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Abstract. This paper proposes an approach to designing a cost-effective deterministic test pattern generator (TPG)
for two-pattern testing. Given a set of pre-generated test-pair set (obtained by an ATPG tool) with a pre-determined
(path delay) fault coverage, a simple TPG is synthesized to apply the given test-pair set in a minimal test time.
To achieve this objective, a configurable linear feedback shift register (CLFSR) structure is used. Techniques are
developed to synthesize such a TPG, which is used to generate an unordered deterministic test-pair set. The resulting
TPG is efficient in terms of hardware size and speed performance. Experiments on benchmark circuits indicate that
TPG designed using the proposed procedure obtain high path delay fault coverage in short test length.
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1. Introduction

Pseudo-random testing is popularly used in BIST
applications. To achieve a desired fault coverage,
pesudo-random patterns are often supplemented with
few deterministic patterns. When deterministic patterns
are generated a priori, pseudo-random sub-sequences
can be chosen such that they also cover these determin-
istic patterns. We call this methodpseudo-deterministic
testing(PT).

∗This project is supported in part by Natural Science Foundation of
China (NSFC).

The majority of BIST techniques for PT aim at com-
binational faults, i.e., faults that can be always detected
using a single test pattern. Few work has been done
on BIST for the detection of sequential faults, e.g., de-
lay faults and stuck-open faults. To detect any of these
faults, a specific sequence of input patterns has to be
applied in two consecutive clock cycles. Such a pair of
input patterns is referred to as atest-pair.

Several well-known BISTtest pattern generator
(TPG) schemes have been proposed for two-pattern
testing. The two-pattern generation capability of TPGs
can be evaluated using transition coverage [1] or the AC
strength [2], which is defined as the ratio of the max-
imum number of test-pair that can be generated to the
exhaustive test-pair count 2n(2n − 1):
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• Exhaustive testing [3] and pseudo-exhaustive testing
[1, 2, 4, 5]. Exhaustive test-pair pattern count for a
n-input circuit under test(CUT) is 2n(2n − 1). For
a n-input CUT, a 2n-stage LFSR can apply exhaus-
tive test-pair patterns which is to give all transitions
between every distinct test-pair pattern. It has been
shown that onlyn2n test pairs that differ on a single
bit are sufficient to detect all robustly testable path
delay faults. These schemes are limited to CUTs with
small number of inputs.
• Pseudo-random testing [2, 6] and weighted-random

testing [3]. The test pattern can be generated using
LFSR, cellular automata [6] or circular self-test path
[2]. The linear nature of these structures reduces the
area overhead. However, the achievable robust path
delay fault coverage can only be determined via fault
simulation in a post-processing step. If the fault cov-
erage is poor, further selection steps with increased
TPG size may be required.
• Pseudo-deterministic testing [7–9]. In [7], an-stage

LFSR is synthesized such that a set ofn pre-
computed test-pairs is embedded in the maximal
length pseudo-random test sequence of the LFSR.
The restriction that onlyn test-pairs being covered
limits its practical application. In [9], amultiple in-
put shift register(MISR) is re-seeded several times
with a constant parallel input vector. Using an ATPG-
based selection algorithm for the determination of
the optimal input vectors, the MISR runs through
its maximal length sequence and provides maximal
robust path delay fault coverage. All possible test-
pairs can not be generated unless all 2n different input
vectors were tried.

The above approaches differ in fault coverage, test
length and area overhead.

In this paper, we propose a new pseudo-deterministic
BIST TPG scheme for generating a set of pre-generated
test-pair set using a configurable LFSR structure. A
set of deterministic test-pair is generated to detect all
robust path delay faults in the CUT. A LFSR-based
TPG synthesis method is proposed, such that the de-
terministic test-pair sequences can be included in the
TPGmaximum length sequences(MLSs). For an-stage
LFSR, our technique guarantee that these determinis-
tically generated test-pairs embedded in a set of clas-
sical pseudo-random test sequences. This is solved in
two steps. First, LFSR primitive polynomial is gener-
ated for each test-pair. Then, a minimum number of
LFSR configurations are found such that corresponding
MLSs cover all test-pairs. This problem is formulated

as a cluster covering, which could be efficiently solved
using binary decision diagrams. Experimental results
reveal that the test length can be drastically reduced.

