IEICE TRANS. INF. & SYST., VOL.E91-D, NO.3 MARCH 2008

667

fPAPER Special Section on Test and Verification of VLSIs

A Novel Per-Test Fault Diagnosis Method Based on the Extended
X-Fault Model for Deep-Submicron LSI Circuits
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SUMMARY  Per-test diagnosis based on the X-fault model is an ef-
fective approach for a circuit with physical defects of non-deterministic
logic behavior. However, the extensive use of vias and buffers in a deep-
submicron circuit and the unpredictable order relation among threshold
voltages at the fanout branches of a gate have not been fully addressed by
conventional per-test X-fault diagnosis. To take these factors into consider-
ation, this paper proposes an improved per-test X-fault diagnosis method,
featuring (1) an extended X-fault model to handle vias and buffers and
(2) the use of occurrence probabilities of logic behaviors for a physical
defect to handle the unpredictable relation among threshold voltages. Ex-
perimental results show the effectiveness of the proposed method.
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1. Imtroduction

Fault diagnosis is the most widely used approach to help lo-
calize physical defects in a failing LSI circuit[1]. In fault
diagnosis, a fault model in an abstract circuit model (usually
a gate-level netlist) is used to represent the logical behav-
ior of physical defects in an actual LSI circuit. A fault is
considered responsible if the simulated response of the fault
in the circuit model matches the observed response of the
failing circuit under certain criteria used in a fault diagno-
sis procedure [2]. The locations of physical defects are then
identified with the help of the layout information on such
responsible faults. Clearly, a good fault model and a good
diagnosis procedure are needed in order to obtain sufficient
resolution in fault diagnosis.

A good fault model for fault diagnosis needs to closely
resemble underlying physical defects and compensate for
the modeling gap between logical faults and physical de-
fects with respect to two attributes: location and logical be-
havior. In a gate-level circuit model, the location attribute is
one or more nets or pins, and the logical behavior attribute
is one or more logic values. Fault modeling defines these
attributes in a general manner. On the other hand, Physi-
cal defects can be characterized from three aspects: com-
plexity (simple or complex), temporality (static or dynamic),
and cardinality (single or multiple). A simple defect forces
a single site to a fixed logic value of 0 or 1. A complex
defect, such as a resistive short or open, causes multiple
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effects around the defect site. For example, a complex de-
fect in a fanout gate forces its output to an intermediate
voltage and multiple faulty logic values may appear at its
fanout branches depending on the threshold voltages of the
branches [7]. A static defect shows the same behavior for all
input vectors, while a dynamic defect changes its behavior
for different input vectors because the strength of a signal
may vary for different input conditions. Finally, a circuit
may contain a single or multiple defects. ;

The defect complexity issue has been addressed by us-
ing a set of simple fault models or by using a realistic fault
model. For example, [3] uses four fault models to cover
various defects. On the other hands, various realistic fault
models, such as stuck-open [3], bridging [4], [5], transistor
leakage [6], and Byzantine [7], [8], better reflect actual de-
fect mechanisms.

Recently, a new realistic fault model, called the X-fault
model [9], [10], has been proposed for modeling com-
plex defects, especially those with unpredictable and non-
deterministic logic behavior. The X-fault model repre-
sents all possible behaviors of any defect or defects in
a gate and/or on its fanout branches by assigning different
X symbols to the fanout branches. This makes the X-fault
model highly accurate since no defect information is lost in
fault modeling. In addition, partial symbolic fault simula-
tion, instead of full symbolic fault simulation [8], is used
in X-fault simulation in order to achieve high time effi-
ciency. Since an ever-increasing portion of physical defects
in deep-submicron LSI circuits manifest themselves by un-
predictable and non-deterministic logic behavior [11], using
X-fault model in fault diagnosis is becoming more and more
advantageous.

On the other hand, Per-test fault diagnosis is gaining
popularity as an effective approach to handle the cardinality
and temporality issues of complex defects [12]. The basic
idea is to process failing vectors separately, one at a time, in
fault diagnosis, based on the observation that only one of the
multiple defects in an LSI circuit may be activated by one
failing vector in some cases. This allows a single fault model
to be assumed for the activated defect and a relatively easy
fault diagnosis procedure based on single fault simulation to
be used for multiple and/or dynamic defects.

