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Abstract

One of the increasingly difficult challenges in testing a chip is
test data volume. This large volume of test vector must be
stored on the tester and then transferred to the inputs of the
core. Shrinking process technologies increases the number of
tests and the corresponding test data volume and test time.
Researchers have proposed numerous test compression
techniques that reduce the amount of test data and test time.
Among them, the linear decompression based schemes have
gained popular for its simple control logic and very high
encoding flexibility. This work presents a comprehensive
survey of linear decompression based schemes and discusses
the various types in that test data compression schemes. It
gives the framework for understanding this compression
technique and provides a platform for further development in
this area.
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Introduction

Advancement in nanometre IC fabrication CMOS technology
introduces scaling of transistor dimensions and allows a large
number of devices to be fabricated on a single chip.
Continuous increase in chip complexity needs excessive test
data volume even for single stuck-at-faults with single-
detection. This highly growing test data volume for SoC test is
one of the major challenges in today’s circuit design. The
ATE storage requirement depends on the amount of test data.
Total test time required for testing a chip also depends on the
test data volume as well as the test data bandwidth for
transferring the data [1].Testing cannot be done any faster
than the amount of time required to transfer the test data[2].
Test data bandwidth between the tester and the chipis
relatively low and limits the testing speed.

Approaches to Increase the Testing Speed

The three approaches [2] to increase the testing speed to
overcome the limits of test data bandwidth are Stand-alone
BIST, Hybrid BIST and Test data compression. Table 1 shows
the comparison of the three approaches. From the Table 1 we
have observed that Test data compression approach provides
more fault coverage with less test pattern than other two

approaches. As the amount of test data is increased, test
compression has become very attractive and the additional
hardware overhead is relatively low and significant reduction
(10x or even 100x) in the amount of test data that must be
stored on the tester can be achieved. One benefit of test data
compression is that it can extend the life older “legacy” testers
that may have limited memory by making it possible to fit all
of the test data in the tester memory. Even for testers that have
plenty of memory, test compression is still very attractive
because it can reduce the test time for a given test data
bandwidth [3].

Table 1: Comparison of Approaches to Increase Testing
Speed

Stand-alone Hybrid BIST Test data
BIST compression

1. Eliminate the | Stores part of | Requires additional
need for tester | test data on the | hardware before and
storage. tester to increase | after the scan chain.

fault coverage.

2. Useful for
performing  self-

Need to apply
more test pattern

Easier to adopt in
industry because it’s

test in the field
avoids the tester
requirements.

to CUT than test
data
compression.

compatible with the
conventional design
rules.

3. Fault coverage
is low.

Requires longer
test application

It generates the
complete set of

time. optimizable test
pattern with respect
to the desired fault
coverage by ATPG.

Test Data Compression

The idea in test data compression is to compress the amount
of test data both stimulus and response that is stored on the
tester. A generic architecture for several compression
techniques used to reduce the data volume and the tester
channel requirements is shown in Fig. 1. (A - Decompressor,
B - Compactor)
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CuUT B

Tester

Fig 1: Generic Architecture for Test Compression

The decompressor takes the compressed test vector as input
from the tester, expands them and sends the expanded test
vectors to the CUT. The output compactor converts long
output response sequences into short signature. This
additional on-chip hardware allows the test data to be stored
in compressed form. Depending on theimplementation of the
decompression hardware, the schemes for test data
compressions are classified in to three schemes namely Code-
based schemes, Broadcast-scan-based schemes and Linear-
decompression-based schemes. Table 2 shows the
characteristics of the three test data compression schemes. The
Linear decompression based schemes typically achieve better
encoding efficiency than other two types, and they are the
dominant approach used in the industry today [4].

Linear Decompression-Based Scheme

Any decompressor that consists of only XOR gates and flip-
flops is a linear decompressor. Linear decompressor that
expands an m-bit compressed stimulus from the tester into an
n-bit (n>m) stimulus, if there exists a Boolean matrix Anxm
such that the set of test vectors that can be generated by the
linear decompressor is spanned by A. A test vector Z can be
compressed by a particular linear decompressor if and only if
there exists a solution to a system of linear equations, AX = Z,
where A is the characteristic matrix of the linear
decompressor and X is a set of free variables stored on the
tester[3]. The number of free variables determines the
encoding capacity achievable by the linear decompressor. A
figure of merit for linear decompressors is encoding
efficiency. It’s defined as (Specified Bits in Test Set + Bits
Stored on Tester). How close linear decompressor encoding
efficiency is to 1 is a measure of its optimality.

