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Abstract

Testing for delay and CMOS stuck-open faults requires two pattern tests
and test sets are usually large. Built-in self-test (BIST) schemes are at-
tractive for such comprehensive testing. The BIST test pattern genera-
tors (TPGs) for such testing should be designed to ensure high pattern-
pair coverage. In this paper, necessary and sufficient conditions to ensure
complete/maximal pattern-pair coverage for linear feedback shift register
(LFSR) and cellular automata (CA) have been derived. The theory de-
veloped here identifies all LFSR/CA TPGs which maximize pattern-pair
coverage under any given TPG size constraints. It is shown that LFSRs
with primitive feedback polynomials with large number of terms are better
for two-pattern testing. Also, CA are shown to be better TPGs than LF-
SRs (for two-pattern testing) independent of their feedback rules. Efficient
algorithms based the necessary and sufficient conditions to design optimal
TPGs for two-pattern testing have been developed. Experiments on some
benchmark circuits indicate the TPGs designed using the procedures out-
lined in this paper provide much higher delay fault coverage than other
TPGs.

*This research was funded by NSF Research Initiation Award no. MIP-9210871



1 Introduction

Traditional focus of VLSI testing in general, and BIST in particular, has been on maximiza-
tion of stuck-at fault coverage. (Furthermore, most BIST techniques design test pattern
generators for each combinational logic block separately. In this paper, the circuit under
test (CUT) will also be assumed to be combinational.) Some techniques, such as pseudo-
exhaustive testing, go beyond single stuck-at faults and implicitly target all multiple stuck-at
faults and some bridging faults. However, a large class of physical defects do not map into
these fault categories. Some physical defects, such as transistor stuck-open faults in CMOS,
can convert the combinational CUT into a sequential one. This is due to the fact that in
presence of a stuck-open fault, the output of the faulty gate can be tri-stated and retain the
charge due to the previous vector. It is necessary that the previous vector (called initial-
ization vector V1) should appropriately charge (discharge) the gate output to ensure that
an error is generated when the test vector (V;) is applied. Hence, many stuck-open faults
require two-pattern tests. Similarly, delay faults require two pattern tests since the delays
in the circuit paths depend on the pair of input patterns applied.

There is growing interest in coverage of these faults. Firstly, increasing quality level
requirements constantly require better testing methodologies. Furthermore, increasing clock
rates and use of aggressive statistical timing can cause a circuit to malfunction even if each
device in a fabricated chip performs within its worst case delay tolerance. Hence, chip
manufacturers are beginning to augment their test methodologies to test for delay faults.
Typically, expensive testers are required to apply delay tests to circuits. Also, test time can
be large due to long test sequences required. Hence, BIST can effectively reduce the cost of
delay testing.

One important consideration in design of BIST test pattern generators (TPG) for
two-pattern testing is to ensure that adequate number of pattern pairs are applied to the
combinational CUT. The pattern-pair coverage is measured by the metric transition coverage
and its maximization is the main focus of this paper. Necessary and sufficient conditions
for a TPG to achieve complete pattern-pair coverage have been derived for commonly used
TPGs — LFSR and CA. Cellular automata have been shown to have large number of ways
in which complete/maximal transition coverage can be achieved. A TPG design procedure
that maximizes transition coverage under a given test time/TPG hardware constraint has
been developed. The TPG designed by using the results derived are validated with robust
path delay fault simulation on synthesized benchmark circuits.



The following is organized into seven main sections. Section 2 reviews the related
research. Some preliminary definitions are given in Section 3. Necessary and sufficient
conditions for designing a LFSR or CA to achieve complete and maximal transition coverage
are derived and comparison of the two TPGs are discussed in Section 4. TPG design
algorithms based on these conditions are described in Section 5. Robust path delay fault
simulation results discussed in Section 6 show that TPG designs that meet the conditions
derived in this paper are superior to other TPGs. Finally, concluding remarks and future
research directions are presented in Section 7.

2 Review of Previous Results

In [19], a 2n-stage non-linear feedback shift register with alternate stages connected to CUT
inputs is proposed to generate pre-determined ordered two-pattern tests. The feedback
function is a PLA-like function calculated from interlaced test pairs. Although this TPG
design can generate the desired test pairs in short test time, the high complexity of the non-
linear feedback network limits its applicability. In adjacency testing [6], only two-pattern
tests that differ in single bit are generated. This scheme reduces the maximum number of
test pairs to n(2" — 1). As shown in [18], such test pairs are sufficient to robustly detect all
path delay faults. Design of circuits that generate such (V3, V3) test pairs exhaustively are
presented in [6]. However, due to non-linear nature of these TPGs area overhead is high.

Input separation [15] was introduced to remove the correlation between consecutive
stages in a scan chain. Inputs that fan-out to common outputs are assigned to non-adjacent
stages of the scan chain. This method can also be used for BIST TPG design as shown in
Section 5.1. However, the existence of XOR gates between stages of a BIST TPG allows
extra freedom (not available in a scan chain design) which may lead to a more compact TPG
design.

Also introduced in [15] is the notion of AC strength, which is defined as the ratio of the
maximum number of two-pattern tests that can be generated by a TPG to the exhaustive
two-pattern count 2"(2" — 1). It quantifies the two-pattern test capability of a TPG. A
similar metric called transition count was defined in [8]. The relation between a linear TPG
design and the rank of submatrices derived from its transition matrix was also developed
in [8]. The transition coverage of some autonomous linear pattern generators was studied
in [8]. A metric (similar to AC strength) called transition count was proposed. It is a
measure of distinct pattern pairs that occur in the sequence generated by a TPG. Transition



count for an n-input circuit is the number of distinct two-pattern tests applied at its inputs
and is less than or equal to 22" — 1.

Further study on transition coverage has been reported in [20]. The transition counts
of linear feedback shift registers (LFSRs) and linear hybrid cellular automata (LHCA) have
been computed. Two new test pattern generators, XLFSRs and XLHCA, are defined. An
XLFSR is an LFSR whose odd stage outputs are grouped together, followed by even stage
outputs. An XLHCA is obtained similarly from an LHCA. This configuration maximizes
transition coverage if n CUT inputs are connected to n contiguous outputs of the TPG.
However, the TPG designs in [20] are too restrictive. There are a large number of TPGs
with maximum transition count in addition to those reported in [20]. In this paper, rules of
designing a TPG (LFSR/LHCA) that generates the highest transition coverage are given.
XLFSRs and XLHCA can be shown to be special cases of our results.

Modifications of circular self-test path (CSTP) [10] to improve the path delay fault
coverage were proposed in [14]. Three BIST circuits were described, namely, double CSTP,
double-flip-flop CSTP, and simulated CSTP. A double CSTP consists of two circular self-
test paths with data shifted in opposite directions. One of the paths also serves as the
test response compressor for the other path. A double-flip-flop CSTP adds an extra flip-
flop between two consecutive flip-flops in a conventional CSTP. The above two approaches
require twice the number of flip-flops. In a stimulated CSTP, the primary input CSTP
section compacts test response from a CUT (stimulated CSTP section). This requires that
the number of flip-flops in the stimulated CSTP section matches the one in the primary input
CSTP section. These modifications introduce extra freedom in generating two-pattern tests.
Hence, the fault coverage of the simulation results approach that of a 2n-stage LFSR.