Several per-test fault diagnosis methods have been pro-
posed [3], [9], [12]-[14]. The single stuck-at fault model is
used in [12]-{14], while a combination of stuck-at, stuck-
open, net, and bridging fault is used in [3]. These methods
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attempt to find a minimal set of fault that explains as many
failing vectors as possible. Such a fault set is called a mul-
tiplet in [12]. In addition, [3] calculates a score for a fault
depending on the number of failing vectors explained by the
fault, and [12] further extracts diagnostic information from
multiplets, while [14] scores each multiplet based on proba-
bility functions.

Recently, a per-test fault diagnosis method based on
the X-fault model has been proposed [9]. On top of the ac-
curacy achieved by X-fault modeling, this fault diagnosis
procedure employs a flexible matching criterion that takes
matching details into consideration. The detailed diagnostic
information extracted from the relation between an observed
response and a simulated response is expressed as a diagno-
sis value for each X-fault and each failing test vector, and all
diagnosis values form a diagnosis table, from which multi-
plets are obtained and ordered. It has been shown that such
per-test X-fault diagnosis can achieve high diagnostic reso-
lution for complex, multiple, and/or dynamic defects.

However, the conventional per-test X-fault diagnosis
method [9] faces two serious problems, as described bellow:

Problem 1: The existence of vias is not considered in rela-
tion to fanout branches.

In the conventional X-fault model [9], the existence of
vias is ignored. This is illustrated in Fig. 1, where the gate G
is considered to have 6 fanout branches, L; ~ Lg. That is,
6 X symbols, X; ~ X4, need to be assigned to L; ~ Lg, re-
spectively. In reality, however, vias or buffers may exist as
shown in Fig.1. Since X-fault diagnosis cannot identify
defective fanout branches, treating many lines as fanout
branches from the same gate may reduce diagnostic reso-
lution.

Problem 2: Difference in occurrence probabilities of pos-
sible logic behaviors of a physical defect is ignored.

In the conventional X-fault diagnosis procedure [9], all
possible logic combinations at the fanout branches of a gate
are considered to be equally likely. In reality, however, this
is usually not true. This is illustrated in Fig.2, where the
gate G has a defective voltage V,,,, which may be intermedi-
ate. In Fig. 2 (a), the gate G has two fanout branches, L; and
L,, corresponding to threshold voltages Vi) and Vi, re-
spectively. In Case-1 (Vi1 < Viga), (00), (10), and (11) may
occur at Ly and L,. However, in Case-2 (Vi1 > Vi), (00),
(01), and (11) may occur at L; and L,. Note that, in a deep-
submicron LSI circuit, especially one with low-voltage de-
sign, the order relation between Vy,; and Vy, may be unpre-
dictable due to process variation. That is, both Case-1 and
Case-2 may show up. Under this condition, it is clear that
the occurrence probabilities of (00), (10}, (01), (11) are 2/6,
1/6, 1/6, and 2/6, respectively, which are clearly not equal.
Therefore, treating the occurrence probabilities of all logic
combinations at the fanout branches of a gate as equal in
an X-fault diagnosis procedure may either reduce diagnos-
tic resolution or produce misleading diagnostic results.

Therefore, there is a need to solve Problem 1 and Prob-
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Fig.2  Defective voltage and possible logic combinations.

lem 2 in order to improve diagnostic resolution and diagno-
sis efficiency, and this is the focus of this paper.

2. Previous Per-Test X-Fault Diagnosis Method
2.1 X-Fault Model

The conventional X-fault model [9] is defined as follows:

Definition 1: A fanout gate has one X-fault, correspond-
ing to any physical defect or physical defect or defects in
the gate or on its # fanout branches. The X-fault assumes
n different X symbols on the »n fanout branches to represent
all possible faulty logic values in fault simulation.

Figure 3 shows the X-fault for an AND gate with two
fanout branches, where X; and X, denote two arbitrary
faulty logic values. Clearly, (X;, X;) represents any possi-
ble faulty logic combination that may appear on the fanout
branches. Note that the conventional X-fault model treats all
fanout branches as directly connected signal lines, without
considering that vias may exist at fanout branches.

