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Abstract. The test can be developed at the functional level of the circuit. Such an approach allows developing the
test at the early stages of the design process in parallel with other activities of this process. The problem is to choose
the right fault model because the implementation of the circuit is not available yet. The paper introduces three new
fault models for synchronous sequential circuits: functional clock at-speed, functional clock static-based and functional
clock delay. The introduced models are based on the primary input values, on the primary output values and on the
state bits values of the programming prototype. The presented experimental results explore the possibilities of the
functional test that is constructed on the base of the static-based fault model to detect the transition and stuck-at faults.
The fault coverage of the functional static-based, stuck-at and transition faults corresponds with one another quite well.

1. Introduction

The new nanometer process technology increases
the number of tiny transistors squeezed onto a single
chip. The distance between transistors is scaling down.
The adoption of nanometer processes results in the
new classes of defects that affect signal timing. The
defect spectrum now includes more problems such as
high impedance shorts, in-line resistance, and cross-
talk between signals, which are not always detected
with the traditional static-based tests, known as stuck-
at tests. Detecting these delay defects requires a test
approach that can apply test patterns at the rated speed
of the device under test.

Semiconductor companies creating these nanome-
ter designs are seeking to create high quality, cost-
effective tests for these devices. Defects per million
(DPM) rates increase, unless companies add new
types of tests better suited to detect new failure types.
The increase of DPM rates can harm both a company's
financial well-being along with their reputation. How-
ever, the leading ASIC vendors documented that their
DPM rates were reduced by 30 to 70 percent by
adding at-speed testing to their traditional stuck-at
tests [1].

Test generation is being developed in two direc-
tions. The usual trend is when the test is generated for
the circuit at the structural level. In this case, the main
problem is the test generation time, because it directly
influences the time-to-market. The task of test genera-
tion is quite complicated, especially for sequential
circuits. Therefore, the technique of design for
testability (DFT) is applied during the design of such
circuits. This helps to reduce the cost of test
development. But the scan design allows a
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synchronous sequential circuit to be brought into the
states that the circuit cannot visit during functional
operation. As a result, it allows the circuit to be tested
using test patterns that are not applicable during
functional operation. This leads to unnecessary yield
loss. The other disadvantage of DFT approach is that it
adds extra delay to the circuit.

The other important direction of test generation is
the functional test development at the high level of
abstraction. In the initial stages of the design, the
structural implementation of the design is not known.
Therefore the task of the test generation is more
complex, because the test has to be generated for all
the possible implementations. But the test develop-
ment can be accomplished in parallel with other
design stages. In this case, the time of test generation
is not a critical issue. During design process, the
software prototype of the circuit is created according
to the specification. The software prototype simulates
the functions of the circuit, enables to calculate the
output values according to the input values. The func-
tional test can be generated on the base of the software
prototype. The test patterns generated in such a way
can be used for the verification purposes as well. If the
generation of the functional test encounters some diffi-
culties, in order to facilitate the task of test generation
the state variables of the software prototype can be
used as the primary inputs and the primary outputs. In
such a case, the generated test can be only applied for
the scan designed circuit, but the correspondence bet-
ween the state variables and the flip-flops of the scan
register has to be established. The functional test is
very valuable also for the testing of intellectual
property (IP) components whose implementation
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details are not known to the designer of the system on
a chip.

The size of a functional test is usually much larger
than that of an implementation-dependent one to as-
sure good fault coverage for many implementations.
When the synthesis of a high level description into a
particular implementation is completed, the minimiza-
tion of the functional test according to the particular
implementation can be provided in order to exclude
the test patterns that do not detect the faults of the
particular implementation. Next, the list of undetected
faults can be formed, and the deterministic methods
can be used to detect the faults from this list. The
adaptation of the functional test according to the par-
ticular implementation is much simpler task than a
generation of the test from the scratch. The process of
adaptation doesn’t require the long hours and it has a
weak impact on the overall time of the design. That is
a strong advantage of the functional test. If the high
level description is resynthesized, the functional test
remains the same. It has to be only adapted to the new
implementation.

