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Abstract

We propose a method of random pattern generation for at-speed
testing of circuits with scan. The proposed method uses limited
scan operations to achieve complete fault coverage. Under alim-
ited scan operation, the circuit state is shifted by a number of
positions which may be smaller than the number of state vari-
ables. Limited scan operations are inserted randomly to ensure
that the complete test set can be generated by a random pattern
generator with simple control logic.

1. Introduction

A sequentia circuit with full scan can be considered as a combi-
national circuit for the purpose of testing for stuck-at faults.
Built-in test generation methods for full scan circuits that take
this approach were described in [1]-[4]. Under these approaches,
a single primary input vector is applied to the circuit between
scan operations. Random-pattern generators are used as a low-
cost option for built-in testing of scan circuits. When random
patterns are not sufficient to achieve complete fault coverage,
methods to improve the fault coverage include the use of
weighted random patterns, the insertion of test points, and the
use of multiple seeds to initialize the random-pattern generator.

Built-in test generation methods for circuits with full scan
that allow at-speed testing of the circuit were described in [5]
and [6]. The tests generated in [5] and [6] have the following
form. A test T; starts with a scan-in operation that initializes the
circuit state to a known state 9;. Next, a sequence T; of one or
more primary input vectors is applied at-speed. During the appli-
cation of T;, the circuit state is determined through its functional
path, and the scan chain is not used. The test ends with a scan
out operation. We represent atest 1; ast; = (8;,T;). Thelength
of atest T; isthe number of primary input vectorsin T;.

The built-in test generation methods of [5] and [6] assume
that an LFSR will be used to generate random tests. In [5], the
goa was to maximize the fault coverage achieved when a given
number of clock cycles is allocated for test application (i.e., a
given number of clock cycles is to be used for scan operations
and application of primary input vectors). It was observed in [5]
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that increasing the lengths of the primary input sequences
applied at-speed can be used to increase the probability of detec-
tion of some faults. The test lengths to be used were selected
based on this observation. In [6], an improved procedure for
selecting the sequence lengths was described, and the number of
different primary input sequence lengths was limited to two in
order to simplify the test application process. For the same
number of clock cycles allocated for test application, the method
of [6] resulted in higher fault coverages than [5], and in longer
primary input sequences applied at-speed. However, because of
the use of random patterns, incomplete fault coverages are
reported in both [5] and [6].

In the tests generated in [5] and [6], scan is used at the
beginning and at the end of atest. The scan operations are com-
plete in the sense that the values of al the flip-flops are written
during scan-in and read during scan-out. This requires Ng, shifts
of the scan chain, where Ng, is the number of state variables
(and aso the number of scanned flip-flops in the case of full
scan). In this work, we improve the fault coverage achieved by
random test sets similar to the ones of [5] and [6] by inserting
limited scan operations into the tests. Under a limited scan
operation, the number of shifts of the scan chain is smaller than
Ng/- A limited scan operation that performs Ng, shifts of the
scan chain affects the values of al the flip-flops, however, it
requires only Ng; clock cycles, only Ng; new vaues are
scanned in, and the values of only Ng, flip-flops are scanned out.
Thus, limited scan is useful in partialy reading the current cir-
cuit state, and in bringing the circuit into a new state. This helps
detect new faults that cannot be detected by the original test, as
illustrated in Section 2. The importance of limited scan isthat its
cost, in terms of test application time, is lower than the cost of
inserting the same number of compl ete scan operations.

Limited scan was used in [7]-[11] to reduce the test appli-
cation time of a deterministic test set for a full scan circuit when
the test set contains primary input sequences of length one, i.e.,
when the circuit is considered as a combinational circuit. In this
work, we use limited scan to improve the fault coverage
achieved by a random test set that contains primary input
sequences of length one or more, and thus allows at-speed test-
ing of the circuit.