This paper is organized as follows. Section 2 gives
some definitions of configurable LFSR-based TPG.
Our approach is described in Section 3, where the con-
figurable LFSR-based TPG design algorithm is given.
The experimental results based on benchmark circuits
are presented in Section 4. The final section gives the
conclusions and proposes future work.

2. Configurable LFSR

The objective of this paper is to explore the capability of
LFSRs and to demonstrate its capability of generating
deterministic test-pair sequences, for the detection of
sequential faults, such as stuck-open and delay faults.
For simplicity, we restrict our discussion to path delay
testing.

LFSRs are a class of linear sequential machines con-
structed from clocked D flip-flop and modulo-2 adders
(XOR gates). There are two configurations for the
LFSR: a Type I LFSR which has the XOR gates be-
tween cells, and a Type II LFSR which has the XOR
gates on the feedback chain. Ann stage LFSR is char-
acterized by its feedback (characteristic) polynomial
given by

P(x) =
n∑

i=0

ci x
n−i (1)

where coefficientsci ∈ {0, 1}, i = 0, 1, . . . ,n− 1,c0 =
cn = 1, xk represents the state ofk-th shift register bit.

In this paper, we use Type II LFSR and assume that
shifting and numbering of the cells are from left to
right. The next state of the LFSR is determined by the
shift operation and the corresponding polynomial coef-
ficients. The current state of each cell except themost
significant bit(MSB) is equal to the content of the pre-
vious cell at the previous clock. The state of the MSB
is determined by the corresponding XOR operations of
the cells with feedback links (according to Eq. (1)).

If the feedback polynomial is primitive, then the
LFSR (initialized to any non-zero state) generates a
sequence of length 2n− 1 before returning to the ini-
tial state. Such a LFSR is called a maximal length
LFSR. The sequence of 2n− 1 states generated by the
LFSR with polynomialP(x) is called MLS.

The next state function of a LFSR can be represented
by using a transition matrix, or briefly aT-matrix,T ,

X′ = TX, (2)
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where X and X′ denote the current and the next
states.

Theorem 1. Let Pj (x) and Pk(x) be primitive poly-
nomial(Tj and Tk are corresponding T-matrix), let Sj

and Sk denote two corresponding distinct MLSs. Then,
two consecutive states〈v, w〉 (a test-pair) that are
contained in Sj will not be repeated in Sk.

Proof: Let 〈v1, w1〉 be fromSj and〈v2, w2〉 be from
Sk, 〈v1, w1〉 = 〈v2, w2〉 impliesv1 = v2 andw1 = w2.
Because addition(+) is modulo 2, this is equivalent to
v1 + v2 = 0 andw1 + w2 = 0. Sincew1(w2) is the
next state ofv1(v2),w1+w2 = 0 can also be expressed
as follows

w1+ w2 = 0⇔ Tj v1+ Tkv2 = 0

⇔ (Tj + Tk)v2 = 0

⇔ Tj + Tk = 0

⇔ Tj = Tk

This contradictsTj 6= Tk, therefore, 〈v1, w1〉 6=
〈v2, w2〉. 2

In this paper, we use additional logic to encode
LFSRs with different polynomials into a singlecon-
figurable LFSR(CLFSR). Since LFSRs are used as
the basis of the TPG for two-pattern testing, then a
large number of different polynomials can be generated
which depends on the configuration of these LFSRs. A
n-stage CLFSR is shown in Fig. 1. It is easy to see
that the values of the configuration inputs are simply
the coefficients of the LFSR’s feedback polynomials.
The values of configuration inputs could be stored in a
ROM on chip or be set using an additional scan path.

It is easy to configure the feedback of a LFSR, this
allow the choice of any characteristic polynomial for

Fig. 1. Configurable LFSR.

the LFSR. Note that, we are using configuration inputs
as means of encoding various LFSR-based TPG into
one CLFSR, the final implementation of the synthe-
sized BIST TPG will not necessarily have all config-
uration inputs. Suppose that a few configurations are
selected, if any configuration input has a constant 0/1
value over all the configurations, that input and asso-
ciated logic can be removed by applying the constant
0/1 value. As an extreme case, if exactly one configu-
ration is selected, then the values of the configuration
inputs are set to particular values, and the logic can be
simplified accordingly.

