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Abstract

ATPG test patterns of a digital sequential circuit
contain temporally and spatially ordered bits as well
as random bits. We synthesize BIST hardware that
mimics these characteristics by controlled mixing of
spectral components and noise. A Hadamard digital
wave generator circuit produces all required spectral
sequences and a weighted pseudorandom bit generator
provides random bits. While these two blocks serve the
entire circuit under test, specific to each primary input
are two small blocks, one that combines the required
Hadamard sequences in proper proportions and the
other a randomizer that adds the required amount of
noise if necessary. As an example, the FlexTest ATPG
produced 55110 patterns for s38417, detecting 15472 of
31180 stuck-at faults. Sixty four-thousand BIST pat-
terns detected 17020 faults as compared to 4244 de-
tected by a previously reported spectral BIST method
utilizing similar hardware overhead.

1. Introduction

For built-in self-test (BIST), scan-based testing has
been the prevalent method of testing. Thus, all flip-
flops are made scanable using a scan chain. The hard-
ware is easy to implement and can often give high fault
coverage. This primarily avoids the high BIST cost of
generating non-random sequential patterns. However,
there are several disadvantages. The area overhead of
scanned circuits can be as high as 25%, as all flip-flops
must be scanned. Inserting scan flip-flops in the crit-
ical paths can affect the timing and the speed of the
circuit. Since the flip-flops need to be scanned to apply
the test vectors and to observe the responses, the test
times grow very rapidly with the number of flip-flops.
Scan testing can cause unnecessary yield loss due to
the non-functional nature of the tests. The scan chain
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cannot be operated at the rated clock to test for delay
faults due to high test power dissipation. Hence other
scan-based methods like launch-on-shift and launch-on-
capture are used to cover them which have their addi-
tional challenges.

Non-scan testing avoids any modification to the cir-
cuit and relies on testing the circuit using only the pri-
mary inputs and outputs. The above mentioned dis-
advantages of scan-based testing are eliminated in this
method and at-speed functional testing of the circuit
becomes possible. However, it suffers from two prob-
lems. First, a sequential automatic test pattern gen-
erator (ATPG) is required for generating vectors for
non-scan circuits, whose test generation complexity is
high [16]. The fault coverage achieved can be low, as
some faults are either not detectable in the sequential
mode or no tests are found due to backtrack and CPU
time limits of the ATPG program. The second prob-
lem is that generating vectors for sequential circuits in
a BIST environment can be nontrivial because many
faults in sequential circuits are random pattern resis-
tant and BIST circuits to produce prespecified test se-
quences can be expensive.

The proposed spectral BIST method addresses the
second issue, which is test pattern generation for BIST.
The goal of this work is to replicate the characteristics
of the already obtained ATPG vectors so that the new
generated vectors have at least the same efficacy as
the ATPG vectors. The problem can be generalized to
include any pre-existing set of vectors instead of ATPG
vectors. In this work we consider ATPG vectors due to
their high quality in terms of fault detection.

For the problem at hand, instead of reproducing the
exact ATPG sequence, we synthesize BIST to generate
patterns with similar spectral characteristics. These
BIST patterns are not the same as the ATPG patterns
but excite somewhat similar behavior in the circuit. Se-
quences longer than the original ATPG sequences can
even produce higher coverages. The contribution of
this paper is a spectrum and noise analysis of ATPG
patterns and a generalized BIST hardware synthesis
procedure.
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We use the commercial sequential ATPG tool Flex-
Test [17] to generate vectors for the circuit under test
(CUT) using the stuck-at fault model. The aim of the
proposed BIST methodology is then to design hard-
ware with minimum area overhead which recreates the
essential spectral properties of ATPG vectors. The
ATPG vectors are analyzed for their prominent spec-
tral components using Hadamard transform. These
prominent spectral components, which are generated
by a Hadamard wave generator, are mixed in appropri-
ate proportions and randomness if necessary is inserted
in appropriate proportions. The major contribution of
this work is a novel approach of spectral BIST which
gives high fault coverage with a reduced hardware over-
head as compared to existing published works. The
proposed method although uses Hadamard transform
for spectral analysis, it is adaptable for other trans-
forms like Haar transform. We also propose a novel
hardware approach for combining spectral components.

