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Test Data Compression and Decompression Based on
Internal Scan Chains and Golomb Coding

Anshuman Chandra and Krishnendu Chakrabarty

Abstract—We present a data compression method and decompression
architecture for testing embedded cores in a system-on-a-chip (SOC). The
proposed approach makes effective use of Golomb coding and the internal
scan chain(s) of the core under test and provides significantly better re-
sults than a recent compression method that uses Golomb coding and a
separate cyclical scan register (CSR). The major advantages of Golomb
coding of test data include very high compression, analytically predictable
compression results, and a low-cost and scalable on-chip decoder. The use
of the internal scan chain for decompression obviates the need for a CSR,
thereby reducing hardware overhead considerably. In addition, the novel
interleaving decompression architecture allows multiple cores in an SOC
to be tested concurrently using a single ATE I/O channel. We demonstrate
the effectiveness of the proposed approach by applying it to the ISCAS 89
benchmark circuits.

Index Terms—Automatic test equipment (ATE), decompression archi-
tecture, embedded core testing, precomputed test sets, response vectors,
system-on-a-chip testing, test set encoding, testing time, variable-to-vari-
able-length codes.

I. INTRODUCTION

Embedded cores are becoming commonplace in large
system-on-a-chip (SOC) designs [1]. Along with the benefits of
higher integration and shorter time to market, intellectual property
(IP) cores pose several difficult test challenges. The volume of test
data for an SOC is growing rapidly as IP cores become more complex
and an increasing number of these cores are integrated in a chip. In
order to effectively test these systems, each core must be adequately
exercised with a set of precomputed test patterns provided by the core
vendor. However, the input/output (I/O) channel capacity, speed and
accuracy, and data memory of automatic test equipment (ATE) are
severely limited.

The testing time for an SOC depends on the test data volume, the
time required to transfer the data to the cores, and the rate at which
it is transferred (measured by the cores test data bandwidth and ATE
channel capacity). Lower testing time increases production capacity as
well as reduces test cost and time to market for an SOC. New tech-
niques are therefore needed for decreasing test data volume in order to
overcome memory bottlenecks and to reduce testing time.

An attractive approach for reducing test data volume for SOCs is
based on the use of data compression techniques [2]–[4]. In this ap-
proach, the precomputed test setTD provided by the core-vendor is
compressed (encoded) to a much smaller test setTE and stored in the
ATE memory. An on-chip decoder is used for pattern decompression to
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generateTD fromTE during pattern application. Test data compression
using statistical coding of test sequences for synchronous sequential
(nonscan) circuits was presented in [2] and for full-scan circuits in [3].
While the compression method in [2] is restricted to sequential circuits
with a large number of flip–flops and relatively few primary inputs, the
work presented in [3] does not conclusively demonstrate that statistical
coding provides greater compression than standard ATPG compaction
methods for full-scan circuits [5], [6].

Test data can be more efficiently compressed by taking advantage
of the fact that the number of bits changing between successive test
patterns in a test sequence is generally very small. This observation
was used in [4], where a “difference vector” sequenceTdi� determined
from TD was compressed using run-length coding. A drawback of the
compression method described in [4] is that it relies on variable-to-
fixed-length codes, which are less efficient than more general vari-
able-to-variable-length codes [7], [8]. Furthermore, it is inefficient for
cores with internal scan chains that are used to capture test responses;
in these circuits, separate CSRs must be added to the SOC, thereby in-
creasing hardware overhead. A more efficient compression and decom-
pression method was used in [9], whereTdi� was compressed using
variable-to-variable-length Golomb codes. However, this approach re-
quires separate CSRs and is therefore also inefficient for cores that use
the same internal scan chains for applying test patterns and capturing
test responses.

