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Abstract

This paper extends the CMOS standard cells characterization methodology for
defect based testing. The proposed methodology allows to find the types of faults
which may occur in a real IC, to determine their probabilities, and to find the
input test vectors which detect these faults. For shorts at the inputs two types of
cell simulation conditions – “Wired-AND” and “Wired-OR” – are used. Examples
of industrial standard cells characterization indicate that a single logic fault
probability table is not sufficient. Separate tables for “Wired-AND” and “Wired-
OR” conditions at the inputs are needed for full characterization and hierarchical
test generation.

1. Introduction

It is well known from the literature [e.g. 1-5] that classical test generation methods
cannot handle the actual behavior of faulty digital circuits implemented as CMOS ICs.
These methods allow to generate test vectors using logic-driven gate-level models to
represent the circuit design and abstract fault models (e.g. the stuck-at fault model) to
describe manufacturing defects causing IC failure. As a result the circuit layout, physical
defects characteristics and the actual circuit behavior are ignored.

To overcome these limitations, in [5, 6] circuit and layout-driven test generation methods
were proposed. In these works the whole circuits having hundreds of gates were analyzed as
single blocks. Such an approach is computationally expensive and thus highly impractical
as a method of generation of tests for real VLSI designs. An alternative approach has been
proposed recently [7, 9, 10]. In these works functionality of gates from a standard cell
library is analyzed for all possible physical defects using transistor-level simulation. This
characterization process may be computationally expensive, but it should be done only
once for every standard library cell. This information can be used for defect oriented fault
simulation and test generation at higher levels of abstraction [9-11]. It can be shown that
classical stuck-at fault based simulation and the test coverage calculation based on counting
defects without considering defect probabilities may lead to considerable overestimation of
results [8].

In this paper we extend the previous works in the following way:
(a) We define more precisely the simulation conditions of “Wired-AND” and

“Wired-OR” shorts at inputs of logic gates.
(b) We use an alternative method of characterization of probabilities of physical

defects based on a commercial CAD tool (Dracula).
(c) As a result of (a) and (b), we present examples of new results of estimation of

probabilities of logic faults in several digital gates. These results include
multiple shorts.

                                                
1  Currently with Measurement Microsystems A-Z Inc., Trois-Rivieres, Quebec, CANADA.
2  Currently with Institute of Electron Technology, Warsaw, POLAND.
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The paper is organized as follows. In Section 2 the method of estimation of defect
occurrence probabilities is introduced. Identification of faulty functions and test vectors
generation procedure is described in Section 3. Section 4 presents examples of
characterized standard cells.

2. Estimation of defect occurrence probabilities

In the following we consider one kind of physical defects in CMOS gates - shorts
between conducting regions. This is one of the most important sources of faults in CMOS
digital circuits. However, the methodology can be extended to other types of physical
defects as well (e.g. breaks). A short is a piece of extra conducting material that connects a
pair of separate conducting regions in the integrated circuit. This affects the connectivity of
the circuit - two separate electrical nodes become shorted. It is intuitively obvious that
probabilities of shorts depend on the layout of the circuit. Conducting regions that are
adjacent to one another are more susceptible to shorts than regions that are separated by a
large distance. We assume that every defect, which results in a short, can be approximated
by a circle. To estimate the probabilities of shorts between pairs of nodes we use the
concept of critical area for shorts [12, 13]. The critical area for shorts is such a region in the
circuit that if the center of a defect of a given radius r is located anywhere inside the critical
area, a short between two adjacent conducting regions occurs. Fig. 1 illustrates the concept
of critical area for shorts.
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Figure 1. Concept of the critical area for shorts.

Probability that two electrical nodes will be shorted by a physical defect is given by the
following formula derived from Poisson based yield model:
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where: i is the type of conducting layer, N is the number of conducting layers, r is the radius
of the defect (a random variable), Acri(r) is the critical area function, Doi is the density of
physical defects of type ”i ”. fri(r) is the size distribution function for defects of type ”i ”
given by [14, 15]:

f r

p r

p X
r X

p X

p r
X r

ri

i

i i
i

i i
p

i
p i

i

i

( ) =

−( ) ⋅
+( ) ⋅

≤

−( ) ⋅
+( ) ⋅










−

2 1

1
0

2 1

1

0
2 0

0
1

0

,

, .

