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Abstract This eliminates the need for critical path analysis and identifi-

In this paper, an automatic test pattern generator (ATPG)-baS&iiON procedures, which are necessary for the path delay fault
scan-path test point insertion technique, which can achieve high madel.
lay fault coverage for scan designs, is proposed. In the proposed tech- Detection of a delay fault requires application of a two-
nique, shift dependency between adjacent scan flip-flops that caysgsern test; the first pattern that initializes the targeted faulty
some delay faults to be untestable in standard scan environment, is gi¢uit line to a desired value and the second pattern that
ken by inserting test points, which can be combinational gates as W&l|nches a transition at the circuit line and propagates the fault
as flip-flops. Instead of topology-based approaches used in prior pélﬁ\éct to one or more primary outputs or scan flip-flops. There

lications, the proposed technique uses a special ATPG to identify pair . . . )
of adjacent scan flip-flops between which test points are inserted to?é“3 two different approaches to apply two-pattern tests in stan

prove fault coverage. Since the proposed technique inserts test pélgtrsd scan enVIrqnment. In bqth approaches, the ,f'rSt, pattern of
only where they are necessary, it can drastically reduce hardware odf2St Pattern pair is scanned in through scan chains in the same
head compared to circuit topology-based techniques. 100% transif@hion as a test pattern for a stuck-at fault is scanned in and the
delay coverage was attained for all ISCAS89 benchmark circuits 82cond pattern is derived from the first pattern. In the first ap-
cept one. This is achieved with very small numbers of test points. pfoach, referred to as skewed-load [10] or launch-by-shift, the
an average, about 40% reduction in scan chain length against a ge&rond pattern is obtained by shifting in the first pattern by one
approach was achieved by the proposed method for benchmark cirgwiggre scan flip-flop. Hence, given a first pattern, there are only

with default scan chain order. two possible patterns for the second pattern that differs only at
. the value for the first scan flip-flop whose scan input is con-
1 Introduction nected to the scan chain input. Tisisift dependencrestricts

ége number of combinations of test pattern pairgtox 2 [9]

Ascertaining correct operation of digital circuits at desir 2 tstandard scan environment. wheres the number of scan

;peed N bepommg more mportant. In thg past, at-speed tﬁ%fflops in the scan chain. In the second approach, referred to
ing was typically accompll_shed with functional test pgttern{jsls broadside-load [10, 11] or launch-from-capture, the second
However, developing fL_mct|onaI test patterns that attain Salitern is obtained from the circuit response to the first pattern.
factory fault coverage is unacceptable for large scale des@%snce the second pattern is given by the circuit response to

due to the prohibitive development cost. Even if functional tetﬁe first pattern. Due to restriction to apply the second pattern

patterns that can achieve high fault coverage are available,.ap- - .

. . . in'both approaches, transition delay fault coverage in standard
plying these test patterns at-speed for high speed chips requires ) . . N

) b . . scan environment is sometimes significantly lower than stuck-

very stringent timing accuracy, which can be provided by ver

a fgult coverage [10].

expensive automatic test equipments (ATEs). The scan-base i .
delay test approach where test patterns are generated by an ay->€Veral techniques have been proposed to improve delay

tomatic test pattern generator (ATPG) on designs that invo[@&lt coverage in standard scan environment. In [4, 8], extra
scan chains is increasingly used as a cost efficient alternativi?®iC I inserted into the functional path to improve delay fault

the at-speed functional pattern approach to test large scale cfffy€rage in standard scan environment. The main drawback of
for performance-related failures [1, 12]. this method is performance degradation entailed due to addi-

o L .. tional logic that is inserted into the functional path. Enhanced
The transition delay fault model [15] is widely used in "NScan testin [3] is a powerful scan technique that allows to ap-
dustry for its simplicity. Due to its similarity to the stuck—a? 9 P q P

: nox (2™ —

fault model, ATPGs and fault simulators that are developed |¥ aI_I pO.SS'ble2 (2 1) combinations of pattern pairs to
o . 1e circuit. We refer to faults that are not testable under stan-
stuck-at faults can be reused for transition delay faults with mi :
e . ard scan environment but testable under full enhanced scan
nor modifications. Unlike the path delay fault model [13] where . . .
the number of target faults is often exponential, the numbereo vironment aglependency untestable faulSince this tech-
o get rault P . ... nique requires to replace all standard scan cells by enhanced
transition delay faults is linear to the number of circuit lines.
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scan cells, which can hold two bits, the drawback of enhandbp-flop D, and the scan output dP; is connected to the scan
scan testing is high area overhead of enhanced scan cellsinput of D>, and so on, and finally the scan outpuf®f is con-
order to reduce area overhead, partial enhanced scan techmeuated to the scan chain output. We also assume that the scan
where only selected scan flip-flops are replaced by enhanpath is constructed with only non-inverting outputs of scan flip-
scan flip-flops is proposed by [2]. As a similar approach to tieps, which are also used to drive the functional path. Under
partial enhanced scan technique, in [10], dummy flip-flops @hee assumption, during scan shift cycles, the value loaded into
inserted to break shift dependency between selected pairs ofsadn flip-flopD; at timet is always the same as the value at the
jacent scan flip-flops in the scan chain. In [7, 9], scan flip-flopemediate predecessor &f;, i.e., D;_1, at the previous cycle
are rearranged to minimize the number of pairs of adjacent stiame ¢ —1. The above two assumptions are only for convenience
flip-flops that drive same fanout cones. This reduces the nushillustration and the proposed method can be used for CUTs
ber of transition delay faults that are untestable due to shift deat have multiple scan chains and whose whole or part of scan
pendency between scan flip-flops. However, rearranging spaths are constructed with inverting outputs of scan flip-flops.
chains to enhance fault coverage may increase scan path rout-| et i —= {Vlj , VQJ' } be a two pattern test (or test cube

ing overhea_d. Furthermore, for c_ircuits where mpst state ianEﬁr)' which may be fully or partially specified, whdt’é is the
are topologically correlated, satisfactory transition delay fayliajization patternandVy is theactivation and propagation
coverage may not be achieved in any order of scan ﬂ'p'ﬂOpSpattern of Vi. Each patterrVJZ, wheref = 1 or 2, consists

