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Abstract: Test vector coding and data transmission are the key technologies in the design-for-test of digital integrated circuits (IC). Existing parallel input methods of test
stimuli can reduce test application times; however, they need to occupy multiple input ports. Thus, a novel method of test stimuli coding and data transmission was proposed
to reduce the test application time of the test vectors and reduce the number of input ports required for the parallel input of test stimuli. This method was based on the
segmentation of test stimuli. First, the test stimuli were evenly segmented into eight-bit wide. Second, the eight-bit data of each segment were encoded to the five-bit data
according to the compatibility between the test data of each segment. The eight-bit test stimuli input can be completed in one or two clock cycles of automatic test equipment
(ATE) by using the five input ports of the chip. The corresponding decoding circuit was added inside the netlist of the circuit to realize the rapid input of the test stimuli. Lastly,
the ISCAS'89 benchmark circuit was used to conduct experiments, results of this coding method were then compared with those of the serial input method. Results show
that the encoding method proposed in this study can save an average of 37% of the parallel input data width and 81.7% of the test stimuli input time. The proposed method
in this study can also reduce the test application time and the cost of the IC test. The findings of this study can provide guidance for improving the scan testing method of

digital IC.
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1 INTRODUCTION

The integration density, testing difficulty, and testing
cost of integrated circuits (IC) have gradually increased
with the development of IC process technology. In relation
to this, testing has become a key factor restricting the
design and application of IC [1, 2]. The design-for-test
(DFT) based on the scan chain is one of the most widely
used technologies in this field [3, 4]. Moreover, despite the
increase in the chip integration scale of the system-on-chip
(SoC), the number of chip pins that can be used for testing
remains limited, leading to the gradual increase of SoC
testing difficulty and testing costs [5, 6]. Therefore, low-
cost testing technology has become a hot topic in the DFT
of SoCs.

The scan testing method of digital IC completes all test
vectors using the automatic test equipment (ATE). The
testing of a test vector must undergo three processes,
namely, test stimulus scan-in, test response generation, and
test response scan-out [7, 8]. The two main factors that
affect the cost of the digital IC testing are test data storage
overhead and test application time overhead [9, 10]. The
test vector compressed coding method can reduce the
storage cost of test data, but the transmission speed of test
stimuli and test response have limitations.

The commonly used test vector compressed coding
methods include pattern run-lenth (PRL) code [11,12],
Huffman code [13], false discovery rate (FDR) code [14,
15], nine-coded (9C) code [16], block merging (BM) code
[12, 17], and extended frequency-directed run-length
(EFDR) code [18, 19]. These methods can effectively
achieve good compression effect and reduce the storage
cost of test data. However, the serial input and decoding
operation of the test data takes almost 50% of test
application time to complete the test vector testing after the
former is compressed and coded. Therefore, the test vector
compressed coding methods and the corresponding data
transmission methods can effectively reduce the storage
overhead of the test data, but they have shortcomings in
reducing test application time. For the abovementioned
reasons, the coding method of test vectors and the

transmission method of test data must be improved to
reduce the test application time of the test vectors.

A novel test stimulus coding and test data transmission
method is proposed in this study to reduce the test
application time of test vectors and reduce the number of
input ports required by the test stimulus parallel input. In
one or two clock cycles of ATE, eight bits of test stimuli
can be rapidly scanned in using only five input ports of the
chip. This approach significantly reduces the number of
clock cycles of the test stimulus scan-in and shortens the
test application time of IC.

The remainder of this study is arranged as follows.
Section 2 introduces the research status of test data coding
and transmission method. Section 3 introduces the
segmentation method of test stimuli and explains the
coding method and corresponding decoding method of the
segmented data in detail. Section 4 carries out experiments
using the ISCAS'89 benchmark circuit to analyze and
discuss the experimental data. Section 5 summarizes the
contents of the research and provides the conclusion.

