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Abstract

Two new test generation algorithms for
combinational and sequential circuits have been
proposed. Test vectors are generated using characteristic
faults and spectral information embedded in a circuit
under test (CUT) in the form of Hadamard coefficients for
the circuits. The Hadamard coefficients are extracted
using input and output correlation for combinational
circuits and using a test vectors targeted for a small set of
faults in the circuits for sequential circuits often known as
characteristic faults.

1. Introduction

Due to the advancement of the technology in terms of
device density and clock speed, testing of the devices
have posed a threat to design engineers. Market drive and
feature requirements supported by devices have led
designers to use complex designs that are hard to test.
Researchers in the past have come up with different
algorithms and innovative ways to test devices but the
increment in device complexity has rendered those
methods insufficient if not useless. Test equipments to
test a device are falling short on keeping pace with the
increasing operating speed of the device preventing “at
speed” testing [2]. At-speed testing is crucial for
reduction of test time which is the reason Built-in-self-
test (BIST) solutions have become part of designs these
days.

BIST solutions comprise of test pattern generator
(TPG) that generates the vector sequence to be applied to
the circuit under test (CUT), response compactor that
compacts the responses obtained from the CUT into a
signature and an output response analyzer (ORA) that
compares the signature to the signature of the fault free
circuit stored in the device.

In most of the BIST schemes, TPGs use linear
feedback shift register (LFSR) to produce pseudo-random
patterns. They have a simple structure and can also be
used as output response analyzers, thereby serving dual

purpose [1]. The quality of the LFSR-generated test set
depends on the CUT [3]. Random technique results in
large test sets [2] and is useful for circuits without
random-pattern -resistant faults [3].
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Figure 1. Basic Architecture of BIST

Weighted random patterns have been found to yield
better fault coverage in circuits that contain random-
pattern-resistant faults [4][5]. The basic idea for weighted
pseudo random test pattern generation method is to bias
the probability at each input based on the information
gathered on the circuit [6]. Weighting the pseudo-random
patterns [7-8] is done using counter-based schemes [9-10]
or performing bit-fixing (pattern mapping)[11]. However,
the difficulty arises when no one set of weights may be
suitable for all faults [12], and some structures in logic
circuits are resistant even to weighted random testing
[14]. Many hardware pattern generators often round-off
optimal weights producing patterns that are sub-optimal
for certain circuits [6].

Dynamic and static vector compaction methods have
been in use to compact the generated test vectors for
sequential circuits. The dynamic vector compaction uses
heuristics aimed at producing a short test sequence
whereas static vector compaction is a post-processing step
which is independent of test generation process and uses
reordering and overlapping of subset of test sequences
[20-21], vector omission (omits vectors from a sequence
without reducing coverage) [22], vector addition and
removal of old vector [16], vector restoration (vector
omission and then restoration to restore coverage) [23] to
obtain shortest test sequence. Various other methods of
extension of vectors have been proposed in literature.
Some use both static compaction and sequence extension
techniques that are achieved by repeating perturbed input



vectors or subsequences included in the compacted
sequence [22], whereas some use spatial and temporal
correlations among test vectors [24-26]. In [16-23],
information about the functional properties and/or
structure of circuit under test was not used. In
[6][12][27][28] researchers have used spectrum based test
generation algorithms. The main motivation of spectral
methods is to use the circuit information in generating set
of test vectors able to give better fault coverage.
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Figure 2. Test Generation Scheme

In this paper two new algorithms have been
presented to generate test wvectors using spectral
information from CUT. These two algorithms will be
useful for test generation for combinational circuits and
sequential circuits as well. First algorithm is specifically
targeted to combinational circuits where the relation
between system inputs and outputs are used while
generating the new sets of vectors. First algorithm finds
its inspiration from [31]. In [31] circuit is labeled faulty
after performing comparison of the Walsh coefficients
generated after the inputs are applied with the stored
Walsh coefficients of the good circuit. Second algorithm
is a modification of the algorithm presented in [6] where
the authors use state relaxation as this approach saves
storage requirements [6]. Fault masking can occur when
removing a recurrent subsequence [29]. It is also possible
that removing a relaxed recurrent subsequence will mask

a fault [30]. For the stated reasons in [29-30] state
masking presented in [6] is omitted in generating the
vectors in this paper.

The remainder of the paper is organized as follows.
Section 2 gives the overview and motivation for the new
spectral methods of vector generation. Section 3 discusses
the details of extraction of spectral characteristics and the
two algorithms in light of their importance. Section 4
concludes the paper. Section 5 gives some insights on the
future work and direction that would be done if given
more time.

