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Abstract- This paper mixes two encoding techniques to reduce test data volume, test pattern delivery time and
power dissipation in scan test applications. This is achieved by using Run-Length encoding followed by Huffman
encoding. This combination is especially effective when the percentage of don’t cares in a test set is high which
is a common case in today’s large SoCs. Our analysis and experimental results confirm that achieving up to
89% compression ratio and 93% scan-in power reduction is possible for scan testable circuits such as ISCAS89
benchmarks.

1. INTRODUCTION

Design for testability (DFT) based on scan and automatic test pattern generation (ATPG)
is a reliable technique to achieve high fault coverage. Unfortunately, for large circuits the
number of scan cells and test patterns become huge. This growth can be especially seen in
today’s system-on-chips (SoCs). For large SoCs, test data volume increases which in turn
increases test cost due to rise in test time and increased memory requirement.

Power dissipation is an important factor in today’s chip design. Power dissipation in
CMOS circuits is proportional to the switching activity in the circuit [1]. During normal
operation of a circuit, often a small number of flip flops change values in each clock cy-
cle. However, during test operation, large numbers of flip flops switch, especially when
test patterns are scanned into the scan chain. Compacting the test set often requires re-
placing (mapping) don’t cares with specified bits 0’ or *1” [2]. This process may increase
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switching activity of scan flip flops and eventually the scan-in power dissipation. There are
usually plenty of don’t cares in test patterns generated for scan which provides an oppor-
tunity for compression and power reduction.

1.1 Prior Work

eTest Data Volume Reduction: There are several techniques to address ATE-SoC inter-
action problems in terms of test data volume and application time. Built-in self-test (BIST)
methodology reduces the need for an expensive ATE [3]. In BIST, on-chip pseudo-random
pattern generators and signature compressors are used. In practice, pseudo-random BIST
cannot replace other test methods, because, especially for large chips, the existence of ran-
dom pattern resistant faults may lead to unacceptably long test time. To overcome these
difficulties, deterministic test patterns need to be transferred from the ATE to the SoC un-
der test. Several methods have been reported to reduce test volumes stored in the tester’s
memory [4][5][6][7].

Compression techniques are used to speed up the ATE-SoC interaction during test. A
data compression and decompression architecture for testing embedded cores in SoCs
using Golomb coding [8] is presented in [9]. A variable-length compression coding is
presented in [10] which carefully considers distributions of 0’s in a test sequence. Refer-
ence [11] addresses alternating run-length codes followed by frequency-directed run-length
(FDR) coding for test data compression. A simultaneous reduction in volume of test data
and power dissipation to generate minimum transition count (MTC) is presented in [12]
[13]. Variable-length input Huffman compression (VIHC) method [14] uses a maximum
acceptable length to improve compression ratio, area overhead and test application time.
Authors in [15] show a compression/decompression based on Huffman coding of fixed-
length blocks to reduce test data. The Illinois scan architecture provides a mechanism to
reduce test application time and data storage requirements [16]. An embedded determinis-
tic test technology for a low cost test that reduces scan test data volume and scan test time
is presented in [17].

Reducing the number of scan chain input pins fed by the ATE using an on-chip decoder
is proposed in [18]. Reseeding the Linear Feedback Shift Register (LFSR) [19] is another
method that finds one or multiple seeds for an on-chip LFSR for every test vector. The
generated bit sequence for LFSR matches the test vector at specified bit positions. The
size of LFSR is significantly smaller than the scan chain. Reduction of scan test data
in designs with multiple scan chains using a combinational decoder is presented in [20].
The basic approach proposed in [21] is a fixed packet-based compression in which don’t
cares are filled appropriately in the test vectors such that they need not be stored in the
ATE memory. Reordering test patterns is used to reduce the overall test application time
[22] [23]. LZ77 [24] and LZW [25] methods use dictionary-based algorithms to compress
the input test set with a large number of don’t cares. A hybrid coding strategy, using a
combination of run-length and dictionary-based methods, is proposed in [26] to improve
compression ratio.
eScan Power Reduction: The excessive switching activity during scan tests may cause
larger peak and average power dissipation than those during normal operation. Therefore,
the power constraint of the circuit needs to be considered in test mode. Applying scan test
vectors generated by an ATPG is very time consuming and thus compacting test vectors
is unavoidable. Being a feature of the test set, overall power dissipation of cores remain
the same. However, the compression/decompression procedure may intensively increase



the power dissipation of scan elements in the chain. This is often called the scan-in and
scan-out power consumption of the chain.

Several techniques have been proposed to reduce power consumption during test appli-
cation. Test vector ordering [27], gated clock scheme [28], scan latch partitioning [29], test
generation for low power scan testing [30], static compression to reduce power [2], mixed
compression/decompression and low power test application techniques based on Golomb
codes [31], FDR codes [11] and MTC [12] [13] are among the proposed techniques.

1.2 Main Contribution and Paper Organization

In this paper we present a compression/decompression technique to reduce test data vol-
ume, test application time and switching activities in scan cells. The proposed technique
combines two well known methods, Run-Length (RL) and Huffman encodings [32]. Es-
sentially, RL encoding performs variable-length grouping to utilize the don’t cares for: 1)
minimizing bit-transition and 2) compressing data by sending the length of running (simi-
lar) bits. Huffman encoding further enhances compression. While scan power reduction is
not the main focus of this paper, creating the minimum bit-transition by RL has a positive
effect in reducing scan-in power consumption of the scan components. The compressed
test data is scanned in and decompressed by an inexpensive on-chip decoder to generate
the exact test pattern which is finally scanned into the scan chain.

Our work is similar to [11] [12] in using Run-Length encoding and to [14] in using
Huffman encoding. However, our technique is more flexible by: 1) dealing with large runs
of 0’s or 1’s effectively, 2) filling don’t cares to maximize occurrence frequency and thus
compression ratio and 3) being able to tradeoff between compression ratio and decoder
cost.

