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Abstract

The necessary and sufficient conditions for detect-
ing transistor stuck-open faults in arbitrary multi-level
CMOS circuits are shown. A method for representing a
two-pattern test for detecting a single stuck-open foult
using only one cube is presented. The relationship be-
tween the D-algorithm and the conditions for detecting
transistor stuck-open faults in CMOS circuits 1s pro-
wided. The application of the proposed approach in ro-
hust test gencration for transistor stuck-open faults in
a number of benchmark circuits 1s demonstrated. The
fault coverage achicved is as good as or better than those
reported wsing existing techniques.

keywords:  Transistor stuck-open fault, two-pattern
test, test pattern generation, rmulti-level CMOS circuits

2sting, robust CMOS testing.

1 Introduction

Testability analysis of TSOP faults aims at investigat-
g the necessary and sufficient conditions under which the
TSOP faults are robustly testable by a sequence of test vec-
tors [8], [10], [7], [3]. [4]. [2]. [6], and [5]. This paper presents
a new approach to investigate TSOP testability in arbitrary
multi-level CMOS circuits, which uses the notation of the
D-Algorithm [11] and the concept of event propagation. A
one cube to represent a two-pattern test for a single TSOP
fault is wsed. The notation D(D) is used to indicate the
bit transition event 0 — 1(1 — 0) that occurs when apply-
ing the sequence of two patterns. A CMOS complex gate
can be modeled as a combinational network of the primitive
gates NAND, NOR, and NOT [10][9]. Figure 1 depicts a
CMOS complex gate and its equivalent two-level NAND-
NAND circuit. Two-pattern tests for TSOP faults in the
PFET’s of the first level NAND gates are also the tests
for TSOP faults in the nFET’s of the complex gate. The
tests for TSOP faults in the pFET’s of the complex gate
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(a) CMOS complex gate
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{b) The equivalent NAND-NAND circuit

are identical to the tests of TSOP faults in the pFET’s of
the output NAND gate [10]. A two-pattern test < Ty, Ty >
1s said to be robust test for a TSOP fault s if it detects s
even in the presence of arbitrary time delays when the pri-
mary inputs change for T to T3 [8]. One of the necessary
(but not sufficient) conditions for two patterns to robustly
detect a stuck-open fault is that the two patterns differ in
exactly one bit [10]. Consider the case of single TSOP fault
on the pFET whose gate is connected to line 9 in Figure 2.

It is easy to see that < {0,1,0,0},{1.1,0,0} > is a ro-
bust two-pattern test for py stuck-open.

2 TSOP Fault Detection in Primitive
Gates

We detect TSOP faults by applying an event to pri-
mary inputs of the circuit and observing the primary out-
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puts of the circuit to see whether the event can be prop-
erly propagated to one of the primary outputs. If 77 and
T, are two binary vectors, the transition cube from T; to
1y,
transition operation as follows: 0 — 0 = 0,1 — 1 = 1,
0—1=D,1-—0=D, where D and D are called events.

denoted as T, — T4, is defined using the coordinate

The meaning of the notation D or D is a signal transi-
tion event 0 — 1 or 1 — 0 that occurs on a line when two
patterns are applied. This is different from the meaning of
D or D in conventional stuck-at test. The reason for in-
troducing the concept of transition cube is to represent two
test patterns with one cube. Let T = {ay,....a,} be a cube
with its elements, a; € {0,1,D, D} for 1 < i < n, then two
binary vectors Ty and T can be uniquely defined by T such
that Ty — T» = T. For example, given T = {D, 1,0, D},
we have T(1) = {0,1,0,1} and T(2) = {1.1,0,0}.

Consider the two-input NOR gate shown in Figure 3.