The X-fault model has the following characteristics:

e Generality: One single X-fault can represent all pos-
sible faulty logic combinations at a defect site, while
multiple stuck-at faults are needed to cover the same
defect scenario.

e Size: The number of X-faults in a circuit is manageable
since it is equal to the number of gates in the circuit.

o Accuracy: The X-fault model handles the unknown
faulty behavior of a complex defect, such as a



YAMATO et al.: A NOVEL PER-TEST FAULT DIAGNOSIS METHOD BASED ON THE EXTENDED X. -FAULT MODEL

Xl

1,

L—

Fig.3  Conventional X-fault model.

Byzantine defect, with different X symbols. No di-
agnostic information is lost since no effort is made to
aggressively determine faulty logic values with an as-
sumption, such as wired-AND, wired-OR, driving, etc.,
that may not be always true in reality.

¢ Flexibility: The X-fault model allows a fault to have
different faulty behaviors under different input vec-
tors, making it suitable for the per-test fault diagnosis
scheme in handling dynamic defects.

2.2 X-Fault Simulation

Given an X-fault f and an input vector v, X-fault simulation
is to obtain the simulated response of f under v, denoted by
SimRes(f,v)={R1,Ry, ..., R}, where R{,R,, ..., Ry (k> 1)
are logic combinations at primary outputs, corresponding to
k possible faulty logic combinations at Cy, Cy,. .., Cy, at the
site of f, respectively. Generally, X-fault simulation uses
a partial symbolic procedure, consisting of three steps:

(1) X-Injection: Assign different X symbols to the fanout
branches of a gate.

(2) X-Propagation: Propagate X symbols to primary out-
puts.

(3) X-Resolution: Resolve all X symbols to primary out-
puts to obtain a final simulation result [9].

An example is shown in Fig. 4.

In Fig.4 (a), X-injection assigns 3 initial X symbols,
Xi1(by), X5(by), and X3(b3), to the fanout branches, b,
by, and b3, of the gate Gy, respectively. In Fig.4 (b),
X-propagation is conducted by keeping inversion function
but ignoring all other logic functions. For example, the out-
put of the gate G4 is the AND function of X;(b;) and X,(b,).
This functional information is ignored and the result is a new
X symbol X4(b1, b,), in which (b1, b,) is used to indicate that
the output of G4 only comes from branches b, and b;.

In Fig. 4 (c), X-Resolution is conducted to remove the
ambiguity due to X symbols existing in the initial simulated
response. Since b3 is not responsible, only three possible
faulty logic combinations, C;, Cs, and Cs, need to be con-
sidered at the fault site. As a result, the final simulated re-
sponses is SimRes(f,v) = {Ry, Ry, R3}, where Ry, R,, and R3
correspond to Cy, Cy, and C3, respectively. Note that in the
conventional X-fault simulation procedure, Cy, C;, and Cs,
are assumed to be equally likely, i.e. each of them having
an occurrence probability of 33%. In reality, this assump-
tion is usually not true. This problem will be addressed in
this paper by calculating the occurrence probability of each
possible faulty logic combination at fanout branches, and by
using this probabilistic information in X-fault diagnosis.
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Fig.4  X-fault simulation.

2.3 Diagnosis Value Calculation

After conducting X-fault simulation for an X-fault f under
a failing vector v, the simulated response SimRes(f,v) =
{R1,Ry, ..., R} needs to be compared with the observed re-
sponse ObvRes(v) to extract diagnostic information. The
comparison result is represented by a so-called diagnosis
value under v and f, denoted by d(f,v), and the conven-
tional method to calculate d(f, v) is as follows [9]:

Level(f) |Error-PO(v) N Reach_PO(f)|
Lypax |Reach_PO(f)|

d(fv v, Rl) =

if R; is the same as ObvRes(v) on Reach_PO(f); otherwise,
d(f,v,R;) = 0. And,

k
d(f.v) = [Z d(f,v, Ri)] /k
i=1
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Table1  Fault diagnosis table.
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Here, Error_PO(v) is the set of all primary outputs on
which an observed response has errors, and Reach_ PO(f)
is the set of primary outputs that is reachable from the gate
with the X-fault f. In Fig. 4 (c), Error_PO(v) = {PO;} and
Reach_PO(f)={PO, PO, PO3}. Moreover, Level(f) is the
level of the output of the gate with the X-fault £ and L, is
the maximum level in the circuit, assuming that all primary
outputs have level 1. In Fig. 4, Level(f) = 3 and L, = 3.

