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Abstract. We examine the use of exponential-Golomb codes and subexponential codes can be used for the
compression of scan test data in core-based system-on-a-chip (SOC) designs. These codes are well-known in the
data compression domain but their application to SOC testing has not been explored before. We show that these
codes often provide slighly higher compression than alternative methods that have been proposed recently.
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1. Introduction

Test data volume is a major challenge faced in the test-
ing of core-based system-on-a-chip (SOC) integrated
circuits. New techniques are needed to reduce test data
volume and testing time, and to overcome ATE mem-
ory limitations. In order to be applicable to intellectual
property cores, these techniques should be based on
the reuse of precomputed tests; they should not require
structural models for additional fault simulation or test
generation.

One popular approach for reducing test data vol-
ume is based on the compression of the precomputed
test set Tp provided by the core vendor to a much
smaller test set Tg, which is stored in ATE memory.
An on-chip decoder is used for pattern decompression
to generate Tp from T during pattern application [3-5,
7]. These techniques are typically based on statistical
codes, run-length codes, and their variants, e.g. Golomb
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and FDR codes. Test data volume reduction techniques
based on on-chip pattern decompression are also pre-
sented in [1, 2, 8, 9, 11, 14]. Although all these tech-
niques aim to reduce test data volume, the different ap-
proaches present different design alternatives and their
applicability to a particular design varies from case to
case.

In this short paper, we investigate the use of
exponential-Golomb codes and subexponential codes
for compressing scan test data. These codes are well-
known in the data compression domain [12], but their
application to SOC testing has not been explored be-
fore. These codes often provide slightly higher com-
pression of test data than other codes proposed for test
data compression. Moreover, only a small amount of
hardware is required for on-chip decompression of test
data encoded using exponential-Golomb and subexpo-
nential codes (The decompression logic synthesized
using Synopsys tools requires less than 50 gates and
less than 100 gates, respectively). The decompression
logic is independent of the core under test and the test
set. The proposed compression/decompression scheme
requires no modifications to the core under test.
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2. Exponential-Golomb and Subexponential
Codes

In the following description, we assume that the pre-
computed SOC test data consists of n test patterns
t1, b, ..., t,. The don’t-care bits in the test set are set to
0Os. The test patterns are suitably reordered and serial-
ized before compression. The reordered and serialized
test set is denoted as Tp, which is then compressed
using these codes.

2.1.  Exponential-Golomb Code

The exponential-Golomb code provides a variable-to-
variable encoding method, i.e., the runs of Os are en-
coded as variable-length codewords. A run of Os is
divided into successive sub-runs of length 2k k1
2k+2 ., 2k+i=1 yuntil the number of remaining Os is
less than 28 where k is the code parameter of the
exponential-Golomb code. The rest of the run is en-
coded as a (k + i)-bit binary number. The power of
the exponential-Golomb code lies in the fact that it can
encode both short and long runs efficiently because the
successive sub-runs grow exponentially. Let / denote
the run-length to be encoded. The encoding steps are
as follows.
1. Determine i such that Y _(2/* <1 < 3
27%k i > 0.
2. Form the prefix of i Is.
. Insert the separator 0. .
4. Form the tail: express the value of (I — le;lo 2/+k)
as a (k + i)-bit binary number.

(98]

Table 1 shows the codewords of the exponential-
Golomb code for run-lengths varying from O to 10
with code parameter k = 0, 1 and 2. Note that the
FDR code described in [3] corresponds to a special
case of the exponential-Golomb code (k = 1). In the
table, we have separated the codewords into groups.
The group index i is also the number of 1s in the pre-
fix. From the table, we note the following properties of
the exponential-Golomb code:

1. The length of prefix in group A; is i (excluding the
separator 0).

2. Ingroup A;, the run-length represented by the prefix
is lprefix = le_:l() 2k+) = 2k2" — 1), which is the
value of the continuous 1s in the prefix shifted left
by k bits.

Table 1. Codewords of the exponential-Golomb code.

k=0 k =1 (FDR) k=2
Run-length i Codeword i Codeword i  Codeword
0 0 0 0 00 000
1 | 100 01 0 001
2 101 1000 010
3 11000 | 1001 011
4 ) 11001 1010 10000
5 11010 1011 10001
6 11011 110000 | 10010
7 1110000 2 110001 10011
8 3 1110001 110010 10100
9 1110010 110011 10101
10 1110011 110100 10110
3. The length of tail in group A; is (k + ).

