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Abstract

In this paper we introduce a spectral method of
register transfer level (RTL) test generation for se-
guertial circuits. We de ne RTL faults as stuck-at
faults on all primary inputs, primary outputs, and
ip- op terminals. Test vectors generatedto cover
the RTL faults are analyzed using Hadamard ma-
trices. The analysis determines the amplitudes of
prominent Walsh functions and the random noise
level for eadh primary input. That information is
then usedto generatevectorsfor any gate-lewel im-
plemertation. At the gate-lewel, a fault simulator
and an integer linear program (ILP) are used to
compact the test sequence. We give results for
three ITC'99 and four ISCAS'89 bendmark cir-
cuits. Each ITC'99 circuit was synthesized two
ways, separately for area and delay optimization.
The RTL spectral vectors performed equally well on
both implementations. When comparedto a gate-
level ATPG, the coveragesof RTL vectorswere sim-
ilar and in many casesRTL vectors produced equal
or higher coveragein shorter CPU time.

1. Intro duction

Convertionally, test vectors are generatedat the
gate-lewel, i.e., after synthesis has been performed.
Though this methodology has the advantage of be-
ing ableto generatereliable, high fault coveragetest
vectors due to its direct use of the stuck-at fault
model, it suers from seweral disadvantages. For
large circuits, the large number of faults and the
algorithm complexity make the gate-lewel test gen-
eration time consumingand expensive. Since gate-
level test generationis performed at a later stagein
the designprocessit is dicult to deal with testa-
bility issues,revealed during test generation, in an
already veri ed design. Also, the gate-lewel ATPG
cannot be usedfor coresor circuits for which only

Student speaker.

IEEE NATW'06

the functional information is available. This sce-
nario is frequertly encourtered in commercial ervi-
ronmerts.

RTL (register transfer level) or synthesis inde-
penden test generation eliminates the disadvan-
tages of gate-lewel test generation discussedabove.
Seweral RTL test generationmethods have beenpro-
posed. Ravi and Jha [32], Ghosh and Fujita [12],
Kim and Hayes [25] and Goloubeva et al. [15]
use pre-computed test setsfor RTL constructs like
adders, multiplexers etc. and derive test vectors for
the whole RTL circuit. Pre-computed test sets ei-
ther make some assumptions about the synthesis
of the design or use a superset of the actually re-
quired test vectors. All of them use somekind of
data structure or metrics to derive the RTL test
sets, which have implications of large memory and
computation overheads. Ravi and Jha [32], and
Kim and Hayes[25] use cortrollabilit y and observ-
ability metrics, while Ghosh and Fujita [12] and
Goloubeva et al. [15] use data structures like De-
cision Diagrams. Yi and Hayes [41], and Pomer-
anz and Reddy [31] have proposed a fault model
which considers fault activation and propagation
from the primary inputs to primary outputs. Test
vectors can then be generatedto cover thesefaults.
However thesefault models have beenrestricted to
only combinational circuits. Thaker et al. [35] have
shown that a set of stuck-at faults of variables in
high-level synthetic operators and at the boundaries
of RTL modulescan be usedas a statistical sample
for the gate-lewvel coverage analysis. In our tech-
nigue also we can use sud faults in the caseof a
hierarchical RTL circuit.

Recert work by Kang et al. [2]] usesa set of
stuck-at faults on primary inputs for high-level cov-
erage analysis. Their sensitization fault coverage
considersthe detection of ead primary input fault
separately at every primary output. The coverage
of sensitization faults is shavn to correlate well with
the stuck-at fault coverage in any gate-level im-
plemertation. Sensitization faults can be used in
the spectral method described here. In the preser
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work, howewer, we have used stuck-at faults at pri-
mary inputs and ip- ops, which can be detected
at any primary output. In terms of test generation
e ort, thesefaults are easierto cover than the sen-
sitization faults.

The gate-lewel spectral methods of test genera-
tion are relevant to the presen researt. In 1983,
Susskind [34] showed that Walsh spectrum can be
usedfor testing a digital circuit. General properties
and applications of digital spectra can be found in
the published literature [2, 9, 20, 37]. Hsiao and
Seth [19] further expandedthat work to compact
testing. More recertly, Giani et al. [13, 14] have re-
ported spectral techniquesfor sequetial ATPG and
built-in self-test. Hsiao'sgroup at Virginia Tec has
published further work on spectrum-basedself test
and coretest [3, 4, 23]. Khan and Bushnell [24] have
designedhardware signature analyzers using spec-
tral components. Zhang et al. [43] further re ned
the method of extracting the spectra from a digital
signal using a sel sh genealgorithm. Recen work
suggeststhat wavelet transforms can also be used
for similar application [7].