In this paper, Section 2 gives a brief description of
previously published work in the area of BIST for se-
quential circuits. Section 3, for completeness, gives a
brief description of how binary bit-streams can be ana-
lyzed in the spectral domain, which is explained in de-
tails in the literature [11, 34]. Section 4 describes the
proposed spectral BIST method and in Section 5 we
present the results obtained on eight ISCAS’89 bench-
mark circuits. We conclude in Section 7.

2. Prior Work

Several articles have been published on sequen-
tial BIST using random and weighted random pat-
terns [3, 4, 20, 21, 31]. Some methods [20, 31] are
based on modifying the flip-flops to increase the num-
ber of reachable states of the sequential circuit to en-
hance the fault coverage. In another approach [21],
selected input patterns from a set of pseudo-random
patterns generated by an LFSR, are held for several
time units to give high fault coverages. Several meth-
ods [3, 4, 19, 29, 30] are based on weighted random
patterns. Some authors [2, 15] generate weighted ran-
dom patterns using counters, while others [6] use bit
fixing. In [22, 23], a parameterized structure for test
pattern generation using counters and comparators was
proposed. Although the reported fault coverages was
close to the deterministic patterns, the area overhead
was high. Generally, the above mentioned methods
suffer from disadvantages like high area or delay over-
heads, high complexity and inability to obtain consis-
tently satisfactory results for a range of circuits.

Spectral analysis of sequential test patterns show
that test sequences exhibit certain periodicities. Gi-
ani et al. [11] proposed a spectra based test genera-
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tion scheme, where new vectors were generated repli-
cating the enhanced spectral components of earlier vec-
tors, which detected faults. For a BIST environment,
they [12] proposed an extension of that method [11]
using an in-built microprocessor to generate the vec-
tors. Chen and Hsiao [7] modified that method [12] for
only the hard to detect faults. Bushnell et al. [8] pro-
pose a Haar wavelet based BIST method for sequential
circuits which gives fault coverages close to the deter-
ministic patterns for several circuits.

3. Background

Our BIST synthesis is based on the premise that
the spectrum of vectors that detect faults in a circuit
reflect important characteristics of the circuit. These
characteristics may include spatial and temporal cor-
relations among the bits of primary input vectors and
the necessary vector sequence length to sensitize paths
between primary inputs and outputs of a sequential cir-
cuit. Along with the relevant spectra, some amount of
noise or randomness is present, which corresponds to
uncorrelated bits in the tests generated for some tar-
get faults. The noise-like behavior of these bits allows
detection of untargeted faults that require similar, but
not exact same, test sequences.

We use Walsh functions [27] to analyze the spectrum
because they have been used for testing with effective
results. These are a set of orthogonal functions consist-
ing of trains of square pulses with +1s and -1s as the
allowed states that can only change at fixed intervals of
a unit time step. For order n, i.e., for a sequence of 2™
time steps, there are 2" Walsh functions given by the
rows of a 2" x 2" Hadamard matrix H(n) [26, 27, 28].

Hadamard matrices can be generated using the fol-
lowing recurrence relation:

Hn—-1) H(n-1)
Hn—-1) —H(n-1) (1)

where H(0) = 1, and 2" is the dimension of the nth
order Hadamard matrix, H(n). Any bit-stream of k
bits can be represented as a linear combination of the
Walsh functions obtained from the Hadamard matrix,
H(logy k), where the multiplicand used for each func-
tion is the projection of the original bit-stream on that
function. We shall refer to these multiplicands as com-
ponents or coefficients. By analyzing the components
we will be able to determine the major contributing
Walsh functions in a given bit-stream.

