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Abstract

Linear Fealback Shft Registers (LFSRs) are comnonly used as
pseudo-randanm test pattern generators (TPGs) in BIST schemes.
This paper presents a fast simulation-based method to compute
an efficient seal (initial state) of a gven primitive poynomial
LFSR TPG. The size of the LFSR, the primitive feedback
poynomial and the length o the generated test sequence are a
priori known. The method wses a deterministic test cube
compresson technique and podues a oreseal LFSR test
sequence of a predefined test length that achieves high fault
coverage. This technique can ke appied either in pseudorandan
testing for BISTed circuits containing few randan resistant
faults, or in pseudodeterministic BIST where it allows the
hardware generator overhead area to be reduced. Compared with
existing methods, the proposed technique is able to deal with
combinationd circuits of great size and with a lot of primary
inpus. Experimental results demonstrate the dfectiveness of our
method
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1. Introduction

Modern design and package technologes make external testing
increasingly difficult and the built-in self test (BIST) has emerged
as a promising solution to the VLS testing problem. BIST is a
design for testability methodology aimed at detecting faulty
components in a system by incorporating test logc on-chip. The
main components of a BIST scheme ae the test pattern generator
(TPG), the response compactor, and the signature analyzer. The
test generator applies a sequence of patterns to the circuit under
test (CUT), the responses are compacted into a signature by the
response compactor, and the signature is compared to a fault-free
reference value.

BIST iswell known for its numerous advantages such as at-clock-
sped test of modules, no need for automatic test equipment and
support during system maintenance [1], while preserving
reasonable fault coverage. It also simplifies fault diagnosis and
may provide some on-line feaures [2]. While the cost of high-
spead VLS testers increases with each process generation, BIST
is becoming increasingly attractive because its cost (additional
silicon areg decreases with each process generation. Moreover,
owing to the amergence of core-based *“system-on-a-chip”
designs, BIST represents one of the most suitable methods for
system testing. The testability of embedded cores may be
hampered by limited accesshility, and recessary test information
is often hidden in order to protect intell ectual property. This kind
of problem is lved if the system is equipped with BIST fedures.

Linea Feedback Shift Registers (LFSRs) are commonly used as
pseudo-random test pattern generators in BIST schemes. They
have asimple structure requiring very small area overhead, and
they can also be used as output response aalyzers, thereby
serving a dua purpose [3]. However, the quality of the LFSR

pseudo-random test set varies depending an the CUT. High fault
coverage in an acceptable test length usualy cannot be eaily
achieved without addressng the problem of random pattern
resistant faults. Several methods have been proposed to solve this
problem they and can be classfied as those that modify the circuit
uncer test and those that modify the pseudo-random inpu
patterns. The first category involves test point insertion
techniques that increase the fault detection probabiliti es in the
CUT [4, 5]. The second categary consists of techniques (called
mixed-mode or pseudo-deterministic BIST techniques) such as
weighting the pseudo-random patterns [6, 7], using counter-based
schemes [8, 9], or performing bit-fixing (also caled pattern
mappng) [10, 11, 12]. The main drawback of test point insertion
techniques is that modifying the CUT may not be acceptable for
designers due to posshble performance degradation and its impact
on design flow. The disadvantages of the second categary of
techniques are that they require aditional area ad sometimes
delay overhead compared to an LFSR-TPG, although they reduce
the size of the test set, in some cases considerably.

A posshble solution for aleviating these drawbacks is to act first
on the LFSR itself by primarily selecting goal seed and/or
feadback polynomial. By this way, the set of random resistant
faults missed by the LFSR-TPG during test pattern generation is
as snal as possble, and the cost of the &ove mixed-mode
techniques to improve the fault coverage or reduce the test length
is decreased. The problem of finding a goad LFSR seel for a
given fealback polynomia was first addressed in [13].
Techniques for the generation of test patterns through reseeding
of multiple polynomial LFSRs were proposed in [14, 15]. These
techniques involve storing LFSR seeds in @ ROM instead of
storing the deterministic patterns (that detect random resistant
faults) themselves. The same LFSR used to generate pseudo-
random patterns is loaded with seeds from which vectors fitting
test cubes detecting hard-to-test faults are produced. [16]
proposed an analytical method providing a one-seed test sequence
for random resistant circuits from an LFSR with a given feedback
polynomial. This method uses the theory of discrete logarithms to
embed a subset of deterministic test patterns in an LFSR
sequence.

