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Abstract—This paper presents a new test-data compression technique that uses exactly nine codewords. Our technique aims at precomputed data of intellectual property cores in system-on-chips
and does not require any structural information of cores. The technique is flexible in utilizing both fixed- and variable-length blocks.
In spite of its simplicity, it provides significant reduction in testdata volume and test-application time. The decompression logic is
very small and can be implemented fully independent of the precomputed test-data set. Our technique is flexible and can be efficiently adopted for single- or multiple-scan chain designs. Experimental results for ISCAS’89 benchmarks illustrate the flexibility
and efficiency of the proposed technique.
Index Terms—Capacitor switching, data compression, digital
system testing, Huffman codes, integrated circuit testing, power
demand, run length codes.

I. INTRODUCTION

T

ESTING today’s system-on-chip (SoC) circuits is a challenge due to several limiting factors. These factors include
large volume of test data, long test application time, high power
consumption during test, and limited bandwidth of automatic
test equipment (ATE). New techniques are required to test
embedded cores in a SoC without exceeding limits of power,
memory, and bandwidth. These techniques are often based on
test resource partitioning to tackle ATE memory, test power,
and ATE bandwidth limitations. Built-in self-test (BIST) and
test-data compression are two widely used techniques to reduce
SoC’s test-data volume and test application time.
A. BIST
BIST methodology reduces the need for an expensive ATE
[1] as on-chip pseudorandom pattern generators and signature
compaction are used. In practice, BIST may not always replace
other test methods, especially for large chips, due to the long
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time needed to detect random pattern resistant faults. To overcome these difficulties, deterministic test patterns need to be
transferred from ATE to SoC under test to shorten the overall test
time and improve fault coverage. The fault coverage in BIST can
be improved using techniques such as reseeding [2], bit flipping
[3], and bit-fixing [4]. These techniques need structural information for fault simulation and test pattern generation.
B. Test-Data Compression
Test-data compression techniques are used to speed up the
ATE-SoC interaction during test. These techniques are used to
compress the precomputed test-data set
, often provided by
which is then
core vendor, to a smaller test set
stored in the ATE’s memory. An on-chip decoder decompresses
to
to be applied to the system under test.
Most compression techniques compress
without requiring any structural information about the embedded cores.
Compression methods such as statistical coding [5], [6], selective Huffman coding [7], mixed run-length and Huffman
coding [8], Golomb coding [9], frequency-directed run-length
(FDR) coding [10], alternating run-length coding using FDR
[11], extended FDR coding [12], MTC coding [13], and variable-input Huffman coding (VIHC) coding [14] are among
techniques that use this strategy.
There are some methods that reduce test volume and time
using design modification. The proposed Illinois scan architecture (ILS) [15] needs fault simulation and test generation as
postprocessing steps to get high fault coverage. An embedded
deterministic test technology for a low-cost test to reduce the
scan test-data volume and scan test time is presented in [23].
There are some other techniques which are based on on-chip
pattern decompression, such as scan-chain concealment [16],
geometric-primitive-based compression [17], mutation encoding [18], deterministic embedded test (reusing the scan
chain of one core in a SoC to compress the patterns for another
core) [19], packet-based compression [20], and linear feedback
shift register (LSFR) reseeding [2], [21], [22].
Several dictionary-based compression methods have been
proposed to reduce test-data volume. In [6], frequently occurring blocks are encoded into variable-length indices using
Huffman coding. A dictionary with fixed-length indices is
used to generate all distinct output vectors in [24]. Test-data
compression techniques based on LZ77 and LZW and test-data
realignment methods are proposed in [25]–[27], respectively.
The method proposed in [28] is a compression technique
using dictionary with fixed-length indices for multiple-scan
chain designs. A hybrid coding strategy, combining alternating
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run-length and dictionary-based encoding, is also proposed [29]
to improve the compression. Unfortunately, dictionary-based
compression techniques have difficulties in terms of size and organization to increase compression, complexity of algorithms,
and required large on-chip memory.
The test generation process generally provides a test cube
which has only a few specified bits for each fault. Test compaction schemes merge the compatible cubes and result in
compacted deterministic test patterns [32]. The compaction
scheme reduces the number of don’t cares but often the test
patterns still include a large number of don’t-cares. The existing
don’t-cares in a test-data set often help compression techniques
achieve higher compression. Generally, an automatic test pattern generator (ATPG) fills the don’t-cares randomly to have
more chance of detecting nonmodeled faults to increase defect
coverage. Some of the proposed techniques, such as [8], [11],
with zeros or
[14], and [20], replace existing don’t-cares in
ones to achieve higher compression ratio. The on-chip decoder
according to don’t-care replacement strategy, pergenerates
formed during compression. Such compression may adversely
affect the fault coverage of nonmodeled faults. Therefore, techniques such as [30], that leave at least a portion of don’t-cares
unchanged may be preferred. These leftover don’t-cares can be
replaced randomly to help detect nonmodeled faults.
C. Main Contribution
In this paper, we present a new compression technique based
on a compression code with exactly nine codewords, called 9C.
Our method achieves a high compression ratio for a precomputed test set, reduces test application time, and requires a very
small decoder. The proposed method can use a decoder independent of test data although a dictionary-based style is also possible. In either case our technique offers ease of synchronization
between the decoder and ATE. Our technique is quite flexible in
reducing both test time and ATE channel requirement for singleand multiple-scan chain designs.
9C is a fixed-length fixed-code technique with a very small
decoder. We will later improve the basic (fixed-length) 9C compression technique to increase the compression ratio by using
variable-length blocks. The variable-length block 9C technique,
called V9C, achieves compression ratio higher than 9C. In the
9C technique, a fixed-length block size (i.e., bits) is used for
the entire test-data set to achieve the best compression while
for each test pattern in the test-data set.
V9C finds the best
This significantly improves the compression ratio with a small
increase of decoder cost.
Note that the 9C technique can be implemented as a dictionary-based technique. Our technique, in spite of its simplicity in
using a small dictionary, provides high compression and does
not need a complicated algorithm to find the best indices and
patterns like other dictionary-based techniques [26]–[29]. The
decompression logic is quite simple and small because it decodes only nine codewords.
Note carefully that in this work we do not perform any test
generation or test set modification. The assumption is that the
test patterns, generated and compacted using test generation
tools, consist of a very large number of don’t-cares. Separation of test generation and compression steps is a common prac-

