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This paper presents a stuck-at fault test data compression using the scan
ﬂip ﬂops with delay fault testability namely the Chiba scan ﬂip-ﬂops. The
feature of the proposed method is two-stage test data compression. First, test
data is compressed utilizing the structure of the Chiba scan ﬂip ﬂops (the ﬁrst
stage compression). Second, the compressed test data is further compressed
by conventional test data compression utilizing X bits (the second stage compression). Evaluation shows that when Huﬀman test data compression is used
in the second stage compression, the volume of test data for the proposed test
data compression in ATE is reduced 35.8% in maximum, 25.7% on average of
the one of the test data compressed by the conventional method. The diﬀerence
of the area overhead of the proposed method from the conventional method is
9.5 percent point.

1. Introduction
Increasing of the complexity of system-on-a-chip (SoC) makes the test data
volume (TDV) huge. Nevertheless, in testing system-on-a-chip, the number of
I/O channels, and memory size of traditional automatic test equipment (ATE)
are limited. Therefore reduction of test data volume is indispensable for low cost
testing. Test data compression technique is one of the attractive solutions.
In manufacturing test, both stuck-at fault test and delay fault test are important. Several scan-based stuck-at fault test data compression methods have
been proposed. These conventional works compress test data using conventional
coding method 2),3) , fan-out scan chain 4),5) , seed encoding method 6) , or templatebased encoding method 7)–9) . These works are standard scan based one. A delay
test data compression technique with statistical coding using the enhanced scan
†1 Chiba University
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design was proposed 10) .
On the other hand, recently, the scan design for delay fault testability was
proposed 11) . This paper calls the scan design 11) Chiba scan design. This scan
design is almost equivalent to the conventional enhanced scan design from the
viewpoint of fault coverage, test application time, and required memory size for
ATE in spite of the same area overhead as standard scan design. However, no
eﬃcient test data compression technique under the Chiba scan design has been
proposed.
This paper proposes an eﬃcient two-stage stuck-at fault test data compression
method using the Chiba scan design. The proposed method compresses test data
with two-stage test data compression process. In the ﬁrst stage, the proposed
method compresses the test data utilizing the structure of the Chiba scan ﬂip
ﬂops (the ﬁrst stage compression). The compressed test data still remains many
X bits. The X bits represent don’t care bits. These bits can be assigned either 0
or 1. In the second stage, the compressed test data is further compressed utilizing
these X bits (the second stage compression).
This two-stage test data compression realizes higher compression ratio than
conventional test data compression using standard scan architecture. In addition,
since the proposed method uses the Chiba scan design, it also reduces test cost
for delay fault testing.
The rest of this paper is organized as follows. Section 2 presents a brief introduction of the Chiba scan design. Section 3 describes the detail of the proposed
method. Section 4 evaluates the eﬀectiveness of the method. Finally Section 5
concludes this paper.
2. Chiba Scan
2.1 Brief Introduction of Architecture
The Chiba scan ﬂip ﬂops which are used in the Chiba scan design are based on
master-slave ﬂip-ﬂop. Unlike standard scan ﬂip-ﬂops, the test output does not
branch from the ﬂip-ﬂop output, but branches from the output of master latch.
Therefore, the scan path of this scan design consists of all master latches.
Figure 1 shows four Chiba scan ﬂip-ﬂops, F F0 ∼ F F3 , which construct a scan
path of 4 bit in length in test mode. Input sdi is the scan input. Output sdo
c 2008 Information Processing Society of Japan
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Fig. 1 Assumed scan FF with delay fault testability 11) .

