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Abstract quiescent) current testing [8] or test generation
refinements [9].

For high quality VLSI products, exhibiting very low

escape rates, defect-oriented testing becomes mandatory/HDL has become anindustry standard hardware
The design activity is more and more supported bydescription language faystem specificatioand design.
hardware description languagebke VHDL; hence, the  Design and test aretwo complementary, inter-related
testing activity needs to follow this trend. In this paper, a tasks in the productievelopment flow. HenceyHDL
VHDL-based methodology for test preparation of digital heeds to be used also for test prepargsesthe VITAL
ICs is proposed, and a new set of tools for defect-orientednitiative [10,11]).

VHDL fault simulation are presented, using a

commercial VHDL simulator. The proposed methodology The use of VHDL fortest preparation, in the design
is alsoshown to beeffective in supporting realistic fault environment, haseen mainly restricted to high-level

diagnosis. Simulation results for benchmark circuits are circuit andfault descriptions. For gate levihe level of
presented. abstraction still used fostructural test generation, and

fault simulation),VHDL has been used witithe LSA

fault model [12 Preliminary attempts to derive other
1. Introduction fault models usingvVHDL are beingproposed [10],

namely for node short faultddowever, the proposed

The pace of microelectronics technologies progress leaddn©del is not accurate enough for CMOS. More realistic
to ever increasing complexity of VLS| and ULSI fault models need to be considered, as effsctiveness

products, posing difficult challenges for designdtest ~ [7] needs to be evaluated as Higlity to coverrealistic
methodologiesand tools. At the same timeguality faults (those originated by physical defects, likely to occur
requirements arbecoming morend more stringent, as  during IC manufacturing), nojust to cover abstract,
Defect Levelg1] (or escape rates) tfe order of 50 ppm ar_bltr.aryLSA faults. Inpart|cu[ar, it hadeen showrthat
(parts per million) arenow commor{2]. We refer as  bridging faults, caused by likely spoefects ofextra
Defect Levelthe percentage afefective devicethatpass ~ Material, are dominant in CMOS process lines [13,14].

successfullthe production tesgnd thus arenarketed as ) .
good. The Inductive Fault Analysis (IFA) approacfi5]

provides a method for realistic fault identification, using

activity, as, for digital Integrated Circuits (ICs), test Sincethen,several tools for realistic fault extraction have

preparationbased onthe classic single Line Stuck-At been developed, such earafe [16] andlift [17]. Such
(LSA) fault model is incapable of producing test patternst00|5 extracts sets of transistor-level realistic faults,
leading to asufficiently high defect coverage. Defect- Weighted bytheir probability of occurrenceThe impact
Oriented testing approaches are thus beimgeloped3], of these faults on the IC logic behavior can be evaluated.

for evaluating the effectiveness of LSA-based testing [4-7 o ]
and to extend designand test methodologies, e.g., Now, three problems need to Iselved, if high-quality

introducing for CMOS technologiesgh (power supply ~ VHDL test preparation (and, in particulafault
simulation for test effectiveness evaluation) is addressed:
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- test preparation is usually carried outthre top-
down design phase, prior to physical desigfence,
sets of anticipated realistic faultghat werefer as
Pseudo-Realisti¢PSR)faults) have to be identified,
and modelled;

- in the bottom-upverification phase of the design,
once the IC layout is defined,gate-level logic
descriptions of the realistic faults need to be
automatically generated;

- either in bottom-up, or top-down phases, automatic

VHDL fault modeling and injection need to be
carried out.

The purpose dfis paper is to presentraethodology for
VHDL-based testpreparation of CMOS digital ICs,
which is supported inWHDL realistic fault modeling,
injection and simulation. Thenethodology,and the
supporting toolsare shown tefficiently evaluate the
defects coverage tenchmark designs. Moreover, due to
the enhanced diagnosability of bridgidgfects[18], the
tools can be rewardingly used for fault diagnosis.

The paper is organized dsllows. In section 2, the
methodology is presented. Section 3 descthm® new
tools, fanthom andfastpen which are to baised with a
commercial VHDL simulator. Section 4 presents
simulation examplesgndsection 5 summarizes timeain
conclusions of the work.

2. Methodology

2.1 Context and Approach

Our Test Grouphasdeveloped a set of IFA-based tools,
which interfaces with commercially available EDA
design systems, such 8gnopsysandCadence. Thenain
tools are lift (realistic fault extractor),clift (fault
collapser),fancy (fault classifier),tabloid (logic circuit
andfault extractor) andceTgen (gate-level realistic test
pattern generator andault simulator). The tools
implementing the proposed methodologyare to be
incorporated in our toolseand tointerface with the
Synopsys system.