TABLE I
COMPRESSION RATIO FOR DIFFERENT FIXED-CODING
= 8 FOR s5378
SIZE

K

AND

BLOCK

tice as a core vendor does not know what kind of compression
technique will be used for compression at the SoC level. Therefore, quite often the conventional test generation is performed
without considering the type of compression techniques. Our
proposed technique compresses the precomputed test-data set
without requiring any structural information of embedded cores.
In other words, our technique aims at intellectual property (IP)
cores in SoCs. The precomputed test data will be regenerated
with no change after decompression.
The rest of this paper is organized as follows. Section II reviews the basic fixed-length 9C compression technique. Variable-length block compression (V9C) technique is discussed
in Section III. Section IV describes different decoding architectures. Section V analyzes test application time. The experimental results are discussed in Section VI. Finally, the concluding remarks are in Section VII.
II. FIXED-LENGTH BLOCK 9C COMPRESSION
A. Motivation
Our method was inspired by multivalued logic (usually 3, 5,
or 9) used in logic simulation and fault testing. An identical
or nonidentical block of data is represented as (all zeros),
(all ones) or
(mixed 0, 1 and don’t-care bits). For example,
for an eight-bit block, three cases “00 000 000”, “11 111 111”,
and “0xx0xxx1” can be represented by three-symbol coding
, and . If we divide each block into two halves, five sym, and
can be employed. An actual exbols
ample of eight-bit blocks corresponding to these five symbols
is “00 000 000”, “11 111 111”, “00 001 111”, “11 110 000”, and
“x10x01xx”. Such division and usage of more symbols can be
continued for providing more information and finer block compression.
Table I shows the effectiveness of such fixed-codeword comand
pression using a fixed-length block for s5378
circuits, i.e., two of ISCAS’89 benchmarks.
s13207
Note that the best compression ratio for these benchmarks reported in the literature, to the best of our knowledge, is 55%
[7] and 83% [14], respectively. Table I reports very close compression ratio using a simple fixed-code compression. The size
of decompressor for 9- and 17-symbol are 338 and 591 equivalent NAND gates, respectively. Our empirical data shows that
beyond nine symbols the overhead (e.g., in terms of decoder
cost and/or total test time) added for codewords often offsets the
gain. Thus, beyond nine codewords the improvement is negligible and does not justify these overhead increase. In this paper,
we fix the number of symbols to be nine and continue our work
on other aspects of fixed/variable-length block compression. In
Section VI-B, without optimality of 9, we will analytically argue
why 9C produces the test results for majority of applications.
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TABLE II
9C CODING FOR
=8

K

Fig. 1.

Small example of formatting the symbols when block size

K = 8.