The insertion of limited scan operations in this work is
done randomly, i.e., the time units where limited scan operations
will be inserted and the number of shifts of the scan chain under
a limited scan operation are both determined randomly. Thisis
consistent with our goal of obtaining a random pattern generator
similar to [5] and [6], but with improved fault coverage com-
pared to [5] and [6]. The random insertion of limited scan opera-
tionsis controlled by two parameters, denoted by | and D,. Only
values of these parameters need to be stored in order to guide the
random insertion of limited scan operations. This is in addition



to storage of the test lengths and the number of tests of each
length that are also required in [5] and [6].

The paper is organized as follows. In Section 2 we
demonstrate the effects of inserting limited scan operationsinto a
test. In Section 3 we describe how limited scan operations are
randomly inserted into a random test set TS, Experimenta
results demonstrating the improvement in fault coverage that can
be achieved by limited scan operations are given in Section 4.
Section 5 concludes the paper.

2. Limited scan

We consider 1ISCAS-89 benchmark circuit s27 under the test
1=(9,T) with 9 =001 and T = (0111, 1001, 0111, 1001,
0100). In Table 1(a), we show the states and output vectors
obtained by simulating this test in the fault free circuit and in the
faulty circuit in the presence of afault f which is not detected
by the test. In Table 1, the time unit is shown under column u,
the vector of T at time unit u is shown under column T (u), the
fault free and faulty states at time unit u are shown under
column S(u), and the fault free and faulty output vectors at time
unit u are shown under column Z(u). Fault free and faulty
entries are separated by aslash. Notethat S(0) =9 /9 .

Table1: A test for s27

(a) Without limited scan (b) With limited scan
T(u) S(u)  Z(u) | shiftu) T(u) S(u) Z(u)

0111 001001 1 0111  001/001 i7AN
1001  000/000 0/0 1001  000/000 0/0
0111  010/010 0/0 0111  010/010 0/0
1001  010/010 0/0 1001  001/001 1/0
0100  010/010 0/0 0100  101/010 i7AN
011/011 001/001

Table 2: Timing information for thetest of Table 1(b)

Tu) S  z()
0111 001/001 TI1
1001 000/000  0/0
0111 010/010  0/0
- 010010 -
1001 001/001  1/0
0100 101/010 V1
001/001
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Next, we simulate the same test, this time using a limited
scan operation that shifts the circuit state at time unit three by
one position. In our implementation, we always shift states to
the right. During the shift, we assign to the leftmost bits random
values. Shifting the state 010/010 obtained for s27 at time unit 3
and assigning the value O to the leftmost bit, we obtain the state
001/001. This causes the states and output values obtained fol-
lowing time unit 3 to change as shown in Table 1(b). Column
shift(u) in Table 1(b) shows the number of positions by which
the state at time unit u is shifted. Although we still show the
input vectors at their origina time units in Table 1(b), in prac-
tice, there is another time unit between time units 2 and 3 where
the state is shifted by one bit. A more accurate description of the
test of Table 1(b) is shown in Table 2. Considering Table 1(b)
(or Table 2), the fault is now detected on the primary output at
time unit three (or four taking into account the time unit required
for the limited scan operation).

For ease of presentation, we keep the time units of the ori-
gina input sequence as we did in Table 1(b). However, it is
important to note that if shift(u)> O for time unit u, then the

test vector of time unit u is delayed by shift(u) time units, and
applied at time unit u+shift (u).

The example of Table 1 shows that an undetected fault
may be detected due to the change in the circuit states and out-
puts caused by a limited scan operation. In addition, a fault may
be detected during the scan out operation that occurs during a
limited scan operation. For example, suppose that a circuit
reaches the state 00000/00010 at time unit u, and suppose that
the state at time unit u is shifted by two positions. In the fault
free circuit, the two bits shifted out are 00, while the same bits
are 10 in the faulty circuit. Thus, the fault is detected during the
scan out operation. In the following section, we take advantage
of these additional detections to improve the fault coverage of a
random test set.

3. Random limited scan insertion

In this section, we describe the insertion of limited scan opera-
tions into a random test set. The limited scan operations are ran-
domly determined to ensure that the test generation process can
be performed by LFSRs with minimal additional control logic.
Although we use high-level procedures to describe the insertion
of limited scan operations, these procedures can be easily imple-
mented using LFSRs and additional logic.