for : <

for : <
(2)



T h e  I E E E  I n t e r n a t i o n a l  S y m p o s i u m  o n  D e f e c t  a n d  F a u l t  T o l e r a n c e  i n  V L S I 
S y s t e m s  –  “ D F T ’ 0 1 ” , San Francisco, California, 24-26 October 2001

386

The size distribution function has two parameters: X0i (which is modeled to be very small
compared to the minimum feature size of a given manufacturing process) and parameter pi.
In our calculations of the probability of shorts three the most important conducting layers –
Polysilicon, Metal1 and Metal2 were taken into account. Parameter X0i was assumed to be
20% of the minimal distance between shapes on a given conducting layer, p = 3 and
Do = 10 defects/cm2.

In this work we extracted the critical area using the commercial CAD tool (Dracula) by
means of a series of geometrical operations on the cell layout. The operations that are
possible in Dracula are normally used for design rule checking, but they can also be used
for other geometrical transformations of the layout, and in particular for extraction of the
critical area defined as in Fig. 1.

Formula (1) allows to calculate the probability of shorts between more than two electrical
nodes as well. In this case critical area Acri should be extracted for nonequipotential
conducting paths representing given nodes altogether.

3. Faulty functions identification and test vectors generation

The first step in identification of logic faults and their probabilities is to calculate Psh for
all pairs of conducting regions representing electrical nodes. If for a given pair Psh = 0, this
pair of nodes cannot be shorted and is not taken into account. For the pairs that can be
shorted the logic faults are determined. In simple cases this can be done by inspection of
the circuit, for example it is obvious that a short between an output node and VDD results in
“Stuck-at-1” fault at this node. In more complex cases it may be necessary to simulate
operation of the faulty circuit at the transistor level.

Analyzed gates and circuits were simulated electrically to find the test set for each short.
A testbench circuit (see Fig. 2) was implemented in HSPICE. Level 47 (BSIM3 Version 2.0)
MOS transistor model was used in simulations.

Figure 2. Testbench circuit schematic diagram.

For each short the responses to all the input vectors were found. If at least one net of the
shorted pair was an input, the simulation was carried out twice using “Wired-AND” and
“Wired-OR” models. These two models were implemented by using input buffers with
MOS transistors of different channel geometries. The construction of the buffers is shown
in Fig. 3. The channel width values of the transistors used in the buffers are given below:
•  “Wired-AND” shorts: PMOS W = 10 µm, NMOS W = 10 µm;
•  “Wired-OR” shorts: PMOS W = 40 µm, NMOS W = 5 µm.
The channel length was 0.8 µm in all the transistors.
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   In some cases (e.g. when one of the shorted nets was the output) the output voltage of the
tested circuit was significantly different from the expected one, i.e. either 0.0 or 5.0 volts.
To avoid ambiguity in classifying such responses as logic one or logic zero, a non-inverting
buffer (of the same construction as the input ones) regenerating the voltage level was
connected to the output. For each input vector the buffer’s output voltage was compared
with the correct value of the logic function implemented by the tested circuit. If these two
values did not match, the input vector was counted as a test vector.

Figure 3. Buffer schematic diagram.

A short itself was implemented in the SPICE netlist as a resistor of 100 mΩ, which is the
average value of sheet resistance of metals used in the 0.8 µm CMOS process. As the
resistances of contacts and vias in this technology are several orders of magnitude higher,
the value of the resistor simulating a short is not critical. We tried several resistance values in
the range from 0.01Ω to 200Ω. The gate behavior at the logic level did not depend on this
resistance. The waveforms obtained from the simulation allow to determine the actual logic
function performed by the faulty circuit.

The procedure presented above is the most time consuming part of the characterization.
If the number of possible shorts is large and operation of the faulty cell is not obvious for
most of them, it is necessary to perform many circuit simulations. This is time consuming
and difficult to automate. Hence, the complexity of the characterization process depends
mainly on the number of physically possible shorts in the characterized cell and the
complexity of the cell function. In practice it may take from several hours to several days to
characterize a single cell. However, this process is performed only once for every library
cell. In this way the functional faults that result from shorts are identified and their
probabilities are determined.