According to Theorem 1, if an-stage CLFSR en-
codesk primitive polynomials, a total ofk(2n− 2)
distinct test-pairs can be generated.

The idea of configurable LFSR could be ap-
plied to MISR and/orbuilt-in logic-block observation
(BILBO). A configurablen-stage MISR is shown in
Fig. 2, values of the configuration inputs are simply
the coefficients of the MISR’s characteristic polyno-
mial, di (i = 1, 2, . . . ,n) are external inputs.

It is easy to prove that 2n(2n − 1) distinct test-
pairs can also be generated using an-stage MISR (by
using 2n different input vectors). It has been shown
in [9] that MISRs have the capability of generating
pre-deterministic test-pairs. This result can be applied
together with ours.

In this paper, we use two terms feedback polynomial
and characteristic polynomial interchangeably.

3. CLFSR-Based TPG Design Algorithm
for Delay Testing

We consider a set of deterministically generated test-
pair patternsV which detect all testable path delay
faults in the CUT,Vi ∈ V , i = 1, 2, . . . ,m. These test-
pairs can be denoted asV1 = 〈v1.1, v1.2〉, . . . ,Vi =
〈vi .1, vi .2〉, . . . ,Vm=〈 vm.1, vm.2〉, i = 1, 2, . . . ,m.
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Fig. 2. Configurable MISR.

vi .1 represents the first pattern of thei -th test pair.vi .2

represents the second pattern of the test pair.
In general, vi .1 and vi .2 are incompletely speci-

fied, i.e.,vi .1 andvi .2 contain don’t care values,vi .1,
vi .2 ∈ {0, 1, x}. Hence, a number of MLSs may con-
tain Vi after proper assignments of don’t care values.
According to Theorem 1, a fully defined test-pair is
contained in exact one MLS. Ifvi .1 andvi ..2 are fully
defined vectors (min-terms), according to Eq. (2), the
following relation

vi .2 = Tvi .1

can be used to check whether〈vi .1, vi ..2〉 is contained
in the maximal length sequence.

3.1. Problem Formulation

The problem of configurable LFSR-based TPG design
for two-pattern testing can be viewed as:determine
a minimum cardinality set of the maximal length se-
quence S such that each test pair Vi ∈ V is contained
in at least one MLS Sk ∈ S.

This problem can be solved in two steps. First, a de-
terministic path delay test generation tool is employed
to generate a set of test-pairs, which detect all robust
path delay faults. Second, TPG configurations are cal-
culated, such that the state sequences generated by the
synthesized CLFSR include these pre-determined test-
pairs. This is solved in another two steps:

(1) LFSR primitive polynomial is generated for each
test-pair;

(2) A minimum number of LFSR configurations are
found such that corresponding MLSs can cover all
these test-pairs.

3.2. TPG Design for Delay Testing

Assume that we have a set of pre-generated test-pairs.
We now wish to determine which configuration of the
LFSR-based TPG will produce a particular test-pair
Vi ∈ V . It is guaranteed that at least one configuration
exists. Assuming the TPG is clocked enough times,
this TPG will eventually produceVi .

For each Vi ∈V,Vi =〈vi .1, vi .2〉, supposevi .1=
(xn−1, . . . , x2, x1, x0), vi .2 = (xn, xn−1, . . . , x2, x1).
We try to calculate one primitive polynomial in the
form of Eq. (1). First, we combine the two consecu-
tive patterns together, with one bit shift right, to form
a sequence ofn+ 1 bit: (xn, xn−1, . . . , x2, x1, x0, ).
There exist several efficient methods to calculatePi (x),
generating this combined sequence [10].

Now, for each test-pairVi ∈ V , we are able to cal-
culate one primitive polynomial, i.e. CLFSR configu-
ration, such that the corresponding MLS containsVi .
A partially determined test-pair may occur in differ-
ent MLSs, but a minterm test-pair occurs only in one
MLS. Our goal is to choose a minimum number of con-
figurations, such that corresponding MLSs collectively
generate allVi ∈ V .