We define an initial random test set TS, that does not
include any limited scan operations. We use two test lengths as
in [6] to define TS,. The lengths are denoted by L, and Lg. We
use N tests of each length. Thus, our initial test set is TSy =
{tuTo TN TNen "0 Ton s Where T for 1<i <N isof length
La, and 1; for N+1<i < 2N isof length Lg (the length of a test
T; isthe number of vectorsin its primary input sequence T, ). The
valuesof L, Lg and N are determined as explained later. For a
test1; =(9;,T;) O TSy, weselect S; and T; randomly. We per-
form the random value selection such that it can be repeated, i.e.,
such that it would be possible to apply the same test set TS, mul-
tiple times. This can be achieved by using a dedicated random
pattern generator (such as an LFSR) for TS, and always using
the same seed to initialize it before TS, is generated.

Based on TS, we define test sets denoted by TS(1,D,)
whose tests contain limited scan operations. We define
TS(I,D,) such that every test t; O TS(I,D,) is identical to a
different test 1; O TS, except that T; contains limited scan
operations. Two parameters, | and D, determine the time units
where limited scan operations will be performed as part of the
different tests, the numbers of bits by which the states will be
shifted, and the new bits that will be scanned in. The parameter |
designates an iteration of the limited-scan insertion procedure,
and is aimed at ensuring that different test sets will be obtained
at different iterations. The parameter D ; determines the probabil-
ity of inserting alimited scan operation at any given time unit of
atest. A higher value of D, implies a larger number of time
units between every two limited scan operations, or a lower pro-
bability of inserting a limited scan operation at a given time unit.
A third parameter, D ,, determines the maximum number of posi-
tions by which a state will be shifted under a limited scan opera-
tion, and it is fixed to a constant as described below. We denote
by shift(i ,u) the number of bits by which the state at time unit
u under test t; O TS(I,D4) will be shifted. If shift(i,u)=0, a
limited scan operation does not occur at time unit u under T,
and primary input vectors continue to be applied at-speed at time
unit u.



A test set TS(I,D,) for specific values of | and D, is
defined using Procedure 1 given next. In Procedure 1, r, isa
random number in the range [O,R,], where R, > D,. We use
r, mod D;, where mod is the modulo operation, to obtain a
number which is zero with probability 1/D,. When
ro,mod D, =0, we insert a limited scan operation. In a similar
way, we use r,mod D,, where r, is in the range [O,R,], to
obtain a random number between 0 and D,—1. This number
determines the number of shifts under a limited scan operation.
Alternatively, LFSRs can be used to obtain these numbers in a
hardware implementation of the random pattern generator.
Procedure 1: Defining the test set TS(1,D,)

For every testt; O TSy
Initialize the random number generator with a seed
seed (l).
For 0< u < L;, whereL; isthelength of T;:
Select arandom number ry. If rymod D, =0:
Select a random number r, Set
shift(i,u)=r, mod D,.
Else, set shift(i,u) =0.

Procedure 1 uses a constant D, to restrict the number of
bits by which a state may be shifted under a limited scan opera-
tion. In our implementation, we use D, = Ng,+1, where Ng, is
the number of state variables. This value of D, allows a limited
scan operation to be anywhere between no scan (when
romod D,=0) and a complete scan operation (when
r,mod D, =Ng).

We select several combinations of | and D, to generate
severa test sets TS(l,D,) so as to maximize the fault coverage.
This is done using Procedure 2 given next. Procedure 2 ter-
minates when the fault coverage reaches 100%, or after a con-
stant number of iterations with no improvement in the fault cov-
erage. The constant is denoted by Neaveec -

Procedure 2: Selecting test sets TS(l,D ;)
(1) LetF betheset of target faults. Set ID1_PAIRS = .
(2) Generate TS, Smulate al the faultsin F under TS, and
drop from F the faults detected by TS,,. If F = ¢, stop.
(3) Setl =1. Setngmere =0.
(49 Setimprovef.c =0. ForD;=12,---,10:
(@  Call Procedure 1to generate atest set TS(1,D ).
(b) Simulate dl the faults in F under TS(l,D,) and
drop from F the faults detected by TS(l ,D ).
() If any faults are detected by TS(I,D4), add (1 ,D )
to ID 1_PAIRS and set improve.f.c = 1.
(d IfF =g, stop.
(5) If improve.f.c =0, et Ngmerc = Namerctl Else, set
Neamefc = 0.
6) I Ngmerc < Neamerc, Setl =1+1and goto Step 4.