4. Examples of standard cells characterization

The methods described in Section 2 and 3 were used for characterization of gates from
an industrial standard cell library in 0.8 µm CMOS technology. Fig. 4 shows the
distribution of the probabilities of various types of functional faults for a complex 4 input
AN3 gate performing the not((A and B) or C or D) function. Logic and schematic diagrams
of AN3 gate are shown in Fig. 5.

In Table 1, the mapping between functional faults, input vectors of the gate and defects
(for “Wired-AND” shorts) is given. For each vector, all the defects detected by this vector
are marked by 1.
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Figure 4. Distribution of probabilities of faults for AN3 gate.

Figure 5.  Logic diagram (left) and schematic diagram (right) of AN3 complex gate.

Based on data from Table 1 the effectiveness of test vectors was calculated (see Table 2).
This effectiveness is defined as the total probability of occurrence of a group of all faults
detected by a given test vector [7]. In Table 2 one can see that the vector V(1) = 0010 has
the highest effectiveness.
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Table 1. Probabilities of defects (“Wired-AND” shorts) in the complex gate AN3
and the fault table.

Probability Pi
Input vector  tj

<ABCD>
i Fault  di Erroneous function

f di

absolute relative 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 A/B not detected 3.2938e-07 0.13550 none
2 A/C not(A*C+D) 1.0199e-07 0.04196 1 1 1
3 A/D not(A*D+C) 5.8123e-08 0.02391 1 1 1
4 A/n1 not(B+C+D) 5.0892e-08 0.02094 1
5 A/Q not(not(A)+C+D) 3.1540e-08 0.01297 1 1 1
6 A/gnd not(C+D) 3.4523e-08 0.01420 1
7 A/vdd not(B+C+D) 1.8743e-08 0.00771 1
8 B/C not(B*C+D) 3.0736e-07 0.12644 1 1 1
9 B/D not(B*D+C) 1.2855e-07 0.05288 1 1 1
10 B/n1 not(A+C+D) 5.5331e-08 0.02276 1
11 B/Q not(not(B)+C+D) 6.5150e-08 0.02680 1 1 1
12 B/gnd not(C+D) 2.7366e-08 0.01126 1
13 B/vdd not(A+C+D) 2.1387e-08 0.00880 1
14 C/D not(A*B+C*D) 4.4240e-07 0.18199 1 1 1 1 1 1
15 C/n1 SA0 for Q 4.0733e-08 0.01676 1 1 1
16 C/Q not(A*B+not(C)+D) 1.0515e-07 0.04326 1 1 1 1 1 1
17 C/gnd not(A*B+D) 2.5810e-08 0.01062 1 1 1
18 C/vdd SA0 for Q 1.4943e-08 0.00615 1 1 1
19 D/n1 SA0 for Q 2.1978e-08 0.00904 1 1 1
20 D/Q not(A*B+C+not(D)) 1.8618e-07 0.07659 1 1 1 1 1 1
21 D/gnd not(A*B+C) 2.1360e-08 0.00879 1 1 1
22 D/vdd SA0 for Q 1.0609e-08 0.00436 1 1 1
23 n1/Q not(A*B) 4.2614e-08 0.01753 1 1 1 1 1 1 1 1 1
24 n1/gnd SA0 for Q 7.2557e-09 0.00298 1 1 1
25 n1/vdd not detected 1.4613e-07 0.06011 none
26 Q/gnd SA0 for Q 1.2459e-07 0.05125 1 1 1
27 Q/vdd SA1 for Q 7.0250e-09 0.00289 1 1 1 1 1 1 1 1 1 1 1 1 1
28 gnd/vdd not detected 3.7640e-09 0.00155 none

Table 2. Effectiveness of test vectors for the gate AN3.
Test vector <ABCD> Shorts detected Effectiveness

V(1)=0010 A/C,  B/C,  C/D,  C/Q,  C/gnd,  n1/Q,  Q/vdd 1.0324e-06
V(2)=1010 B/C,  C/D,  C/Q,  C/gnd,  n1/Q,  Q/vdd 9.3036e-07
V(3)=0001 A/D,  B/D,  C/D,  D/Q,  D/gnd,  n1/Q,  Q/vdd 8.8626e-07
V(4)=1001 B/D,  C/D,  D/Q,  D/gnd,  n1/Q,  Q/vdd 8.2813e-07