2 STATE OF THE ART

Test vector coding and the corresponding test data
transmission method are two key factors that affect the cost
of IC testing, and are considered the core problems of
digital IC scan testing. Scholars have proposed several
solutions to solve this problem. For example, Sivanandam
et al. [20] proposed a test data compression strategy based
on scan chain technology. This method could compress the
test data and reduce the test application time under the
small area overhead, but it failed to propose improvement
measures on test data transmission after compression.
Papameletis et al. [21] introduced a three-dimensional IC
testability design scheme based on test data compression,
multiple dies, and intellectual property (IP) core reuse
technology, but they did not propose an optimization
strategy for the transmission mode of the test data after
compression. Czysz et al. [22] divided the test data into
blocks according to their characteristics with the aim of
maintaining the test fault coverage. They then applied the
test data reuse technology to reduce the frequency of data
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transmission from the ATE interface, improve the
compression rate of the test data, and reduce the test
application time. However, they did not propose
improvement measures on test data transmission after
compression; they also encountered limitations on the
optimization effect of the test application time. Kuang et
al. [19] proposed an improved EFDR coding compression
method and introduced improvement measures based on
EFDR coding. The hardware cost of the decoding circuit is
low, and the average compression rate could reach 68.01%.
However, the method used the traditional test data
transmission mode. Thus, improvement on the test
application time was not apparent. Cheng et al. [23]
alternately encoded O run-length and 1 run-length in the
test vectors and proposed a test data compression method
of double-run alternation. The decompression circuit in
their proposed method was simple, and the compression
rate of the test data was high. However, once again, the
method did not propose an improvement strategy for test
data transmission after compression. Thus, improvement
on the test application time was not apparent. Liu et al. [24]
introduced the cyclic shift processing method and a test
data compression scheme, which they applied to multiple
scan chains. The method improved the compatibility and
direction compatibility between vectors based on the goal
of retaining the don't care bits in the vectors and further
improved the compression rate of the test data. However,
this approach applied the traditional test data transmission
mode. Thus, it failed to improve the test application time.
Wu et al. [25] proposed a data block merging-based SoC
test data compressed coding method wusing the
compatibility of test data. The corresponding
decompression circuit was easy to implement, enabling
this method to solve the problem of IP core scan testing in
SoCs. However, although the average compression ratio of
the test data of the technology reached 68.02%, it did not
propose an optimization strategy for the data transmission
after compression and failed to provide a positive effect in
reducing test application time. Seo et al. [26] proposed a
three-state coding-based test data compression method
using the last test data to generate the next one. The method
did not require additional input ports, which further
improved the compression ratio of the test data. However,
similar to previously proposed methods, it also did not
improve data transmission. On the premise of not changing
the coverage rate of the test fault, Yuan et al. [27]
introduced a count compatible pattern run-length (CCPRL)
compressed coding method for test vector. Using their
method, the test data compression ratio reached 71.73%,
but it did not propose an effective optimization strategy for
test data transmission after compression, thus failing to
improve the test application time. Kim et al. [28] proposed
a test data compressed coding method based on the scan
chain reordering by reordering the scan chains according
to the compatibility of test data. The method could achieve
high test data compression ratio and test power
optimization under small area overhead, but it neither
proposed an optimization strategy for the transmission
method of test data nor achieved good results in reducing
the test application time of ATE. Vohra et al. [16]
combined the 9C compressed coding method and the
CCPRL compressed coding method to propose an optimal
selective count compatible run length compressed coding

method for test data. This method divided the test data into
segments and compressed and encoded the data within
each segment and among segments. In their proposed
method, although the compression rate of the test data was
80%, it did not propose an improvement strategy for the
data transmission after coding, and the improvement effect
on the test application time was not observed. Zhan et al.
[29] introduced an ERLC-based test data compressed
coding scheme by filling the don’t-care bits 0 or 1
according to the distribution of the don’t-care bits of the
test data. The scheme achieved high test data compression
ratio under the low area overhead, but it did not propose an
effective optimization strategy for the transmission method
of test stimuli after coding. Meanwhile, Manjurathi et al.
[30] introduced a test data compression algorithm based on
test vector reordering, bit stuffing, and test vector coding.
The method could improve the compression ratio of test
data and reduce test power consumption, but it did not
propose a strategy for improving test data transmission
after coding and compression. Moreover, the optimization
effect of this method on test application time had certain
limitations.

Plenty of previous studies were conducted on the test
vector compressed coding and test data transmission based
on different methods. The existing research methods have
generated good compression effect on the data of test
stimuli or test response, but the transmission mode of the
test data after compressed coding limits further
improvements on the test speed. The scan-in of the test
stimuli after compressed coding requires many clock
cycles, and the parallel transmission of the test stimuli must
occupy multiple chip input ports. Therefore, due to the lack
of related research, we introduce a novel method of test
stimulus coding and test data transmission based on scan
chain segmentation and test vector coding technology.
First, the test stimuli and scan chains are evenly segmented
according to the lengths of the scan chain and the test
stimulus. The data width of each segment is fixed at eight
bits. Second, the eight-bit data of each segment are coded
into the five-bit data according to the compatibility
between the segmented data of the test stimulus. In one
clock cycle of the ATE, the coded data are entered in
parallel using five input ports of the chip; this is done to
transmit the decoded eight-bit data to the flip-flops (FFs)
corresponding to the scan chain. This approach reduces the
input time of test stimuli and the number of ports needed
for parallel input. Finally, in order to verify the above
method, experiments are conducted by using the ISCAS'89
benchmark circuit.