In this companion paper to [9], we present an improved test data
compression and decompression method for IP cores in an SOC. The
proposed approach makes effective use of Golomb codes and the in-
ternal scan chain(s) of the core under test. No separate CSR is required
for pattern decompression. The difference sequenceT

R

di� is derived
from the given precomputed test setTD using the fault-free responses
R of the core under test toTD . Golomb coding is then applied toTRdi� .
The resulting encoded test setTE is much smaller than the original
precomputed test setTD . We apply our compression approach to test
sets for the ISCAS 89 benchmark circuits and show thatTE is not only
considerably smaller than the smallest test sets obtained using ATPG
compaction [5], but it is also significantly smaller than the compressed
test sets obtained using Golomb coding in [9].

The proposed compression approach for reducing test data volume
is especially suitable for system-on-a-chip containing IP cores since it
does not require gate-level models for the embedded cores. Precom-
puted test sets can be directly encoded without any fault simulation
or subsequent test generation. This is in contrast to other recent tech-
niques, such as LFSR-based reseeding for BIST [10] and scan broad-
cast [11], which require structural models for fault simulation and test
generation. The mixed-mode BIST technique in [10] relies on fault sim-
ulation for identifying hard faults and test generation to determine test
cubes for these faults. The scan broadcast technique in [11] also re-
quires test generation.

We extend the decompression architecture of [9] to an interleaving
scheme that allows multiple cores to be tested in parallel with a single
ATE I/O channel. We also present analytical results for test data com-
pression and testing time. Finally, we show that test data compression
not only reduces the volume of test data but it also allows a slower tester
to be used without any penalty on testing time.

0278-0070/02$17.00 © 2002 IEEE
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Fig. 1. An example of Golomb coding form = 4.

II. COMPRESSIONMETHOD AND TEST ARCHITECTURE

We first review Golomb coding and its application to test data com-
pression [9]. The first step in the encoding procedure is to select the
Golomb code parameterm. The choice ofm has received a lot of at-
tention in the information theory literature; for certain distributions of
the input data stream (TRdi� in our case), the group sizem can be op-
timally determined. For example, if the input data stream is random
with 0 probabilityp, thenm should be chosen such thatpm � 0:5 [8].
However, since the difference vectors for precomputed test sets do not
satisfy the randomness assumption, the best value ofm for test data
compression must be determined experimentally. Nevertheless, it has
been shown in [9] that the best value ofm can be approximated ana-
lytically.

Once the group sizem is determined, the runs of zeros in
precomputed test set are mapped to groups of sizem (each group cor-
responding to a run length). The number of such groups is determined
by the length of the longest run of zeros in the precomputed test set.
The set of run lengthsf0; 1; 2; . . . ; m� 1g forms group A1; the set
fm; m+1; m+2; . . . ; 2m�1g, group A2; etc. In general, the set of
run lengthsf(k� 1)m; (k� 1)m+1; (k� 1)m+2; . . . ; km� 1g

comprises group Ak [8]. To each group Ak, we assign a group prefix
of (k � 1) 1s followed by a zero. We denote this by 1(k�1)0. If m
is chosen to be a power of two, i.e.,m = 2N , each group contains
2N members and alog2m-bit sequence (tail) uniquely identifies
each member within the group. Thus, the final code word for a run
lengthL that belongs to group Ak is composed of two parts, a group
prefix and a tail. The prefix is1(k�1)0 and the tail is a sequence of
log2m bits. It can be easily shown that(k � 1) = (L mod m) i.e.,
k = (L mod m) + 1. The encoding process is illustrated in Fig. 1 for
m = 4.

The next step in the compression procedure is to derive the differ-
ence vector setTdi� from TD, whereTD = ft1; t2; t3; . . . ; tng is
the (ordered) precomputed test set. The ordering is determined using a
heuristic procedure described later.Tdi� is defined as follows:

Tdi� = fd1; d2; . . . ; dng

= ft1; t1 � t2; t2 � t3; . . . ; tn�1 � tng

where a bit-wise exclusive-or operation is carried out between pat-
ternsti andtj . This assumes that the CSR starts in the all-zero state.
(Other starting states can be considered similarly.) The details of the
Golomb coding procedure are presented in the companion paper [9],
hence omitted here.

