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A new on-chip embedding mechanism to improve fault coverage in scan-based de-
lay test is proposed. A major problem of scan-based delay test techniques is that they 
may not provide good fault coverage as many valid test pattern pairs cannot be launched. 
In the proposed method, the initialization vector is shifted into the scan chain, and then 
the activation vector is generated by selectively inverting some bits to be loaded into the 
scan chain. Therefore, this method provides a mechanism to modify activation vectors so 
that desired test pattern pairs can be launched. A formal design procedure for the em-
bedded mechanism is presented. Experimental results show that, compared with previ-
ous work, the proposed method improves delay fault coverage with small area overhead. 
Keywords: Two pattern test, Test Pattern Generator 
 
 

1. INTRODUCTION 
 

Decreasing feature sizes and increasing clock speeds have combined to alter the defect    
effects dramatically. Delay-inducing defects appear more frequently in nanometer    
technology and they can no longer be ignored nor go untested. For circuits designed with 
nanometer technology, the delay fault is considered essential to achieve the acceptable 
defect level. In order to test delay faults, we need two test vectors known as vector pair. 
The first vector of the pair is Initialization Vector (IV) and the second vector is Activa-
tion Vector (AV). IV is to set up the initial logic value of the target net and AV is to acti-
vate a required transition and propagate the fault effect to the primary output (PO) or 
pseudo-primary output (PPO). A simple way to launch two-pattern tests in a scan-based      
architecture is to use enhanced scan, in which two cells are provided for an input. This ap-
proach, however, is very expensive, since an extra storage element is required in each scan cell. 

Two other techniques have been used in scan-based delay test. The first is the 
launch-off-shift (LOS) (or skewed-load) [1]. The IV of a vector pair is obtained by shifting in 
the whole pattern, while the AV is obtained by shifting the scan chain once more and then pulse 
the clock to capture the test response. The second type is called launch-off-capture (LOC) (or 
broadside) [2]. A vector pair is applied by shifting the IV into the scan chain, and then the AV 
in the vector pair is the circuit response to the IV. Compared to the enhanced scan, the LOS 
and LOC require limited hardware; however, the achievable delay fault coverage is usually 
lower, as many pattern pairs cannot be launched through these approaches. 

Reseeding based schemes were first proposed for test data compression [3], [4]. In these 
schemes, a linear de-compressor is employed to expand compressed seeds into test vectors. 
On-chip embedding mechanism for deterministic test patterns is frequently used to improve 
fault coverage, especially for built-in self test (BIST) [5]-[15]. In these applications, a pseudo-
random test sequence is first generated by an algorithmic test pattern generator (TPG) to cover 
most easy-to-detect faults, and then a mapping logic [8] or reseeding technique [11] is applied 
to achieve complete fault coverage. 



 

 

 

 

Instead of applying two-pattern tests directly from external automatic test equipment 
(ATE), an on-chip embedding mechanism [16] uses a mapping logic to transform an IV to the 
corresponding activation vector AV. In this work, a mapping logic [8] based circuit is embed-
ded between the scan chain and the circuit under test (CUT). After an IV having been shifted in 
the scan chain, the corresponding AV is produced by the mapping logic and the value is cap-
tured into the scan chain in the next cycle. In this approach, the mapping logic can be viewed as 
a combinational replacement of the second storage element in an enhanced scan cell, and it 
ensures that tests for all detectable faults can be successfully launched. A drawback of this ap-
proach includes significant hardware overhead and degraded system performance, as the map-
ping logic is embedded between the Flip-Flops (FFs) and CUT. 

Since both LOC and LOS tests can achieve good but not satisfactory fault coverage, it 
could be better to embed only those vectors that cannot be launched by LOC or LOS test. In 
this paper, we present an embedding mechanism which is targeted to improve fault coverage in 
LOS or LOC test. In case a test vector pair (IV, AV) cannot be launched, a bit-fixing logic is 
used to invert some bits so that the correct AV can be generated. With properly selected inver-
sion points, the impact on system performance will be limited. 

This paper is organized as follows. In the next section, the proposed test architecture is 
illustrated while the design process of the proposed method is explained in Section 3. Experi-
mental results are presented in Section 4, and concluding remarks are given in Section 5. 