3 METHODOLOGY
3.1 Test Application Time

A test vector mainly consists of the test stimuli and test
responses. The longer the scan chain is, the longer the test
stimuli and test responses are, and the bigger the number
of clock cycles required by ATE to complete the testing of
a test vector. Fig. 1 presents the test process of a scan chain
at the length of V. The data lengths of the test stimuli and
test responses are also presented as N bits.

The test clock period of ATE is assumed to be 1 s. The
number of clock cycles needed to complete the scan testing
of a test vector is given Eq. (1)
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=y +1+1,), (1

where 7T represents the time required for the test of a scan
chain, in seconds; /y; refers to the number of clock cycles
required for the test stimuli scan-in; and /x, refers to the
number of clock cycles required for the test response scan-
out.

Test stimuli
......
...... n
...... n

Test responses

...... n
...... n

IC

------ 8o

Figure 1 Test of the scan chain at the length of N

If there are many test vectors, the total number of clock
cycles of the scan testing without using the pipelining
technology is shown in Eq. (2)

T, =y, +1+1,)xp, 2

where 7 represents the scan testing time without using the
pipelining technology and its unit is the same as Ti, p
represents the number of test vectors, [yi epresents the
number of clock cycles needed for the scan-in of test
stimuli, and Iy, represents the number of clock cycles
needed for test response output.

The total number of clock cycles of the scan testing
using the pipelining technology is shown in Eq. (3)

T=(y,+)xp+ly,, 3)

where T3 represents the scan testing time with using
pipelining technology, Iy, represents the number of clock
cycles needed for the last test response output, p represents
the number of test vectors, and /y; represents the number
of clock cycles needed for the scan-in of test stimuli.

The scan-in of the test stimuli can cause the state
turnover of the FFs and result in the change of dynamic test
power. The power consumption for the scan-in of the test
stimuli is expressed by Eq. (4)

P N-1
W, = Z|: (ti,_i O 1 ) x f} > “4)

i=1 | j=

where Wi, represents the scan-in power, p represents the
number of test vectors, N represents the length of the scan
chain, @ represents the XOR logic operation, and ¢;
represents the j bit of the i test vector. If t;; @ ;11 = 1,
the values of the j™ bit and the (j+1)" bit of test stimulus
are different. The state of the FFs in the scan-in needs turn
over, which increases the dynamic power consumption.

The scan-out of the test responses causes the state
turnover of the FFs and result in the change of the dynamic
test power. The power consumption for the scan-out of the
test responses is expressed by Eq. (5)

W,, = ﬁ[NZ'(n, @rf,ﬂl)x(N—j)}, (5)

i=1 L j=1

where W, represents the scan-out power, and 7
represents the j bit of the i test stimulus. If 7;; ® 741 =
1, the values of the j bit and the ( j+1)™ bit of the test
stimulus are different. During the scan-out, the state of the
FFs needs turn over, which increases dynamic power
consumption.

3.2 Test Stimulus Segmentation

The test stimuli and test responses in the traditional
scan chain test methods are transmitted in a serial manner.
A scan chain containing n scan FFs is shown in Fig. 2. In
the figure, SE is the scan-enable port. In this case, the test
stimuli are serially shifted into the scan FFs of the IC
through the SI port, and the test responses are shifted out
through the SO port. The above test stimuli or test
responses are completed in a serial manner. However,
considerable test application time is needed to complete a
scan chain test, thus resulting in low transmission
efficiency.
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Figure 2 Scan chain containing » scan FFs

In Fig. 2, the length of the test stimuli is the same as
that of the scan chain. All test stimuli are transmitted to the
location corresponding to the scan chain. In the existing
scan testing methods, the test stimuli adopt the serial
transmission mode. Test stimuli at the length of n bits
require the n clock cycles of the ATE to be transmitted to
the scan chain. Thus, data transmission efficiency is low.
This mode of data transmission takes up almost 50% of the
test time for the scan-in of the test stimuli to complete the
test of a test vector, seriously affecting test speed.

Test stimuli e Scan chain
e BT TR TR
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Figure 3 Segmentation of the Test Stimuli with the Width of 8 bits
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The segmentation of test stimuli achieves the parallel
transmission of test data, thus improving the transmission
efficiency of test data. The scan chain and test stimuli are
segmented into eight bits according to the data width. In
one ATE clock cycle, the eight-bit test stimuli are
transmitted in parallel to the corresponding scan FFs. The
segmentation of the test stimuli and the scan chain is shown
in Fig. 3 when the data widths of the scan chain and the test
stimuli are 32 bits. The test stimuli after segmentation are
transmitted in parallel to the FFs of the scan chain.