3 Preliminaries

In this section, some preliminary notions and definitions are described. In the following, n
denotes the number of CUT inputs and m denotes the number of TPG stages. Two-pattern
exhaustive testing for an n-input circuit requires that all possible 2" vectors are applied as
Wi, each followed by all possible (2" — 1) V’s (# V;). By properly ordering the vector pairs,
the number of vectors required is bounded by 2"(2" —1) = 22" —2". Because 2" —2" > 2%2n~1
(for any n > 1), a finite state machine with 2n stages is necessary to generate these test
patterns. Transition coverage (or two-pattern coverage) is the number of distinct two-pattern
tests applied by a TPG to CUT inputs.



The transfer function of an m-stage autonomous linear sequential TPG is represented
by a transition matrix T given by [8]

11 Gi2 Q13 0 Gim
g21 G222 G233 *°° Gm

T=| 91 92 933 " G3m |, (1)
Ima1 Im2 Gm3 " Imm

where g;; € {0,1}(1 < ¢,7 < m). In general, the next state ' and current state z of a TPG

are related by
2 =Te. (2)

For thorough two-pattern testing, the number of TPG stages (m) is normally larger than the
number of CUT inputs (n). Hence, only a subset of the TPG outputs are connected to the
CUT inputs. Tapped variables (or simply taps) v = {v1,vs,...,v,} are defined as the flip-
flops (stages of the TPG) whose outputs are connected to the CUT inputs. The remaining
ones U = {uj,Us,...,Um-n} are the untapped variables. Let X, = {y,, Tuy,..., T, } and
Xy = {ZTuy,Tugy-++sTunm_n}t be the states of the TPG corresponding to the tapped and
untapped variables. Then the next state of the tapped variables can be represented by [8]

Xv, = TuXu <+ TuXu’ (3)
where T, and T, are submatrices of T of sizes n x n and n X (m — n). The submatrix T\,
given by

Guiuy Yoz Guus " Guium-n
Guay  Guauz Guauzs "7 Guaum—n

T = Guauy  Guayuz Gusyus """ Guaum—n y (4)
Guauy Guaz Gunua " Guaumen

is constructed from the n rows {vi,vs,...,vn} of T, with the corresponding n columns

removed. If r is the rank of T, then there are 2" distinct transitions from each X, state.

The rank of T, thus determines the transition coverage of the n tapped variables [8]. In the
following, the transition coverage is used to evaluate the quality of a TPG. The problem of
selecting v to maximize the transition coverage is referred as the tap selection problem.

Consider an m-stage TPG and an n-input CUT with 0 < n < m. A tap selection
is said to have mazimal transition coverage if the TPG generates the maximum possible
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number of two-pattern tests for the given TPG size. A tap selection is said to have complete
transition coverage if all 22 two-pattern tests are applied to the CUT inputs. These defini-
tions assumes that, if the TPG does not generate a test sequence of maximal length [1, 9],
it is seeded multiple times until all possible patterns are generated. To obtain maximal
transition coverage, the submatrix T, must have full rank r = min{n, m —n}. There are 2"
possible input combinations for an n-input CUT, each with 2" possible next states. Maximal
transition coverage is thus given by 2**". The notions of complete and maximal transition
coverage coincide if m > 2n (or equivalently, || > n). In this case, a TPG with m > 2n
is necessary to have complete transition coverage, but it is not sufficient. The n taps must
be carefully selected to avoid dependency between consecutive stages of a TPG. If m < 2n
(or [%] < n), it is impossible to achieve complete transition coverage. Maximal transition
coverage is simply 2™ — 1. However, the taps must still be carefully selected to obtain max-
imal transition coverage. One main subject of this paper is the identification of necessary
and sufficient conditions that an n-tap selection must satisfy to obtain complete/maximal
transition coverage for an m-stage LFSR (type 1 or type 2) or CA assuming that CUT
outputs depend on all n inputs. (These theoretical results are used in the design algorithms
described in Section 5.2).

An output y; of a circuit depends on an input z;, denoted by z; ~+ y;, if there exists
a directed path from z; to y;. For an n-input CUT with a single output, the minimum
number of stages required to achieve complete transition coverage is 2n for any linear TPG.
However, in reality, a circuit normally has multiple outputs and each output depends only
on a small subset of the primary inputs. Such a circuit is called a partial dependence (PD)
circuit. This observation inspired the idea of pseudo-ezhaustive testing [13]. Consider a
circuit with n inputs {z, z2,...,2,} and p outputs {y1,¥2,...,¥p}. Let the j-th output y;
be a function of k; inputs, i.e. y; = fj(zi,, T, . -, Ty, ). All gates and inputs in the transitive
fan-in of y; are called cone;. An input z; belongs to cone; if z; ~ y;. In pseudo-exhaustive
testing, each cone is tested exhaustively. Assume that the largest cone depends on k inputs,
i.e. k = maxi_; k;. Then the circuit can be tested two-pattern pseudo-exhaustively with
W tests, where 2% < W < 2°*, If k is small compared to the number of inputs n, then
the circuit can be tested using a shorter sequence without decreasing fault coverage. The
theory developed in this paper can be applied to each cone of a partial dependence circuit.
Algorithms for TPG design that exploit the theory are presented in Section 5.2.



4 Complete Conditions for Two-Pattern Coverage

A 2n-stage TPG (LFSR or CA) with all odd or even taps is sufficient to generate the
complete two-pattern tests for an n-input CUT. There exist other tap selections that also
achieve complete transition coverage. The ability to identify these tap selections not only
provides theoretical bounds for different TPG schemes, but also leads to more compact TPG
designs for pseudo-exhaustive testing. In this section, necessary and sufficient conditions
for commonly used TPG designs (namely, LFSR and CA) to achieve complete or maximal
transition coverage are derived. These conditions are derived for an n-input circuit assuming
a single output. The application of these results to PD circuits is described in the next
section.

4.1 Linear Feedback Shift Registers

LFSRs are a class of linear sequential machines constructed from D flip-flops and modulo-2
adders (XOR gates). An m-stage LFSR is characterized by its feedback polynomial [1, 9]
given by

P(z)=14cz+ -+ cn12™ ! +2™ (5)

If the feedback polynomial is primitive [11], then the LFSR (initialized to any non-zero state)
generates a sequence of length 2™ — 1 before returning to the initial state. Such an LFSR is
called a mazimal length LFSR.

The transition matrices Tprsr1 and Trrsre of a type 1 (external XOR) and a type 2
(internal XOR) LFSR. [1] are given by

(Cm~1 Cn=2 Cin=3 1 1\ (0 00 -0 1 )

1 0 0 0 0 1 0 -« 0 ¢

0 1 0 0 0 1 0 -~ 0 e

Tirsm = ] : & e, w Terrsme=| . . . . . .
0 0 0 0 0 0 00 - 0 ens
\ 0 0 0 1 0) \0 00 -+ 1 cuy/

The two LFSRs with the transition matrices given above are called dual LFSRs. The sym-
metry of the two matrices introduces some duality for tap selections of the two types of
LFSRs. For reasons given later, a TPG based on a type 2 LFSR normally requires fewer
flip-flops than that based on a type 1 LFSR for two-pattern pseudo-exhaustive testing. In



the sequel, only type 2 LFSRs are described. The corresponding results for type 1 LFSRs
can be derived from duality [4].