2. Overview and Motivation

Every signal can be represented in two domains, 1)
time domain, and 2) frequency domain. The
transformations from one domain to the other can be done
using Fourier Transform. Depending on what we want to
do, one is preferred to the other. Sometimes it is easier to
perform calculations in time domain and sometimes it is
easier to do so in frequency domain. Most of the time we
have seen digital circuits be represented in time domain
and it is always a good idea to try something new and
thus the reason for trying the frequency domain for
testability analysis of a circuit.

Frequency decomposition is the most commonly
used technique in signal processing. A signal can be
projected to set of independent waveforms that have
different frequencies. This set of waveforms, each
represented as a vector, forms a basis matrix. It is a
known fact that if an orthogonal transform which has high
energy compaction and de-correlation properties is used,
most of the energy of the original signal will be
compacted into a few high magnitude coefficients. If the
input data is corrupted by additive white noise,
components which correspond to noise will be distributed
among low magnitude high frequency components.
Hence, a thresholding algorithm in an orthogonal
transform domain will remove most of the noise
components.

Due to the properties of Hadamard matrix it is widely
chosen as a projection matrix while extracting spectral
characteristics of a signal. A Hadamard matrix isann X n
real matrix H which satisfies HH™ = nl where l isann X n
identity matrix. They contain only 1s and -1s, and can be
generated using the following recurrence relation:



Input and output relation is targeted by this method in

H(x-1) H(x-1) generation/construction of vectors based on the
H(x) = H(x-1) -H(x-1) spectral information identified for the circuit.
Algorithm 1 illustrates the construction of such
vectors.
where x=1, 2, ..., n,
HO) =1, Algorithm 1:
n=log,N

Perform logic simulation with a set of random

. . . vectors and get the outputs.
For example, with k=1 and k=2, the above equation yields

Let i denote the row of the set vectors.
] Let j denote the column of the set of vectors.

Let k denote the column of the output for vjj.

Let vj; denote each input.
Let oy denote each oulput.

H2= 1 1 1 1
i i i i For (each output o)
1 -1 -1 1 For (each input vjin the test set)
Intermediary product /F; = vj;; X o,
For (each /P)

Since there are only 1s and -1s in the matrix, Coefficient vector cj=Hx /Py
multiplication can be easily done using additions and
subtractions. Moreover, the inverse transform of a For (each value in the coefficient matrix [coo, ...,
Hadamard matrix is the same as forward transform so Cnl
reconstruction of vectors becomes straight forward for If (absolute value of coefficient < cutoff)
our case. Set the coefficient to 0

Else if (coefficient < 0)

Each row/column in a Hadamard matrix is a basis Set the coefficient to -1
vector, carrying a distinct frequency component. Taking Else
example of H(1), the two basis vectors are [1 1] and [1 Set the coefficient to 1
-1]. Any bit sequence of length of 2 can be represented as For (each )
a linear combination of these basis vectors. Extension vector e;= modiified c; x H

If (weight > 0)

In this paper, the vector generation process starts Extend the vector set with value 1
with random vectors then static compaction for latest Else
detected faults is performed to filter out noise unlike [23] Extend the vector set with value -1

where the all the detected faults are considered. Because
of the promising results of using spectral methods in . . . . .
vector generation in [6, 12, 27-28] spectral methods are The illustration of this algorithm is as follows:
used in extraction of circuit and input sequence spectral
characteristics. The spectral characteristics are extracted
from the compacted test sequence using Hadamard

Let F(Xl, X, X3) = X1 *XoHtXo* X3+ X1 *X3

transform and a cutoff is used as a threshold to eliminate X Xe X B
. . . 0O 0 0 o
noise (higher the cutoff, closer the new set to the original
. - X 0 0 1 O
set) which produces newer test sets. This new set is
0 1 0 O
added to the test set based on the spectrum. 0 1 1 1
. . 1 0 0 O
3. Spectral Characteristic Extraction 1 0 1 1
L . . 1 1 0 1
a. Combinational Circuits 1 1 1 1

Replacing 0 with -1



X1 Xo X3 F

101 -1 -1
10101 1
11 -1 -1
11 1 1
1 -1 -1 -1
1 -1 1 1
1 1 -1 1
1 1 1 1

Intermediary product,

Xl* F X2* F X3* F

1 1 1
1 1 -1
1 -1 1
-1 -1 1
-1 1 1
1 1 1
1 -1 -1
1 -1 1

Obtaining transform coefficients using x;*F,

11111111 1 4
1-11-11-11-1 1 = 0
11-1-111-1-1 1 0
1-1-111-1-11 -1 -4
1111-1-1-1-1 -1 0
1-11-1-11 -1 1 1 4
11-1-1-1-1 11 1 4
1-1-11-11 1-1 1 0

Choosing cutoff of 4 the modified coefficient becomes [1
00-101 1 0] Now, multiplying the new coefficient

with H(3) ityields[2 2 2 -2 -2 2 2 2].