H(n)=

4. Proposed Spectral BIST Method

We propose a novel BIST synthesis method using
Hadamard transform and spectral techniques. One
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Figure 1: Spectral analysis of a stream of 8-bits. The prominent Walsh component in this bit-stream has
magnitude 6 and is represented by the second row of Hadamard matrix, H(3).

may use any commercial or home-grown sequential
ATPG tool, FlexTest [17] in our case, to generate test
vectors for the CUT. The goal is then to regenerate
those vectors in hardware using minimum area over-
head such that the original fault coverage of the deter-
ministic ATPG vectors is achievable. The proposed
method consists of two steps. In the first step the
ATPG vectors are analyzed using Hadamard transform
for prominent spectral components as well as their ran-
domness (noise-like) content. Using this information,
the spectral BIST is implemented in step two. The two
steps are described below.

4.1 Spectral Analysis

As mentioned above, a spectral analysis is performed
on the ATPG vectors using Hadamard transform [34].
The bit-streams entering various inputs of the CUT are
analyzed separately. The Os and 1s in a bit-stream are
represented as -1s and +1s, respectively. To find the
spectral components for a bit-stream, it is multiplied
with the Hadamard matrix. Figure 1 shows an exam-
ple of generation of spectral components using Walsh
functions. In the example, an 8 bits bit-stream (0s and
1s represented as —1s and +1s) is analyzed by multi-
plying by a third order 8 x 8 Hadamard matrix. The
corresponding result gives the spectral components.

The ATPG vectors are analyzed in sets, each of
length N, where N is an appropriate dimension cho-
sen for the Hadamard matrix. Later we shall discuss
the selection of the value for N. The analysis of ATPG
vectors can be performed either on discrete sets of vec-
tors or the sets can be overlapped. Overlapping of sets
helps in sampling the vectors at closer spaced intervals.
The overlapping length (Oy) has to be chosen appro-
priately. Analyzing vectors with low overlapping may
lead to loss of information, while a high overlapping
may lead to sampling the noise in the spectrum. We
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choose a value of Oy equal to 2 /4 for optimum re-
sults. The spectral analysis of a set ¢ of length N for a
primary input j of the CUT provides an original com-
ponent spectrum denoted by Cj; and a power spectrum
(which is the square of C;;) denoted by P;;. After the
spectral analysis of all the sets, all C; spectra and the
P; spectra are averaged for each input j, separately, to
obtain the averaged component spectrum C; and av-
eraged power spectrum P; respectively for all inputs
j. We then perform a threshold filtering on the spec-
tra P; and C; using threshold values of Ty and /Ty
respectively. The threshold value Ty like the overlap-
ping length Oy needs to be chosen appropriately. A
high value of Ty will lead to information loss; while a
low value will be ineffective in removing noise. We use
a value of T equal to 0.5 times the average power of
the resultant spectrum.

The averaged power spectrum P; gives the promi-
nent spectral components in the test vectors for the
different inputs j of the CUT, while the averaged com-
ponent spectrum C; gives the sign or phase of those
components. From the P; spectrum we choose the top
M prominent components for each input j based on
their magnitude. Their sign is determined by the C}
spectrum. For our experiment, we chose a value of
M = 4. The M prominent components along with
their power magnitudes and signs are then used for
BIST implementation.

4.2 Spectral BIST Implementation

The goal of the BIST implementation is to design
hardware that will generate vectors exhibiting similar
component spectrum C' and power spectrum P as the
original ATPG vectors. This is achieved by combining
the chosen M prominent components in appropriate
proportions and phases. This is implemented using a
spectral component synthesizer. Randomness or noise
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Figure 2: Proposed spectral BIST architecture.
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if required is inserted in appropriate amounts to the
generated vectors. This is achieved using the random-
izer circuit.