In this paper, we present an ATPG-based technique 0 gfiwo parts: primary input part that is applied to primary in-
hance delay fault coverage for standard scan designs. Sig@ and scan input part that is applied to scan inputs. The scan

necessary test points are identified from suitable test cyig i part of initialization patteri; is applied to the CUT at
pairs for target faults, which are generated by a special ATR(Gyia|ization test cyclel’ via the scan chain and correspond-
rather than circuit topology, it can drastically reduce hardware

overhead compared to circuit topology-based techniques. L'P - a;tlvgtlon and propaggtlon patterty 1S apfphed. theIQUT
like [10], which uses only flip-flops to break shift dependencfa.l .act_lvatlon and propagatlpn test cyctl] by gncnona Jus-
between adjacent scan flip-flops, the proposed technique ins jgation (when the broadside-load approach Is used) or a shift
combinational gates as well as flip-flops. This minimizes tﬁgeranon (when the skewed-load_ appr_oach IS used). )
increase in scan chain lengths, which determines test applica- |f two pattern tests are applied via standard scan chains
tion time in scan testing, due to adding extra flip-flops into scB Using the skewed-load approach, all transition delay faults
chains. Since combinational gates can be implemented viftat require a 1 (0) at state inpuit, at the initialization test
less silicon area, this can also reduce hardware overhead. €ycle and a 0 (1) at state inpsf at the activation and propa-
The rest of this paper is organized as follows. Definitiofation test cycle to be detected are untestable even if they are

and notations that are used in the rest of paper are descri g&able n enhanced scan en\glronment. Hence, a_palrof values,
the value assigned at_; in V; and the value assigned at

in Section 2. Overall concept and contribution of the paper. - | : o .
are described in Section 3. Section 4 introduces scan path fedg ar€ important to determine testability of transition delay
point insertion that is used to break shift dependency in tiasllts when the skewed-load approachis used. We introdlice
scan chain. The algorithms to compute test point vector dfgfenote the pair of values, i.e., the value assigned.atin
the global test point vector are also described. A special ATPG and the value assigned gtin V3. If two pattern test’’
that is used to generate suitable test cubes that incur the nifh@PPlied via a standard scan chain by using the skewed-load
mum number of test points is described in Section 5. SectioARProach and’” is fully specified, theni; is always 00 or 11.
discusses a clustering technique to reduce routing overheadyor : : : :
test point enable signals. The overall algorithm is summariZed Overview of Main Contribution
in Section 7. Section 8 reports experimental results. Finally, ——
Section 9 gives the conclusions. l:ljy'l Motivation

Figure 1 shows a circuit that has three state inptitss», and
2  Definitions and Notations s3, which are respectively driven by scan flip-flaps, D-, and

D3 during test application. Consider generating a test pattern
In this paper, we assume that the sequential circuit under gt V' = {V1, 15} for the slow-to-rise (STR) fault at liné
(CUT), which hasm primary inputs,p,ps,-..,pm, andn thatis to be applied to the circuit by using the skewed-load ap-
state inputssy, so, . . ., s, employs full scan and state inpyt  proach. Initializing linel to a O requires assigning either or
wherei = 1,2,...,n, is driven by a corresponding scan flips; to a 0 at initialization test cycl#;. On the other hand, acti-
flop D; during test application. We assume that all scan flipating and propagating the STR fault at lineequire assigning
flops in the CUT,Dy, D>, ..., D,, wheren is the number of all state inputs, s,, andss to 1's at activation and propagation
scan flip-flops in the scan chain (state inputs), are connectetésd cyclel,. However, if D, (D-) is loaded with a O at tim&)
comprise one scan chain without loss of generality. The chéirinitialize linel, then the 0 aD; (D-) shifts toD- (D3) at the
input of the scan chain is connected to the scan input of seceaxt cyclel; ands; (s3) is assigned a 0. This conflicts with the
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Figure 1: Shift Dependency
value 1, which is required at (s;) to activate and propagatd-igure 2: Breaking Shift Dependency (a) Inserting a Dummy
the fault effect. Hence, the STR fault at lihés untestable by Flip-flop (b) Inserting an OR gate
the skewed-load approach in standard scan environment. volume, which is one of the major factors that determine test
Consider inserting a dummy scan flip-flop betwelen cost. Test data should be provided also to combinational test
and D, (see Figure 2(a)). Again, iD; is assigned a 0 &, points to control them. Hence, it is of importance to minimize
then the 0 aD;, which is applied to initialize liné at T}, shifts the number of test points to minimize test data volume. Algo-
to the dummy flip-flop at the next cycl. If the dummy flip- rithms to minimize the number of test points are described in
flop is loaded with a 1 and, is also loaded with a 1 &F;, Sections 4, 5, and 6. Test data to control test points are further
these 1’s shift td), and D3 atT5, respectively. Hence, if a 1 isreduced by merging control signals for multiple test points into
scanned intd); from the scan chain input &%, then all state a single control signal (see Section 6).

inputssy, s2, andss are assigned 1's and the fault effect & Note that since test point enable signals are controlled dur-

activated and propagated to the circuit outpufat ing only scan shift cycles during which values at all normal
chip input pins (primary inputs) are don't cares, test point en-

3.2 Keyldea able signals can be shared with normal chip input pins. There-

fore, no additional chip input pins are necessary to drive test
point enable signals. Sharing test point enable signals with nor-
mal chip input pins may entail performance penalty since it in-
1's atT,. If signal E, which drives an input of the OR gatecreases load capacitance at sharing input pins. However, this

is assigned a 1 &, thenD, is loaded with a 1 instead of theperformance penalty can be eliminated or minimized by insert-
0, which is shifted fromD,. Hence, scan flip-flop®,, and ing dedicated buffers to drive test point enable signals.
D can be assigned 1’s @ that are required to activate and Figure 3 illustrates four different types of test points that
propagate the STR &t(D; can be assigned a 1 by scanning &N be inserted to enhance transition delay fault coverage for
1 into the scan chain input 4b). This is similar to test point Standard scan designs and their possdjle/alues i.e., the
insertion techniques [4, 14], which are widely used to facialue assigned at state inpyt ; in V{/ and the value assigned
tate ATPG process, improve fault coverage, and compress &sttate inpus; in V2], that can be applied to a pair of adjacent
patterns. While test points are inserted into functional pattate inputs;_; ands; when each different type of test point is
in traditional test point insertion, in the proposed method, tésserted betweef; ; andD;. Note that = 01 or 10 cannot
points are inserted into the scan path, and hence no performéacapplied in standard scan environment (we assume that the
degradation is entailed by inserted test points. scan path is constructed with only non-inverting outputs of scan
An obvious advantage of inserting combinational gatesfidg-flops). If an AND (OR) gate is inserted between scan flip-
test points over dummy flip-flops, which can also be consi#ePSDi-1 andD;, d! values that can be appliedp ; ands;
ered as a special type of test point, is that combinational g2 00 and 10 (11 and 01). Hence, if there exists a dependency
such as two-input AND and OR gates can be implemented vfififestable transition delay fault that requir§s= 01(10) to
less silicon area than flip-flops. Second, test application tif¥@ detected, then the fault can be detected by inserting an OR
of scan testing is typically determined by the number of td&ND) gate betweer;_, andD;. Ifthere is a set of transition
patterns and the scan chain length, which is determined by @&y faults that require] = 01 to be detected and there is
number of scan flip-flops in the longest scan chain. Hence, amother set of faults that requité = 10 to be detected, then
serting dummy scan flip-flops increases test application timeay AND-OR (or OR-AND) complex gate or dummy flip-flop
increasing the scan chain length. In contrast, inserting a confi@in be inserted betwee; ; and D; to detect all of them.
national gate does not increase scan chain length. Another\&iile test patterns for a set of transition delay faults that re-
vantage is reduction in test data volume. Since test data sh@ied; = 01 to be detected are being applied to the CUT, the
be provided for inserted dummy flip-flops as well as regultgst point enable signal for the OR test poifil, is set to a
scan flip-flops, inserting dummy flip-flops increases test ddt4o enablethe OR test point at every activation and propaga-
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Figure 2(b) illustrates that the STR fault latan also be de-
tected by inserting a two-input OR gate betwdenand D-.
Assume thatD; is assigned a 0 anf), and D3 are assigned