This paper is organized as follows. Section 2 describes the proposed compression tech-
nique. In Section 3, we explain the analytical foundation of our compression technique.
The decompression method and architecture are discussed in Section 4. Power analysis is
presented in Section 5. The experimental results are shown in Section 6. Finally, Section
7 concludes the paper.

2. RL-HUFFMAN COMPRESSION TECHNIQUE

Typically, an ATPG generates test patterns in several steps [33]. First, it generates test
patterns by pseudo-random pattern generation. When the fault coverage does not increase
by generating more random patterns, it stops. The second step is to generate deterministic
test patterns to detect all leftover random pattern resistant faults to achieve higher fault
coverage. There are often large numbers of don’t cares in each test pattern. The ATPG
may use don’t care bits to compact (collapse) test vectors. Random bits are sometimes
assigned to don’t cares in test patterns to detect non-modeled faults. In most CAD tools,
the user has options for filling the don’t cares. For example, in Synopsys’ Tetramax [33],
the “norandomfill” option can be used to leave don’t cares unchanged in the generation
phase.

2.1 Step 1: Run-Length Encoding

In today’s SoCs, the percentage of don’t cares can be quite high, sometimes more than
80% for large circuits [24]. IBM reported 98% of bits in test patterns for some of their
designs were filled with don’t cares [34]. In our compression technique we take advantage
of the presence of don’t cares in test vectors. Our technique uses a variable encoding of



Maximum scan chain length (m)

T1: ‘xxxliOxxOOxxilxxxx}j
L1=4 L2=7 L3=6

I ] i :
T2:‘>‘x}0xxxxxx}lxxx}Oxxx}»w‘

L2=7 L1=4 [4=8 i Charactgrs Occurrence

i ______ (Block Sizes)| Frequency

(Li) (fi)
1

! T T T
T3:‘>‘0 X X X'l x x x'011 x x 1 x X x}j
L1=4 L5=1 L6=9

| , !
T4:‘>‘x 1'0 x 0 x x'1 x 1 x x 1 x X x‘
L7=5 L6=9

(@)

Final Sequence (Li[v]):
4[1] 7[0] 6[1] 7[0] 4[1] 8[0] 4[1] 1[0] 9[1] 5[0] 9[1]
(b) (c)

z
© 0 N O O b~
N RPN PR

Fig. 1. Applying Run-Length algorithm to a small example.

test vectors. The basic idea in RL encoding is a careful replacement of don’t cares with
"0’ or *1” to find the minimum number of 0 — 1 and 1 — 0 transitions. Minimizing such
transitions also has a significant impact in reducing dynamic switching activities of test
components (i.e. scan cells) to which the vectors are sent.

Figure 1 shows an example of filling don’t care bits with ’0” or 1’ based on RL strategy.
As shown, the filling process starts from the most significant bit of vector sequence (e.g.
T1). The don’t cares are filled with 1’s until we reach a ’0’. In the next step, don’t cares
are filled with 0’s until the next *1°. This process continues until it replaces all don’t care
bits with ’0” or *1’. In this example, the number of transitions is ten and the test set is
partitioned into eleven blocks (Np=11) each of which is filled with only 1’s or 0’s. L;
shows the length of blocks in the test set. The corresponding block lengths are shown in
Figure 1(b). Block lengths are shown using L;[v] notation, where L; is block length and
[v] is bit value "0’ or 1’ that is filled in that block. The characters are stored in the lookup
table for decoding purpose. As shown, the number of characters (N,) stored in the lookup
table is seven. Figure 1(c) summarizes the occurrence frequency (f;) of these characters. In
this example, no limit on the block size is defined and we simply replace don’t cares with
0/1 values to maximally enlarge a block. More sophisticated approaches can be devised
for other objectives such as minimizing N, or increasing f; values. Some techniques are
discussed in Section 3.4.

Figure 2 shows RL encoding algorithm, where n and m are the number of test patterns
and the scan chain size, respectively. Again, we did not define any limit on the block size.
In the next section we will elaborate further on the role of maximum block size. In RL
algorithm T; refers to the jth bit in a test sequence (combined patterns) when it is checked
to form the blocks. In our method, within each block we have only 0’s or 1’s. If RL is the
only compression step, instead of scanning actual data we can scan the length of that block
showing how many bits in the block are *0” or ’1’. Most of the other techniques focus
on probability of the occurrence of fixed-length blocks which may include ’0°, *1” or °x’
(don’t care) [15][21]. In our case, the length of blocks (L; values in Figure 1) are encoded
in the first step of compression. Note carefully that, as lines 9-12 in Figure 2 indicate,
the algorithm always generates alternating 0-blocks and 1-blocks. Lines 15-16 store the
final block size and frequency in a test set. Therefore, a single bit Ty to start alternation is
sufficient and the values of each block (e.g. [v] in Figure 1(b)) are not explicitly sent.



RL Encoding()
Input: Test set {T}
Output: Lj and fj,i > 1

01:To=First specified bit;
02:i=1;

03:for (j=1ton-m)
04:{

05: if(Tj=ToorT;="x)
06: i++;

07: else

08: |

09: Li =i;

10: fi++;

11: To=To;

12: i=1;

14:}
15:.Li =i
16: fi++;

Fig. 2. RL encoding algorithm.