In this paper, we present a spectral method of
generating test vectors for sequettial circuits using
only RTL faults. The RTL faults consideredhere
are faults on the inputs and outputs of the circuit
and inputs and outputs of the FFs (since they re-
main invariant through synthesis). The RTL vectors
generatedto cover these faults, in general, detect
around 70to 80% of all detectablefaults in the syn-
thesized circuit. Our spectral analysis determines
the prominent digital function componerts and the
noise level in the RTL vectors. Vector sequences
generatedfrom these properties are found to detect
almost as many faults asany gate-level ATPG. Be-
sides,the sequencegan be compactedto about the
samesizeasthat producedby the gate-level ATPG.
In the RTL method, therefore, the use of gate-lewel
ATPG is eliminated and only a fault simulator is
used.

In another recert work, Yogi and Agrawal [42]
consider structure-free vectors generated ertirely
from input and output function of the circuit. These
vectorsthat might be normally usedfor simulation-
based veri cation of the circuit are analyzed for
prominent spectral componerts and new vectorsare
generatedfor improved gate-lewel fault coverage.

The outline of the paper is as follows. Section 2
gives an overview of how bit-streams can be an-
alyzed in the spectral domain. In Section 3 we
presert our method of RTL ATPG using spectral
analysisand discussresults in Section4. Finally we
concludein Section5.
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2. Background

Our method of test generation is based on the
premise that the spectrum of vectors that detect
high-level faults of the circuit re ects important
characteristics of the circuit. These characteris-
tics may include spatial and temporal correlations
among the bits of primary input vectors and the
necessaryector sequencdength to sensitize paths
betweenprimary inputs and outputs of a sequettial
circuit. Howewer, any high level test sequencehas,
besidesthe relevant spectra, someamount of noise,
which correspondsto the don't carebits in the tests
of target faults. Sowe analyzethe spectrum and the
noiselevel, and then generatenew vectorsusing the
spectrum, to which noise samplesare added.

Frequency decomposition means that any bit-
stream or signal can be projected on or represetted
using a set of orthogonal functions. The projec-
tions of the signal on ead of the functions give the
cortribution of the corresponding functions to the
original signal. We shall use Walsh functions [39]
becausethey have beenusedfor testing with e ec-
tiv e results.

Walsh functions are a set of orthogonal functions.
They consist of trains of square pulseshaving +1s
and -1s as the allowed states and can only change
at xed intervals of a unit time step. For an order
n, i.e., for a sequenceof n time steps, there are
2" Walsh functions given by the rows of a 2" 2"
Hadamard matrix H (n) [39], when arranged in the
so-called\sequency"” order [36, 40]. The Hadamard
matrix is a symmetric matrix with ead row being
a unigue Walsh orthogonal function, also called as
the basis function bit-streams. Sinceit consists of
only +1s and 1s,it is a good choicefor the signals
in VLSI testing (+1 = logic1, 1= logic 0). Also
multiplications can essetially be computed using
additions and subtractions only.

Hadamard matrices are square matrices cortain-
ing only +1 and 1 elemers and can be generated
using the following recurrencerelation:

H(n 1)
H(n 1)

_ H(n 1)
H (n) - H (n 1) (1)
whereH (0) = 1 and 2" is the dimension of the nth
order Hadamard matrix, H(n). For example, for
n=1andn= 2, we have:

e

2 3
1 1 1 1
1 1 _51 1 1
H(1) = 1 1 and H(2) = 1 1 1
1 1 1 1
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Figure 1. Spectral analysis of a stream of 8-bits. The essential Walsh component in this bit-
stream has magnitude 6 and is represented by the second row of Hadamard matrix, H(3).

An important property of the Hadamard matrix is
that its transposeis equal to its inverse. Thus,
H(n) H(N)T nl,, where I, is the 2" 2"
identity matrix. This simplies reconstruction of
the test vectors from the spectral domain. Any
bit-stream of k bits can be represened as a lin-
ear combination of the basis bit-streams from the
Hadamard matrix, H (log, k). For exampleconsider
k = 4. H(2) hasfour basisbit-streams, [111 1], [1

11 1],[11 1 1]and[l1 1 11]. An object
bit-stream [1 1 1-1]canbeexpressechs 1 [1
111]+1 [1 11 1]+1 [11 1 1]+ 1
[ 1 11], wherethe multiplicand usedfor a basis
bit-stream is the projection of the object bit-stream
on that basisbit-stream. We shall refer to them as
coe cien ts. By analyzing these coe cien ts we will
be able to determine the major cortributing basis
bit-streams in an original signal, which we shall re-
gard asimportant basisbit-stream functions.