Until now, we assumed that the values of L,, Lg and N
used to define TS, are given. To select valuesfor L, Lg and N,
we consider the number of clock cycles required for test applica-
tion of TS, and the test sets TS(I,D,) selected by Procedure 2.
Our goal isto select L, Lg and N so as to minimize the test
application time while maximizing the fault coverage. Let us
first consider the test application time of TS,. We have 2N tests
that require 2N+1 complete scan operations, or (2N+1)Ng,
clock cycles. We have N testsof length L, and N tests of length
Lg, for atotal of N(L,+Lg) primary input vectors. These vectors
require N (L,+Lg) clock cycles. The number of clock cycles
required for application of TSy, is thus Ny =

(2N +1)Ng, +N (Lo +Lg). Here, we assume that the scan clock
and the functional clock have the same cycle time. The formula
for N, can be adjusted to account for afaster functional clock if

necessary.
Next, we consider a test set TS(l1,D,). As part of

TS(I ,D 1), we apply every test included in TS,. This requires
Cyc clock cycles. In addition, limited scan operations have the
foIIowmg contribution to the test application time of TS(I ,D ).
At time unit u of T, O TS(I,D,), we perform a limited scan
operation that shifts the state by shift(i,u) bits (if
shift(i,u) =0, no scan shifts are made at time unit u, and pri-
mary input vectors continue to be applied at-speed). Thus, the
limited scan operation at time unit u requires shift(i ,u) clock
cycles. Adding over al the tests and all the time units, limited

2N

scan operations contribute > > shift(i,u) clock cycles to the

i=lu=0
test application time (here, L; is the length of T;). We denote this
number by Ng,(I,D;). The total number of clock cycles
required for application of TS(I,D;) is Ngc(I,.Dy) =
Ncycu+NSH (I le)-

Procedure 2 may select several pairs (I1,D,) that are
included in the set ID1_PAIRS. The test application time con-
sidering TS, and al the test sets TS(I,.Dy), (I,.Dy) O
ID1 PAIRS,is

Neye = Neye +2 {Ngyc(I,D9):(1, D) OID1_PAIRS}.

The tradeoff between L,, Lg, N and the test application
time is as follows. Smaller values of LA, Lg and N result in
smaller values of Ncyc Since Ncyc appears in the total number of

clock cycles N, several times (by itself, and as part of every
Neye (1,.D4)), it |s |mp0rtant to keep N, low by keeping L,, Lg

and N small. However, if L, Lg and N are too small, it may be
necessary to use large numbers of (1,D,) pairsin order to reach
the desired fault coverage. In addition, especialy for small
values of D, the numbers of limited scan operations may be
large, and the contribution of Ng, (I ,D,) to the number of clock
cycles may be high.

We study the tradeoff between L,, Lg, N and the test
application time experimentally by considering s208 and s420.
Our god is to achieve 100% fault coverage for these circuits.
For each circuit, we consider L, O {8, 16, 32, 64, 128, 256},
Lg O {16, 32, 64, 128, 256}, and N O {64, 128, 256}. For
every combination of L, Lg and N such that L, < Lg, we show
in Tables 3 and 4 the numbers of clock cycles N, required for
application of the test sets selected by Procedure 2. We also
show the value of N, . We enter a dash when Procedure 2 can-

not achieve 100% fault coverage. We leave empty the entries
where L, 2 Lg. The following points can be seen from Tables 3
and 4.