Figure 2 shows the proposed spectral BIST ar-
chitecture, which consists of: Hadamard wave gen-
erator, Spectral component synthesizer, Randomizer,
Weighted pseudo-random bit-stream generator, Holder
circuit and Clock divider circuit. Figure 2 is a BIST
circuit designed for a CUT with three inputs. The
Hadamard wave generator generates the spectral com-
ponents which are combined by the component synthe-
sizer (generally, one per PI) using random bit-streams
provided by the weighted pseudo-random bit-stream
generator. The spectral component signals are shown
in dark bold lines while the weighted random signals
are in dotted lines. Noise if required is inserted in the
combined spectral components by randomizer (also one
per PI) supplied with an appropriate weighted random
bit-stream. In this example, the first input of the CUT
has three prominent components, which are combined
by the component synthesizer. The second input of
the CUT has only one prominent component, hence no
component synthesizer is required. A randomizer adds
the required amount of noise. The third input of the
CUT has no prominent components and hence a ran-
dom bit-stream is directly fed from the pseudo-random
bit-stream generator. Next, we describe the compo-
nents of this BIST architecture.

4.2.1 Hadamard Wave Generator

The heart of the proposed BIST hardware is the
Hadamard wave generator, which generates the Walsh
functions or Hadamard spectral components for the

cuT
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spectral component synthesizer. There is much liter-
ature on Walsh function generators [9, 5, 10, 14, 37].
Many implementations are based on an arithmetic or a
Gray code counter and combinational logic. The speed
of operation of such designs is restricted by the speed of
the counter. Other fast implementations exist, but they
require extra hardware. We selected a Walsh function
generator proposed in [14], which uses an arithmetic
counter and has low hardware overhead. The genera-
tor of order N, which generates 2V Walsh functions,
requires N flip-flops and 2% — N — 1 XOR gates. Fig-
ure 5 shows an example of a Walsh function generator
of order 4, which is taken from [37].

The order of the Hadamard matrix N, used for spec-
tral analysis, is also used to implement the Hadamard
wave generator. Since higher order Hadamard matri-
ces are constructed from lower order matrices [27, 28],
lower order matrices form a subset of the higher or-
der matrices. Thus higher order matrices are able to
characterize a given bit-stream better than lower order
matrices. However the area overhead for implementing
the Hadamard wave generator increases exponentially
with the order of the Hadamard matrix as mentioned
earlier. Hence we have a tradeoff between the resolu-
tion of spectral analysis and the area overhead of the
implemented hardware. For our implementation, for
the value of IV, we chose a lower bound of 4 and an up-
per bound of 8. These bounds were chosen so that they
would provide the optimum tradeoff mentioned above.
The specific value was chosen such that the hardware
overhead of the wave generator was approximately 5%
of the total circuit area.

4.2.2 Spectral Component Synthesizer

As described earlier, M prominent spectral compo-
nents are combined in required proportions and phases.
The proportions are determined from the power mag-
nitude of the spectral components (from spectrum P)
and phases from their signs (from spectrum C), both
of which are obtained from spectral analysis of Sec-
tion 4.1. We combine the spectral components in a
multiplexer called “spectral component synthesizer”, as
shown in Figure 3. The inputs to the multiplexer are
the chosen spectral components, which are generated
by a Hadamard wave generator, and its select line is
driven by a weighted random bit-stream. The weight-
ing of the bit-stream is determined by the proportion in
which the components are to be combined. Figure 3 de-
picts an example of the proposed structure which com-
bines three spectral components SC1, SC2 and SC3 in
proportions of 0.25, 0.25 and 0.5, respectively.
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Figure 4: Randomizer XOR gate that randomly
flips 25% of bits.

