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Abstract

We propose simple modifications to existing BIST
schemes. These modifications significantly improve
the path delay fault coverage. For example, a modified
circular self-test path can detect a significant number
of path delay faults within a reasonable test running
time.

1 Introduction

The vast majority of Built-In Self-Test techniques aim
at combinational faults, i.e., faults that can be always
detected using a single test pattern. Little work, how-
ever, has been done on BIST for delay or stuck-open
faults. To detect any of these faults a specific sequence
of two test patterns has to be applied in two consec-
utive clock cycles [1, 2]. Unfortunately, simple LFSR-
based structures do not detect such faults efficiently
(3, 4].

A study of two-pattern test capabilities of au-
tonomous test generators is presented in [3]. Test
pattern generators for sequential faults have been dis-
cussed in [4, 5, 6]. In [5], the author suggests a high
overhead BIST scheme generating a test sequence that
covers a preselected set of test pairs. The structure
presented in [6] generates all pairs of test patterns that
differ at one binary position. In [4], the authors sug-
gest that, to improve detectability of delay faults, the
outputs of an LFSR or a cellular automaton should be
permuted before they are connected to the inputs of a
circuit under test, and they use the following permu-
tation (1,3,5,...,2,4,6...). The data presented in
[4] shows some slight increase in delay fault coverage
for gate delay faults [7].

It appears to us that, in general, the current work
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that analyzes delay fault detection by existing BIST
structures focuses on maximizing the number of gen-
erated state transitions [2, 3, 4]. More precisely, the
fraction of possible state transitions is of interest. The
effectiveness of this strategy, however, seems to be lim-
ited to circuits with a relatively small number of in-
puts. For example, in a 40-input circuit, the fraction
of state transitions is strongly limited by the length of
test sequence that can be applied in practice. For this
reason, we focus on “quality” of state transitions gen-
erated by BIST circuitry, rather than the actual num-
bers. Qur considerations, based on a basic require-
ment for test application, suggest simple modifications
to existing BIST techniques. We show that such mod-
ifications lead to a significant improvement in delay-
fault coverage. In particular, we examine the path de-
lay fault coverage [8] for patterns generated by a circu-
lar self-test path (CSTP) [9, 10, 11, 12, 13, 14, 15] and
the path-delay fault coverage for test patterns gen-
erated by an LFSR. The experimental data that we
present have been computed for ISCAS benchmark
circuit ¢880 [16] using simulator introduced in [17].
The results demonstrate that a significant fraction of
path delay faults can be detected by BIST circuitry.

2 Fault Model

In general, test procedures that aim at delay faults use
circuit-dependent test generation algorithms, which
are usually based on either the gate delay model
{7, 18], or the path delay model [8]. Many of these
algorithms assume further restrictions regarding haz-
ards [19], robustness {20, 21, 22], size of faults [18, 23],
actual gate delays [22, 24], etc. The variety of different
restrictions reflects the complex nature of delay test-
ing and makes it difficult to compare various test pro-
cedures in terms of test quality. Since the path fault
model is considered to be more general than gate fault
model [8, 22], in this paper, we report fault coverage
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for the former model. We also present the fraction
of all paths that are robustly tested [20, 21]. Such
a fraction is often of a special interest, since a delay
fault that affects a robustly tested path is detected
regardless of the delays in other paths.

3 Idea for BIST Schemes

As already mentioned, in non-BIST solutions, to de-
tect a delay fault, it is crucial to apply a specific pair
of test patterns in two consecutive clock cycles. Un-
fortunately, a circuit that makes it possible may be ex-
pensive to implement. One solution is to organize all
registers as a random access-memory. However, it may
require a large address decoder, a data bus connected
to every register, and expanded control logic; there-
fore, it may be unacceptable due to hardware overhead
or performance degradation. Another, seemingly less
expensive solution may be based on a scan-path. In
this solution, however, two separate registers appear
to be necessary to store a pair of test patterns in or-
der to apply these patterns in two consecutive clock
cycles. In general, such a solution requires twice as
many flip-flops than a basic scan-path. To eliminate
some of the extra flip-flops one may change the order
of the flip-flops in a scan-path {2, 25]. If no two inputs
in the same output cone are connected to adjacent flip-
flops, two arbitrary test patterns can be applied to a
circuit under test in two consecutive clock cycles [2].
Of course, there may be some penalties for changing
the order of flip-flops. For example, the extra routing
may consume substantial silicon area or degrade the
circuit speed. Changes to the order of flip-flops may
also complicate the test application schedule.

