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BIST/TEST-DECOMPRESSOR DESIGN
USING COMBINATIONAL TEST
SPECTRUM

Nitin Yogi' and Vishwani D. Agrawal

Abstract

ATPG vectors for a combinational circuit exhibitr@ations among the bits of
a test vector. We propose a BIST/decompressor itidasign methodology
using spectral methods which utilizes the correlatinformation. This circuit
serves dual purposes. It generates BIST vectotsatesimilar to the ATPG
vectors with higher test coverage as compared tmoan and weighted random
vectors. The same circuit can also function as & thata decompressor for
compressed ATPG vectors applied from an extersééteThe proposed design
method consists of spectral analysis of ATPG vectordetermine prominent
spectral components and a vector shuffling algomitto minimize noise. A
BIST/decompressor circuit is then constructed ushey spectral information
and the noise level. For ISCAS’85 circuit c7552 dnel combinational part of
ISCAS’89 circuit s15850 we compare the new metlggohgainst ATPG, and
random or weighted random BIST vectors with respedest coverage, test
data volume, test application time and area ovedthéwr test application time,
we assume that the on-chip system clock is terstiaser than the external
tester clock. For c7552, the pure BIST mode a@sidest coverage of about
99.25% with zero external test data volume in thmes test time as that for
external application of ATPG vectors having 100%verage. Using the
decompressor mode, when compressed ATPG vectorgpgiged from an
external tester, we achieve 100% coverage withdatt compressed to around
5%. In a hybrid mode, where some compressed extAffAG vectors serve as
seeds for BIST, we again achieve 100% test covevatfetest data volume
reduced to around 1.5%, in comparison to externBlPS test vectors. The area
overhead of the proposed BIST/decompressor cirsuisimilar to that of
random and weighted random pattern BIST.

Keywords: BIST, Test decompressor, Test patterargéor, Spectral testing
1. Introduction:

Built-In Self-Test (BIST) has been a popular applofor testing digital circuits,
which employs an on-chip test pattern generatorargsponse analyzer to test
the Circuit-Under-Test (CUT). The BIST approachibih several advantages,
such as eliminating the need for expensive extetestiers, reducing testing
time, reducing test data volume, providing vertiegting capability from wafer
to system-level, and several others.
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Figure 1: Block diagram of proposed spectral BIST/écompressor.

One of the main challenges for BIST has been teggdeof a potent test pattern
generator (TPG) that can generate test vectorsnpasiatisfactory fault
coverage. A simple TPG that is widely used is augeeandom pattern
generator (PRPG) constructed as either a Linealtfée& Shift Register (LFSR)
or a Cellular Automata Register (CAR) (Bushnell aAdrawal (2000),
McCluskey (1985)). Although a PRPG covers mostt§uits coverage is
limited by random pattern resistant faults thatuies specific test vectors
(Eichelberger and Lindbloom (1983)). Several apphea have been proposed
for covering these faults. Mixed-mode testing ig @ay to cover these faults; in
which testing is first performed using pseudo-randpatterns and then
deterministic test patterns obtained from an Autiien@est Pattern Generator
(ATPG) are applied to detect the remaining randattepn resistant faults. The
test data storage requirement is determined bytingber of ATPG patterns to
be applied and can be prohibitively large. Onehef ¢arly suggestions was to
use weighted random test vectors, where the weigluti the bits (probability of
being logic ‘1) is modified to detect the randonatiern resistant faults
(Eichelberger, Lindbloom, Motica, and Waicukausk9g9)). However, multiple
combinations of weight sets may be required, whiictits the applicability of
this approach (Wunderlich (1990)). Another approscto insert test points for
improving the controllability and observability dfard-to-detect faults (Touba
and McCluskey (1996)). This approach incurs ared @elay penalties that
might be unacceptable for certain designs.