For the X-fault simulation result shown in
Fig. 4 (c), SimRes(f,v) ={R1, R2, R3} = {{(111),(001), (001)},
ObvRes(v) = (001), and the fault-free simulation result is
(101). Clearly, d(f,v,R1) = O and d(f, v, Ry) = d(f,v,R3) =
(3/3) x (1/3) = 0.33. Therefore, d(f,v) = (0 + 0.33 +
0.33)/3 = 0.22. v

Diagnosis values are calculated for all failing vectors
and faults, and they are stored in a table called a fault di-
agnosis table. Table 1 is an example fault diagnosis table
which contains the average diagnosis value for each fault
that is used in scoring a fault diagnosis result. Clearly, com-
pared with a normal fault dictionary with only 0 and 1 en-
tries, a fault diagnosis table contains more diagnostic infor-
mation.

It is obvious that diagnosis values are calculated with
unique matching criteria, which take the reachable range
of primary outputs, the number of matched errors, and the
depth of a fault into consideration [9]. Note that, however,
this calculation method follows the assumption that all pos-
sible faulty logic combinations at the fanout branches of
a gate are equally likely, which may not be true in reality.

2.4 Per-Test X-Fault Diagnosis Flow

Figure 5 shows the per-test X-fault diagnosis flow [9], which
consists of two stages, one for collecting diagnostic infor-
mation and the other for drawing diagnostic conclusion.

In Stage-1 (Information-Collecting), all X-faults are
simulated for each failing vector, the simulated responses
are compared with observed responses, and a diagnosis ta-
ble is created. In Stage-2 (Diagnostic-Reasoning), a diag-
nosis result is produced from the fault diagnosis table. The
basic processing is to find a minimal set of X-faults that
cover all failing vectors corresponding to non-all-zero rows
in a fault diagnosis table. Such a fault set is called a mul-
tiplet. Then, the score of each multiplet is calculated by
adding up the diagnosis values of all composing X-faults.
These scores are then used to determine the order of multi-
plets, and the X-faults in top multiplets form the final fault
diagnosis result.
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Fig.5  Per-test X-fault diagnosis flow.

3. Improved Per-Test X-Fault Diagnosis

As described above, there are two major problems with
the conventional per-test X-fault diagnosis: (1) treating all
fanout branches of a gate as directly connected signal lines
without considering the existence of vias, and (2) assuming
the all possible logic combinations at the fanout branches of
a gate have equal occurrence probabilities. The first problem
is addressed in Sect. 3.1 with an extended X-fault model and
the second problem is addressed in Sect. 3.2 with a method
for calculating the occurrence probability of each possible
logic combination. Section 3.3 defines a new diagnosis
value based on occurrence probability.

Previous fault diagnosis methods [15],[16] exist for
handling open-via defects. In [15], the logic uncertainty due
to intermediate defective voltages caused by an open-via de-
fect is represented by different X-symbols, in a manner simi-
lar to the X-fault model [9]. However, different from [9] that
uses partial symbolic simulation, [15] uses full symbolic
simulation to process X-symbols, which makes it difficult
to be applied to a large circuit. In [16], physical information
is used to predict the logic behavior of an open-via defect. If
physical information extraction is possible and accuracy can
be guaranteed, this method will generate good diagnostic re-
sults. However, its applicability is limited by the availability
of physical design information and tool accuracy.

3.1 Extended X-Fault Model

The conventional X-fault model [9] assumes one X-fault for
each gate that may have any number of fanout branches.
This is illustrated in Fig.1, where all fanout branches,
Ly ~ Lg, from the gate G are treated without any distinction
from each other. Note that, when the X-fault f is assumed
at G, as shown in Fig. 1, 6 X symbols, X; ~ Xs, are assigned
to the branches. The disadvantage of this X-fault model is
that it can only lead to the finding that a fault and its fanout
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(a) X-Fault f;

(b) X-Fault f,
Fig.6  Extended X-fault model.

(c) X-Fault f3

branches may be defective, without sufficient information to
identify which fanout branch is more likely to be defective.