In Fig. 3, the part in the left red dotted line frame
represents the test stimuli, and the part in the right green
dotted line frame represents the FFs of the scan chains. The
test stimuli and scan FFs are segmented equally, and each
segment is eight-bit wide. The test stimuli of each segment
can be directly transmitted to the corresponding scan FFs
in parallel, and 32 bits of the test stimuli can be used as
input through four ATE clock cycles, thus indicating high
transmission efficiency. However, this direct parallel
transmission mode needs to configure eight-chip input
ports for each scan chain. If there are several scan chains,
the chip ports may be insufficient. The width of each
segment is eight bits. In most cases, the data width of the
test stimuli and the length of the scan chain are not the
integral multiples of 8. Thus, the segment number of the
test stimuli is calculated by Eq. (6)

Segment, Segment;

ZNI

k = ceil| —
s ) (©)

where k represents the segment number of test stimuli,
ceil( ) represents the smallest integer returning to greater
than or equal to the specified expression, and /y; represents
the width of the test stimuli.

3.3 Test Stimuli Coding Method

The test vectors consist of the test stimuli and test
responses. The values of some data in the test stimuli (0 or
1) do not affect the fault coverage of the scan testing. These
data is called x bits, and after segmentation of the test
stimuli, the data width of each segment is eight bits. The
data compatibility of this study is defined as follows: the
eight-bit data of the current segment are compared with the
eight-bit data of the previous segment in position; if the
data in the corresponding two bits are the same or if the
data of the current segment are x bits, these data are
considered compatible. As shown in Fig. 4, if the length of
the test stimuli is 32 bits, the test data that are not
compatible between adjacent segments are expressed in
blue.

Segment, Segment;
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Figure 4 Data Compatibility between Adjacent Segments

The test stimuli can be coded using x bits and data
compatibility. The test stimuli data of the next segment can
be decoded using those of the previous segment. The x bits
and data compatibility of the test stimuli are used after the
statistics of the test vectors. All x bits are set to 1 in the test
stimuli, which does not affect the fault coverage of the IC
test. The data of the next segment can be obtained by
inverting part of the test stimuli data of the previous
segment.

Next, the test stimuli are segmented with eight-bit
wide data. The data width of each segment is eight bits,
which can be expressed by five bits after encoding. Data
are assumed to be expressed by fst7tststatstat) before coding
and esesezeze; after encoding. After the x bit in tgt7¢6tstatstat
is set to 1, the data are expressed by sgs7565554535251. They
are compared with the test data of the previous decoded
segment. The number of data width that needs to be
reversed in the current segment is expressed by p, 0 <p <
8.

When p = 1, only one among eight bits of data
tstitetstatstrt) in the current segment needs to be reversed
compared with the data of the previous segment. The
number of states is eight. When eseses is encoded to 3'6001
the reversed data take place at the four least significant bits
of ftatststatstrty. The position of #4362t is binary-encoded
using the binary form of e;e;. When eseses is encoded by
3'b010, the reversed data take place at the four most

signiﬁcant bits of #stitststatstrt;. The pOSitiOl’l of fgttets 1S
binary-encoded using the binary form of ese;. The detailed
encoding method is shown in

Tab. 1.
Table 1 Encoding truth table when p = 1
I3t7tetstat3tati eseses ezel clock cycle
t 001 00 1
[5) 001 01 1
3 001 10 1
t4 001 11 1
ts 010 00 1
ts 010 01 1
t7 010 10 1
13 010 11 1

In Tab. 1, eseses represents the high three bits of the
encoding result, e;e; represents the low two bits of the
encoding result, and the clock cycle represents the number
of clock cycles required for decoding circuit. If p = 0, no
bit of data in the current segment needs to be reversed
compared with the previous decoded data; here, esese; is
encoded to 3'5000. The value of ese; in this case can be
ignored. The decoded data of the previous segment can be
directly used similar to those of the current segment.

When p > 1, several bits of data among eight in the
current segment need to be reversed compared with the
data of the previous segment. To reduce the complexity of

Tehnicki viesnik 25, 4(2018), 1144-1153

1147



Chuandong CHEN et al.: Test Stimuli Segmentation and Coding Method

the decoding circuit, two ATE clock cycles are used to
complete the transmission of the segmented data; es is set
as the flag bit with the fixed coding of 1; eseseze; is encoded
to 54535281 in the first cycle of ATE; and s4s35251 is encoded
to s3s756ss in the second cycle of ATE. The first segment of
the test stimuli is encoded according to the situation when
p > 1. The detailed encoding method is shown in Tab. 2.

Table 2 Encoding method of the test stimuli
clock cycle

p eseqeserel

001ezen

1

000xx

010e2e1

1

154535281

158575655

2

The encoding algorithm of this study is described as

follows:

(1) Set all x bits of the test stimuli to 1 and fix the
segmented data to eight bits to calculate the number of
segments of the current test stimuli expressed by k.

(2) Encode the data of the first segment according to Step
6.