The discussion above implies that both test pat-
tern generation and test pattern application for delay
or stuck open faults are, in general, more expensive
than test pattern generation and test pattern applica-
tion for stuck-at faults. One could expect, therefore,
that BIST that aims at delay faults may require more
hardware overhead than BIST that aims at stuck-at
faults. This expectation is confirmed by the fact that
stmple BIST structures based on LFSRs are not well
suited to delay fault-testing [3, 4]. The reason for
this is a strong correlation between two consecutive
test patterns applied to circuits under test: some test
sequences necessary to detect a fault cannot be gen-
erated. To see it more clearly, consider a group of
adjacent flip-flops in an LFSR . These flip-flops con-
stitute a shift register. The next state of this register is
determined by its current state, the bit that is shifted
in, and, in some cases, the most significant bit in the

LFSR. Thus, there are at most only four possible tran-
sitions from the current state of the flip-flops.

A similar problem may occur when test patterns are
generated by a CSTP. If a CSTP section (a group of
adjacent flip-flops) does not compact test responses
from a circuit under test (primary-input CSTP sec-
tion), each state of this section section has exactly
two different states that can occur in the next clock
cycle (see Fig. 1).
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Figure 1: Primary-input CSTP.

The discussion on the test application and the
discussion on the variety of test pairs produced by ex-
isting BIST schemes suggest the following: a BIST
structure that aims at delay faults should be able to
produce all possible pairs of test patierns, even if nol
all such pairs are aclually generaled during the testing
session. Note that, for a circuit with a large number
of inputs, the number of different test pairs produced
by such a structure should be the very similar to the
number of different test pairs produced by an LFSR.
Nevertheless, the number of test pattern pairs pro-
duced at any small subset of the circuit inputs should
increase. This should result in a more diversified col-
lection of test pairs, and therefore, in an increased
global path fault coverage.

Below, we present several relatively inexpensive
modifications to existing BIST structures. These
modifications are based on the idea that two con-
secutive test patterns should be independent. QOur
modifications significantly improve on the path delay-
fault coverage offered by standard LFSR-based gener-
ators. We study two generators based on CSTP, and
an LFSR structure. We compare these structures, in
terms of the effectiveness of delay fault detection, with
the original CSTP.

4 Double CSTP

The first of the proposed BIST circuits, referred to
as a double CSTP (D-CSTP), consists of two circu-
lar self-test paths connected as presented in Fig. 2.
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The two circular paths, both free of register adjacency
[26, 12, 15], shift data in opposite directions; one of the
paths compacts “test responses” from the other. The
analysis of the CSTP presented in [15] implies that
the state of register IR and the state of register SH
(see Fig. 2) can be assumed independent. Since the
states of register SH are all equally likely, the current
IR state can be followed by any other state. A com-
parison of the number of path delay faults detected
in benchmark circuit ¢880 by the double CSTP and
the number of path delay faults detected by the origi-
nal (primary-input) CSTP is presented in Fig. 3. The
plots show a significant improvement in the total path-
delay fault coverage. Moreover, the number of robust
tests generated by the double CSTP is substantially
larger than the number of robust tests generated by
the original primary-input CSTP.
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Figure 2: Double CSTP.

5 Double-Flip-Flop CSTP

A similar improvement in the path-delay fault cover-
age can be achieved if, in the original CSTP, every
flip-flop is replaced with a two-bit shift register. This
scheme, referred to as double-flip-flop CSTP (DF-
(STP), is presented in Fig. 4. Since the states of two
adjacent CSTP flip-flops can be assumed independent
[15], any two consecutive test patterns applied to c880
can be also assumed independent. It is interesting
that the number of path delay faults detected in c880
by two-flip-flop CSTP and the number of path delay
faults detected by double CSTP are practically indis-
tinguishable (see Fig. 5). This observation applies not
only to the total number of delay path tests, but also
to the number of robust tests. It may suggest that
the independence of two consecutive test patterns has
more impact on the fault coverage than a particular
structure of the test pattern generator.
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Figure 3: Fault Coverage of double CSTP (D-CSTP)
and primary-input CSTP (PI-CSTP).
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Figure 4: Double-flip-flop CSTP.
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Figure 5: Fault Coverage of double-flip-flop CSTP
(DF-CSTP) and double CSTP (D-CSTP).