The proposed method differs from [9] in that no separate CSR is
used; instead the internal scan chain is used for pattern decompression
and the fault-free responses of the core under test are used to generate a
difference vector setTRdi� . Given an (ordered) precomputed test setTD ,
the set of corresponding fault-free responsesR = fr1; r2; . . . ; rng is
used to generate the test patterns. The difference vector setTRdi� is now
given by

T
R
di� = fd1; d2; . . . ; dng

= ft1; r1 � t2; r2 � t3; . . . ; rn�1 � tng

whereri is the fault-free response of the core under test to patternti.
A test architecture based on the use ofTRdi� is shown in Fig. 2.

As observed in [9], test data compression is more effective ifTD

consists of test cubes containing don’t-care bits. In order to determine
TRdi� in such cases, we need to assign appropriate binary values to
the don’t-care bits and perform logic simulation to obtain the corre-
sponding fault-free responses. (In general, the simulation model for the
core provided by the core vendor can be used to obtain the fault-free
responses.) First, we set all don’t-care bits int1, the first pattern inTD ,
to zeros and use the logic simulation engine of FSIM [12] to generate
the fault-free responser1. The ordering algorithm described below is
then used to generate the successive test patterns.

The problem of determining the best ordering is equivalent to the
NP-Complete Traveling Salesman problem. Therefore, a greedy algo-
rithm is used to generate an ordering and the correspondingTRdi� . Sup-
pose a partial orderingt1t2 � � � ti has already been determined for the
patterns inTD . To determineti+1, we first determineri using FSIM
and then calculate the Hamming distanceHD(ri; tj) betweenri and
all patternstj that have not been placed in the ordered list. We define
HD(ri; tj) as the number of bit positions for whichri and tj have
different (specified) binary values. We select the patterntj for which
HD(ri; tj) is minimum and add it to the ordered list, denoting it by
ti+1. All don’t-care bits inti+1 are set to the corresponding specified
bit in rj . In this way, a fully specified test pattern is obtained and the
smallest number of ones is added to the difference vector sequence. We
continue this process until all test patterns inTD are placed in the or-
dered list. Fig. 3 illustrates the procedure for obtainingTRdi� from TD .

For most cores, the number of inputsjIcorej driven by the scan cells
is not equal to the number of outputsjOcorej that feed the scan chain.
(Icore andOcore refer to the sets of inputs driven by the scan chain and
outputs feeding the scan chain, respectively.) Consider the following
two cases.

Case 1—jIcorej > jOcorej: Assume without loss of generality that
the outputs inOcore drive scan elements that are located at the be-
ginning of the scan chain. Letti = h~ti; 1; ~ti; 2; . . . ; ~ti; ni andri =

h~ri; 1; ~ri; 2; . . . ; ~ri; ki denote theith test pattern and theith fault-free
response, respectively. The encoding procedure is modified as follows
to generate the difference vectordi+1 = h ~di+1; 1; ~di+1; 2; . . . ~di+1; ni,
where

~di+1; 1 =~ti+1; 1 � ~ri; 1

~di+1; 2 =~ti+1; 2 � ~ri; 2

� � � � � �

~di+1; k =~ti+1; k � ~ri; k

~di+1; k+1 =~ti+1; k+1 � ~ti; k+1

� � � � � �

~di+1; n =~ti+1; n � ~ti; n:
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Fig. 2. Test architecture based on Golomb coding and the use of internal scan chains.

Fig. 3. An example to illustrate the procedure for derivingT .

Case 2—jIcorej < jOcorej: In this case, additional zeros must be
inserted into the difference vector sequence as follows:

~di+1; 1 =~ti+1; 1 � ~ri; 1

~di+1; 2 =~ti+1; 2 � ~ri; 2

� � � � � �

~di+1; k =~ti+1; k � ~ri; k

~di+1; k+1 =0

� � � � � �

~di+1; n =0:

An on-chip decoder decompresses the encoded test setTE and pro-
ducesTR

di� . The exclusive-or gate and the internal scan chain are used
to generate the test patterns from the difference vectors. As discussed
in the companion paper [9], the decoder can be efficiently implemented
by alog2m-bit counter and a finite-state machine (FSM). The synthe-
sized decode FSM circuit contains only four flip–flops and 34 combi-
national gates [9]. For any circuit whose test set is compressed using
m = 4, the given logic is the only additional hardware required other
than the two-bit counter.