tion test cycle. On the other hand, while two pattern tests for Diy D; Diy D;
the other set of transition delay faults that requife= 10 to Q:D’D D’@—D
be detected are being applied to the CUT, the test point enable Eg EAI
signal for the AND test pointE4, is set to a 1 to enable the 4 D{(g* 0% d D{(%c))’ 10
AND type test point andty is set to a 0 to propagate the 0 at
the output of the AND gate to the scan inputf. Also when D oy D, Dy D,
an AND (OR) test point is inserted, the test point needs to be @ i H
disabledwhile test patterns for faults that requ'ttie: 11 (00), m E4 Eo—r
i.e.,s; 1 =1(0)inV{ ands; = 1(0) in V/, to be detected are d; 0{00, 01 10 1} d; 0{00, 01 10 1}
applied. () (d)

The test application process of the proposed method con-
sists of three phases. In the first test application phase, figure 3. Various Types of Test Points (a) OR (b) AND (c)
pattern tests are applied by the skewed-load approach urkdigrflop (d) AND-OR

standard scan environment. In the second application phgg®, (drive same fanout cones) may not cause any dependency
test patterns, which target faults that are not detected duringRgestable fault since some faults that cannot be detected by the
first test application phase, are applied by the broadside-laggwed-load approach due to shift dependency between adja-
approach also under standard scan environment. The first gt flip-flops can be detected by the broadside-load approach.
the second phase can be exchanged without affecting resultigéice, inserting dummy flip-flops, replacing scan flip-flops by
quality of testing. The third application phase is further dividethhanced scan flip-flops, or reordering scan flip-flops based
into several sub-phases. In each sub-phase, a different s§@f on topological correlation measures, may result in unnec-
test points are enabled every activation and propagation teste®sarily high area and routing overhead.

cle and the rest of test points are always disabled; for all pairs of Unlike [7, 10], [2] uses pre-computed test patterns to se-
adjacent scan flip-flopp;_, andD; whose test points are disyg. sean flip-flops that are replaced by enhanced scan flip-flops:
abled, the value at flip-flop; at test cycle is the same as thej¢ yere exists pair of adjacent state inpsts, ands;, for which

value atits immediate predecessr ; atthe previous test Y- ;i js 01 or 10 (under the assumption that the scan path is con-

clet — 1._ This is similar to _multi-phase_,- test point insertion [14l:.\-ted with only non-inverting outputs of scan flip-flops) in
where different control points are activated in each test phas;two pattern test’/ of the pre-computed test pattern set, scan
_ ) ) flip-flop D; is replaced by an enhanced scan flip-flop. Typically,
3.3 Comparisons with Prior Work there may be a large number of two pattern tests for every de-
. o . endency untestable transition delay fault. Hence, significantly
;Jn“ke cchI!'nt;:natlonal t_e St p0|tntstsuc_h tas AgllD a_nd ?R g?télﬂerent results in terms of hardware overhead can be obtained
u}:n.rrlyddl!ct)'— opls reguwe nohesdpﬂn ena g S|gna;., V¥I ' pending on which test patterns are used for consideration. In
en ?I.S ¢ |t|onat routing overnead. i owever,d ummy Tip- lo%sontrast to [2] where test patterns are generated in advance, in
contribute 1o extra power consumption even during normal qe, proposed method, only suitable test cube pairs, which will

eration (note that combinational test points do not contriburg‘;eSult in minimal number of test points, are generated by a spe-
to power consumption since scan chains are not used du@pﬂg ATPG (see Section 5) '

normal operation). Hence, if a large number of dummy scan

flip-flops are inserted, then clock signals that drive dummy flig: . .
flops should be shut down during circuit’s normal operation% Scan Path Test Point Insertion

save power in power conscious chips such as chips for portablg important to minimize the number of test points to mini-
devices. This requires driving dummy flip-flops with a separaigize hardware overhead and test data volume. In this paper, test
clock tree or through individual clock gating logics. Henceoints to be inserted are dynamically computed from test cube
added clock tree(s) or clock gating logics for dummy flip-flogsairs for transition delay faults that are not testable in standard
may cost even higher routing as well as area overhead thandgegh environment. A test cube pair generated by the proposed
point enable signals of combinational test points. ATPG is added to a test cube pair set, which is callecctive

As described in the preceding paragraph, [7, 10] use topent test cube pair setlf there currently exists test cube pair
logical correlation measures to decide between which pairsiof in the current test cube pair set in which values for a pair of
scan flip-flops dummy flip-flops are to be inserted and orderdjacent state inputs_, ands; are assigned a0 ii* and a 1
of scan flip-flops that minimize decrease in fault coverage dnd’y’, respectively, i.ed? = 01, then an OR gate is required to
to shift dependency. In order to break shift dependency lbe-inserted and enabled between scan flip-fldps andD; to
tween all pairs of adjacent scan flip-flops, a large numberagfply V@ to the CUT (see Figure 3). # = 00 in a newly gen-
dummy flip-flops need to be inserted for some circuits [1@rated test cube paif®, thenV? conflictswith V¢ at s; since
If both skewed-load and broadside-load approaches are u$gd;annot be applied to the CUT with the OR gate enabled be-
many pairs of adjacent flip-flops that have topological correlaveenD; | andD;. Generated test cube pairs are placed into
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10.1X0X, 01,0X,1XX1,11 wherek;,.. is the number of test point vectors), initially, all
: state inputs except the state inputs that have no topological cor-
017 01 FAIL relation with their immediate predecessor state inputs are as-
CROAXXLINN_ Ao signed initial valuesRk’s (state R of the finite state machine
o shown in Figure 4). In the rest of paper, we interchangeably
(O xu oA use a pair of topologically correlated adjacent scan flip-flops
and a pair of adjacent scan flip-flops that drive the same fanout
cones. The state inputs that do not drive any fanout cone that
is driven by their immediate predecessor state inputs are as-
Figure 4: Test Point Vector Computation Finite State Machirsignedi¥’s in every test point vector. Unlike initidk symbols,

the current test cube pair set until no more test cube pairs ¥4Hch may be updated to other symbols later in the test point
be added without conflict with test cube pairs that already exy§€tor computation process according to values assigned in test