In reality, the layout of a deep-submicron LSI circuit
usually involves multiple layers, which means that vias are
extensively used. In addition, buffers are used to raise driv-
ing ability when fanout elements have a lot of branches. In
order to handle such via and buffer information, the conven-
tional X-fault model [9] is extended as follows:

Definition 2: A fanout element (gate or via or buffer) has
one X-fault, corresponding to any physical defect or defects
in the element or on its fanout branches. The X-fault as-
sumes different X symbols on the fanout branches of the
element to represent non-deterministic faulty logic values in
fault simulation. :

Examples of the extended X-fault model are shown in
Fig. 6 (a)~(c). Since there are two vias V; and V, and one
buffer 1. 3 extended X-faults, fi ~ f3, are added, in ad-
dition to the conventional X-fault f shown in Fig. 1. 4, 2,
and 2 different X symbols are assigned for the three ex-
tended X-faults, fi, f», and f3, respectively. Obviously,
these new added X-faults are all different from the conven-
tional X-fault f shown in Fig. 1.

Note that, when a buffer exists on the paths from an
assumed X-fault to its branches, the same X symbols are
assigned to all branches connected to the buffer. In Fig. 6 (a),
buffer B; exists on path from X-fault fj to its two branches.
In this case, X is assigned to both branches.

The most significant advantage of the extended X-fault
model is that it can locate defects to more detailed level,
which greatly improves the diagnostic resolution. In the
case of Fig. 6, diagnostic results now can be obtained with
respect to V1, V3, and By, instead of only G.

3.2 Occurrence Probability Calculation

Suppose that a gate or via has n fanout branches,
Li,L,,..., and L,, whose corresponding threshold voltages
are Va1, Vo, ..., and Vy,, respectively. If the order of
Vi, Vinzs . .., and Vy, is fixed and known, there will be
exactly n + 1 possible logic combinations at the fanout
branches [17].

In a real LSI circuit, however, process variation in
the deep sub-micron era and shrinking difference among
threshold voltages in low-voltage design increasingly make
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it difficult to deterministically know the order of threshold
voltages corresponding to the fanout branches of a gate or
via or buffer. In other words, it is necessary to consider all
possible orders of threshold voltages at the fanout branches.
As illustrated in Fig. 2, this results in different occurrence
probabilities of logic combinations at the fanout branches of
a gate or via or buffer. This phenomenon can be quantita-
tively expressed by the following theorem.

Theorem 1: For a gate or via or buffer with n fanout
branches, the total number of possible orders of threshold
voltages at the fanout branches is n!. In addition, the proba-
bility that the fanout branches have a logic combination with
pOsO<p<mis(p!x(n—-p)/(n+ 1.

Proof: Consider the general case shown in Fig. 7. Here, the
n fanout branches, L; ~ L,, whose corresponding threshold
voltages are Vi1 ~ Vi, respectively. In addition, it is as-
sumed that the stem L has a non-deterministic voltage V,,,.
Depending on the relations of L with Vi, ~ Vi, different
logic combinations may appear on L; ~ L, [17].

1st Half: When n threshold voltages are ordered, there are
n choices for the first threshold voltage, (n — 1) choices for
the second threshold voltage, ..., and 1 choice for the n-th
threshold voltage. As a result, there are a total of n! possible
orders of n threshold voltages.

2nd Half: First, for each order of n threshold voltages, there
are (n + 1) possible logic combinations [17], depending on
which of the (n + 1) voltage intervals in the order the cor-
responding intermediate voltage V,, falls in. That is, the to-
tal number of occurrences of possible logic combinations
is(n+ 1) xn! = (n + 1)! In addition, a logic combination
having p 0’s (0 < p < n) means that p threshold voltages
are lower than V,,, and (n — p) threshold voltages are higher
than V,,, where V,, is the corresponding intermediate volt-
age. As a result, there are p! X (n — p)! logic combination
with p 0’s. Therefore, the occurrence probability of such
a logic combination is (p! X (n — p)!)/(n + 1)! |

The occurrence probabilities of logic combinations at
n fanout branches are summarized in Table 2 (a), and the
special case of n = 3 is shown in Table 2 (b). Clearly, logic
combinations with different numbers of 0’s may have differ-
ent occurrence probabilities.