2. TEST ARCHITECTURE 

On-chip embedding mechanism for delay test was first proposed by Tragoudas and Na-
garandal [16]. This method can be viewed as a combinational replacement of enhanced scan, as 
the extra storage elements in scan cells are replaced by the mapping logic. The advantage is 
that only the initialization vectors have to be stored in ATE, while activation vectors are gener-
ated by the mapping logic. The mapping logic, which generates the corresponding AV from a 
given IV, consists of activation logic and bit-fixing logic. The activation logic is essentially a 
decoder which determines the bit positions where IV and AV differ from a given IV, and it is 
synthesized by a multilevel logic. The design of bit-fixing logic can be implemented using at 
most one AND gate and one OR gate per bit, and it is activated by an activation signal issued 
from the activation logic. A set of 2:1 multiplexers is inserted between each primary input port 
and circuit under test, and it selects the IV in the first cycle and AV in the launch cycle. 

In this paper, we propose a different embedding technique to enhance delay fault cover-
age targeted for LOS and LOC test. In the proposed method, if the AV in a two-pattern test 
cannot be generated from the IV, an embedded mechanism is invoked to complement a subset 
of bits to obtain the required AV. The design of the bit-fixing circuit is presented in this section. 

 
2.1 General Approach 

 
In either LOS or LOC delay test, the first vector of a pattern pair <v1, v2> is shifted into 

the scan chain from the ATE, while the second vector (v2) is either the 1-bit shift of v1 (LOS 
test) or the circuit response of v1 (LOC test). Since v2 is dependent on v1, it is always possible 
that some valid test pattern pairs cannot be launched in either LOS or LOC. For example, let 
<100, 001> be a valid test pair, and the scan cells are chained in the given order. Since the 1-bit 



 

  

shift of v1 (100) is either x10, the given v2 (001) cannot be launched through LOS. 
In order to improve scan-based delay fault coverage, an embedded bit-fixing mechanism 

is proposed in this paper. Assume that pattern pair <v1, v2> is a required delay test, and v1 has 
been loaded into the scan chain. Let vt be the test vector generated in the scan chain in the next 
clock cycle; in other words, vt is the 1-bit shift of v1 in LOS, and the output response of v1 in 
LOC. Whenever vt is different from v2, a correction vector c has to be provided for the reseed-
ing operation: 

 
vt ⊕ c = v2 (1) 

 
The temporary vector vt will be referred to as a transition vector henceforth. If both vt 

and v2 are known, the corresponding correction vector can be easily calculated: 
      

c = v2 ⊕ vt (2) 
      
Example 1: Let <100, 001> be a two-pattern test to be launched with LOS test. The initializa-
tion vector v1 = (100) is first loaded into the scan chain. In the next clock cycle, a bit ‘0’ is ap-
plied to the scan-in port, and thus the transition vector vt is (010), which is different from the 
required v2 = (001). Hence, a correction vector c = vt ⊕ v2 is applied to modify the transition 
vector: c = (010) ⊕ (001) = (011), which actually means the last two bits in vt have to be com-
plemented to generate the required v2. 

In general, there is no single correction vector that is applicable to all pattern pairs. Thus, 
the bit-fixing circuit should be able to dynamically change the correction vector. On the other 
hand, the hardware overhead of the bit-fixing circuit increases as the number of correction 
vectors becomes larger, thus it is imperative to restrict the number of correction vectors. 

 
2.2 Bit-Fixing Logic 

 
Figure 1 show the proposed test architecture, which consists of XOR-gates, a configura-

tion selection register, and an inversion control logic. An XOR gate is inserted between the 
2-to-1 MUX and the Flip-Flop in each selected scan cell, so that the corresponding bit can be 
inverted to obtain the required signal. In the test mode, the initial test data are loaded into scan 
chain through the scan input (SI) port, while the output responses are shifted out through 
scan-out (SO). The selection between normal and scan modes is controlled by the MUX and 
the scan enable (SE) signal. 