B. 9C Compression Technique
The 9C technique is based on fixed-length blocks of input test
is the size of the input blocks. The input
data. Assume that
test vectors are partitioned into groups of bits, and encoding
is performed on each -bit block. Table II shows the proposed
. As shown in the second column of the table,
coding for
each -bit block is divided into two
halves. There are
overall nine fixed codewords. For cases 1–4, each half K-bit
matches all zeros or ones. Cases 5–8 show the mismatched bits,
which have to be sent along with the codeword. uuuu denotes
a mismatch meaning this half has mix of 0 and 1 and perhaps
don’t-care x. Case 9 shows that each half is a mismatch and the
entire -bit block has to be sent along with the codeword. The
for each case.
third column shows a symbol
In this technique, regardless of , we use only nine unique
shown in the fifth column in Table II. Hence,
codewords
we called this method nine-coded compression, or 9C for short
which can
[30]. The sixth column shows the decoder input
be only a codeword (in the first four cases) or codeword plus the
mismatch portion (in the last five cases). Finally, the last column
.
shows the final code size for each case
As mentioned earlier, in the 9C technique, the input test vectors are divided into -bit blocks and each -bit block is divided into two halves. Various cases that can arise match one
of the above symbols. For example, blocks of 0000 0000, 0000
xxxx, xxxx 0000, and xxxx xxxx all match symbol . Blocks
of 1111 1111, 1111 xxxx, and xxxx 1111 match symbol
.
Blocks of xxxx uuuu, 0000 uuuu and uuuu xxxx, uuuu 0000
and
, respectively. We form all test patmatch symbols
terns of a circuit as a long test sequence and assume that all
test patterns have the same length. Fig. 1 shows a small ex.
ample of formatting symbols in a test sequence for
These data bits are matched with the nine symbols shown in
Table II, and the final set of symbols of this test sequence is
.
The following two points about our coding scheme are worth
mentioning.
1) According to Table II the correspondence between codewords and input blocks (or symbols) is fixed. Clearly, to

gain maximum compression, a Huffman coding could be
used to assign shorter codewords to the most frequent
blocks. However, it makes the coding/decoding scheme
dependent on the circuit and precomputed test-data set.
Our experimental results show that Huffman coding increases the compression ratio up to only 1.7% for the
ISCAS’89 benchmarks. This negligible improvement is
achieved at a cost of losing test-data independency which
is an important feature in SoC testing. In this paper we
pursue data-independent methodology and thus we fixed
the codewords-symbols assignment as shown in Table II.
Please see some empirical results in Section VI-A.
2) More number of uniform -bit blocks (e.g., 00 110 011 or
11 001 100) can be added to Table II. However, a system)
atic coding in such cases requires more (e.g.,
codewords. This may slightly (less than 1%—see Table I)
improve the compression ratio compared to 9 codewords
but results in a more complicated and expensive (more
than 75% cost increase) decoder and larger overall test
time in some cores. Hence, we focused only on having
nine codewords [30]. We present an analytical justification for this choice in Section VI-B.
III. VARIABLE-LENGTH BLOCK 9C (V9C) COMPRESSION
Comparing fixed-length [6], [7] and variable-length [9], [10],
[13], [14] compression techniques based on the results reported
in literature indicates that variable-length techniques generally
produce more compression with the price of more costly decompression. In the proposed 9C technique only one fixed-length
was used for the entire test-data set. This has its own
block
advantages and disadvantages in terms of decoder size and compression ratio. The main advantage is that the decoder size is
very small because of using a fixed-length block for the entire
test-data set. It is also flexible to be implemented for single- or
multiple-scan chain designs. Moreover, due to its fixed-length
nature, when desired, multiple decoders can work in parallel to
decrease the test application time further.
Not achieving the highest possible compression ratio is the
disadvantage of this technique. Using a fixed-length block may
produce good compression for circuits with low don’t-care percentage because it finds the best combinations of ones and zeros
to match one of the nine symbols. However, this may not be true
for a test-data set with high percentage of don’t-cares. In other
words, using one fixed may not be the best for all test patterns
in a test set.
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Fig. 2. Compression using a fixed

K for entire test-data set (9C technique).
Fig. 4. Example of creating new patterns using the V9C compression
technique.

Fig. 3.

Compression using different

K ’s for different patterns.

A. V9C Technique
The basic idea behind V9C is to improve the compression
ratio by finding the best for each test pattern in a test-data set.
In that case, different may be obtained for different patterns.
Intuitively, for those patterns that contain small number of don’tcares a smaller may be obtained while a larger is expected
for patterns with higher number of don’t-cares.
Fig. 2 shows an example of finding using the 9C technique.
Fig. 2(a) shows
patterns (
, and ) each of which
bits. These three test patterns form a test secontains
quence containing 96 bits. The 9C technique with block size
provides the best compression for the entire test-data set.
Fig. 2(b) shows the associated symbols for each eight-bit block
in each test pattern ( to ) and the codeword size for each
pattern according to Table II. The final compressed data size in
for all three test patterns is
. In
case of using
the next step, we find the best compression for each test pat, and
tern separately. As shown in Fig. 3,
result in best compression for each test pattern
,
and , respectively. The final compressed data size is 29 in this
case. This example shows that having a fixed-length block for
a test-data set does not guarantee achieving the best results. In
other words, if we use different for different patterns higher
compression will most likely be achieved.
Note that a test-data set can be viewed as a long sequence of
bits, where is the number of test patterns and is
the length of each test pattern. However, for many applications
such as scan we can regroup test data to sizes other than . In