4. In group A;, the run-length represented by the tail
is between 0 to 28+ — 1.
5. The size of group A; is 2¢+1.

Based on these properties, it is straightforward to
derive the decoding algorithm as follows:

1. Let i be the number of leading 1s (prefix) in the
codeword. .

2. Form a run of Os of length le_:lo 2k,

3. Skip the next O (separator).

4. The next (k + i) bits make up the tail. Form a run
of Os of length represented by the tail.

5. Append 1 to the run of Os.

6. Go to step 1 to process the next codeword.

2.2.  Subexponential Code

As in the case of the exponential-Golomb code, the
codewords of the subexponential code can also be di-
vided into groups and we use the number of Is in
the prefix as the group index. Table 2 shows thecode-
words of the subexponential code for run-lengths vary-
ing from O to 10 with the code parameter k = 0, 1, 2.
From the table, we can find that the size of group Ay is
2% Fori > 1, the size of group A; is 2+~ _This prop-
erty is closely tied to the encoding procedure, which is
described as follows. Let / denote the run-length to be
encoded.
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Table 2. Codewords of the subexponential code.

k=0 k=1 k=2

Run-length i Codeword i Codeword i  Codeword
0 0 0 0 00 000
1 1 10 01 0 001
2 2 1100 1 100 010
3 1101 101 011
4 111000 11000 1000
5 3 111001 9 11001 1 1001
6 111010 11010 1010
7 111011 11011 1011
8 11110000 1110000 110000
9 4 11110001 3 1110001 2 110001
10 11110010 1110010 110010
1. Determine the group index i using the following

rules:

— ifl < 2% theni = 0.
— if I > 2k, then determine i such that 2it%—1 <
1 < 2itk,

Form the prefix of i 1s.

Insert the separator 0.

Form the tail: express the value of (I — 2**~1) as a
(i + k — 1)-bit binary number.

»

We can see that Ay is a special group in the subex-
ponential code. Its size is the same as that of group
Aj. This property makes the encoding and decoding
for the subexponential code a little more complex than
that for the exponential-Golomb code. A few additional
steps are needed during encoding and decoding. The

Table 3. Comparison of compression results for Tp.

669
decoding procedure for the Subexponential code is as
follows.

. Let i be the number of leading 1s (prefix) in the
codeword.

2. Form a run of Os of length
0, ifi =0
2i+k=1 " otherwise

Skip the next O (separator).
Compute the length of the tail, ¢,y as

k,
k+i—1,

ifi =0

ifi >1

. The next ¢y, bits are the tail. Form a run of Os of
length represented by the tail.

Append 1 to the run of Os.

Go to step 1 to process the next codeword.

3. Results and Conclusions

In this section, we apply the exponential-Golomb and
subexponential codes with various code parameter val-
ues to the cubes of the six larger ISCAS-89 circuits.
These test cubes were obtained from the Mintest ATPG
program [6]. Prior to the compression, the don’t-care
bits in the test set are set to Os and the test patterns are
suitably reordered and serialized. We refer to the pre-
encoded test set as Tp and the encoded test set as Tg.
Table 3 shows acomparison of the compression results
with FDR coding [3], RESPIN++ [13], and test data
mutation encoding [10]. We consider three different
values for the code parameter: k = 0, 1, 2.

Size of Tg (bits)

Exponential-Golomb Subexponential
Circuit ~ Size of Tp (bits) k=0 k=1(FDR) k=2 k=0 k=1 k=2  RESPIN++ [13] Mutation encoding [10]
$9234 39273 23809 22076 21799 25039 22413 21210 17198 N/A
s13207 165200 33061 30804 29727 35102 32285 30520 26004 74423
s15850 76986 27342 25902 25710 29079 26670 25650 32226 26021
$35932 28208 13857 22744 32063 13924 22907 32126 N/A 7222
s38417 164736 80264 93444 108510 83209 93317 109266 89132 45003
$38584 199104 81251 77754 78079 85650 79518 78234 63232 73464
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Table 4. Comparison of compression results for Tg;s.

Compression (percent)

Exponential-Golomb

Subexponential
k=1 - VIHC

Circuit k=0 (FDR) k=2 k=0 k=1 k=2 [5]

$9234  58.01 60.63  61.57 5524 59.38 6146 54.84
s13207 86.81 87.47 87.70 86.06 87.02 8745 83.21
S15850 70.76 7196 7197 69.09 71.17 71.72 60.68
$35932 5429 2574 384 5394 2526 —4.00 66.47
s38417 65.71 6536  64.52 6327 6497 64.04 54.51
s38584 6333 64.68  64.17 61.48 6391 64.10 56.97

We find that the exponential-Golomb code and the
subexponential code outperform the FDR code for five
out of the six circuits. Compared to RESPIN++-, the
test data volume is less for only one out of five circuits.
Note however that the results presented in [13] were
obtained using a pre-processing step of 400 pseudo-
random patterns. As a result, the deterministic pattern
used in [13] targeted a smaller number of faults than in
this work. Moreover, sufficient structural knowledge
of the circuit under test was assumed in [13] for the
purpose of fault simulation. Compared to mutation en-
coding, we obtain lower test data volume in two out of
five cores. The increased compression for three circuits
in [10] is accompanied by the need for scan chain reor-
ganization. Note that significantly higher compression
was obtained in [10] in a second set of experiments us-
ing different precomputed test sets. We did not consider
these test sets in our experiments hence a direct compar-
ison is difficult in this case. Even higher compression
was achieved in [10] using a combination of mutation
encoding and test compaction; we do not consider this
approach here since it requires structural information
about the circuit under test.

Finally, we compare the proposed coding technique
to the variable-length input Huffman coding (VIHC)
presented in [5]. Since the result in [5] are presented
for “difference vector” test sets Ty derived from the
Mintest test cubes, we present the comparison here us-
ing Tygr. Table 4 shows thatexponential-Golomb and

subexponential codes outperform VIHC for five out of
the six cases.
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