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( Reduction of Test Data and Power in Scan Testing for Digital
Circuits using the Code-based Technique )
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Abstract

We propose efficient scan testing method capable of reducing the test data and power dissipation for digital logic
circuits. The proposed testing method is based on a hybrid run-length encoding which reduces test data storage on the
tester. We also introduce modified Bus—invert coding method and scan cell design in scan cell reordeting, thus providing
increased power saving in scan in operation. Experimental results for ISCAS'89 benchmark circuits show that average
power of 96.7% and peak power of 84% are reduced on the average without fault coverage degrading. We have obtained
a high reduction of 78.2% on the test data compared the existing compression methods.

Keywords : low power, scan testing, Bus- invert coding, Run-length code, compression

1. Introduction

Recently, it becomes more important to reduce
power dissipation for portable electronic products like
the cell phone, PDA, and laptop, etc. Integrated chip
(IC)

electronic devices. Most of electronic devices” require

is one of critical components in modern
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more IC for improving their performance and more
functionality can be integrated into a single IC than
the technology being developed.
Furthermore, heterogeneous components are now

ever as is
inserted into a single IC, which is generally callied
System-On~a-Chip  (SOC). The complex design
methodology like a SOC and high-density circuits
make the testing of these devices harder. More
testing time and power consumption are increasing.
Therefore, the excessive consumption more than its
power limit severely damages the devices including it
during testing mode. In VLSI testing area, various
low power testing methods have been proposed in
literature.! ™"
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Another big issue in testing is reduction of test
data and test time. It is important to reduce the test
data volume requirement in the tester which connects
to the SOC and tests the SOC. SOCs are used widely
in modem VLSI design flows, however, ATE
(Automated Test Equipment) has limited ability to
test SOCs since it has low data bandwidth to
communicate with the device-under-test (DUT) as
well as limited memory. Testing an SOC in the ATE
environment depends on how much test data needs to
be transferred to the SOC and how fast test data in
the tester can be supplied to the core.

Scan based design prevails as it enhances both
controllability and observability with a limited
number of input and output pins. However, in large
circuits (or SOC) that necessitate long scan-based
architecture, scan based design is confronted with the
problem of highly increased testing time and memory
requirement. When more IP(Intelligent Property)
should be tested, test time turns out to be a hig
burden since more test data are needed. So, the
complex design methodology like a SOC ~ and
high-density circuits make the testing of these
devices harder.

Test data compression techniques aim at reducing
the number of bits needed to be stored and shifted
per test vector in ATE, thus achieving a reduction in
test data size and time.

A well-known approach is to use traditional
run-length encoding and statistical Huffman encoding
methods. The test data compression techniques based
on run-length encoding include Golomb codjngw] and
FDR codjng[g] while test data compression using
statistical coding includes Huffman codingum.
Recently, Golomb and FDR coding methods produce
good results for compression of test data. For test
cubes with the frequency of runs of length less than
24, Golomb coding is more effective than FDR coding
test
distribution of frequencies.

The FDR code method gives better compression
than the Golomb coding method if data has runs of

24 or more O's {or 1's) or runs of 1{or 0's) or less O’s

for data compression assuming uniform
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(or 1's). However, this is only if the frequencies of
runs of s (or 1's) are equally distributed. However,
in real test data, we find that the frequency of
shorter runs of O's (or 1's) is higher than those of
very long ones. Therefore, in addition to a heuristic
scheme for mapping 0's and 1’s to don't care values
in test cubes, we select the codewords carefully in
order to bring about considerable reduction in the test
data volume on the tester.

- This paper investigates the selection of a proper
of suitable obtain  better
compression of test cubes. In order to do so, we

set codewords to
apply a mapping scheme suitable for 0's runs and 1's
runs in test cubes in such a way as to have the
minimum transition number between adjacent scan
cells using the modified Bus-invert coding, This
leads to a significant reduction in test data volume
and scan power dissipation for various benchmark

circuits.