Computing seeds in resealing techniques is done by solving
systems of linea equations whose complexity grows with the
number of inpus of the CUT and the number of cares or specified
bits of test cubes. Computing an LFSR sead with the technique
proposed in [16] is performed by a test embedding procedure
whose complexity quickly increases with the number of inpus. In
reseeding approaches, finding test sequences with acoeptable test
length and fault coverage is achieved to the detriment of the aea
overhea required to store seads (for example, several thousand
seads have to be stored for the biggest ISCAS89 scan circuits
[15]). In [16], finding ane sedd for circuits with a lot of inpus or
circuits with a high number of random resistant faults is
impractical. For example, only results for circuits whose number



of inpus ranged from 20 to 40 are reported in [16], and the
authors mention that test embedding with discrete logarithms is
not a viable test option for greder circuits.

In this paper, we propose a fast simulation-based method to
compute an efficient seed of a given primitive polynomial LFSR-
TPG. We consider that the size of the LFSR (number of stages),
its primiti ve feedback polynomial, and the length of the generated
test sequence ae a priori known. Our method is intended to
produce a one-seed test sequence of a given test length that
achieves a high stuck-at fault coverage. Moreover, it concentrates
on the hardest to detect faults of the CUT. The main fedure of the
proposed method is that it applies in a lot of BIST situations. It
can be used in pseudo-random testing for BISTed circuits that
contain few random resistant faults. In this case, it allows the
fault coverage achieved with a predetermined pseudo-random test
length to be significantly improved. It can also be used in pseudo-
deterministic BIST where it allows the hardware generator
overhead areato be reduced, because the number of hard faults
focused by the deterministic part of the generator is initialy
reduced. Another important fedure is that one-seel test
sequences for circuits with a large number of inpus can now be
obtained in areasonable computation time. This feaure dl eviates
problems raised by methods proposed so far.

The rest of the paper is organized as foll ows. In the next section,
we give preliminary details about fault difficulty and test cube
quality. In section 3, we present the proposed method for
generating efficient one-seed LFSR test sequences. We first
present asimple dgorithm to compresstest cubes generated by an
ATPG program, then we describe the method itself. Experiments
performed on ISCAS benchmark circuits are presented and
discussd in section 4. Concluding remarks are given in section 5.

2. Preliminary details and basic definitions

Let F be the set of modeled faults, e.g. stuck-at faults, in the
CUT. Let v be a0 inpu test pattern generated from a n-stage
LFSR, where n is the number of primary inpus of the CUT; v
belongs to {0,1}" and is denoted as v = (V[0], V[1], .., v[n-1]). Let
¢ be atest cube of size n; ¢ is represented by a vector (c[0], c[1],
., C[n-1]) O{0,1,*}". Let S(c) ={i | [i] # *} represent the set of
specified hits in ¢, and |S(c)| be the number of specified hits in
this test cube. The number of fully specified test patterns that can
be generated from a test cube is 29, where q is the number of
unspecified hitsin thetest cube, i.e, g =n - |S(c)].

Let vO{0,1}" be an inpu test pattern and ¢ 0 {0,1,*}" be atest
cube. If c[i]=V[i] holds for every i O S(c), then v is sid to be
consistent with c. Let ¢; 0{0,1,*}" and c; 0 {0,1,*}" be two test
cubes, c1 and ¢, are said to be compatibleif and only if (c4[i]=* or
cfi]=* or cifi]=c]i]) holds for every i. Compatibility between c;
and ¢z isdenoted ¢; O co.

When performing pseudo-random testing using an LFSR-TPG,
the fault coverage that can be obtained is limited by the presence
of random resistant faults in the CUT. To evaluate the detection
hardnessof these faults, we need to use ameasure that represents
the difficulty for a random pattern to detect a given fault.
Computing this difficulty measure (i.e. the fault detection
probability) is an NP-hard problem [7]. Therefore, we have to be
satisfied with approximations. Moreover, it is not redly awkward
to have an easy-to-test fault estimated as hard-to-test. Conversely,
ameasure that declares a fault as easy when it is aredly hard-to-
test fault is problematic, and it is much more preferable to
overestimate than to underestimate the fault difficulty.

