Mixed RL-Huffman Encoding

for Power Reduction and Data Compression in Scan Test

M. H. Tehranipour®, M. Nourani?, K. Arabi?, A. Afzali-Kusha®
1The Univ. of Texas at Dallas, Richardson, TX 75083, {mht021000,nourani } @utdallas.edu
2PMC Sierra, Inc., British Columbia, Canada, V5A4V 7, karim_arabi @pmc-sierra.com
3The Univ. of Tehran, Tehran, 14399, Iran, afzali @ut.ac.ir

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 the Run-Length
(RL) encoding followed by Huffman encoding. This combination
is especially effective when the ratio of don’t cares in a test set is
high which is a common case in today’s large SoCs. Our analyti-
cal analysis and the experimental results on ISCAS89 benchmarks
confirm that achieving 32 to 85% compression ratio and 55 to 93%
power reduction is possible for scan testable SoCs.

I. 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 very large.
This growth can be especially seen in today’s system-on-chips
(SoCs) for which the test data volume increases which in turn
increases test cost due to the rise in test time and memory re-
quirement.

Power dissipation is another important factor in today’s chip
design. Power dissipation in CMOS circuits is proportional to
the switching activity in the circuit. During normal operation
of a circuit, a small number of flip flops change values in each
clock cycle. In the case of test operation, large number of flip
flops switch when test patterns are scanned into the scan chain.
The switching activity increases when a test set is compacted
[1]. Often, there are plenty don’t cares in test pattern generated
for scan which means opportunity for compression and power
reduction.

The compression techniques are used to speed up ATE-SoC
interaction during test. A variable-length compression coding
using FDR codes presented in [2] which uses the distributions
of 0’s and 1’s in typical test sequences. Variable-length input
Huffman compression (VIHC) method [3] uses a maximum ac-
ceptable length to improve compression ratio, area overhead
and test application time. Authors in [5] show a compres-
sion/decompression based on the statistical coding of fixed-
length block to reduce test data. An embedded deterministic
test technology for low cost test by reducing scan test data vol-
ume and scan test time is presented in [6].

An ATPG often assigns 0 or "1’ to the unspecified bits ran-
domly. There are techniques that utilize large number of don’t
cares in the test patterns generated by ATPG. Reducing the
number of scan chain input pins fed by ATE by using an on-
chip decoder is proposed in [7]. Reseeding the LFSR is another
method [8] in which for every test vector one or multiple seeds
for on-chip Linear Feedback Shift Register (LFSR) is found.
The generated bit sequence for LFSR matches the test vector

at the specified bit positions. The size of the LFSR is signifi-
cantly smaller than the scan chain. Reduction of scan test data
in designs with multiple scan chains by using a combinational
decoder is presented in [9]. The basic approach proposed in
[10] 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
the proposed method in [11].

The excessive switching activity during scan test may cause
larger peak and average power dissipation than in the normal
operation. Therefore, the power constraint of the circuit re-
quires to be considered in test mode. The authors in [12]
proposed a test generation procedure that finds a set of test
vectors to minimize the average power dissipated during scan
testing. Applying scan test vectors generated by an ATPG is
very time consuming and thus compacting test vectors is un-
avoidable. However, compacting the test vectors intensively
increases power dissipation of the elements in the scan chain.
A static compaction process to find a reduced test power dissi-
pation is presented in [1] but it does not achieve high test data
volume reduction. A mixed compression/decompression and
low power test application technique is discussed in [4].

A. Main Contribution

In this paper we present a compression/decompression tech-
nique to reduce the test data volume, test application time and
scan test power. The proposed technique combines two well
known Run-Length (RL) and Huffman encodings. Essentially,
RL encoding performs a variable-length grouping to utilize the
don’t cares for: 1) minimizing bit-transition and power and
2) compressing data by sending the length of running (simi-
lar) bits. Huffman encoding further enhances the compression.
The compressed test data is scanned in and decompressed by
an inexpensive on-chip decoder to generate the exact test pat-
tern which is finally scanned into the scan chain.

This paper is organized as follows. Section Il describes the
proposed RL-Huffman technique for power reduction and test
data compression. The decompression and test time analysis are
discussed in Section I1l. The experimental results are shown in
Section 1V. The paper ends with conclusion in Section V.