We transform this problem into a cluster-covering
problem on an undirected graphG = (MLS, E),
whereE is the set of edges. Each node corresponds to
a test-pair. There is an edge betweenVi = 〈vi .1, vi .2〉
andVj = 〈v j .1, v j .2〉 iff

∃〈vi .1, vi .2〉 ∈ MLSk ∧ 〈vi .1, vi .2〉 ∈ MLSk

i.e., Vi and Vj are both in the same MLSk. This is
checked by Theorem 1. A cluster is a fully connected
subgraph of nodes where each node in the subgraph
is connected to every other node via an edge. Each
clusterCr represents those test-pairs can be generated
with the same MLS.
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DS := the deterministic test-pair set (with path delay fault coverage)
PS := primitive polynomials set

Step 1: Obtain DS by a deterministic ATPG tool.
Step 2: Chose a uncovered test-pair from DS, generating primitive polynomial for it.
Step 3: Eliminating test-pairs that are covered by the MLS generate in step 2.
Step 4: Repeat Step 2 and 3 until DS is covered by these MLSs.
Step 5: Create a graph, each node represents a test-pair in DS, an edge between two nodes

if they are covered by the same MLS.
Step 6: Find a minimum number of clusters to cover the graph, get PS.
Step 7: Using PS to form the CLFSR.

Fig. 3. CLFSR design procedure.

Given the test-pair setV and calculated configura-
tions for eachVi ∈ V . Now, we create a graphG
accordingly. Since the cluster covering problem, in
general, is NP-complete, a heuristic approach must be
adopted. It can be solved efficiently by existed algo-
rithm [11]. The entire procedure for CLFSR design is
described in Fig. 3.

The above procedure can be easily applied to the
design of configurable MISR, with only little modifi-
cation, i.e., it needs additional seed synthesis.

3.3. An Example

Consider the CUT shown in Fig. 4. The circuit has 10
structural paths from the PIs to the POs. Corresponding
to the two possible transitions (rising, falling) at the
primary inputs(PIs), there are 20 path delay faults.
This circuit can be completely tested by a set of 12
deterministically generated test-pairs:

v1 = 〈x0101, 0x010〉, v2 = 〈1x00x, 0100x〉,
v3 = 〈0x111, 10111〉, v4 = 〈xx01x, x0x01〉,
v5 = 〈x1011, x1101〉, v6 = 〈11110, x1111〉,
v7 = 〈xx001, xx000〉, v8 = 〈00101, x0010〉,
v9 = 〈1011x, x1011〉, v10 = 〈0x11x, 10xx1〉,
v11 = 〈1100x, x110x〉, v12 = 〈xx011, xx001〉.

Fig. 4. Example of CUT.

Fig. 5 shows schematic of the CLFSR-based TPG
that corresponds to the CUT in Fig. 4. Note that, the
qi (i = 1, 2, 3, 4, 5) in the Fig. 5 connect to the same
qi in the Fig. 4.

Fig. 6 shows graphG for these 12 deterministically
generated test-pairs. InG, there is an edge between
v1 andv5 since both test-pairs are included in a MLS
with properly specified don’t care. A set of 3 clusters
can cover the whole 12 test-pairs, which are listed as
follows:

C1 = (v1, v5, v7, v9, v10), its primitive polynomial is

X5+ X3+ 1;
C2 = (v2, v4, v6, v7, v12), its primitive polynomial is

X5+ X2+ 1;
C3 = (v3, v6, v8, v9, v11), its primitive polynomial is

X5+ X3+ X2+ X + 1.

Therefore, there are 3 MLSs that include all these test-
pairs.

For an-stage LFSR, the above approach allows the
generation of a set of deterministic test-pairs embedded
in a set of MLSs. Since all the basic properties of
LFSR are preserved in our approach, therefore, any
other TPG design technique using LFSR (or BILBO)
can be beneficially applied in conjunction with this
approach.