3. Spectral RTL ATPG

Our approach to RTL test generation consistsof
two principal steps:

1. RTL spectral characterization

Test generationfor RTL faults

Spectral analysis
2. Gate-level test generation

Spectral vector generation

Vector sequencecompaction and coverage
analysis
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3.1 TestGenerationfor RTL Faults

The RTL faults consideredare the stuck-at faults
on primary inputs and outputs of the circuit and on
inputs and outputs of all ip-ops. These faults
remain invariant through logic synthesis.

3.2 Spectral Analysis

We obtain test vectors to detect RTL faults.
Thesevectors are analyzed using Hadamard matrix
to nd the major spectral componerts. To analyze
a vector sequencethe bit-streams entering various
inputs are analyzed separately The Os and 1s in
a bit-stream are represented as 1sand +1s. To
nd the coe cien ts for the bit-stream correspond-
ing to aninput, the bit-stream is multiplied with the
Hadamard matrix. The multiplication operation is
basically a correlation operation of the bit-stream
with ead of the basisbit-streams. A high value of
the coe cien t corresponds to a high correlation of
the bit-stream to the corresponding basisbit-stream
and vice-versa. Hence basis bit-streams exhibiting
high coe cien t values are consideredas important
or essetial componerts and others are considered
asnoise.

Figure 1 shows an example of generation of co-
e cien ts by projecting a bit-stream onto the basis
bit-streams and determining the essetial compo-
nert(s). In the example, an 8 bit-stream (0s and
1sin the original sequencebeing represened as 1s
and +1s) is analyzedby multiplying by athird order
8 8 Hadamard matrix. The corresponding result
givesthe coe cien ts. As shown, we obtained a sin-
gle coe cien t with high correlation, which we shall
treat as an essetial componert and others will be
treated as noise.

The RTL test vector sequencesand are not al-
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Figure 2. Walsh spectral coef cients

ways of lengths that are powers of 2. We have sev-
eral options of analyzing the bit-streams. One op-
tion is to usea limited dimension Hadamard matrix
and analyze piecesof the bit-stream individually .
However this method has the disadvantage that, it
might not be ableto capture the long periodicity in-
herent in the bit-stream. We can analyzethe whole
bit-stream together. We either needto truncate the
bit-stream or usea higher order Hadamard matrix.

For practical reasons,we use a dimension which is
closestto the length of the bit-stream. For example,
for a bit-stream of length 135we choosea Hadamard
matrix of dimension 128 and analyze only the rst

128 bits of the bit-stream. Analysis using a dimen-
sion of 256 is found to give rise to a large number
of noisy componerts due to the uncertainty in the
unspeci ed bits from 135to 256 and hencepreseris
dicult y in nding out the essetial componerts.
In caseswhere we choosea dimension greater than
the bit-stream, the bit-stream is extended with Os
up to the dimension of the matrix to indicate non-
inclusion of thesebits in the correlation operation.

Figure 2 shows the spectral coe cien ts for the
circuit bO1 whose bit-streams are of length 38 but
were analyzed using a 32 32 Hadamard matrix
after truncating the original bit-stream. The high
rising bars showv high correlation with the corre-
sponding basisbit-streams and theseare considered
essetial.
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for b0O1 cir cuit.

To determine the threshold, which separatesthe
essefial componerts from the noise componerts, a
technique in which the coe cien t value is compared
with the mean of the total spectrum is used. For
white noisewe shall have all equalvalued coe cien ts
and their magnitudes will be equal to the mean of
any other arbitrary spectrum. Hence after all the
coe cien ts are determined, they are squared and
the magnitude of the maximum coe cien t is com-
pared with the mean of all coe cien ts by taking a
ratio of the two. By performing this comparisonwe
are actually comparing the percertage of power in
the coe cien t to the meannoisepower. If the ratio
of the magnitude of the coe cien t being considered,
to the mean of the coe cien ts is greater than some
constart K, then the coe cien t and hencethe cor-
responding basisbit-steam is consideredto be an es-
sertial componert. The corresponding coe cien t is
removed from the spectrum and the sameprocessis
repeated for the next maximum coe cien t and oth-
ers correspondingly until the criteria are no longer
satis able. The coe cien ts thus remaining after
this processare considerednon-essetial or noise.
The constart K a ects which coe cien ts are being
consideredas essetial ones. A very high value of
K makesthe selectionprocessvery acute, selecting
only few componerts as essetial oneswhile a low
value of K may liberally select some non-essetial
componerts. We shall discussin the next section
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Figure 3. Bit-steam generation by perturbing the spectra. Note that the essential component

having a magnitude 6 is not perturbed.

how we use this value of K to obtain e cient test
vectors.