Table 2 Characteristics of different test data compression
schemes

Sche | Code- | Broadcast-scan- Linear-
mes | based | based scheme | decompression-
schem | (Broad-casting the | based scheme (use
e (use | same value to | only linear
data multiple scan | operations  using
compre | chains) LFSR and
ssion exclusive-OR
codes networks)
to Static Dynami | Combin | Sequent
encode | reconfig | ¢ ational ial
the test | uration | reconfig
cube) uration
Pros | Exploit | Simple More Uses Low
S decompr | encodin | only linear
correla | essor g combina | depend
tion in flexibilit | tional ency
specifi y than | gates
ed bits static
Usable | Efficient | One-step | Very Very
on any | one-step | ATPG simple high
set of | ATPG control | encodin
test logic g
cubes flexibili
ty
Cons | Not High More Two- Two-
efficie | linear control step step
nt in | depende | than ATPG ATPG
exploit | ncy static
ing
don’t-
cares
More Lower Less Encode | More
comple | encodin | encodin | each comple
X g g slice X
control | flexibilit | flexibilit | indepen | decomp
logic y y than | dently ressor
sequenti
al linear
decompr
essor

A. Combinational Linear Decompressor

The combinational linear decompressor implements the
characteristic matrix by using XOR network [5][6] and its
encoding capability at a shift cycle is restricted to the number
of inputs of the XOR network. Tester provides XOR-ed subset
of channels to each scan chain [7] [8].The advantages
compared with sequential linear decompressors are simple
hardware and control. One approach for improving the
encoding efficiency of combinational linear decompressor [4]
is to dynamically adjust the number of scan chains that are
loaded in each clock cycle. If four clock cycles are used to
load the highly specified bits to the scan chain, only 25% of
the scan chain is loaded in each clock cycle. In [9] to test CUT
with a single scan chain, first the compressed neighbouring
bitwise exclusive-or (NB-XOR)-ed difference vectors from
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the ATE are transferred to an on-chip decoder which
decompresses them into the original NB-XORed difference
vectors. And then the decompressed vectors are fed into the
inverse NB-XOR block, which consists of a simple pair of one
XOR gate and one flip-flop, to transform them into the
original low-power scan vectors. Finally the transformed
vectors are shifted into the internal scan chain. It requires less
area overhead than the CSR (Cyclical Shift Register) and it
does not require any knowledge or modification of the internal
structure of the core.

B. Sequential Linear Decompressor

Sequential linear decompressors are formed by linear finite-
state machines (LFSRs, Cellular automata, or ring generators)
[10]. Sequential linear decompressor encodes the scan slices
by using free variables from the previous clock cycle to
encode the scan slice in the current clock cycle [2].This
provides greater flexibility and advantages over combinational
decompressors. Flexibility and encoding efficiency can be
increased by adding more number of flip-flops. Well-designed
sequential decompressor with sufficient number of flip-flops
gives greater than 0.95 encoding efficiency [11] [12]. The
sequential linear decompressor inserts a linear finite-state
machine such as LFSR or ring generator between the
decompressor inputs and the XOR network [13]-[16]. It
improves the encoding capability by utilizing the compressed
test stimuli shifted-in at both current and previous cycles to
encode the test stimulus needed at the current shift cycle. In
[17] Tp is the un-compacted test set and Tgi iS the
corresponding difference vector test sequence. The advantage
of using Tp for compression is that the decompression
architecture for on-chip pattern generation does not require a
separate CSR and reduces the hardware overhead.