is the scan output. In each F Fi (0 ≤ i ≤ 3), the master latch LM i , and the
slave latch LSi construct the master slave F Fi in normal operation mode. A test
input and a normal input d[i] are connected to the input of LM i through a 2-to-1
selector. A normal output q[i] is connected to the output of LSi . This scan design
requires four clock lines, CLKM E , CLKM O , CLKSE , CLKSO . Even numbered
master latches, LM 0 and LM 2 , are controlled by CLKM E . Odd numbered master
latches, LM 1 and LM 3 , are controlled by CLKM O . Even numbered slave latches,
LS0 and LS2 , are controlled by CLKSE . Odd numbered slave latches, LS1 and
LS3 , are controlled by CLKSO . These four clock lines are independent each
other.
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In test mode, LM 0 , LM 1 , LM 2 , LM 3 construct a scan path whose input is
sdi, and output is sdo. The pairs of (LM 0 , LM 1 ) and (LM 2 , LM 3 ) construct the
master-slave ﬂip-ﬂops for scan-in and scan-out operations, respectively. The even
numbered latches, LM 0 and LM 2 , play the role of a master latch, while the odd
numbered latches, LM 1 and LM 3 , play the role of a slave latch. Note that the
bit length of constructed shift register of this scan path is the half of the one of
standard scan path. It is because the scan path is constructed by only master
latches. CLKM E and CLKM O control scan-in and scan-out operation. For these
operations, CLKM O should be provided with inverse signal of CLKM E .
On the other hand, in normal operation mode, each pair of (LM 0 , LS0 ), (LM 1 ,
LS1 ), (LM 2 , LS2 ), (LM 3 , LS3 ) constructs a master-slave ﬂip-ﬂop, respectively.
During this mode, both master clocks, CLKM E and CLKM O are provided the
same signal. Both slave clocks, CLKSE and CLKSO are provided the inverse
signal of the one provided into CLKM E and CLKM O .
This architecture has higher delay fault testability without extra latches 1 . Of
course, it achieves complete fault coverage of stuck-at fault testing. The next
subsection explains the detail of the stuck-at fault testing using the Chiba scan
design.
2.2 Outline of the Scan Operation
This section explains the outline of the scan operation for one pattern testing for
stuck-at fault testing. Section 2.2.1 shows the basic scan operation of the Chiba
scan design. Section 2.2.2 shows the scan operation with test data reduction.
2.2.1 Basic Scan Operation
Unlike standard scan design, the Chiba scan design constructs the scan path
using only master latches in test mode.
Here, let show an example to apply a 4-bit sutck-at fault test vector,
(x0 , x1 , x2 , x3 ). The test response is (y0 , y1 , y2 , y3 ). The sequence of scan-in
operation of the test vector, test execution, and scan-out opeartion of the test
response is as follows.
Step 1 The even numbered bits of the test vector (x0 , x2 ) are scanned in. After
that, these values are set to the corresponding slave latches, LS0 and LS2 .
1 The application of delay fault testing is explained in the previous work of our group 11) .
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Step 2 The odd numbered bits of the test vector (x1 , x3 ) are scanned in. After
that, these values are set to the corresponding slave latches, LS1 and LS3 .
Step 3 The test is executed. One clock later, the test response, (y0 , y1 , y2 , y3 ),
is captured to master latches, LM i (0 ≤ i ≤ 3). The test vector stored in
slave latches is preserved until Step 5.
Step 4 The odd numbered bits of the test vector (y1 , y3 ) are scanned out.
Step 5 The even numbered bits of the test vector (y0 , y2 ) are scanned out.
As shown above, to scan-in an arbitrary test vector using the scan path using only
master latches in test mode, the scan-in operation should be performed twice,
ﬁrst, even numbered bits are scanned in Step 1, second, odd numbered bits are
scanned in Step 2.
2.2.2 Scan Operation with Test Data Reduction
The volume of test vectors satisfying the speciﬁc conditions can be compressed. For example, assigning (LM 0 , LM 1 , LM 2 , LM 3 ) = (0, 0, 1, 1), and
(LM 0 , LM 1 , LM 2 , LM 3 ) = (0, 1, 1, 0) do not require to scan-in the all bits test
vector (0,0,1,1), or (0,1,1,0) unlike the basic scan operation explained in the
previous subsection.
Shifting-in the 2-bit test vector (0, 1) once with two clock cycles assigns
(LM 0 , LM 1 , LM 2 , LM 3 ) = (0, 0, 1, 1). On the other hand, shifting-in the 3bit vector (0,1,0) once with 2.5 clock cycles assigns (LM 0 , LM 1 , LM 2 , LM 3 ) =
(0, 1, 1, 0). Therefore, 2-bit or 3-bit test vector can assign the values for these
4-bit FFs. In other words, 4-bit test vector is not required to assign the values. Therefore, the data volume of test vector can be reduced. To assign
(LM 0 , LM 1 , LM 2 , LM 3 ) = (0, 0, 1, 1), the scan-in operation must be ﬁnished with
the even numbered latches, LM 0 and LM 2 closed. On the other hand, to assign
(LM 0 , LM 1 , LM 2 , LM 3 ) = (0, 1, 1, 0), the scan-in operation must be ﬁnished with
the odd numbered latches, LM 1 and LM 3 closed. Like this example, scan operation with reduction of data volume of test vector requires two clock operation
modes. One is the mode that the scan-in operation is ﬁnished with even numbered master latches closed. The other is the one that it is ﬁnished with odd
numbered master latches closed. We call the former one “the even-bits scan-in
operation mode”, and the latter one “the odd-bits scan-in operation mode”. In
generral, the test vector satisfying the condition formulated by Eq. (1) can be
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scanned-in with “the even-bits scan-in operation mode” to reduce the volume of
test vector.
(1)
LM (2i) = LM (2i+1) (0 ≤ i ≤ (l − 2)/2),
where l represents the scan length.
On the other hand, the test vector satisfying the condition formulated by Eq. (2)
can be scanned-in with “the odd-bits scan-in operation mode”.
LM (2i−1) = LM (2i) (1 ≤ i ≤ (l − 1)/2),
(2)
where l represents the scan length, too.
Although, the basic scan-in operation of the Chiba scan requires two steps,
this scan-in operation requires single step. The ﬁrst stage compression of the
proposed method uses both of these one-step and two-step scan-in operations.
In this paper, we call the single scan-in operation of the Chiba scan design “one
time scan-in operation”, while the two times scan-in operation of the Chiba scan
design for arbitrary one pattern vector “two times scan-in operation”.
3. Proposed Two-Stage Stuck-at Test Data Compression
The proposed two-stage stuck-at test data compression consists of the ﬁrst
stage compression and the following second stage compression.
Figure 2 illustrates the test architecture of the proposed method. The architecture consists of ATE part and chip part. The chip part consists of three
sub-parts, test data decoder part, scan chain part, and test response compaction
part. Scan chains of the scan chain part consist of the Chiba scan ﬂip-ﬂops.
The test response compaction part consists of MISR. The data decoder part consists of a decoder circuit and a scan-in operation controller. Sections 3.1 and 3.2
explain the test data compression and decompression process, brieﬂy.
3.1 Test Data Compression
The proposed test compression mainly includes 4 steps:
Step 1 The test data T D is divided into sub-test data td0 , · · ·, tdN −1 , for scan
chains, sc0 , · · ·, scN −1 . Each sub-test data of each scan chain tdi (0 ≤ i ≤
N − 1) consists of test vectors, vi0 , · · ·, vi(M −1) , where M is the number of
test vectors.
Step 2 The test vectors of each sub-test data are compressed using the ﬁrst
stage compression. The ﬁrst stage compression compresses most of the
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Fig. 2 Basic test architecture for the proposed test compression.