II. Proposed Low Power Scan Testing
Scheme

In CMOS circuits, power dissipation occurs when
the internal node in the circuits undergoes the
switching activity, 1 to 0 or 0 to 1. The model to
calculate the power consumption in CMOS circuits
based on the switching activity is as follows.

P, = O-SV;d St Croaa A o))

where Vis the power supply voltage, f.,; is the
clock frequency, C,,q is the capacitance of load, and
A,,is the switching activity. The calculation based
on this expression is one of the good approximations
of the power dissipation of circuits. However, the
measurement based on the switching activity in the
circuit under test is known to be a time-consuming
process. Hence, in this work, the weighted transition
metric(WTM; :ZI<j<m (m-j)bij & b)) for i
input test vector, m: the number of scan cell in a
scan chain, b, the first bit scanned into the scan
in [4]

chain) is used to compute the power
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consumption due the shifting operation of scan
vector. This model is approximately accurate to
estimate the switching activity in the internal nodes
of the circuits during scanning-in since scan vector
is reasonably weighted depending on its bit's position
in it and the length of scan path. The average scan
in power SPavg and SPpeak scan in power are
estimated as follows: SPavg = XI<i<n WTM; / n,
SPpeak = MAX I<i<n {WITM;}, where n is the
number of test patterns.

Bus-invert encoding techniques[m
reduce the power consumption by changing the

are used to

original data to a form which has less transition
activity. A well-known bus invert coding approach is
to compute hamming distance between the present
bus value and the next data value. If its value is
larger than n/2, the next data value is inverted
(where n means bit size of the bus). Therefore,
average and peak power dissipation for I/O can be
decreased due to reduced the number of transitions of
data on the bus. In general, data bus activity is
of distributed
sequence of values and time-dependent Markovian
code. the of considering
deterministic test data, it becomes time-independent
and non-uniformly distributed sequence of values. In

characteristic random uniformly

However, in case

other words, it is possible to reorder the test data by
the column an row. Furthermore, it is easy to reduce
the No. of transition of data between adjacent scan
cells since there are many number of unspecified
value in deterministic test data, that is, only about
23% is specified (0 or 1) in  uncompacted test
patterns for all benchmark circuits through our
experiments. As the above result, we can efficiently
reduce power dissipation if Bus-invert coding
technique is used to reorder the deterministic test
data.

1. COMPUTE HAMMING DISTANCE USING
MODIFIED BUS—INVERT CODING
We define the Hamming distance between binary
datawords cl and c2, denoted by d(cl, c2) to be the
minimum number of bits that must be inverted to go

(110)

from one word to the other.(where dataword is the
column of the deterministic test data obtained, that is,
corresponding columns are scan cell of circuit under
test). We can apply the modified Bus-invert coding
algorithm to deterministic test data to reduce the
transition between neighboring scan cells and search
the next column of test data such that
transition(Hamming distance) can be minimum,
instead of searching the next column with Hamming
distance larger than n/2.(where n means the No. of
test pattern) The don't care value(x) of test data is
assigned as the same value of the compared data. An

its

example illustrating how our proposed low power
scan testing is given below. We assume that 34 test
data is obtained by ATPG tool. In Fig.l, S; means
the i scan cell, T; means the i test pattern, H and
inv_v mean Hamming distance and inverting vector,
respectively.
transition by (WTM [ = (b, ® b)x(n—1i), for j*

input test vector, i=1:n-1, n:the number of scan cell

W means the number of scan in

in a scan chain, b scan cell) In Fig. 1 (b), the value
of inverting vector corresponding to each scan cell
becomes 0100(5;S45:83). The original value of Ss is
111, but retains 000 while shifting and then is applied
after inverting. Scan/invert signal in Fig2
controlled by the inverting vector's value. The
number of scan in transition of reordered test data is
reduced from 6 to 3{don’care value mapped to Ty—1
and T50).