Il. MIXED RL-HUFFMAN ENCODING TECHNIQUE

This paper mixes two encoding techniques, called RL-
Huffman, to reduce test data volume, test application time and
scan test power dissipation. This is achieved in two steps. The
first step applies the Run-Length (RL) to the test vector set.
Specifically, it minimizes the transitions and eventually power



dissipation during test and also compresses data by grouping 0’s
and 1’s in blocks. The second step produces more compression
on top of the first step using Huffman encoding.

A. Sep 1: Applying RL Encoding

In the first step, the RL encoding is used for both power re-
duction and first round of data compression. In RL encoding,
instead of sending the exact bits of a test vector, the length of
the created blocks are sent. Hence, a test vector is partitioned
into some variable length of 0-blocks or 1-blocks. Having don’t
care bits in the test vectors, there are different ways of creat-
ing 0-blocks and 1-blocks because of replacing the don’t cares
with either "0’ or ’1’. Therefore, replacing the don’t care bits is
an important issue which may cause different results of coding
such as more compression and power reduction.

In this paper the basic idea in the RL encoding is careful re-
placement of the don’t cares with ’0” or ’1” to find the minimum
number of 0 — 1 and 1 — 0O transitions. Simultaneously, mini-
mizing such transitions has also a significant impact in reducing
dynamic switching activities of components to which the vec-
tors are sent. While keeping the minimum transitions in the
test patterns, don’t care bits can be replaced with ’0” or 1" in
different ways.

We have used the power estimation relation proposed in [4]
and [1]. Note that since the core responses are not known,
these analytical relations only estimate the bit transitions (pro-
portional to power consumption) due to the input test patterns
traveling through the chain. Suppose n and m are the number
of test patterns and the scan chain length, respectively. Assume
Ti=(bi1 biz ... bim) is the ith test pattern (1 <i < n), where bj1 is
the first bit scanned into the chain. The power dissipated in the
scan cell elements (due to input test patterns) is estimated by
counting the number of weighted transitions (WT) in the pat-
tern as presented in [1]. The transition weight for a bit means
how many times this bit replaces with the complemented value
when it is scanned into the scan chain. In [4] the authors showed
an analytical formula for scanning in pattern Ti, WTi(si p):

m-1

WTi(sip) = Zl(m—J)(bij@bi(j+1)) @
£

The RL coding in our technique builds the minimum transi-
tions in each test vector. Minimum transition for a test vector
does not necessarily mean minimum weighted transition (WT)
in that test vector. WT depends on the position of the transi-
tions. As shown in (1), m— j is the weight for jth transition po-
sition in T;. To minimize WT; we need to minimize m— j. This
means that if we push the transition position toward the least
significant bit, the weight transition is reduced in each transi-
tion in the test vector and eventually the overall WT;.

For example, assume that Ty=(b11,b12, - - -, b1g)=(0xx11x0x)
when m=8 and obviously minimum number of transitions is
two. Suppose that b1 is the first bit scanned into the scan chain.
Table | shows comparison between all possible replacement of
don’t cares while keeping minimum number of transitions for
test vector Tq1. The last row in the table shows minimum WT.
In this case (T;=(00011100)) the transitions are pushed toward
the least significant bit. Any other different filling way with the

TABLEI
COMPARING VARIOUS FILLINGS OF DON’T CARES.

[T ][ T:=OxxIIxOx | Niranstion | WT ]|
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00111100
01011x00
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01111100
00011100
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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)

Figure 1. Applying the RL algorithm to a small example.

same number of transitions cause larger WT. The other rows
either show more WT or indicate more transitions which even-
tually result in more WT.

Based on the above discussion we show another example of
replacing the don’t care bits with 0’ or 1’ to clarify our RL
encoding technique (see Figure 1). As shown, the replacing
process can be started from the first bit of vector sequence. The
don’t cares are replaced with 1’ until we reach a ’0’. At the
next step, the don’t cares are filled with *0” 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 the
blocks in the test set which is named character. The corre-
sponding block lengths are shown in Figure 1(b). The format
of showing the lengths is like L;[V], where L; is the block length
and [v] is the bit value 0 or ’1’ that is filled in that block. As
shown, the number of distinct characters (N¢) is seven. Figure
2 summerizes the occurrence frequency (f;) of these characters.
In this work, we simply replace don’t cares with 0/1 values to
maximally enlarge a block and achieve minimum switching ac-
tivities in scan chain when test application. More sophisticated
approaches can be devised for other objectives such as mini-
mizing N or increasing f; values.