in the test cube pair set. cube pairs added into the test cube pair set, the irfitisdym-
bols are fixed and do not change until the final test point vector
4.1 Test Point Vector is obtained. Since those state inputs that have no topological

correlation with their immediate predecessor state inputs cause
A test point vectarwhich carries information on which tesho dependency untestable transition delay faults, no test points
points are enabled in the corresponding test application snbed to be inserted in front of them. The scan flip-floplo-
phase, is computed from a set of test cube pairs. The test poied first in the scan chain is always assigiédn every test
vector fork-th test cube pair sef P, = {tp¥,tpk,... tpk}, point vector.
is ann-bit tuple wheretpj € {W,0, 4}, (i = 1,2,3,...,n, Consider adding the first test cube pif into the current
wheren is the number of state inputs) is computed from teglst cube pair sef®. If tpF = R andd{ =10 (01) in V4, then
cube pair seC* as fpllows: if there is at least one two pattpf is updated tod (O) (the state transition from stat to
tern test cube pail’/ in setC* whered! = 01 (10), i.e., stateO (A) of Figure 4). Otherwise, if state inpsi s assigned
si—1 = 0(1) in V/ ands; = 1(0) in V, thentp} is assigned R in the initial test point vector, and! = 00 in V7, thentp¥
O (A); otherwisefp} is assignedV'. If tpf = W, no test point is updated td¥ 0 (the transition from state to statel¥’0 of
betweenD;_; and D;, if any, is enabled during the-th test Figure 4). Note tha#/ = 00 can be applied with and without an
application sub-phase. Thereforetjiff = W, the value as- AND test point betwee®; ; andD; (see Figure 3(b)). Hence,
signed tos; at every activation and propagation test cyEle in this case, the final decision on the type of test point to be
(r = 1,2,...,yx, Wherey, is the number of two pattern testenabled betweeR;_; andD; is postponed and an intermediate
applied duringk-th test application sub-phase) is always thg/mbol W0 is assigned tapf. If a test cube pail’® where
same as the value assignedsta; at the corresponding ini-q¢ = 10, is added later in the procesg! is updated toA
tialization test cyclell" during the entire-th test application (the state transition frorfi’0 to A in the finite state machine).
sub-phase. On the other handijif = O (A4), a two-inputOR  |nstead, if a test cube paif® whered? = 11 is added, then
(AND) gate is inserted and enabled betwden, andD; and ¢pk is updated tdV (note that?? = 11 cannot be applied if an
s; is always assigned a 1 (0) at every activation and propagaiNID test point is enabled betwedn;_; andD;). Otherwise,
test cycleT}; independent of the value assignedsfo; atini- no test cube paiv’® whered; is either 10 or 11 is added until
tialization test cyclel’’ during the entirék-th test application no more test cube pairs can be added into the test cube pair set
sub-phase. without conflict, the intermediate symbidl 0 is replaced by’

When a new test cube pair is added into the current testhe final test point vector.

cube pair set, the test point vector is incrementally updated ac- Note that no matter what binary value is assigned taXhe
cording to values assigned in the new test cube pair. In @ﬂdg = 0X (X0), the fault targeted by’/ can be detected. If
dition to symbolsV, O, and A, symbolsE, W0 andW1 are the X is assigned a 1, i.ed! = 01 (10), thentp* is updated to
used as intermediate symbols during a test point vector cqi¢ 4) and an OR test point should be inserted betwBen;
putation process. The three intermediate symbols are useg{@p, if currently no OR test point is inserted betweBn_;
compute a final test point vector for a test cube pair set andegigy D, In contrast, if theX is assigned a 0, them” will be
not appear in any final test point vector that is used to determi@ignedi70, which requires no test point. Hence, it is more
test points to be enabled during each test application sub-phaggable to assign a 0 to thé. Hence, when/ = 0X or X0,
upon completion of computing a test point vector, all interm%f is updated tav o (if dz_’ — 0X or X0, stateR transitions
diate symbols in the test point vector are replaced®$ 10 4 statel70 in the finite state machine shown in Figure 4). The

produce afinal test point vector. The procedure to calculate ieshsition from stateR to statel¥’1 is similar to the transition
point vectors can be illustrated by a finite state machine shoyt}, stateR to statelvo.

in Figure 4.
For every test point vectof P, (k = 1,2,..., knas,
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Oncetp? is assigned! (0), then no test cube pairs where



sefl  TPvector | S1 S2 S3 Sa S5 Sg S7 flip-flops in the scan chain ar_ytpi € {W,A,O,AQ} (@ =
a7 W R W R W W R 1,2,...,n). The global test point vect@¥T'P is obtained from
1 0 X X 0 1 Xx X test point vectors as follows: tp*, wherek = 1,2,. .., kmaa.
WL 01 X 00 1 0 . ; . .
updatef, P lw o wwow w wo wherek,,.. is the number of test point vectors (test cube pair
c 1 i i i 8 é 2 >é sets), is assigned only/ or O (A) and assigned (A) in at
upda\tié Blwowawwwo least one test point vector, thenp; is assigned) (A). Oth-
fnal TP~ |W O W A W W W erwise, iftp¥ is always assigned in every test point vector,
GlobalTP vestor WO WAWWW then no test point is necessary betwégn ; andD; andgtp;
niieh TP VD AMARRARVEM Y is assignedV. Finally, if tp¥ is assigned in at least one test
vV, /1t 0101 X1 point vector and also assignédn at least one test point vector,
o I S E A then both AND and OR test points should be inserted between
V4, 101 x 1 Xx 1 D;_y andD; andgtp; is assigneddO, i.e., AND-OR complex
2
updated 7P W A W A W W O gate. The global test point vector is updated upon completion
final TP° |W A W A W W O i > )
Global TP vector [W AOW A W W O of a test point vector computation process.

We assume that two-input AND and OR gates and AND-
Figure 5: Example Test Cube Sets and Test Point VectorOR gates are used as test points in this paper. Hence, only sym-
] ] . bols A, O, and AO are defined for the global test point vec-
d} =11,01,0rX1(d] = 00, 10, andX0) can be added into the 9 P

current test cube pair set without conflict with test cube patPr GTP. However, the proposed technique can be extended

S. ; .
already existing in the test cube pair set; recall thapff = {Or ')r(‘g;dea?ézet: térc)j?jsinOf;eStrgolTatfe ssufl:]bﬁsq[gr?em)r/efgg::?\%iv
A4 (0), thens; is always assigned a 0 (1) at every activatiot% es ofgt]est oi)r/ns Reiulfspobeained k))/ usin twogn ut AND
and propagation test cycle during the entirth test application yp P ' y 9 P

sub-phase. This is described as the transition from stgte) andtOdR g:ates and d‘jjm”_l{] fI|p-fI|ct)ps gts _tes(tjpbomts_aretalsq pret—
to stateFAIL in Figure 4. sented and compared with results obtained by using two-inpu