Test preparation is usually carried out at gate-level, usin
the LSA fault modelduring thetop-down phase. Our
goal is to be able to still define, at gate-lewble test
patternfor high defects coveragejuring thetop-down
phase. Additionally, waim at performing/HDL fault
simulation, using &HDL description(of the circuit and
realistic faults), in order to evaluate ttast effectiveness
defined, as in7], as the ratio oflefects coverage and

LSA fault coverage. Such procesan, in principle, be
performed using either layout-extracted faults (realistic),
during thebottom-up phase, or a set of pseudo-realistic
faults (PSR), pre-computeduring thetop-down phase

(Fig. 1).
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Fig. 1: Proposed approach

As shown, two major processes need to be defined, VHDL
realistic fault modeling and injection. Moreover,
heuristics forPSRfault generation need to lakeveloped.
Finally, the VHDL fault simulation proceshas to be
carried out.

2.2 Fault Modeling

Bridging (BRI) defectsare dominant ifCMOS process
lines; henceBRIs as assumed darget realistic faults.
Logic-level shorts(BRI1 andBRI3, in our classification)
are retainedor modeling.BRI1 are realistid. SAs (in
fact, node stuck-at faults), 8RIs between a power node
and a logic node (a I/O node of a logic element). BRI3 are
BRI faults betweertwo logic nodes (feedback, non-
feedback).

For the top-down phase,heuristics for PSR fault
generationneed to be derived. The goal is to defaets

of BRI faults which, if used as target faults for
deterministic test pattern generation, leacigh defect
coverage. Inthis work, two heuristics are compared.
First, theproximity heuristicproposed in [9], is based on
the anticipated local proximity in the physical design, of
i/o terminals of cellsand ofinterconnection lines. Such
heuristic, based othe gate-level circuit netlist, aims at

gderiving a PSR fault set which mimics, as much as

possible, the final, realistic fault seDnly easily
detectable faults (such as those associated Hiin
fanout nodes)are skippedSecond, thehard fault
heuristic is investigated, based ornhe following
reasoning: if we could anticipate, frothe logic-level
schematics, the modtard to detect BRI faults, and
generate test vectors to uncotleem, then high-quality



tests should be derived (althougbme ofthe hardBRIs
will not likely occur in the finallayout). The new
heuristic is based orthe evaluation of gestability

a
is

particularcase othe general one. Th@oposed model
applicable both for feedbacknd non-feedback BRI

faults. For the latter, a arrival node is identified on the

measure for shorted nodes, from SCOAP controllability schematics, as it guides the simulation.

/observability measures [19]. Althougihe correlation
between testability measuresnd fault detection is
limited, as Mercer etal. showed for LSA fault$20], it
may berewarding to investigate if thpoor correlation
still holds for BRI faults.

Prior to VHDL fault modeling, it is necessary to
determine the impact of bridgirdefects orthe IClogic
behaviour. This is evaluated using transistor-level
information, as the relative strength of shorted pull-
up/pull-down paths defines the 0 or 1 dominasere the
wining node. In fact, the assumption [it0] that anode

short can be modelled as a change of the references of one

VHDL signal for the references of another signal is
inaccurate. A localdamaged sub-circuifcomprising the
logic gates driving the shorted nodes) is defif@deach
fault, and a truth-table of th#gamaged subcircuit, in the
presence of each fault, is automatically built using the
voting mode[13], for the targetechnology. Hence, local
test vectors, activating each fawdte identifiedand later
used for ATPG (currently, witlteTgen).

f

In order to define th&/HDI modeling technique, it is
useful toremind that acircuit described inVHDL is
made up of componentslinked by signals. Each
component may have various implemen-tationsallaw
circuit simulation, aconfigurationmechanism assigns a
single component description to each component. A
component description is represented by antity
declaration and aarchitecture.A component description
can bestructural or behavioral(or a mixture of both). For
structural testing, a structural description gate-level)
of the circuit is requiredHowever, in our modeling
approachyealistic faults are described by a behavioral
description.

As pointed out by [12],two techniques for fault
characterization can be envisaged. A realistic fault can be
modelled by an additional component, referred as
saboteur,or by modifyingthe fault-free description of
existing components, in which casthe modified
description is referred anutant.For generaBRI faults,
mutants are not agood solution, asthe modified
description of one gate driving the shorted nadigsends

on the input signals of the other gate driving the bridged
nodes. Hence, saboteurrepresentation of realistic faults
is chosen.