4.1.1 General Results

In this section, necessary and sufficient conditions for a tap selection to ensure complete
and maximal transition coverage for a type 2 LFSR are derived. First, consider the case
m > 2n. In this case, the n x (m — n) submatrix T, has full rank r = n if all its rows are
linearly independent.

Lemma 1 For an m-stage type 2 LFSR, if no two consecutive stages are tapped, then the
matriz Ty, has full row rank.

Proof: The condition implies that any tapped stage » must be preceded by an untapped
stage v — 1. The unique nonzero entry g,,—; in column v — 1 of T rggr, is included in Ty,

Hence, all rows of T, are linearly independent. O

Lemma 2 For an m-stage type 2 LFSR, if stage 1 and m are both untapped and there exists

ezactly one incidence of consecutive tapped stages v—1 and v with ¢,—; = 1, then the matriz
Ty has full row rank.

Proof: Since stage 1 and m are untapped, the only nonzero entry ¢ ,, in row 1 is excluded
from T,. Assume there is only one incidence of consecutive tapped stages v — 1 and v with
¢,—1 = 1. Because all the other columns have unique nonzero entries in different columns as
shown in Lemma 1, the matrix T, must have full column rank. If there exist more than one
incidence of consecutive tapped stages with nonzero coefficients, all of them map to identical
rows in 7T, and thus are linearly dependent. o

Theorem 1 For an n-input CUT and an m-stage type 2 LFSR with m > 2n, a tap selection
provides complete transition coverage if and only if

1. no two consecutive stages are tapped, or

2. stage 1 and m are untapped and there exists ezactly one incidence of consecutive tapped
stages v — 1 and v with ¢,_; = 1.



Proof: Since m > 2n, the matrix T}, must have full row rank.
The sufficiency of the theorem is a direct result of Lemma 1 and 2.

For necessity, assume that two consecutive stage v —1 and v are tapped. The nonzero
entry g,,—1 is removed from 7. In order for T, to still have full row rank, stage 1 and m
must be untapped, c¢,_; must be 1, and stage ¥ — 1 and v must be the only consecutive
tapped stages. Otherwise, the rows of T, are linearly dependent. Next, if either one of stage
1 or m is tapped, then tapping consecutive stages v — 1 and v either introduces an all zero
row (when ¢,_; = 0) or creates identical rows (when ¢,_; = 1) in 7,.. In both cases, the tap

selection does not obtain complete transition coverage. O

Complete transition coverage for an n-input CUT is achievable only if an m-stage
TPG with m > 2n is used. Constraints on the TPG size and test time may require that
m < 2n. The following results identify all tap selections that maximize transition coverage
under such constraints.

Lemma 3 For an m-stage type 2 LFSR, if two consecutive stages u—1 and p (1 < pp < m)
are untapped, then the matriz T, does not have full column rank.

Proof: If stages 1 — 1 and p are untapped, then columns ¢ — 1 and g with rows g — 1 and
p removed are included in T,. Since g, ,-; is the only non-zero entry in column p — 1, the
corresponding column in 7, must be zero. a

Lemma 4 For an m-stage type 2 LFSR, if stages 1 and m are untapped and the coefficient
c,—1 is zero for each pair of consecutive tapped stages v — 1 and v, then the matriz T', does

not have full column rank.

Proof: If stage v is tapped and ¢,_; = 1, then stage v —1 must be untapped. Otherwise, the
given condition is violated. With v — 1 untapped and v tapped, the unique nonzero entry
Guw—1 is included in the corresponding row of T,. Because stage 1 and m are untapped,
the last column (column m — n) of T, is given by (ey,~1€y,-1"** Cy,—1)- For every nonzero
coefficient ¢, (v € v) in column m — n of Ty, there exists a column with unique nonzero

entry at g,,—;. Hence, column m — n and the corresponding columns of T}, sum up to zero.
O

Theorem 2 For an n-input CUT and an m-stage type 2 LFSR with m < 2n, a tap selection
achieves mazimal transition coverage if and only if
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1. no two consecutive stages are untapped, and

2. if stage 1 and m are untapped, there exists at least one pair of consecutive tapped stages
v—1and v withec,_1 =1 for2<v <m.

Proof: Selecting n taps, where m < 2n, is the same as unselecting m — n taps, where
m > 2(m — n). The matrix T, must have full column rank.

The necessity of these conditions is a direct result of Lemma 3 and 4.

The sufficiency of the theorem is proven by contradiction. If the matrix T, does not
have maximal transition coverage, then either T} has a zero column or some columns of T,
add up to zero. For the first case, let stage y be the untapped stage corresponding a zero
column in T,. Since g, ,-; is the only nonzero entry in column g — 1 of Ty rspo, stage p—1
of Trrsre must also be untapped. For the second case, if some columns of T3, add up to zero,
they must include the (m — n)-th column, because all the other columns have unique 1’s in
different rows. The entry g . is the only nonzero entry in row 1 and can not be included
in T,. Hence, stage 1 and m must be untapped. In addition, for every nonzero entry c,_;
in the (m — n)-th column of T, the nonzero entry g,,,—1 in column v — 1 of Ty rsge must
also be included in T,. This requires that stage v — 1 be untapped and stage v be tapped.
In order that columns of T, add up to zero, the feedback coefficient ¢,_; for each pair of
consecutive tapped stage v — 1 and v must be zero. Therefore, if matrix T, does not have
full rank, either consecutive stages are untapped or stage 1 and m are untapped and for
each consecutive tapped stages v — 1 and v, the feedback coefficient c,_; is zero. O

If permutations of CUT inputs are not considered, there are totally (’:) possible tap

selections. They can be divided into three categories. The tap selections satisfying condition
1 of Theorem 1 (Theorem 2) obtain complete (maximal) transition coverage independent of
the feedback polynomial. Such tap selections are feedback independent. Other tap selections
satisfying the theorems are feedback dependent. The remaining tap selections always have
less than optimal transition coverage. Determining the number of choices in each category
is of practical interest. Generally, a larger number of choices indicates that the optimum
tap selection can be found more easily.