(3) Calculate the value of p according to the data of the

next segment; if p = 0, skip to Step (4); if p = 1, skip to

Step (5); and if p > 0, skip to Step (6).

Update s357565554535251 and encode eseses to 3'6000.

Update sgs7565554535251, encode eseses to 3'6001, and

encode ese; according to Tab. 1.

Update sgs7565554535251, encode esto 1, encode eseszere)

to s4s3528) in the first clock cycle, and encode esesere)

to 5357565 in the second clock cycle.

Return to Step (3) to repeat the operation; after

completing the encoding of the last segment, encode

eseses to 3'b001.

“
(&)

Q)

(N

A detailed test stimuli coding process is shown in Tab.
3 to illustrate the coding method clearly. The total number
of segments is 16, and the data of each segment are eight
bits.

Table 3 Test stimuli coding with 16 segments

Segment No. t3t7tetstat3tatt 588575655548352 1 p esesezezel clock cycle

10111

1 11x00xx1 11100111 p>1 11110 2
_ 11101

2 11xxxx01 11111101 p=3 11 2

3 xlxx]lxx 11111111 p=1 00101 1

4 xxx1xlxx 11111111 p=0 000xx 1

5 x0xxx1x1 10111111 p=1 01010 1

6 x0x0xxx1 10101111 p=1 01000 1
_ 11111

7 1xOxox Lxx 11011111 p=3 1101 2

8 xx0xx0xx 11011011 p=1 00110 1
_ 11111

9 xxx 1 xoxx 11111111 p=2 EERE 2
_ 11010

10 xxxxx0x0 11111010 p=2 KRR 2
_ 11111

11 01 Txxxxx 01111111 p=3 10111 2

12 xxx1Lxx1 11111111 p=1 01011 1

13 x Lxex 1xxx 11111111 =0 000xx 1

14 xx 11 Txxx 11111111 p=0 000xx 1

15 0xxxx0x0 01111010 =3 11010 2
Xxxx0x P 10111
_ 11001

16 00x11001 00111001 p=3 10011 2

The test stimuli in Tab. 3 have a total of 16 segments
at eight-bit wide. The data of the first segment are
8'p11x00xx1. All x bits in the segment are set to 1. Thus,
the data become 8'p11100111. According to the encoding
method when p > 1, it needs two ATE clock cycles. In the
first cycle, es is encoded to 1, and esezese; is encoded to the
four least significant bits of 8'p11100111. In the second
cycle, es is encoded to 1, and eseseze; is encoded to the four
most significant bits of 8'611100111. The data of the
second segment are 8'b11xxxx01. All x bits in the segment
are set to 1. Thus, the data become 8b11111101. A
comparison of the data of the second segment with those of
the first segment bit by bit shows that the three bits of data
need to be reversed. Thus, p = 3, which belongs to the
encoding situation of p > 0. Thus, the encoding method in
Tab. 2 is adopted. The data of the third segment are

8'bx1xx11xx. All x bits in the segment are set to 1. Thus,
the value of sss7565554535251 becomes 8bH11111111. A
comparison of the data with those of the previous segment
shows that only s, requires a reversal in order to complete
the test data transmission, which belongs to the encoding
situation of p = 1. According to the encoding methods in
Tabs. 2 and 1, esese; is encoded to 3'b001 and eze; is
encoded to 2'b01, respectively. The data of the fourth
segment are 8'bxxx1x1xx. All x bits in the segment are set
to 1. Thus, the value of sg57565554535251 becomes
8'bp11111111. The data of the current segment are
consistent with those of the previous segment. Thus, the
bits do not need to be reversed. This result belongs to the
situation of p = 0. According to the encoding method in
Tab. 2, eseseseze; is encoded to 5'6000xx. The test stimuli
in Table 3 have a total of 16 segments. The data of the
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subsequent segments are encoded by the cases above. The
data of each segment are eight-bit wide, resulting in a total
of 128 bits of test data. Thus, a total of 128 ATE clock
cycles are required according to the serial transmission
mode. However, only 24 ATE clock cycles are needed in
the encoding method used in this study, thus saving 81.3%
transmission time.

3.4 Structure of the Decoding Circuit

The data bits of the test stimuli before coding are
consistent with the number of scan FFs of scan chains.
During the scan testing, all test stimuli must be transmitted
to the scan FFs. The test stimuli and scan chains are
segmented according to the data width of eight bits. The
number of segments is &, and the data of each segment is
encoded to the encoded data of five bits. ATE transmits the
data of five bits into the CUT. The test stimuli must first be
decoded before the coded data are transmitted to the scan
FFs. The decoding circuit diagram of the test stimuli is
shown in Fig. 5.