The number of clock cycles for application of TSy, Ny,
increases with every one of L,, Lg and N. Most of the time,

Ny tracks thisincrease. However, occasionally, N is smaller
for a larger value of N . For example, for 208 with L, =8,

Lg =16 and N =128 we have Noye =5128 and Ny, = 47317,
while with Ly =8, Lg =16 and N =256 we have N, = 10248

but Ny, =32577. This is because with L, =8, Ly = 16 and
N =128, we need four pairs (I1,D,), and the initial test set is
applied four times with limited scan operations to achieve 100%



Table 3: Numbersof clock cyclesfor s208

Ncyc
LA | LB=16 LB=32 LB=64 LB=128 LB=256
8 | 25450 27102 37876 43785 84720
N=64 16 59370 62198 46246 87251
32 50008 82707 92357
64 61572 102616
8 | 47317 53037 46732 87799 169826
N=128 16 51298 51862 92846 174928
32 62103 103094 185353
64 123661 206054
8 32577 52919 93863 175969 340592
N=256 16 63166 104140 186417 350705
32 124644 207039 370970
64 247814 411950
NcycO
LA | LB=16 LB=32 LB=64 LB=128 LB=256
8 2568 3502 5640 9736 17928
N=64 16 4104 6152 10248 18440
32 7176 11272 19464
64 13320 21512
8 5128 7176 11272 19464 35848
N=128 16 8200 12296 20488 36872
32 14344 22536 38920
64 26632 43016
8 10248 14344 22536 38920 71688
N=256 | 16 16392 24584 40968 73736
32 28680 45064 77832
64 53256 86024
Table 4: Numbersof clock cyclesfor s420
Ncyc
LA | LB=16 LB=32 LB=64 LB=128 LB=256
8 - - - - 645573
N=64 16 - - - -
32 - - 880854
64 - 469742
8 - 316472 475756 - 886564
N=128 16 - 667376 730978 1051922
32 397805 861565 1032612
64 1012958 1435611
8 - 596377 - 1001374 1688693
N=256 | 16 478143 723187 - 1614658
32 885110 1425561 1517590
64 986936 1771359
NcycO
LA | LB=16 LB=32 LB=64 LB=128 LB=256
8 3600 4624 6672 10768 18960
N=64 16 5136 7184 11280 19472
32 8208 12304 20496
64 14352 22544
8 7184 9232 13328 21520 37904
N=128 | 16 10256 14352 22544 38928
32 16400 24592 40976
64 28688 45072
8 14352 18448 26640 43024 75792
N=256 | 16 20496 28688 45072 77840
32 32784 49168 81936
64 57360 90128

fault coverage; whereas with L, =8, Lg =16 and N =256, we
need only one pair (I1,D,) and the test set is applied only once
with limited scan operations to achieve 100% fault coverage.
Another effect that can be seen by considering s420 is that

values of L,, Lg and N that are too small may prevent us from
achieving 100% fault coverage.
Since N, has astrong effect on N, we prefer values of

La, Lg and N that result in the smallest values of Ny.. In Table
5, we show how N increases with L,, Lg and N for severa

values of Ng, that appear in the benchmark circuits we consider.
We use the values of L,, Lg and N used in Tables 3 and 4.
Table 5 shows the first 10 combinations of L,, Lg and N by
increasing value of N . To select an appropriate combination,

we apply Procedure 2 with different combinations. The order by
which we consider the various combinations is the one shown in
Table 5, i.e, increasing value of N . If the god is to achieve

complete fault coverage, we stop when we find the first combina-
tion that allows us to achieve complete fault coverage. We
explore additional combinations with increasing values of N

in order to optimize parameters other than the fault coverage and
the test application time.
Table5: Ny, asafunctionof Ly, Lg and N

NSV=21 NSV=74
LA LB N NcycO |[LA LB N  NcycO
8 16 64 4245 | 8 16 64 11082
8 32 64 529| 8 32 64 12106
16 32 64 5781 | 16 32 64 12618
8 64 64 7317| 8 64 64 14154
16 64 64 7829 | 16 64 64 14666
8 16 128 8469 | 32 64 64 15690
32 64 64 8853 | 8 128 64 18250
8 32 128 10517 | 16 128 64 18762
8 128 64 11413 | 32 128 64 19786
16 32 128 11541 | 64 128 64 21834