Lemma 5 Let Ni7™ (Nj™ ) be the number of feedback independent (dependent) tap selec-
tions for an n-input CUT and an m-stage LFSR with m > 2n. Then

) B P L
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Ng™ = (n—l)( "o ) (7)

m—-—n—2

Proof: View tapped stages as full boxes and untapped stages as empty boxes. There are
n full boxes. These full boxes are separated by n + 1 walls. Now we replace m — n out of

the n + 1 walls with empty boxes. Such a replacement makes sure that no two full boxes
n+l

m—n

are abutted. The number of choices is simply ( ) If stage 1 and m are tapped, the tap
selection does not have complete transition coverage. The number of choices for this case,
given by (m:l_z) , can be derived by replacing the first and the last wall with full boxes and
choosing m — n — 2 walls out of the remaining n — 1 (to be replaced by full boxes). The

number N;"™ is obtained by subtractin ~1 ) from (*!). For the feedback dependent
g 2

; . il
ones, stage 1 and m are untapped and one incidence of consecutive tapped stages is allowed
in-between. Since the first and the last box is empty, only n — 1 walls are considered. The
consecutive tapped stages correspond to a wall not replaced by an empty box. There are
n — 1 ways of selecting this wall. Of the remaining n — 2 walls, m —n — 2 are replaced with

empty boxes. Overall, the number N™ is given by (n — 1)( - ) 0

m-n—2

Corollary 1 The number of tap selections with complete transition coverage, N°°™, is
tightly bounded by Ngi'™ < N®™ < Ni7™ 4+ Ny™.

Proof: The lower (upper) bound occurs when ¢; = 0 (1) for 1 < ¢ < m — 1. The feedback
polynomial is simply P(z) =1+ 2™ (P(z) =14z 4+ 2%+ --- +2™). m]

Lemma 6 For the case m < 2n, let N’ (N[j**) denote the number of feedback independent

(dependent) tap selections with mazimal transition coverage. Then
m—n+1 m—n-—1
NP = - 8
<= ()0 ) ®
m-—n-—1
Nmﬂz —
= (™) ©)
Proof: For this case, we untapping m — n stages, where m > 2(m — n). The derivation of

the number of choices for the feedback independent case is similar to Lemma 5, with the
exception that n is now m — n and tapped (untapped) stages are viewed as empty (full)

11



boxes. Also, if stage 1 and m are untapped, the transition coverage depends on the feedback

coefficients (in contrast to the previous case that the transition coverage is always less than
optimal). Therefore, the number Nf;°* is simply ("‘—n—l) . 5

n—2

Corollary 2 The number of tap selection with mazimal transition, N™**, is tightly bounded
by Nfr}'\az -<_ Nm.a:r: S N!Taz _l_ N}yar'

Proof: The proof is similar to that for Corollary 1. o

4.1.2 Special Case m = 2n

For this case, a 2n-stage type 2 LFSR with all odd/even stages connected the CUT inputs
can generate a two-pattern exhaustive test set for any n-input circuit. However, these are
only the two feedback independent tap selections to achieve complete transition coverage
in Lemma 5. The following theorem gives all possible tap selections for the special case

m = 2n.

Corollary 3 For an n-input CUT and a 2n-stage type 2 LFSR with the feedback polynomial
P(z) = co+c1z+cox?+- - -+eo,x®", the tap selections to achieve complete transition coverage
are

1. Select all odd (or all even) stage outputs, or

2. Select stages 2,...,21,214+1,...,2n — 1 for any i such that cy; = 1.
L ’

~
even odd

Proof: The theorem is a direct result of Theorem 1. Sine m = 2n and no two consecutive
stages are tapped, the taps must be all odd or all even. The exception is when stage 1 and
2n are untapped. For this case, we must tapped all even stages followed by all odd stages.
Then there exists one incidence of tapped stages 2i and 2: + 1. By Theorem 1, the feedback
coefficient c¢z; must be 1. 0

Corollary 4 The number of possible ways to connect the n inputs of a CUT to a 2n-stage
type 2 LFSR for two-pattern exhaustive testing is given by 3.7 cai.

12



Proof: Proof follows directly from the above theorem. O

The summation in Corollary 4 is maximum if e;; = 1,Vi. Therefore, a type 2 LFSR
with many non-zero coefficients of the form c;; offer more choices of tap selections for two-
pattern exhaustive testing. This summation can also be obtained by replacing m with 2n in
Lemma 5. The numbers of the feedback independent and feedback dependent tap selections
that achieve complete transition coverage are 2 and n — 1 respectively.

Example 1 Consider a 5-input CUT and a 10-stage type 2 LFSR with generator polynomial
given by P(z) = 1+ 22 +2®+ a2 + 28 Since the coefficient cg, c2, ¢4, and cg are 1, the number
of possible tap selections to achieve complete transition coverage is 4. They are (1,3,5,7),
(2,4,6,8), (2,3,5,7), and (2,4,5,7). The first two choices (all odd or all even) are feedback

independent.

4.2 Cellular Automata

The cellular automata considered in the following are linear, rule 90/150 with null boundary
conditions [2, 16]. In a 90/150 CA, the next state of stage 7 is a function of the present state
of itself (if it is rule 150) and its neighbouring stages (i —1) and (24 1). The exceptions are
the first and last stages which are connected to only one neighbor (null boundary condition).

The transition matrix T4 of a CA with null boundary conditions is given by

(Cl 1 0 0 \
1 e 1 0 0
0 1 ¢ -~ 0 0
TCA: . : HEE . > 2 (10)
0 0 0 -+ epa 1
L0 0 0 1 e )

where ¢; = 1 (0) if stage ¢ is of rule 150 (90).

4,2.1 General Results

In this section, necessary and sufficient conditions to ensure complete and maximal transition

coverage for a CA are derived.

Lemma 7 The transition coverage of a tap selection for a CA is independent of the rules.
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Proof: The transition coverage is determined by the rank of the matrix T.. If stage 1 is
tapped, then row 7 with column i removed is included in T,,. The element g;; on the diagonal,
which has different values depending on the rules used, never appears in T,. Hence, the
transition coverage of a CA tap selection is rule independent. O

The transition matrix T4 is symmetric along the second diagonal but for the entries
on the primary diagonal. This implies that duality rules can be derived for the two cases:
m > 2n and m < 2n. In this section, we only consider tap selections for the case m > 2n in
detail.

To simply the following statements, tapping (untapping) stage 1 or stage m of a CA
is considered as two consecutive tapped (untapped) stages.

Lemma 8 For an m-stage cellular automata, if three consecutive stages are tapped, then
the matriz T,, does not have full row rank.

Proof: There are at most three non-zero entries g,—1,4, gu,v, and gyu41 in row v of Tga.
If all three stages are tapped, then the row of T, corresponding to row v of Tgs must be
zero. Clearly, row 1 (m) has at most two non-zero entries. If we attach a dummy stage 0
(m+ 1) adjacent to stage 1 (m) and consider it as tapped/untapped as stated earlier, then
the lemma can be treated uniformly. O

Lemma 9 For an m-stage cellular automata, if between two sets of consecutive tapped
stages, only alternating tapped and untapped stages exist, then the matriz T, does not have
full row rank.

Proof: Let v — 1 and v be a pair of consecutive tapped stages and p be the number of pairs
of alternating tapped and untapped stages before another pair of tapped stages occurs.
Clearly, the tapped stages are {v —1,v,v+2,v+4,...,v+2p,v+2p+ 1} and the untapped
stages are {v + 1,v +3,...,v+2p — 3,v + 2p — 1}. The rows in T, corresponding to the
tapped stages {v,v +2,v+4,...,v + 2p} sum up to zero. a

Theorem 3 For an m-stage CA with arbitrary 90/150 rules, an n-tap selection with m > 2n
obtains complete transition coverage if and only if

1. no three consecutive tapped stages exist, and
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2. between two sets of consecutive tapped stages, there ezists one set of consecutive un-
tapped stages.