Using weight of 2, and conversion the new vector
becomes[1 1 1 0 0 1 1 1].Similarly this is done
for x,*F and x3*F and the new vectors are obtained.

b. Sequential Circuits

Instead of targeting the entire fault list to extract
spectral information like in [12], “characteristic faults” is
targeted by this algorithm. Because sequences that detect
hard to detect faults generally detect many other faults as
well, the aim of the second algorithm is on identifying the
set of hard faults such that their detection will detect other
hard to detect faults Characteristic fault should have the
property that a test set which detects them is also able to
detect many other faults in the circuit. This algorithm is
similar to the one discussed in [6] but it extracts spectral
information without the use of state relaxation.

Algorithm 2:

Si set of faults that have similar spectral characteristics
as K

7= generate random vectors
/= 0; done = 0; Smax=0;

While (not done) and (i<max_iteration)
Fault simulate 77

k;= Kk last-detected faults;
c;i= Tfiltered for k;,
Perform Hadamard Transform on C;
Obtain spectral coefficients H;
E;= new vectors generated using coeff. H;
S, = faults detected by £
if S;> Smax
Characteristic fault set = K,
_ Smax= S
i++;
If no improvements for n iterations
Done = 1;

Hadamard transform is done similarly as in previous
algorithm.

4. Conclusion

Two new algorithms have been proposed for vector
generation in testing combinational and sequential
circuits. Extraction of input and output spectral
characteristic of a circuit, which has been overlooked in
the past, using Hadamard transform has been proposed. It
is projected, through the literature reviews that the
approaches presented in the paper will result in generation
of test vectors able to give better coverage.

The vector generation methods discussed here can be
very efficiently used in system-on-chip (SOC)
environment. As discussed in [27], these algorithms can
be implemented as BIST in SOC as follows:
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Figure 3. Use of Hadamard coefficients for BIST. [27]



The algorithms presented in this paper, in the light of
previous literary and experimental works, looks
promising. No matter how promising they sound or feel,
the algorithms need to be validated and the future work
should be targeted towards developing methods to test
these algorithms on benchmark circuits.

5. Future Work and Direction

Due to limited time during the semester | was unable
to produce some simulation results for the algorithms
presented in this paper.

Algorithm 1 tries to characterize the circuit by using
input and output relation to generate the spectral
coefficients which then is used to generate test vectors for
simulation purposes. This is a novel approach that was
seen in earlier paper [31] but has not been in literature for
generating the test vectors for simulation purposes.
Simulation based test generation, which began with the
advent of random test generation which soon gave way to
weighted random patterns, is an efficient way to test
designs before they are manufactured. Although the
methods presented in this paper may be algorithms that
will go un-noticed and un-cared for but the spectral
methods of generating vectors looked promising after
reviewing [6][12][27][31]. Since Algorithm 1 is proposed
for combinational circuits and circuit simulation may be
required many times while generating the vectors, | plan
to write my own simulator which would save a whole lot
of simulation time as that would mean | will not have to
run the simulator and spectral coefficient extractor
separately. Once that is done along with extraction of
spectral coefficient and the new vectors are added to the
randomly selected small set that started the process, and |
would check for the results. It is clearly evident that for
circuits with larger number of inputs and outputs this
method will be time consuming if | was using two
different simulators. If I have my own simulator and can
do the manipulations in a structured way the simulation
time will be reduced, probably orders of magnitude
(humans work slower than machines!).

Algorithm 2 is very suitable for sequential circuits
and is one of the algorithms that was proposed and
experimented in [6] but without state relaxation. State
relaxation means removal of subsequences (sequences
that transfers a state machine from one state to another)
from test vectors to reduce the number of vectors. This is
one of the ways compaction of vectors are done in
simulation based testing. If fault effects of on flip flops
are unchanged due to application of the sequences then
those sequences can be removed from the vector sets but
sometimes the result may not change due to masking of a
fault. In [30] authors predict that the fault coverage may

be slightly lower due to fault masking although these
situations are rare. | did not want to let go of the idea of
testing the circuits without state relaxation as at times the
widely accepted facts without supporting data can be
misleading. Implementation of this algorithm would also
mean coming up with a simulator for sequential circuits
as we need to operate on last detected fault on every cycle
to find out a new set which will take up a long time
(longer than the one for combinational circuits). Given
more time | would work on a simulator that is able to
handle both Combinational Circuits and Sequential
Circuits as well with options like using state relaxation
and without using state relaxation with my algorithms.

Doing so will give me some experimental results that
can be publishable. Another thing that | had in mind was
to use a FPGA board and implement these algorithms in it
to try and see the effectiveness in SOC environment.
Rapid prototyping is a very important aspect of design
these days and FPGA can emulate a SOC environment in
labs if not to the full extent.

| am pretty sure my algorithms will produce results
that are equally good as the ones in [6][12][27][28] if not
better. All these projections are based on the literature
review of the algorithms and the experimental results
made available by many authors.
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