III. A NALYSIS OF TEST APPLICATION TIME AND TEST DATA

COMPRESSION

In this section, we analyze the testing time for a single scan chain
when Golomb coding is employed with the test architecture shown in
Fig. 2. From the state diagram of the Golomb decoder [9], we note the
following.

• Each “1” in the prefix part takesm cycles for decoding.
• Each separator “0” takes one cycle.
• The tail part takes a maximum ofm cycles and a minimum of

 = log2m + 1 cycles.

Letnc be the total number of bits inTE andr be the number of ones
in TR

di� . TE containsr tail parts,r separator zeros, and the number of
prefix ones inTE equalsnc�r(1+log2m). Therefore, the maximum
and minimum testing times (Tmax andTmin, respectively), measured
by the number of cycles, are given by

Tmax =(nc � r(1 + log2 m))m+ r +mr

=mnc � r(m log2 m� 1)

Tmin =(nc � r(1 + log2 m))m+ r + 
r

=mnc � r(m(1 + log2 m)� (1 + 
)):

Therefore, the difference betweenTmax andTmin is given by

�T = Tmax � Tmin

= r(m� log2m� 1):

We will make use of this result in Section IV.
A major advantage of Golomb coding is that on-chip decoding can

be carried out at scan clock frequencyfscan while TE can be fed to
the core under test with external clock frequencyfext < fscan. This
allows us to use slower testers without increasing the test application
time. The external and scan clocks must be synchronized, e.g., using
the scheme described in [13], andfscan = mfext, where the Golomb
code parameterm is usually a power of 2. This allows the bits ofTR

di� to
be generated by the decoder at the frequency offscan. We now present
an analysis of testing time usingfsys = mfext and compare the testing
time for our method with that of external testing in which ATPG-com-
pacted patterns are applied using an external tester.

Let the ATPG-compacted test set containp patterns and let the length
of the scan ben bits. Therefore, the size of the ATPG-compacted test
set ispn bits and the testing timeTATPG equalspn external clock
cycles. Next, suppose the difference vectorTR

di� obtained from the
uncompacted test set containsr ones and its Golomb-coded test set
TE containsnc bits. The maximum number of scan clock cycles re-
quired for applying the test patterns using the Golomb coding scheme
is Tmax = mnc � r(m log2 m � 1).

Now, the maximum testing time� (seconds) when Golomb coding
is used is given by

� =
Tmax
fscan

=
mnc � r(m log2m� 1)

fscan
and the testing time� 0 (seconds) for external testing with ATPG-com-
pacted patterns is given by

� =
pn

fext

=
pnm

fscan
:

If testing is to be accomplished in�? seconds using Golomb coding,
the scan clock frequencyfscan must equalTmax=�?, i.e.,

fscan =
mnc � r(m log2m� 1)

�?
:
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This is achieved using a slow external tester operating at frequency
fext = fscan=m. On the other hand, if only an external test is used
with thep ATPG-compacted patterns, the required external tester clock
frequencyf 0

ext equalspn=�?. Let us take the ratio off 0

ext betweenfext
f 0

ext

fext
=

pn=�?

fscan=m

=
pn

nc � r log
2
m+ r=m

:

Experimental results presented in Section V show thatf 0

ext is much
greater thanfext, therefore, demonstrating that the use of Golomb
coding allows us to decrease the volume of test data and use a slower
tester without increasing testing time.

We next analyze the amount of compression that is achieved using
Golomb coding of a precomputed test setTD . The following three
lemmas will lead to the main result in Theorem 1. As in [9], we assume
without loss in generality here that the difference sequence always ends
in one.