2.2 Step 2: Huffman Encoding

To get the best compression rate in the second step we also apply Huffman coding (a
variable-length encoding by nature) [35] to encode block length values (characters). The
idea is to assign a smaller number of bits to codewords that occur most frequently and
a larger number of bits to those that occur less frequently. Huffman codes are obtained
by constructing a Huffman tree. Figure 3(a) shows the Huffman tree for the example of
Figure 1(c) with the occurrence frequency annotated. The generated Huffman code is
shown in Figure 3(b). Clearly, blocks with higher occurrence frequencies will get shorter
codewords. For this example, instead of sending 64 bits of original data, the ATE sends
only 64-34=30 bits. This is a 53.12% overall saving in test data volume. The saving in
transfer time depends on working frequencies of the ATE and SoC under test. In Section
4 we will express the upper bound of transfer time saving based on compression saving.
The last column in Figure 3(b) shows saving of data sent into the chip. Instead of sending
L bit0’s or 1’s, the | bit codeword is sent. Saving for the ith codeword is L; — I;, where
is the length of the ith codeword (C;). Saving for sending the ith codeword with frequency
fi is §; = fi(Li — ). Total saving for all codewords is S = ZiNzll fi(Li—1). Then, the
compression ratio (percentage of data reduction) for n vectors sent to a scan chain of m
cells (overall n - m bits) will be:

S _ s filli=1)
CR= — = =5
n-m Yizp Li
Eventually, the RL-Huffman code is scanned into the chip. An on-chip decoder decom-
presses the encoded bits to recognize how many 0’s or 1°s need to be shifted into the scan
chain. In general, the Huffman tree is needed not only for encoding but also for decoding.
To make decoder independent of the test set, the information of this tree can be transmitted
with the compressed test data. However, this approach may result in higher cost and lower
compression ratio.
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Fig. 3. Huffman code for the example in Figure 1.

Our decompression technique is quite straightforward and will be discussed in details
in Section 4. Also in Section 5 we will show the positive impact of RL encoding on
minimizing the bit transitions, and hence, power consumptions of the scan cells. Note
that Huffman encoding provides further reduction and does not deteriorate the minimum
transition property achieved by RL encoding.

2.3 Comparing to Other Techniques

To clarify why RL-Huffman encoding is so efficient, we compare our technique with tech-
niques using FDR code [11], statistical coding [15] and VIHC [14]. Figure 4 shows a
comparison between these techniques for one 20-bit test pattern.

In FDR code, don’t care bits are replaced with 0’s and 1’s. The blocks may have dif-
ferent lengths but they use a fixed code to make the decoder independent of test set. Such
replacement and code reduce the cost of a decoder [11] but the highest compression ratio
may not be achieved (see Figure 4(a)). The statistical coding method proposed in [15] uses
a fixed length coding combined with Huffman coding based on the occurrence frequency
of codewords. Figure 4(b) shows the result of this method for 4-bit lengths. But, the chance
of having identical fixed-length blocks (and thus occurrence frequency) will be decreased
when the size of blocks increases. In VIHC method [14] a maximum acceptable length of
runs of 0’s is defined (my, = 4 in Figure 4(c)). The test vector is divided into runs of 0’s of
lengths smaller or equal to m, and then coded using Huffman encoding.

The final compressed data in our technique is shorter than other techniques as shown in
Figure 4(d). Note carefully that in the conventional RL coding we need to send both the
characters and their lengths, which means 9[1]5[0]6[1] (i.e. nine 1’s, five 0’s and six 1’s)
should be sent for pattern in Figure 4(d). However, in our method we guarantee alternating
transitions between a 0-block and a 1-block and therefore the value of 0" and "1” are
not explicitly needed to be sent along with the code. In section 4 we will explain how a
decoder takes this property into account and easily generates this alternation. Our method
is similar to the method presented in [14] in using a combination of RL and Huffman
encoding. However, the application techniques are different. Specifically, in dealing with
large block sizes, being able to target the occurrence frequency to maximize compression
and tradeoff between the compression ratio and the decoder cost differentiate our method
from similar techniques.

We acknowledge that comparing methods with only one pattern may not be fair as the
average compression ratio for large test sets matters. This example is presented to differ-
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Fig. 4. Comparison between several techniques.

entiate our approach from others. In Section 6 we will show that the compression ratio of

our method is also quite good for large test sets.

3. ANALYSIS OF RL-HUFFMAN COMPRESSION TECHNIQUE

RL encoding takes advantage of don’t cares by creating blocks of identical data values. The
Huffman code is a variable length code that can do much better than a fixed-length code in
terms of compression [32]. Huffman coding can be done in O(nlogn) and therefore is not
very time consuming [41]. Additionally, no codeword is prefix to the others, a property
that makes decoding easy and inexpensive. Huffman coding gives frequent and infrequent

characters short and long codewords, respectively.

3.1 Compression Efficiency

The lower bound of the average length of a codeword, used for encoding an information
source, can be expressed by its entropy [32]. The entropy of a test set with N; unique

characters is given by:

N

H=—2 (pi-logzpi)




where p; is the occurrence probability of character L;. As the above formula shows, entropy
is independent of character lengths. The average length of a codeword is given by:

N
lag = pi-li
avg i; i i

where [; is the codeword length for the character L;. For a general compression technique
we have layg > H and efficiency of the compression technique is expressed as:

E = Ia\/g/H

The closer E is to 1, the more efficient is the compression technique. The average length
of an Huffman codeword is the closest to the entropy of a test set [32]. In the example of
Figure 1, H = 2.663, layg= 2.727 and E = 1.023.

3.2 Compression Ratio

The overall compression ratio depends on saving that RL (Sg.) and Huffman (Sy) en-
codings achieve in the first and second step, respectively. Briefly, we use this formula in
computing the overall compression ratio (CR):
S S
CR=RIH

Yi=1lj

More specifically, the compression ratio achieved in the first step (RL) will be: CRg_ =
Sr/ Z'j\lgle. The compression ratio in the second step (Huffman) with respect to the result
of the first step can be computed as: CRy = SH/(z'j\'gle —SrL). SrL metric depends on
the number and distribution of x’s and also on the maximum block size (K). Briefly, in the
RL step instead of K-bit data, we send only [log2K] bits. Therefore, if maximum block
size (maximum Run-Length) is K and there are Ny, characters to transmit:

Np
SrL = L'—(“ngK] XNb)
,; j

where z'j\'gle =n-m. In the above formula N, bits need to be added to [logoK] if "1 and
’0” (value for each block) need to be sent. In our method we don’t include these values
because alternating 0-blocks and 1-blocks are guaranteed. For the example of Figure 1(b)
we have: Sg. =64 —4 x 11 = 20.