In Fig.2 pseudo code for reordering the scan cells

is

S 1S |Ss|Se|W Si1Ss|S|S{ W
™00 112 T™nio[0oj0] 11
T, 0] 11X} 1]3 T, 010711112
T30 X]0] 1411 T:/0[0]0101]0
H 1 1 1 H 0 1 1
v inv

0j0101}0 011010
v )

(a) original (b) reordered
a3 1, A M M| of
Fig. 1. An example of scan cell reordering.



8 IZ 718 7|ME 0|88 CNE 329 A7H BAE OjOjE{Q} MATHE

Test datal NI[mJ(N: No. of test cube, m: No.of scan
cell)

Generating complementary vector for test data // —
c_dataf N][m]

/7 that is, O replaced with 1 and vice versa, x(don't
aare values are unchanged)

Initialization invert vector(inv_v[mJ)

for(i=0; i<=m-1; i++)

{ for(j=i+1,j<threshold, j++)
{ Jor(k=0;k<N;k++)
Compute H_D( );
// Hamming Distance between test datalkjli] and
test datalk]j[j]
Jor(k=0;k<N;k++)
Compute H_ D( );
//Hamming Distance between test datalk][i] and
c_datalk][j]
}

Generate reordered test data( ) and

invert vector{ );

// test data is organized the column with lower
Hamming Distance value

/7 in_vlm] = 1 if c_datalJ[] is selected

Mapping routine( );

/7 x value is assigned specified value 1 or 0

}

a8 2 AW 4 HHHE oAl =
Fig. 2. Pseudo code for scan cell reordering.

and generating the invert vector is represented.

2. PROPOSED SCAN CELL FOR LOW POWER
TESTING
The scan cell for low power scan testing is
proposed. The proposed scan cell is as follows.
For the test stimulus to be inverted, a multiplexer
with scar/invert control is inserted on the invert path

clock

system

1hoct

1o
scan_in
scanfinvert

a8 3 HMeotE Az M
Fig. 3. Proposed scan cell.

(11D
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of the scan ceH, whereas the other cells receive the
normal stimulus intact during the input applying
cycle.

In scan test mode, normal/test and scan/invert
control is sensitized, test input vectors derived
previous algorithm are applied into the scan cells by
the scan_in signal sequentially, and then scan/invert
control signals of corresponding scan cells are
sensitized. Because of sensitized control signal, test
data is inverted and applied into the circuit under
test. The responses of applied test vectors are
captured and shifted out with next test pattern,
simultaneously. In normal operation, the data on
system is applied and captured into the scan cell, no
is suffered
during the functional operation. For each circuit, we

performance deterioration whatsoever

can choose the number of scan cell reordering based
on the proximity to be used in determining the scan
cells that can be placed in adjacent positions. These
layout area and timing-related matters can be
incorporated into the cell reordering problem. We will
use the concept of “maximum distance threshold” and
show the simulation results of this problem in
chapter IV.

. Applying The Hybrid Code

The proposed codeword generation scheme is
shown in Table 1. The compression method is based
on run-length coding. The proposed hybrid coding is
a variable-to-variable length runs of O's(or 1’s) to
codewords of variable length, and each codeword is
composed of a group prefix and a tail bit. In the
proposed coding method, runs of O's(or 1's) are
divided into groups Gi, G,
determined by length index of the longest length
run(Zn+l - 4 < Rmax < 2n+2 - 5). Also, the size

of the group is equal to 2i+l. The proposed

-+, Gn, where n is

codeword size increases by two bits as increasing the
group, that is, Gi to Gi+1. For example, the run-length
2(G1) and 10(Gp) are encoded as 010 and 10110
respectively. As shown in the Table 1, codewords in
the first group Gi is same as Golomb codewords,
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Table 1. An example of proposed Hybrid coding.