The conversion from a transition vector vt to the desired activation vector is carried out 
by the multiplexers. After an initialization vector having been applied, the lower inputs of the 
XOR gates become the corresponding transition vector vt. If a correction vector c is applied to 
the upper inputs of the XOR gates, the outputs of the XOR gates form the desired activation 
vector, as shown in Eq. (1). 

Since there may be more than one correction vector, the bit-fixing circuit should provide 
a mechanism to change the correction vector dynamically, and this goal is achieved by the 
Configuration Register (CR) and the Inversion Control Logic (ICL). Assume that K distinct 
correction vectors are required; therefore, there are K+1 configurations, including one for no 
correction (i.e., the correction vector is all zero: 00…0). These configurations can be encoded 
into words of log2(K+1) bits, thus the length of CR is at least log2(K+1). The configuration 



 

 

 

 

register CR can be implemented in various ways. For example, it can be loaded through scan 
shift; in this case, CR has to be loaded K times, so test data have to include K×log2(K+1) bits 
of control information. Alternatively, CR can be simply a counter that is triggered whenever a 
new correction vector is required, and the counter has to be triggered K times in the test process 
through an extra control signal from ATE. In our experiments, an IO pin is assumed to control 
the counter. The ICL is essentially a decoder that decodes the given configuration into its cor-
responding correction vector. 

The proposed technique is applicable to both LOC and LOS tests. The test archi-
tecture shown in Fig. 1 is for LOC test. As a result, one extra XOR is added to the feed-
back path, and thus it will cause performance degradation. On the other hand, in case that 
only LOS test is carried out, the XOR gates in Fig. 1 should be moved between the SI 
port and the MUX in each scan cell so that the XOR gate does not belong to the feedback 
path from CUT and hence it will not degrade normal system performance.  

 
 

 

Figure 1. The proposed architecture. 
 
A side effect of activating ICL is that a scanned-in test vector will be changed. In 

other words, the vector stored in the ATE will be different from the vector appearing in 
the scan chain. The combination of correction vector and the scan operation can be 
viewed as a function f that maps a vector v stored in ATE to the initialize vector v1: f(v) = 
v1. Thus, for a given pattern pair <v1, v2>, the vector that is stored in ATE should be 
f –1(v1). We shall discuss how to determine the stored vector in the next subsection. 
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2.3 The Design of Inversion Control Logic 
 
Consider a scan chain of n scan cells and a set of m two-pattern tests. Let IV and AV of 

the i-th pattern pair be denoted as ivi and avi, respectively. Similarly, the transition vector for 
this pattern pair is denoted as tvi. Let bit k, 1 ≤ k ≤ n, in ivi, tvi, and avi, be denoted as ivi,k, tvi,k, 
and avi,k, respectively. The correction vector ci for pattern pair i can be determined as follows: 

 
ci,k = F if and only if tvi,k = avi,k 
ci,k = D if and only if tvi,k = x or avi,k = x (3) 
ci,k = I if and only if tvi,k ≠ x, avi,k ≠ x and tvi,k ≠ avi,k 

 
In Eq. (3), F shows that a fixed value (i.e., no change) appears in the corrected bit, 

while I indicates an inverting operations is required for correction. D is the don’t-care 
condition, which means both F and I are acceptable. The x in ivi or avi indicates an un-
specified bit. Figure 2 is an example on how to compute correction vectors for a set of 
LOS test vectors. 

 

 
Figure 2. The construction of correction vectors. 

 
Note that the notations F, I, and D are used to indicate the bit-fixing operation re-

quired for a given bit. There are many different ways to carry out fixed and inverting op-
erations. If the XOR-based bit-fixing scheme, as shown in Figure 1, is used, operations F 
and I are achieved by applying 0 and 1 to the upper input of an XOR gate, respectively. 
As a result, the correction vector becomes a normal binary vector. 