The proposed VHDLrealistic BRI fault model is shown
in Fig. 2. The correspondent realistiSA fault model is

faulty Q new node 0
subcircuit : D M1
inputs =
one of the shorted
control nodes, or the arriva
lines node, if it exists
M2
aulty node 1 faulty node 2
new node 1 new node 2

Fig. 2: VHDL model of a realistic BRI: (a) diagram

PROCESS (faulty nodes, subcircuit inputs, control
lines)
BEGIN
subcircuit inputs IS
WHEN vectorl =>
new node 0 <="1", 0" or "X ;
WHEN vector2 =>
new node 0 <="1", 0" or "X";
*

*

WHEN OTHERS
new node 0 <= one of the faulty nodes;

=>

control lines IS
WHEN faulty code =>
new node 1 <= new node O ;
new node 2 <= new node O ;
WHEN OTHERS
new node 1 <= faulty node 1 ;
new node 2 <= faulty node 2 ;

=>

’

END PROCESS;

Fig. 2: VHDL model of a realistic BRI:
(b) process description

The fault model comprises three blocks:



- a decoder, D, which implementhe truthtable
associated witlthe faultand thedamaged sub-circuit,
assigning to Q the result of the voting, dase of
conflict;

- a multiplexer, M, which assigns, for each local test
vector,the value of Q tmewnode Q and thecorrect
value of each node for each vectoot producing
conflict; and

- a second multiplexer, Mthat,when activated by the
control lines, assigns twew node ndnewnode 2the
value ofnewnode O;when de-activated, M2 assigns to
newnode landnewnode 2thevalues offaulty node 1
andfaulty node 2respectivelyThe explanation of the
control lines is givemellow, as it results frorthe fault
injection technique.

2.3 Fault Injection

Once a fault moddiasbeen derived, fault injection must
take place for fault simulation. Conventional fault
injection is made in suchway that, for each test vector,
copies ofthe damaged circuits (under the presence o
each single fault) are generatedhenever the faults are
activated by thevector. This allows concurrent fault
simulation andfault dropping techniques to be used, to
reduce the computationabsts. Howeverusing VHDL,
the insertion oaboteursn the circuit descriptiomjuests
for a recompilation othe VHDL description, each time a
new fault is injected. Such technique wowéverely
increase the computer costs of fault simulation.

Therefore, a different fault injection technique is used.
All faults are injected asaboteursn the originalVHDL
description, using additional signals (control lines) to
activate each single fault in sequence (B)g.A number

of logy(# faults) control lines is required. The injection
technique allows both singkend multiple fault injection,

by simple control lines programming.

Logic
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als|lw|n

Fault models

Fig. 3: Fault injection approach

As the maingoal of thiswork isnot thedevelopment of a
VHDL fault simulator, but to provehe feasibility of

defect-oriented VHDLfault simulation, a commercial
VHDL simulator is used, after fault injection.

3. Tools: Fanthom, Fastpen

Two tools have been developetinthom and fastpen
The fault injectorfanthom generates th&HDL circuit
description of the circuit with the injected realistic faults,
and the PSR fault list (when required). The fault
simulator driver,fastpen usesthe VHDL faulty circuit
description (fronfanthom) and atest pattern to drive the
Synopsys VHDLsimulator, and tduilt defects coverage
statistics,and thefault dictionary. Theuse of these tools
in thetwo foreseeablscenarios (top-dowrand bottom-
up) is illustrated in Figs. 4nd 5, within theontext of
our proprietary toolset.
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Fig. 4: VHDL fault simulation: top-down scenario
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Fig. 5: VHDL fault simulation: bottom-up scenario
4. Simulation Results: Test and Diagnosis

The new toolsare beingextensively used with several IC
macros. Here, only some resudi® presente@ssociated
with an ALU, and ISCAS'85 benchmark circuits [21],



laied out in a standard cdHdyout style,using Cadence, detectability still holds forBRIs; consequently, a test
ES2 ECD10 technologgnd thelDlib10 proprietary cell  pattern thatcovers wellthe (assumed) most difficult to
library (Table 1). The test patterns haween generated detect BRIdails to cover wellthe realistilBRIs. Hence,

by iceTgento coverthe realistiBRIs extracted witHift, the proximity heuristids retained

except for the c1908 and c3540, for which LSA-based test

patterns havéeen generated. As¢an be seen imable The last set of experiments concerns fault diagnosis. As
2, VHDL fault simulation shows that high defects  theVHDL fault simulation withfanthom, fastpenand a
coverage, DC, with these tgsatterns (generated using commercial simulatodoesnot perform fault dropping, a
realistic faults as target faults) can be achievHtese complete fault dictionargan be built, together with the