Since we use Huffman coding in the second step, the compression ratio of this step
depends on the occurrence frequency of characters. The characters in our method are L;
values. Total length (bits) of data will be B = iN=|l( fi x I;), where Nj is the number of
distinct characters (different L; values), f; and I; are occurrence frequency and length of
codeword C;, respectively.

Using fixed-length binary coding, we have I; = [logzN;] Vi. Therefore, for a total num-
ber of characters in the data set N, = ziN:'l fj we have:

N
Bfixed—length = [10g2N| | x Zifi = [logaN; | x Np
i=

It has been shown that for Huffman coding, the average length of codewords (I ayg) satisfies
this inequality: H < layg <H +1, where H = — zi'\':'l[(fi/Nb) x logz(fi/Np)] [32]. Note



that fi /Ny shows the occurrence probability of codeword C; in the data set. Therefore:

N
Briurrmen < {1 3 [(/No) x 10ga(f/ )]} No
i=
The upper bound of the Huffman compression ratio, compared to the fixed-length coding
will be:

Btixed—length—BHuf fman
Btixed—length

[1ogaN 1= {1— 3o [( i/ Ny) <1 0ol fi/No)]}
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Researchers have shown that CRy is in the range of 20% to 90% depending on the
occurrence frequencies [41]. In our example of Figure 3: Sy =4 x 11 —30 = 14 and
overall CR = S5 — 20814 — 53 1205,

Zj=1li

3.3 Maximum Run-Length (K)

The overall compression ratio depends on distribution of don’t cares and occurrence fre-
quencies of characters to be transmitted. Additionally, the maximum block size (K) affects
number of characters (N;), number of blocks (Ny) and indirectly occurrence frequencies
(f;). More specifically, in our approach we need to choose K such that a reasonable prob-
ability of having a block of that size exists in a test data set. Very small and very large
values for K both hurt the compression ratio. Intuitively, if we choose a very large K, the
probability of having that many 0’s or x’s (or that many 1’s and x’s) running through K
consecutive bits may be very small and thus we will not get high frequencies. On the other
hand, if we choose K to be very small, distribution of frequencies will be close to uniform
and we will not get that much compression.

Note that there is no magic number for K. K can be chosen more efficiently based on the
amount of don’t cares in test data set. Suppose, p(0), p(1) and p(x) show the probability
of being ’0’, "1” and ’x” when one bit is chosen from the data set, respectively. Obviously,
these probabilities depend on the total number of 0’s, 1’s and x’s in a set and can be com-
puted a priori. Let’s assume p(x) = D and p(0) = p(1) = (1-D)/2, where D is the ratio
of don’t care bits to the total bits in a test set. The probability that a K-bit block is formed
can be computed [39]:

pk (D)

p(K bits € {0,x})+p(K bits €{1,x})
—p(K bits €{x})

[p(0) + p()]*+ [P(L) + p(x)]*— [p(x)]¥
21—K(1+ D)K _ DK

In Figure 5, pk(D) is drawn for various D% (don’t care percentage) values between
60% to 90%. As K increases, the probability of having such block will be smaller. Due
to the complicated relationship of factors and unavailability of frequencies, no magical
K can work for all data sets. However, for a given data set , the ratio of don’t care D
can be computed and an appropriate K can be chosen such that the probability remains
reasonable. A large value of K hurts RL encoding because for a fixed D, px (D) becomes
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Fig. 5. Probability of having K-bit block (pk) as a function of D%.

small. But it helps Huffman encoding as a large K implies larger saving. Similarly, a
small value of K makes Huffman encoding ineffective because the block size distribution
becomes almost uniform. But it helps RL encoding as pk (D) will be higher. Optimizing
K is beyond the scope of this paper. Empirically, we observed that choosing K such that
the probability of having a block size of K (or very close to K) remains in the range of 0.4
to 0.6 produces a good compromise between the compression ratio and the decoder cost.
In such situation CR% is often upper bounded by D%. Some experimental evidence will
be shown in Section 6.

3.4 Techniques to Tradeoff Compression Ratio and Decoder Cost

When RL encoding is applied, the length of blocks may vary from 1 to n-m. Therefore,
the decoder needs to decode all codewords between 1 and n-m. For large circuits, the
scan chain is too long, may be around a couple of hundreds. In such cases, the occurrence
frequencies of f; may not be too high because it is distributed from 1 to n-m and all block
lengths between 1 to n-m may happen. The advantage of a long block is that a large amount
of data is sent by a very small codeword. The disadvantage is that it needs a more costly
decoder. In our technique, we use the maximum run length (K) to tradeoff complexity of
the decoder and compression ratio.

We have investigated three techniques of which the first two limit block sizes to a prede-
fined number K and the third technique has no limit on block size. The compression algo-
rithm, shown in Figure 2, needs to be slightly revised to limit block sizes to a pre-defined
value K. Our experimentation on tradeoff between K, compression ratio and decoder cost
will be reported in Section 6.

= Technique 1:
Ly =K
L5 =L—-K

In Technique 1 if the size of a block (L;) is greater than K, it is divided into two new blocks
(with the size of K and L; — K) and the process continues until no block size is greater

VLiZLi>K:>Li*l+Li*2: LiB{
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than K. A 0 (blank) character is inserted between the new blocks. Obviously, zero length
never happens for actual data blocks in our technique. The 0 character is used to guarantee
alternation between 0’s and 1’s for consecutive blocks. This feature reduces the decoder
cost with little sacrifice of the compression ratio.

= Technique 2:
VL L > K:>Li*l—|—Li*2: Li>
SitSp=  max {Si+Si}

intliz=Li
Technique 2 revisits the blocks and if a block size is larger than a given K, decomposes
it such that the break increases the occurrence frequencies of other characters to achieve
maximum saving. Blank character (0) is still required to be added between each two blocks
to ensure alternating 0-blocks and 1-blocks. This technique keeps the size of the decoder
proportional to K, but may enhance the compression ratio.