A popular approach is reseeding of the LFSR suahrtievant states are loaded
in the LFSR emulating the deterministic patterrat tihetect the hard-to-detect
faults (Koenemann (1991)). This approach coversrémelom pattern resistant
faults and also provides encouraging test data ocessjfpn capabilities. To

determine the seed for a test cube, a set of liegaations is solved based on
the polynomial of the LFSR. It has been shown th&tstcube of length Smax

444



Proc. 13" IEEE VLSI Design & Test Symy.DAT), Bangalore, July 2009.

can be encoded with a PRPG of size Smax + 20 witih Iprobability
(Koenemann (1991)).

All the above described approaches are based ohRB& as a TPG. In this
paper we propose spectral techniques to designGtdst decompressor, which
generates test vectors for a combinational cirguiBIST environment. The

designed hardware recreates the essential sppotqaérties of ATPG vectors.
Figure 1 shows the block diagram of the propose8TREst-decompressor
hardware. The hardware can be viewed as two suh#e®mda set of flip-flops

and combinational logic. As will be shown in theults section, the number of
flip-flops in the BIST hardware is much smallerritthe number of inputs of the
CUT being driven, which gives this architecture enesting test data
decompression capabilities.

The proposed hardware can function in three mople® BIST mode, external
tester mode (ETM) and hybrid BIST mode (HBM). Ttadient parameters by
which we can compare these modes of operationaate ¢overage, test data
volume and test application time. pure BIST mode, there is no data being
supplied from the external tester and the TPG gaesrtest vectors for the
CUT. This mode leads to lower fault coverage thateraally applied test
vectors and has ideally zero test data volume.tdst application time is
determined by the required fault coverage and ribguiency of operation of the
on-chip system clock. IExternal Tester Mode (ETM), seed vectors are loaded
from an external tester into the set of flip-flofether through a serial scan
interface or through a parallel interface) and deeompressed by the BIST
logic and applied to the inputs of the CUT. Theesdlfeature of this mode is
high fault coverage. Test data volume depends emtimber of flip-flops to be
loaded and the number of seed vectors. Test afiplicime is determined by
the number of decompressed test vectors and thadney of operation of the
external tester clock. Iybrid BIST Mode (HBM) the TPG generates test
vectors for the CUT and is loaded with relevantdseen the flip-flops at
frequent intervals to improve its performance. Timisde is marked with high
fault coverage, lower test data volume and tesliGjon time as compared to
the external tester mode.

2. Background

Our BIST synthesis approach is based on the prethisethe spectrum of
vectors that detect faults in a circuit reflectgortant characteristics such as
spatial and temporal correlations among the bitgrishary input vectors along
with some amount of noise or randomness, whichesponds to uncorrelated
bits in the test. We use Walsh functions (Weisst@f09)) contained in
Hadamard matrices to spectrally analyze binargtsgams. Walsh functions are
a set of orthogonal functions that consist of +id &ls. Any binary bit-stream
of k bits can be represented as a linear combinatioWafsh functions
contained in the Hadamard matrix, H@dq. Hence, by spectral analysis of test
vector bit-streams applied to the CUT the princigabtributing Walsh functions
for each input of the CUT can be determined, asriteesd in the literature
(Giani, Sheng, Hsiao and Agrawal (2001), Yogi argtadval (2006)).

445



Proc. 13" IEEE VLSI Design & Test Symy.DAT), Bangalore, July 2009.

3. Proposed Spectral BIST Method

One may use any commercial or home-grown ATPG ®alh as ATALANTA
(Lee and Ha (1993)) in our case, to generate txgtbvs for the CUT. The goal
is then to regenerate similar vectors in hardwaiagiminimum area overhead
such that the original fault coverage of the ATRg8tors is achieved.

The proposed method consists of two steps. Initeestep the ATPG vectors
are processed through shuffling and Hadamard wamsénalysis to enhance the
inherent spectral components and determine theim@marandom (noise-like)
content. Using the extracted spectral informatiow @oise content, a BIST
circuit is implemented in the second step.