compression, for having more flexibility, we can regroup test
data into -bit vectors (instead of the original -bit patterns).
In general, can be smaller or larger than .
Fig. 4 clarifies this discussion. Based on the three test patterns
bits.
shown in Fig. 2(a), the test sequence length is
, and , each with
We create four new test patterns,
bits as shown in Fig. 4(a). If we again use the 9C techachieves
nique for these new test patterns, still a fixed
the best compression for entire test-data set as shown in Fig. 2.
for these patterns
But, Fig. 4(b) shows that using different
provides higher compression ratio by reducing the final com, and
pressed data size. As shown,
result in best compression for each of
, and
, respectively. This eventually provides the best compression
for the entire test-data set.
Note that for finding the best compression we need to find two
factors: 1) the length of new groups (also called patterns hereand 2) block length
for each -bit pattern. To
after)
’s and decoding structure,
reduce the complexity of finding
’s which are divisible by ’s (starting
for any ’s only those
from
) are considered in our technique. For example,
, only
, and
are tried for each
when
is even,
test pattern. Mathematically speaking,
and MOD
. When a test-data set with
-bit is divided into -bit patterns, overall (
new -bit patterns
are created which is the same as required number of ’s, therefore,
.
B. Comparing 9C and V9C
Only one fixed is required in the 9C technique for the entire
bits). Value
is sent into the decoder only
test-data set (
once at the beginning of the decoding process so that every code
coming into decoder is decoded based on that . This process
requires an inexpensive decoder.
The disadvantage of 9C is that using only one for the entire
test session may not guarantee a good compression for that test
for each -bit
set. In contrast, the V9C technique needs one
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Fig. 5. Single-scan chain decoder for 9C.

pattern. Briefly,
is fixed for each pattern but it is variable
across the test-data set. So, the decoder needs to know
for
each -bit pattern. This leads us to propose the following two
’s in V9C.
different techniques to construct
is fixed
• Data-Independent V9C: In this technique, since
for each -bit pattern,
is sent to the on-chip decoder
just before sending the codewords of that -bit pattern.
Therefore, one
is sent to the on-chip decoder for each
-bit pattern and overall
number of
’s are
sent for a test-data set. Of course, to reduce the overhead of
sending
’s, the related code of each
’s will be sent.
Assume that denotes the total number of distinct divisors
of starting from 4. For example, if
, divisors are
, and . Thus,
and only two bits are
required to detect each
’s. Therefore, the total number
of bits sent into decoder,
, is equal to final compressed
data size plus
. The advantages of this
technique is that: 1) it is test-data independent and thus can
be reused even if the test-data set changes and 2) it achieves
higher compression ratio compared to the 9C technique.
• Dictionary-Based V9C: In this technique, we assume that
’s can be stored in an on-chip dictionary (memory). In
that case, there is no need to send
’s with test patterns
and
is equal to the final compressed data size. This
significantly reduces the final compressed data size and
increases the compression ratio. It, however, increases the
hardware overhead and the decoder is dependent on the
test-data set. The decoding architecture for each of these
techniques will be discussed in the next section.
IV. DECODING ARCHITECTURE
9C and V9C techniques are flexible to be used for compressing input test data for single- or multiple-scan chain
designs. Here, we propose a small and flexible decompression
architecture for each case.
A. Single-Scan Chain Decoder
1) 9C Technique: Fig. 5 shows the decoder architecture for a
single-scan chain. Decoder decodes only nine prefix-free codevalue and precomputed test-data set.
words independent of
The decoder consists of a finite-state machine (FSM), Counter
register. The first few bits transferred into FSM
1, and REG
and are sent into REG
regthrough Data in indicate
ister. Thus, decoder uses this for the entire test-data set. We

Fig. 6. FSM diagram of 9C decoder.