= Technique 3:

VLi:Li>K=L_;+Lf+L;=Li—1+L+L41>
St S48 = LT71+L?‘+L?‘+T2)L(i71+Li+Li+1{Si_l+ SitSiva)

In Technique 3, blocks generated by RL Encoding algorithm are revisited to find the
minimum number of blocks. Reducing the number of blocks reduces the entropy of a
test set which eventually increases saving and compression ratio. Moreover, the cost of
a decoder is reduced since less number of states need to be handled by the decoder. No
blank character needs to be added to the final sequence. This technique uses a graph-
based heuristic for entropy optimization and is more complicated than Techniques 1 and 2.
Details of these techniques are beyond the scope of this paper and can be found in [39].

Figure 6 shows these three techniques applied to a small example. Figure 6(a) is the
original RL-Huffman with no limit on K and no block size adjustment. Figure 6(b) shows
the length of blocks computed with K = n-m = 48 using original RL technique. In this
case, the lookup table size, which indicates decoder cost, is proportional to 6 entries and the
compression ratio is 62.50%. Assuming K=9, Figure 6(c) shows the first technique. Length
11[0] is decomposed to 9[0]0[1]2[0] and length 10[1] is decomposed to 9[1]0[0]1[1]. The
lookup table size is 7 and the compression ratio is 37.50%.

Figure 6(d) shows the second technique for K=9. The length 11[0] is decomposed to
7[0]0[1]4[0] and 10[1] is decomposed to 7[1]0[0]3[1]. The lookup table size is 5 and
the compression ratio is 47.91%. Overall, Technique 2 produces better results due to the
increasing of occurrence frequencies of leftover characters while reducing the lookup table
size. Figure 6(e) shows the best results based on Technique 3. In this case, 11[0]3[1]
changes to 10[0]4[1] making that the frequencies of blocks 10 and 4 increase. The final
sequence is shorter than other techniques, compression ratio is CR=72.92% and lookup
table size is 4.

4. DECOMPRESSION

Huffman codes are prefix-free [41]. This is an important property compared to other cod-
ing techniques used for compression and it significantly simplifies the decoding process.
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T1:‘xlxxioxxoxxXilxlliOxXXXOOXXFf‘
I

i
T2:L>‘0X;1xx;0xxxOOXxX}lXXxXxXXlX‘

L4=3 L5=9 L6210
(@
Final Sequence: 4[1] 7[0] 4[1] 12[0] 3[1] 9[0] 10[1] K = 48 (Original)
LUT size=6
(b) CR = 62.50%
Final Sequence: 4[1] 7[0] 4[1] 9[0] O[1] 2[0] 3[1] 9[0] 9[4] 0[0] 1[1] K =9 (Technique 1)
LUT size=7
© CR = 37.50%
Final Sequence: 4[1] 7[0] 4[1] 7[0] O[1] 4[0] 3[1] 9[0] 7[1] O[O] 3[1] K= 9 (Technique 2)
LUT size=5
@ CR = 47.91%
Final Sequence:  4[1] 7[0] 4[1] 10[0] 4[1] 9[0] 10[1] K= 48 (Technique 3)
LUT size=4
© CR = 72.92%

Fig. 6. Techniques to tradeoff compression ratio and decoder cost.

In Huffman code, the decoder easily recognizes the end of each codeword. An on-chip
decoder at the serial input of the SoC under test is used to decompress test vectors. The
decoder decodes input codes to recognize how many 1’s or 0’s need to be shifted into the
scan chain. The test vectors can be shifted into the scan chain with a higher rate, e.g. at
the SoC clock speed. The ATE sends the compressed data and clock for synchronization to
the decoder. In our method the compressed data is a stream of variable-length (Huffman)
codewords corresponding to the block lengths.

4.1 FSM-Based Decoder

Several Huffman decoders have been proposed in recent years which are independent of
the circuit and data set [36] [37] [38]. The drawback, however, is that these decoders are
expensive. To make decoder independent of the test set, the information of the Huffman
tree can be transmitted with the compressed test data. However, such overhead has adverse
effect on the compression ratio. Moreover, such generic implementation is still expensive.
In this paper we propose using an inexpensive decoder that is test set-dependent. Depen-
dency of the decoder on the test data is not desirable in general but can be well justified by
its low cost and generic architecture. Empirical results are shown in Section 6.

The block diagram of one possible implementation of a decoder is shown in Figure 7.
The compressed data (input codeword) come from the ATE to Huffman FSM where the
input codewords are decoded. The decoded code addresses a small lookup table to find the
block length L; that indicates the number of 1’s or 0’s required to be shifted into the scan
chain. The other outputs of the FSM are sel (to shift appropriate O or 1 into the scan chain),
load (to enable of the counter) and stop (to stop the ATE when the counter has not finished
its job while the FSM has generated a new address).

When the FSM generates an address pointer (AP), it enables load and the counter starts
counting. At the same time sel ("0’ or ’1’) is shifted into the scan chain through an open
buffer. The FSM receives the new codeword for decoding. When the value of the counter
and the output of the lookup table L; become equal, output of the counter (ripple carry out
(rco)) becomes 1 and shifting sel value is stopped. It also signals the FSM to put the next
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' A
Decompressed data
' (to the scan chain)
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| %
Compressed ]
Data from
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Huffman OOKup "m w )—‘
stop FSM load Table 9 ax
rco
Counter
load
ATE clock
SoC clock
|- J

Fig. 7. RL-Huffman decoder architecture.

address pointer on the input line of lookup table. If the FSM generates the address before
receiving rco from the counter, it stops the ATE with stop signal and waits for rco. When it
receives rco=1 signal, it puts the new address on the output and deactivates the stop signal
(stop=0). Every time that a new AP is provided, a T flip-flop inside the FSM toggles to
generate alternating blocks of 0’s and 1’s on the sel line.