It is worth noting that the functional test generated
at a high level of abstraction can be useful even in the
case where the test for the gate level structure can be
easily computed or the full scan is used. These two
different approaches of the test development shouldn’t
be opposed. The functional test sometimes is used as
the basis for the gate level test generation [2]. The
other advantage of the functional test over the gate le-
vel test is that the gate level test covers the functional
faults only partly. Therefore, the functional test can
detect the defects, which are not covered by the gate
level test. The use of the functional test allows desig-
ning a partial scan only for the faults that are not de-
tected by the functional test.

The use of the functional test to detect stuck-at
faults has a long history. It was noticed that the func-
tional test at the rated speed detects more faults, espe-
cially the faults related to a delay of the circuit. Such a
test mode is called functional at-speed testing. In this
approach, test engineers apply test patterns developed
through functional simulation to the device’s pins
using a high-speed, high-pin-count tester. Later at-
speed testing was applied to the scan methodology.
But the functional delay fault models are defined only
for the combinational circuits.

The purpose of this paper is to propose the functio-
nal delay and static-based fault models for the syn-
chronous sequential circuits. The paper is organized as
follows. We review the problems of the synchronous
sequential circuits testing in Section 2. We introduce
the new functional delay fault models for the synchro-
nous sequential circuits in Section 3. We explore the
possibilities of the functional test that is constructed
on the base of the static-based fault model to detect
the transition and stuck-at faults in Section 4. We
finish with conclusions in Section 5.
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2. Related work

Static-based functional fault models are introduced
and analysed in the book [3]. Textual, mutation, state
machine, specific, delay fault models were analysed.
The input-output pin pair, input-input-output pin
triplet, activating function terms fault models were
introduced. The application of these models for test
generation produces the test sets of different sizes. The
larger set of tests means the better quality of tests. All
the proposed fault models were explored and inves-
tigated experimentally. On the basis of these results,
we can select an appropriate fault model according to
the complexity of the problem being solved.

An iterative model of the synchronous sequential
circuits imitates its functioning expanded time-wise.
Having such an iterative model of device, functional
static-based fault models can be used for test genera-
tion. Further these test patterns are transformed into
the test sequences [3].

At-speed testing is crucial for reducing test time
and in capturing frequency-dependent defect mecha-
nisms that arise from process complexities [1]. The
two at-speed scan fault models at gate level most
widely used today include the path delay model and
the transition delay model. Compared to static testing
with the stuck-at fault model, testing logic at-speed
requires a test pattern with two parts. The first part
launches a logic transition value along a path, and the
second part captures the response at a specified time
determined by the system clock speed. If the captured
response indicates that the logic involved did not
transition as expected during the time unit, the path
fails the test and is considered to contain a defect.
While paths can start or end at the device input or
output pins, testing for these types of paths requires
high resolution clocking typically provided by the
automatic test equipment (ATE). These capabilities are
usually available only on high-end testers. Fortunately,
some advanced automatic test pattern generation
(ATPG) tools can utilize internal phase-locked loops
(PLL) to automatically provide these high-resolution
clocks [4].

Path delay tests target the path delay fault model,
which models manufacturing defects or process prob-
lems that can cause cumulative delays along the de-
sign's critical paths [5]. A static timing analysis tool
can identify the design's critical paths, which are used
by the ATPG tool to create test patterns for faults
along these paths. The total number of possible paths
in a design is enormous, so the path delay fault model
is generally used for only a limited number of user-
defined critical paths.

To implement a path delay test, the process is as
follows. A static timing verification/analysis tool ge-
nerates a list of critical paths and these paths are used
as input to the ATPG tool. When reading in the path
file, the ATPG tool checks to make sure each path is
real, meaning it is a path that can be exercised during
the design's functional mode. Oftentimes, many of the



paths reported by static timing are functional false
paths, or in other words, they are paths not actually
used in the design's functional operation. This happens
because the timing tool is only concerned with adding
up the timing delays of the elements in the path. The
ATPG tool analyses the paths and, when it determines
that a path is a real functional path, it generates
patterns to test it. When the ATPG fault model is set to
path delay, the fault list contains two faults per path, a
slow-to-rise and a slow-to-fall fault. It is important to
note that when the ATPG tool generates path delay
tests and provides a test coverage number, this number
reflects coverage of only the loaded paths — not all
paths in the design.