B. Sep 2: Applying Huffman Encoding

The proposed RL encoding not only reduces the test power
dissipation but also performs the compression. To get the best
compression rate we also apply Huffman coding (a variable-
length encoding by nature) [13] to encode block length values
(characters). The idea is to assign smaller number of bits to the
codewords that occur most frequently and larger number of bits
to those that occur less frequently. A Huffman code is obtained
by constructing a Huffman tree. The generated Huffman code
is shown in Figure 2. Clearly, the blocks with higher occurrence
frequencies will get the smaller length codeword. For this ex-
ample, instead of sending 64 bits, ATE sends only 64-34=30
bits. This is 53.12% overall saving in test data volume and also
transfer time. The last column shows the saving of data sent
into the chip. Instead of sending L bit 0’s or 1’s, the | bit code-
word is sent. The saving for the ith codeword is L; — I;, where
l; is the length of the ith codeword (C;). The saving for sending



Charactersy Occurrence |Huffman |Block Saving
(Li) Frequency (fi) | Code (Ci) | Length (li) (Si)
4 3 00 2 +6
9 2 010 3 +12
7 2 011 3 +8
N, 5 1 100 3 +2
8 1 101 3 +5
6 1 110 3 +3
1 1 111 3 -2
S=+34

Figure 2. Huffman code for the example in Figure 1.

the ith codeword with frequency f; is § = fi(Li — ;). The total
saving for all codewords is S= ziNzcl fi(Li —1i). Then, the com-
pression ratio (percentage of data reduction) for n vectors sent
to a scan chain of m cells (overall n- mbits) will be:

Ne e 1.
CR: S — ZI 1 (L|_||)
Moy

In the next section we will show the positive impact of the RL
encoding on minimizing bit transitions, and hence power con-
sumptions, of the scan cells. Note that Huffman encoding pro-
vides further reduction and does not deteriorate the minimum
transition property achieved by RL encoding.

I1l. DECOMPRESSION

Huffman codes are prefix-free. This is an important property
compared to other coding techniques used for compression and
significantly simplifies the decoding process. 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 the test vectors. The decoder decodes the 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.

A. FSM-Based Decoder

Several Huffman decoders have been proposed in recent
years which are independent of the circuit and data set [16] [17]
[?]. The drawback, however, is that these decoders are expen-
sive. In this paper we propose using an inexpensive decoder
that is test set-dependent. Dependency of decoder to 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 IV.

The block diagram of one possible implementation of de-
coder is shown in Figure 3. The compressed data (input code-
word) 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 num-
ber of 1’s or 0’s required to be shifted into the scan chain. The
other outputs of the FSM are sdl (to shift appropriate 0 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 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
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Figure 3. The decoder architecture.

FSM receives the new codeword for decoding. When the value
of counter and output of the lookup table L; become equal, out-
put of the counter (ripple carry out (rco)) becomes 1 and shifting
sel value is stopped. It also signals the FSM to put next address
pointer on the input line of lookup table. If the FSM generates
the address before receiving the rco from 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’sand 1’s on the sdl line.

B. Test Time Reduction

Reducing the overall test application time is the ultimate
goal of test pattern compression. In general, the amount of
time reduction depends on compression rate 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 fsoc, respectively. The one-cycle capture time com-
pared to overall scan time is negligible. When there is no com-
pression the test time is the same as transfer time, that is:

Tho_ comp = ZLL

When we compress test data, such as in our method, the over-
all time is made of three portions:

fATE

Teomp = Tiransfer + Tdecode + Tidle

In our method, the transfer and decode part is quite straight-
forward. Essentially, the codewords (C;) are transferred with
speed of farg and counting toward L; is done with speed of
fsoc. In other words:

Np 1
Tiransfer = Zﬂ fAT Tdecode: (ZlLi) : (—
i=
®oL I L I

Tidle= (—— Viz — >
idle i; fop

fec
According to the above equations, the upper bound for Teomp

will be:
Toomp < Zl fATE - )

Finally, the time-reduction ratio can be expressed as:

fate fare

TR= Tho_ comp — Tcomp >CR—2-ATE faTeE
Tho_ comp SoC



TABLEII
COMPRESSION RATIO (CR) FOR DIFFERENT BENCHMARKS.

