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Abstract 
A method to select the lengths of functional 

sequences in a BIST scheme for scan designs is proposed 
in this paper.  A functional sequence is a sequence of 
primary input vectors applied when the circuit operates 
as a sequential circuit, without using scan.  These 
sequences can be applied at-speed, i.e., at the normal 
circuit clock speed.  The objectives set for choosing the 
lengths of the functional sequences are to increase the 
number of vectors applied at-speed, and to reduce the 
number of settings of functional sequence lengths, 
without compromising the fault coverage achieved.  The 
experimental results presented demonstrate that 
compared to earlier methods, the proposed method 
achieves the above objectives while also achieving 
higher fault coverages for most of the benchmark circuits 
considered. 

  
1 Introduction 

Scan-based BIST methods can be divided into 
two classes [1].  The first class includes test-per-scan 
BIST methods, and the second class includes test-per-
clock BIST methods.  In the test-per-scan architecture, a 
random state vector is serially scanned into the flip-flops 
of the circuit.  After the complete vector is scanned in, a 
test vector is applied to the primary inputs and its results 
are observed at the primary outputs.  At the same time, 
the next state is captured into the scan chain.  In the next 
cycle, a new state is scanned in and the captured 
response of the last cycle is scanned out and observed.  
In the test-per-clock architecture, a test vector is applied 
to the primary inputs every clock cycle.  In the work 
reported here, we use a test-per-clock multiple scan chain 
BIST scheme.  However, the analysis can be extended to 
the test-per-scan architecture. 

In either BIST schemes for scan designs 
mentioned above, typically one vector of primary input 
values is applied after scanning in a state vector.  The 
circuit response is captured in the memory elements and 
then scanned out.  Thus, a single primary input vector is 
applied between scan operations.  The input vectors 
applied and the states scanned in are generated by a 
psuedo-random pattern generator [1].  However, it may 
be advantageous to apply a sequence of input vectors of 

length greater than one (i.e., use more than one capture 
cycle) between scan operations.  Note that the input 
vectors applied between scan operations can be applied 
at-speed using the system clock.  If the total number of 
test clock cycles (scan plus system clocks) is fixed, using 
longer input sequences between scan operations allows 
the application of a larger proportion of input vectors at-
speed.  The clock frequency of scan clocks and 
system/functional clocks are often different, with scan 
clock frequency being much lower in designs that do not 
optimize the scan path for speed.  The clock frequencies 
may also be based on restrictions on power dissipation 
during testing, especially in scan based testing which 
may drive the circuit into illegal or functionally 
unreachable states.  However, in many designs it may 
still be possible to use a higher frequency for functional 
clocks than scan clocks while meeting power dissipation 
constraints.  Thus, applying more functional clocks and 
fewer scan clocks will allow a reduction in total test 
time.  In addition, earlier research [2] has indicated that 
at-speed tests cover unique defects not covered by other 
tests.  Furthermore, the recent work of Tsai et. al.[3] 
demonstrated that for a given total number of test clocks, 
using multiple test sessions with different numbers of 
capture cycles in each test session improves the fault 
coverage achieved.   

In this work, we describe a procedure to select 
the lengths of the subsequences of input vectors applied 
between two consecutive scan operations (i.e., the 
number of capture cycles) that improves upon the 
method proposed by Tsai et. al.[3].  The proposed 
method selects a limited number of different 
subsequence lengths (two) in order to simplify test 
application.  The lengths of the input sequences applied 
between scan operations are selected to be high in order 
to increase the proportion of tests that can be applied at-
speed.  The advantages compared to the earlier method 
of [3] are achieved due to an improved method for 
identifying the best subsequence lengths.  This method 
allows us to use fewer different lengths and achieve 
higher fault coverage while applying a higher proportion 
of test vectors at-speed. 

The method reported is motivated by an earlier 
work [4] on design for testability.  In [4] it was shown 



that if the state of a sequential circuit can be set to any 
arbitrary value, then all the sequentially irredundant 
faults in the circuit can be detected by applying input 
vectors and observing only the circuit outputs.  This 
result implies that controlling the states of a sequential 
circuit is sufficient, and specifically, observation of the 
state of the circuit is not necessary to detect sequentially 
irredundant faults.  Experimental results using 
deterministic test generation and using BIST 
demonstrated the effectiveness of this approach [4].  In 
the context of BIST for scan designs this result implies 
that more than one input vector between consecutive 
scan operations could be useful in achieving higher fault 
coverage while utilizing a smaller total number of clock 
cycles.  This observation arrived at from a different 
perspective was the basis for the work in Tsai et. al.[3]. 