] } i . AND and OR gates and AND-OR gates as test points in Sec-
Example: Figure 5 illustrates calculating test point vectoks,, g.

for two example sets of test cube paits! andC?. Assume
that adjacent pairs of state inputs, andss, s4 andss, and
s5 and sg, drive different fanout cones. Thereforg?, tpk,
andtpk, wherek = 1,2, are always assigned’’s in every
test point vector. When test cube p&it is added taC!, tpl
is updated taD sinces; is assigned a 0 i)' and s, is as-
signed a 1 inVy', i.e.,d} = 01, andtp} andtp} are updated
to W0 sinced; = d* = X0in V'. When test cube pair?
is added toC!, tp} is updated tod sinced? = 10. On the
other handp! holds the previous valuB’0 sinced? = 00.
Assume that no test cube pair can be added'tavithout con-
flict after V2 is added. Now, all intermediate symbalg, 170,

Test point enable signals are created from the global test
point vector as follows: If state input is assigneddO in the
global generator, then two test point enable sign&ls, and
E; 4, are created to control the AND-OR gate that is inserted
betweenD; ; andD;. If state inputs; is assigned (A), then
one test point enable signdl; o (E; 4), is assigned to control
the OR (AND) gate. Note that if dummy flip-flops are used
instead of AND-OR complex gates, then no test point enable
signals are necessary (however dummy flip-flops require addi-
tional clock signals). Test point enable signals for test point
vectors shown in Figure 5 are shown in Figure 6. Since state

. . i i i in the gl I i
and1V'1, are replaced byi”: in the example, th&’0 assigned input s is assigneddO in the global test point vector, two

. . ) test point enable signaldy» 4 and E» o, are assigned fass
to tpl is replaced by to produce the final test point vecto ) X . I
TPL= (.0, W, AW, W, W}. to control the AND-OR test point, which is inserted between

scan flip-flopsD,; andD-. On the other hand, one test enable

, The test point vectorT'P? for test cube p2air Selsignal £, 4 (Er.0) is assigned for state inpsi (s7), which is
C* also starts with the same initial vectdfP* = assigned (O) in the global test point vector.

{W,R,W,R,W,W, R} asinitialT P'. Sinceds, d}, andd are
respectively assigned 0, 10, and11in V3, T P? is updated to
{W, W0, W, A, W,W, W1} whenV? is added intaC?. Since 5 The Proposed ATPG

dy = 10 andd; = 01 in V*, #pj andip? are again updated t0The proposed ATPG, which is developed based on PODEM [5],

A andO, respectively, whe'* is added intaC. O  generates suitable test cube pairs that will lead to the minimum
) number of test points by taking current test point ve@dt*

4.2 Global Test Point Vector and the global test point vectGiT' P into consideration. Con-

Hardware overhead for implementing the proposed techniq[fé|abi|ity, observability, and test generation cost are defined

is determined by the number of inserted test points. The tyjeguide the proposed ATPG to generate a test cube pair that

of test points that will be inserted between each pair of adﬁltails the smallest number of new test points when it is added

cent scan flip-flops are expressed in iebal test point vec- Into the current test cube pair g8t .

tor, GTP = {gtp1, gtps, . . . gtp, }, wheren is the number of Since testing transition delay faults requires two pattern
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tests, the proposed ATPG generates a two pattern test cubelpaary value in time frame 1 os; is assigned a binary value
for every target fault for two different time frames: time framim time frame 2 during test generation process and changes of
1 for the initialization pattern and time frame 2 for the acteontrollability costs of state input; are propagated into inter-
vation and propagation pattern. Therefore, we also define tal lines directly or transitively driven by; to update control-
separate controllability cost functions for each circuit line tability costs of those internal lines accordingly.

take account of the two time frames. The controllability costs  puring test generation, all gates whose output values are

are used to guide the proposed ATPG when there are more if@fently unknown and at least one of whose gate inputs has

one possible backtrace paths for line justification. a fault effect belong t®-frontier [5]. In the proposed ATPG,
The purpose of computing controllability costs of eadhe observability cost function serves as a selection criterion to

state input is to estimate hardware cost to be incurred when edect a gate that is likely to incur minimum amount of addi-

lis setto a binary value. The controllability cost to set linkto  tional hardware to propagate the fault effect at its input from D-

a binary valuev in time framef, wheref = {1, 2}, is denoted frontier. The observability cost functions are recursively com-

by Cf,(l). At any time in a test generation process, if stafted from primary and state outputs to primary and state in-

input s; is assigned a 0 (1) in time frame 2, thé12y(s;) = 0 puts. The observability cost of lifds given by

(021(81) = 0) andCQl(si) = 00 (020(81) = OO) CQU(SZ'), ] o

wherev € {0,1}, is defined by considering the current test ;) — { ming, {0(lo)} if [ is a fanout stem @

point vectorsI P* and the global test point vect6I' P as fol- >0, Ce(la) + O(l,) otherwise

lows: If currentlygtp; = AO, then an AND-OR gate is al- ) . o

ready assigned to the pair of scan flip-flabs_, and D; and where in .the latter cadg is the output of gate \'N.Ith mpdtar!d

no further test point is necessary for the pair no matter wia@® all inputs of, other thari. The observability cost of line

values are assigned to_; ands; in test cube pairs added latef 'S @S0 the minimum cost to propagate a value atliteeone

in the test point vector computation process. Hence, assi§hMOre primary or state outputs.

ing any binary value te; does not cost any more test point [N order to generate a test cube pair to detect a STR (STF)

andCQO(Si) =02 (Sz) = 0. On the other hand, if Currenﬂyfault at linel, the fault should be initialized to a 0 (1) by the

gtpi = A (0), tp¥ = R or W0 (W1), ands;_; is assigned initialization pattern and activated by setting lihéo a 1 (0)

a 0 (1) in time frame 1, then assigning a 1 (O)storequires and propagated by the activation and propagation pattern. The

a new OR (AND) test point betwedB;_; andD; (the transi- Cost to initialize line/ to a 0 (1) isC1o(1) (C'11(1)). The cost to

tion from stateR to stateO (A) and the transition from stateset linel to a 1 (0) to activate the fault 2, (1) (C2,(1)). Then,