(a)

1 2 3 1 2 3
o o] D ko) D D
D 0 D 0 D 0
0 D D D o] 1
D 0 D D D 1

(c)

Let T = {D,0} be a transition cube. Then, T(1)
{0,0}, T(2) = {1.0}. It is easy to see that < T(1),7(2) >

is a robust test for the ny stuck-open fault, and T' {which

is contained in the primitive D-cube {D,0,D}) is a ro-
bust test pattern for the fault. In a similar way, we
can show that {0, D} (which is contained in the primi-
tive D-cube {0, D, D}) is the RTP for ny stuck-open fault.
Also, {D,0, D} (which is contained in the primitive D-cube
{D,0,D}) is the RTP for p; or p; stuck-open faults. Sim-
ilar arguments can be drawn about the NAND and NOT
gates. Table 1 shows the FDT for two-input NAND and
NOR gates.

To investigate which primitive D-cube contains a robust
test pattern and which TSOP fault can be detected by it, we
construct a fault detection table (FDT) for a primitive cube
as follows. For each primitive D-cube PD = {a,,
of an n-input primitive gate, let T = {a;,...,a,} be the
input cube applied to the gate. If a TSOP fault on pFET
pi (WFET n;), where 1 < i < n, can be robustly tested by
< T(1),T(2) >, then p;(n;) is listed as a detectable fault
of PD and PD is called a pFET (nFET) detection cube of
the gate. If < T(1),7(2) > cannot detect any TSOP fault
in the gate, then the detectable fault column is filled with
a - and PD is said to be a non-detection cube of the gate.
To simplify the presentation, we call the last element of a
primitive D-cube as its output and the set of other values
as its inputs, in which the ith element corresponds to the
ith input line of the gate.
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NAND NOR
Primitive D-cube | TSOP Faults Primitive D-cube TSOP Faults
D1D 1 Do D ny
1DD P2 0D D ng
DDD - DD D -
DD1 - DDo -
D1D ny,ny DoOD P1.,P2
1DD ny,ng 0DD P1,P2
DDD ny,ny DDD P1. P2
DD 1 - D Do -
Let T = {a1,...,a,} be a cube. The dual cube of T, de-

noted as TV, is defined as the cube {a/, ..., @, /} such that,
for 1 < i< n, if a; € {0,1} then ay/ = a;; if a; = D then
a;t = D: if a; = D then a;t = D.
Let T be a detection cube of gate G. If its dual cube T7 is
also a detection cube of G, then T is said to be a strong
detection cube (SDC), otherwise T is said to be a weak de-
tection cube (WDC) of G. In Table 1, {D.1,D} is a SDC
for the two-input NAND gate since its dual cube {D, 1, D}
is also a detection cube of the NAND gate. The detec-
tion cube {D, D, D} is a WDC for the NAND gate because
its dual cube {D, D, D} is not a detection cube of the the
NAND gate. The following assertions are made in the pa-
per.

1. Every strong detection cube of a primitive gate has

exactly one event in its inputs and one event in its
output.



2. HTis astrong pFET (nFET) detection cube of a gate
G, then 17 is a strong nFET (pFET) detection cube
of G.

. Let T be a SDC of gate G. If the ith input of T is
an event, then we say the TSOP fault in p; or n; is
strongly detected.

4. The weak detection cube of a NOR (NAND) gate has
more than one D(D) in its inputs and has D(D) as its
output. Its dual cube is a non-detection cube with an
event as 1ts output.

5. If T is a pFET(uFET) detection cube of a
NOR(NAND) it detects all of the pFET (nFET) stuck-
open faults in the NOR (NAND) gate.

The above results for primitive gates pave a way to investi-
gate the problem of robust TSOP fault test in a multi-level
CMOS circuits. This is discussed in the next section.

3 TSOP Test in Multilevel CMOS Cir-
cults

Let C be a multi-level CMOS circuit, G be a gate in C,
and T be a test pattern represented as a transition cube.
The test cube, TC, of a circuit under test patter T is com-
puted by a forward implication procedure defined in [12]. A
gate is called an active gate if and only if all the input lines
of the gate have known values from the set {0, 1,5,D}.
When the test cube of a circuit is computed we say that T
s applied to the circuit. The test cube of a gate under T is
a vector of values on the input and output lines of the gate
when T is applied to C.