Lemma 1: Let TD be the given precomputed test set, and letTRdi�
be the bit stream derived fromTD and the set of fault-free responses.
Let the number of don’t cares inTD ben�. The number of zeros in
TRdi� is at leastn�.

Proof: The lemma follows from the fact that every don’t care
in TD can be mapped to a zero inTRdi� , while ones and zeros inTD
must be selectively mapped to ones or zeros inTRdi� , depending on the
fault-free response.

Lemma 2 [9]: If ann-bit data streamS containingr ones is encoded
using Golomb code with parameterm, an upper bound on the length
GS of the encoded sequence is given by

GS �
n

m
+ r log

2
m+ r 1�

1

m
:

Lemma 3: Let S be any binary sequence and letS? be a binary
sequence derived fromS by replacing one or more ones in it by zeros.
Let SE (S?E ) be the Golomb-coded sequence corresponding toS
(S?). Then len(SE) > len(S?E), wherelen(SE) and len(S?E) are
the number of bits inSE andS?E , respectively.

Proof: Suppose we complement a 1 in S that separates two runs
of zeros of lengthl1 andl2 (l1, l2 � 0), respectively, to obtainS?. We
now have a run of (l1 + l2 + 1) zeros inS?. The number of bitsN
required to encode the two runs of zeros of lengthl1 andl2 is given by

N =
l1
m

+ 1 + log
2
m+

l2
m

+ 1+ log
2
m

=
l1
m

+
l2
m

+ log
2
m+ 2:

Similarly, the number of bits inN? required to encode the single run
of (l1 + l2 + 1) zeros inS? is given by

N? =
(l1 + l2 + 1)

m
+ log

2
m+ 1:

This implies that

len(SE)� len(S?E)

= N �N?

=
l1
m

+
l2
m

�
(l1 + l2 + 1)

m
+ log

2
m+ 1

�
l1
m

+
l2
m

�
(l1 + l2 + 1)

m
+ log

2
m+ 1

�
l1
m
� 1 +

l2
m
� 1 �

(l1 + l2 + 1)

m
+ log

2
m+ 1

= log
2
m� 1�

1

m
:

This implies thatlen(SE) � len(S?E) > 0 if m > 2. For the special
case ofm = 2, we note that

len(SE)� len(S?E)

=
l1
m

+
l2
m

�
(l1 + l2 + 1)

2
+ log

2
2 + 1

�
(l1 � 1)

2
+

(l2 � 1)

2
�

(l1 + l2 + 1)

2
+ log

2
2 + 1

=0:5:

Therefore, complementing a single one to a zero always decreases the
length of the Golomb-coded sequence. This argument can be easily
extended using transitivity to show thatlen(SE) > len(S?E)whenever
one or more ones inS are changed to zeros to obtainS?.

We now present an upper bound on the amount of expression that is
obtained via Golomb coding ofTRdi� . The proof of the theorem follows
from Lemmas 1–3.

Theorem 1: Let TD be the given precomputed test set, and letTRdi�
be then-bit data stream derived fromTD and the set of fault-free re-
sponses. Let the number of don’t cares inTD ben�. If TRdi� is encoded
using Golomb code with parameterm, an upper bound on the length
G of the encoded sequence is given by

G �
n

m
+ (n� n�) log2 m+ (n� n�) 1�

1

m
:

Theorem 1 provides an easy-to-compute bound on the size of the
encoded test setTE . This bound depends only on the precomputed test
setTD and is independent of the fault-free response. It can therefore be
obtained without any logic simulation. We list these bounds for several
ISCAS 89 circuits in Section V.

IV. I NTERLEAVING DECOMPRESSIONARCHITECTURE

We now present a novel interleaving decompression architecture,
which enables testing of multiple cores or the loading of multiple bal-
anced scan chains in parallel. The same decoder can be used to drive
equal-length scan chains in one or more cores in parallel. An important
constraint here is that the same value ofm must encode test sequences
for all the scan chains. The proposed decompression architecture not
only reduces the testing time and the size of the test data to be stored
in the ATE memory, but also allows testing of multiple cores using a
single ATE I/O channel, thereby increasing the ATE I/O channel ca-
pacity.