3.3 Spectral Vector Generation

After spectral analysis of the RTL vectors, the
spectral coe cien ts are obtained. To generatetest
vectors for gate-lewel faults, the essetial spectral
coe cien ts decided by the threshold are retained
and others, being considerednoise, can be Itered
out or changed as per the selected methodology.
Filtering out the noise componerts [13] may have
the disadvantage of losing some phaseinformation
inherent in those componerts, which is a part of
the characterization of the circuit. Hencein our
approad the noise componerts are perturbed in a
con dence range in terms of magnitude and/or in
phaseto generatenew coe cien ts. The con dence
levelscorrespond to the amount of randomnesso be
added. Thesemay depend on the circuit aswell as
the type of test vectors being used. We are working
onre ning thesecon dence levelsand the nature of
the spectral coe cien ts obtained from the RTL vec-
tors, by studying their statistical properties. Cur-
rently, to nd these levels we investigate di erent
rangeshby generating new coe cien ts in that range
and analyze the fault coveragesof the correspond-
ing test vectors. The threshold is kept the minimum
during this processto closelytrack the changes. A
trend is generally visible and the optimum rangefor
the con dence levelsis then selected.

The test vectors can easily be generatedfrom the
coe cien ts by multiplying the coe cien ts with the
Hadamard matrix again. Figure 3 shavs an exam-
ple of reconstruction of test vectors. As discussed
before, the value of the constart K, to selectthe
essetial componerts, has an impact on the nature
of the generatedtest vectors. A low value of K
tends to presene most of the nature of the origi-
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nal RTL vectors and has beenfound to give good
initial fault coverage. A high value of K tends to
selectvery few componerts as essetial, regarding
most as noise. This can sometimesgeneratevectors
that may detect hard to detect faults. Hence we
generatetest vector setswith dierent valuesof K .
Also sincewe are adding noise randomly, this vari-
ation gives dierent characteristics to ead vector
set. We generate multiple sets of vectors for eat
value of K .

3.4 SequenceCompactionand Coverage

Supposethe number of spectral componerts ob-
tained for a circuit is n. This number approxi-
mately equalsthe number of vectors obtained for
RTL faults. To be exact, this may equal the power
of 2 that is closestto the number of RTL vec-
tors. We generate perturbation vectors sequences,
Vi, Vo ; Vv , asdescribed in the previous sub-
section, ead of length n, sud that their coverage
as determined by fault simulation of the gate-lewel
circuit either readhes sometarget value or simply
saturates. Next, we compact the test by selecting
the smallest number of these sequenceswvithout re-
ducing the coverage.

Our compaction is done by an integer linear pro-
gram (ILP), in asimilar way ashasbeenreported in
the literature [8, 10, 17, 22, 26]. During fault simu-
lation, at the beginning of ead vector sequencehe
complete fault list is restored and the circuit is set
to an unknown state. Thus, the coverageobtained
for a sequenceremains valid irrespective to the or-
der in which it is applied. Besides,the fault sim-
ulator provides a complete list of vector sequences
that detect eat fault. The vector sequenceV; is as-
signedan integer variable, x; [0; 1], meaningthat if
x; = 1, wewill selectthe ith sequenceptherwisewe
will discard it. Now supposekth fault is detected



by sequences/s; V4, and Vi1. Then the following
ILP constraint insures that we select at least one
sequencehat detects this fault:

X3+ X4+ X11 1 3)

The number of such constraints equals the num-
ber of faults. The ILP then determinesthe values
of variables x;'s that satisfy all constraints of the
type 3 with the following objective function:

XM
Minimize Xi 4
i=1

where M is the total number of vector sequences
generated. For the results givenin the next section,
we usedthe ILP software cortained in the AMPL
mathematical programming padkage [11]. In the
ILP solution, the smallest possible number of x's
is assignedthe value 1 and all others are assigned
0. If x; = 0 then the sequenceV; is discarded. The
remaining sequencegorm the compactedtest set.

4. Results

The spectral technique of RTL-ATPG was ap-
plied to three ITC'99 RTL bendimark circuits b01,
b09and b11 and four ISCAS'89 benchmark circuits.
The ITC'99 RTL benchmark circuits were synthe-
sizedin two ways, by optimizing area and by opti-
mizing delay. The characteristics of these di erent
circuits are shown in Table 1.