3.3 Use of Occurrence Probabilities
3.3.1 New X-Resolution

Based on Theorem 1, one can determine the occurrence
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Table2  Occurrence probabilities of logic combinations.
(a) Case of n fanout branches
Number of 0°s Number Probability
in logic combination | of Occurmrences of Occurrence
0 n! 1/(ntl)
1 1! x (n-1)! 1/(nx (ntl))
2 2! x (n-2)! 2/ ((n-1) x n x (nt1))
p pl x (n-p)! (! x (n-p)) / (n+1)!
n n! 1/(ntl)
(b) Case of 3 fanout branches
Number of 0’s Number Probability
in logic combination | of Occurrences of Occurrence
0 6 25%
1 2 ~ 8%
2 2 ~ 8%
3 6 25%
g' rn Simulated Response
1

| _PIs EEE )as 11 1]
= | 1] 1l
cm? Rum?
I T 32% I T 32%
16% 16%
16% 16%

Observed Response
Fault-Free Response

Fig.8 New X-resolution.

~ probabilities for all possible faulty logic combinations at the
fanout branches of a gate or via or buffer. This information
is used in X-resolution during X-fault simulation, in order to
better reflect the reality in deep-submicron LSI circuits.
Consider the X-resolution example shown in Fig. 8 for
simulating the X-fault at the gate G,. This gate has 3 fanout
branches, b1, b,, and b3, and there are 3 possible faulty logic
combinations, C; = (01X), C, = (10X), and C3 = (11X).
Since Cy represents (010) and (011) that both have the oc-
currence probability of 8%, the occurrence probability of C;
is 16%. Similarly, the occurrence probabilities of C; and C3
can be obtained as 16% and 32%, respectively. As a re-
sult, the occurrence probabilities of C;, Cs, and C3 are 16%,
16%, and 32%, respectively, which are different from the
conventional assumption that all of them have the same oc-
currence probability of 25% as shown in Fig. 4 (c).
Suppose that the possible logic combinations at the
fanout branches for X-fault f under test vector v are Cy ~Cy,
whose occurrence probabilities are p(C1), p(C2)..., and
p(C,), respectively. Note that p(Cy), p(C2)..., and p(Cp)
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can be readily calculated by using Theorem 1. Also suppose
that the simulated response SimRes(f,v) = {R1,R>,...,R,},
where Ry, R;, ..., and R, are resulting logic combinations
at primary outputs, corresponding to C; ~ C,, respectively.
Clearly, the occurrence probabilities of Ry, R, ..., and R,
denoted by p(R1), p(R2)..., and p(Rn), respectively, are
equal to p(Cy), p(C3) ..., and p(C,), respectively.

For example, in Fig.8, since the occurrence proba-
bilities of logic combinations at fanout branches, C;, C,,
and Cs, are 16%, 16%, and 32%, respectively, the occur-
rence probabilities of logic combinations at primary outputs,
Ry, Ry, and R5 are also 16%, 16%, and 32%, respectively.

3.3.2 New Diagnosis Value Calculation

In the conventional definition of diagnosis value[9] de-
scribed in 2.3, it is assumed that all possible faulty logic
combinations at the fanout branches of a gate are equally
likely, which may not be true in reality. In the following,
a new definition of diagnosis value is presented to take the
difference in occurrence probabilities into consideration.

Generally, the simulated response SimRes(f,v) =
{Ri,Ry,...,R;} is compared with the observed response
ObvRes(v) to extract diagnostic information, and the com-
parison result is represented by a diagnosis value under v
and f, denoted by d(f,v), and the new method to calculate
d(f,v) is as follows:

Level(f) |Error-PO(v) N Reach_PO(f)|

d(f,v, R)= =7 — [Reach_PO(/)|

if R; iS the same as ObvRes(v) on Reach_ PO(f); otherwise,
d(f,v,R;) = 0. And,

k
d(f,v) = ), @(f,v.R) X p(R)
i=1

Here, Error_PO(®v), Reach_ PO(f), Level(f), and Ly
are all as defined in Sect. 2.3.