Since the size of ICL is roughly proportional to the number of correction vectors, it 
is very desirable to minimize the number of required correction vectors. When the indi-
vidual correction vectors are known, the next step is to compact these correction vectors 
into a smaller set of “seeds”. A set of correction vectors can be compacted into a single 
seed if they are pair-wise compatible. In order to find the seed of a set of correction vec-
tors, first we need to define the intersection of two correction vectors. Let ci ∩ cj be the 
intersection of ci and cj: 

 
ci ∩ cj = (ci,1∧cj,1, ci,2∧cj,2, …, ci,n∧cj,n)                            (4) 

     

Initialization Transition Activation  Correction 
  vectors      vectors    vectors     vectors 

1 0 x x 1     1 1 0 x x   1 x 1 0 1    F D I D D 

1 x x 1 0       0 1 x x 1   x 0 1 0 0    D I D D I 

0 1 x 1 x       0 0 1 x 1   x x 1 1 0    D D F D I 

1 x x 1 1       x 1 x x 1   1 x 0 x 1    D D D D F 

0 0 0 x 0       x 0 0 0 x   1 0 0 1 x    D F F I D 



 

 

 

 

where the ∧ is the logic AND operation given in Table I. Note that ∅ indicates an illegal 
operation, as I and F operations cannot be satisfied at the same time. Vectors ci and cj are 
not compatible if there exists a position k, 1 ≤ k ≤ n, such that ci,k∧cj,k = ∅. 

 
TABLE I. Intersection of Correction Vectors 

∧ F D I 

F F F ∅ 
D F D I 
I ∅ I I 

 
The compatibility among a set of correction vectors can be represented by a graph G 

= (V, E), where each vertex v∈V is a correction vector and an edge connecting two verti-
ces if the corresponding correction vectors are compatible. An example of the compati-
bility graph is given in Figure 3 for a 5-vector system. The problem of finding the mini-
mum set of seeds for a given set of correction vectors is thus equivalent to find a clique 
partition of the graph. For example, the compatibility graph in Figure 3 consists of three 
cliques: {c1, c3}, { c2, c5}, and {c4}. Thus, three seeds {s1, s2, s3} are required in this ex-
ample: c1 ∩ c3 = (I D I I F), c2 ∩ c5= (I F F I I), and c4 = (I D I D I). 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Graph representation of vector compatibility. 
 
The clique partitioning problem is known to be an NP-complete problem, so the 

computation time can be prohibitive for a large test set. Therefore, we introduce a simple 
greedy algorithm, which is outlined in Figure 4, to reduce the number of seeds for vector 
correction. Initially, a set of two pattern tests are generated. Correction vectors are cre-
ated for pattern-pairs which cannot be launched through the given test method (LOS or 
LOC). The set of vectors are sorted according to the number of D’s in ascending order; in 
other words, the vector with fewest D’s is processed first. Initially, the set S has only an 
all-D seed. In each iteration of the while-loop, the correction vector c with the fewest D’s 
in C is selected. This vector is compared with all the seeds in S to see if it is compatible 
with an existing seed. If a seed sj is compatible with c, sj is updated by taking the inter-
section of the initial sj and c. Otherwise, c becomes a new seed. Vector c must be re-
moved from the sorted vector set C before the end of the loop. The complexity of the 

Vector     Correction 
   number      Vectors     

c1      D D D I F 

c2      I F F I D 

c3      I D I D F 

c4      I D I D I 
c5       D F F D I  

c1 

c2 

c4 c5 

c3 



 

  

seed-searching process is O(|C|2) 
 

1. Generate two-pattern tests;  // either LOS or LOC 
2. Create correction vectors C for tests that cannot be launched; 
3. Sort C according to the number of D’s in ascending order; 
4. s1 ← (D D … D);    // initial seed 
5. S ← {s1};      // S is the set of seeds 
6. while (C is not empty) { 
7.   c ← the first correction vector in L; 
8.   C ← C – {c}; 
9.   for (j=1; j ≤ |S|; j++) 
10.     if (sj ∩ c ≠ ∅) { 
11.       sj ← sj ∩ c; 
12.       break; 

} 
13.   if (j = |S|+1) {    // a new seed 
14.     sj ← c; 
15.     S ← S ∪ {  sj }; 

    } 

} 

Figure 4. A greedy algorithm to find a small set of seeds. 
 