The test vectorsfor RTL faults were obtained us-
ing the Mentor Graphics tool FlexTest[27] which is
a sequetiial ATPG systemwith a built in fault sim-
ulator. Those RTL vectors were analyzed for their
spectrum, new vector sequencesvere generatedus-
ing the technique discussedabove and nally they
were compacted. Results were obtained on Sun Ul-
tra 5 madchineswith 256MB RAM. Table 2 showsthe
characteristics of the RTL test vectorsgeneratedfor
the circuits. Column 1 lists the circuit name. Here
b01-A and b01-D are the area and delay optimized
implemertations of the b01 ITC'99 benchmark. IS-
CAS'89 benchmarks are already at the gate-lewel.
For s5378and s9234,we created additional versions
by adding a global reset input in the original cir-
cuits. These are denoted with an asterisk (*) in
Tables2 and 3.

Column 3 of Table 2 lists the number of RTL
faults, which are the faults at the primary inputs,
primary outputs, and the inputs and outputs of ip-
ops. For example, considerthe circuit b11, which
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Table 1. Circuit description.

[ Circuit [PIs [ POs [ FFs |
bO1 2 2 5
b09 1 1 28
b1l 7 6 31

s1488 8 19 6
s5378 36 49 | 179
9234 37 39| 211
35932 36| 320| 1728

according to Table 1 has 7 primary inputs, 6 pri-
mary outputs and 31 ip-ops. These do not in-
clude the clock and reset inputs. Including those
the primary input count is increasedto 9. Each
ip-op has v eterminals, three inputs (data, clock
and reset) and two outputs (Q and Q). Therefore,
the RTL fault setconsistsof2 (9+ 6+ 31 5) = 340
stuck-at faults asshown in column 3 of Table 2.

Next in Table 2 appear the number of RTL test
vectors, test generationtime (CPU s) and the num-
ber of spectral componerts. In the absenceof a
true RTL ATPG program, we used FlexTest [27]
to derive tests just for the selectedstuck-at faults
we designateas RTL faults. For the ITC'99 bend-
marks this was done for two gate-lewel versions,one
synthesized with area optimization and the other
with delay optimization. The number of spectral
componerts in the sixth column is the number of
RTL vectorsrounded o to the nearestpower of 2.

The last two columns of Table 2 show the fault
coveragesof the RTL vectors. RTL Coverageis the
coverageof just the RTL faults and gate-lewel cov-
erageis the coverage of all stuck-at faults in the
implemertation. As expected, the gate-lewel cover-
ageis lower than the normal requiremert of being
closeto 100%. We will useour spectral technique to
enhancethis coverage. The low coverageof the RTL
faults, howewver, may indicate a testability problem,
which could limit our ability to increasethe cover-
ageeither by the spectral technique or by gate-lewel
ATPG.

Table 3 givesa comparisonof the proposedRTL
ATPG method with gate-level sequetial ATPG.
The rst two columnsgive the circuit nameand the
number of gate level single stuck-at faults. The per-
formancesof RTL ATPG{sp ectral tests, gate-le\el
ATPG, and random vectors can be compared by
examining the data in the subsequeh columns.

For RTL-ATPG, the number of vectorsis the to-
tal number vectorsin the compactedtest sequences.
Consider the circuit b01-A. In Table 2, there are
38 RTL vectors that provide 64, i.e., 38 rounded
to next power of 2, spectral componerts. Ten se-



Table 2. Spectral characterization of circuits by RTL vector s.

Circuit RTL Characterization

Name Gate-level No. of | No. of | CPU | No. of spectral RTL Gate-level

synthesis faults | vectors s Componerts Cov. (%) | Cov. (%)
b01-A | Area optimized 62 38 <1 64 94.57 96.33
b01-D | Delay optimized 62 31 <1 32 94.57 85.45
b09-A | Area optimized 248 109 519 128 75.22 78.18
b09-D | Delay optimized 248 193 418 256 75.22 72.69
b11-A | Area optimized 340 224 530 256 76.16 74.09
b11-D | Delay optimized 340 174 767 256 76.32 84.14
51488 ISCAS'89 104 38 1 64 83.12 64.34
s5378 ISCAS'89 1602 115 1185 128 55.36 68.82
s5378* | ISCAS'89+Reset | 1962 82 444 64 69.22 65.04
9234 ISCAS'89 1840 16 706 16 18.48 16.45
s9234* | ISCAS'89+Reset | 2264 59 2495 64 49.85 43.58
$35932 ISCAS'89 14536 92 50 64 68.80 94.03

guences,eact of 64 vectors, were generatedby the
perturbation technique of Subsection3.3. The fault
simulator of FlexTest [27] provided a gate-le\el test
coverageof 99.57%for the 228stuck-at faults shown
in column 2 of Table 3. Note that the test cover-
ageof FlexTestis an upward adjusted coverage,ac-
courting for faults that are found to be untestable.
The ILP compaction technique of Subsection3.4 se-
lected two sequenceseducing the test length to 128
vectors. The ATPG time in column 5 includes the
times for RTL characterization (from Table 2), per-
turb ed spectral sequencegeneration, fault simula-
tion, and ILP compaction. Of these, RTL char-
acterization and fault simulation are the dominant
componerts, the other two being negligible.