The higher the number of patterns detecting a given fault, the
easier this fault is detected. Let C be aset of test cubes generated
by an ATPG program so that each fault in the CUT is detected by
at least one test cube of C. Now, let C; be the set of test cubes of
C that detect the fault f. Let ¢ be acube that belongs to C; ; the
more unspecified hbits (represented by *) in ¢, the more test
patterns are consistent with ¢, and the eaier f is regarding c. A
simple estimation of the difficulty & of afault fis:

8¢ =ming i, ()

which is equal to n minus the maximum number of unspecified
bits in a cube belonging to C:. Note that this measure fulfill s the
above requirement. A cube with few specified bits cannot detect a
hard fault and, therefore, & is inevitably high. On the other hand,
&ishigh, evenif fiseasy todetect, when C; (as generated by the
ATPG program) only contains cubes with few *.

In our method, a “quality measure” for the test cubes is required.
The quality of atest cube is evaluated with respect to the number
of hard faults it detects. The quality of atest cube c is represented
by a vector Q: = (9¢[1],9d2],--.,qn]), where qfi] is equal to the
number of faults of difficulty i detected by c. More formally:

acli]= ‘{ f detected by ¢/ =1}

For example, consider n = 5 and the test cube ¢ with Q. =
(26,12,14,0,1) ; this means that c detects 26 faults of difficulty 1,
12 faults of difficulty 2, ..., and 1fault of difficulty 5. In order to
compare the quality of two test cubes ¢ and c', we use a
lexicographical order on their quality vectors. We have:

Q. >Qr = <i<nsuchas:

(qc[i] > [i]) and (I]i <jsnqclil=ae [j])
For example, if we consider two test cubes ¢ and ¢’ for which
Q= (26,12,14,0,1) and Q¢= (30,1,10,0,1), we have Q:> Q¢ (cis
of better quality than c') since qc[5]= dc'[5], ac[4]= ac[4], but
ac[3]> ac'[3].

3. Finding an efficient one-seed LFSR test sequence

An n-stage LFSR with a primiti ve feedback polynomial generates
a cyclic sequence containing al the non-zero binary n-tuples.
Changing the polynomial changes the position of each n-tuple in
the sequence, whil e the LFSR seal specifies the starting position
for scanning the sequence. Consequently, the generated test
sequence depends on the LFSR feadback polynomial and on the
LFSR sedal. In this sction, we describe afast simulation-based
algarithm to compute an efficient seed of an apriori given
primiti ve polynomial LFSR-TPG. We consider that the length | of
the generated test sequence is t. The proposed method is thus
intended to produce aone-seal test sequence of a given length
that achieves the highest possble fault coverage. This method is
divided into two parts. First (Section 31), a compressd set of
test cubes Ceonp is produced from a set of deterministic test cubes
C generated by an ATPG program. This compresson is gecialy
useful when there ae many deterministic test cubes with a lot of
unspecified hits. Second (Section 32), we select the best one-
seed test sequence (in terms of fault coverage) among those
containing the best test cubes of Ceony -

3.1 Compressing theinitial set of test cubes

Let ¢ and c; be two compatible test cubes O {0,1,*}" . The
merged cube of c; and cz isc = ¢y n C2. To dbtain this merged
cube ¢, we check the compatibility of c; and c. and report in ¢
every bit specifiedincior in c..



Algarithm-1 given below, iteratively merges compatible cubes. It
first selects the best cube ¢ from C, according to the quality
measure Q. Then, it seaches the cube x, compatible with c,
which provides the best improvement of ¢ when merged with this
one. The processis repeaed urtil ¢ cannot be merged with any
cube from C, and c is then stored in Ceomp. Then we start again
with the best cube that remains in C, and continue until C is
empty. To measure the improvement provided by x to c, we
consider the set of faults detected by x or ¢, and we compute Qxnc.
The cube x is preferred to X' when Quac > Qv ne.