test vectors and generates the 2-bit scan-in operation control data for each
test vector (the decompression process requires the scan-in operation control
data).
Step 3 Add each scan-in operation control data to the corresponding compressed test vector as header.
Step 4 The second stage compression is applied to the test vectors with the
header.
After these steps mentioned above, the ATE data is generated.
The proposed compression process includes the two stages mentioned above.
Note that in the proposed two stage test data compression, the conventional test
data compression approach utilizing X bits, such as Huﬀman compression, can
be applied as the second stage compression.
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3.2 Test Data Decompression
The decompression process also includes two stages, namely the ﬁrst stage decompression and the second stage decompression. The ﬁrst stage decompression
is the reverse process of the second stage compression. The second stage decompression is the reverse process of the ﬁrst stage compression. The decoder
circuit of Fig. 2 takes the ﬁrst stage decompression, while the scan-in operation
controller takes the second stage decompression. The ﬁrst stage decompression
decodes both the scan-in operation control data and the corresponding test vector by the same decoder circuit, consecutively. Because each scan chain has 2-bit
scan-in operation control data, the amount of scan-in operation control data per
a test vector is twice of the number of scan chains. On the other hand, the
output number of the decoder circuit is the same as the number of scan chains.
Therefore, the process of decoding the scan-in operation control data is divided
into two phases. The ﬁrst phase decodes the scan-in operation control data of
the scan chains, sc0 ∼ sc(N −1)/2 . The second phase decodes the one of the scan
chains, scN/2 ∼ scN −1 . The decoding sequence is as follows.
Step 1 Decode the scan-in operation control data of scan chains, sc0 ∼
sc(N −1)/2 .
Step 2 Latch the data decoded in Step 1 to corresponding latches, L0 and L1,
of each scan chain. The latch operation is controlled by Clkl0 , which is for
latches, L0 and L1, of scan chains, sc0 ∼ sc(N −1)/2 .
Step 3 Decode the scan-in operation control data of scan chains, scN/2 ∼
scN −1 .
Step 4 Latch the data decoded in Step 2 to corresponding latches, L0 and L1,
of each scan chain. The latch operation is controlled by Clkl1 , which is for
latches, L0 and L1, of scan chains, scN/2 ∼ scN −1 .
Step 5 Decode the corresponding test vector.
The timing of setting scan-in operation control data of test compression architecture with 4 scan chains is shown in Fig. 3. The symbols, Li0 and Li1 represent
the L0 and L1 of the scan chain sci , respectively. The following subsections
explain the proposed compression in details.
3.3 Basics of the First Stage Compression
Unlike standard scan design, the Chiba scan design constructs a scan path with
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the conditions formulated by Eq. (1), and by Eq. (2). Thus this vector can be
scanned in using the one time scan-in operation with either the even-bits scan-in
operation mode or odd-bits scan-in operation mode. If tp3 is scanned in with the
one time scan-in operation with the even-bits scan-in operation mode, the test
data volume is reduced from 30 bits to 25 bits.
The volume of the original test data T P is described as Eq. (3):
TP =

N
−1


M li ,

(3)

i=0

where M is the number of test vector, N is the number of scan chains, and li is
the original test vector length of the ith scan chain.
The lower bound of the length of compressed test vector in the ﬁrst stage compression is the half of the one before the compression, which yields the following
inequility.
Fig. 3 Timing of setting the scan-in operation control data.