Next, we nd that FlexTest generates75 vectors
for a 99.77%test coverageand 640 random vectors
(same number as in ten spectral sequences)have
97.78% test coverage. As we move down in Ta-
ble 3, circuits becomelarger and we obsene that
RTL ATPG provides about the sametest coverage
and vector lengths as the gate-level ATPG, but its
time increasesslower. Moreover, the RTL faults
used for circuit characterization and vector gener-
ation are implemertation independert. Noticeably,
the test coverage of random vectors tends to drop
as circuits becomelarger.

Figures 4 and 5 comparethe graphs of test cov-
eragepercertage against the number of vectors for
two circuits, b11-A and s35932,for RTL spectral
ATPG vectors, gate-lewel ATPG vectors and ran-
dom vectors. The gate-lewel coveragesof RTL vec-
tors (generatedto cover RTL faults only) are also
shovn by a point in ead graph. For bl11-A, the
coverageof RTL ATPG is about 4% higher, vector
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length about double and CPU time about half when
comparedto the gate-level ATPG. For s35732RTL
ATPG obtained only a fractionally lower coverage
with a much reducedtest length and used about a
third of CPU time.

5. Conclusion

We have preserted a new method of RTL test
generation using spectral techniques. Test vec-
tors generated for RTL faults are analyzed using
Hadamard matrix to extract important featuresand
new vectors are generatedretaining those features.
Generation of dierent types of test sets and per-
forming compaction on them has beenfound to be
an e cien t and reliable method for test generation.
Resultsshow that ascircuits becomelarger the RTL
method may have advantagesover gate-level ATPG.
This revealsa promisein generation of test vectors
at RTL by spectral analysis.

Performing RTL test generation brings with it
the advantages of lower memory, computation and
generationtime complexity. It enablesthe testabil-
ity appraisal at RTL, and hencee orts canbe made
to improve testability when the designis conceptu-
alized at the higher levels of abstraction itself. It
also enablesthe testing of circuits for whom only
the functional information is known.

Availability of a RTL ATPG will relieve the re-
liance of our method on the requiremert of a synthe-
sizedcircuit for test generation. Seeral high-level /
RTL fault models and test generation systemshave
been proposedby Hayne and Johnson [16], Riesgo
and Uceda [33], Armstrong et al. [1, 5, 28, 3§].
These can be e ectively used for a RTL ATPG.



Table 3. Comparison of RTL ATPG and Sequential gate-level ATPG results.

Circuit No. of RTL ATPG { spectral tests Gate-level ATPG Random inputs
name | gate-lewel | Cov. No. of Compaction | Cov. No. of ATPG | No. of Cov.
faults % vectors CPU s % vectors CPU s | vectors %
b01-A 228 99.57 128 19 99.77 75 1 640 97.78
b01-D 290 98.77 128 19 99.77 91 1 640  95.80
b09-A 882 84.68 640 730 84.56 436 384 3840 11.71
b09-D 1048 | 84.21 768 815 78.82 555 575 7680 6.09
bl1-A 2380 | 88.84 768 737 84.62 468 1866 | 3840 45.29
b11-D 3070 | 89.25 1024 987 86.16 365 3076 | 3840 41.42
51488 4184 | 95.65 512 103 98.42 470 131 1600 67.47
s5378 15584 | 76.49 2432 2088 76.79 835 4439 | 3840 67.10
s5378* 15944 | 73.59 1399 718 73.31 332 22567 | 2880 62.77
9234 28976 | 17.36 64 721 20.14 6967 18241 160 15.44
$9234* 29400 | 49.47 832 2734 48.74 12365 4119 | 2176 33.06
s35932| 103204 | 95.70 256 1801 95.99 744 3192 320 50.70
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Figure 4. Test coverage of RTL ATPG (spectral vector s) for area optimiz ed b11-A circuit.
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Figure 5. Test coverage of RTL ATPG (spectral vector s) for s35932 cir cuit.

Also meansneedto befound to circumvent the need
of a synthesized circuit for test compaction. The
need for the improvemert in the current method
is displayed in caseslike the circuit b09. The cur-
rent method derivesit e ciency from the quality of
RTL test vectors,and hencemore e ort in detection
of RTL faults is bound to improve the RTL-ATPG
results. Methods like N-detection or use of input-
output fault pairs for RTL faults can bring about
an improvemert in the results. The computation
time may be e ectiv ely reduced by a better com-
paction method [6, 18, 29, 30]. Another application
of the spectral analysis to corvert the functional
veri cation sequencesnto compact gate-lewel fault
coveragevectors is being investigated [42)].

