks detected faulty Wlth the "slow" EF rs The focus of the 

analysls was ta perform aulomated dlagnosls on faulty blocks. on the basis of the stuck-at 

f<lult mode!. and to get measures of ItS (the fault rnodel's) effectlveness ln addition. faulty 
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66 AnalySIS ot slow EFTS r('sult~ 

blocks were subjected to diagnosis on the basis of the transition fault model even though 

a slow strobe was used durmg the test The second phase of expenmentatlon dealt wlth 

transition fault analysis on devlces found faulty wlth the at-speed test 

6.6 Analysis of "slow" EFTS results 

This section presents expenmental results from the automated dlagnosls of 970 

faulty blacks. The results are broadly classlfled mto two groups - those obtamed Iron! 

stuck-at fault analysls and others ~l.Jtalned from transitIOn fault analysls 

6.6.1 Stuck-at fault ana" ~s 
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Figure 6.2 Number of stuck-at faults per faulty block 

Figure 62 shows the distribution of faulty blocks. sorted accordmg ta the number 

of stuck-at faults dlagnosed on them As can be seerl from the bar graph. a relatlvely 

I.arge number (202 out of 970 or 20.8%) of fau~ty blacks have no stuck-at faults dlagnosed 

on them Lookmg at It another way. there are no faults on any of these faulty blocks. 
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66 Analysis of "slow" EFTS results 

consistent wlth the single stuck-at fault model. The remaining 79.2% of faulty blocks have 

at least one stuck-at fault suspected even though they may contam non-modelled faults in 

addition to the stuck-at faults dlagnosed on them. 28.9% of faulty blocks have exactly one 

suspected stuck-at fault whlle another 31 9% have between 2 and 5 (both inclusive) stuck­

at faults dlagnosed The number of faulty blocks wlth a larger number of dlagnosed faults 

is lower. only 18 4 % havlng between 6 and 30 (both Inclusive) faults There are no blocks 

with over 30 stllck-at faults dlagnosed This. however. cannot be Interpreted to proJect 

that most blocks only contaln spot defects since only the most structurally dominant of a 

set of origlnally suspected faults are flnally Iisted. as described earller ln section 4.2.1 

30 l 
25 

20 

15 

10 

5 

o o 1 

-
r--- r---

-

-
r---

r---

,- r---

~ 

2 5 10 20 50 150 200 300 500 1000 1500 00 

X aXIs. Number of faulty vectors 

y aXIs' Number of faulty blocks 

Note Numbers Iylng exactly on the b:lundaries of 

mtervals are placed wlthin boxes to thelr left 

Figure 6.3 Blocks with no stuck-ats 5~rted by number of faulty vectors 

Figure 6 3 shows the distribution of faulty blocks wlth no suspected stuck-at faults. 

sorted according to thE number of faulty vectors observed on them Clearly. only these 

blocks are IIkely to contnbute to the defect level of a complete single stuck-at test set slnce 

ail other faulty blocks have at least one dlélgnosed stuck-at fault 

As shown ln the figure. there are 6 faulty blocks wlth only Single fading vectors 
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66 Analysls of "slow" EFTS results 

Since ail single stuck-at faults are detected at least twice for ail blocks (section 3.4). test 

sets can be constructed for these 6 cases which would provide a 100% coverage of single 

stuck-at faults but still "pass" the faulty circuits 

It is also possible. though not guaranteed. to construct test sets complete for single 

stuck-at faults which would "pa 55" other faulty blocks with no dlagnosed stuck-at faults 

which had a relatlvely small number of fading vectors ln the complete diagnostic test 

(Iearly. the larger the number of faulty responses recorded ln the complete test. the 

lesser the likehhood of "other" crucial faults escapmg detectlon by a test set wlt.h complete 

single stuck-at fault coverage. 

6.6.1.1 Effectiveness of the stuck-at fault model and stuck-at test sets 

It can be seen from the results presented ln the prevlOus sectIOn that the single 

stuck-at fault model 15 clearly inadequate ln terms of defect modelllng since there IS an 

unacceptably large number of faulty CirCUits (20 8% of ail faulty blocks) where no stuck-at 

faults (ould be dlagnosed. It IS of more Interest. however. to get a measure of the defect 

level of a test set deslgned to cover ail single stuck-at faults As descnbed ln chapter 

5. this depends not only on the adequacy of the félult model (In this case of the single 

stuck-at fault model) but also on the automated tools used to generate the test set smce 

the sequence and redundancy of the test set would tend to affect ItS windfal! coverage of 

other faults. 