Transition tests target the transition fault model,
which models manufacturing defects that behave as
gross delays on gate terminals (pins). Using the
transition fault model, each pin is tested for slow-to-
rise or slow-to-fall transition behaviour. Two types of
transition tests can be created: launch-on-shift and
broadside in case of scan design [6]. In the launch-on-
shift approach, the last shift of the scan chain load also
serves as the transition launch event.

In the launch-on-shift approach, the scan enable
signal must be able to turn off very quickly after the
last shift clock and let logic settle before the capture
clock occurs. For that reason, the scan enable signal
usually needs to be routed as a clock signal to ac-
complish this. Depending on the design frequency
required for the test, the scan chains themselves might
also be required to shift at system frequencies.

This can be a limitation because most scan chain
shifting is done at lower frequencies. If the chains are
shifted and tested at-speed, this could result in an
unnecessary yield loss. The main advantage of this
launch-on-shift approach is that it only requires the
ATPG tool to create combinational patterns, which are
quicker and easier to generate.

The other transition testing technique is called
broadside. In this technique, the entire scan data
shifting can be done at slow speeds in test mode, and
then two at-speed clocks are pulsed for launch and
capture in functional mode. Once the values are
captured, the data can be shifted out slowly in test
mode. The main advantages of this approach are that it
does not require scan chains to shift at-speed or the
scan enable signal to perform as a high-speed clock.
So, from the design side, it is much simpler to
implement.

Additionally, broadside transition testing can also
support LSSD-style scan designs. Because of these
advantages, most companies have adopted this ap-
proach for creating their transition test patterns. The
main disadvantage of this broadside approach is that
the ATPG problem is now a sequential one, which can
increase the test pattern generation time and might
result in a higher pattern count.

The experiments demonstrated that launch-on-shift
patterns provide higher test coverage than broadside
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testing [1]. However, the launch-on-shift approach
provides additional detection of some non-functional
faults that most companies do not want or need to test
[7]. Including tests for these faults could even cont-
ribute to unnecessary yield loss.

The best results of the test coverage and the shor-
test size of the test can be achieved in the following
way. Firstly, the path delay tests are constructed for
the critical paths keeping in mind the constraints of
time and the limitations of computer resources. Then,
the tests for transition faults are constructed again
keeping in mind the constraints of time and the limi-
tations of computer resources. Finally, the tests for
stuck-at faults that were not covered by the first two
types of tests are constructed [7].

An at-speed test clock is required to deliver timing
for at-speed tests [8]. There are two main sources for
the at-speed test clocks. One is the external ATE and
the other is a on-chip clock. Traditionally, ATE has
always supplied the test clocks. In some cases, the
ATE is still a viable source for the at-speed testing
clocks. However, the sophistication and cost of the
tester increase as the clocking speeds and accuracy
requirements rise.

The second source of clocks can come from inside
the chip itself. More and more designs include a PLL
or other on-chip clock generating circuitry. Using
these functional clocks for test purposes can provide
several advantages over using the ATE [9]. In this
situation, the design has both internal and external
clocks and control signals. By using something called
"named capture procedures," the user can specify the
functionality and relationships between the internal
and external signals. The ATPG tool then uses these
relationships to create accurate at-speed test patterns
driven by the on chip clocks.

Control registers are typically used to program
which clocks to pulse and when. These internal cont-
rol registers can be loaded with specific values by the
ATPG tool. The ATPG user simply needs to specify
the desired register values by using "condition state-
ments" in the named capture procedures. This method
is much easier than loading values through a boundary
scan test access port (TAP) controller, and it does not
require extra external pins to feed in those register
values [10].