Consider the example in Figure 3 again. The five correction vectors are sorted into a 

list: {c2, c3, c4, c5, c1}. At the end of each iteration of the while-loop, seeds in S are listed 
as follows: {s1=c2}, { s1=c2, s2=c3}, { s1=c2, s2=c3, s3=c4}, { s1=c2∩c5, s2=c3, s3=c4}, 
{ s1=c2∩c5, s2=c1∩c3, s3=c4}. The three seeds are encoded as (01), (10), (11), respectively, 
with code (00) represents normal scan mode with no inversion. If seed s1 is selected, scan 
cells 1, 4, and 5 are inverted. Similarly, scan cells 1, 3, 4 are inverted in seed s2, and cells 
1, 3, 5 are inverted in s3. The final bit-fixing circuit is shown in Figure 5. 

Once the seeds for the correction vector set are known, the last step is to determine 
the actual vectors stored in ATE. In other words, for each vector pair <ivi, avi> and its 
associated seed si, we need to find out the corresponding vector vi stored in ATE such 
that ivi will appear in the scan chain after n shift operations. Let vi be denoted as (vi,1, 
vi,2, …, vi,n), where the last bit vi,n is scanned first. In the proposed architecture, an invert-
ing (I) is carried out by using an EXOR gate with a ‘1’ input, while a fixed value (F) is 
obtained by an EXOR gate with a ‘0’ input. Thus, a seed si can be written as a binary 
vector with si,k ∈ {0, 1}, where 0 indicates non-inverting and 1 is inverting. After n shift 
operations, vi,k will be moved to the k-th scan cell in the scan chain, and bit value in scan 
cell k will be vi,k ⊕ si,1 ⊕ si,1 ⊕ … ⊕ si,k, which is supposed to be the k-th bit ivi,k of the 
initialization vector. Therefore, the stored vector vi for vector pair <ivi, avi> and seed si 
can be computed as follows: 
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where + operation indicates the modulo-2 addition (i.e, exclusive-OR operation). 
 
Example 2: Consider the case given in Example 1 again, with the pattern pair <100, 
001> and correction vector c = (011). By using Eq. (5), the stored vector would be (110). 
Thus, the entire test procedure works as follows. Since the stored vector is (110), with the 
correction vector set to be (011), after three shift operations the scan chain will contain 
(100). In the next cycle, ATE applies a bit 0 to the SI port and thus the next vector in the 
scan chain would be (001). 

 
 

 
Figure 5. An example after the proposed algorithm is applied. 
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3. EXPERIMENTAL RESULTS 

We have conducted experiments on some ISCAS’85 and ISCAS’89 [17] bench-
marks. Statistics of these circuits are given in Table II, including the numbers of scan 
cells (#sc) and transition faults (#tf). All experiments were performed on a PC with 
1.5GHz AthlonTMXP1800+ processor and 768MB memory. 

 
TABLE II. Statistics of circuits. 

 
Circuit #sc #tf 
C880 60 1582 
C1355 41 2566 
C1908 33 2938 
C2670 233 4306 
C3540 50 5654 
C5315 178 8842 
C7552 207 12284 
S1423 91 2512 
S5378 214 6988 
S9234 247 11328 
S13207 700 15602 
S15850 611 19046 
S38417 1664 31180 
S38584 1464 36303 

 
Tables III and IV give experimental results of LOS and LOC test, respectively. The 

fault model used in this experiment is transition fault. In both tables, the first column 
gives the circuit name. An initial set of two-pattern tests are generated, and the number of 
test patterns (#TP) that can be launched without using bit-fixing logic in each circuit is 
listed in column two, while the corresponding fault coverage (FC) is listed in column 
three. For those pattern pairs that cannot be launched through the scan chain, the pro-
posed embedding mechanism is applied. The number of such pattern pairs and the extra 
fault coverage achieved are given in columns 4 and 5, while the numbers of seeds used 
for the inversion control are listed in column 6. CPU times needed to compute the correc-
tion vectors are shown in the column 7, and the hardware overhead (OV) is given in the 
last column. For LOS, the overhead ranges from 0.95% to 4.34, while for LOC it is be-
tween 1.15% and 4.77%.  
 