4.2.3 Randomizer

Along with the prominent spectral components, some
randomness or noise is present in the ATPG vectors
which need to be inserted in the regenerated vectors.
Due to the filtering effect of the threshold Ty, for some
of the inputs, the number of selected prominent com-
ponents (Mg) could be less than M. For inputs with
Mg > 1, it is observed that some amount of noise is in-
herently inserted by the spectral component synthesizer
due to its use of a weighted pseudo-random bit-stream.
However for inputs with Mg = 1, noise needs to be
inserted explicitly. For such inputs the level of noise
or perturbations to the prominent spectral component
is generally very low although important and spread
out in the long sequences of ATPG vectors which are
not picked up by the short sequence spectral analy-
sis. To estimate the amount of noise in such sequences,
we analyze their runs of Os and 1s. We pick the top
95% of the run lengths to eliminate the noisy effects
of the short run-lengths. The reciprocal of the aver-
age of the selected run-lengths then gives the average
amount of randomness or perturbation to be inserted
in the prominent spectral component. The perturba-
tion is then inserted in the generated vectors using the
randomizer which performs an XOR operation with a
weighted random bit-stream. Figure 4 shows an ex-
ample of flipping 25% of the bits randomly by using a
randomizer XOR gate.
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Figure 5: Walsh function generator of order 4 that
generates 16 Walsh functions [37].

4.2.4 Weighted Pseudo-Random Bit-Stream
Generator

This circuit generates weighted pseudo-random bit-
streams required by the component synthesizer and the
randomizer. We use a 16-bit cellular automata register
to generate the pseudo-random bit-streams. Weighted
bit-streams are obtained using a combination of AND
and OR gates as required. The different weights to
be generated are determined by the proportions in
which the spectral components are to be mixed and
by the amount of randomness to be added for all in-
puts. We quantize the required weights into W = 2%
fixed weights that take the form of i x 2=% for ¢ = 0
to 2% — 1. For reported experiments, we used a value
of w = 4. We also generated two additional weights of
276 and 278 for the randomizer.

4.2.5 Holder Circuit

We use vector holding to enhance our fault coverage,
based upon its reported benefits [13, 18, 21, 38]. This
method involves holding input vectors constant for sev-
eral clock cycles while applying the system clock to the
circuit under test. It was believed in [21] that holding
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proves effective due to several reasons. Holding a vec-
tor for several clock cycles helps fault effects latched in
flip-flops to be observed at the primary outputs. Also if
a hard-to-detect fault is activated by a random vector,
then holding the vector for multiple cycles will activate
the fault multiple times, thus increasing the probabil-
ity of its detection. The number of clock cycles to hold
the input vectors can be determined in different ways.
In [21], the number of clock cycles to hold the input
vectors is determined by using a deterministic sequen-
tial test pattern generator to detect the flip-flop output
faults. In [13], the number of hold cycles is determined
by logic simulation of the fault-free circuit with vectors
having different hold cycles and determining their abil-
ity to set flip-flops to Os and 1s and to traverse most
states. It has been reported [18, 38] that “Holding a
vector Vj, for a testable stuck-at fault fp in combina-
tional circuit C'p d+1 times, where d is the sequential
depth of the corresponding acyclic sequential circuit C'
created by adding flip-flops at any wire of Cp, gives a
test sequence for all sequential faults in C' correspond-
ing to fg.”

In the proposed method, we determine the number
of hold cycles from an upper bound on the sequential
depth of the circuit [25], which we shall denote as Hr,.
The value of Hy, is rounded to the nearest power of 2.
The upper bound of the sequential depth [25] is defined
as the minimum number of cycles required to initialize
a flip-flop (for both cases of 0 and 1) and propagate
its value to a primary output. In our BIST scheme,
vectors are generated with and without holding. First
we generate D vectors without holding and then we
generate D/Hj, vectors, each of which is held for Hy,
clock cycles. Although any appropriate value can be
chosen for D, an effective value for D was found to be
proportional to the length of the ATPG vectors. We
choose the block length D equal to length (ATPG Vec-
tor Length/50) rounded to the nearest power of 2. Fig-
ure 6 shows the implementation of the holder circuit. It
consists of a multiplexer whose inputs are clock signals
with periods CLK and CLK x Hy. The control signal
to the multiplexer is driven by a clock signal of period
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Table 1: FlexTest ATPG results.