As discussed in Section II, when Golomb coding is applied to a block
of data containing a run of 0s followed by a single 1, the code word
contains two parts—a prefix and tail. For a given code parameterm
(group size), the length of the tail (log

2
m) is independent of the run

length. Note further that every one in the prefix corresponds tom zeros
in the decoded difference vector. Thus the prefix consists of a string
of ones followed by a zero, and the zero can be used to identify the
beginning of the tail.

As shown in [9], the FSM in the decoder runs the counter form
decode cycles whenever a one is received and starts decoding the tail
as soon as a zero is received. The tail decoding takes at mostm cycles.
During prefix decoding, the FSM has to wait form cycles before the
next bit of the prefix can be decoded. Therefore, we can use interleaving
to testm cores together, such that the decoder corresponding to each
core is fed with encoded prefix data after everym cycles. (This can also
be used to feed multiple scan chains in parallel as long as the capture
cycles of the scan chains are synchronized.) Whenever the tail is to be
decoded (identified by a zero in the encoded bit stream), the respective
decoder is fed with the entire tail oflog

2
m bits in a single burst of

log
2
m cycles. The SOC channel selector consisting of a demultiplexer,

a log
2
m counter, and an FSM is used for interleaving; see Fig. 4. This

interleaving scheme works as follows.
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Fig. 4. SOC channel selector for application to multiple cores and multiple scan chains.

Fig. 5. Composite encoded test data for two cores with group sizem = 2.

First, the encoded test data form cores are combined to generate
a composite bit streamTC that is stored in the ATE. Next,TC is fed
to the FSM, which is used to detect the beginning of each tail and to
feed the demultiplexer. Ani-bit counter (i = log2m) is used to select
the outputs to the decoders of the various cores.TC is obtained by
interleaving the prefix parts of the compressed test sets of each core,
but the tails are included unchanged inTC . An example is shown in
the Fig. 5 where compressed data for two cores (generated using group
sizem = 2) have been interleaved to obtain the final encoded test set
to be applied through the decompression scheme for multiple cores.

We now describe the SOC channel selector in more detail. The FSM,
the i bit counter, and the demultiplexer together constitute the SOC
channel selector. The FSM is used to detect the beginning of the tail and
generates theclk stop signal to stop thei-bit counter. Thedata in is
the input to the FSM,data out is the output, and signalsvin andvout
are used to indicate that the input and output data is valid. Thei-bit
counter is connected to the select lines of the demultiplexer and the
demultiplexer outputs are connected to the decoders of the different
scan chains. Every scan chain has a dedicated decoder. This decoder
receives either a one or the tail of the compressed data corresponding
to the various cores connected to the scan chain. If the FSM detects
that a portion of the tail has arrived, the zero that is used to identify the
tail is passed to the decoder and theclk stop goes high for the nextm
cycles. The output of the demultiplexer does not change for this period
and the entire tail of lengthlog2m-bits is passed on continuously to
the appropriate core.

The state diagram of the FSM form = 4 and the corresponding
timing diagram are shown in Figs. 6 and 7, respectively. The FSM is
fed withTC corresponding to four different cores. It remains in stateS0
as long as it receives the ones corresponding to the prefixes. As soon
as a zero is received, it outputs the entire tail unchanged and makes
clk stop high. This stops thei-bit counter and prevents any change at
demultiplexer output. It is shown in the timing diagram (Fig. 7) that
whenever a zero is received, the SOC channel selection remains un-
changed for the next (1 +m) cycles.