Algorithm-1: Constructing a compressed set of test cubes

Input: C = aset of test cubes.
Output: Ceomp = set of compressed test cubes.
Begin
Ceomp < U;
VhileC# 0O do
C « best cube from C;
C~ C-{c};
D~ {xOC/x0Oc};
WhileD # 0O do
X « cube of D providing the best increasing o Qc;
¢ — merged cube of candx (i.e, ¢ n X);
C-C-{x}
D~ {xOC/x0Oc};
Ceomp « Ceomp {c};
Return Ceonyp;
End

3.2 Computing an efficient LFSR seed

In the Ceonp Set constructed as described above, the test cubes
have awide quality range. Remember that test cubes having the
highest quality are those that detect the highest number of hard
faults. Therefore, it is important to find a one-seed LFSR test
sequence that is able to produce test patterns consistent with
these test cubes (called best test cubes heredter). We propose a
fast simulation-based approach in which the am is to study the
highest possble number of test sequences containing the best test
cubes of Ceonp, and to select the one that achieves the highest
fault coverage (its first vector thus giving the best LFSR sedl).
This approach is based on two complementary algarithms.
Algarithm-2 swiftly simulates all test sequences containing a
pattern consistent with a selected test cube of Ceomp, and selects
the seed of the test sequence that achieves the highest fault
coverage. This algarithm is described in section 3.2.1. To dotain
the best one-seed LFSR test sequence, Algarithm-3 uses
Algorithm-2 with the best test cubes of Ceomp. Algorithm-3 is
detail ed in section 3.2.2.

3.2.1 Algorithm-2: a fast simulation-based procedure

In order to address al the test sequences containing a selected
test cube ¢ O Ceomp, We should study the set of test sequences in
which the first vector is consistent with ¢, plus those in which the
second vector is consistent with ¢, and so on urtil all test
sequences in which the last vector is consistent with ¢ have been
studied. However, an exhaustive simulation of all these test
sequences would take aprohibitive anount of CPU time. For this
reason, we propose the following alternative. As own on the
Figure 1, we first simulate dl vectors of an LFSR test sequence Q
in which v is the first vector (the seed) and is determined so that
it i s consistent with c. Thisfirst step requires | simulations where
| is the test sequence length. We then consider a new LFSR test

sequence Q' in which v is the second pettern. As the feedback
polynomial of the LFSR is known, we use the reciprocal feedback
polynomial of the LFSR to calculate the first vector of Q'. As Q’
isaso o length |, the last vector of Q is removed in Q'. There
are therefore -2 common vectors between Q and Q’, so that only
one aditional simulation is needed to calculate the fault coverage
achieved with Q'. Of course, faults detected by the last vector of
Q (and rot detected by any vector of Q') are deleted from the list
of faults detected by the new sequence Q'.

o ITTT s ]
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Figure 1: Fast simulation of | test sequences of length |

Next, the same processis used to compute Q™ , and is repeéed
until the test sequence in which v is the last vector has been
evaluated. Algarithm-2 given below details the whole process
and additional comments are then reported. In this algarithm,
PREVIOUS(X) is a function that returns the previous vector of x
in the test sequence generated by the given LFSR. PREVIOUS
uses the reciprocal characteristic polynomial of the LFSR and is
used I-1 times to reach the test sequence in which v is the last
vector.

Algorithm-2: Fast simulation of | test sequences embedding a
vector v

Input: v = avector; | = the test sequence length.
Output: bestSeead = seed of best sequence enbedding v.
bestCover = fault coverage provided by bestSee.
Begin
SV,
Simulation of the test sequence Q whom sedl is s,
ListSmul stores the simulation results;
cover — number of faults detected by Q;
bestCover — cover;
Fori « 1tol-1do
s « PREVIOUS(s);
Smul — list of faults detected by s;
NewFaults = faultsin Smul not in ListSmul;
Update ListSmul using Simul;
Kegp and remove LostFaults from ListSimul;
cover — cover - | LostFaults | + | NewFaults |;
If cover > bestCover then
bestCover — cover;
bestSeda — s;

End

For the sake of efficiency, we need the data structure ListSmul
that stores, for every pattern p, the faults it detects and which are
not detected by any pattern p' that appeas before p in the
sequence. Moreover, this data structure has to be updated at each
iteration. Let I=4 and let 5 denote the i-th vector in the sequence.
Moreover, assuume that s; detects the fault set {ab,cd},
s {bcef}, ss{ae andx {af,g}. LissSmul can be represented
asfollows:
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LostFaults corresponds to the last heg and is equal to {g}.
Asame now that s=PREVIOUS(s1) detects the fault set {b,d,f}.
When updited, ListSmul becomes:

:
b a |T|
EIESEIEN
Using this goring approach, only 2I-1 simulations are needed to
evaluate | sequences with length |. Indeed, | simulations are
needed to evaluate the first sequence, and I-1 simulations are
neeaded to evaluate the next sequences. Note that performing a
complete smulation of each sequence containing a given vector
(full simulation approach) would need 12 simulations to dbtain the
same result. For some circuits (eg. ¢2670, each simulation
requires about 1 second CPU; with 1=10000the full simulation

approach yields over 3 yeas of computations, whereas no more
than 6 hours are required for the solution we propose.