 

 

 

 

TABLE III. Experimental results of LOS test. 
 

w/o Bit-Fixing Launched Through Bit-Fixing 
Circuit 

#TP FC (%) #TP FC (%) #Seeds CPU (s) 
OV 
(%) 

C880 108 95.83 13 4.17 2 0.3 2.25 
C1355 131 90.41 41 9.08 38 1.2 4.34 
C1908 146 91.86 49 7.9 16 0.4 3.52 
C2670 269 93.48 30 2.97 2 0.1 3.03 
C3540 301 90.59 62 5.96 27 1.1 3.38 
C5315 317 96.55 58 2.75 3 0.3 2.54 
C7552 342 97.59 46 1.22 8 0.2 1.47 
S1423 122 95.47 20 3.58 4 0.1 0.95 
S5378 261 95.17 43 3.7 9 0.6 1.22 
S9234 454 85.01 74 9.43 15 0.7 2.37 
S13207 425 92.22 86 6.35 67 2.9 1.56 
S15850 267 91.4 105 5.22 53 2.3 0.98 
S38417 475 95.09 102 4.38 89 3.3 1.47 
S38584 412 90.29 93 5.56 78 3.2 1.69 

 
TABLE IV. Experimental results of LOC test. 

 
w/o Bit-Fixing Launched Through Bit-Fixing 

Circuit 
#TP FC (%) #TP FC (%) #Seeds CPU (s) 

OV 
(%) 

C880 100 95.12 18 4.88 5 0.2 2.56 
C1355 119 89.41 51 10.08 40 1.1 4.77 
C1908 126 91.26 54 8.5 17 0.3 3.83 
C2670 247 93.43 39 3.02 3 0.1 3.25 
C3540 261 89.81 65 6.85 30 1.3 3.56 
C5315 267 96.06 64 3.24 5 0.1 2.78 
C7552 331 96.98 52 1.83 10 0.4 1.84 
S1423 108 95.06 34 3.99 5 0.2 1.15 
S5378 247 94.07 51 4.8 11 0.5 1.53 
S9234 423 83.89 80 10.55 18 0.8 2.66 
S13207 401 91.35 99 7.22 70 3.1 1.98 
S15850 244 90.1 111 6.52 55 2.1 1.39 
S38417 469 93.71 105 5.76 90 3.6 1.93 
S38584 401 89.74 102 6.11 81 3.1 2.04 

 
 
Tables V and VI compare results of the proposed method and the embedding me-

chanism presented in [16]. The fault model used in this experiment is path delay fault, 
and these tables are organized in the same way as presented in [16]. Twelve circuits are 
listed in Table V. For both the proposed method and the embedded mechanism in [16], 



 

  

three set of data are given: the number of test patterns (#TP), the number of detected 
faults (#Det.), and hardware overhead (OV). For the eight circuits listed in Table VI, only 
the number of test patterns (#TP) and hardware overhead (OV) are given. To conduct fair 
comparison, in both cases we select a test set that detects roughly the same number of 
path delay faults with comparable number of test patterns. The last row in each table 
gives a normalized comparison between the two methods. It can be seen that, to achieve 
the same level of fault detection with similar numbers of embedded test pattern pairs, the 
proposed method introduces only about 45% overhead than the previous scheme [16].  

 
TABLE V. Comparison with [16]: part I. 

 
Proposed method [16] 

Circuit 
#TP #Det. OV (%) #TP #Det. OV(%) 

C880 1450 23150 22.8 1446 23140 52 
C1355 1022 100156 14.9 1022 100156 28 
C1908 1001 39032 7.5 1000 39032 19.1 
C2670 980 71805 10.1 1020 71808 30.9 
C3540 1150 309022 5.4 1044 309024 12.4 
C5315 1400 148019 4.7 1298 147919 13.3 
C7552 1265 148853 4.6 1220 148853 12.3 

S27&S344 
&S1423 

6728 21777 7.2 6766 21785 17.3 

S386&S713 
&S953 

2018 4110 5.8 2038 4106 15.2 

S832&S1196 
&S1423 

8145 25701 7.7 8190 25724 19.7 

S400&S526 
&S1238 

1768 4950 12.9 1790 4949 25.7 

S1196&S1488 
S1494 

2795 7335 11.3 2778 7334 21.3 

Normalized 1 1 1 1 1 0.43 
 



 

 

 

 

TABLE VI. Comparison with [16]: part II. 
 