In Fig.8, for example, SimRes(f,v) = {R,R2,R3} =
{(111),(001),{001)}, ObvRes(v) = (001), and the fault-
free simulation result is (101). Thus, d(f,v,R;) = O,
d(f,v,Ry) = d(f,v,R3) = (3/3) x (1/3) = 0.33. There-
fore, d(f,v) = 0 x 16% + 0.33 x 16% + 0.33 x 32% = 0.16.
Clearly, this diagnosis value is different from the diagnosis
value calculated in Sect. 2.3 for the example of Fig.4 (c).

3.4 Improved Per-Test X-Fault Diagnosis Flow

The general flow of the improved per-test X-fault diégnosis
is basically the same as shown in Fig. 5. The differences are
as follows:

e The extended X-fault model described in Sect.3.1 is
used. Since via and buffer information is utilized, it be-
comes possible to locate defects to more detailed level,
thus greatly improving the diagnostic resolution.



YAMATO et al.: A NOVEL PER-TEST FAULT DIAGNOSIS METHOD BASED ON THE EXTENDED X-FAULT MODEL

o The new diagnosis value described in Sect. 3.3 is used.
Since the occurrence probabilities of possible faulty
logic combinations are taken into consideration, the re-
ality in a deep-submicron LSI circuit is better reflected,
which contributes to the improvement of diagnostic
resolution.

4. Experimental Results

Table 3 summarizes the experimental results. The number of
input vectors for each circuit [18] is shown under “Vector”.
In each experiment, an open-via defect was randomly in-
serted at a fanout gate to imitate a defective chip, and the de-
fect was assumed to cause faulty effects at multiple branches
of the gate. Since there is no via information for the bench-
mark circuits, a hypothetical via configuration is assumed
at the fanout branches of each gate. 10 experiments were
conducted for each circuit, and the average number of faulty
fanout branches is 2.0.

For each sample, three per-test fault diagnosis pro-
grams were run: “Old” uses the conventional X-fault
model [9], “New-A” uses the extended X-fault model but the

" conventional method for diagnosis value calculation [9], and
“New-B” uses the extended X-fault model and the proposed
method for diagnosis value calculation. “SLAT” shows the
average number of SLAT vectors for 10 samples. “MPLT”
shows the average number of multiplets, and “Exact” shows
the average percentage of exact diagnosis, i.e. a multiplet
containing all inserted defects, both for 10 samples. In
other words, “Exact” is the inverse of “MPLT”. “FH” (First
Hit) shows the average position of the first exact-diagnosis-
producing multiplet in a multiplet list. “Time” shows the
average run time of “New-B” (CPU: 2.6 GHz).

From the average FH results, it is clear that the use of
extended X-fault model is indeed effective.. Furthermore,
the use of occurrence probability in diagnosis value calcula-
tion can further improve FH. However, when the extended
X-fault model is used, the number of faults increases in com-
parison to that of the conventional X-fault model [9]. This
may lead to a degrading FH value as in the case of c6288.

Table 3  Fault diagnosis results.

FH(#) New-B
Vector

Circuit SLAT | MPLT | Exact Time
® "6 | @ | @ | Old |NewA|NewB| (ge0)

c432 28 | 23 59| 169 30| 24 26 | 0.02

c499 52| 56 | 282 351273 | 22 1.0 | 0.05

c880 21 f 49 30| 333 14 12 1.0 ] 0.02
cl908 | 106 [ 23 | 161 62| 126 | 3.8 40 | 012
€2670 45 1210 21| 476 12] 22 1.1 | 105
c6288 14| 86 9.4 | 106 1.7 | 59 38| 299
c7552 75 1175 | .38.1 26| 40| 48 351 281
s1238 | 125 | 221 63| 159 471 1.0 1.0 | 0.11
51423 24 1 11.0 1.8 | 556 12| 10 1.0 | 0.09
§5378 | 100 | 46.9 63| 159 30| 16 13| 0.83
59234 | 111 | 23.0 50 | 18.0 29| 10 151 139
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5. Conclusions

This paper proposed a new per-test fault diagnosis method
based on (1) the use of the extended X-fault model for han-
dling vias and buffers and (2) the calculation of occurrence
probabilities of possible faulty logic combinations at the
fanout branches of a gate or a via. As demonstrated by ex-
perimental results, the improved per-test X-fault diagnosis
method can achieve better diagnostic resolution. More ex-
periments on larger circuits are under way to further evaluate
and improve the proposed method.
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