Run- Group .
Group length prefix Tail Codeword
0 00 000
1 01 001
G 2 0 10 010
3 11 011
4 000 10000
5 001 10001
6 010 10010
7 011 10011
G 8 10 100 10100
9 101 10101
10 110 10110
11 111 10111
12 0000 1100000
13 0001 1100001
G 110
27 1111 1101111

E 2 Golomb, FDR, M oteEl ZEHE(2ETT| 4)

Table 2. Golomb, FDR, and proposed codewordbiock

size=4),

Run-lengt | Golomb FDR Proposed p?(lﬁ)s%fd
h codeword | codeword | codeword codeword
0 000 00 000 3 bits
1 001 01 001 3 bits
2 010 1000 010 3 bits
3 011 1001 011 3 bits
4 1000 1010 10000 5 bits
5 1001 1011 10001 5 bits
6 1010 110000 10010 5 bits
7 1011 110001 10011 5 bits
8 11000 110010 10100 5 bits
9 11001 110011 10101 3 bits

while codewords in the other groups are similar to

FDR codewords except the tail bit size.

As shown in the Table 2, the proposed code word
size is different from the other existing codes. The
proposed hybrid codeword resembles Golomb
codeword for runs of smaller lengths. For the
run-lengths of 4 or greater, the proposed codeword is
similar to FDR codeword but differs with respect to
its size. Also, the tail of the proposed codeword
differs by 1 bit from FDR codeword. For example,
for a run-length of 9, the size of the codeword for

(112

FDR coding is 6 bits versus 5 bits for the proposed
codeword. The codeword size increases as an odd
number from 3. Also, unlike the FDR codeword, the
bit size of the prefix is different from that of the tail
for the proposed codeword. The tail is 1 bit longer
than the prefix. This allocation shows remarkable
results on benchmark circuits through 0's run and 1's
runs respectively.

As compared to the FDR codeword, the proposed
codeword size is smaller than FDR codeword size
except the first and the second run-length in each
group (ex. run-length 0 and 1 in Gy, run-length 4
and 5 I Gy etc.) Therefore, this allocation
incorporates the advantage of the Golomb codewords
for shorter lengths of runs (0 to 23) and FDR
codewords for longer length runs (24 to ~). For runs
of 20, the proposed codeword size is actually smaller
{7 bits) as compared with 8 bits for Golomb or FDR.

IV. Experimental Results

First, we simulated the ISCAS'89 benchmark
circuits and used the MINTEST" test cube in order
to evaluate the efficiency of proposed power saving
test scheme. Table 3 shows the number of test
vector, flip-flop, and original test data size for
ISCAS’89 benchmark circuits. Table 4 and 5 show
that proposed method for power saving IS more
efficient comparing it with the other power saving
methods. In tables, our proposed method is much
better than the existing test methods for both the
average power and peak power. In addition, proposed

E 3. ISCAS®0 szeo ZHEEN €| AE Ho[g]
Table 3. ISCAS'89 circuits and deterministic fest data.

circuits frest | O géuscan test data(bits)
35378 111 214 23754
s9234 159 247 39273
s13207 236 700 165200
s15850 126 611 76986
s3R417 99 1664 164736
s38450 136 1464 199104
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Table 4, Reduction ratio(%) for average power saving.
circuits 5] 12] Proposed
sb378 780 829 934
s9234 76.3 828 940
s132(7 937 %8 U8
s1580 &3 902 984
838417 814 8.7 980

E 5 T3 MY HZ H|(%)

- Table 5. Reduction ratio(%) for peak power saving.
circuits {51 (2] Proposed
s5378 290 586 739
s9234 311 5717 9
s13207 280 738 934
515850 36.7 66.9 917
538417 408 735 93.1
s38584 163 67.3 80.6

E 6 d#olofRE st HR/HI MY CF d|(%)

Table 6. Average/peak  power  reduction  ratio(%)
considering the layout area.

reuit Maximum distance threshold
S o T o1l Joxs ] o | o5 | 10
&378 683/ | 881/ | 90.7/ | R | 932/ | 934/
157 { 541 | 42 | 533 | 688 | 739
<0uU 782 | 812/ | 914/ | R3/ | UV | AV
216 | 462 | 588 M4 672 | ™9
13207 518 | 860/ | 920/ | 939/ | 47/ | 48/
26 | 721 | 860 | 917 | 925 | 934
15850 915/ | BN | 974/ | 977/ | B3I | B4
470 | 703 | 815 840 894 | 917
17 843/ | 938/ | 965/ | 973/ | 978/ | RBY
363 | 738 | &8 834 924 | 931
3854 8.4/ | B | 9B | BY | %4 | %68
158 | 50H | 669 | 700 | 738 | 806
Av 766/ 1 N5/ | BY | MUY | BT/ | BY
& |l oz7 612 | 22| 136 | 807 | 48

test methods can be used for any other run-length
test compression methods to reduce the test data
compression as well as power consumption in scan
testing.