W1 to stateO (A4) of the finite state machine shown in Figthe activated fault effect should be propagated to one or more

ure 4). Hence('2:(s;) = h (C2(s;) = h), whereh is a Primary and state outputs. The cost to propagate the activated

|arge positive number7 say 100. There are several Caséi,‘s Ofault effect at linel is O(l) Hence, the test genel’ation cost to

assignments where the finite state machine shown in Figurgenerate a test cube pair for the STR fault at liredefined as

transitions to the statBAIL. Those assignments are forbiddetfie€ sum of three cost functions:

due to conflicts with test cube pairs already existing in the test

cube pair set and an infinite cost function is given to those as- Tsrr(l) = Clo(l) + C2:(1) + O(D). ®3)

signments. That is: itp} = A (0), thenC2(s;) =

(C20(si) = o0), if tp¥ = W0 (W1) ands;_; is assigned

a 0 (1), thenC2;(s;) = oo (C20(s;) = o0), and finally if

tp¥ = W ands;_, is assigned a 0 (1), thefi2;(s;) = oo _

(d?o(si) = o0). For all other cases;2,(s;) = 0.( S)ince the Tsrr(D) = CL) + C2(0) + OQ). @)

controllability costs for time frame 1 can be computed in sim; . . .
ilar fashion to those for time frame 2, the formula for contr(;% C|USter|ng Test Point Enable S'Qnals

lability cost for time frame 1 is omitted due to the page limijzs described in Section 4, different test points are enabled in
Since no test points are required for primary inputs, controllsgch test application sub-phase. However, many test point en-
bility costs for all primary inputs are 0. able signals are assigned equivalent valuesYds equivalent
The controllability costs for internal circuit lilen the cir- and also opposite to any binary value) in every test applica-
cuit, C'f, (1), wheref € {0, 1}, which are computed in similartion sub-phase. Any two test point enable sign&ls, and
fashion to testability measures used in [6], are given by Ey. (y,z € {O,A}) are notcompatibleif E,, = v and
. . . Ey. = v (v € {0,1}) in any generator. Otherwiséj, , and
Cf.(l) = { ngnlé{f({cgl“)} gtﬁe_rv;is@ ! (1) E,. are compitiblg. The definition of compatible inyputs can
la =/CR0a ¢ be expanded by considering inverse relation, i.e., test point en-
wherel, and[ are respectively the inputs and the output ofable signals that are always assigned opposite values. A set of
gate with controlling value and inversion. The controllabil- compatible or inversely compatible test point enable signals are
ity costs of state inpu¢; are updated wheg;_; is assigned a grouped together and driven by a common control signal.
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Similarly, the test generation cost to generate a test cube pair
for the STF fault at lind is



S1 S» S3 S S5 Sg Sy |test point enable signals card the generated test cube pair and go to Step 4 (see Sec-
GTP| R AO W A W w O tion 4_1)_

Ez,';\gz,o EZ,A E;O Exn Exo Eap Erp 6. If there exist no more unmarked faults in the fault list for
Plwo w AW W W[Xx 1 1 0 which a test cube pair can be generated without conflict with
PlwA w oA WwWwoOol[lL 0 1 ! already existing test cube pairsdif, then replace all interme-

’-D diate symboIsR’s, W0's, W1's, in the current test point vector
Ey 4 Ez);)i Exn E7,o‘ CE, T P* with W’s, and generate two pattern tests for all faults for
: OQ CE, which test cube pairs are added itb with test points enabled

according tdI" P*, run fault simulation with the generated two
. . . ) pattern tests to drop detected faults, update the global test point
Figure 6: Clustering Test Point Enabled Signals  yector according to the final test point vec®P*, increment
For example, in the two test point vectors shown in Fig-by 1, and go to Step 3. Otherwise, add the test cubelpair
ure 6,F, 4 andE, 4 are assigned equivalent valuds (4 is a into C*, incrementj by 1, and updat@ P* accordingly and go
don'tcare {4 = X)andEy 4 is enabledEy 4 = 1)in TP to Step 4 (see Section 4.1).
andE» 4 = E; 4 = 1in TP?), E» o andE; o are assigned 7. Insert test points and generate test point enable signals ac-
opposite values in both P* andT' P? (E»,0 = 1andE; o = 0 cording to the global test point vector (see Section 4.2).
in TP andE> 4 = 0 E4 4 = 1in TP?). Hence,E, o and 8. Find compatible test point enable signals and create cluster
E4 4, Which are always assigned opposite values, are connettsti enable signals (see Section 6).
through an inverter and driven by cluster test enable sigital .
andE» 4 andEy 4, which are always assigned equivalent vaB Experlmental Results

ues, are directly connected and driven by cluster test enatigle 1 shows experimental results for full scan versions of IS-
signal CE». Note that while test point vectors require 4 tegtAS 89 benchmark circuits. The experiments were conducted
point enable signaldys 4, E»,0, E4,4, andEx o, all test point on a SUN Microsystem’s Ultra 1 with 1 Giga bytes of memory.
enabled signals can be controlled by only 2 cluster test enapis column# FFsshows the number of scan flip-flops in each
signals,C'E, andC'E (see the bottom circuit of Figure 6)  penchmark circuit. Experiments were conducted for two differ-

Since we use a greedy approach to find the minimal nuemt versions of circuits whose scan flip-flops are arranged in a
ber of cluster test point enable signals to minimize routing ovelifferent order.

head, the first few clusters have a large number of compatible Columns under the lab8efault Scan Chain Ordeare re-

test point enable signals and the rest of clusters contain V&iiits for versions of circuits where scan flip-flops are ordered
few compatible test point enable signals. Typically, the Iggtthe scan chain in the order they appear in the netlist and
few clusters contain only 1 compatible test point enable sigslumns under the labéDptimal Scan Chain Ordeare re-

nal. Hence, for circuits that have routing congested area, itifits for versions of circuits where scan flip-flops are ordered
better to replace combinational test points that are controltggninimize the number of pairs of adjacent scan flop-flops that
by cluster test enable signals that drive only 1 test point enagifre same fanout cones. Experimental results are shown for
signal with dummy scan flip-flops to reduce routing overheagircuits whose default scan chain order versions have at least

; one dependency untestable transition delay fault. Coluinns

7 Overall Algorlthm dep. fltsshow numbers of dependency untestable transition de-
Overall algorithm for test point design is outlined below. lay faults considered for scan path test point insertion, which
1. Identify dependency untestable transition delay faults tgmain undetected after all transition delay faults that are de-
running a regular transition delay ATPG under standard sdanted by the skewed-load and the broadside-load approach un-

environment. der standard scan chain environment are dropped. Col#mns
2. Initialize global variablesk < 0, j « 0, andGTP « dep. FFshow numbers of pairs of adjacent scan flip-flops that
{W,w,...,W}. drive same fanout cones. Columns under headiy@s, AOare

3. Initialize the current test cube pair st < ¢, and the cur- results when two-input AND, OR gates and AND-OR complex
rent test point vectoff P* = {W,I,...,I}, wherel = W if gates are used as test points, and columns under headifys
corresponding state input drives no fanout cones that its im-DFF when two-input AND and OR gates and dummy flip-flops
mediate predecessor state input; drives; otherwisd = R, are used as test points. Coluntime sec.present CPU times
and unmark all faults in the fault list (see Section 4.1). in seconds for the entire process for the proposed technique,
4. If there are no more faults in the fault list, then go to Stepwhich include dependency untestable fault identification, test
Select an unmarked fault that has the minimum test generapaint vector computation, and test pattern generation and fault
costin the fault list, mark the fault, and generate a test cube shinulation using inserted test points, and clustering compatible
V7 for the fault by the proposed ATPG (see Section 5). test point enable signals. Results obtained by using the pro-
5. If the generated test cube p&if cannot be added int6* posed technique compared with those obtained by a topology-
due to conflict with any test cube pair existingGtt, then dis- based approach [10], where a dummy flip-flop is inserted into
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Table 1: Experimental Results