USlllg the approach descnbed ln section 5 3 the stuck-at fault model and a test set 

generated to cover ail stuck-at faults were evaluated 

ln the flrst ex~enment. the fading vectors for each faulty block tested wlth the EFTS 

were deleted from the test set The block ln question was then fault slmulated wlth the 

modified test It 'lias found that out of the 202 faulty blocks for whlch no fault(s) could 

be dlagnosed on the basis of the single stuck-at fault model. test sel', provldmg a 100% 

coverage of Single stuck-at faults could be constructed for 132 (or 653%) whlch would 

not even detect thelr faulty behavlour Looklng at the results another way. for 13.58% of 

ail faulty blocks (20.8% ·65 3%). test sets can be deVlsed whch would provlde complete 

coverage of stuck-at faults and still not detect them 
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6 6 Anal;/sis of "slow" EFTS results 

Wafer Good Blocks (G) Escaping Blocks (F) Defect Level (k) % 

1 718 2 0.278 

2 806 2 0.248 

3 895 7 0.776 

4 1020 1 0.098 

5 978 a 0000 

6 913 a 0.000 

7 973 a 0.000 

8 994 3 0.301 

9 859 7 l 0808 

Table 6.9 Experimentally deterrlllned defect level 

ln the second expenment. ail blocks 5 were subJected to a sequence of two tests' 

usmg the EFTS. and usrng a complete test for single stuck-at faults. generated with the 

help of a random pattern-generator and fault slmulator. It was found that in addition to 

the 970 blacks onginally found faulty wlth the application of the EFTS. 5 other blocks were 

found faulty wlth the re-applicatIOn of the same test. at the same speed. Junng the present 

experiment. makmg for a total of 975 faulty blacks The 5 additlOnal blocks found faulty. 

therefore. contamed Interrmttent faults Out of the 975 establlshed faulty bloc.ks. 22 (or 

2 26%) passed the shorter. but complete. test for single stuck-at faults IntHestlngly. It 

was also found that 1 addltlonal block passed the EFTS but faded the 5horter test Table 

6.9 shows the results of the expenment on a wafer-by-wafer basls. The column labelled 

"good blacks" refers to the number of blocks found functlonal as a result of the mltlal 

diagnostic test wh Ile the column labelled "escaped blocks" refers to the numbe r of blocks 

found faulty wlth thE": EFTS but whlch were 'not subsequently detected by the stuck-at 

fault test The mean defect level. of the complete stuck-at test set generated randomly, 
- \'DL 

across ail wafers. DL. (,- 11 l) was determmed to be 0.279% while Its standard devlatlon 
)~ (DL _JJL)2 

(....J :l ) was determlned to be 0.297 

Assummg the defect level to be normally dlstnbuted. bounds for Its variatIOn can 

be determrned for a given confidence level [Kreysz71] USlng the data at hand. the defect 

5 On chips wlllch passed th:!ir tnstate test 
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66 Analysis of "slow" EFTS results 

level was determined to be bounded by: 

0.085 S D [,(%) S 0.473 

with a confidence level of 95% 

6.6.1.2 Nature of faults on escaping blocks 

Out of the 22 blocks that escaped the shorter stuck-at test. 4 blocks contamf'd 

at least one transllÎon fault. determined as a result of transition fault dlae,'lOSls. even 

though the initIai diagnostic test was not conducted at ClfcUlt-speed). 5 others cor.tamed 

intermittent faults. as descnbed previously. and the remaming 13 contamed other non­

modelled faults only 

6.6.2 Transition fault analysis on the basis of slow test results 

Automated transition fault dlagnosls was pertormed on ail faulty blocks even though 

the samplmg strobe was deemed to be excesslvely slow for thls purpose. Tl.e results 

revei':led that ln addition to the 79.2% of ail faul\.y blocks whlch contamed at least one 

stuck-at fault. 6.9% of ail faulty blocks were dlagnosed as contaming asymmetnc transition 

faults only ln other words 13.9% of ail faulty blocks could not be dlagnosed on the ba~ls 

of the tranSitIOn and smgle stuck-at fault models Table 6 la summanzes the results 

Number Percent 

Faulty 970 100.00 

Stuck-at faults 768 792 

Transition faults 67 69 

Non-modelled faults 135 13.9 

Table 6.10 Comparative analysls of faults wlth slow dIagnostIc test 

ln table 6 la. the "Stuck-at fault" row 115t5 the number of blocks whlch were Jlag 

nosed as havmg at leélst one stuck-at feult. the "Transition fault" row IIsts tnose whlc.h 

have no stuck-at faults but at least one transition fault and. the "Non-modelled fault" row 

lists those blocks whlch only contam faults not consistent wlth elther model 
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6 7 Transition Fault Analysls based on "At-Speed" Test 