Circuit Under Test

.A:TE. .............. Decoder, FFy Scan Chain
; (el2:01=3b001) | F o ,
H Coded _§.4$ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
| Test Stimuli [T Decoder, [ *| FFs Control |
([2:0]=3'b0 ) N FFS# Logic |
| Decoder, ] [
' Other _._‘$
i | Test Signal B —> FF3
! 2 bit > FF
,,,,, Counter | | pF,

Figure 5 Decoding circuit diagram of the test stimuli

The test stimuli are divided into several segments with
eight bits each. The eight-bit data of each segment are
encoded according to the method in Section 3.3. The data
are stored in ATE after coding. Under the control of the
scan testing signal, the coded test stimuli are transmitted in
parallel through the five input ports to the decoding circuit
inside the chip. The decoding circuit decodes according to
the characteristics of the coded data, stores the decoded
data to the eight-bit FFs, and then transmits them to the
corresponding scan FFs to complete the rapid input of the
test stimuli.

In Fig. 5, the coded test stimuli are stored in the ATE,
which represents the coded test stimuli. Other test signals
represent other control signals of the scan testing. FF; to
FFjg are the FFs of the decoding circuit, which are used to
store the decoded segmented data. In case eseses is encoded
to 3'b001, the data must be reversed at the four least
significant bits of ft7tetstatstati. The position of ttstrt) is
binary-encoded in the binary form of e;e;. Decoder; is used
to decode e[4:0] data in this case, and the decoded data are
stored in the FFs. In case the eseses is encoded to 3'6010,
the data must be reversed at the four most significant bits
of tststststatstrt. The position of tt7t6ts is binary-encoded in
the binary form of eze;. Decoder; is used to decode the
e[4:0] data in this case. The decoded data are stored in the
FFs; es = 1 represents more than two bits of data that need
to be reversed in the current segment compared with those
of the previous segment. In this case, the decoding circuit

needs two ATE clock cycles. In the first cycle, esezeze; are
directly assigned to the four least significant bits of the FFs.
In the second cycle, esezerer are directly assigned to the
four most significant bits of the FFs. The decoding process
requires a two-bit counter to control the assignment objects
of esesese; that are considered four least significant bits or
the four most significant bits of the FFs. The segmentation
method of the FFs of the scan chains is consistent with that
of the test stimuli. Segment; to Segmenty represent the
segments of the scan chains. The data of each segment are
eight bits wide. The decoded test stimuli are stored in eight
FFs of the decoding circuit. The eight-bit test stimuli must
be accurately transmitted to the corresponding FFs of the
scan chains after decoding. The k-bit counter and control
logic module are used to control the accurate transmission
of the decoded test stimuli to the corresponding scan chain
segments.

At least one ATE clock cycle is needed to complete the
data decoding of a segment. Two ATE clock cycles are
needed at the most to complete the data decoding of all
segments. The average ATE clock cycle for data decoding
is represented by ¢, 1 < g < 2. Therefore, the calculation of
the number of clock cycles required for the parallel input
of a test stimulus according to the above coding and
decoding methods is shown in Eq. (7)

l N1 lN]
lo=kxgq l<g<2,—<l. <—|, @)
8
The calculation for the test of a test vector is shown in
Eq. (8)
TC:(IC+1+IN2)7 ¥

where /¢ represents the number of clock cycles required to
complete the parallel input of a test stimulus, & represents
the number of segments of the test stimuli, and ¢ is the
coding coefficient, 1 <g <2. The value range of /¢ is shown
as Eq. (7). In addition, Iy, represents the time of serial
output of test responses. Here, T¢ represents the time to
complete the testing of a test vector after using the
encoding and decoding methods proposed in the study.

Coded data Design of
saved Decoding circuit
Coding for .
Ctest stlmull) CScan ﬂlp-ﬂ(][)
primary Test stimuli
Test stimuli Scan out
( Result analysis )

Figure 6 Verification process

4 RESULT ANALYSIS AND DISCUSSION

An encoding and decoding method of the test stimuli
is proposed in this study. In one or two clock cycles of the
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ATE, the eight-bit test stimuli can be rapidly scanned in

using five input ports of the chip. To validate the accuracy

of the proposed encoding and decoding method, seven
circuits of the largest size in the ISCAS'89 benchmark
circuit are used. The verification process is shown in Fig.

6.

In Fig. 6, the red box represents the un-encoded test
stimuli. The test stimuli are encoded using VC++6.0. The
decoding circuit is implemented using the Verilog
hardware description language. The logic circuit
simulation, logical synthesis, scan chain insertion, and test
vector generation are realized by using the electronic
design automation tools of Synopsys Company. The
concrete validation steps are described below.

(1) Implement logic synthesis, scan chain insertion, and
test vector generation on the benchmark circuit; extract
the test stimuli from the test vectors and store them.

(2) Encode the test stimuli by using the encoding method
introduced in Section 3.3 to encode the eight-bit
segmented data into five bits data. Store the encoded
data.