FlexTest ATPG result
Circuit | No. of | Total no. | # faults Fault
vectors | of faults | detected | cov. (%)
5298 153 308 273 88.64
s820 1127 850 793 93.29
51423 3882 1515 1443 95.25
51488 736 1486 1446 97.31
sH378 739 4603 3547 77.06
$9234 15528 6927 1588 22.92
s15850 | 61687 13863 7323 52.82
s38417 | 55110 31180 15472 49.62

CLK x (2x D). The output of the holder circuit is the
BIST clock which drives the Hadamard wave generator
and the weighted pseudo-random bit-stream generator
blocks. All the input signals of the holder circuit are
derived from the clock and are provided by the clock
divider circuit.

4.2.6 Clock Divider Circuit

The clock divider circuit generates two clock derived
signals by dividing the clock frequency by Hy, and (2 X
D), respectively, which are then provided to the holder
multiplexer to generate the BIST clock. The clock di-
vider circuit is constructed from an asynchronous bi-
nary counter consisting of [log,(2 x D)] flip-flops. If
the BIST environment uses a pattern counter (which is
found in many cases) then the clock derived signals can
be conveniently obtained from appropriate outputs of
the pattern counter.

5 Results

We emulated our BIST method using a MATLAB
program such that the generated vectors would be the
same as or very close to those generated by actual hard-
ware. These vectors include the quantization errors in-
volved in the BIST test generation method which would
not be included in the software based methods like [12].
Thus software based methods would give results which
are more optimistic than hardware based methods. We
implemented BIST on eight ISCAS’89 benchmark cir-
cuits. We inserted a reset signal in the circuits to ini-
tialize the flip-flops. We activate it only once before
beginning the BIST session. The initial reset can be
performed at a slow speed and hence the reset signal
can be implemented using minimum resources. ATPG
vectors with an initial reset were generated to detect
stuck-at faults in the circuits using Mentor Graphics



Table 2: Experimental results on fault detection by BIST patterns.

Number of faults detected

Circuit | Total no. Random Weighted Random | Hadamard | Haar
of Faults | FlexTest | Without With Without With BIST BIST

Holding | Holding | Holding | Holding | [this paper] [8]

$298 308 273 269 273 273 273 273 273
$820 850 793 414 449 744 764 7 710
s1423 1515 1443 891 1217 1449 1469 1468 1468
$1488 1486 1446 1161 1369 1443 1443 1443 1441
s5378 4603 3547 3222 3424 3288 3537 3603 3609
$9234 6927 1588 1268 1305 1293 1303 1729 1413
s15850 13863 7323 5249 6270 5847 6696 6844 5888
s38417 31180 15472 4087 4185 4803 4949 17020 4244

commercial tool FlexTest [17]. Table 1 gives the results
of this ATPG. These ATPG vectors were analyzed for
prominent spectral components and noise as described
in Section 4. Using this information in the MATLAB
program, 64,000 BIST emulated test vectors were gen-
erated and then fault simulated again using FlexTest.

Table 2 gives the results for the number of faults
detected by our method (‘Hadamard BIST’) for each
circuit and they can be compared with results from
random and weighted random vectors (both without
and with holding), ATPG vectors and with the method
in [8]. For random, weighted random and the pro-
posed method we generated 64,000 vectors. For the
weighted random vectors, weights for each circuit were
used from their corresponding ATPG vectors without
quantization. Random and weighted random vectors
were generated using a software random number gen-
erator. For implementing holding for the random and
weighted random vectors, we used the same holding
scheme as used in our proposed method.

As shown in Table 2, the proposed BIST method de-
tects equal or greater number of faults in six out of eight
circuits than the existing methods of random, weighted
random and [8]. Also in five out of eight circuits, our
proposed method was able to detect at least as many
faults as detected by ATPG vectors using 64,000 BIST
vectors. Noticeable results were obtained for s38417,
where our proposed method detected 17020 faults as
compared to 15472 faults detected by ATPG vectors.
The effectiveness of the holding scheme is evident from
the results obtained for random and weighted random
vectors where most circuits benefited by the method.