only master latches. The length of the shift register of the Chiba scan chain is
the half of the one of standard scan chain. Therefore, the required amount of
scan-in data for the scan-in operation is about the half of the one of standard
scan operation.
As the number of test vector which can be scanned in using the one time scan-in
operation (Refer to Section 2.2) increases, the required test data volume reduces.
In the ﬁrst stage compression, we make an eﬀort to increase such test vectors
with keeping the number of test vectors and the fault coverage.
Figure 4 shows an example of the ﬁrst stage compression. This example
assumes single scan chain, and test data are ﬁve test vectors with 6 bits. In
Fig. 4, the original test data are shown in Fig. 4 (a), and the compressed test
data are in Fig. 4 (b). The test vector noted with “1 Time” in the scan-in mode
can be scanned-in with the one time scan-in operation. Test vectors, tp1 and
tp3 are the examples. The pattern tp1 is (X, 1, 1, 0, 0, 0). Therefore, this vector
satisﬁes the condition formulated by Eq. (2). Thus this vector can be scanned in
using the one time scan-in operation with the odd-bits scan-in operation mode.
On the other hand, tp3 is (1, X, X, X, 0, X). Therefore, this vector satisﬁes both

IPSJ Transactions on System LSI Design Methodology

Vol. 1

91–103 (Aug. 2008)

TP ≥

N
−1


M li /2.

(4)

i=0

3.4 Improving the First Stage Compression Ratio with Flip-Flops
Re-ordering
The compression ratio of the ﬁrst stage compression is improved using the
reordering approach of the scan ﬂip-ﬂops. Figure 4 and Fig. 5 explain it. Note
that in these ﬁgures, biti (0 ≤ i ≤ 5) represents the value stored in i-th ﬂip ﬂop,
F Fi .
In Fig. 4, the scan chain is routed in the order of F F0 , F F1 , F F2 , F F3 , F F4 , F F5
sequentially. In this routing, although tp1 and tp3 can be scanned in using the one
time scan-in operation, while tp0 , tp2 , tp4 cannot be scanned in using the one time
scan-in operation. tp0 , tp2 , tp4 requires two times scan-in operation. As shown
in Fig. 5, however, if scan chain is re-routed in the order of F F0 , F F2 , F F1 , F F3 ,
F F5 , F F4 sequentially, tp0 , tp1 , tp2 , tp3 can be scanned in using the one time scanin operation. Only tp4 requires two times scan-in operation. In this example, the
test data volume is reduced from 25 bits to 19 bits. As can be seen, re-ordering
of ﬂip-ﬂops can improve the ﬁrst stage compression ratio.
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Fig. 4 An example of the ﬁrst stage compression.

Fig. 5 An example of re-ordering for improving the ﬁrst stage compression ratio.

3.5 Construction of the Scan-in Operation Control Data
The decompression process of the test data compressed using the ﬁrst stage
compression requires the information of the scan-in operation. Therefore, the
scan-in operation of each test vector is encoded when the ﬁrst stage compression
is performed. Here, the encoded data is called scan-in operation control data.
Because the proposed method uses three scan-in operations, 2-bit data is used
to encode them.
Table 1 shows the encode method of the scan-in operation control data. Each
scan-in operation of each test vector is encoded to 2-bit scan-in operation control
data. The ﬁrst column represents the scan-in operation. The second column
represents the corresponding scan-in operation control data. Most of test data
can be applied multiple scan-in operation for unspeciﬁed X bits in test data.
Scan-in operation of this test data is encoded to xx, which is unspeciﬁed bit of
scan-in operation control data.
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Table 2 shows a construction of scan-in operation control data from the test
data. The ﬁrst column represents scan chains. This is four 4-bit test vectors for a
test architecture with four scan chains. The second column represents test data
of each scan chain. The third column represents scan-in operation control data
for each corresponding test data.
The test data of Scan Chain 1 “0011” can be scanned in using the one time
scan-in operation with the even-bits scan-in operation mode. Since its scan-in
operation control data is 00 according to Table 1, |00| is added to the scanin operation control data. The test data of Scan Chain 2 “0101” cannot be
scanned in using the one time scan-in operation but be scanned in using the two
times scan-in operation. Therefore, since its scan-in operation control data is 01
according to Table 1, the scan-in operation control data is updated to |00|01|.
The test data of Scan Chain 3 “00xx” can be scanned in using the one time scanin operation with either the even-bits or the odd-bits scan-in operation mode.
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Table 1 Encode table for construction of scan-in operation control data.
Scan-in Op.
Even
One Time
Odd
Two Times
Don’t Care

Control Code
00
11
01
xx

Table 2 An example of construction of scan-in operation control data.
Scan Chain 1
Scan Chain 2
Scan Chain 3
Scan Chain 4
Scan Cont. Data