4.2 CAM-Based Decoder

The decoder architecture of Figure 7 is one of many ways to implement the decoder. We
would like to comment that other architectural styles are also efficient because the size of
the decoder is quite small. In particular, Content Addressable Memory (CAM) architecture
can be used instead of the FSM-Table pair to translate the codeword I; to the block length
L;j. Various efficient implementations of CAM have been proposed so far [42]. For large
CAMs, the cost and power consumption of the large priority encoder inside the unit are
matters of concern [42]. However, for applications such as ours that use small CAMs (up
to a few hundred entries), these issues will not be problematic. In Section 6 we show
the results of FSM-based implementation only. The CAM implementation of a few RL-
Huffman decoders that we tried were only 7 to 12% more costly than their FSM-based
counterparts [39].

4.3 Test Time Reduction

Reducing overall test application time is the ultimate goal of test pattern compression. In
general, the amount of time reduction depends on the compression ratio and decompression
method. In this section we estimate the overall time reduction ratio (TR).

Suppose the ATE and SoC under test work with frequencies fare and fgc, respectively.
When there is no compression, the test time is the same as the transfer time. That is:

Np 1

Tno_comp = (_;Li) : (E)

When we compress the test data, such as in our method, the overall time is made of three
portions:
Teomp = Titransfer + Tdecode + Tidle

In our method, the transfer and decode part is quite straightforward. Essentially, code-
words (C;) are transferred with a speed of fare and counting toward L; is done with a speed
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of fsc. In other words:

Ttransfer = |
fATE

No 1
Tdecode = (_;Li) (=

Based on the decoder architecture shown in Figure 7, when the counter has not finished
its counting for a block length L;, the FSM cannot function on a new codeword C;. The
FSM receives |; bitin f' = cycles and counter counts up to L in - cycles We may have
Tigie=0 only if the followmg inequality is satisfied:

1

1 .
(max (L) (g o) = ([min 1) (5 )
When this relation is not satisfied for the (1;,L;) pair, the idle time will be +- — f— and
therefore:
oL I Li I
Tidle= — 1 Vi — > —
tdle i;( fec fATE) foc = fate

Although the above relation can be approximated as Tigie ~ Np - (%;‘)’g flng) we prefer
to use the upper bound to combine Tjg With Ttrangfer and Tdecode According to the above

equation for Tige, the upper bound will be Tigje < Z. 1 f and therefore:

& fate fec

Finally, the time-reduction ration can be computed as:

TR _ Tno_comp—Tcomp
Tno_comp

Np L
Z. o A'II'E Z. ! A':'E_Zzi:]- =
5
Z. Y A'II'E

v

1
> L oTE

sity L TATE
f
> CR—24E

The above formula shows a lower bound for the TR metric. For the example in Figure
1, if faTe=100MHz, fgc=1GHz and CR=53.12% we estimate 33.12% < TR < 53.12%.
In Section 6 we will show empirical ewdence indicating that this lower bound of TR is not
tight and in practice, the relation CR — 1.5 ch <TR<CR-13 f‘;g holds for large test
sets.

5. POWER SAVING

The main goal of compression is to reduce the volume of test data. Each compression
method decides on filling don’t cares in the test set. Such decision (sometimes called
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test set mapping) affects the power consumption of those components that finally receive
uncompressed data from the decoder unit. In other words, the decoder simply performs the
reverse job and creates the same data (including those that replaced don’t cares) as decided
in the compression process.

Reducing the number of transitions in test vectors reduces the switching activity and
eventually power during scan-in operation. Several techniques have been reported to re-
duce test application power. Test vector reordering [27] reorders scan cells such that the
test sequence shifted in has the minimum switching activity during test application. The
gated clock scheme [28] reduces clock rate on scan cells during shift operations to reduce
scan power consumption. Scan latch partitioning in multi-scan chains [29] reduces power
dissipation by eliminating the spurious transitions which occur in the combinational part
of the circuit via sending an extra test vector.

While scan power reduction is not the main focus of this paper, our compression tech-
nique also reduces the scan-in power. This refers to power consumption of elements in
the scan chain during scan-in operation. This desirable side effect (i.e. the reduced scan-in
power) exists due to the inherent feature of our RL encoding technique that generates the
minimum number of transitions. We have not pursued scan-out power (due to the core’s
output responses) in this paper. Reducing scan-out power requires scan cell reordering [40]
or scan latch partitioning [29] which is beyond the scope of this paper.

To analyze scan-in power, we have used the power estimation relation proposed in [2]
and [31]. These analytical relations only estimate bit transitions (proportional to power
consumption) due to input test patterns traveling through the chain. Suppose n and m are
the number of test patterns and scan chain length, respectively. Assume Ti=(bj1 bj2 ... bim)
is the ith test pattern (1 < i < n), where by is the first bit scanned into the chain. Power
dissipated in the scan cell elements (due to input test patterns) is estimated by counting
the number of weighted transitions (WT) in the pattern as presented in [2]. The transition
weight for a bit indicates how many times this bit is replaced with its complemented value
when it is scanned into the scan chain.

In [31], the authors showed an analytical formula for scanning in pattern T;, WT;:

m-1

WTi= 3 (m—j)(bij@bigj4)
=1

The total, average and peak weighted transitions, due to input patterns, are:

WT = zinleTi
WTa\/g = WT/n
WTpeak = MAX1<i<n{WTi}

As mentioned earlier, the RL encoding step in our technique builds minimum transitions
in each test vector. The minimum bit transition for a test vector does not necessarily mean
the minimum WT; (as each bit enters the chain) in that test vector. WT,; depends on the
position of the transitions. Note that in WT; formula m — j is the weight for the jth tran-
sition position in T;. To reduce WT; we need to minimize m — j. If we push the transition
position towards the least significant bit, the weighted transitions of a test vector (W T;) and
eventually the overall weighted transitions (W T) are reduced.