The paper is organized in the following manner.  
In Section 2 we review the method proposed in [3] to 
enhance the effectiveness of scan-BIST.  In Section 3 we 
present the proposed approach for scan-BIST.  
Experimental results are presented in Section 4.  Section 
5 concludes the paper. 

 
2 Preliminaries  

In this section we review the terminology and 
the procedure for scan-BIST given in [3]. 
Definition 1: 
A scan cycle is the period during which a new circuit 
state is shifted into (and the current state is shifted out of) 
the scan chain.  If the length of the longest scan chain is 
l, then one scan cycle corresponds to l clock cycles. 
Definition 2: 
A functional cycle is the period between two scan cycles.  
During this period the circuit functions as a sequential 
circuit.  If an input sequence of length k is applied during 
this period, we say that the length of the functional cycle 
is k. 
Definition 3: 
A test cycle is one scan cycle followed by one functional 
cycle.  The length of the test cycle (i.e. the number of 
clock cycles) is l+k, where l is the length of the scan 
cycle and k is the length of the functional cycle. 

The probability of detection of a fault during a 
functional cycle is computed in [3] by using the 
following formula: 

Pdi
k = 1 - Π 

j
k
=1 (1-Pdi,j)      (1) 

where Pdi
k is the detection probability of fault i during a 

functional cycle of length k, and Pdi,j is the detection 
probability of fault i in the jth time frame of the 
functional cycle.  The detection probabilities are 
computed by using COP [5] with appropriate 
modifications [3]. 

Based on the observation that the optimum 
length of a functional cycle varies from one fault to 
another, it was proposed in [3] that different lengths of 
functional cycles be used during testing of a circuit using 

scan-BIST.   A procedure is presented in [3] to determine 
a set of functional cycle lengths and to divide the total 
number of clock cycles budgeted for testing into multiple 
test sessions each with a different functional cycle 
length.  The procedure used in [3] to determine the set of 
lengths of the functional cycles to be used is described 
next. 

The procedure first identifies a set of hard-to-
detect faults.  Only these faults are considered in 
determining functional cycle lengths to be used.  For the 
selection of functional cycle lengths, the procedure uses 
a metric called Detection Probability per Clock of a fault 
i defined as: 

DPCi
k  = Pdi

k / (l+k)     (2) 
For each fault i, the procedure first determines 

the optimum value of k such that DPCi
k for the fault is 

maximum.  Each fault i is placed in a set Sk, k=1,2…, 
where k is the optimum value of functional cycle length 
for fault i.  The subsets S1, S2,..., are then ordered in 
decreasing order of their cardinalities.  For a desired fault 
coverage, say C, the set of lengths of functional cycles to 
be used is next chosen in the following way.  Let K be 
the set of functional cycle lengths to be used.  The 
members of K correspond to the largest subsets of faults 
Sj defined above such that |Uj∈KSj| / |F | > C, where |X| 
is the cardinality of set X. 

The optimum value k of the functional clock 
cycle length for every fault i (needed to place fault i in 
the appropriate subset of faults Sk) is determined by 
computing DPCi

k for every fault i using increasing 
values of k.  If DPCi

k+1 > DPCi
k when k is increased to 

k+1, then fault i is placed in Sk+1.  
The highest functional clock cycle length is held 

down as follows in the procedure given in [3].  The value 
of k is increased only if the number of faults for which 
DPCi

k increases from their current maximum value is 
over half of the number of targeted faults.  The procedure 
terminates as soon as this condition fails for the first 
time. 