Test Data Scan-in Op.
0011
00
0101
01
00xx
xx
1x1x
xx
|00|01|xx|xx|

Since its scan-in operation control data is xx according to Table 1, the scan-in
operation control data is updated to |00|01|xx|. The test data of Scan Chain 4
“1x1x” is like the case of the data of Scan Chain 3. Finally the scan-in operation
control data is |00|01|xx|xx|.
As shown in this example, scan-in operation control data has unspeciﬁed bits.
3.6 Scan-in Operation Controller
This subsection describes the architecture of the scan-in operation controller.
Figure 6 illustrates an example of the scan-in operation controller. This controller is for the test architecture with four scan chains of 4 bits in length. This
structure consists of a scan chain part and a clock controller part. The clock controller has four sets of 2-bit input for four scan chains. This input is connected
to 2 latches, L0 and L1, which store scan-in operation control data. Each 2-bit
input controls the test clock cycles of the corresponding scan chain. In case of
this example, the one time scan-in operation with the even-bits scan-in operation
mode requires 2 test clock cycles. The one time scan-in operation with the oddbits scan-in operation mode requires 2.5 test clock cycles. The two times scan-in
operation requires 4 test clock cycles. Therefore, this controller provides 2 test
clock cycles if 2-bit input is 00, 2.5 test clock cycles if 2-bit input is 11, and 4
test clock cycles if 2-bit input is 01.
The clock controller part consists of 3 bit counter, logic network, three D-latches
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Fig. 6 Structure of scan-in operation controller.

connected to the 3-to-1 selector, D0 , D1 , D2 , a 3-to-1 selector, and four AND
gates controlling the clock signal from the upper part to the lower part in this
ﬁgure.
MSB of the 3 bit counter is b2 , while LSB is b0 . Initial values of 3 D-latches
are all 1, while the ones of the 3 bit counter are 0. The clock frequency of 3 bit
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counter is two times faster than the one of normal test clock. Thus, 2 test clock
cycles are equal to 4 counter clock cycles, while 2.5 test clock cycles are equal to
5 counter clock cycles.
The scan-in operation is selected by controlling the 3-to-1 selector. When the
counter value is 4, the value 0 is captured in D0 . Thus, the clock signal of ﬂipﬂops is disabled after 2 test clock cycles. Therefore, if the inputs connected to D0
are selected, the controller works as the one for the one time scan-in operation
with the even-bits scan-in operation mode.
When the counter is 5, the value 0 is captured in D1 . Thus, the clock signal of
ﬂip-ﬂops is disabled after 2.5 test clock cycles. Therefore, if the inputs connected
to D1 are selected, the controller works as the one for the one time scan-in
operation with the odd-bits scan-in operation mode.
The value 1 is stored in D2 constantly, and thus the clock is always provided
into ﬂip-ﬂops. Therefore, If the inputs connected to D2 are selected, the controller
works as the one for the two times scan-in operation.
4. Evaluation
Eﬃciency of the proposed method is evaluated with respect to the data reduction ratio of the whole two-stage compression process, the speciﬁcation of the ﬁrst
stage compression and the area overhead. Section 4.1 evaluates the compression
ratio of the proposed two-stage compression. The compression ratio of the second
stage compression depends on the volume and the care bit rate of test data after
the ﬁrst stage compression. Section 4.2 evaluates the volume and the care bit rate
of the test data after the ﬁrst stage compression. Finally, Section 4.3 evaluates
the area overhead of the scan-in operation controller. In these evaluations, the
four largest ISCAS’89 benchmark circuits, s13207, s15850, s35932, s38584, are
used.
In this evaluation, Huﬀman test data compression is applied as the second
stage compression of the proposed method as a case study. Several Huﬀman test
data compression has been proposed 12),13) . Here, we treat the typical Huﬀman
test data compression. The block length of the Huﬀman coding is 4 or 8. The
scan length is 1, 8, 16, 32, or 64. In the ﬁrst stage compression, routing of scan
chains are optimized using 20,000 times random optimization. In each circuit,
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we consider four cases of ﬁlling the unspeciﬁed bits, ﬁlling the parameter xx of
scan-in operation control data with all 00 or all 11, and the X bit of the test
data compressed by the ﬁrst step compression with all 0 or all 1. Considering
the range of each parameter, the combination of these parameters is the product
of the combination of the scan length, the value for xx bits, and the value for
X bits in each block length. Therefore, it is 20 cases in each block length of
each circuit. The test compression is performed under each condition, and we
choose the best one as the data of each block length of each circuit. These best
data are compared with the one compressed by the conventional Huﬀman test
data compression using standard scan architecture. The order of ﬂip-ﬂops of the
conventional method is the same as the proposed one to evaluate the eﬀect of the
proposed two-stage compression.
4.1 Data Reduction Ratio
In this subsection, the eﬃciency of the proposed test compression is evaluated
compared with the conventional Huﬀman test data compression. We evaluate the
reduction of the ATE data compressed by the proposed two-stage compression
compared with the ATE data compressed by the conventional method. For the
evaluation, the data reduction ratio is introduced. The data reduction ratio is
calculated by the following formula:
(TD” of the proposed method)
1−
,
(5)
(TD” of the conventional method)
where TD” represents the volume of ATE data.
In the evaluation, the compression ratios of the ﬁrst and the second stage
compression are also evaluated compared with the conventional method. The
compression ratios are calculated by the following formula:
(the volume of the compressed data)
1−
.
(6)
(the volume of the original data)
Table 3 shows the result. The ﬁrst column represents benchmark circuit name.
The second column TD shows the test data volume before the compression. The
third column BL shows the block length of the Huﬀman coding. The “Conventional” column shows the results of the conventional Huﬀman test data compression. The ﬁrst subcolumn TD” shows the volume of the compressed ATE data.
The second subcolumn CR shows the percentage of the compression ratio of the
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Table 3 Result of data reduction ratio.
Conventional
Proposed
Circuit
TD
BL
TD”
CR
#S
SF DF
TD’
TD”
1st CR 2nd CR
4
53,124 67.8
8
00
0
89,581 34,773
45.8
61.2
s13207
165,200
8
36,869 77.7
8
00
0
89,581 27,687
45.8
69.1
4
31,997 58.4
16
00
0
41,419 24,510
41.0
46.1
s15850
76,986
8
26,706 65.3
16
00
0
41,419 22,533
41.0
50.4
4
22,456 20.4
64
11
1
15,880 14,420
36.4
19.6
s35932
28,208
8
19,936 29.3
64
11
1
15,880 13,004
36.4
27.5
4
89,296 55.5
32
00
0
110,140 69,698
40.3
41.4
s38584
199,104
8
77,196 61.2
32
00
0
110,140 65,862
40.3
44.6
Average
54.5
40.9
45.0
TD, test data volume of original test data; TD”, ATE data
TD’, test data volume of test data after the ﬁrst stage compression
SF, ﬁlled value of xx bits of scan-in operation control data
DF, ﬁlled value of X bits of test data after the ﬁrst stage compression
1st CR, compression ratio of 1st stage compression; 2nd CR, compression ratio of 2nd stage compression