because the 9C technique detects each half of a -bit
send
block separately for each codeword. Next, FSM takes data from
Data in to find out which codeword has been entered. If the
, or , all
bits are generated
input codeword is
only with zeros or ones accordingly. When the FSM receives the
, or , it expects to receive
-bit
codewords
or -bit exact data from Data in.
As shown in Fig. 5, MUX has three inputs 0, 1, and Data in
which is shifted through FSM. Two bits select (Sel) come from
-bit into
FSM to MUX. Counter 1 is used to control sending
scan chain. The FSM sends signals Cnt en and Inc to activate
and increment the counter, respectively. At the same time, it
out
activates signal SC en to enable the scan chain, hence
is shifted into the scan chain (SC). When the counter finishes
counting, it sends signal Done to the FSM to send the next Sel
and Cnt en signals. After sending the second signal Done by
the counter, FSM sends Ack signal to the ATE to send the next
codeword and deactivates signal SC en.
Fig. 6 shows the state diagram of FSM used in 9C decoder.
Note carefully that it is totally independent of . It starts by
checking Dec en. When Dec en is active, it receives Data in
which is the codeword from ATE. Maximum of five cycles are
required for the longest codeword. Since a -bit block is divided into two halves, the FSM sends one Sel for each half.
After detecting a codeword the required signals are sent to the
counter, MUX, and scan chain. When the job is done for one
received codeword, the state controller starts again from state 0.
This is done when Ack signal becomes active, then ATE sends
the next codeword.
2) Data-Independent V9C: In data-independent V9C, after
’s they can be sent into the on-chip deextracting the best
coder along with the codewords. Fig. 7 shows the decoder architecture for data-independent V9C. The decoding architecture here is slightly more expensive (shaded components) than
the decoder proposed for the 9C technique. ATE sends ’s into
FSM to be sent into REG that will be used for the entire testdata set. To transfer codewords, corresponding to -bit test patis sent. FSM
tern, to the decoder, first the related codeword’s
and sends it into REG
register. Counter 1
detects

724

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 13, NO. 6, JUNE 2005

Fig. 9. Example of formatting the test data for multiple-scan chain (a) p = 4
and l = 8 and (b) p = 4, and l = 4.

Fig. 7.

Single-scan chain decoder for data-independent V9C.

The decoding process is almost the same as data-independent
decoding architecture. FSM used in this architecture is slightly
different from the one used in Fig. 7 because it has to receive
’s from the dictionary. This
codewords corresponding to
decoder is dependent on the precomputed test-data set but
achieves very high compression compared to 9C.
B. Multiple-Scan Chain Decoder

Fig. 8. Single-scan chain decoder for dictionary-based V9C.

is used to control sending
-bit into scan chain. Counter 2
. When
is used to send bits into the scan chain for each
Counter 2 finishes counting, bits have been shifted into the
scan chain, it sends signal Done2 to FSM. In this case, FSM
bits of encoded
’s for the next -bit
reads the next
pattern through Data in.
’s are
3) Dictionary-Based V9C: In this technique,
stored in an on-chip dictionary (memory). Fig. 8 shows the decoder architecture for case of having a dictionary or a memory
’s for each -bit pattern. To reduce the
to store the required
’s (
bits each) is
size of dictionary, the encoded
stored in the memory. In this case, any time that decoder starts
sending bits into the scan chain, FSM sends the Next
signal to receive the codeword of the next , and FSM decodes
and sends it into REG
register. Then,
value
is sent to the inputs of Counter 1. When Counter 1 finishes
counting, it sends signal Done1 to FSM to generate signal
and sends it to the dictionary. The size of memory to
Next
’s is calculated as
where G
store all
is the distinct number of even divisors of ’s starting from 4.

In this section we only discuss about 9C decoder architecture
to handle multiple-scan chain as it would be the same for the
V9C technique.
Assume that the scan chain with length of a circuit under
test is divided into equal length scan subchains. Each test
vector can therefore be viewed as subvectors. If one or more
subvectors are shorter than others, don’t-cares are added to the
end of these subvectors so that all subvectors have the same
length, which is denoted as . The same -bit data at the same
position of each subvector constitute a -bit word. Then, a total
-bit words are formed and encoded during the compresof
sion procedure where is the number of test vectors. Fig. 9 illustrates the formatting of the given test sequence for multiple-scan
and
, corchains for two different ’s. In Fig. 9(a),
-bit. Fig. 9(b)
responding to a test vector with length
shows a test vector with
and
corresponding to two
16-bit consecutive test vectors. During test application, after a
codeword is shifted into the decoder, a -bit word is generated
by the decoder and fed into the scan chains (one bit for each
scan chain).
Fig. 10 shows the decoder architecture for a multiple-scan
chain. Using the 9C technique, the -bit word is divided into
groups of -bit blocks. The decoder consists of an additional
counter, Counter 2, compared to 9C decoder for single-scan
chain (Fig. 5), FSM is the same and so is the decoding process.
The FSM sends Cnt en and Inc signals to enable and increment
out to be shifted into
Counters 1 and 2 and Shift en to let
-bit shifter. Counter 2 is used to control shifting bits into the
-bit shifter. Any time that Counter 1 sends
bits into the
-bit shifter, signal Done is sent to the FSM to send the next
Sel and Cnt en signals. When Counter 2 reaches it sends the
signal Load to the -bit shifter to load its content into the scan
chains SC to SC . This architecture reduces the input test pins
to only one, i.e., Data in. In this case, only one decoder is used
for scan chains. Shaded units show the additional components
compared to decoder used for 9C in single-scan chain.
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Fig. 10.