In fact, at-speed scan testing has replaced at-speed
functional testing for the same reasons that stuck-at
scan testing replaced functional testing [11]. Despite
the mentioned fact, due to delay penalty of design for
testability, at-speed functional testing remains still in
use. The at-speed scan testing and at-speed functional
testing should not be opposed because they comple-
ment each other and the both directions of the research
are purposeful. Today’s technologies of manufacturing
of the circuits require using various test construction
methods that are combined on the base of their
advantages [3]. This paper is devoted to the problems
of the at-speed functional testing. The functional
static-based and the functional delay fault models,
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which can be applied for the scan circuits, are known
only for the combinational circuits [12, 13]. The qua-
lity of the test is usually measured by the stuck-at and
the transition fault coverage. The functional static-
based and the functional delay fault models, which are
devoted for the sequential circuits, have to be intro-
duced in order to evaluate the quality of the test on the
base of the software prototype model when the
structural implementation of the circuit is not known
yet.

3. Functional Clock Fault Models Based on
Software Prototype

The functional delay fault models for the software
prototype without state variables, which can be
applied for the iterative circuit model, were analysed
in [3]. The sequential circuit is replaced with the
model that has the predetermined number of cycles L,
when the inputs and the outputs of the circuit are
repeated in every cycle. The extended model of the
sequential circuit becomes the model of the combina-
tional circuit that has L times more inputs and outputs.
All the known methods of the functional test
generation can be applied to such a model. This ap-
proach has the shortcoming that the large number of
inputs and outputs increases significantly the number
of the functional faults of the circuit.

Let’s consider the functional delay fault models for
the software prototype that has the state variables. The
functional test consists of the test sequences. During
the testing, before the launching the first test sequence
the reset command, which sets the flip-flops to the
known state, is issued. After loading the test stimulus,
which is pulsed by the clock signal, the responses are
captured at the outputs of the circuit. We will relate
the functional fault models to the clock cycle and we
will call them the functional clock fault models. The
functional fault model relies not only on the values of
the inputs and outputs but on the values of the state
variables as well. According to the proposed model,
the number of the functional faults is significantly less
than in the case of the iterative circuit model and is
independent of the number of the clock cycles L as
well as the length of the test sequence.

During the functional testing, the sequence of
stimuli X', t=1,2,...,L, is applied to the inputs of the
circuit. The responses are captured at the outputs of
the circuit for each time unit. If the clock signal is
applied at the rated frequency, such a testing is called
the functional at-speed delay testing. The applied
inputs stimuli affect the states of the flip-flops. The
transitions propagate along the paths of the circuit.
The delays of the paths do not allow propagating the
transition during one time unit. The delay fault effects
are captured at the flip-flops and measured at the
outputs during every clock cycle. The functional at-
speed testing enables to detect the delay faults.
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For simplicity, let’s say that the delay defect is
single and it is observed only during the one time unit.
The impact of the transitions at the inputs of the
circuit and in the state of the flip-flops is captured at
the flip-flops and is measured at the outputs of the
circuit. The values captured at the flip-flops can be ob-
served during the same time unit or later. The value of
the state of the flip-flop is observed at the outputs, if
the change of this value impacts the change of the
value at some outputs during the same time unit or
during the next time units.

The functional faults can be detected during each
time unit. The delay faults captured in the state vari-
ables are only probably detectable. Their final detec-
tion is acknowledged by the fact that the captured
value in the state variable is observed at the outputs
during later time units.