V(5)=1100 A/C,  A/D,  A/Q,  A/gnd,  B/C,  B/D,  B/Q,  B/gnd,
Q/vdd

7.6163e-07

V(6)=0101 A/D,  C/D,  D/Q,  D/gnd,  n1/Q,  Q/vdd 7.5771e-07
V(7)=0110 A/C,  C/D,  C/Q,  C/gnd,  n1/Q,  Q/vdd 7.2499e-07

V(8)=1000 B/n1,  B/Q,  B/vdd,  C/n1,  C/Q,  C/vdd,  D/n1,  D/Q,
D/vdd,  n1/gnd,  Q/gnd

6.5331e-07

V(9)=0100 A/n1,  A/Q,  A/vdd,  C/n1,  C/Q,  C/vdd,  D/n1,  D/Q,
D/vdd,  n1/gnd,  Q/gnd

6.1262e-07

V(10)=0000 A/Q,  B/Q,  C/n1,  C/Q,  C/vdd,  D/n1,  D/Q,  D/vdd,
n1/gnd,  Q/gnd

6.0813e-07

V(11)=0011 n1/Q,  Q/vdd 4.9639e-08
V(12)=0111 n1/Q,  Q/vdd 4.9639e-08
V(13)=1011 n1/Q,  Q/vdd 4.9639e-08
V(14)=1101 Q/vdd 7.0250e-09
V(15)=1110 Q/vdd 7.0250e-09
V(16)=1111 Q/vdd 7.0250e-09

Taking into account that in many cases one fault can be detected by several test vectors,
the concept of usefulness of test vectors was introduced in [7]. It allows to determine the
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optimum sequence of test vectors. Having calculated the effectiveness for every test vector
we can determine this sequence in the following way. We select the vector with the highest
effectiveness as the first one, and we subtract the probabilities of occurrence of all faults
detected by the first vector from the effectiveness of the remaining vectors. In this way we
obtain the effectiveness of the remaining vectors for the remaining (i.e. not detected by the
first vector) faults. We call it usefulness of the test vectors. Now we select as the second
vector the one with the highest usefulness, and again we subtract from the usefulness of the
remaining vectors the probabilities of the faults detected by the second vector. We repeat
this procedure selecting the third vector and subsequent ones until no more undetected
faults remain. The results of the usefulness computation for AN3 cell are presented in
Table 3 and Fig. 6. The fault coverage for 5 test vectors equals 80.28%.

Table 3. Usefulness of test vectors for the gate AN3 (“Wired-AND” shorts).
Usefulness

Test vector <ABCD> Shorts detected
absolute relative

V(1)=0010 A/C,  B/C,  C/D,  C/Q,  C/gnd,  n1/Q,
Q/vdd

1.0324e-06 0.42468

V(2)=1000 B/n1,  B/Q,  B/vdd,  C/n1,  C/vdd,  D/n1,
D/Q,  D/vdd,  n1/gnd,  Q/gnd

5.4816e-07 0.22550

V(3)=1100 A/D,  A/Q,  A/gnd,  B/D,  B/gnd 2.8010e-07 0.11523
V(4)=0100 A/n1,  A/vdd 6.9635e-08 0.02865
V(5)=0001

(or 0101, or 1001)
D/gnd 2.1360e-08 0.00879
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Figure 6. Usefulness of test vectors for the gate AN3.

The similar simulations for AN3 cell but with “Wired-OR” shorts were carried out as
well. Obtained fault table, like Table 1, is different. We did not include it because of the lack
of space. But the most important results – usefulness of test vectors – are presented in
Table 4. As one can note the sequence of test vectors was changed and sets of detected
defects are different. In this case the fault coverage equals 75.63%.

Table 4. Usefulness of test vectors for the gate AN3 (“Wired-OR” shorts).
Usefulness

Test vector <ABCD> Shorts detected
absolute relative

V(1)=0100
A/B,  A/n1,  A/Q,  A/vdd,  B/C,  B/D,  C/n1,
C/Q,  C/vdd,  D/n1,  D/Q,  D/vdd,  n1/gnd,
Q/gnd

1.3779e-06 0.56683

V(2)=1000 A/C,  A/D,  B/n1,  B/Q,  B/vdd 3.0198e-07 0.12423
V(3)=0010 C/gnd,  n1/Q,  Q/vdd 7.5449e-08 0.03104
V(4)=1100 A/gnd,  B/gnd 6.1889e-08 0.02546
V(5)=0001

(or 0101, or 1001)
D/gnd 2.1360e-08 0.00879

In order to check the importance of defects causing shorts between more than two
electrical nodes a similar characterization procedure for NA2 = NAND(A,B) gate was carried
out. The results for “Wired-AND” shorts in NA2 gate are presented in Table 5.
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Table 5. Probabilities of “Wired-AND” shorts in the gate NA2 and the fault table.