Proof: Since m > 2n, the matrix T, must have full row rank.
The necessity is a direct result of Lemma 8 and Lemma 9.

The sufficiency is proven by contradiction. If the matrix T, does not have full row
rank, then one of the rows in T}, is zero or some rows of 7, add up to zero. For the first
case, let row v be the row in T4 corresponding to the zero row in T,,. Since the entry g,,—1
and g,,4+1 are 1, we must also tap row v —1 and v+ 1 in order to have a zero row in Tj.
That is, three consecutive stages are tapped. For the second case, if some rows of T}, add up
to zero, then the rows must be contiguous, each contains two consecutive 1’s shifted by one
position from the adjacent rows. For these rows to sum up to zero, there must be two pairs
of tapped stages at both ends of these rows to create rows with a single non-zero entry and
alternately tapped and untapped stages in-between such that the structure is continuous. O

Due to the assumption, if stage 1 (or stage m) is selected, it is considered as selecting
two consecutive stages. Hence, stage 1 and 2 can never be selected together without violating
the first condition of Theorem 3. This assumption should be used to interpret all results in
this section.

The theorem for the case m < 2n can be derived from duality. The proof is similar
and hence omitted.

Theorem 4 For an m-stage cellular automata with arbitrary 90/150 rules, an n tap selec-
tion with m < 2n achieves mazimal transition coverage if and only if

1. no three consecutive untapped stages ezist, and

2. between two sets of consecutive untapped stages, there ezists one set of consecutive
tapped stages.

In this theorem, if stage 1 is untapped, it is considered as a pair of consecutive

untapped stages. This implies that, in order to achieve maximal transition coverage, at
least one of stages 1 and 2 must be tapped. Similar argument holds for stage m.
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Lemma 10 For an n-input CUT and an m-stage CA with m > 2n, the number of tap
selections that achieve complete transition coverage is given by

2

r=0

L2] _
(m 2n+r)3(m,n,r), (11)

r
where S(m,n,r) is given by

1 if P> 2zl
S, ) = { (m=n-bi)! 2

(m—2n+2r—1)!(n—2r)!

(12)

otherwise

Proof: As in the proof of Theorem 5, untapped (tapped) stages are viewed as empty (full)
boxes. There are m —n 4+ 1 walls that separate the m —n empty boxes. Let’s further assign
three different colors black, red, and white to the walls, each to be replaced by two, one, and
zero full boxes. Let r be the number of black boxes. Then the number of red and white walls
are given by n — 2r and m — 2n +r + 1 respectively. From Theorem 3, between two pairs of
tapped stages, there exists one pair of untapped stages, or equivalently, black walls must be
separated by white walls. There are m — 2n + r spaces between m — 2n + r + 1 white walls
(not counting the leftmost and the rightmost spaces since the null boundaries are considered
tapped). We now replace r of the spaces with black walls. Such a replacement ensures that

m—2n+4r
r

black walls are surrounded by white walls. There are ( possible arrangements. The

remaining n — 2r red walls are free to occupy the m —2n+2r+2 spaces (number of black and
white walls + 1) between black and white walls, The problem can be modeled as displaying
n — 2r flags with the same color on m — 2n + 2r + 2 poles in a row. The solution has been

shown to be (m_%f:z:ﬁ)l!)(;_zr)! [7]. The bound of r is given by 0 < r < [%]. Overall, the

solution is obtained by taking summation of all possible values of r, or

%(m—Zn—!—r)( (m—n+1)! (13)

= r m—2n+2r +1)(n —2r)!
The above equation is valid only when m —2n +2r +2 < m —n+1, or r < 21 If
m = 2n = 4r, then r > T‘z,;l It is obvious that there exists one solution for this case. O

Lemma 11 For an n-stage CUT and an m-stage CA with m < 2n, the number of tap
selections which mazimize the transition coverage is given by

g(zn—err) S(m,n,r), (14)

r
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where S(m,n,r) is given by

1 if r > m=n=l

S(ma n, T) = { (n41)!

(2n—m+2r+1)!(m—-n-2r)!

(15)

otherwise

Proof: Selecting n taps, where m < 2n, is the same as unselecting m — n taps, where
m > 2(m — n). The equation is obtained by replacing n in Theorem 10 with m — n. O

4.2.2 Special Case m = 2n

Corollary 5 Given a 2n-stage rule 90/150 linear CA with null boundary conditions and
an n-stage CUT, the following rules identify all tap selections achieving complete transition

coverage.

1. Pair successive (odd, even) stages together.

2. Select one stage from each pair of (odd, even) stages.

Proof: The theorem is a necessary results if we were to select n taps out of an 2n-stage CA
without violating Theorem 3. O

Corollary 6 The 2n stage of a CA can be connected to the n inputs of a CUT in 2" possible

ways.

Proof: Since there are two choices for each of the n pairs in a 2n stage CA, the number of
possible connection to generate exhaustive two-pattern tests is 2". This number can also be
derived by replacing m with 2n in Eq. 11 or Eq. 14. o

Example 2 Consider a 10 stage CA (hybrid 90/150, null boundary condition). There are
32 (2°) choices of tap selections which achieve complete transition coverage. Some of these
are (1,3,5,7,9), (2,4,6,8,10), (2,3,6,7,9), (1,4,5,8,9), ... (total of 32). Note that all even
(or all odd) tap selection for CA achieves complete transition coverage as well.

17



4.3 Discussion

Our theorems are able to identify all possible tap selections that obtain the highest achievable
transition coverage for both an LFSR and a CA. In contrast, the XLFSR/XLHCA proposed
in [20] are only a subset of these selections. Also, the applicability of the XLFSR/XLHCA
to pseudo-exhaustive testing of partial dependency circuits was not addressed. In the next
section, we will apply our theorems to the design of TPGs for pseudo-exhaustive testing of
partial dependency circuits. The benefits of allowing extra flexibility in tap selections will
become clear.

The feedback polynomial P(z) for an LFSR need not be primitive. But if the feedback
polynomial is primitive, the LFSR can generate the maximal length sequence starting from
any non-zero initial state. A total of 22" — 1 distinct two-pattern tests can be applied to
the CUT without multiple seeding. In contrast, test generation for an LFSR with a non-
primitive polynomial is more involved. The LFSR must be first initialized to a non-zero state
and clocked until the initial state repeats (because the feedback polynomial is not primitive,
the LFSR state must repeat in less than 2*"—1 clock cycles). The LFSR is then re-initialized
to a non-zero state that has not yet occurred. The seeding process is repeated until all non-
zero states are covered. Clearly, an LFSR with non-primitive feedback polynomial is much
harder to control. Hence, an LFSR with a primitive feedback polynomial is preferred.