As an example, assume that T1=(b11,b12, - - -, b1g)=(0xx11x0x) when m=8 and obviously
the minimum number of transitions is two. Suppose that bis is the first bit scanned into
the scan chain. As shown in Section 2, after filling don’t cares, RL encoding produces
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Table . ComparingWT for an example with different fillings of don’t cares
[T ] Ti=0xx11x0Ox | Bit Transtion | WT |

T Oxx1ix01 >2 >8
2 00011000 2 8
3 |[ 00111000 2 9
Z | 00111100 2 8
5 | 01011x00 >4 >15
6 || 01111000 2 10
7 01111100 2 9
8 || 00011100 2 7

90 B
D=90% , CRavg=82.94%

80

D=80% CRavg=68.13%
70 :

60 [

Compression Ratio (CR%)

50
D=70% CRavg=55.86%

40

1 1 1 1 1 1 1
o 5 10 15 20 25 30 35 40 45 50
Number of test sets

Fig. 8. CR for 50 random test sets.

T1=(00011100). This filling method gives the minimum weighted transition in each test
vector. Fortunately, it is an inherent property of RL encoding process to push minimum
transitions towards the least significant bit. Any other different fillings with the same
number of transitions cause larger WT. Table | shows the comparison between all possible
fillings of don’t cares while keeping the minimum number of transitions for test vector
T1. The last row in the table shows our filling process which has the minimum WT. The
other rows either show more WT or indicate more transitions which eventually result in
more WT. In Section 6 we compare average and peak scan-in power estimate with the
random-fill technique.

6. EXPERIMENTAL RESULTS

The proposed technique is used to compress test data for ISCAS89 and PMC-Sierra’s [43]
benchmarks. Test patterns for PMC Sierra’s benchmarks are generated using FastScan [44]
with static compaction. Test patterns for ISCAS89 benchmarks are identical to those used
by other researchers [11] [14] [24].

Figure 8 shows the results of our compression technique applied to 50 randomly gener-
ated test sets when we tuned the random filling to have 90%, 80% and 70% don’t cares.
CRavg shows average compression ratios among 50 examples in each case and is close to
D% especially when D% is high. This experiment confirms our conjecture that CR% is
generally upper bounded by D% (see Section 3.3).
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Table Il.  Test pattern compression analysis and compression (K = n-m)

Circuit Nbits_before | D% | Nbits_after Compression Ratio (CR%)
RL-Huffman(+Tech.3) | FDR[11] | MTC(+SLR)[12] | VIHC [14]

PMC1 164800 90 24209 85.31 - - -
PMC2 4557 88 712 84.36 - - -
PMC3 16830 83 3519 79.09 - - -
PMC4 89154 82 17295 80.60 - - -
PMC5 13311 81 2678 79.89 - - -
s420 1785 51 1026 42.52 - - -
s838 5762 59 2215 61.55 - - -
$1196 4448 56 3016 32.19 - - -
s1238 4864 56 3263 32.90 - - -
$1423 3276 46 2225 32.08 - - -
s5378 23754 71 10986 53.75 (58.23) 50.77 38.49 (46.01) 51.52
59234 39273 72 20582 47.59 (52.46) 44.96 39.06 (47.20) 54.84
$13207 165200 92 28893 82.51 (86.31) 80.23 77.00 (81.07) 83.21
$15850 76986 83 25143 67.34 (69.89) 65.83 59.32 (64.59) 60.68
$38417 164736 68 59024 64.17 (66.25) 60.55 55.42 (58.56) 54,51
$38584 199104 82 74863 62.40 (68.97) 61.13 56.63 (63.41) 56.97
$35932 28208 35 3029 89.26 (92.07) - 83.77 (95.75) 66.47

Table Il shows the compression results of five PMC Sierra’s SoCs and twelve ISCAS89
benchmarks assuming K = n-m that implies unlimited block size. The total number of bits
before (Npits_before) @nd after (Npits_after) COMpression and don’t care percentage (D%) are
also provided. This table also compares our results with the best results presented in [11],
[12] and [14]. Specifically, for the last seven ISCAS89 benchmarks, we reported our RL-
Huffman method with and without using Technique 3. Recall that Technique 3 requires
revisiting blocks to find higher occurrence frequencies (equivalent to minimum number of
blocks). The numbers in bold faces indicate the highest compression ratio among those
reported in the table. In most cases, Technique 3 improves the result of the original RL-
Huffman by 2 to 7%.

The FDR, MTC and VIHC methods in Table Il were chosen for comparison due to their
similarities in using run-length encoding. We acknowledge that other compression meth-
ods, such as dictionary-based LZ77 [24] or LZW [25] approaches, have reported higher
compression ratios for some of these benchmarks. However, their results in terms of con-
sistency to achieve a high compression ratio, cost of memory-demanding decoder and scan-
in power due to high bit transitions are still inconclusive.

Table 111 shows the entropy analysis of ISCAS89 benchmarks. As shown in the last
three columns, using our technique layg, H and E are very close to their corresponding
lower bound.

Table IV shows the test time analysis of ISCAS89 benchmarks for different frequencies
of the system. It shows that when fgc >> fatg, the test application time reduction ratio
(TR) is close to CR confirming our analysis in Section 4.3.

As Figure 7 shows, the decoder consists of mainly three components, one FSM, a lookup
table and a counter. The counter size is [10g2oLmax] bit, where Lmax = maxXi<i<n {Li}. The
counter size/cost is not sensitive to compression factors. Therefore, we report only the cost
of the main part of the decoder, i.e. the FSM with the lookup table. This cost (FSM-Table