Proposed [16] 
Circuit 

#TP OV (%) #TP OV (%) 
C880&C1908 2450 10.3 2446 19.7 
C2670&C3540 2060 4.8 2064 12 
C5315&C7552 2518 3.1 2518 7.2 
C880&C1908& 

C3540 
3490 7.2 3490 15.3 

C1355&C3540&
C5315 

3364 2.6 3364 10.3 

C2670&C5315&
C7552 

3540 3.3 3538 8.5 

C880&C1908& 
C3540&C7552 

4710 4.5 4710 11.9 

C1355&C2670&
C5315&C7552 

4580 6.3 4560 9.9 

Normalized 1 1 1.00 0.44 

4. CONCLUSION 

In this paper, we presented an embedding two pattern testing technique for transition 
and path delay fault test. The approach uses the reseeding technique which effectively 
reduces the influence of system performance. There are only remaining patterns consid-
ered after skew load or broad side approach is applied, and hence this approach signifi-
cantly reduces area overhead embedded on chip. A simple greedy algorithm to find a 
minimal number of group seeds in the reseeding matrix is introduced. The experimental 
results of ISCAS’85 and ISCAS’89 benchmarks compared with previous method [16] 
show that the area overhead of embedded circuit is significantly reduced. 
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Summary of change: 
 

1. A brief introduction of the previous work is added in the first para-
graph of Section 2. 

2. The two paragraphs before Fig. 1 have been extensively revised to 
clearly explain the proposed test architecture as well as discuss the 
implication to performance penalty. 

3. Section 3 has been completely rewritten. Detailed information regard-
ing the experiment setup is given in this revision, while Tables III & 
IV are modified to make them easier to understand. 

4. Table V (for hardware overhead comparison) in the previous submis-
sion has been removed in this submission and its contents have been 
included in Tables III and IV. Besides, experimental results of CPU 
times have also been included in Tables III & IV. 

5. New experimental results for delay faults are given in Tables V & VI 
so that the results of the paper can be compared to those of [16] di-
rectly. 

 

 

Response to Review 1: 
 

This paper is intended to improve delay fault test coverage; the 
idea is to selectively invert some bits loaded into the scan chain, 
i.e., the launch vector. Compared to similar approaches that use 
combinational logic to replace the enhanced scan, the proposed 
one incurs less area overhead: 

 

− Q1: A brief introduction to previously related works is recom-
mended; this helps the reader to understand the novelty or ad-
vancement of the proposed work. 

− A1: A brief introduction of [16] is added in the first paragraph of 
Section 2. 

 

− Q2: The paper is clearly written and easy to understand. 



 

  

− A2: Thank you very much for the kind comment. 

 

− Q3: Please give more descriptions on the experimental results. 
For example, it's not clear what "# patterns added", "# remaining 
patterns added", "# groups" are. 

− A3: Tables III and IV have been revised to make them more 
readable, and explanation of the experimental results has also 
been added. 

 

− Q4: Please try to make a more thorough comparison with [16]. 

− A4: The comparison with [16] is added in TABLE V and VI. 
 
 
Response to Review 2: 

 

− Q1: In page 4, the authors claim that the proposed bit-fixing logic 
does not incur any performance degradation. It is not true.  Ac-
cording to Fig. 1, the normal path has an additional XOR gate. 
Clearly, the XOR gate results in additional delay in the circuit 
under test. 

− A1: Indeed the configuration shown in Fig. 1 will create one more 
XOR delay on a normal feedback. This architecture was designed 
for LOC test. The discussion mentioned here was not for LOC test, 
though. In the LOS case, the XOR gate can be moved from its 
current location (i.e., between MUX output and FF input) to the SI 
input of the MUX. In this case, the XOR is not on the feedback 
path and thus it does not degrade system performance. We have 
rewritten the paragraph to clarify this point. We are really sorry 
for the confusion. 

 

− Q2: The time complexity of the proposed seed-searching algo-
rithm is O(C^2). However, no simulation result is shown to justify 
the algorithm. 



 

 

 

 

− A2: Execution times have been provided in Tables III & IV. 