3.1 Vector Processing using Spectral Analysis

In this step, the ATPG vectors are analyzed usiagathard transform. Since
the order of the vectors for combinational circusts$Smmaterial, vectors can be
shuffled and inherent spectral properties can beliied, thus reducing the
ambiguous noise-like content. Another technique kzes been found useful in
extracting the spectral components unambiguouslio isppend the original
vector set with vectors such that the aggregateghieig of the bit-stream

entering each primary input is balanced to 0.5, equally probable logic ‘0’

and logic ‘1'.

To analyze the ATPG vectors, bit-streams enteriagous inputs of the CUT
are examined separately. The Os and 1s in a bi#stiare represented as -1s and
+1s, respectively. Spectral analysis is performsghgs Hadamard transform
(Yogi and Agrawal (2006)) to obtain the componeft8Valsh spectrum in each
bit-stream. The shuffling algorithm reorders thectees such that certain
spectral components are amplified and noise iscediurhe shuffling algorithm

is described below.

Shuffling algorithm;

N;: No of inputs

Nv: No. of vectors

V(1:Ny,1:N): Vector Set of dimensions, M N

hd: Dimension of Hadamard matrix

H: Hadamard transform matrix of dimensioff' & 2"

Vector set V is appended with redundant vectorf siat the weighting of the
bit-streams of all inputs is 0.5

fori=1to N
perform spectral analysis on bit-stream of inpusi= V(:,i) x H;

pick the prominent spectral component Sp(i) from S
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rearrange vector set V such that maximum bits m bit-streams of
inputs 1 to i match with the picked prominent sggatomponents
Sp(1 to i) respectively.
end

Perform spectral analysis for the bit-streams of iaputs to determine the
prominent spectral components and noise.

After executing the shuffling algorithm, prominesgtectral components for each
input are obtained along with the corresponding&oi

3.2 Spectral BIST Implementation

The goal of BIST implementation is to design hambwghat will generate
vectors exhibiting similar spectral properties faes original ATPG vectors. This
is achieved by combining the choskhprominent components in appropriate
proportions and phases using a “spectral compagrihesizer’. Randomness
or noise, if required, is inserted in appropriateoant to the generated vectors
using a “randomizer circuit”. Figure 2 shows theogwsed spectral BIST
architecture for a CUT with three inputs. Thishdiecture, described in our
earlier work (Yogi and Agrawal (2008)) for sequahtircuits, is repeated here
for completeness.

A Hadamard wave generator provides spectral compsitleat are combined by
component synthesizers (generally, one per Pl)gusindom bit-streams from
the weighted pseudo-random bit-stream generatoe Jjpectral component
signals are shown in solid bold lines while the git¢d random signals are in
dotted bold lines. Noise is inserted in the comtdispectral components by a
randomizer (also one per PIl) supplied with an appate weighted random bit-
stream. In this example, the first input of the CWlids three prominent
components, which are combined by the componenthsgizer. The second
input of the CUT has only one prominent componémnce no component
synthesizer is required. A randomizer adds theiredutamount of noise. The
third input of the CUT has no prominent componem &ence a random bit-
stream is directly fed from the pseudo-random trégsm generator.

3.2.1 Hadamard Wave Generator

There is much literature on Walsh function genegsafblarmuth (1972)), which
provide implementations giving trade-offs betwe@eexl and area. We use a
Walsh function generator proposed by Harmuth (H&éhn{972)) that uses a
counter and has low hardware overhead. A generdtorder N generates "2
Walsh functions. It requirel flip-flops and 2 = N — 1 XOR gates. The ordét

of Hadamard matrix is used in spectral analysistarnichplement the Hadamard
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Figure 2: Proposed spectral BIST architecture.

wave generator. Higher order Hadamard matricescanstructed from lower
order matrices (Weisstein (2009)). Higher order rin@s are better able to
characterize a given bit-stream than lower ordetrices. However, the area
overhead for implementing the Hadamard wave geoeiatreases with the
order of the Hadamard matrix as mentioned eanlée. choose a value df
optimally to give a good trade-off between perfonce and area. This value is
determined from the ATPG vectors.