For the stuck-at fault model, an n-degree primitive polynomial with the minimum
nonzero coefficients is normally chosen as the generator polynomial for an LSFR. For most
degrees, an n-stage LFSR with a single XOR suffices to generate all 2* — 1 patterns. How-
ever, in our proposed two-pattern LFSR design, pre-determined locations in the generator
polynomial may require to be nonzero. The resulting generator polynomial may not be
primitive. To make it primitive, some other coefficients may need to be assigned nonzero
values. In our experience, only one extra nonzero coefficient needs to be assigned in most

cases.

The requirement of a primitive feedback polynomial does not pose a problem for a
CA. Since the tap selections are independent of the exact rules used, a CA that generates the
maximal length sequence with the minimum rule 150 stages can always be chosen. Tables
of the maximal length 90/150 CA can be obtained from [17].

In general, a CA provides more tap selection choices with maximal transition coverage
than does an LFSR. Also, an LFSR with more terms in the feedback polynomial offers more
choices the the one with less terms. However, even if all feedback coefficients are zero, there
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still exist (feedback independent) tap selections which attain maximal transition coverage.
In pseudo-exhaustive testing, a larger number of tap selection choices normally leads to more
a compact TPG design with shorter test length as shown in the following section.

5 Pseudo-Exhaustive Delay Testing

The tap selection rules in the previous section was derived assuming a single output circuit.
For an n-input CUT with a single output, the minimum number of stages required to
achieve complete transition coverage is 2n for both an LFSR and a CA, even though a
CA has 2™ possible tap connections, compared to an LFSR which has at most n + 1 such
choices. Unfortunately, this is the necessary result for any linear sequential TPG design if
at least one of the primary outputs depends on all the inputs. However, in a PD circuit,
the tap selection conditions only need to be satisfied for each cone. Since the inputs of
the cones are not disjoint, a TPG which offers larger tap selection choices may meet all
these requirements simultaneously, while the one with less choices may not. The fact that a
CA has higher number of tap selections to achieve maximal transition coverage makes it a
better candidate for two-pattern testing than an LFSR. For some circuits, there may exists
an m-stage CA which, when taps are properly assigned, can generate exhaustive two-pattern
tests for each cone. But no LFSR with the same number of stages can accomplish the same
objective. This can directly impact both TPG area overhead and test time. The following
example illustrates this argument.

Example 8 Consider a 5-input f-output CUT with the following input/output dependency:

N1 = fl($13x21$3)m4)
Ya = fz(ﬂil,xz,iﬂa,ms)
Ys = fa(mz, Iy, 335)

Ys = f4($11$4,$5)

The circuit can be two-pattern pseudo-exhaustively tested by an 8-stage CA with the tap
assignments {z,, —, T2, —, T4, T5, —, T3}. However, al least a 9-stage LFSR (type 1 or type
2) is required to generate pseudo-ezhaustive two-pattern tests for the CUT. In this ezample,
a TPG design based on a CA can reduce the test time by half.
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Figure 1: Type 2 LFSR Design for Example 4

5.1 Input Separation

Input separation [15] can be used as a simple tap selection scheme for BIST TPG design.
Inputs belong to the same cone are assigned to non-adjacent stages of the TPG. However,
in Theorem 1, one incidence of adjacent stages in each cone is allowed, as long as inputs on
this cone are not assigned to stage 1 or stage n. This relaxation introduces some freedom

in the tap selection and suggests potential reduction in hardware and test time.

Example 4 Consider the following circuit.

v = fi(z1, 22, 23)
y2 = fa(z2,23,24)
ys = fa(zs, T4, T5)
Ya = f4($1s$4,3’5)
ys = f5(z2,75)

In this circuit, all inputs are incompatible. The TPG designed by the input separation
procedure happens to be the worst case of a 10-stage LFSR. But using the necessary and
sufficient conditions given in Theorem 1, a solution of a 7-stage LFSR ezists as shown in
Figure 1. The test time required for pseudo-ezhaustive two-pattern testing with the two TPG
designs are 2'0 — 1 and 27 — 1 respectively.

The design in Figure 1 requires three extra XOR gates at the location 3, 4, and 5.
Here, we tradeoff latches with XOR gates. The savings are two folds: (1) an XOR gate
requires less area than does a latch; (2) the test length is shorter (27 vs. 219 in this example).
Even though the transition coverages in the exhaustive case for the two TPG designs are
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identical, we conjecture that the fault coverage for a TPG designed by Theorem 1 should
rise faster with test length than a TPG designed by input separation. This property will
find application in pseudo-random testing, where only a short test sequence is applied.
Experimental results presented in section 6 verify our conjecture.

There exists a lower bound on the total number of latches and XOR gates required for
a type 2 LFSR that generates pseudo-exhaustive two-pattern tests. Let Ny and N, denote
the number of extra LFSR stages and the number of XOR gates required. Also let IV, denote
the minimum number of flip-flops required for input separation.

Theorem 5 The sum of Ny and N, is al least N, i.e. Ng+ Ny > N,.

Proof: The theorem can be proved by contradiction. Assume that Ny+ N, < N,. If the N,
flip-flops are replaced by dummy flip-flops, the configuration satisfies the input separation
with only Nz + N, dummy flip-flops which are less than N,. This violates the condition that
N, denotes the minimum number of flip-flops required for input separation. O

Input separation is a special case when Ny, = N, and N; = 0. The theorem only
gives the lower bound on the sum of N; and N, but does not specify a bound for Ny or
N,. There exist circuits such that min(Ny) < N,, where min (/N;) denotes the minimum
dummy stages required, but N, > N, — min(Ny). For example, the following circuit has
min (Ng) =2, N, =6, and N, = 5.

yi = fi(z,22,23)
Y2 = fz(icl, T3, T4, $7)
ys = fa(xs,2s5,76,27)
ya = fa(z1,23,25,T6)
ys = fa(z4,25,26)

5.2 An Algorithm for Delay TPG Design

In the sequel, we assume that a TPG design with complete transition coverage and minimum
extra stages Ny is targeted. It is not known whether a lower bound on N, can be formulated.
Even if the minimum Ny can be predicted, the total number of tap selections is given

by (’:)n' = 2 for an m-stage LFSR TPG and an n-input CUT. This number grows

(m—n)!
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exponentially even for a moderate sized circuit. Among these tap selections, only a small
portion lead to TPG designs that generate complete transition coverage. Identifying these
tap selections is computationally difficult for non-trivial cases.

In this section, we describe an algorithm to design a type 2 LFSR based on input
separation. An algorithm that uses the necessary and sufficient conditions described above
is also presented to design type 2 LFSR TPG with minimum number of stages that achieves
complete transition coverage. With slight modification, the algorithm can be applied to a
CA TPG design. The algorithm first reduces the search space by removing cones contained
in other cones and combining primary inputs into groups. Then, by representing the tap
selection rules in Theorem 1 with a state diagram, an estimation of the minimum number
of stages required is obtained. This number can then be used to make an early decision
of terminating a branch that is destined to a non-optimal solution. Unfortunately, the
complexity of this algorithm grows exponentially in the worse case. A greedy version of the
algorithm is then provided to trade-off optimality with run time. Two definitions are given
first, followed by the reduction procedures.

Definition 1 Input ;, and x;, are swappable if z;, € cone; & z;, € cone;.