Table I1l.  Entropy analysis
Circuit RL-Huffman Entropy Analysis
CR% lag | H | E
5420 42.52 3.800 | 3.774 | 1.006
5838 61.55 4343 | 4.321 | 1.005
51196 32.19 3.081 | 3.011 | 1.023
51238 32.90 3.160 | 3.098 | 1.020
51423 32.08 3.387 | 3.319 | 1.020
55378 53.75 3,599 | 3556 | 1.012
59234 47.59 4223 | 4.180 | 1.010
513207 82.51 5.328 | 5299 | 1.005
515850 67.34 4.466 | 4.429 | 1.008
538417 64.17 4121 | 4.104 | 1.004
538584 62.40 4271 | 4.249 | 1.005
535932 89.26 3.908 | 3.873 | 1.009
Table IV. Test Time analysis
Circuit || RL-Huffman Time Reduction Ratio (TR%)
5420 42.52 35.62 28.72 14.92
5838 61.55 54.55 47.55 33.55
51196 32.19 25.54 18.89 5.59
51238 32.90 25.75 18.60 4.30
51423 32.08 25.18 18.28 4.48
s5378 53.75 46.95 40.15 26.55
59234 47.59 41.09 34.59 21.59
513207 82.51 75.26 68.01 53.51
515850 67.34 60.34 53.34 39.34
538417 64.17 57.46 50.88 37.05
538584 62.40 55.90 49.40 36.40
535932 89.26 82.61 75.96 62.66

18
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Table V. Decoder (FSM-Table) cost analysis
[ Circuit [ Lyax | Cost[NAND] ||

PMC2 217 481
PMC3 165 373
s420 47 173
$1196 32 161
$1423 214 432
s5378 281 551
59234 296 589
$15850 611 769

Table V1. Tradeoff between compression ratio and decoder cost using different maximum block size (K)

Circuit || Techniques Factors Maximum Run Length (K)
4 1 8 112116 ] 32 [K=nm
1 RL-Huffman CR% || 525 | 65.4 | 68.0 | 75.7 | 78.2 84.3
PMC2 FSM-Table Cost 48 91 147 | 251 | 379 481
2 RL-Huffman CR% || 59.0 | 76.5 | 80.2 | 79.6 | 79.1 84.3
FSM-Table Cost 51 70 82 121 | 239 481
1 RL-Huffman CR% || 31.2 | 395 | 459 | 49.2 | 51.1 53.7
s5378 FSM-Table Cost 43 93 167 | 301 | 412 551
2 RL-Huffman CR% || 37.1 | 418 | 471 | 50.2 | 52.4 53.7
FSM-Table Cost 49 89 148 | 277 | 385 551
1 RL-Huffman CR% || 22.8 | 29.1 | 34.7 | 42.7 | 424 476
59234 FSM-Table Cost 44 101 | 158 | 337 | 431 589
2 RL-Huffman CR% || 285 | 342 | 38.9 | 40.6 | 43.2 476
FSM-Table Cost 51 103 | 155 | 301 | 417 589

pair) is summarized in Table V for some of ISCAS89 and PMC Sierra’s benchmarks based
on the number of equivalent NAND gates reported by Synopsys synthesizer [33].

Table VI shows the effect of maximum run-length K on compression ratio and cost of
FSM-Table pair. To limit the maximum run-length we explored two techniques (Tech-
niques 1 and 2) discussed in Section 3. As shown, the second technique achieves overall
higher compression rate and smaller decoder size than the first technique. This is because
the second technique decomposes blocks intelligently to increase the occurrence frequency
of characters. Compression ratio in the case of K = n-m for each circuit is more than the
case when K is limited. When K = n-m, the longer block lengths will be sent by much
smaller codewords. This results in more compression, but the cost of the decoder slightly
increases.

Table VI clearly shows the tradeoff possibility between CR and FSM-Table cost for
Techniques 1 and 2 by choosing various K’s. By choosing a smaller K we significantly
reduce the cost of a decoder with slight sacrificing of compression ratio. For example,
consider the statistics in bold face obtained for PMC2 benchmark. We can tradeoff 4.1%
compression ratio by reducing the size of decoder by a factor of 6.

Figure 9 shows the reduction of average (AW Tayg) and peak (AW Tpeax) switching activi-
ties for various random test sets. Statistics are reported based on the results of 50 randomly
generated test sets for average and peak values. Each test set includes 100 test vectors and
each vector is 32 bit for different don’t care percentages (70%, 80% and 90%). When D%
increases, our method is more efficient in reducing average and peak power.
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Fig. 9. AWTpesk and AW Tayg for 50 random test sets.

Table VII.  Comparing switching activities (estimate of scan-in power dissipation)

Circuit Npatterns Randomly Filled RL-Huffman Scan-in Power Reduction
WTayg | WTpeak WTavg | WTpeak MWTag% | AWTpex%
s420 1785 200 314 95 238 52.36 24.20
s838 5762 700 1310 219 1022 68.72 21.98
$1196 4448 244 393 52 234 78.69 40.45
$1238 4864 241 356 49 177 79.47 50.28
s1423 3276 1860 2551 831 2098 55.28 17.75
s5378 23754 11409 13370 3433 11519 69.90 13.84
59234 39273 15085 18416 3957 14092 73.76 23.47
$13207 165200 122034 | 137455 7734 94879 93.66 30.97
$15850 76986 92212 | 102816 13513 70875 85.34 31.06
$38417 164736 581505 | 65560 116301 | 411718 80.51 37.26
$38584 199104 527871 | 572499 85655 | 481158 83.77 15.95
$35932 28208 316548 | 787718 39874 | 107226 87.40 86.38

Table V11 shows the comparison between scan-in power dissipated (due to the input test
patterns) in two cases. First, we replace the don’t care bits randomly for each ISCAS89
benchmark. This process is performed 50 times and results shown in the table are the
average of the 50 times compilations. Second, the don’t cares are replaced according to our
technique. The average and peak switching activities are shown in the table. The reduction
percentage for weighted transition average and peak (AW Tayg and AW Tpeq) are shown in
the last two columns with respect to random filling. The average and peak power reductions
reported in Table VII are very close to those reported in [11] [12]. This is expected as in
all three methods the run length encoding produces the minimum bit transition.

7. CONCLUSION

We presented a new compression and decompression technique based on Run-Length and
Huffman codings for scan testing to reduce test data volume, test application time and scan-
in power. The proposed technique takes advantage of don’t cares generated by the ATPG.
The method can be tuned by limiting the maximum run-length to tradeoff compression
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ratio and decoder cost. Experimental results show that up to 89% compression ratio and
93% scan-in power reduction is achievable for the benchmarks that we have tried so far.
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