3.2.2 Spectral Component Synthesizer

To synthesize vectordyl prominent spectral components are combined in
required proportions (equal to their relative powegnitudes) and phases (their
signs), both obtained from spectral analysis oftiBec3.1. This is achieved
using the “spectral component synthesizer” that isultiplexer structure whose
inputs are driven b chosen spectral components, generated by the Hadam
wave generator, and the select lines are drivewdighted random bit-streams.
The weighting of the bit-stream is the proportiorwihich the components are to
be combined. For our experiment we choldke 1.

Table 1: Details of circuits used as examples.

Circui No. of No. of No. of | No. ofcollapsed
ircuit .
inputs | outputs gates faults
c7552 207 108 3512 7550
(Comsbliﬁgt?gnal) 600 670 | 9772 11697
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Table 2: Details of implemented spectral BIST TPG.

Hadamard Cellular Total No. of
Circuit . : Automata | flip-flops '
dimension . gates
Size used
s15850
(combinational) ! 28 35 2532

3.2.3 Randomizer

Along with the prominent spectral components, sgar@omness or noise is
present in the ATPG vectors. That needs to be teden the regenerated
vectors. The level of noise to be inserted is e from the relative power
magnitudes of the prominent spectral components #r other noise

components. The perturbation is inserted in theegdad vectors using the
randomizer, which performs an XOR operation on detd spectral

component(s) with a weighted random bit-stream. Whaght is proportional to

the amount of noise needed.

3.2.4 Weighted Pseudo-Random Bit-Stream Generator

This circuit generates weighted pseudo-random tkéams required by the
component synthesizer and randomizer. It uses hl@elAutomata Register
(CAR) havingL-flip flops and a combination of AND-OR gates. Tdifferent
weights to be generated are determined by the mipinportions of the spectral
components and by the amount of randomness to dedadVe use the
guantized weights given By = (ix2™) fori = 0 to 2-1. We use a value @f =

4 and also generate two additional weights Gfahd 22 for the randomizer.
The sizeL of the CAR needs to be sufficiently large to preévany unwanted
output bit correlations arising due to structurgpendencies of the implemented
BIST logic. Currently we choose a valuelo$uch that all faults in the CUT are
testable in the presence of the BIST logic. Thidasermined by providing the
combined BIST logic and CUT circuitry to an ATPGgram.

4. Results

We implemented the proposed BIST methodology on tircuits; ISCAS’'85
c7552 and the combinational part of ISCAS’'89 sl15&edchmark circuits.
Table 1 gives the details of the two circuits. ATR&tors were generated for
stuck-at faults with don’t care bits using the peog ATALANTA (Lee and Ha
(1993)). The test coverage of ATPG vectors was 180%e redundant faults
were not considered. These ATPG vectors were psedesising spectral
analysis and the shuffling algorithm of Section @ dbtain the spectral
information, which was then used to construct tH8TBTPG hardware. The
BIST TPG hardware was synthesized using the toaitbteGraphics Leonardo
Spectrum in TSMC 0.38n technology library.
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Table 2 gives the details of the synthesized BIBduids. The BIST TPG along
with benchmark circuits were then fault simulatesing Mentor Graphics tool
FlexTest (Mentor Graphics (2004)) and test covesagere determined.

Table 3: Test coverage comparison of random, weigbdl random and
proposed spectral BIST method after applying 64,000ectors.

Weighted
Circuit Random Random Spectral
vectors BIST
vectors
c7552 97.41% 97.86% 99.81%

s$15850

S 96.81% 97.41% 98.77%
(combinational)

Table 3 gives the test coverage results of the qeeg method. We compare
with random and weighted random pattern generators64,000 vectors.

Weights for the random vectors were obtained frbm ¢orresponding ATPG
vectors without quantization. Random and weightaddom vectors were
generated using a software random number genefsgashown in Table 3, the
proposed spectral TPG obtains better test covdoadmth circuits.