(3) Add the decoding circuit in the benchmark circuit by
using the decoding method introduced in Section 3.4.

(4) Assign the decoded test stimuli to eight scan FFs of the
decoder according to the segmentation method of test
stimuli. Then, transmit the state values of eight FFs to
the corresponding segments of the scan chains.

(5) Serially output the data saved in the scan FFs.
Compare the saved data with the test stimuli in Step 1.

After using the coding method described above, the
output power of the test responses is not changed according
to Eq. (5). The input power of test stimuli can be expressed

by Eq. (9)

p [k
W;r,z = Z|:Z(si,j ®Si+l,j )i| s )

j=1Li=1

where W' represents the input power of test stimuli after

using the above coding method, p represents the number of
test vectors, k represents the number of groups of test
stimuli, s;; = (5857565554535281);; represents the segmented
data after the x bit is set to 1; the subscript j represents the
j™ test vector, and the subscript i represents the i segment
of the current test stimuli. In addition, s;; @ s;;+1 represents
the xor calculation of the data of the current segment and
the next segment. The test stimuli are directly sent to the
predetermined scan FFs in parallel using the above coding
method, thus saving the dynamic power consumption
generated by the serial shift of the test vectors. The
transmission time of the test stimuli is improved after using
the above methods. The number of the corresponding ATE
clock cycles and dynamic power consumption are also
optimized. Therefore, using the above coding and decoding
methods will not increase the test power consumption.

This study proposes the test stimuli coding and
decoding methods to reduce the transmission time of test
stimuli. The test stimuli are evenly divided into multiple
segments. The data in each segment are eight bits wide.
The eight-bit data are encoded to the five-bit data. The
corresponding decoding circuit is designed to reduce the
input time of the test stimuli and compress the test stimuli
data. The lengths of the data before and after the coding of
the test stimuli are shown in Tab. 4 based on the test stimuli
data of the seven benchmark circuits at a large scale.

Table 4 Data compression rate after encoding the test stimuli

Circuits Inputs Outputs In (s) k Coded Data CR%
$5378 35 49 179 23 115 35.8%
$9234 19 22 228 29 145 36.4%
513207 31 121 669 84 420 37.2%
s15850 14 87 597 75 375 37.2%
$35932 35 320 1728 216 1080 37.5%
s38417 28 106 1636 205 1025 37.3%
s38584 12 278 1452 182 910 37.3%

Avg - - - - - 37%

In the table, "Circuits" represents the names of the
benchmark circuits, "Inputs" represents the number of
input ports of the benchmark circuits, "Outputs" represents
the number of output ports of the benchmark circuits, /yi
represents the length of the test stimuli data in a test vector,
k represents the number of segments of the test stimuli,
"Coded Data" represents the data length after the encoding
of test stimuli, and "CR" represents the data compression
rate. "CR" can be calculated by using the equation

(TD _Tc)
T

D

CR = x100% | (10)

where Tp represents the length of the test stimulus data
before encoding, and T¢ represents the length of the test
stimulus data after encoding.

From the data in Tab. 4, the test stimuli of Circuit
$35932 are 1,728 bits long, which is simply the integral
multiples of 8. Thus, the data compression rate after
encoding of the test stimuli is 37.5%. The lengths of the
test stimuli of the remaining circuits are not the integral
multiples of 8. Thus, compression rate is slightly lower
than 37.5%. Therefore, the test vector coding method
proposed in the paper has a certain data compression effect.

A novel method of test stimuli coding and decoding is
proposed to reduce the number of clock cycles for the scan-
in of test stimuli and reduce the transmission time. The
ISCAS'89 benchmark circuit is used to carry out the
experiments. The experimental results of the above coding
method are compared with those of the serial input method.
The test vectors are generated by using the automatic test
pattern generation (ATPG) tool of Synopsys Company.
The test stimuli data of 20 test vectors are extracted,
encoded, and decoded by using the test stimuli coding and
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decoding method proposed in the paper. The
corresponding experimental data are shown in Tab. 5.

In the table, "Circuits" represents the name of the
benchmark test circuit, Jy; represents the time required for
the serial input of test stimuli in a test vector, k represents
the number of segments of the test stimuli, and "Coded

to be 1 s. In addition, /¢ represents the time required for
completing the transmission of a test stimulus in seconds,
and red, represents the percentage of the time reduction for
test stimuli transmission, which can be calculated by using
the Eq. (11)