conventional Huﬀman test data compression. The compression ratio is calculated
using Eq. (6), where the volume of the original data is TD, and the volume of
the compressed data is TD” of the conventional method. The “Proposed” column shows the results of the proposed two-stage test data compression. The
subcolumns, #S, SF, DF, TD’, TD” show the number of scan chains, the value
with which ﬁlled xx bits of the scan-in operation control data, value with which
ﬁlled the X bits of the test data after the ﬁrst stage compression, the volume of
the test data compressed by the ﬁrst stage compression, and the volume of test
data compressed by the second stage compression i.e. Huﬀman test data compression, respectively. The columns, 1st CR and 2nd CR show the percentage of
the compression ratio of the ﬁrst stage compression and the second stage compression, respectively. The former is calculated using Eq. (6) where the volume
of the original data is TD, and the volume of the compressed data is TD’. The
latter is calculated using Eq. (6) where the volume of the original data is TD’,
and the volume of the compressed data is TD” of the proposed method. The
column DR shows the percentage of the data reduction ratio.
The maximum data reduction ratio is 35.8%. The average and minimum is
25.7% and 14.7%, respectively. The number of scan chains that get the best
result is diﬀerent in each circuit. The data reduction ratio in case that the
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DR
34.5
24.9
23.4
15.6
35.8
34.8
21.9
14.7
25.7

block length is 8 is smaller than the one in case that the block length is 4 in all
evaluated circuits. In the worst case, the decrease of the reduction ratio is 9.6%.
The maximum and minimum ﬁrst stage compression ratio is 45.8% and 36.4%,
respectively. The average ratio is 40.9%. From the average value, about 80% of
test vectors are scanned in using the one time scan-in operation. For the precompression process using the ﬁrst stage compression, the compression ratio of
the second stage Huﬀman compression of the proposed method is lower than the
one of the conventional method. In the worst case, the decrease is 16.6% (s38584).
The average and the minimum are 9.5%, 0.8% (s35932), respectively. However
the ATE data volume of the proposed method is smaller than the one of the
conventional method in all evaluated circuits. The compression ratio of the ﬁrst
stage compression is lower than the one of the standard Huﬀman compression.
To achieve better compression than the standard Huﬀman compression, both the
ﬁrst and second stage compression are required.
4.2 First Stage Compression
This subsection evaluates the ﬁrst stage compression in detail. Usually, compression ratio of a test data compression method depends on the care bit rate
of the original test data. Thus, ﬁrst, the relation between the care bit rate of
the original test data and the compression ratio of the ﬁrst stage compression is
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Table 4 Data volume and care bit rate of each test data.
TD’
r.t.c. r.c.b.
VL
CB
s13207
89,581 12.7
4.2
5.8
s15850
45,451 28.4
8.9
12.0
s35932
17,928 65.4
11.4
0.7
s38584
118,844 30.4
7.3
12.7
Average
8.0
7.8
TD’ = TP’ + TC’, r.t.c. = (VL of TC’)/(VL of TD’), r.c.b. = (CB of TD’) − (CB of TD)
Circuit