Default Scan Chain Order Optimal Scan Chain Order
[10] Proposed [10] Proposed
#| # A0, AO A,O,DFF # | # A,0,AO A,O,DFF
CKT | # ||dep|dep.|TL|HO| # | # |time|TL{HO| # # |dep|dep|TL{HO| # | # [time|TL|{HO| # | #
Name| FFs || flts | FFs|%| % | TP |CE| sec.|% | % | TP |CE| flts|FFs|%| % |TP|CE|sec.|%| % | TP |CE
s208 | 8 || 15| 7 |44|75| 7 | 1|0.1|44|75| 7(0) |1 |17 | 7 |44|75|7 | 2| 0.2|44|75|7(0)| 1
s298 | 14 || 16| 7 |32/82| 3 |4|0.2(23|/68| 3(2) |1|10| 5 |25/80(3|2|0.1(18/70|3(1)|1
s344| 15 || 8 | 14 |47/95| 2 | 2| 0.1(43|91| 2(1) | 1| 5 | 11(41|/93|2|2|0.1(13|89|2(1)|1
s349 | 15| 8 | 14 |47/95| 2 | 2| 0.1|43{91| 2(1) |1| 5 | 11|41{93|2| 2| 0.1|13|89|2(1)| 1
s386| 6 || 11| 5 |42|75| 4 | 4|03|17|65| 4(1) | 1|17 | 5 (42|70, 4|3|03(25/50(4(2)| 1
s420| 16 || 31| 15 |47| 75| 15| 4 | 0.7 (41|82 15(2) | 2 | 15| 15 (47|82 (11| 9 | 0.8 | 25| 47 |11(7)| 2
s444 | 21 || 18| 13 |37/68| 6 | 3| 0.5|23|{60| 6(5) | 1| 5| 4 |15/88|1|1|02]|9|75/1(1)|0
s510| 6 || 20| 5 |42/65|5|5|06|8|15| 5(4) |1|25| 5 |42|55/5(5|08|8|15|5(4)|1
s526 | 21 || 49| 14 |39/ 79| 8 | 4|06 (25|/63| 7(5) | 1| 9 | 5 (19|/85/3|3|03(11|75|2(1)| 1
s820| 5 || 63| 4 |40/56| 4 | 6| 4.6|10{19| 4(3) | 1| 63| 4 |40|56|4|6|46|10|/19|4(3)| 1
s832| 5 || 63| 4 |40/56| 4 | 6|50(10/19| 4(3) | 1| 63| 4 |40|/56|4|6|50(10/19(4(3)| 1
s838 | 32 || 65| 31 |48/ 73|31| 5| 3.5(40|60| 31(6) | 4 | 40 | 31 (48| 81|23|12| 4.3 |34| 60 |23(9) 4
s953| 29 || 18| 5 |14/ 70| 5| 3| 3.2|11|60| 5(1) |2| 0| O |O]|-|0O|O| - |[O] -0 O
s1423| 74 || 8 | 62 |45/98| 4 | 1| 12 |45/98| 4(0) | 1| O | 58|44 - |0| O | - |44|100H 0(0)| O
s1488| 6 || 46| 5 (42|50 56| 8 0| 0| 5(5) |0|48| 5 |42/50|5|7|99|0|0|505)|0
s1494| 6 || 46| 5 (42|50 56| 8 |0| 0| 5(5) |0|48| 5 |42/50|5|8(10.2/0| 0 [5(5)|0
s5378| 179|(120| 114 |39| 88| 43| 13| 35 |34|/81|43(15)| 3| 16| 35|16/ 94| 6| 3 [24.7|11| 91| 6(2) | 2
s9234| 228|(231| 178 |44| 90| 53| 12| 211 (38| 82| 54(25)| 3 | 42| 72 |24/ 92|19| 3 | 146|17{92|9(1) | 3
$13207 669 || 234| 404 |38| 92 |105| 23| 302 |36| 89 |106(22) 5| 2 | 61|8(99|2|1|202|8|99|20)| 1
s1585Q 597 || 428| 406 | 40| 91 |120| 29 (1140 36| 85|120(40) 5| 7 |109|15/99|4 | 1|790(15/99|4(0)| 1
$384171636| 88 |103839(99| 30| 4 (2962/39|99| 30(6) | 3| 73| 75|4|99|1| 12768 4|100| 1(0)| 1
$385841452|| 753|1296|47| 95|221| 16 |3616|45| 92 |221(70) 4 | 75| 64 | 4|97 | 6| 2 {2911 4|96 | 6(1)| 1

every pair of adjacent flip-flops that have topological correlfor default scan chain order versions. Very few test points are
tion. ColumnsTL % show expected reduction in test applicanserted even for large circuits when scan chains are ordered to
tion time in per cent when same numbers of test patterns emi@imize numbers of pairs of adjacent scan flip-flops that are
applied by using [10] and the proposed method. Numberstopologically correlated.
cluster test enable signals (columh€E) and numbers of test Al transition delay faults were detected for optimal scan
point enable signals (colum#sTP), which include both com- chain versions of s953 and s1423 in standard scan environment.
binational gates and dummy flip-flops, are reported for both dgence, no test points were inserted for these circuits. Note that
fault and optimal scan chain order versions (numbers in shofya optimal scan chain version of s1423 has 58 pairs of topo-
in parentheses in colum#sTPdenote numbers of dummy flip-jogically correlated adjacent flip-flops. However, all transition
flops). ColumndHO % show reduction in area overhead in pefelay faults were detected without any test point. This demon-
cent obtained by the proposed technique over [10]. We calgtates that if both skewed-load and broadside-load approaches
lated area overhead without considering routing overhead ungl@ used, using only topological analysis to break shift depen-
the assumption that sizes of flip-flop and an AND-OR gate ajéncy between adjacent flip-flops may result in unnecessarily
respectively four times and twice larger than that of an ANRigh hardware overhead.
and the size of an OR gate is the same as that of and AND gate. ~qjumnsTL % show that scan chain length can be reduced
100% transition delay fault coverage was achieved for gly 14-48% for default order versions of circuits when only
circuits except s38417 for which the proposed ATPG abortggmbinational gates are used as test points. Even when dummy
test generation for 7 faults when backtrack limit of 20,000 wag-flops are used as test points, about 40% of reduction in scan
used. This is achieved with small numbers of test points, whighain lengths is obtained for default scan chain order versions
are significantly fewer than numbers of pairs of adjacent fligf large benchmark circuits. Note that when dummy flip-flops
flops that drive same fanout cones. Ratios of numbers of tg&t used as test points as well as combinational gates, the major-
points (columns# TP) to numbers of pairs of adjacent flip-ty of test points inserted are combinational gates, which do not
flops with topological correlation (columwsdep. FF are even increase scan chain length, for default scan chain order versions
lower for large benchmark circuits. For all benchmark circuitsf all benchmark circuits. This implies that test application time
numbers of test points inserted for optimal scan chain order Mg@fi not significantly increase even if dummy flip-flops are used
sions are smaller than or equal to those of test points inser@test points. For optimal scan chain order versions of some