Table 3 shows the effectiveness of our proposed BIST
method over longer number of vectors and by compar-
ing its results with those obtained from ATPG vectors.
The last column gives the number of vectors required
by our BIST method to achieve at least as much fault
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coverage as ATPG vectors. As observed from columns
4 and 5, the fault coverage gradually increases as more
vectors are applied. Also we observe from column 6
that eventually six out of eight circuits were able to
achieve at least as much fault coverage as the ATPG
vectors. The cells marked with (!) represent cases
where our BIST vectors were not able to achieve the
ATPG fault coverage although the fault coverages were
close to that of ATPG vectors.

Table 4 shows a comparison of the area overhead in
terms of number of transistors and % area overhead of
our proposed method with the method proposed in [8].
To calculate the area overhead, we assumed a fixed
number of transistors for each type of gate: AND - 6,
OR - 6, NAND - 4, NOR - 4, XOR - 6 (pass-transistor
logic design), 2 input MUX - 4 (pass-transistor logic
design), D flip-flop - 22. In the table we report re-
sults for two cases, one where a clock divider circuit
is implemented and the other where an existing pat-
tern counter is reused eliminating the need of a clock
divider circuit. The area overhead of our method, in
the case where a clock divider circuit is used, is lower
than [8] in three out of eight circuits. In the case where
it is not used, our area overhead is lower than [8] in six
out of eight circuits. On an average, the area overhead
of our proposed method with clock divider circuit is
9.31%, without clock divider circuit is 8.67% and that
of the method proposed in [8] is 8.42%. The cost of our
slightly higher area overhead is compesated by the ob-
tained higher fault coverages. Further research work is
required in optimizing and reducing the area overhead.

6 Improving Testability and Identifying
Untestability

As observed in table 1, ATPG gives low fault cover-
age for many sequential circuits. The undetected faults



Table 3: Comparison of fault coverage and number of vectors with FlexTest ATPG.

FlexTest Hadamard BIST
Circuit | Fault Fault cov. (%) | Fault cov. (%) | BIST vectors
cov. | No. of at 64K at 128K for FlexTest
(%) | vectors vectors vectors ATPG cov.

s298 | 88.64 153 88.64 88.64 757

s820 | 93.29 | 1127 91.41 91.88 M

s1423 | 95.25 | 3882 96.90 96.90 22345

s1488 | 97.31 736 97.11 97.11 M

sh378 | 77.06 739 78.27 78.67 8984

s9234 | 22.92 | 15528 24.96 25.25 8835

s15850 | 52.82 | 61687 49.37 52.15 198061

$38417 | 49.62 | 55110 54.59 63.07 43240
can be classified into two groups. Some faults are truly
untestable and they can be safely removed from the Pl PI PI Pl Target
fault list without affecting the defect level [1, 24]. Some l l l l fault
other undetected faults are aborted by the test gener- 4
ation program due to limited CPU and memory re- ) I ) L L X [,
sources. Such faults can be helped to be detected by
improving their testability using DFT techniques. We Block n Block 3 Block 2 Block 1
shall attempt to reason the undetectability of faults ei- l l l l
ther by showing they are sequentially untestable or help O 0 PO 0

them getting detected by improving their testability.

6.1 Improving testability

Several techniques can be used to improve the testa-
bility of sequential circuits. In [35] a DFT technique
was introduced to improve the observability of so called
RTL faults. RTL faults are defined as the faults on the
boundary of the combinational logic in the sequential
circuit. We shall use this method to improve the testa-
bility of the sequential circuits. In this method using
a testability analysis, all the unobservable RTL faults
are determined and they are connected using an XOR
chain. The output of this XOR chain is added as a
primary output of the circuit.