C. Fixed Length Sequential Linear Decompressor

We achieve compression by storing only the seed in the tester
instead of full test cubes. Combination of LFSR and XOR
networks expands the seed from the tester and loads the scan
chain with the help of additional free variables. Simple
sequential linear decompression is performed by just shift the
same number of free variables for every test cube. Control
logic is not complex but limited encoding efficiency for the
worst-case most heavily specified test cube. In this fixed
length or static reseeding approaches [14]-[15], all the
specified bits in a test cube are encoded by using an LFSR
seed, and the LFSR size has to be no less than the number of
specific bits in the test cube. Increasing LFSRs size as the
increasing number of specified bits in the test cube can be
controlled only by decompress a limited number of scan slices
per seed [13] [15]. In [18] LFSR reseeding is used to generate
update flag, hold flag and test data for each test cube. The last
value shifted into the scan chain is repeatedly shifted into the
scan chain and the data from the LFSR is ignored decided by
the value of hold flag. It reduces the transitions and increases
the compression with the hardware overhead for the hold flag.
Idle time of the tester when the LFSR is running in
autonomous mode is eliminated by the shadow register. It
holds the data coming from the tester when the LFSR is busy
[19] [20].

D. Variable Length Sequential Linear Decompressor
Variable length sequential linear decompressor improves its
encoding efficiency by varying the number of free variables.
It uses only as many free variables as are needed to encode
each test cube. In Heavily specified scan slice, scan shifting
can be stopped by the extra gating channel for one or more
clock cycles and it allows the LFSR to accumulates sufficient
number of free variables to solve the current scan slice before
proceeding to the next one[16] [20]. Reduction in
compression caused by the extra gating channel can be
avoided by the idea of initialize the counter with the value
specified by the first b-bits coming from the tester during the
first clock cycle [21]. These b-bits denote how many clock
cycles should be used for decompressing the test cube. As the
encoding efficiency increases with the number of flip-flops
used, one method to achieve more number of flip-flops
without incurring a lot of overhead is to configure the scan
chains themselves into a large LFSR as originally suggested in
[22]. Applying the compressed test stimuli continuously
during shift, the dynamic reseeding approaches increase the
encoding capability significantly while allowing the use of a
smaller LFSR [16][23]. In [24] by dividing the VIHC
(Variable-length Input Huffman Coding) decompressor into
Huff-decoder and CGU (Control and Generator Unit) allows
Huff-decoder to continue loading the next code word while
the CGU generates the current pattern. Thus the Huff-decoder
is interrupted only if necessary and leads to reduction in TAT
(Test Application Time). An additional advantage of this on-
chip parallel decompressor is that having the two components
working in two different clock domains, this facilitates data
delivery to the CUT at the on-chip test frequency using only
one ATE (Automatic Test Equipment) channel therefore
better resource utilization. In [25] decompression is achieved
by for each scan slice, first all the scan cells are assigned to
the same values as the previous scan contents, then the
corresponding bits are flipped one by one in the following
cycles according to the configuration vectors. If the number of
bits to be inverted is small, due to the low filling rate in test
set, co-joint reduction in test data volume and power
consumption is achieved.

E. Combined Linear and Non-Linear Decompressor
Combining the linear and nonlinear decompressor provides
higher compression by overcoming all the limitations when
they are operating separately. Selecting the solution to the
system of linear equations for each test cube is in such a way
that they can be effectively compressed by the statistical code
[15]. Statistical code reduces the number of bits stored on the
tester for the linear decompressor. Combining the linear
decompressor with dictionary coding, linear decompressor
generates the code for the scan slice if it’s not available in the
dictionary [26]. Nonlinear decompressor identifies scan chains
that are compatible with a nonlinear combination of two other
scan chains which is placed between linear decompressor and
the scan chains [27] [28]. Compatible relationship among the
scan chains is difficult to identify from the increasing scan
length and the increased number of test patterns.
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Conclusion

Selecting an effective Test data compression from the number
and diversity of available techniques is hard and the ultimate
selection depends on several parameters. The parameters are
implementation context, fault coverage, testing time, area
overhead and the effect on the design flow. In this survey
paper we have tried to cover the test data compression
techniques proposed by researchers in linear decompression
based schemes. This analysis shows various categories in
linear decompression and found that the linear sequential
decompressor has better encoding efficiency.
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