6 Double-Length LFSR

The latest observation is confirmed by our experi-
ments with an LFSR. Namely, we examined the num-
ber of path-delay faults detected by an LFSR char-
acterized by a primitive polynomial of degree twice
higher than the number of the CUT inputs. The in-
puts of c880 were connected to every second flip-flop in
the LFSR (cf. [4]). This test generator, referred to as
double-length LFSR (D-LFSR), detects as many path
delay faults as the two previous structures. A com-
parison of the number of path delay faults detected
by a double length LFSR and a single length LFSR,
is presented in Fig. 6. It is interesting to note that
the number of delay faults detected by a single length
LFSR and a primary-input CSTP are very similar.
This confirms our observation that the ability to gen-
erate various state transition is more important that
the actual test generator structure.
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Figure 6: Fault coverage of double-length LFSR (D-
LFSR) and LFSR.

7 Stimulated CSTP

The state sequence of a CSTP section that compacts
test responses from a circuit under test (stimulated
CSTP section) usually has many more possible state
transitions than the state sequence of a primary-input
CSTP section. This is because, for the same current
state, compacting two different test responses usually
results in two different states of the CSTP section.
Thus, each test pattern produced by a CSTP section
can be followed by at least as many patterns as there is

different test responses from the CUT. The number of
delay faults detected by the stimulated CSTP should
be larger than the number of delay faults detected by
the primary-input CSTP. To verify this conjecture, we
examine the path delay fault coverage in c880 for test
patterns generated by a stimulated CSTP section (see

Fig. 7). It turns out that in this example the fault cov-

erage practically does not differ from that attained by

double-flip-flop-CSTP (see Fig. 8). This fact is prob-
ably due to a large variety of test responses produced
by benchmark circuits c499 [16].

Figure 7: Stimulated CSTP.
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Figure 8: Fault coverage of stimulated CSTP (ST-
CSTP) and double-flip-flop CSTP (DF-CSTP).
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8 Relative Frequency of Test
Pairs

To investigate the variety of state transitions in the
proposed structures, we observed the relative fre-
quency of consecutive states that occur at a 4-bit sec-
tion of the test generators. In all double structures,
after a sufficiently long time, all possible pairs of 4-
bit vectors occurred with approximately the same fre-
quency. The results of our experiments are summa-
rized in Fig. 9, where the standard deviation of the
relative frequency of 4-bit vector pairs is presented.
One may conjecture that the similarity in the distri-
butions of vector pairs is related to the similarity in
the corresponding fault coverages. Such a conjecture
is also confirmed by the fact that the distributions of
4-bit vector pairs in a single LFSR and in a primary-
input CSTP look alike (recall that delay fault cover-
ages for these two structures are almost identical).
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Figure 9: Standard deviation of the relative frequency
of 4-bit vector pairs as a function of logs(test length).

9 Conclusions

The discussion presented in this paper and our simu-
lation results for benchmark circuit ¢880 suggest the
following:

o For a particular circuit, the path delay fault cov-
erage strongly depends on the ability of the gen-
erator to produce pairs of uncorrelated test pat-
terns; this ability appears to be more important
than the actual generator structure.

e For a given test sequence length, BIST structures
that can produce all pairs of consecutive test pat-
terns detect significantly more path delay faults
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than earlier BIST schemes that aim at combina-
tional faults. Moreover, the former generate sig-
nificantly more robust tests than the latter.

o Since BIST structures that can produce all pairs
of test patterns repeat the same patterns many
times, to improve delay fault coverage, traditional
exhaustive BIST techniques should be replaced
with random BIST!, e.g., circular self-test path.
(Note that such a replacement has the potential
to improve the overall test quality. This is be-
cause a CSTP offers nearly exhaustive testing if
the test session length is 8 times longer than that
required by an LFSR with a primitive character-
istic polynomial [13, 15].)

Since random BIST techniques appear to offer a
better overall test quality, and CSTP seems to be one
of the least expensive, we would like to point out the
following:

e A simple and relatively inexpensive modification
to CSTP may significantly improve the path delay
fault coverage.

e A modified CSTP offers much higher quality of
delay testing than other BIST techniques target-
ing combinational faults.

It 1s worth stressing that the silicon area penalty
for the CSTP modifications may be relatively low:

e Stimulated CSTP sections may not require mod-
ifications (see Section 7), and

e The independence of consecutive vectors can be
obtained not only by adding flip-flops, but also
by selecting the proper order of flip-flops in the
path (as suggested in [2]).
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