The procedure of [3] for improving the 
effectiveness of scan BIST leads to improved fault 
coverages for a given number of clock cycles compared 
to the standard scan-BIST approach using a functional 
cycle length of one.  However, typically, several 
different functional cycle lengths are obtained by the 
procedure of [3], and the lengths are typically small.  As 
explained earlier, longer functional cycle lengths result 
in a higher proportion of tests that can be applied at-
speed.  Furthermore, reducing the number of different 
settings of functional cycle lengths may lead to a 
simplified BIST controller.  In the next section, we 
propose an iterative procedure to select the lengths of the 
functional cycles in order to increase their lengths, as 
well as reduce the number of different functional cycle 
lengths used.  As a by-product, a higher fault coverage is 
also obtained in many cases. 

 



3 Iterative Procedure to Select Lengths 
of Functional Cycles 

 Similar to the methods in [3] and [4], the 
proposed method enhances the effectiveness of scan-
BIST by using functional cycles with lengths greater 
than one.  However, it differs in the following 
fundamental ways from the methods in [3] and [4]. 
1. The method investigated in [4] did not use scan, and 

did not propose specific methods to select different 
functional cycle lengths. 

2. Unlike in [3] where all the functional cycle settings 
to be used are determined simultaneously, in the 
proposed method these lengths are determined one 
at a time.  Specifically, after one functional cycle 
length is chosen, all the faults detected by tests using 
the chosen functional cycle length are dropped.  The 
next functional cycle length is determined based on 
the yet undetected faults.  In this paper we also 
restrict the different number of functional cycle 
lengths used to two. 

3. The analysis used to select the functional cycle 
length settings is different from the one used in [3].  
As demonstrated by the experimental results 
presented later, the proposed analysis leads to the 
selection of longer functional cycle lengths, leading 
to a higher proportion of at-speed tests and also a 
higher fault coverage in many cases.  Furthermore, 
binary search over the lengths of the functional 
cycles is used to identify the optimal values for the 
second setting, unlike the linear search in [3]. 

 The first setting of the length of the functional 
cycles is chosen to maximize the probability of detection 
during the functional cycle for a majority of the targeted 
faults.  

Let Pdi(N,k,l) be the probability that a fault i is 
detected when a total of N clock cycles are applied, with 
the length of the functional cycle used equal to k and the 
length of the scan cycle equal to l.  Equation (3) given 
below gives Pdi(N,k,l).  Pdi

k used in Equation (3) is 
defined in Equation (1). 

Pdi(N,k,l) = 1-(1- Pdi
k)N/(k+l)     (3) 

In Equation (3), N/(k+l) is the number of different test 
cycles applied to the circuit.  (A test cycle consists of a 
scan cycle and a functional cycle.)  A fault is detected if 
it is detected during any one of the test cycles.  Using 
Equation (3) one can choose between two different 
functional cycle lengths k1 and k2 by picking, say k1 over 
k2 if : 

Pdi(N,k1,l) > Pdi(N,k2,l)                   
Substituting Equation (3), we obtain: 
1-(1- Pdi

k1)N/(k1+l)  > 1-(1- Pdi
k2)N/(k2+l)    

(1- Pdi
k1)N/(k1+l) < (1- Pdi

k2)N/(k2+l)   
Nlg(1- Pdi

k1)/(k1+l) < Nlg(1- Pdi
k2)/(k2+l) 

lg(1- Pdi
k1)/(k1+l) < lg(1- Pdi

k2)/(k2+l)    (4) 

 Therefore we define as our metric for selecting 
a functional cycle length k: 

Mi
k  = lg(1- Pdi

k) / (k+l)     (5). 
The first step in selecting the first functional 

cycle length is to partition the faults into subsets S1, S2,..., 
Sm according to their optimal functional cycle length.  All 
the faults in Sk have an optimal length of k.  The 
partitioning procedure is similar to the procedure from 
[3], except that the metric defined in Equation (5) is used 
to find the best value of k for each fault, instead of the 
metric defined in Equation (2) used in [3].  Note that a 
larger DPCi

k means a better choice of k, while a smaller 
Mi

k means a better choice of k from Equation (4).   
Once the sets S1, S2,...,Sm are found, we consider 

the two sets that contain the largest numbers of faults, 
say Sk1 and Sk2.  We select either k1 or k2 as the first 
functional cycle length, according to the following 
considerations.  A larger set of faults Sk implies that more 
faults are likely to be detected using functional cycle 
length k.  However, if k is too large, then fault effects 
may need to propagate through a large number of time 
frames before they can be observed.  This may prevent 
us from detecting certain faults.  In addition, the second 
cycle length will be longer than the first one.  As a 
compromise between these considerations that may be 
conflicting, we use the value |Sk|/k. The value |Sk|/k is 
larger for larger sets Sk, but smaller for larger values of k.  
If |Sk1|/k1 > |Sk2|/k2, we select k1 as the first functional 
cycle length.  Otherwise, we conclude that k1 is too large, 
and we select k2. 