Consider the two-level circuit shown in Figure 4.
Suppose the test pattern is 7 = {D,1,1}. Then the ini-
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tial test cube of the circuit TC = {—I—)— 1.1, X, X} where X
represents unknown value. Gate 4 is an active gate since
all of its input lines have known logic values. D-intersect
TC with the primitive D-cube {D,1, X, D, X} of gate 4 to
get TC' = {D,1,1,D, X}. Now gate 5 is an active gate. D-
intersect TC with the primitive D-cube {X, X, 1, D, D} of
gate 5 to get TC = {D,1,1, D, D}, which is the test cube
implied by T, since all the lines in the circuit have known
values. From this TC, we obtain the test cube of gate 4
{D.1, D}. The test cube of gate 5 under T is {1, D.D}.

It should be useful to make the following observation. If
G is a logic gate in a circnit C, s is a TSOP fault in G,
and tc is the test cube of G under test pattern T, then a
necessary condition for T to detect s in C is that #c be a
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detection cube of G which detects s in G.

Definition: Let T be a test pattern for circuit C. A se-
quence of nodes {vo,...,v,} in C are said to form an event
propagation path from wve to v, iff an event is propagated
from vo to v, when T is applied to C.

This definition implies that all the lines on an event prop-

agation path have value D or D when T is applied to C.
For example. let T = {D. 1,1} be a test pattern applied to
the circuit shown in Figure 4. An event propagation path
is P = {a.1,4,5, F}, where a is a primary input and F is
a primary output node. Nodes 4,5 denote gates 4 and 5
respectively.
Lemma: Let T be a test pattern applied to circuit C. Let
s be @ TSOP fault in gate G € C'. A necessary condition for
T to detect s is thatl there 1s an event propagaiion path P
from a prumary input to a primary output such that G € P.
Definition: Let C be a multi-level civcuit. Let P =
{vo, .., vn} be an event propagation path under test pattern
T. Let Py = {vi,....v1}, 0 < i <k < n, be a subpath of
P such that there is another path P» which propagates an
event from v; to vi. Py 13 said to be undetection region on
P af the test cube of v under T is a nondetection cube of
vk, Pr1ows said to be a weak detection region on P, if the test
cube of vy, s a weak detection cube. Let gate G € P, if G
15 not in any undetection or weak detection region of P, we
say G is in the strong detection region of P.

Figure 5 shows a multi-level circuit C. Assume that
test pattern T = {1.1,1, D, 1} is applied to C. The logic
value carried by each line is shown in parentheses in the
figure. It can be scen that an event propagation path
P o= {d,4,09,10,12,15,17, F2} is formed, where 10 and
15 are branches of the two fan-out nodes with line 9 and
line 12 as their stems respectively. Consider the subpath
P1 = {9.10,12,15,17} of P. The test cube gate 17 un-
der T is teyr = {D, D,ﬁ}. Since fcyr is a non-detection
cube of a two input NAND gate. and since there is a path
P2 = {9.11.13.17} that propagates an event from 9 to
gate 17, P1 is not a detection region on P. Similarly, we
can show that P2 is not a detection region on the event

propagation path {d,9,11,13,17, F2}. If T/ (the dual of T)



= {1,1,1,D,1} is applied to C, the test cube of gate 17
will be {ﬁ D, DY}, which is a weak detection cube. In this
case, P1 is a weak detection region on P. Whether T or 17
is applied to C, gate 9 is in strong detection region of P.

Experiments were conducted to generate TSOP test pat-
terns for the MCNC benchmark circuits [1]. Table 2 sum-
marizes some of the results obtained using the above men-
tioned approach. We used the same set of 25 benchmark
circuits as those used by Brayn et al. in [3].

run of the fault-free circuit. Experiments using the
MCNC benchmark circuits show that these results can
be used for test pattern generation purposes for tran-
sistor stuck-open faults in multi-level CMOS circuits.
The resulting TSOP fault coverage is as high or higher
than those reported in [3] and the CPU time required
is quite low.
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