Probability Pi
Input vector  tj

<AB>
i Fault  di Erroneous function  f di

absolute relative 0 1 2 3

1 A/B not detected 3.4405e-07 0.27840 none
2 A/Q A 1.4407e-07 0.11658 1 1 1
3 A/gnd SA1 for Q 1.7382e-08 0.01407 1
4 A/vdd not B 4.5933e-08 0.03717 1
5 B/Q B 8.1981e-08 0.06634 1 1 1
6 B/gnd SA1 for Q 4.5555e-08 0.03686 1
7 B/vdd not A 1.1434e-07 0.09252 1
8 Q/gnd SA0 for Q 6.6776e-08 0.05403 1 1 1
9 Q/vdd SA1 for Q 1.0407e-07 0.08421 1
10 gnd/vdd not detected 5.5575e-09 0.00450 none

11 A/B/Q A*B 5.9993e-08 0.04855 1 1 1 1
12 A/B/gnd SA0 for Q 1.6993e-08 0.01375 1 1 1
13 A/B/vdd SA1 for Q 2.7522e-08 0.02227 1
14 A/Q/gnd SA0 for Q 1.3286e-08 0.01075 1 1 1
15 A/Q/vdd SA1 for Q 2.6166e-08 0.02117 1
16 A/gnd/vdd not detected 5.3552e-09 0.00433 none
17 B/Q/gnd SA0 for Q 1.7587e-08 0.01423 1 1 1
18 B/Q/vdd SA1 for Q 3.2060e-08 0.02594 1
19 B/gnd/vdd not detected 5.5220e-09 0.00447 none
20 Q/gnd/vdd not detected 1.7270e-08 0.01397 none

21 A/B/Q/gnd SA0 for Q 1.2897e-08 0.01044 1 1 1
22 A/B/Q/vdd SA1 for Q 1.6905e-08 0.01368 1
23 A/B/gnd/vdd not detected 5.3194e-09 0.00430 none
24 A/Q/gnd/vdd not detected 4.6267e-09 0.00374 none
25 B/Q/gnd/vdd not detected 4.5913e-09 0.00372 none

In Table 5 one can observe that triple and quadruple shorts have much lower importance
than double shorts from probability of occurrence point of view. For data completeness
results of the usefulness computation for NA2 cell are presented in Table 6 and Fig. 7.

Table 6. Usefulness of test vectors for the gate NA2 (“Wired-AND” shorts).

Usefulness
Test vector <AB> Shorts detected

absolute relative

V(1)=11 A/Q,  A/gnd,  B/Q,  B/gnd,  Q/vdd,  A/B/Q,  A/B/vdd,
A/Q/vdd,  B/Q/vdd,  A/B/Q/vdd

5.5570e-07 0.44967

V(2)=10 B/vdd,  Q/gnd,  A/B/gnd,  A/Q/gnd,  B/Q/gnd, A/B/Q/gnd 2.4188e-07 0.19593
V(3)=01 A/vdd 4.5933e-08 0.03717
V(4)=00 not used 0 0
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Figure 7. Usefulness of test vectors for NA2 cell (“Wired-AND” shorts).
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5. Conclusions

In this work we demonstrated that a commercial CAD tool can be used for
characterization of probabilities of physical defects in digital cells. Therefore, the
methodology proposed in [7, 9, 10] is generally available and does not necessarily require a
special purpose software tool. We also analyzed more precisely the cell behavior taking into
account by means of appropriate input buffers two possible conditions when shorts at
inputs occur: the “Wired-AND” condition and the “Wired-OR” condition. Depending on
chosen simulation condition the sequence of test vectors and sets of detected defects are
different. This indicates that a cell must be characterized by two logic fault probability
tables and in hierarchical testing one or the other must be used depending on the conditions
at the inputs.
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