Once we select either k1 or k2 as the first 
functional cycle length, we apply half of the budgeted 
clock cycles for testing the circuit with the selected 
functional cycle length, and drop the detected faults from 
further consideration. 

To select the second functional cycle length, we 
consider the remaining, undetected faults.  Using binary 
search on values of k between the value selected in the 
first step (say k1) and 256, our goal is to find the value of 
k that maximizes the overall probability of detection of 
the faults that remain undetected.  Binary search 
proceeds as follows.   

We start searching from k = k1+1 with an upper 
limit of 256.  For each k, we build a fault list Ck that 
consists of faults that are likely to be detected using k as 
the second functional cycle length.  A fault i is put into 
Ck only if Mi

k  < (1+α) * Mi
k1, where α is a gain factor (α 

is initialized to 0.1).  The building of the candidate fault 
list is based on the assumption that a fault is hard to 
detect if its metric Mi

k is larger than (1+α)*Mi
k1.  If | Ck | 

< 10% * |F|, where |F| is the total number of yet 
undetected faults, we move on to try the next value of k.  
(In this case, not enough of the faults will be detected, 
and a different value of k is needed.)  The next value of k 
is determined by binary search as follows.  



Suppose that k1=7, we start our search with k=8.  
The next value of k is 16.  If we get a better result for this 
value than for the previous one, we continue to search 
k=32.  If the result shows that k=32 is worse than k=16, 
we go back to try k=24.  In this way we will settle down 
at an optimal point with reasonable computational effort. 

 If for all the values of k considered, |Ck| < 10% 
* |F|, we have to relax the requirement of the gain factor 
α.  In our method, we reduce α to α - 0.01 and repeat the 
above procedure until we settle down at an appropriate 
α.  Note that Mi

k is a negative number, therefore, 
reducing α will allow more faults to be included in Ck. 

As each value of k is considered, we use 
Equation (3) to find the probability of detection Pdi(N,k,l) 
of every fault i which has been put in Ck. Here, N is equal 
to half of the number of test clocks budgeted (since the 
first half of these clock cycles were used after choosing 
the first functional cycle length).  Then we compute  

Σi∈ Ck
 Pdi(N,k,l), 

which gives the estimate of the number of faults that can 
be detected during N clock cycles with functional cycles 
of length k.  Since |Ck| usually varies with the value of k, 
we normalize the above sum with respect to the number 
of faults in the candidate fault list for functional cycle 
length of k, obtaining, 

DIk =Σi∈ Ck
 Pdi(N,k,l) / | Ck|. 

DIk stands for the Detection Index of k, which can be 
used to estimate the detection capability for different 
values of k.  At the end of the process we select a value 
of k with maximum DIk.  This maximizes the probability 
of detection of the remaining faults.  We use this value as 
the second functional cycle length.  This process is 
described in Figure 1. 