Data" represents the data length of the test stimuli after (., —1.)
encoding. The test stimuli can be quickly transmitted to the red, = €2 %100% , (11)
scan chains within the IC using the method proposed in this L
study. The number of clock cycles required is shown in Eq.
(7). To facilitate analysis, an ATE clock cycle is assumed
Table 5 Time optimization of the test stimuli
Circuits Int (s) Patterns k Coded Data (bits) lc(s) redi %o
s5378 179 20 23 115 35.6 80%
$9234 228 20 29 145 46.4 79.6%
513207 669 20 84 420 126.8 81%
515850 597 20 75 375 111.6 81.3%
s35932 1728 20 216 1080 259.2 85%
538417 1636 20 205 1025 287.4 82.4%
538584 1452 20 182 910 251.2 82.7%
Avg - - - - - 81.7%

The data in Tab. 5 show that, in the experimental data
of randomly extracted 20 test stimuli, the proposed method
has a good optimization effect on the transmission time of
the test stimuli. This method can save an average
transmission time of 81.7% for the test stimuli. Among
them, s35932 has the best optimization effect on the
transmission time of test stimuli, and s9234 has the worst
optimization effect. These can be attributed to the fact that

the proportion of x bits of test stimuli on s35932 is higher
than that on §9234.

To further demonstrate the feasibility of the proposed
method, the test vectors generated by seven ISCAS'89
benchmark circuits with the largest number of scan FFs by
Mintest ATPG tool are gathered. Fifty of the test stimuli
are selected for the experiments. The experimental data are
shown in Tab. 6.

Table 6 Experimental data by using the mintest ATPG tool

Circuits In (s) 71 (s) Patterns k Coded Data (bits) Tc (s) redz %o
s5378 179 359 50 23 115 213.6 40.5%
$9234 228 457 50 29 145 276.4 39.5%
s13207 669 1339 50 84 420 783.8 41.5%
s15850 597 1195 50 75 375 702.6 41.2%
$35932 1728 3457 50 216 1080 1958.2 43.4%
s38417 1636 3273 50 205 1025 1904.4 41.8%
s38584 1452 2905 50 182 910 1724.2 40.6%

Avg - - - - - - 41.2%

In the table, "Circuits" represents the name of the
benchmark test circuit, /y; represents the time required for
the serial input of test stimuli in a test vector, k represents
the number of segments of the test stimuli, 77 represents
the input time of the test stimuli without using the method
proposed in the paper, k represents the number of segments
of the test stimuli, and "Coded Data" represents the data
length of the test stimuli after encoding. The time required
for completing the test of a test vector using the proposed
encoding and decoding method is expressed by 7¢ and is
calculated by Eq. (8). red, represents the percentage of the
time reduction for test stimuli transmission, which can be
calculated by Eq. (11).

Fifty of the test vectors generated by the Mintest
ATPG tool are randomly selected for the experiments.
According to the data in Tab. 6, the proposed method can
save an average of 41.2% of the testing time for the test
vectors compared with the results generated by using the
method of serial input of test stimuli.

5 CONCLUSIONS

A novel method of test stimuli coding and decoding
was proposed in this study to increase the speed of scan
testing and reduce the number of input ports required for
the parallel input of the test stimuli. First, the segments of
the test stimuli were fixed at eight bits wide. The test
stimuli and scan chains were evenly segmented. Second, a
novel method of test stimuli coding and decoding was
proposed. This method can encode the eight-bit data of
each segment into the five-bit data, thereby realizing the
rapid input of the test stimuli. This method was verified by
using the ISCAS'89 benchmark circuits. The following
conclusions are drawn.

(1) This study proposes a method for the fast scan-in of
the test stimuli. The experimental results verify the
effectiveness of the proposed method. In this study, the
test stimuli are segmented into eight bits wide. The
parallel transmission of the eight-bit test stimuli can be
achieved by using the five input ports of the IC through
the above coding and decoding method, thus realizing
the rapid input of the test stimuli.
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(2) The proposed test stimuli coding and decoding method
can effectively reduce the number of input ports
required for parallel input of test stimuli. In the case
that IC contains several scan chains but has a small
number of input ports, the parallel input of the
segmented test stimuli requires multiple input ports.
However, only five input ports are used to realize the
parallel transmission of the eight-bit test stimuli when
the test stimuli coding and decoding method proposed
in this study is used.

This study proposes a novel method of test stimuli
coding and decoding based on the traditional scan testing
technology and test stimuli segmentation. This method can
encode the eight-bit data of each segment to five-bit data,
thus reducing the requirement of the parallel input of the
test stimuli for the number of input ports of IC. The data
width of each segment of the test stimuli is fixed at eight
bits. The ISCAS'89 benchmark circuit is used for
verification. Thus, some limitations are observed in the
segment width and the experimental object.

By using the test stimuli segmentation and coding
methods, this study reveals that the occurring sequence of
the segmented data has a significant influence on the
coding result. This method can be scheduled by the
reasonable intelligent optimization algorithm, and on such
basis, future studies may discuss the coding scheduling
problem of the segmented data of the test stimuli.
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