References

[1] D. S. Barclay and J. R. Armstrong, \A Heuristic
Chip-level Test Generation Algorithm," in Proc.
23rd Design Automation Conf., 1986, pp. 257{262.
K. G. Beauchamp, Applications of Walsh and Re-
lated Functions with an Intr oduction to Seguency
Theory. Orlando, FL: Academic Press, 1984.

X. Chen and M. S. Hsiao, \Characteristic Faults
and Spectral Information for Logic BIST," in Proc.
Int. Conf. Computer-Aided Design, Nov. 2002, pp.
294{298.

X. Chen and M. S. Hsiao, \T esting Embedded Se-
quential Cores in Parallel Using Spectrum-Based
BIST," IEEE Trans. Computers, vol. 55, no. 2, pp.
150{162, Feb. 2006.

(2]

(3]

[4

—_—

IEEE NATW'06

[5]

[6]

[7]

(8]

[10]

[11]

[12]

73

C. H. Cho and J. R. Armstrong, \B-algorithm: A
Test Generation Algorithm," in Proc. International
Test Conf., 1994, pp. 968{979.

F. Corno, P. Prinetto, M. Rebaudengo, and
M. SonzaReorda, \New Static Compaction Tech-
niques of Test Sequencesfor Sequerial Circuits,"
in Europ. Design & Test Conf., Mar. 1997, pp. 37{
43.

S. K. Devanathan and M. L. Bushnell, \Sequential
Spectral ATPG Using the Wavelet Transform and
Compaction," in Proc. 19th International Confer-
ence on VLSI Design, 2006, pp. 407{412.

P. Drineas and Y. Makris, \Indep endert Test
Sequence Compaction through Integer Program-
ming," in Proc. International Conf. Computer De-
sign, 2003, pp. 380{386.

B. J. Falkowski, \Sp ectral Testing of Digital Cir-
cuits," VLSI Design, vol. 14, no. 1, pp. 83{105,
2002.

P. F. Flores, H. C. Neto, and J. P. Marques-Silva,
\An Exact Solution to the Minim um Size Test Pat-
tern Problem," ACM Trans. Design Automation of
Electronic Systems vol. 6, no. 4, pp. 629{644, oct
2001.

R. Fourer, D. M. Gay, and B. W. Kernighan,
AMPL: A Modeling Language for Mathematical
Programming. South San Francisco, California:
The Sciertic Press, 1993.

I. Ghosh and M. Fujita, \Automatic Test Pattern
Generation for Functional RTL Circuits Using As-
signment Decision Diagrams," in Proc. 35th Design
Automation Conf., 1999, pp. 43{48.



[13] A. Giani, S. Sheng, M. S. Hsiao, and V. D.
Agrawal, \Ecien t Spectral Tedniques for Se-
quential ATPG," in Proc. Design, Autom. & Test
in Europe (DATE) Conf., 2001, pp. 204{208.

A. Giani, S.Sheng,M. S.Hsiao, and V. D. Agrawal,
\No vel Spectral Methods for Built-In  Self-Test in
a System-on-a-Chip Environment," in Proc. 19th
IEEE VLSI Test Symp., 2001, pp. 163{168.

O. Goloubeva, G. Jervan, Z. Peng, M. Sonza Re-
orda, and M. Violante, \High-lev el and Hierarchical
Test SequenceGeneration,” in Proc. of HLD VT,
2002, pp. 169{174.

R. J. Hayne and B. W. Johnson, \Behavioral Fault
Modeling in a VHDL Synthesis Environment,” in
Proc. 17th VLSI Test Symposium, April 1999, pp.
333{340.

D. S. Hochbaum, \An Optimal Test Compres-
sion Procedure for Combinational Circuits," |IEEE
Trans. Computer-Aided Design, vol. 15, no. 10, pp.
1294{1299, oct 1996.

M. S. Hsiao, E. M. Rudnick, and J. H. Patel, \F ast
algorithms for static compaction of sequerial cir-
cuit test vectors," in Proc. 15th IEEE VLS| Test
Symp., Apr. 1997, pp. 188{195.

T.-C. Hsiaoand S. C. Seth,\An Analysis of the Use
of Rademader-Walsh Spectrum in Compact Test-
ing," IEEE Trans. Computers, vol. 33, pp. 934{938,
Oct. 1984.

S.L. Hurst, D. M. Miller, and J. C. Muzio, Spectral
Techniques in Digital Logic. Orlando, FL: Acad-
emic Press, 1985.