Figures 3 and 4 show test coverages for circuit$527 and s15850
(combinational) with the number of test vectors legabfor random, weighted
random and the proposed Spectral BIST method. Theek also show the
graph of test coverages when reseeding is emplogedy 33 and 134 seeds,
respectively, for c¢7552 and s15850 circuits. As ¢mn observed, the test
coverage of the test vectors generated by our ip&IST TPG increases more
rapidly than those with random and weighted randiestvectors.

Table 4 gives the number of gates of the origiirauit, the area overhead of the
proposed method and the area overhead of the psandom pattern generator
(PRPG). For the PRPG, the area overhead compristte ize of the LFSR
(number of flip-flops) which is proportional to tmeimber of inputs of the CUT.
As can be observed the area overhead of our prdposthod is comparable to
that of the pseudo-random pattern generator.

As mentioned earlier, our proposed BIST/test-deaesgor architecture works
in a mode that can load external test data intflijgsflops. The two modes that
use this feature are External Tester Mode (ETM) &hyibrid BIST Mode
(HBM). The flip-flops used in the Hadamard wave giettor and the weighted

Table 4: Area overhead comparison of proposed speat BIST and pseudo-

random pattern generator (PRPG).
Circuit No. of Spectral BIST PRPG
gates in No. of % Area No. of % Area
circuit gates overhead gates overhead
c7552 3,513 976 27.78 830 23.63
515850 9,772 2,672 27.34 2,400 24.56
(combinational)
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Figure 4: Test coverage comparison for s15850 of mdom, weighted
random, spectral BIST and spectral BIST with reseeihg.

pseudo-random bit-stream generator, indicated innwo 4 of Table 2, are
loaded with required seed from the external teS#&rce only these two modes
are able to provide 100% test coverage (fault amyerof the pure BIST mode
saturates below 100%), we compare these modesns tef test data volume
and test application time. The seeds can eithdoded through a serial scan
interface or through a parallel interface. Sevamroaches have been proposed
for parallel reseeding including on-chip dynamicchieiques (Kalligeros,
Kavousianos and Nikolos (2004)).

As discussed earlier, in the External Tester MdgiEM), the TPG is used as a
decompressor for one-seed-per-vector operatiothismnmode the TPG is not
used to generate any new vectors, but only to dpoess the seeds that are
being applied to its inputs. In Hybrid BIST ModeRBM), the TPG is operated
in the normal mode to generate new vectors aneseeded at specific intervals
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to improve the fault coverage. The specific inté&svdor reseeding are

determined by a coverage threshold and a step{siaeber of vectors).

Whenever the test coverage improvement over a gstep-size falls below

threshold, reseeding is performed. We use a testrage improvement

threshold of 0.1% for a step-size of 1000 vectovhien the number of faults
detected by 1000 vectors drops to one, the TP@nionly for one clock cycle

after reseeding till all the faults are detectetie Thext test seed to load for
reseeding is obtained using an ATPG program rutherremaining undetected
faults in the CUT.

Table 5 gives a comparison of test data volumetesidtime for ATPG and the
different modes of operation of Spectral BIST foe tircuit c7552. For ATPG,
the test vectors are applied directly to the CUTtHaut any BIST logic) by the
tester with a clock period equal tesks The test vectors can either be applied
through a parallel interface or scanned in inthié segister of size equal to the
number of inputs of the CUT. In external tester m@@TM), the TPG functions
as a decompressor for one-seed-per-vector operatidnis controlled by the
tester clock (Lse). Reseeding can be performed using a serial oallphr
interface. In the hybrid BIST mode (HBM), TPG rups internal on-chip
system clock (k) during normal mode of operation, and on the teskeck
(Tweste) during reseeding. Again reseeding can be perfdrime this mode
through a serial or parallel interface.