6.7 Transition Fault Analysis based on .. At-Speed" Test 

ln additIOn to the testmg and diagnosis performed for stuck-at fault analysis. one 

packaged wafer was re-tested at a hlgher speed and dlagnosed for transition fallits Ali 

devices on the wafer were inltlally charactenzed for thelr worst-c2se delays Information 

was logged separately for DS and DZ blo\.ks slnce two dlfferent cellilbranes. wlth dlfferent 

:::haractenstics were used ln their design The mean and ftandard devlallon of the delays for 

both types of blocks were calculated and devlces on the wafer re-tested wlth the samp!mg 

st robe set al a value of 3 standard devlatlons beyond the mean delay of the block type 

under test 

ln addition to the blacks already determined faulty on the basls of the initiai test 

using the EFTS with a "slower" strobe placement. 10 other blocks were found faulty Ali 

newly failing blocks were subjected ta automated dlagnosls T:,ey were also subsequently 

charactensed (on the tester) for thelr worst-case delays It was found. as expected. that 

no ~tuck-at faults could be diagnosed on the newly detected faulty bloChS Out of the ten 

such blocks. however. transition taults could be dlagnosed only on flve ln ail flve cases. 

asymmetric transition faults were dlagnosed 

Block Failing Vectors Faulty Outputs TranSition Faults Delay (times mean) 

1 393 1 1 1.35 

2 61 1 0 2.71 

3 1 1 0 1 32 

4 11 4 0 1 02 

5 1 1 0 4.57 

6 126 10 5 161 

7 16 1 0 1.33 

3 78 1 1 2.42 

9 78 1 1 2.55 

10 200 1 1 2.25 -
Table 6.11 Results of blocks found faulty wlth 11Igh-specd test 

The results of the transition fault analysls are presented ln table 6 11 As can 

be seen trom the table. no transition faults could be dlagnosed on blacks wh-ch failed 
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67 Transition Fault Analysis based o~ "At-Speed" Test 

on a relatlvely few number of vectors - blocks 2. 3. 4. 5 and 7. Single. asymmetric 

transition faults were diagnosed on four other blocks while 5 asymmetric transition faults 

were dlagnosed on block number 6 The last column in the table shows the experimentally 

determined worst-case delay through the faulty blocks as a multiplication factor of the 

sampling strobe del ay6 for the hlgh-speed test Interestmgly. whlle block number 5 logged 

oilly one faulty response wlth thE: high-speed test. the worst-case delay through It was 

observed to be extraordinarily high 

6 Experimentally determined average worst-case delay across similar block-types initially characte;ised 
plu!' three standard deviations 
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Chapter 7 Conclusions 

A methodology for the expenmental e\laluatlon of fault models. using fault dlagnosls 

as the basic approach. has been developed The methodology mcludes a way of determlllll1g 

the defect level of test sets ln addition to determinll1g the adequacy of the fault models 

used to generate them The operations of dlagnosls have been Inplemented ln a package 

of automated tools The tools can be used for penodlcally monltorll1g any glven fabrICation 

process by performing automated dlagnosls on faulty devlces They can also be !lsed to 

help locate unmodelled fault sites. leadtng to the generatlon of more adequate fault models 

A pu. ely combtnational test chlP was designed and fabncated speclally to capture 

the charactenstics of the (AD tools. cell Ilbrartes and fabrication process used ln Its de­

velopment. The results of the automated analysls. performed on the test chlP are not 

inconsistent wlth those published 111 [ShMaFe85] Results of expenments Wlèh the test 

chips indicate that 20 8% of ail faulty blocks had no stuck-at tallits Accordlflg to results 

given in [ShMaFe85]. 36% of ail faults are of the non stuck-at vanety The resulls. how­

ever. can be compared only in tl,e context of a common denomlnat;:>r For Instance. the 

percentage of ail faulty blocks wlth no stuck-at faults do not account for ail unmodelled 

faults present on ail faulty blocks There were still other faulty blocks wlth unmodelled 

faults which. In addition. also had stuck-at faults. The number of non stuck-at faults ln 

faulty blocks as a percentage of the total number of faults. therefore. can be exp~cted to 

be larger than 20.8% 

ln the future. information on the location of unmode:led fault sites. generated by the 

diagnosis package. can be used to determlne the exact natlHe of such defects UStng an EBVC 

prober The information can then be used to deftne algortthms to generate appropnate tests 

for such faults and/or to suggest modificatIOns to current (stuck-at) ATPG algorlthms to 

better cover them 

, 
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Appendix A Test Sets for Complex Gates 

A.t 2-2 OR-AND-INVERT Gate 

Figure A.t 2-2 OR-AND-INVERT Gate 
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A 1 2-2 OR-AND-INVERT Gate 