3.2.2 Algorithm-3: the main procedure

The main procedure in which Algarithm-1 and Algorithm-2
discused above ae used is presented in this subsection and
summarized in Algarithm-3. This algaithm is smply a
generdization of Algarithm-2 to al the best test cubes of Ceomp.
Nevertheless two points have to be clarified in this algarithm.

The first one relates to the way we determine avector v that is
consistent with ¢ (a selected test cube anong the best test cubes
of Ceonp) @nd which is further used in Algorithm-2. This vector is
first determined so that the specified hitsin c are reported in the
same bit position in v (consistency). Next, the remaining bitsin v
are abitrarily set at the logc “1” value. This lution
experimentally provides better results than randomly setting the
remaining bits at either “0” or “1”, or at the logc “0” value. Only
one vector is thus produced from a selected test cube ¢ of Ceomp.
The quality of the fully specified petterns obtained from Ceonp iS
determined by simulation, and these patterns are sorted according
to the criterion. The first motivation for this limitation is of
course simulation time, which otherwise would be too high, due
to the exponential number of vectors consistent with a given test
cube. The second mativation is that it is easier to find previous
patterns of a fully specified vector by using the reciprocal
characteristic polynomial of the LFSR, than to find the previous
patterns of atest cube by solving linea equations asin [14].

The second moint relates to the number of best test cubes of Ceomp
needed for testing in order to dotain goad results. This number is
not so important for the following reason: as patterns <lected
during this process have decreasing qualities and hence detect a
decreasing number of hard faults, the probability of getting a test
sequence that provides better fault coverage than a previously
studied sequence decreases. Experimental results reported in the
next section demonstrate that test sequences of high quality can
be obtained with a reasonable computation time.

Algorithm-3: Finding an efficient LFSR sed

Input: C = aset of test cubes provided by an ATPG tod.

| = the test sequence length.

Output: bestSeeal = the most efficient LFSR seed

Begin

bestCover — 09%;

Ceomp — merged cubes of C (Algorithm-1);

V — cubes of C with urspecified hits st to value 1;
Simul ate patterns of V;

Nhile high fault coverage is not reached do

V « best pattern of V acoording to quality vectors;

VV-v;

seal — sed of the best test sequence Q embedding v

(Algarithm-2);

If fault coverage of Q > bestCover then
bestCover — fault coverage achieved with Q;
bestSea ~ sed;

If fault coverage = 1006 then return bestSed;

Return bestSed;

End

4. Experimental results

Experimental evaluation of the proposed method was conducted
using the standard sets of ISCAS 85 and ISCAS 89 kenchmark
circuits. It was assumed that the flip-flops in the ISCAS 89
circuits were configured as part of the LFSR during testing so that
the circuits are tested like combinational circuits. Note that only
detectable stuck-at faults were considered in the fault coverage
calculations.

Cir cuit #inps | #faults Length | FCin | CPUTime
C880 60 1760 1K 99.5 132841
C1355 41 2702 3K 100 189371
C1908 33 3805 4K 100 202541
C2670 233 4995 5K 914 2558215
C3540 50 6824 45K 100 2747924
C5315 178 10568 5K 100 380018
C7552 206 14865 8K 97.8 16593026
S208 18 436 750 99.3 19167
S208 89 19 416 750 98.8 18264
S298 17 596 200 100 11.2
S344 24 670 200 100 5.25
S382 24 764 250 100 6.38
S386 13 772 2K 100 2291
420 34 916 1K 85.4 570.30
$420 89 35 840 1K 94.0 536.07
A44 24 866 300 100 38.37
S510 25 1020 500 100 12.58
S526 24 1051 4K 99.7 240571
S641 54 1274 10K 99.5 1019126
S713 54 1353 10K 99.5 1108612
S820 23 1640 5K 98.9 336731
S832 23 1647 5K 98.8 340050
S838 66 1876 10K 75.5 1246Q77
S838 89 67 1676 10K 86.2 1192616
953 22 1860 5K 98.6 739507
S1196 31 2390 10K 99.9 1527951
S1423 91 2820 3K 99.6 728597
S1488 14 2976 3K 100 146.19
S1494 14 2972 1K 99.1 157039
S9234 247 17350 1K 84.9 26817.68

Table 1: Intrinsic results on Benchmark circuits



Experiments were conduwcted using algorithms described in
section 3. The size of each LFSR is equa to the number of
primary inpus in eah circuit. The characteristic polynomial of
each LFSR is a primitive feedback polynomial. Fault simulations
in each circuit were performed using a home fault simulation tod
based on the critical path tracing algorithm proposed in [17].
Deterministic test cubes were generated using the ATPG tod of
the SUNRISE Test System.