4. Experimental Results

The proposed algorithm was implemented and tested
on selected circuits in the ISCAS’89 benchmark set
[12] (full scan version). We choose a few small-size
benchmark circuits for experiment. The configurable
LFSR topology in Fig. 1 was chosen. We consider as
CUT the combinational part of these circuits.
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Fig. 5. Corresponding CLFSR-based TPG.

Fig. 6. Minimum cluster covering.

Table 1. Experiments on ISCAS’89 benchmarks.

Circuit name # Inputs # Test-pairs # Path faults # Poly % Fault coverage % Area overhead

S208 19 289 290 10 83.1 7.94

S298 17 352 352 9 68.4 8.11

S344 24 643 710 16 75.6 9.09

S349 24 643 730 16 73.0 9.09

S386 13 704 800 8 78.4 8.51

S510 25 736 738 19 85.8 10.11

S526 24 708 820 20 79.9 12.5

S820 23 982 984 18 89.7 10.34

S832 23 996 1012 23 86.7 12.5

S1488 14 1916 1924 12 91.7 11.11

S1494 14 1926 1952 11 90.8 12.79

In Table 1, we report the results obtained for config-
urable LFSR-based TPG synthesis. For each circuit,
get a set of test-pair patterns that are generated by a
deterministic ATPG tool. We report the number of in-
puts (primary inputs+ D-output of FFs) to the CUT,
the number of test-pair patterns, the number of path de-
lay faults, the number of TPG configurations chosen,
fault coverage achieved and hardware overhead. TPG
configuration is uniquely determined by LFSR primi-
tive polynomial. The fault coverages are reported as a
fraction of the number of robustly testable path delay
faults, which evaluated by a path delay fault simulator.
It can be seen that high fault coverages are achieved
with reasonable hardware (an-stage CLFSR).

In the experiments, increase the number of config-
uration may increase the fault coverage. It is possible
that if the configurable LFSRs were run for more cycles,
higher fault coverages could be achieved. Of course,
the change of the configurations of CLFSR, using an
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Table 2. Comparison of TPGs for two-pattern testing.

TPG schemes Test length Fault coverage Hardware requirements

LFSR/CA [2] <2n(2n− 1) High 2n stage

LFSR [5] <(22n−1) High 2n stage

SIC-TPG [6] n(2n− 1) Max n stage (LFSR+ Shift Register)

CSTP [9] <2n(2n− 1) High 2n stage

ACCU [12] 2n(2n− 1) High n-bit (Counter+ Accumulator)

MISR [13] m(2n− 1) Max n stage

XLFSR [14] <(2n− 1) High n stage

CLFSR [8] m(2n− 1) Max n stage LFSR+ m AND

additional scan path, will require increased hardware
cost.

In Table 2, a qualitative comparison of our BIST
scheme (firstly proposed in [5]) with selected TPG
schemes proposed for two-pattern testing. We selec-
ted a few outstanding contributions in this field for
comparison. For each scheme, we listed its maximal
test length, estimated fault coverage and hardware
requirement.

In Table 2,m is the number of seeds. Fault cover-
age is estimated depending on the fact that it can be
maximal (Max) or lower than maximal (High).

5. Conclusions and Future Work

In this paper, we have exploited BIST approach for
two-pattern testing. The generation of deterministic
test-pairs with configurable LFSR-based TPG was ex-
ploited. A two-step approach was proposed. First, a
set of deterministic test-pairs is generated which is ca-
pable of detecting all robust path delay faults in the
CUT. Second, configurable LFSR-based TPG config-
uration is calculated to have pre-generated test-pairs
embedded in a set of maximal length pseudo-random
test sequences. This is formulated as a cluster covering
problem. Experimental results are presented to demon-
strate the effectiveness of the proposed BIST (for two-
pattern testing) methodology.

There are several ways the presented methodology
can be improved upon. As maximum length sequence
consists ofk(2n− 2) test-pair patterns, our approach
is confined to circuits with less than 30 inputs. The
general challenge is to develop a constructive CLFSR-
based TPGs synthesis approach that determines the best
configurations for a given CUT.

As part of our future work, the proposed LFSR-
based TPG design approach will be tested on more

academic benchmarks circuits as well as real industrial
circuits.
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