Multiple-scan chain decoder for 9C.
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code and send the test patterns into a single-scan chain core.
Fig. 11(b) shows a multiple-scan chain decoder with one inputdata pin Data in for a multiple-scan chain core assuming the
length of scan chains is the same. The ATE sends codewords
through Data in and the decoder drives the detected bits into
the -bit shifter (as shown in Fig. 10). In this case each detected
-bit is shifted into the -bit shifter and after completing -bit,
the content of -bit shifter is sent into scan chains. Using
a multiple input shift register (MISR) is optional to optimize
signature analysis. This architecture reduces the number of required decoders and test pins. In practice, most cores include
multiple-scan chains. Hence, the decoders should be reusable
for different cores in a SoC and flexible to be utilized for both
single- and multiple-scan chains. Fig. 11(c) shows a SoC containing three different cores with single- or multiple-scan chains
assuming the length of scan chains in a core is the same but
varies in different cores. In today’s test synthesis tools like the
design-for-test (DFT) compiler from SYNOPSYS, we can define the length of scan chains and it actually forms all subchains
with the same length. This figure shows the basic architecture
and one decoder is used per core in SoC. Further optimization
(e.g., sharing decoders or MISR, test control/access mechanism,
etc.) can be performed depending on the application. All the decoders are initialized at the beginning of test application process.
V. TEST APPLICATION TIME
Reducing the overall test application time is one of the important goals of any test-data compression method. In general, the
amount of time reduction depends on the compression ratio and
decompression method. We analyze the test application time
reduction for both the 9C and V9C techniques. Since 9C is a
fixed-block compression technique, the test time analysis is simpler compared to the V9C technique. Suppose ATE and SoC
and
, respectively.
scan frequencies are
Test application time reduction (TR) is given by
TR%

(1)

where
and
are the test application times for applying uncompressed and compressed test data, respectively.
Assume that the scan clock frequency of the system under test is
times that of the ATE’s clock frequency, i.e.,
. The test application time for the case of no compression
depends on the total number of input bits
and
ATE’s working frequency

Fig. 11. (a) Single-scan chain decoder, (b) multiple-scan chain decoder, and
(c) a SoC including three different cores.

C. Distributed Decoder
Assume that and are the number of scan chains and the
length of scan chain, respectively. Fig. 11 shows the flexibility
of our method in using ATE pins and distributed style of decompresser units. Fig. 11(a) shows a single decoder, used to de-

A. 9C Technique
After compressing the test data, the test application time
will depend on the occurrence frequency (repetitions)
. Therefore, in the 9C technique,
is
of each symbol
given by
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TABLE III
COMPRESSION RATIO FOR DIFFERENT

where is the application time of symbol . When decoder
ATEs and
system clocks
input is entered into FSM,
are needed for applying
bits into the scan chain. Therefore,
is computed by

where

. Thus,

K ’s FOR 9C

’s are stored in
2) Dictionary-Based V9C: In this case,
is computed by
an on-chip memory. Therefore,

VI. EXPERIMENTAL RESULTS AND ANALYSIS

is

A. Results

where
computed by
TR

and

. Finally, TR is

CR%

CR

for different cases is computed by the following:
1)
9C:

B. V9C Technique
In the V9C technique, the test sequence is divided into -bit
patterns and is obtained for each -bit pattern. We define
to be the th symbol of the th -bit pattern in the test sequence.
In this case,
is defined to be the test application time
of sending bits into the scan chain. Here, we analyze the test
application time for both data-independent and dictionary-based
V9C techniques.
’s are sent along
1) Data-Independent V9C: In this case,
is computed by
with the codewords. So,

where
by

Test generation tools generate test cubes for each fault in a
circuit and compaction process generates the final deterministic
test patterns that include a large number of don’t-cares. Specifically, in today’s large circuits, we expect to have only 1%–5%
specified bits in test-data set [31]. In our experiments test-data
set is assumed to be the only data provided and no structural information of the core is required. In our technique we do not
combine ATPG and compression like some other techniques
[15], [23].
The compression ratio (CR) for the 9C and V9C techniques
is computed by

is the application time of symbol

and is obtained

where
is the occurrence frequency of the th symbol in the
th -bit pattern. Having
and
, TR is computed
using (1).

2)

Data-Independent V9C:

3)

Dictionary-Based V9C:

Table III shows the compression results of ISCAS’89 benchmarks for different using the 9C technique for a single-scan
chain. As seen in Table III, the maximum compression ratio
for these benchmarks (i.e., boldface numbers) happens in
, or . When increases the compression ratio increases
, or and then it starts to decrease
to reach a peak at
generates less compression
in most cases. As shown,
ratio compared to other .
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TABLE IV
COMPRESSION RATIO FOR DIFFERENT L’s USING DATA-INDEPENDENT V9C