A first sample of intrinsic results is given in Table 1. The first
column contains the circuit names. The second and third columns
give the number of primary inpus (#inps) and the number of
detectable faults (#faults) in each circuit. The fourth column
reports the chosen length of the generated test sequence (Length),
and column five (FC in %) gives the fault coverage obtained with
the proposed method on each circuit. The fifth column gives the
CPU time (in seconds, on a Pentium 350) needed for the complete
process of generating a oneseed LFSR test sequence
(construction of a compressed set of test cubes and computation of
an efficient LFSR sed). For eech circuit, 20 test cubes from Ceomp
are evaluated in Algarithm-3. However, we observed that it is
usually enough to use the 5 or 6 best test cubes of Ceomp to dbtain
the same result (seed), which illustrates the dficiency of our
quality measure.

The results in Table 1 show the performances obtained with the
proposed method to compute an LFSR seed. For test sequence
lengths no geaer than 1K, the average fault coverage is 96.8%,
while the better and the worst are respectively 100% (in many
cases) and 755%. They also demonstrate that circuits with a lot
of inputs and circuits of gred size can be dedt with efficiently.
Thus, the fault coverage achieved for the 9234 (247 inpus and a
size of 4505 gates equivalent) is 84.9% with a test sequence
length of 1K, for a computational time of no more than 7.5 hours.
This circuit has too much inpu to be dedt by [16]. Note that for
the biggest circuits, the gplicability of the method depends on
two user specified constraints. The first one is the computational
effort one is willi ng to spend and the second is the length of the
test sequence one is willing to alow. The results presented in
Table 1 can be further improved by focusing on these parameters.

Circuit Test Length = 1K Test Length = 10K
AvRand Our Seed AvRand Our Seed
C2670 86.0 912 87.0 916
C5315 99.7 99.9 100 100
C7552 93.9 97.2 95.7 98.0
420 69.1 854 84.7 92.7
$420_89 85.8 94.0 92.3 96.4
S641 96.8 984 98.5 99.5
S838 50.1 722 58.5 755
S838_89 77.6 854 80.7 86.2
S1494 97.5 99.1 100 100
S9234 784 84.9 89.8 92.8
Table 2: Comparison with average randomly sel ected seed
coverage

In order to compare our method with random selection of seeds,
we conducted two sets of experiments (Tables 2 and 3. In the
first set (Table 2), we measured the average stuck-at fault
coverage (over 10000 trials) of pseudo-random test sequences
with 1000and 10000test sequence lengths, and ran our method
with the same sequence lengths. Circuits hard to test or having
numerous inpus were chosen for this comparison. Note that the
average fault coverage was evaluated by performing Algarithm-2
with a randomly chosen vector, for computation time
convenience. Indeed, for some circuits (eg. c7552 or s9239) the
time needed to fully simulate over 10000 eudo-random test

sequences is excessvely high. For each tested length (“Test
Length = 1K” and “Test Length = 10K"), we report the average
(AvRand) stuck-at fault coverage (in %) achieved with random
seads. The fault coverage achieved with the proposed method (20
test cubes from Ceomp evaluated in Algorithm-3) is given in
Columns 2 and 4 (OurSedl). These results ow that in all cases,
the fault coverage achieved with the one-seed LFSR test sequence
generated by the proposed method is much higher than the
average fault coverage obtained randomly. For test sequence
length 100Q the arerage fault coverage of the proposed method is
90.8%, whil e the average random seed selection fault coverage is
83.5%. For test sequence length 10000 the average fault
coverage of the proposed method is 93.3%, while the average
random see selection fault coverage is 88.7%. For very hard-to-
test circuits, the difference between our results and random seed
selection is even more significant.