Paper 23.1
582



large circuits such as s38417 and s38584, reduction in stault coverage for other fault models that require two pattern

chain length is not spectacular. However, optimal scan ch#sting such as path delay and stuck-open fault models. The
ordering is often not practical since it may cost prohibitivelyamework of the proposed method can also be used in random
high routing overhead. Even for those circuits, the proposgdittern testing as well as deterministic testing. In random pat-
method reduced significant numbers of test points (74 andtB8 testing, cluster test point enable signals should be driven
test point reduction, respectively). by a random pattern generator.

Experimental results demonstrate that area overhead RBferences
be drastically reduced by the proposed technique. Similar or
higher reduction is obtained even for optimal scan chain Ofy] p_ Belete, A. Razdan, W. Schwarz, R. Raina, C. Hawkins, and
der versions of circuits. Larger reduction in area overhead is  j. Morehead. Use of DFT Techniques In Speed Grading a 1GHz+
obtained for large circuits (for all largest benchmark circuits, Microprocessor. IfProceedings IEEE International Test Confer-
higher than 90% reduction in area overhead is achieved when ence pages 1111-1119, 2002.
only combinational test points are used). It is notable that fd?] K.-T. Cheng, S. Devadas, and K. Keutzer. A Partial Enhanced-

$38417 the proposed technique requires only 1 % area overhead S¢an Approach to Robust Delay-Fault Test Generation for Se-
of [10]. quential Circuits. InProceedings IEEE International Test Con-

. . . ference pages 403-410, 1991.
Cluster test enable signals contribute to routing overhea@; . pervisoglu and G. Stong. Design for Testability: Using Scan-

While a dummy flip-flop requires only one extra signal (clock ~ path Techniques for Path-Delay Test and Measuremerfrdn
signal) to be routed, an AND-OR test point require two test ceedings IEEE International Test Conferenpages 365-374,
point enable signals to be routed. Hence, it is more desirable 1991.

to use dummy flip-flops instead of AND-OR complex gates fol4] M. J. Geuzebroek, J. T.van der Linden, and A. J. van de Goor.
circuits that are routing congested. On the other hand, if a chip ITetSt Poti_nt Inls;zrti?gforfC0mpact Teztgzegsglmggggings IEEE

; i ; Cation fima i ; nternational Test Conferencpages 292-301, .
foﬁgee?nl’lrﬁfﬁg’ errS(_j(l;gnggattizt v?iFI)IptI)IZaSOQeEItZreclso?cep.”n%irits] P. Goel. An Implicit Enumergtign Algorithm to Generate Tests

o for Combinational Logic Circuits.|EEE Trans. on Computers
flexibility is one of strong advantages of the proposed tech- C-30(3), March 1981.

niques among others over prior publications [2, 3, 10]. Thgs] L. H. Goldstein and E. L. Thigpen. SCOAP: Sandia Controllabil-
reported run times of our programs are comparable to those of ity/Observability Analysis Program. IRroceedings IEEE-ACM
regular ATPG and fault simulator. This demonstrates the feasi- Design Automation Conferencgages 190-196, 1980.

bility of the proposed technique. Run times of our program fdi”] W. Mao and M. D. Ciletti. Reducing Correlation to Improve

both default and optimal scan chain order versions are similar. Coverage of Delay Faults in Scan-Path DesiggEE Trans. on
Computer-Aided Design of Integrated Circuit and Systsoi.

. 13(5), May 1994.
9 Conclusions [8] I. Pomeranz and S. M. Reddy. On Achieving Complete Cover-

. - . age of Delay Faults in Full Scan Circuits using Locally Avail-
In this paper, an ATPG-based scan-path test point insertion able Lines. InProceedings IEEE International Test Conference

technique', whiqh can achieve high .delay fault coverage for pages 923-931, 1999.
scan designs, is proposed. Experimental results show thef Jj. Savir and R. Berry. At-Speed Test is not Necessarily an AC
the proposed technique can achieve very high delay coverage Test. InProceedings IEEE International Test Conferengages
with low hardware overhead. Instead of topology-based ap- 722-728, 1991.
proaches [10' 7], the proposed technique uses a specia| A'ﬂiﬁ; J. Savir and S. Patil. Scan-Based Transition T&$E Trans. on
to identify pairs of scan flip-flops between which test points S;(g)plﬁEFAi?igggesign of Integrated Circuit and Syst®bi.

; ; ; , Augus .
?er((:ahInniZigeigst:rtlsnjtz;?V[)eo:r?tiltofl(lj;(\j\:f?greé thsg;(;;hnifégggi/f J. Savir and_S. Patil._ Broad-Side Delay_ Te&EE Trans. on

. -2 " Computer-Aided Design of Integrated Circuit and Systsoi.

can drastically reduce hardware overhead compared to circuit 13(8), August 1994.
topology-based techniques. The reduction in numbers of [fp] J. Saxena, K. M. Butler, J. Gatt, R. R, S. P. Kumar, S. Basu, D. J.
serted dummy flip-flops in turn reduces the increase in scan Campbell, and J. Berech. Scan-Based Transition Fault Testing -
chain length, which is one of major factors that determine test Implementation and Low Cost Test ChallengesPmceedings
application time in scan testing. Use of combinational gates IEEE International Test Conferencpages 1120-1129, 2002.
as test points further reduces increase in scan chain lengf. G- L. Smith. Model for Delay Faults Based Upon PathsPtfo-
Since only small numbers of dummy flip-flops for which test igg‘;‘”gs IEEE International Test Conferenpages 342-349,
data should be provided are Insertgd, the propo_sed technﬁuf N. Tamarapalli and J. Rajski. Constructive Multi-Phase Test
can also redl“!ce test volume. The time complexity of the pfo- Point Insertion for Scan-Based BIST. Rroceedings IEEE In-
posed ATPG is comparable to those of regular ATPGs. Hence tgmational Test Conferencpages 649-658, 1996.
the proposed design methodology is applicable to large circuiis] J. A. Waicukauski, E. Lindbloom, B. K. Rosen, and V. S. lyengar.

In this paper, we focus on|y on the transition de|ay model. Transition Fault SimulationlEEE Design & Test of Computers
However, the proposed method can be extended to improve Pages 32-38, April 1987.
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