4. Experimental results

We considered ISCAS-89 and ITC-99 benchmark circuits. We
first report the results obtained by Procedure 2 for the first com-
bination of Ly, Lg and N that yields complete fault coverage.
We then consider two parameters. (1) The ability of the result-
ing test setsto test the circuit at-speed. Thisis enhanced by using
larger values of D, that increase the lengths of the primary input
sequences applied between (limited and full) scan operations. It
is important to note, however, that even if limited scan opera-
tions occur often in the test sets TS(l ,D ), the test set TS, con-
sists of tests of lengths L, and Lg that are applied at-speed
without any limited scan operations. (2) The number of pairs
(I,D,) that need to be used to achieve complete fault coverage.
We consider different combinations of L, Lg and N in order to
reduce this number.

The results for the first combination of L,, Lg and N that
yields complete fault coverage are reported in Table 6. In Table
6, after the circuit name, we show the valuesof L,, Lg and N for
which we report the results. Under column initial we show the
number of faults detected by the initial test set TS,, and the
number of clock cycles Ny, required for applying it. Under

column with lim. scan we show the number of test sets TS(I1,D,)
applied with limited scan operations (this is also the number of
pairs (I ,D,) selected by Procedure 2). We then show the number
of faults detected using limited scan operations, and the number
of clock cycles Ny, required for applying al the test sets
TS(1,D,). All the detectable circuit faults are detected in every
case.



Table 6: Experimental results

initial with lim. scan
circuit LA,LB,N det cycles det cycles Is

8
h-]

s208 8,16,64 178 2.6K 215 254K 055
s298 8,16,64 298 3.3K 308 130K 0.85
s344 8,16,64 342 3.5K

s382 8,16,64 365 4.2K 399 190K 0.88
400 8,16,64 377 4.2K 415 190K 0.88
420 8,32,128 300 9.2K 430 316K 0.39
s510 8,16,64 564 2.3K

s641 16,256,128 453  39.7K 467  24M  0.66
s820 16,32,64 597 3.7K 850 113K 037
953 8,16,64 1038 5.3K 1079 875K 031

s1196 16,128,256 1235 46.1K
s1423 16,64,64 1200 14.7K

1242 870K  0.49
1501 12M 056

= = = =
whRoonvor|rRBruBovoRrroras

s5378 8,32,64 3908 257K 4563 38V 035
s35932 8,16,64 34681 224K 35110 14M  0.92
b01 8,16,64 130 2.2K 135 57K 0.76
b02 8,16,64 70 21K

b03 8,16,64 382 5.4K 452 341K 049
b04 8,32,64 1251 111K 1344 575K  0.62
b06 8,16,64 202 27K

b09 8,16,64 315 51K 420 181K 0.35
b10 8,16,64 450 37K 512 316K 050
b1l 8,64,64 857 8.5K 10 1080 447K 051

det - number of detected faults

cycles - number of clock cycles required for test application

app - number of test sets applied with limited scan operations

Is - average number of time units where limited scan operations are

performed

In the last column of Table 6, we show the average

number of time units where limited scan operations are per-
formed. This Earameter is computed as follows. Consider the
test set TS= LI{TS(I,D,):(1,D,) OID1 PAIRS} that consists
of dl the tests in all the test sets selected by Procedure 2. Let
TS ={14,T5, - * - ,T,}. Suppose that during T;, there are n time

units where limited scan operations occur (i.e., ng time units for

which shift(i,u) > 0). We define the average number of time
units Withmlimi'[e(;,]i1 scan operations during the application of TS

asng = (O ne)/(3L;). Werefer to this parameter as the average

i=1 i=1

number of limited scan time units. This parameter indicates the
average length of a primary input sequence applied at-speed
between (complete and limited) scan operations. For example,
with ng = 0.50, alimited scan operation occurs every 1/0.50 = 2
time units on the average, which implies that on the average, pri-
mary input sequences of length two are applied at-speed. With
ns =0.10, a limited scan operation occurs every 1/0.10 = 10
time units on the average, which implies that on the average, 10
consecutive primary input vectors are applied at-speed. It is
important to note that the average is computed without taking
TS, into account. In TS, we have primary input sequences of
length L, and Lg that contribute to at-speed testing of the circuit.
The following points can be seen from Table 6.