TD

VL
165,200
76,986
28,208
199,104

CB
6.9
16.4
64.7
17.7

TP’
VL
85,805
41,419
15,880
110,140

CB
12.9
28.9
69.8
30.7

TC’
VL
CB
3,776
9.2
4,032 23.7
2,048 31.6
8,704 26.0

evaluated. After the ﬁrst stage compression, the scan-in operation control data
is generated. Second, the speciﬁcation of this data is evaluated. The compression ratio of the second stage compression depends on the care bit rate of the
test data compressed by the ﬁrst stage compression. Third, the relation between
the care bit rate of the data compressed by the ﬁrst stage compression and the
compression ratio of the second stage compression is evaluated.
Table 4 shows the result. The results are obtained under the conditions of
Table 3 when the block length of Huﬀman coding is 8. The ﬁrst column represents
benchmark circuit name. The second and the third columns show the number of
test vector and scan chain, respectively. The column TD shows the speciﬁcation
of the original data. The column TP’ shows that of the test data applied the
ﬁrst test compression. The column TC’ shows that of the scan-in operation
control data. The column TD’ shows that of the data made by merging the
compressed data with the scan-in operation control data. Each above column
has the subcolumns VL and CB. The subcolumn VL shows the data volume,
while CB shows the care bit rate. The column r.t.c. shows the rate of the volume
of TC’ in the volume of TD’. The column, r.c.b. shows the increase of the care bit
rate of test data due to the ﬁrst stage compression. The unit of r.t.c. and r.c.b.
is percent and percent point, respectively. The columns, 1st CR and 2nd CR show
the percentage of the compression ratios of the ﬁrst stage compression and the
second stage compression, respectively. Note that in this evaluation, the block
length of the second stage compression is 8. As said in the previous subsection,
the average of the ﬁrst stage compression ratio is 40.9%. The compression ratio
of the ﬁrst stage compression decreases as the care bit rate of the original test
data increases. The compressed data TD’ is divided into the set of test vectors
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1st CR

2nd CR

45.8
41.0
36.4
40.3
41.0

69.1
50.4
27.5
44.6
47.9

TP’ and the set of scan-in operation control data TC’. Because the 2-bit scan-in
operation control data is assigned each test vectors, the volume of the set of
scan-in operation control data is calculated by two times of the product of the
number of test vector and the number of scan chains. Although the volume of
the set of scan-in operation control data gives bad inﬂuence on the second stage
compression, the r.t.c. is 8.0% on average.
The care bit rate of test data increases for the ﬁrst stage compression. The
maximum r.c.b. is 12.7 percent point (s38584). On the other hand, the minimum
is 0.7 percent point (s35932). The average is 7.8 percent point. This is the reason
why the compression ratio of the Huﬀman compression of the proposed method
is lower than the one of the conventional method.
In every evaluated circuit, the care bit rate of TC’ is smaller than the ones of
TP’. This result means that the unspeciﬁed bit-rate of TC’ is higher than that of
TP’. Therefore, we can conclude that the care bit rate of TD’ is smaller than TP’
for TC’. It gives good inﬂuence into the Huﬀman compression of the second stage
compression. In this evaluation, for the Huﬀman compression, the unspeciﬁed
bits of TC’ are ﬁlled with simply all 00 or all 11. If a test vector is scanned
in using one time scan-in operation, the required scan-in data volume and care
bit rate changes in its scan-in mode. Thus, ﬁlling the unspeciﬁed bits with all
0 or all 1 does not guarantee the best compression ratio. Therefore, much more
optimized ﬁlling of unspeciﬁed bits will exist.
Table 5 shows the eﬀect of the re-ordering to the ﬁrst compression. The
column DF shows the volume of test data applied the ﬁrst compression when the
re-ordering is not applied. On the other hand, RE shows the volume of test data
applied the ﬁrst compression when the re-ordering is applied. The last column
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Table 5 Eﬀect of re-ordering of scan chains.
Circuit
s13207
s15850
s35932
s38584
Average