Figure 1: Procedure to select the second functional cycle 
length 

4. Experimental Results 
In Table 1 we report the results of applying the 

proposed procedure to select functional cycle lengths for 
larger ITC’99, ISCAS 89 and Addendum 93 benchmark 
circuits.  The results using multiple functional cycle 
lengths using the procedure from[3] are reported under 
columns with the heading MTS, the results of the 
proposed procedure using two functional cycle lengths 
are reported under columns with the heading TTS, and 
the results of the standard scan BIST using a single input 
vector between consecutive scan operations are reported 
under columns with heading STS.  (TS stands for test 
session; each test session uses a different length for its 
functional cycles)  For each benchmark circuit the total 
number of clocks applied to test each circuit is 500K.  In 
order to compare with the previous method, we also set 
the length of the longest scan chain to 10 as was done in 
[3].  Scanned state vectors and non-scan input vectors 
were generated randomly using a random number 
generator.  For each circuit, ten different runs using ten 
different initial seeds for the random number generator 
were applied.  For each circuit, we report the lengths of 
the functional cycles for MTS and TTS in columns 2 and 
3, respectively.  The percentages of at-speed tests among 
all the tests are shown for MTS and TTS in columns 4 
and 5, respectively.  The run times of the procedures to 
select the subsequence lengths are given in columns 6 
and 7.  The average fault coverages achieved over ten 
different runs for each procedure are given in the last 
three columns. 
  As an example consider circuit B21.  The 
procedure MTS uses five different functional 
subsequence length settings of 2, 3, 5, 6 and 7, whereas 
the proposed procedure TTS uses two subsequence 
length settings of 14 and 256.  The average fault 
coverage achieved by MTS over ten different random 
tests is 85.77% and the average fault coverage achieved 
by the proposed method is 87.50%.  Furthermore, MTS 
would allow 30.4%test clocks to be at-speed whereas the 
proposed method allows 77% of test clocks to be at-
speed.  
 In conclusion, for the set of benchmark circuits 
considered, the proposed procedure achieved higher fault 
coverages for twelve out of sixteen circuits while using 
only two settings of functional subsequence lengths. At 
the same time, the proposed method achieves higher 
proportion of at-speed test vectors for all the circuits 
used.  The average results for all benchmark circuits, 
shown in the last row of Table 1, also show that the 
proposed method achieves the best fault coverage among 
the three methods and allows on the average 53.3% tests 
at-speed.  In contrast, MTS typically uses more than two 
test sessions and allows 21.3% at-speed tests. 
 
 
 
 



5. Conclusion 
We developed a method to select the lengths of 

functional sequences in a BIST scheme for scan designs.  
The advantages of this algorithm are: 

(1) It increases the number of test vectors 
applied at-speed. 

(2) It reduces the number of settings of 
functional sequence lengths, which  
simplifies the BIST controller. 

(3) On an average, it achieves higher fault 
coverage than those achieved by a 
previous multiple test session scheme. 
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Table 1: Experimental Results for benchmark circuits: 
 

Functional cycle 
lengths 

Percentage of at-
speed tests (%) 

CPU Time (Sec.) Average Fault Coverage  
For 10 different seeds 

Bench 
mark 

MTS TTS MTS TTS MTS TTS STS MTS TTS 
S3330 1,2,3 1, 252 16.3 52.6 0.600 12.566 89.03 92.34 92.56 
S3384 2,3,4 9, 252 22.8 71.8 0.617 11.050 96.62 96.91 97.44 
S4863 1,4,5 9, 252 23.7 71.8 0.900 16.433 97.82 99.74 99.91 
S5378 1,2,3 1,16 16.3 35.3 1.017 3.300 98.51 98.66 98.54 

S9234.1 1,2,3,4 6, 7 19.4 39.3 2.700 7.200 94.16 95.95 95.89 
S15850.1 1,2,3 1,32 16.3 42.6 5.283 23.067 92.67 92.95 92.39 
S38417 1,2,3 3, 6 16.3 30.3 11.95 31.250 95.83 96.96 97.06 
S38584 1,2,3 4,24 16.3 49.6 11.22 40.150 95.52 95.59 95.36 

B14 2,3,5,6,7,8 17, 48 32.1 72.9 2.367 23.783 82.58 84.20 85.00 
B15 2,3,4,5 6,12 25.4 46.0 4.233 11.283 90.64 96.24 97.21 
B17 2,3,4 6, 10 22.8 43.8 13.93 39.200 91.16 96.02 96.69 
B18 2,3,4 6,8 22.8 41.0 35.43 100.33 90.19 94.65 95.18 
B19 2,3,4 6,8 22.8 41.0 77.85 217.66 89.92 94.46 95.05 
B20 2,3,5,6 10,216 27.6 72.8 5.583 84.966 86.59 89.73 91.01 
B21 2,3,5,6,7 14,256 30.4 77.0 5.917 96.467 82.07 85.77 87.50 
B22 2,4,5,6 9,48 29.0 65.1 9.317 45.670 86.69 89.11 90.55 
Avg. ______ 21.3 53.3 11.81 47.77 91.25 93.71 94.21 
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