Complete fault coverage is achieved by the proposed
approach for al the circuits considered. The number of clock
cycles required for achieving complete fault coverage is
significantly increased compared to the initial test application
time. However, the fault coverage is increased significantly as
well. The number of clock cycles should be compared with the
500,000 clock cycles alocated in [5] and [6]. The following
points related to [5] and [6] are important in this comparison. In

[5] and [6], multiple scan chains are used such that the maximum
length of a scan chain is 10. Consequently, at most 10 clock
cycles are required for a complete scan operation in [5] and [6],
and significantly fewer scan clock cycles are needed in [5] and
[6] for every test compared to the method proposed here. In
addition, in [5] and [6], the last flip-flop of every scan chain is
observed at every time unit, thus improving the observability of
the circuit. Nevertheless, incomplete fault coverages are reported
in [5] and [6]. The proposed procedure uses fewer than 500,000
clock cycles for most of the circuits to achieve complete fault
coverage when the fault coverage achieved in [5] and [6] is
incompl ete.

One case where the proposed procedure uses more than
500,000 clock cycles is s5378. For this circuit, average fault
coverages of 98.66% and 98.54% are reported in [6] using the
methods of [5] and [6], whereas the method proposed here
achieves 99.13% fault coverage, which is the highest possible
fault coverage for this circuit.

The parameter D, of Procedure 2 is the one that deter-
mines how often alimited scan operation occurs. In Procedure 2,
we consider D;=1,2,--,10, in this order. Consequently, we
give preference to the selection of smaller values of D, in order
to detect target faults. A smaller value of D ; resultsin more lim-
ited scan operations, and thus shorter primary input sequences
applied at-speed between scan operations. To obtain longer pri-
mary input sequences applied at-speed, it is possible to consider
D,=10,9, - -,1in Procedure 2. This would give preference to
the selection of larger values of D, resulting in fewer limited
scan operations. In Table 7, we show the results obtained for
some of the circuits of Table 6 when D, =10,9,---,1 is con-
sidered in Procedure 2. Thevaluesof L,, Lg and N are the same
asin Table 6. Comparing the results of Table 7 with the results
of Table 6, the following points can be seen.

Table7: UsingD,=10,9,---,1in Procedure 2

with lim. scan

circuit | app det cycles Is
s208 10 215 420K 024
s298 3 308 131K 0.09
s344 0

s382 3 399 177K 0.09
400 3 415 17.7K  0.09
420 17 430 383K 0.30
s510 0

s641 9 467 21IM 054
s820 20 850 130K 0.30
s953 9 1079 776K 0.15
s1196 5 1242 609K  0.22
51423 13 1501 1.1M 0.38
s5378 42 4563 42M 033
b01 2 135 51K 0.08
b02 0

b03 3 452 236K 011
b04 12 1344 607K  0.46
b06 0

b09 14 420 163K  0.29
b10 8 512 543K 0.22
b1l 14 1080 443K 0.33

app - number of test sets applied with limited scan operations

det - number of detected faults

cycles - number of clock cyclesrequired for test application

Is - average number of time units where limited scan operations are
performed



As may be expected, the average number of limited scan
time units is lower when D, is considered in decreasing order.
The number of clock cycles required for test application is some-
times higher and sometimes lower than that obtained when D is
considered in increasing order. This is due to two competing
effects. (1) The number of different (I1,D,) pairs required to
achieve complete fault coverage increases when D, is con-
sidered by decreasing order. This contributes to an increase in
the number of clock cycles for test application. (2) Higher
values of D; imply fewer limited scan operations, and therefore
alower number of clock cyclesfor test application.

For some of the circuits in Table 6, the number of (1,D,)
pairs required to achieve complete fault coverage is high. This
implies that the number of (I ,D) pairs that need to be stored is
high. This number can be reduced by using larger values of L,,
Lg and/or N. To demonstrate this point, we show in Table 8 the
results obtained for some of the circuits of Table 6 by using
severa different combinations of L., Lg and N. The first row
for every circuit in Table 8 is lways the same as that in Table 6.