Circuit Time #Rand MaxRand Our Seed
C2670 4533 42 86.3 91.2
C5315 11474 43 99.8 99.9
C7552 19184 45 94.6 95.3
$420 625 51 75.8 814

$420_89 583 50 88.9 94.0
S641 813 37 98.0 984
S838 2067 76 54.6 69.7

S838 89 1654 61 79.6 854
S1494 1100 33 98,5 98.8
S9234 12393 21 79.6 84.4

Table 3: Comparison with best randomly selected seed coverage
for a computation time

In Table 3, we compare the fault coverage provided by our
method (column “OurSeed”, with 10 test cubes from Ceomp
evaluated in Algarithm-3) and the best fault coverage of a
randomly selected seed test sequence (column “MaxRand’). For
these experiments, the test length is 100Q and the computational
time (in seconds and in second column) required to find the best
randomly selected seed is equal to that used by our method. The
third column of Table 3 indicates the number of random test
sequences fully simulated duing the accorded time. Through this
experiment, it appeas that the results provided by our method are
always better than those of a random seed selection. In average,
the fault coverage provided by the proposed method is 89.8%,
while the fault coverage of the best random seed selection is
85.5%. For some circuit, the difference between the results is 4ill
much more important. For example, this difference is about 15%
for the s838. It also appeas that for the same computational time,
it isnot posshle to fully simulate ahigh number of test sequences
with arandom selected seed (only 46, on average).

In the introduction d this paper, we pointed ou that the main
fedure of the proposed methodis that it can be gpliedin alot of
BIST situations. It can be used in pseudorandam testing for
BISTed circuits that contain few randam resistant faults. In this
case, it alows to significantly improve the fault coverage
adhieved with a predetermined pseudorandam test length. The
results listed in Tables 1, 2 and 3 confirm this asertion. It can
also be used in pseudo-deterministic BIST, where it alows the
hardware generator overheal area to be reduced, since the
number of hard faults to target with the deterministic part of the
generator is initially reduced. In order to demonstrate the
effediveness of our method in pseudo-deterministic BIST, we
implemented two existing BIST scheme, [12] and [11], in which
LFSR plus mapping logic ae mbined to prodwce test
sequences providing 1006 stuck-at fault coverage with test



sequence length a priori known (1000 lere).Our results are
reported in Table 4. We first considered a one-seed LFSR test
sequence produwced by ou method, and computed the number of
deterministic test cubes (Column OurSeed) needed to be
implemented in order to achieve 100% fault coverage with [12]
or [11]. Next, we mnsidered a test sequence with the best
randamly chosen seed found in the previous experiment (see
Table 3); for this ssoond test sequence, we also computed the
number of deterministic cubes (Column MaxRand) that have to
be implemented. Finaly, we estimated the overhead area (Gates
Equivalent) of the alditional mapping logics for both test
sequence using [12] and [11]. For ead o these mixed-mode
techniques we @mputed the ratio between the area overhead
needed using our proposed seed and the randan seed (columns
[11]Ratio and [12] Ratio).

Circuit Mixed-mode BI ST
M axRand Our Seed [11]Ratio [12]Ratio
C2670 116 90 0.96 0.78
C5315 17 13 0.45 0.69
C7552 157 143 0.95 0.84
$420 71 52 0.92 0.85
$420_89 40 19 0.32 0.14
S641 16 15 0.90 1.33
S338 218 172 0.92 0.75
S838_89 109 95 0.79 0.73
S1494 24 14 0.92 0.76
S9234 708 598 0.72 0.83
Average 1476 1211 0.78 0.77
Table 4: Comparative results for a pseudo-deterministic BIST
scheme

These results (Table 4) highlight the alvantages of our method in
the context of mixed-mode BIST techniques, where it reduces the
hardware generator overheal areaby a quarter (on average). For
some circuits (e.g. s420_89, the aeaof the mapping logc may
be more than 70% small er with our solution.

5. Conclusion

In this paper, we propose an efficient method to compute the seed
of an LFSR-TPG with a given characteristic polynomia and a
given test length. The results demonstrate that our technique can
be successully applied either in pseudo-random testing for
BISTed circuits that contain few random resistant faults, or in
pseudo-deterministic BIST where it alows the hardware
generator overhead areato be reduced. Moreover, our technique
is able to ded with combinational circuits of gred size and with a
lot of primary inpus. Further studies will be conducted to adapt it
to the test-per-scan scheme, to develop it for delay faults testing,
and to avoid the abitrarily completion of compressed cubes with
logc vaue 1.
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