results were also confirmed meTgen except fominor information regarding théaulty output vectors, for each
differences, due to soft detection criteria differences. test vector. The majority of realistic faults tengtoduce
unique faulty signatures, i.e., distinguishable sequences of
# logic # of # real. # poss. faulty output vectors. IrFig. 6, the cumulativalefects
gates nodes | faults BRIs coverage othe ALU example is provided, together with
ALY 146 160 114 12720 the cumulative fault diagnosis. As it chieen seen, the
c432 378 414 258 85491 ority of realistic faults is di ble.thi le-
1355 636 677 637 528826 majority o rea !stlc_au ts is diagnosable,t s example;
¢1908 1105 1138 5050 646953 the only undistinguishable faultare some realistic LSA
3540 2549 2599 5431 3376101 faults, due to stuck-at fault equivalence.
Table 1: benchmark circuits and faults
|Number of faults |
circ. ALU c432 c1355
14
#vect | 23 67 120 0— 5
stat. | #F| DC| #F| _DC| #F__DC —
total. | 114 | 99.9 | 258| 95.3| 637 99. %
LSA | 100 | 98.3| 206 99.4] 534 99.5 il
LSAO | 25 | 100. | 58 | 99.6] 40| 100 75— |
LSAL | 75 | 97.1 | 148 99.1] 498 99.1 77— ATl
BRI3 | 14 | 100.[ 52| 91.1] 99 10d. ol
3.1 10 | 100.| 14| 89.8] 89 10d. —
3.1.1 9 | 100.] 4] 100] 60 10d. a—
3.1.2 1 | 100.] 10| 843 29 10d. ::
3.2 4 | 100.] 38| 100.] 10| 10d. —
PZa
circ. 1908 c3540 pl
#vect 147 215
stat. 4F DC 4F DC [ 8 I 0 R R R
B R | 3 ] l 200 79 ] 0 200 100 ] 0 Vi V3 V5 v7 V9 Vil V13 V15 V17 V19 Va1 v23
3.1.1 193 79.0 200 100.0 Test vectors
3.1.2 7 100.0 0 -

Fig. 6: Located and detected faults in VHDL fault
Table 2: Fault simulation results simulation
(BRI3.1, between gates, 3.1.1, non-feedback, 3.1.2,
feedback, BRI3.2, between logic nodes of a single gate; The major limitation of theools developed itthis work
#F, number of faults; DC, defect coverage) is the computationadffort, not due to modellingssues
(as faults aredescribed in VHDL by behavioural
A second set of experiments wearried out, todentify ~ descriptions), but to the fault simulation strategyfaict,
which of thetwo heuristics forPSRfault list generation ~ @s the simulationprocess is carried out by an
leads tohigherquality tests. ThéceTgen ATPG is used ~ independent, commercial toolonly sequential fault
to generate test patterns, using tive PSRfault sets as ~ Simulation, without fault dropping, is performed. A
target faults. NextjceTgenis used as fault simulator, Strategy to minimizehis problem is undedevelopment,
with the realistic faults (extracted from thayout) as ~ &nd will be reported in the future.
target faults. For the ¢432 circuit, theoximity heuristic
leads thePSR test set to uncover DC95.5% of the 5. Conclusions
realistic faults, while thehard fault heuristiclead the
correspondent PSR test set to DG3.9%. This (and  In this work, a novel methodology for VHDL-based test
other similar experiences) indicat¢hat the poor preparation, usinglFA-based toolsand VHDL fault
correlation between testability measuresd fault simulation, hasbeen proposedThe methodology is



implemented bytwo new toolsfanthom and fastpen.
These toolcanwork in the top-down scenario, to allow
high-quality test generation (witlteTgen) and VHDL
fault simulation, or in théottom-up scenario, to evaluate
(in VHDL) test effectiveness. A nov@RI fault model
(saboteur¥ hasbeen introduced, both fdeedback and
non-feedback bridgings.Two heuristics for PSR
generation have been analysednd theproximity
heuristic hasshown to lead tohigher quality tests.
Finally, the methodologyand tools can be rewardingly

Testing: Theoryand Applications (JETTA), vol. 3,
N°. 4, pp. 291-303, Dec., 1992.

[9] M.B. Santos, M. Simdes, |. Teixeira, J.P. Teixeira,
"Test Preparation for High Coverage of Physical
Defects in CMOSDigital ICs", Proc.13th. IEEE
VLSI Test Symposium (VTS), pp. 330-33895.

[10] J.L. Barreda, I. Hidalgo, V. Fernandez, P. Sanchez,
E. Villar, "Fault Modeling in VITAL", Proc.
Workshop on Libraries, Comp. Modelirgnd Quality
Assurance, pp. 191-209, Nantes, 1995.

used for realistic fault diagnosis, especially in limited [11] J.L. Barreda, P. Sanchez, E. Villar, "Current Fault

complexity blocks, or test structures. In-house use is
in connection with a fast

being currently made,
prototyping facility, which customizes pre-diffused
wafers.

In conclusion, VHDL fault simulation is feasible for
defect-oriented tesind diagnosis of digital ICs. Further
work concernsthe development of a VHDLfault

simulator and the exploitation of high level test
generation techniques.
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