Definition 2 g = {z;|z; is a« CUT input} is a swappable group if, Vz;,z; € g, z; and z;
are swappable.

Reduction Procedure:

1. Cone containment check: remove cones contained in other cones.

2. Swappable group extraction: combine the primary inputs into swappable groups.

Cones contained in other cones do not contribute any new information to the com-
patibility relations among primary inputs and thus can be removed. The cone containment
check not only reduce the number of cones, but also the number of swappable groups. A
swappable group consists of primary inputs that always appear together in the cones. Based
on the observation that permutation among members of each swappable group does not
affect the transition coverage, the swappable group extraction effectively reduces the enu-
meration size. The order of the two procedures is important. The cone containment check
must precede the swappable group extraction. The reduction procedures are clarified by the
following example.
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Example 5 Consider a circuit with the following cone dependencies:

nh = f1($]a$21$3)
Y2 = fa(@1,22,23,24)
Ya = fa(x 3?4,-'135,-‘1?6)
ya = fa(zs,zs,27)
ys = fs(xs,27)

The cone containment check will remove cone 1 and 5, which are contained in cone 2 and
4 respectively. The primary inputs can be combined into four swappable groups: g =
{z1,22}, 92 = {23,24},93 = {xs,26}, and g5 = {zz}. The cone dependencies can then
be re-written in a more compact form.

2 = [fa(91,92)
ys = fa(92,95)
ys = [fi(gs,94)

Note that, if the cone containment check was not performed, only x, and z; can be combined
into a swappable group.

One special case is when an output depends on all inputs. In this case, the cone
dependencies are reduces to a single output with a single swappable group consists of all
inputs. The algorithm will then quickly produce a 2n-stage LFSR that satisfies Theorem 1.

The tap selection rules for an LFSR to have complete transition coverage can be
presented by a state diagram as shown in Figure 2. For a PD circuit, a state variable
S; is maintained for each cone y;. Each assignment of a new input z; to an LFSR stage
corresponds to a l-transition (0O-transition) in the state diagrams if z; ~ y; (zi % y;)-
Starting from state 1, a tap at stage 1 or two consecutive taps between stage 2 and n — 1
create a state transition to state 2. From then on, two consecutive taps or a tap at stage n
leads to the illegal stop state. The state diagram clearly follows the semantics of Theorem 1.

Example 6 Consider a 5-input circuit with the tap selection {z1,—,zs, 5,22, T4, —}. The

state transitions for the cone {z3, 4,25} are {0,0,1,1,0,1,0}. These transitions are marked
in the state diagram of Figure 3. The underlined numbers denote the transition steps.
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Figure 2: A State Diagram Representation for a Type 2 LFSR

Figure 3: Example of State Transition for a Type 2 LFSR

minimum stage
state required
0 21—1
1 2
2 2141
3 21—1

Table 1: Estimation of minimum stages required
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DELAY-TPG(M)
CONE-REDUCTION(M)
for each primary output y; do
statefy; ] + 1
min_estfy; | + 2k;
PERM(0)

PERM(s)
if all primary inputs are assigned then
previous_best s
PRINT-RESULT(tap)
return
fb_list + {g:|statefy;] = 2 and g; ~ y;}
for each group g; do
if g; & fb_list and usage_cnt[g;] # 0 then
cell_req +— max; {min_est[y;]}
if s + cell_req < previous_best then
for each primary output y; do
if g; ~ y; then TRANSITION-1(state, min_est)
else TRANSITION-0(state, min_est)
usage_cntfg;] = usage_entfg;[ - 1
tap[s] < g:
PERM(s + 1)

Figure 4: Pseudo-code for delay TPG design

Let ¢ be the number of unassigned inputs (not groups) in a cone. For each state in
the state diagram, an estimation of the minimum TPG stages required for the cone is shown
in Tables 1. Since a TPG design with minimum stages is targeted, a branch is terminated
if the summation of the current number of LFSR stages and the estimated minimum stages
required exceeds the previous best solution.

The pseudo-code of the algorithm to find the optimal tap selection achieving complete
transition coverage for a type 2 LFSR is given in Figure 4. Procedure DELAY-TPG takes
as inputs a linked list M of cone structures, each with a pointer to a linked list of inputs
that feed the cone. The reduction procedures are first applied to reduce the search space.
An array usage_cnt is kept for each swappable group to record the number of members in
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State(min. est.)

1 - 2 4 - 3 5 -
i 1(6) | 2(5) 3(4) 2(3) 3(2) 3(2) 2(1) 3(0) 3(0)
y2 1(6) | 0(5) 0(5) 1(4) 2(3) 3(2) 2(1) 3(0) 3(0)
ys 1(6) | 0(5) 0(5) 0(5) 1(4) 0(3) 1(2) 2(1) 3(0)
va 1(6) | 2(5) 3(4) 3(4) 2(3) 3(2) 3(2) 2(1) 3(0)
ys 1(4) | 03) 0(3) 1(2) o(1) o(1) 0(1) 1(0) O(1)

Table 2: Calculation of the algorithm DELAY-TPG
State(min. est.)

1 - 3 5 2 4 -
v 1(6) | 2(5) 3(4) 2(3) 3(2) 2(1) 3(0) 3(0)
v 1(6) | 0(5) 0(3) 1(4) 0(3) 1(2) 2(1) 3(0)
ys 1(6) | 0(5) 0(5) 1(4) 2(3) 3(2) 2(1) 3(0)
ya 1(6) | 2(5) 3(4) 3(4) 2(3) 3(2) 2(1) 3(0)
ys 1(4) 1 0(3) 0(3) 0(3) 1(2) 2(1) 3(0) 3(0)
Table 3: Calculation of the Greedy Algorithm

each group. A dummy stage is also treated as a swappable group with usage_cnt = n. The
state machine for each primary output y; starts with the state 1 and the minimum stage
estimation 2k;, where k; is the number of inputs in cone;. The algorithm then calls PERM
to exhaustively enumerate all permutation of the inputs. The recursive routine PERM first
calculates fb_list, the incompatible input set of the previous tap. If statefy;/equals to 2, then
the next tap can not be assigned to inputs belonging to cone;. Therefore, the incompatible
input set fb_list is simply the union of the swappable groups g;’s such that statefy;] = 2 and
gi ~ y;. The updates of state and min_est follow Figure 2 and Table 1 respectively. A search
branch is terminated when the sum of the number of current assigned stages and minimum

stages required exceeds the previous best solution.

The complexity of this algorithm is exponential in the worst case. A greedy version
can be constructed. Based on the observation that min_est decrements when the state of
y; changes, the greedy algorithm tries to assign the next stage to an input such that the
highest min_est decrement by 1. If such an assignment does not exist or a tie occurs, then the
assignment that decrements }_; min_etsfy;] the most is chosen. The routine PERM, modified

for the greedy version, is shown in Figure 5.