TABLE V
COMPRESSION RATIO FOR DIFFERENT L’s USING DICTIONARY-BASED V9C

TABLE VI
COMPRESSION RESULTS FOR TWO LARGE CIRCUITS FROM IBM IN THE CASE
OF SINGLE-SCAN CHAIN USING DICTIONARY-BASED V9C

Table IV shows the compression ratios of ISCAS’89 benchmarks for different ’s using the data-independent V9C technique. In this case, are sent to the on-chip decoder along with
the codewords. The CRs of different ’s are very close because
V9C finds the best compression by tuning for each test pattern. For very small and very large ’s such tuning is harder and
CR values are overall lower. The maximum CR for each benchmark is written in boldface font.
Table V shows the compression results for different ’s using
the dictionary-based V9C technique. In this case are stored in
an on-chip memory or dictionary and only codewords are sent
to the on-chip decoder. As shown, this technique shows much
higher compression ratios.
We also evaluated the compression efficiency of the dictionary-based V9C for very large test sets from IBM previously reported in [28]. Circuit CKT1 contains 3.6 million gates, 726 000
flip flops and requires about 11.6 Mbit test data. Circuit CKT2
has 1.2 million gates, 32 200 flip flops and needs 4.1 Mbit test
data. Table VI shows the compression ratio for different ’s. As
and
show the maximum compression
shown,
for CKT1 and CKT2, respectively.
In the proposed 9C coding the codewords size are fixed. As
we explained in Section II, a Huffman coding also could be
used to increase compression ratio. Using fixed codewords not
only simplifies decoding process but also decoder will be independent to precomputed test-data set which is not the case
for Huffman coding. Table VII compares these two cases. As
seen Huffman coding only increases the compression ratio up
to 1.7% which is negligible. The cost of decoder is almost the
same for these cases.

TABLE VII
COMPARISON BETWEEN USING FIXED CODE
CODE IN 9C TECHNIQUE

AND

HUFFMAN

Comparing data-independent V9C to the other data-independent techniques such as 9C [30], FDR [11], VIHC [14], and
MTC [13] is shown in Table VIII. As seen, data-independent
V9C shows better compression than 9C and other techniques.
Table IX shows comparison between dictionary-based V9C
and some other dictionary-based techniques (fixed-length indices [28], LZ77 [26], and LZW [27] and selective Huffman
[7]). Overall, our technique shows close results to the others.
Note that dictionary-based V9C may not achieve the highest
possible CR but it is flexible and less costly compared to others.
The second column of the table shows the size of required dictionary. The size of dictionary in V9C is comparable to [28] and
[7] and relatively small compared to other techniques especially
LZ77 [26] and LZW [27]. Direct comparison of dictionary cost
is not possible due to differences among implementation style,
tools, and statistics reported.
Table X shows the test application time reduction (TR) for
ISCAS’89 benchmarks. Assume that
and
are the frequency of shifting test patterns into the scan chain and ATE
clock frequency, respectively. Our analysis shows that TR is
bounded by CR, and as
increases, the test application
time approaches the compression ratio. For example, assume
that
MHz (a very slow ATE) and the SoC frequency
to shift test data into scan chain
MHz. Reduction
of up to 67% for data-independent V9C and up to 71% for dictionary-based V9C, indicates good reduction in test application
time for such a low speed ATE. It is clear that dictionary-based
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TABLE VIII
COMPARING 9C AND DATA-INDEPENDENT V9C WITH OTHER TEST DATA-INDEPENDENT TECHNIQUES

TABLE IX
COMPARING DICTIONARY-BASED V9C WITH OTHER DICTIONARY-BASED TECHNIQUES

TABLE X
TEST APPLICATION TIME REDUCTION (TR%) USING V9C TECHNIQUE

V9C must give better TR% because it reads from an internal
dictionary instead of a low speed external ATE.
Table XI shows the cost of the on-chip decompression logic
for different techniques. The results for our techniques (9C and
V9C) are obtained using the synopsys design compiler [32]. The
size of the 9C technique is comparable to other techniques as the
size of 9C is fixed while the cost of other techniques like FDR
and VIHC increases as the longest run (in FDR) or group size
(in VIHC) increase.
The table also compares decoder cost of our dictionary-based
V9C with other proposed dictionary-based techniques. The
comparison with fixed-length indices technique [28] is not
possible as the authors in [28] reported the size of decoder
based on required number of gates not bits to implement the
dictionary. The size of V9C dictionary for different benchmarks
is also listed in the second column of Table IX.
Another important feature of the V9C technique is its flexibility to provide decompressor reuse in SoCs. To achieve
the maximum CR using dictionary-based V9C, cores in a SoC
should have a dedicated decompressor. This could be too costly.
Tradeoffs between CR% and cost can be explored by designer
to satisfy time/cost requirement. Table XII summarizes this concept for a small example by showing cost and CR. We assumed
our SoC has three cores, i.e., s5378, s13207, and s38584. Using
a dedicated decompressor provides the highest CR% as shown
using boldface numbers. The average compression ratio will