In Table 5, column 1 gives the number of vectoedlsethat need to be applied
for 100% test coverage. Column 2 gives the nonpéis that are being driven
by the tester. For ATPG, the tester drives the tsymi the CUT directly. For

Spectral BIST, the tester drives the inputs ofBI&T logic. Column 3 gives the

test data volume that needs to be applied. Colureusd 5 give the number of
clock cycles of the tester and the CUT that araiired to apply the test data.
Column 6 gives test application time in microses). For calculating test

time, it is assumed that the period of the tedtakcis Tieser= 10ns and that of

Table 5: Comparison of test data volume and testriie for ATPG and
different modes of operation of Spectral BIST for @552.

) ) @) “4) (5 (6)

Test No. of
Mode of test No. of No. of data No. of system 'I_'est
o vecs./| . tester time
application inputs volume clock
seeds (bits) cycles cycles (us)t
ATPG (parallel) 247 207 51129 247 0 2
ATPG (serial) 247 1 5112¢ 5112¢ 0 511
ETM 1 197| 30 5010 | 197 0 2
(parallel)
ETM 197 1 5010 | 5910 0 59
Spectral|  (serial)
BIST | HBM 33 30 990 33 8034 | 8
(parallel)
HBM 33 1 990 990 8034 | 18
(serial)

T assuming tester clock periogeer 10ns and on-chip system clock periqg1ns.
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Table 6: Comparison of test data volume and testrtie for ATPG and
different modes of operation of spectral BIST for $5850 (combinational).

() ) ®3) (O] (6)

No. of
Mode of test No. of No. of Test data] No. of system Test
. . VecCs. . volume tester time
application seeds inputs (bits) | cycles clock (us) 1
i Y cycles H
ATPG (parallel) | 530| 600 | 318000 530 0 5
ATPG (serial) | 530 1 | 318000 318000 O 3180
ETM | 455| 35 | 15025 | 455 0 5
(parallel)
ETM | 455 1 15925 | 159280 0 | 159
Spectral| (serial)
BIST | HBM 3,1 35 | 4600 | 134 | 20129| 21
(parallel)
HBM | 134 1 4690 | 4690| 20129| 67
(serial)

T assuming tester cycle periodsgr 10ns and on-chip system clock periag ¥ 1ns.

the system clock isk = 1ns. We chose a much slower tester clock foerstv

reasons. The scan circuitry is generally not omédifor high speed operation.
Also, using a fast tester clock may increase testep to undesirable levels.
Since the test vectors generated are non-functidhate is a probability of

failing functionally good chips when running thester clock at higher

frequencies by activating long non-functional paths

The results for parallel interface and serial sicterface are given in Table 5.
We observe that the test data volume for specti®l'Bs an order of magnitude
lower than direct application of ATPG vectors. Tiest application time shows
a marked reduction in case of serial interfaceadisgy for the two BIST modes
as compared to the ATPG mode. The test applicdiioa does not show any
improvements for the parallel interface reseedimgl & found to actually
increase slightly in the HBM parallel mode, althbuipe test data volume is
reduced even further. We believe using an improaigdrithm in the HBM
mode for picking the optimum intervals for reseediand determining an
optimum mix of tester clock and system clock cycléB benefit the results.
Table 6 gives a comparison of test data volumetesidapplication time for the
circuit s15850 (combinational), which shows a varyilar trend.

6. Conclusion

Our BIST methodology implements TPGs for combinadiocircuits using
spectral techniques. Spectral properties of ATPGtors are obtained by
spectral analysis and executing a shuffling alparit These properties are used
to design a TPG in hardware which generates vettaving similar spectral
properties as ATPG vectors. The proposed methodewgdoyed to design two
ISCAS benchmark circuits which yielded encouragiesults. The spectral TPG
obtained better fault coverages than the convealtioandom and weighted
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random TPGs for similar number of applied test oectWe also exhibit test
data compression capabilities of the proposed BI&Thitecture. This

architecture provides a maximum test data compmesskceeding 90% and a
proportional test time reduction for serial intedaeseeding.
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