SoC/ Nbefore FSM | Nafter Compression Ratio (CR%)
Circuit RL-Huffman T 2] [ T3]
PMC1 164800 391 | 24209 85.31 - -
PMC2 4557 161 712 84.36 - -
PMC3 16830 213 3519 79.09 - -
PMC4 89154 337 | 17295 80.60 - -
PMC5 13311 219 2678 79.89 - -
s5378 23754 551 | 10986 53.75 50.77 | 51.52
59234 39273 589 | 20582 55.32 4496 | 54.84
513207 || 165200 596 | 28893 82.51 80.23 | 83.21
515850 76986 769 | 25143 67.34 65.83 | 60.68
s38417 || 164736 744 | 59024 64.17 60.55 | 54.51
s38584 [| 199104 818 | 74863 62.40 61.13 | 56.97

TABLE I
TEST TIME ANALYSIS
SoC/ CR% Time-Reduction Ratio (T R%)
Circuit %:2—10 %:1—10 | %:%
s5378 53.75 46.95 40.15 26.55
59234 55.32 51.11 44.60 31.56
513207 || 82.51 75.26 68.01 53.51
515850 || 67.34 60.34 53.34 39.34
s38417 || 64.17 57.46 50.88 37.05
s38584 || 62.40 55.90 49.40 36.40

It’s obvious from the above formula, CR is the upper bound
of the TR For the example of Figure 1 if fare=100MHz
and fgc=1GHz and CR=53.12% we estimate 33.12% < TR<
53.12%. In Section IV we will show that this lower bound
of TR s not tight and in practice CR— l.5ff’j—£ <TR<CR-

1.3% for large test set.
SC
IV. EXPERIMENTAL RESULTS

The proposed technique is used to compress test data for the
ISCAS89 and PMC-Sierra’s [14] benchmarks. Table 11 shows
the compression results of five PMC Sierra’s SoCs and six IS-
CASB89 benchmarks. Total number of bits before (Npefore) and
after (Nafter) compression. The third column shows the overall
cost of the FSM with lookup table included for the benchmarks
based on the number of equivalent NAND gates reported by
Synopsys synthesizer [15]. The compression ratios are obtained
from both RL and Huffman encoding. Our results showed that
Huffman (the second step of compression) increased 7 to 21%
compression ratio on top of what RL achieves for the bench-
marks. This table also compares our technique results with
the best results presented in [2] (FDR coding) and [3] (VIHC
method). Our RL-Huffman technique shows better or compa-
rable results.

Table I11 shows the test time analysis of the ISCAS89 bench-
marks for different frequencies of the system. It shows that
when fsc >> fatg, the test application time reduction ratio
(TR) is close to CR.

Table IV shows comparison between the 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 the results are the av-
erage of the 50 times compilations. Second, the don’t cares
are replaced according to our technique. The reduction per-
centage for weighted transition average and peak (AWTayg and

TABLE IV
COMPARING SWITCHING ACTIVITIES

Circuit | Npaterns Power Reduction
DWTag% | AWTpeac%
s5378 23754 69.90 13.84
59234 39273 73.76 23.47
s13207 | 165200 93.66 30.97
$15850 76986 85.34 31.06
s38417 | 164736 80.51 37.26
s38584 | 199104 83.77 15.95

AWTyeqk) are shown in the last two columns with respect to
random filling.

V. CONCLUSION

We presented a new compression and decompression tech-
nique based on the Run-Length and Huffman coding for the
scan testing to reduce test data volume, test application time
and scan test power. The proposed technique takes advantage
of the don’t cares generated by ATPG. The experimental results
show the compression ratio up to 85% and power reduction up
to 93% for the benchmarks that we tried so far.
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