Table 8: Different combinationsof L, Lg and N

initial with lim. scan

circuit LA,LB,N det cycles | app  det cycles Is
s208 8,16,64 178 2.6K 4 215 254K 055
8,32,64 185 3.6K 3 215 271K 046
8,64,64 173 5.6K 2 215 379K 0.64
8,128,64 167 9.7K 1 215 438K 0.87
420 8,32,128 300 9.2K 12 430 316K  0.39
16,64,128 308 144K 11 430 667K  0.53
32,64,128 288 164K 6 430 398K 047
64,256,64 258 225K 4 430 470K 054
16,256,256 331 778K 3 430 16M 078
641 16,256,128 453  39.7K 9 467 24M  0.66
8,128,256 454 44.6K 8 467 16M 044
16,256,256 454 79.4K 7 467 26M 042
s953 8,16,64 1038 5.3K 7 1079 875K 031
8,32,64 1062 6.3K 4 1079 97.0K 044
8,64,64 1076 8.3K 1 1079 727K 094
s1196 16,128,256 | 1235 46.1K 4 1242 870K  0.49
32,128,256 | 1233 50.2K 2 1242 499K 0.52
s1423 16,64,64 1200 14.7K 10 1501 12M 056
32,64,64 1286  15.7K 8 1501 1.1IM 055
8,128,64 1291 182K 5 1501 1.1M 059
16,256,64 | 1283 27.0K 4 1501 1.8M 0.65
8,256,128 | 1367 52.8K 2 1501 1.8M 0.65
32,256,128 | 1333 559K 1 1501 14M 098

s5378 8,32,64 3908 25.7K
16,32,64 3950 26.2K
8,64,64 3953 27.7K
32,64,64 3952 29.2K
8,128,64 3975 318K
16,128,64 | 3968 32.3K
8,256,64 3968  40.0K
64,256,64 | 3953  43.6K
16,256,128 | 4084  80.8K
64,256,128 | 4060 87.0K
32,256,256 | 4169 165K

4563 38M 035
4563 38M 041
4563 41M  0.38
4563 44M 037
4563 58M 040
4563 51M 037
4563 6.4M 044
4563 6.6M  0.49
4563 7.3M 044
4563 6.9M  0.60
4563 102M  0.74

b09 8,16,64 315 5.1K 420 181K  0.35
8,32,64 319 6.2K 420 209K 0.46
8,64,64 315 8.2K 420 178K 0.41

32,64,64 295 9.8K
16,128,64 270 128K
8,256,64 325 20.5K

420 181K 0.57
420 215K 0.71
420 254K 0.96
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det - number of detected faults

cycles - number of clock cycles required for test application

app - number of test sets applied with limited scan operations

Is - average number of time units where limited scan operations are

performed

From Table 8 it can be seen that it is possible to reduce

the number of applications of the test set (and the number of
(I,D,) pairs) by using larger values of L, Lg and/or N; how-

ever, in severa cases, the number of clock cycles required for
test application increases as well.

5. Concluding remarks
We proposed a method of random pattern generation for at-speed
testing of full scan circuits. We used tests that consist of a scan-
in operation, followed by one or more primary input vectors
applied at-speed, and a scan-out operation at the end of a test.
The method was based on the insertion of limited scan opera-
tions into a random test set. Under a limited scan operation, the
circuit state is shifted by a number of positions which may be
smaller than the number of state variables. A limited scan opera-
tion can increase the number of faults detected by a test either
because of the change in the circuit state, or because fault effects
are scanned out. Under the proposed method, limited scan opera-
tions were inserted randomly, i.e., a random number of shifts
was done at randomly selected time units. This ensures that the
complete test set can be generated by a random pattern generator
with simple control logic. Experimental results were presented
to show that limited scan operations allow us to achieve com-
plete fault coverages for benchmark circuits.

We considered full scan circuits in this work. However,
limited scan can be used to improve the fault coverage for partial
scan circuits as well.
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