As discussed in Section III, the difference inTmax andTmin is given
by �T = r(m � log2m � 1). Therefore, the difference between
maximum and minimum testing times for a single tail is�t = (m �
log2m� 1). If we restrictm to be small,m � 8, �t � 4. In this case,

Fig. 6. State diagram for the SOC channel selector FSM (m = 4).

the decode FSM can be easily modified by introducing additional states
to the Golomb decoder FSM of [9] such that the tail decoding always
takesm cycles and�t = 0. To make tail and prefix decoding equal for
m = 4, three additional states are required as shown in Fig. 8. The ad-
ditional states do not adversely affect the testing time and the hardware
overhead significantly. There arem cores in parallel and each separator
zero and tail takes (1 +m) cycles to decode. Therefore, form cores,
the decoding timettail for the separator and the tail is given by

ttail =

m

j=1

(rj +mrj)

= (1 +m)

m

j=1

rj

=(1 +m)R

whereR = m

j=1
rj . Since all the prefixes of the cores are decoded

in parallel, the number of cyclestpre�x required for decoding all the
prefixes inTC is equal to the number of ones in the prefix of the core
with the largest encoded test data. Therefore

tpre�x = maxf(nC; i � ri(1 + log2 m))mg

=(nC;max � rmax(1 + log2 m))m
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Fig. 7. Timing diagram for the SOC channel selector FSM (m = 4).

Fig. 8. Modified state diagram of the decode FSM to make tail and prefix decode cycles equal.

wherenC; i andri are the number of encoded bits inTE and number
of ones inTdi� for theith core, respectively, andnC;max andrmax are

the number of encoded bits inTE and number of ones inTdi� for the
core with the largest encoded test data. Therefore, total testing timeTI
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TABLE I
EXPERIMENTAL RESULTS ONTEST DATA COMPRESSIONUSING GOLOMB CODES(COMPARISONWITH [9])

for m cores when tested in parallel using the interleaving architecture
is given by

TI = tpre�x + ttail

=(nC;max � rmax(1 + log2 m))m+ (1 +m)R: (1)

Let us now find the testing timeTNI (NI denotes noninterleaved)
required if all the cores were tested one by one independently using a
single ATE I/O channel

TNI =

m

j=1

f(nC; j � rj(1 + log2 m))mg+ (1 +m)R

=mjTC j �m

m

j=1

rj log2 m�m

m

j=1

rj + (1 +m)R

=mjTC j �mR log2 m+R

=mjTC j �R(m log2 m� 1) (2)

wherejTC j denotes the number of bits inTC . The difference between
the interleaved and the noninterleaved testing times is given by

TNI � TI =mjTC j �Rm log2 m+R� nC;max

+mrmax(1 + log2 m)�R�mR

=m(jTC j � nC;max)�m(1 + log2 m)(R� rmax)

=m((jTCj � nC;max)� (1 + log2 m)(R� rmax))

�m(jTC j � nC;max)� 0

sincenC;max � rmax andTC � R.
Consider a hypothetical example of four cores with encoded test data

size equal tonC; 1 = 40; nC; 2 = 60; nC; 3 = 80; nC; 4 = 100 and
number of ones equal tor1 = 4; r2 = 6; r3 = 8; r4 = 10. Therefore,
nC;max = 100; rmax = 10; m = 4; R = 28 and jTC j = 280.
ThereforeTNI �TI = 4((280� 100)� (1+ 2)(28� 10)) = 504. It
is evident from the above analysis that interleaving architecture reduces
testing time and increases the ATE channel bandwidth. We developed
a Verilog model for the FSM form = 4 and simulated it for severalTC
sequences. The gate-level schematic (derived using Synopsys Design
Compiler) of the channel selector FSM consists of only four flip–flops
and 17 gates. The additional hardware overhead is therefore very small.