Example 7 Consider the circuit in Ezample 4. The calculation to find the first solution
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PERM(s)
if all primary inputs are assigned then
previous-best + s
PRINT-RESULT(tap)
return
fo_list < {g;i|statefy;] = 2 and g; ~ y;}
for each group g; do
if g; € fb_list and usage-cntfg;] # 0 then
cell_req + max; { min_est[y;[}
helist « {y;|min_estfy;] = cell_req}
if s + cell_req < previous-best then
new-min-est ¢~ UPDATE(min_est)
Ai = Toe he list(new-min_estfy;] — min_estfy;])
Ti = X, ah c_list(new-min_estfy; | — min_estfy;])
Amaz +— max; {A;}
ma.list + {g:|Ai = Dnaz}
Fimag = max, cmg list L'}
gr-list « {g: € ma_list|[; = Tac }
for each primary output y; € gr-list do
if g; ~ y; then TRANSITION-1(state, min_est)
else TRANSITION-0(state, min_est)
usage-cntfg; | = usage_cntfg;] - 1
tap[s] + gi
PERM(s + 1)

Figure 5: A Greedy Algorithm for delay TPG design
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Figure 6: A State Diagram Representation for a CA

are summarized in Table 2. An entry (j,s) in the matriz represents the state of cone j after
TPG stages 1 to s have been assigned the CUT inputs on the title row. The number in
the parenthesis is the minimum additional stages min_est required for this cone. Note that

min.est[j] decrements when the state of cone j changes.

The calculation to find the first solution for the greedy algorithm is shown in Table 3.
The solution is also the optimal one with only 2 extra flip-flops. The greedy algorithm is
able to find the best solution in a single pass for this ezample.

The algorithms can be easily modified for input separation. If the initial states for
each primary output y; is 3 instead of 1, then the algorithm calculates tap selections for

input separation.

For a CA, a similar state diagram can be constructed that follows the semantic of
Theorem 3. The state digram for a CA is shown in Figure 6. The same table in Table 1 is
used to estimate the stages required. Because there are only state 0, 1, and 2 in Figure 6,
we can simply ignore the estimate for state 3 in Table 1. The same algorithms in Figure 4
and Figure 5 can be applied to a CA without modification.

6 Experimental Results

The algorithms in the previous section had been implemented and tested on selected circuits
in the ISCAS 89 [3] benchmark circuits. The input/output dependencies of the combina-
tional part of each circuit were extracted and served as inputs to the program. The total
number of flip-flops (including the extra ones) of the final TPG were generated. Statistics
of these circuits and the experiment results are shown in Table 4. The TPG designs based
on input separation and the necessary and sufficient conditions derived in Theorem 1 for
type 2 LFSR and in Theorem 3 for CA are presented. In all case, the number of flip-flops
required for TPG deigns based on a CA is no more than that based on the optimal LI'SR,

which in turn uses no more flop-flops than input separation.
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inp sep LFSR CA
ckt | #pi | #si | #po | k | #reg | #exfl | #reg | #exfT | #reg | Fexff
5298 3 14 6 8 21 4 19 2 18 1
s344 9 15 11 |13 | 28 4 26 2 26 2
s349 9 15 11 [ 13| 28 4 28 4 28 4
s382 | 3 21 6 14 28 4 28 4 28 4
s444 3 21 6 14 28 4 28 4 28 4
sH26 3 21 6 14 28 4 28 4 28 4

Table 4: Experimental Result

For a TPG design with more than, say, 20 inputs, it is impractical to apply the
complete test patterns. The TPG designed by these algorithms can be used to apply a test
sequence of reasonable length. In section 5.1, we conjectured that a TPG design based on
Theorem 1 must have a sharper rise in the fault vs. test length curve. We now verify our
conjecture with experiments. Three TPG designs based on input separation and our selection
rules (LFSR and CA) for s298 are generated. A random pattern generator generates the
desired test patterns with tapped stage outputs stored in a different file. A robust path delay
fault simulator is then used to calculate the tested paths. The result is shown in Figure 7.
Also included for comparison is the fault coverage obtained by an n-stage LFSR. The curve
for a CA has the sharpest rise among all three because it requires fewer number of flip-flops
and has better randomness. A TPG design with fewer stages is only necessary to obtain
high fault coverage, but it is not sufficient. The taps must be carefully selected to remove

linear dependency inherent in consecutive TPG stages.

7 Conclusion

An important dimension which distinguishes BIST TPG design issues from DFT techniques
for two-pattern testing such as scan chain ordering [5, 12, 15] is the test time and hardware
tradeoff among solutions that acquire the same fault coverage. In BIST TPG, the test
pattern pairs are generated randomly and it is not possible to apply carefully-selected tests.
Hence, the impact of the design on test time can be tremendous. For example, for s298, the
test sequence length for a 19-stage LFSR TPG may be close to 2'?, while for an 18-stage CA,
100% robust path delay fault coverage is guaranteed in 2'® vectors. In DFT techniques, since
an ATPG program can be used to derive specific tests for the faults, which are applied via
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Figure 7: Fault Coverage vs. Test Length for S298

scan chain using a tester, the impact on test length may be minimal. Hence, the objective in
scan design is to merely minimize hardware which can achieve a desired fault coverage. On
the other hand, BIST TPG design may use extra hardware to keep test time at acceptable
levels. It should also be noted that in some cases, introduction of XOR gates can help
reduce the number of ‘dummy’ flip-flops required. Hence, CA and LFSRs have the potential
to provide scan chain configurations which require lower area than simple scan chains. Such

structures are currently under investigation.

Design of LFSR/CA test pattern generators suitable for two-pattern testing, is the
main subject of this paper. Necessary and sufficient conditions for TPG tap selection which
guarantee maximal transition coverage have been derived. LFSRs with primitive feedback
polynomials, which have many even powers of z, have been shown to be more suitable as
TPGs for exhaustive two-pattern testing. In general, LFSRs with greater number of XOR
gates are shown to be better TPGs for two-pattern testing. Further, cellular automata are
shown to be better TPGs than LFSRs for two-pattern testing, independent of their feedback

rules.

The above results identify all TPGs which maximize transition coverage. Structures
such as XLFSR and XLHCA [20] can be shown to a subset of our results. Experimental
results on some benchmark circuits show that for a given constraint on the TPG size, the
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TPGs designed by using the results derived in this paper, generate test patterns which
provide much higher fault coverages than other TPGs.

These results provide the basic theory to solve many practical problems in BIST for
two-pattern testing. Most real circuits have multiple outputs and, in many cases, none of
the outputs depend on all the circuit inputs. In such cases, two pattern pseudo-exhaustive
testing concepts can help reduce the test sequence length and TPG hardware complexity,
without reducing fault coverage and test time. Algorithms to design efficient TPGs for
PD circuits have been presented. The focus of this work has been on designing TPGs to
maximize transition coverage. Maximization of transition coverage maximizes the number
of distinct two-pattern tests applied to the CUT if all TPG states (non-zero) are traversed.
However, typically high fault coverage can be obtained by using such TPGs for much shorter
test lengths. The TPGs designed using the theory derived above are well suited for such
efficient two-pattern testing.

There is a need to study test application methodologies essential for detection of
the two-pattern testable faults (e.g. robust path delay tests require that test patterns be
applied using a combination of slow and fast clocks). These and other such practical issues
pertaining to test application need to be studied.
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