6.2 Identifying untestability

An undetected fault if proved untestable may be
ignored in the test generation process. One empha-
sizes [1, 24] the importance of identifying the sequen-
tially untestable faults to lower the test generation ef-
fort and the yield loss occurred by testing them using
other techniques as scan. A single-fault theorem [1] al-
lows identification of sequentially untestable faults by
a combinational ATPG procedure. This procedure de-
fines C(n), a circuit consisting of n copies of the com-
binational logic of the sequential circuit connected as
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Figure 7: Combinational circuit C(n) with a target
single fault [1].

a linear array from right to left. Each copy represents
a time frame of the sequential circuit. The rightmost
copy is named as block 1 while the leftmost copy as
block n. All single stuck faults in block 1 are targeted
by a combinational ATPG. Figure 7 shows an example
circuit C'(n) with a target stuck fault. The theorem
states that “a target single-fault that is untestable in
C(n) is also untestable in the sequential circuit.”

6.3 Example circuit

Consider the circuit s5378. ATPG detected 3547 out
of 4603 faults using 739 vectors. To improve the testa-
bility we analyzed the unobservable RTL faults [35].
Outputs of 49 flip-flops from a total of 179 were made
observable using an XOR chain. After DFT, the same
739 ATPG vectors detected 3785 faults. Spectral vec-
tors which initially detected 3603 faults, detected 3739
faults in the DFT inserted circuit. In [1], 781 faults
are reported as sequentially untestable. By inserting
the DFT it can be observed from figure 7 that the only
addition to each block of C'(n) is an XOR chain whose
inputs come from the left side of each block and the out-
put is a primary output. Since the untestability analy-



Table 4: BIST area overhead in transistors.

No. of Hadamard BIST [this paper] Haar BIST [§]
Circuit | transistors | with clock divider circuit | without clock divider circuit

in circuit No. of % Area No. of % Area No. of % Area
Transistors overhead Transistors overhead Transistors | overhead

s298 890 908 102.02 820 92.13 834 93.71

$820 1896 1472 77.64 1340 70.68 1612 85.02

s1423 4624 1637 35.40 1483 32.07 1555 33.63

$1488 4006 1069 26.68 959 23.94 1078 26.91

sb378 12840 2342 18.24 2210 17.21 2487 19.37

$9234 23356 2700 11.56 2502 10.71 2552 10.93

s15850 43696 4908 11.23 4666 10.68 4595 10.52

s38417 108808 3606 3.31 3364 3.09 2135 1.96

sis method inserts faults only in block 1 the minimum
number of faults which can be conclusively labeled as
untestable are 781 — 49 x 2 = 683. Table 5 gives the
fault coverage and test coverage results for ATPG and
spectral vectors with and without DFT. Test coverage
is calculated as the ratio of the number of faults de-
tected to the total number of detectable faults.

7 Conclusion

We present a novel hardware test generation method
for sequential circuit BIST. ATPG vectors are analyzed
using Hadamard transform to obtain the spectrum and
random noise level. The ATPG vectors can be de-
rived from gate, register-transfer, or function level al-
gorithm [32, 33, 34]. Target faults for these tests can be
stuck-at or delay [35] faults, or even several fault mod-
els can be combined [36]. Our hardware patterns mimic
the characteristics of ATPG vectors by controlled mix-
ing of spectral components and noise. We propose a
novel circuit for mixing spectral components called the
“spectral component synthesizer” that has not been re-
ported before. An XOR circuit inserts noise in the
generated bit-streams. Results show fault coverages
equal or greater than those of ATPG vectors in six out
of eight circuits. Area overheads are moderate com-
pared to existing methods. Our method also achieved
a maximum fault coverage in six out of eight circuits.
Although we use Hadamard transform any other com-
patible transform of binary bit-streams, such as Haar
transform, can be used in this methodology. We also
use untestability analysis for DFT-based BIST cover-
age improvements.
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Table 5: Fault coverage and test coverage results
with and without DFT for s5378.

Test | Fault Coverage (%) | Test Coverage (%)
method | Without With Without With
DFT DFT DFT DFT
ATPG 77.05 82.22 92.80 96.55
BIST 78.27 81.23 94.27 95.38
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