DF
90,712
45,468
16,467
118,615
-

RE
85,805
41,419
15,880
110,140
-

RE/DF
94.6
91.1
96.4
92.9
93.7

shows the percentage of RE/DF. As shown in this result, the re-ordering reduces
the compressed data 6.3% on average.
4.3 Area Overhead
Finally the area overhead of the proposed test compression architecture is evaluated. The area of the proposed test compression architecture is compared with
the one of the conventional test compression architecture. Both of them consist
of test data decoder part, scan chain part, and test response compaction part.
The test data decoder part of the conventional test compression architecture
consists of the data decoder circuit, while the one of the proposed architecture
consists of the data decoder circuit, scan-in operation controller, and the latch
circuits for capturing the inputs value. The scan chain part of the conventional
test compression architecture consists of standard scan chains, while the one of
the proposed architecture consists of the Chiba scan chains. The test response
compaction parts of both architectures consist of MISR. The area of the Chiba
scan design is the same as standard scan design. The proposed decoder circuit is
diﬀerent from the standard one, because the encoded data is diﬀerent, and the
additional control for the decode process. The additional area for the proposed
architecture is the area of the scan-in operation controller and the latch circuits
for capturing the inputs value. Therefore, the area of the decoder circuit, the
scan-in operation controller, and the latch circuits are evaluated. To evaluate the
required hardware resources, the decoder circuit, the scan-in operation controller,
and the latch circuits are implemented in verilog and synthesized with Synopsys
design compiler using Rohm 0.35 µm standard cells. The results are shown in
Table 6. The ﬁrst column represents benchmark circuit name. The column circ.
shows the area of the benchmark circuit without any DFT. The column scan
cont. shows the area of the proposed scan-in operation controller. The column
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Table 6 Synthesis result (×10−3 mm2 ).
circ.
scan cont.
latch
dec. prp.
dec. std. area. prp.
area. std.
s13207
179.3
10.0
3.6
37.0
25.7
230.0
205.0
s15850
386.5
13.8
7.1
43.5
31.1
450.9
417.5
s35932 1,029.1
57.7
28.5
90.8
63.8
1,206.2
1,093.0
s38584 1,182.4
19.9
14.3
60.5
42.5
1,277.1
1,224.9
circ., the area of benchmark circuits without DFT
scan cont., the area of the proposed scan-in operation controller
latch, the area of latches put in the inputs of the scan-in controller
dec. prp., the area of the proposed Huﬀman decoder circuit
dec. std., the area of the standard Huﬀman decoder circuit
area. prp. = circ. + scan cont. + latch + dec. prp., area. std = circ. + dec. std.

latch shows the area of latches put in the inputs of the scan-in controller. The
columns dec. prp. and dec. std. show the area of the proposed and the standard
Huﬀman decoder circuit, respectively. The area prp. and area std. show the
whole area of the circuits applied the proposed and standard test compression.
The whole area of the circuit applied the proposed compression is the sum of
the area of the benchmark circuit, scan-in operation controller, the latches, and
the proposed Huﬀman decoder circuits. The whole area of the circuit applied
the standard compression is the sum of the benchmark circuit and the standard
Huﬀman decoder circuits. Because the latches are put to the scan-in operation
controller of each scan chain, the area is in proportion to the number of scan
chains. Because the input data is diﬀerent, and additional control is required for
the proposed data decode process, the area of the proposed Huﬀman decoder is
diﬀerent from that of the conventional one. In every circuit, it is larger than that
of the standard one. Table 7 shows the area overhead of the proposed and the
standard compression, and the diﬀerence of them.
The area overhead of the proposed compression is calculated by the formula,
(area prp./circ.−1)×100.0. On the other hand, the area overhead of the standard
compression is calculated by the formula, (area std./circ. − 1) × 100.0.
The ﬁrst column of the table represents benchmark circuit name. The columns
a.o. prp. and a.o. std. show the area overhead of the proposed method and the
standard method, respectively. The column diﬀ shows the diﬀerence between the
overhead of the proposed method and the standard one. From this result, the
average of the maximum diﬀerence of area overhead is 9.5 percent point.
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Table 7 Area overhead.
a.o. prp.
a.o. std.
diﬀ.
s13207
28.2
14.3
13.9
s15850
16.7
8.0
8.6
s35932
17.2
6.2
11.0
s38584
8.0
3.6
4.4
Average
17.5
8.0
9.5
a.o. prp. = (area prp./circ. − 1)*100.0 (%)
a.o. std. = (area std./circ. − 1)*100.0 (%)
diﬀ. = a.o. prp. − a.o. std. (percent point)

5. Concluding Remarks
This paper has presented a stuck-at fault test data compression method using the Chiba scan ﬂip-ﬂops. The proposed method compresses test data with
the two-stage test data compression. First, test data is compressed utilizing
the structure of the Chiba scan ﬂop ﬂops. Second, the compressed test data is
further compressed utilizing remaining X bits. The two-stage test data compression realizes higher compression ratio than conventional single stage test data
compression using standard scan architecture.
Evaluation shows that the data reduction ratio of the proposed two-stage test
data compression is 35.8% in maximum, 25.7% on average, when the Huﬀman
test data compression is applied as the second stage compression. The diﬀerence
of the area overhead of the proposed method from the conventional method is
9.5 percent point.
We conclude that the Chiba scan structure is useful for not only delay fault
testability but also test data compression.
One future work is the quantitative evaluation of the eﬀect of the proposed two
stage test data compression when other approaches are applied as the second
stage compression. Another future work is test data compression for delay fault
testing.
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