be CR

CR

CR

CR

% with cost of

NAND gates plus

bits for dictionary memory. If we use only one of these decompressors to cover all three cores, this average drops to
51.81%, 53.84%, and 54.63%. This example shows that using
our technique cost saving through the decompressor reuse is
possible. In the last column of table, we designed decompressor
using data-independent V9C that is able to work with all cores.
In this case, the average CR for these three cores is 70.02% in
a cost of
NAND gates.
The style, cost, and flexibility of on-chip decompresser have
become important factors in practicality of compression techniques. Specifically, some decoders such as those proposed in
[5]–[7], [14], [24] are dependent on the precomputed test set
and thus are customized for the circuit under test. The decompression logics in [10], [11], and [30] are independent of the precomputed test set. The 9C and data-independent V9C decoders
are totally independent of the circuit under test and precomputed test set. In other words, it guarantees the best compression
for each circuit no matter what the precomputed test-data set is.
This feature makes our V9C technique superior in terms of cost,
flexibility, and design reuse. However, dictionary-based V9C is
test-data-dependent. It achieves a higher compression ratio with
a price of higher decoder cost.
B. Optimum Number of Codewords
As shown throughout the paper so far, the use of nine
codewords (9C encoding) is our preferred choice. While we
acknowledge that 9 may not be a global optimum in an analytical sense, it empirically provides the best compromise
among three important factors of compression ratio (CR), time
reduction (TR), and decoder cost (DC). In this subsection we
briefly justify this preferred choice. Fig. 12 demonstrates the
general trend for CR, TR, and DC metrics that we observed
for various codeword sizes (3C, 5C, 9C, 17C, and 33C) when
applied to benchmarks. Note that the number of codewords
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TABLE XI
COST OF DIFFERENT DECODERS

TABLE XII
REUSING V9C DECOMPRESSORS FOR DIFFERENT CORES IN A SoC

Fig. 12.

(a) CR, (b) TR, and (c) DC using 3C, 5C, 9C, 17C, and 33C techniques.

is an integer that satisfies the basic relation
for
some integer . Thus, functions
, and
)
shown in Fig. 12 are only approximations reflecting the basic
trend. Yet, these approximations stay valid when we analyze
the fidelity of a weighted mix of these functions. Our empirical
evidences (see also Fig. 12) indicate that for
these
are good approximation functions

referred to [33]. So far we have individually approximated the
main three evaluation factors for our compression methodology.
To be more flexible in our analysis, we have combined them in
, and
coefficients
a weighted function using
predefined by a user showing their
relative importance. Therefore, the main evaluation (quality)
function
is defined as

where
and
are constants that depend on
the circuit under test and its precomputed test set. Intuitively,
increasing the number of codewords almost linearly increases
CR. TR increases when we use larger number of codewords
until it reaches the peak at 9C, and it then slightly decreases. The
main reason is that the codewords become longer and FSM uses
more number of ATE clocks to detect and decode the received
codewords. Finally, the decoder cost increases quadratically
as the number of codewords increases due to its need for a
larger FSM and internal memory. For example, in case of
s13207 benchmark we have found
to specify the above
functions. Details of numerical methods used to find these
coefficients are beyond the scope of this paper and reader is

In our experimental results shown in Section VI-A we assumed
that
as the aim of our compression technique is to improve CR and TR as primary concern. Cost is a
secondary issue for us as in practice it is negligible compared
to overall design cost. We have approximated these functions
for all of benchmarks and computed
to find the
optimum point
. The results are tabulated in Table XIII for
various choices of weights. This table also shows clearly that optimality depends on relative importance (weight coefficients) of
these three metrics. When DC has the largest weight, the optimal
choice will be using the smallest possible codeword size (i.e., 3;
see the last column). For a very conservative design, when three
factors are almost equally weighted (fourth column) choice of
5 will be an optimal choice. On the other hand, assigning larger
weights on the CR and TR results in optimal choice of 9 in almost all cases (see second and third columns).
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TABLE XIII
ANALYSIS OF THE REQUIRED NUMBER OF CODEWORDS FOR DIFFERENT BENCHMARKS (3

VII. CONCLUSION
This paper presents a new compression technique using only
nine fixed codewords and fixed or variable-length blocks called
9C and V9C, respectively. Our technique aims at precomputed
data of IP cores in Soc’s and does not require any structural information of cores. 9C is very simple but flexible coding technique that uses a small decoder. V9C uses variable-length block
for each pattern to achieve higher compression ratio. We also
proposed two implementations which are based on dependency
to the precomputed test-data set. Data-independent V9C, which
sends each pattern’s block length along with codewords, is testdata independent and increases compression compared to original 9C. Dictionary-based V9C achieves very high compression
compared to 9C and data-independent V9C. Applying V9C to
ISCAS’89 benchmarks has shown up to 90% compression ratio
while the decompression logic remains quite small.
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