[21] J. Kang, S. C. Seth, and V. Gangaram, \A Func-
tional Fault Model for Coverage Analysis and Test
Generation,” 2006. Manuscript in preparation.

K. R. Kantipudi and V. D. Agrawal, \On the Size
and Generation of Minimal N -Detection Tests," in
Proc. 19th International Conf. VLSI Design, 2006,
pp. 425{430.

G. Kasturirangan and M. S. Hsiao, \Sp ectrum-
Based BIST in Complex SOCs," in Proc. 20th
IEEE VLSI Test Symp., Apr. 2002, pp. 111{116.

O. I. Khan and M. L. Bushnell, \Aliasing Analysis
of Spectral Statistical Response Compaction Tec-
niques,” in Proc. 19th International Conference on
VLSI Design, 2006, pp. 801{806.

H. Kim and J. P. Hayes,\High-Co verage ATPG for
Datapath Circuits with Unimplemented Blocks," in
Proc. International Test Conf., 1998, pp. 577{586.
J. P. Marques-Silva, \In teger Programming Models
for Optimization Problems in Test Generation," in
Proc. IEEE Asia-South Paci ¢ Design Automation
Conf., 1998, pp. 481{487.

[27] Mentor Graphics, FastSan and FlexTest Reference

Manual, 2004.

[28] M. D. O'Neill, D. D. Jani, C. H. Cho, and J. R.
Armstrong, \BTG: A Behavioral Test Generator,"

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[22]

[23]

[24]

[25]

[26]

IEEE NATW'06

74

in Proc. 9th Int. Symp. on CHDLs and their Ap-
plications, 1989, pp. 347{361.

I. Pomeranz and S. M. Reddy, \Dynamic test com-
paction for synchronous sequerial circuits using
static compaction techniques,” in Proc. Symposium
on Fault Tolerant Computing, June 1996, pp. 53{
61.

[30] I. Pomeranz and S. M. Reddy, \On Static Com-
paction of Test Sequencedor Synchronous Sequen-
tial Circuits,” in Proc. 33rd Design Automation
Conf., 1996, pp. 215{220.

I. Pomeranzand S. M. Reddy, \P attern Sensitivity:
A Property to Guide Test Generation for Combi-
national Circuits," in Proc. 8th Asian Test Sympo-
sium, 1999, pp. 75{80.

S. Ravi and N. K. Jha, \F ast Test Generation for
Circuits with RTL and Gate-Level Views," in Proc.
International Test Conf., 2001, pp. 1068{1077.

T. Riesgoand J. Uceda,\A Fault Model for VHDL
Descriptions at the Register Transfer Level,” in
Proc. EURO-DAC/EUR O-VHDL , 1996, pp. 462{
467.

A. K. Susskind,\T esting by verifying Walsh coe -
cients," IEEE Trans. Computers, vol. 32, no. 2, pp.
198{201, Feb. 1983.

P. A. Thaker, V. D. Agrawal, and M. E. Za-
ghloul, \A TestEvaluation Tednique for VLSI Cir-
cuits Using Register-Transfer Level Fault Model-
ing," IEEE Trans. CAD, vol. 22, no. 8, pp. 1104{
1113, Aug. 2003.

A. R. Thompson, J. M. Moran, and G. W. Swenson
Jr., Interfer ometry and Synthesisin Radio Astron-
omy. New York: Wiley Publisher, 1986.

[37] M. A. Thornton, R. Drechsler, and D. M. Miller,
Spectral Techniques in VLSI CAD. Boston:
Springer, 2001.

[38] P. C. Ward and J. R. Armstrong, \Behavioral Fault
Simulation in VHDL," in Proc. 27th. ACM/IEEE
Design Automation Conf., 1990, pp. 587{593.

[39] E. W. Weisstein. From MathW orld{A Wolfram
Web Resource. http://math world.wolfram.com.

[40] S. Wolfram, A New Kind of Sciena. Champaign,
IL: Wolfram Media, 2002.

[41] J. Yi and J. P. Hayes,\A Fault Model for Function
and Delay Faults," Journal of Electronic Testing:
Theory and Applications, vol. 21, no. 6, pp. 631{
649, 2005.

N. Yogi and V. D. Agrawal, \Sp ectral Character-
ization of Functional Vectors for Gate-Level Fault
Coverage Tests," 2006. Manuscript in preparation.

J. Zhang, M. L. Bushnell, and V. D. Agrawal, \On
Random Pattern Generation with the Sel sh Gene
Algorithm for Testing Digital Sequertial Circuits,"
in Proc. International Test Conference, 2004, pp.
617{626.

[29]

(31]

(32]

(33]

(34]

(35]

(36]

[42]

[43]