V. EXPERIMENTAL RESULTS

In this section, we present experimental results on Golomb coding
of the precomputed test sets for the six largest ISCAS 89 benchmark

TABLE II
COMPARISONBETWEEN THEEXTERNAL CLOCK FREQUENCYf REQUIRED

FOR GOLOMB-CODED TEST DATA AND THE EXTERNAL CLOCK FREQUENCY

f REQUIRED FOREXTERNAL TESTING USING ATPG-COMPACTED

PATTERNS (FOR THESAME TESTING TIME)

circuits. We used test cubes (with dynamic compaction) obtained using
the Mintest ATPG program [5]. The difference between the size of the
test sequences here and in [9] can be explained as follows. Since the
number of inputs driven by the scan chains is less in every case than the
number of outputs that feed the scan chains, additional (dummy) zeros
are inserted in the difference vector sequenceTRdi� . This procedure was
explained in Section II.

The results shown in Table I demonstrate that significant amount of
compression is achieved if Golomb coding is applied to difference vec-
tors obtained from the test set and the fault-free responses. In five out
of six cases, we achieve better results than ATPG compaction using
Mintest. In addition, the proposed method outperforms [9] in five out
of the six cases. The upper bound values (derived from Theorem 1) rep-
resent the worst case compression that can be achieved using Golomb
codes. The upper bound is an important parameter which can be used
to determine the suitability of the proposed method.

Table II demonstrates that Golomb coding allows us to use a slower
tester without incurring any testing time penalty. As discussed in Sec-
tion III, Golomb coding provides three important benefits: 1) it sig-
nificantly reduces the volume of test data; 2) the test patterns can be
applied to the core under test at the scan clock frequencyfscan using
an external tester that runs at frequencyfext = fscan=m; and 3) in
comparison with external testing using ATPG-compacted patterns, the
same testing time is achieved using a much slower tester. The third
issue is highlighted in Table II.

We next compare our results with a recent parallel scan design tech-
nique aimed at reducing test data volume and testing time [11]. A di-
rect comparison is difficult since the two methods employ different
strategies. Nevertheless, a comparison with the published results in [11]
shows that the proposed method outperforms [11] for five out of the six
largest ISCAS 89 benchmark circuits; see Table III. Moreover, the scan
broadcast approach in [11] requires a structural model of a core for test
generation and for determining aliased faults, a restriction that does not
affect the proposed compression technique.
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TABLE III
COMPARISONWITH THE SCAN BROADCAST SCHEME IN [11]

Testing time comparison between the two methods is especially
difficult. The testing time in [11] is presented in terms of clock cycles,
whereas the proposed method employs two different clock rates: a
faster on-chip decode clock and a slower off-chip tester clock for
feedingTE . Hence, even though four to six times more clock cycles
are required here compared to [11], we claim that the testing time is
less sincefscan is much larger thanfext and the use of 16 scan chains
as in [11] can offer significantly more parallelism. (We assumed single
scan chains for all the benchmarks in our experiments.)

The compression method presented here is directed at IP cores in
SOCs, which are not BIST-ed and whose structural models are not
available. Only the precomputed test sets are available to the system
integrator. Greater compression can be achieved with LFSR-based re-
seeding in a BIST environment [10]. This, however, requires that the
cores be BIST-ed and structural models be made available for fault sim-
ulation to identify easy faults and for test generation to determine test
cubes for hard faults.

VI. CONCLUSION

We have presented a new test data compression and decompression
method for testing embedded cores in an SOC. We have shown that the
proposed scheme makes efficient use of Golomb codes and the internal
scan chain(s) of the core under test to achieve high test data compres-
sion for SOCs and to save ATE memory and testing time.

We have also presented a novel interleaving decompression archi-
tecture that allows testing of multiple cores in parallel using a single
ATE I/O channel. This reduces the testing time of an SOC further and
increases the ATE I/O channel capacity. The additional logic for the
SOC channel selector is small and easy to implement. In addition, it
is independent of the multiple cores under test and their corresponding
precomputed test sets. We also show that apart from reduction in the
volume of test data, test data compression also allows a slower tester
to be used without any reduction in testing time.

Experimental results for the ISCAS benchmarks show that the pro-
posed scheme is very efficient for compressing test data. The results
also show that ATPG compaction may not always be necessary for
saving ATE memory and reducing testing time.
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