Stuck-Open Test Inputs 

for TransIstor a b c d 

1 1 1 1 

a 1 0 1 1 

0 0 1 1 

1 1 1 1 

b 1 1 i 1 0 

Pullup 
1 1 0 0 

1 1 1 1 

c 0 1 1 1 

0 0 1 1 

1 1 1 1 

d 1 1 0 1 

1 1 0 0 

0 0 0 0 

Il 0 0 1 1 

1 0 1 1 

0 0 0 0 

b 1 0 0 

Pulldown 
1 1 1 0 

0 0 0 0 

c 0 0 1 1 

0 1 1 1 

0 0 0 0 
f----

d 1 1 0 0 

1 1 0 1 ,-

Table A.l Diagnostic test set for 2-2 OR-AND-INVERT 
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A 2 1-3 OR-AND-INVERT Gate 

A.2 1-3 OR-AND-INVERT Gate 

Figure A.2 1-3 OR-AND-INVERT Gate 
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A. 2 1-3 OR-AND-INVERT Gille 

Stuck-Open Test Inputs 

for Transistor a b c d 

1 1 1 1 
a 

0 1 1 1 

1 1 1 1 

b 1 1 0 0 

Pullup 
1 0 0 0 

1 1 1 1 

c 1 0 1 0 -
1 0 0 0 

1 1 1 1 

d 1 0 0 1 

1 0 0 0 

0 0 0 0 

a 0 1 1 1 

1 1 1 1 

0 0 0 0 

b 1 0 0 0 

Pulldown 
1 1 0 0 

0 0 0 0 

c 1 0 4 1 J. 

1 a 1 0 

0 a 0 0 

d 1 a 0 0 

1 0 0 1 

Table A.2 Diagnostic test set for 1-3 OR-AND-INVE:.RT 
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A 3 1-1-2 OR-AND-INVERT Gate 

A.3 1-1-2 OR-AND-INVERT Gate 

Figure A.3 1-1-2 OR-AND-INVERT Gate 
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A 3 1-1-2 OR-AND-INVERT Gate 

Stuck-Open Test Inputs 

for Transistor a b c d 

1 1 1 1 
a 

0 1 1 1 

1 1 1 1 
b 

1 0 1 1 

1 1 1 1 

c 1 1 1 0 

1 1 0 0 

1 1 1 1 

d 1 1 0 1 

1 1 0 0 

0 0 0 0 

a 0 1 1 1 

1 1 1 1 

0 0 0 0 

b 1 0 1 1 

Pulldown 
1 1 1 1 

0 0 0 0 
f--- r 

C 1 1 0 0 

1 1 1 0 

0 0 0 0 

d 1 1 0 0 

1 1 0 1 

Table A.3 Diagnostic test ~,et for 1-1-2 OR-AND-INVERT 
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A 4 2-2 AND-OR-INVERT Gate 

A.4 2-2 AND-OR-INVE~T Gate 

Figure A.4 2-2 AND-OR-INVERT Gate 
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A 4 2-2 AND-OR-INVERT Gate 

St!.lck-Open Test Inputs 

for Transistor a b e d 

1 1 1 1 
f--

a 1 1 a 0 

a 1 0 a 
'-_. 

1 1 1 1 

b 0 a 1 1 

Pullup 
0 0 0 1 

1 1 1 1 
1-

e 1 1 0 a 
1 a a 0 

1 1 1 1 

d 0 a 1 1 

0 a 1 a 
0 0 0 0 

a 0 1 0 0 

1 1 0 0 

0 0 0 a 
b 0 0 0 1 

1--

Pulldown 
a 0 1 1 

a 0 0 a 
e 1 0 U 0 

1 1 0 0 

0 0 0 a 
d 0 0 1 a 

0 0 1 1 

Table A.4 Diagnostic test set for 2·2 AND-OR-INVERT 
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A 5 1-3 AND-OR-INVERT Gate 

A.5 1-3 AND-OR-INVERT Gate 

Figure A.5 1-3 AND-OR-INVERT Gate 
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A 5 1-3 AND-OR-INVERT Gate 

Stuck-Open Test Inputs 

for Transistor a b c d 

1 1 1 1 

a 1 a a a 
a a 0 a 
1 1 1 1 

b a 1 1 1 

Pullup 
0 a 1 1 

1 1 1 1 

c a 1 1 1 

a 1 a 1 

1 1 1 
-r---

1 1 

d a 1 1 1 

a 1 1 a 
a 0 0 a 

a 
1 0 0 0 

0 a a a 
b a a 1 1 

, 

Pulldown 
a 1 1 1 

a a a a 
c a 1 a 1 

a 1 1 1 

a a a a 
d a 1 1 a - f-

a 1 1 1 

Table A.5 Diagnostic test set for 1-3 AND-OR-INVERT 
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