 

− Q3: In the experimental results, combinational benchmarks are 
included. Can the proposed technique also be applied to combina-
tion circuits? Since the outputs and inputs of the combinational 
circuit may be far away, if the LOC approach is applied, the tim-
ing may be an issue. 

− A3: The benchmark circuits used in this paper include both com-
binational and sequential circuits, and the assumption is that a 
scan chain is available to shift-in the initialization vector IV. If the 
circuit is a combinational, there will be no “capture” in the input 
scan chain, which means the transition vector is the exactly the 
same as the initialization vector. Therefore, the function of 
bit-fixing logic is to map IV directly to AV. In this case, the pro-
posed test architecture looks like the one shown below. Since it is 
not necessary to connect (combinational) circuit outputs back to 
the input side, the timing should not be a problem here. 

 

 

Figure R1. LOC for combinational circuits. 
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Response to Review 3: 
 

This paper introduce an on-chip DFT logic, which produces 
proper signals to interact with an initialization vector and in turn 
generate a desired activation vector that cannot be easily obtained 
by general LOC or LOS test application. Such a new test applica-
tion for delay test increases the flexibility of the test generation 
and hence can enhance the fault coverage for delay test. The size 
of this DFT logic is determined by the amount of the signals that 
the DFT logic needs to encode for interacting with the initializa-
tion vectors. The ATPG in use also needs to be modified to fit the 
new test application. 

 

− Q1: Basically, this paper is almost exact the same as the follow-
ing ATS’08 paper by the same authors: 
Nan-Cheng Lai, and Sying-Jyan Wang, “On-Chip Test Genera-
tion Mechanism for Scan-Based Two-Pattern Tests”, Asian Test 
Symposium, 2008. ATS '08. 17th, pp. 251 - 256. 

All the figures and tables as well as their order and contents are 
the same for the two papers, except that the ATS’08 version con-
tains more detailed information regarding the experiment setup. I 
don’t know whether JISE can accept an article that is almost the 
same as a conference paper. If not, I would suggest a rejection. If 
yes, I think the idea presented by this paper is interesting and 
smart. It could be published after a revision. Following are my 
suggestions to the paper. 

− A1: Thank you very much for the kind comments. 

 

− Q2: Firstly, the overhead of the proposed method is not only on 
the area of its interacting logic. It requires extra IO pins and con-
trol signals used for controlling the interacting logic. So its test 
data is also increased. In addition, the circuit performance is de-
graded after adding this interacting logic. The authors should also 
report this information. 



 

 

 

 

− A2: Thanks for the comment. We use the configuration register to 
control the interacting logic. The configuration register CR can be 
loaded through scan shift; in this case, CR has to be loaded K times, 
so test data have to include K×log2(K+1) bits of control information. 
Alternatively, CR can be simply a counter that is triggered whenever 
a new correction vector is required, and the counter has to be trig-
gered K times in the test process through an extra control signal from 
ATE. A discuss on this issue has been added in the first paragraph of 
page 4. In our experiments, an IO pin is assumed to control the 
counter, so the amount of extra data is K, which is the number of 
seeds (#Seeds) in Tables III and IV. The performance degradation 
comes from the extra XOR gates inserted before FFs, as mentioned in 
the paragraph before Fig. 1. With properly selected inversion points, 
the impact on system performance can be limited by avoiding XOR 
gates on critical paths. 

 

− Q3: Second, I would suggest the authors to provide more detailed 
information about the experiment setup, which is included in its 
ATS’08 version but not in this submission. Also, the authors need 
to explain the meaning of each reported number, such as the “ex-
tra FC”, “patterns added”, and “#remaining patterns added” in ta-
ble III and IV. 

− A3: More information in the experiment setup has been included 
in Sec. 3, and Tables III and IV have been revised to make them 
more readable. Explanation of the data has also been added. 
Thanks for the comments. 

 

− Q4: Thirdly, I would suggest the authors to provide more com-
parisons with the previous work [16]. The only comparison made 
in this paper is their area overhead. The authors could compare 
their fault coverage, pattern numbers, and test data volume as 
well. 

− A4: The comparison of experimental results is shown in TABLE 
V and VI. 