In Table 6, simulation results based the maximum
distance threshold concept mentioned above{chapter
I.2) are showed. In case of no reordering, maximum
distance threshold represents 0(2nd column of Table
6). Only inverting operation to the corresponding

RE g | 0|88 CIXE 329 A7 BHAE HO|HS MHUE
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columns of test data is performed in shifting the
data. When maximum distance threshold value is 1.0,
is performed free without
constraints of layout. That is, each scan cell can be

scan cell reordering

exchanged at any location based on proposed
reordering algorithm. As an example, if we have a
scan chain length with 100 and its maximum distance
length with 0.1, the scan cells can be replaced within
backward or forward 10 scan cells from current
location. Therefore, this factor has a characteristic of
trade-off threshold value that can be used by
designer to specify the relative importance of area
overhead and power minimization. As shown in the’
Table 6, the significant reduction is achieved within
0.1 value for all the circuits. Especially, when
maximum threshold value is 0, just adding the invert
coding scheme except reordering makes a great
reduction for large circuit s15850, s38417, and s38584.

Table 7 shows the compression ratio for each code.
The amount of compression obtained was computed
as follows: Compression Ratio(%) = (Test Data -
Compressed Test Data)/(Test Data). As shown in
Table 7, the proposed codeword achieved high levels
of compression for every circuit compared with the
existing methods. In the 5th column, 0's(l's) means
that unspecified values(x) in the test cube are
assigned to only O(1) value and binary means that
unspecified values can be assigned to 0 or 1 value
after the third step(scan cell reordering) of section
L1, In binary mapping, more increased compression
ratio is obtained by compressing both (s run and 1's

E 7. 4 nsglerie) obE d(%)
Table 7. Compression ratio(%) between each codeword.
cireuite | Golomb | FDR V}iéc Proposed
[9] [10] 0's | 1's | Binary
{13]

sb378 371 480 469 456 15131 635
$9234 453 436 461 525140 670
s13207 799 81.3 804 858461 920
515850 628 06.2 641 |716]649 ) 833
s38417 84 433 478 139815101 &48
538584 57.2 609 506 65651634 784
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run in a test pattern simultaneously. For example, if
dxxxxd(d is 0 or 1) is a test cube, we allocate the
value d to all x's. However, in case of dxxxxd’ (d’
means the complement of d), we have to investigate
the length of runs on both sides of xxxx and allocate
the value with longer length to the x.

As the result of simulation, compression by O’s
mapping for 0's run achieved more compression than
1's mapping for 1's run for most of benchmark
circuits. In addition, in the case of applying the
scheme of binary mapping to the test cube, more
compression ratio has been achieved for all the
circuits. The main hardware for the proposed code
word will be composed of a part for recognizing the
prefix part starting from base 4 and a counter.

V. Conclusion

In this paper new low power scan test method
based on modified Bus-invert coding has been
presented and remarkable power savings are obtained
for all benchmark circuits. Especially, as adopt of
modified Bus-invert coding
reordering of test data and an efficient scan cell
design, we have obtained 96.7% and 84%saving on
the average with respect to the average power and

scheme in column

peak power, respectively. In addition, the proposed
test data compression scheme had an advantage in
reducing the amount of test data that needed to be
stored on the tester and in reducing the testing time
for transferring test data to the SOC under test
through the new hybrid codeword. Also, the proposed
techniques has potential applications in reducing the
cost of testing for multiple scan chain architecture.
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