We will propose the functional fault models of the
software prototype for the at-speed testing. Let’s say,
the software prototype model has » inputs, m outputs
and v bits of state variables that can be associated with
the flip-flops of the circuit. During the time unit ¢, the
stimulus <x,', X,',...,x,"> is applied to the inputs of the
circuit and the state of the circuit <y,", y, "',...y,"">
that was set during the previous time unit is assumed.
We denote the complete input stimulus of the time unit
by P=<p'L,p% ....p% ..., P>, Where pi=x, i==1,
2,...n, and phc=y"' , k:=1,2, ...,v. Therefore, the
input stimulus has n+v signal values. After application
of input stimulus during the time unit ¢, the responses
<21,2',-,Z}',...,Zm™> are measured at the outputs and
the new values are captured in the state bits <y, y,
'...,y,>. The complete output pattern of the time unit is
R'=<r'i,r, ....1% ..., '™, where =z, j:=1,2,...,m,
and r'yac=y, ki=1,2, ...,v. Therefore, the output pat-
tern has m+v signal values. During each time unit, for
every pair of inputs/outputs (i, j), four delay faults are
considered: (ri;,ri;), (ri;,f;), (fi,rij), (fi,f) that correspond
to all the possible combinations of the rising (ri) and
falling (f) transition faults.

The matrix D:Hda,b||2(n+v),2(m+v) will be used to
denote the detected functional delay faults of the soft-
ware prototype. The entry of the matrix is d,,:=1 if the
corresponding functional delay fault is detected,
d.,:=0 in the opposite case. Each input/output (i, j) is
associated with four entries of the matrix dji; .1, doi.
12> @ainj-1, daipj that correspond to functional delay
faults (ri;, 1i;), (rij, f5), (fi, rij), (fi, f;). The entry of the
matrix dai.i 5.1 is set to 1 if the functional delay fault
(ri, rij) is detected. That corresponds to the situation
where the transition 0—1 is on the input #, the
transition 0—1 is on the output j, and the blocked
transition on the input disables the transition on the
output. The entry of the matrix d;.; ,; is set to 1 if the
functional delay fault (ri;, fj) is detected. That corres-
ponds to the situation where the transition 0—1 is on
the input i, the transition 1—0 is on the output j, and
the blocked transition on the input disables the tran-
sition on the output. The entry of the matrix dyij.; is
set to 1 if the functional delay fault (f, ri;) is detected.



That corresponds to the situation where the transition
1—0 is on the input i, the transition 0—1 is on the
output j, and the blocked transition on the input
disables the transition on the output. The entry of the
matrix dyi,j is set to 1 if the functional delay fault (f;,
f;) is detected. That corresponds to the situation where
the transition 1—0 is on the input #, the transition
1—0 is on the output j, and the blocked transition on
the input disables the transition on the output. We
denote the second value of the transition on the input
by c¢. We denote the second value of the transition on
the output by d. Then we denote the four cases of the
corresponding delay faults by the expression dai. ;.
1. We will use this notation in the rest of the paper.

The different rules of the assessment of the value
change of input stimulus P to the output pattern R
allow introducing three different new fault models: the
functional clock at-speed (FCaS), the functional clock
static-based (FCS), and the functional clock delay
(FCD). We start with the presentation of the FCaS
fault model.

For the clarity of the presentation, we separate the
input stimulus of the time unit ¢ into two parts: the
values <x;, X5.....X,> on the primary inputs, the
values <y,"', y» ",...yy"'> of state bits. We separate
also the output pattern of the time unit ¢ into two parts:
the values <y, y, "...,y,> of state bits, the values
<2,,23,...,Z}',...,z> on the primary outputs. The two
cases are distinguished:

1. The impact of the signal transition is observed at
the outputs during the same time unit. The entry
of the matrix djicaj.q is set to 1 if i<n and the
change of the value on the input x"= x;"' (was
xi# x;i) causes the change of the value at the
output 7= 7" (was 7% z"'). The entry of the
matrix dicaj.a 1S set to 1 also if i>n and the
change of the value of state bit y;= y;"' (was y;'#
yi") causes the change of the value at the output
7= 7" (was z'# z""), where c=x{, d=z, j=12,

Lom, =12, ... ntv.

2. The impact of the signal transition is observed at
the outputs during the next time units. The entry
of the matrix dyicaj.q 1S set to 1 if i<n and the
change of the value on the input x"= x;"' (was
xi# x;i") causes the change of the value of the
output state bit y;'=y;"' (was y;# y;""), which is
observed during the next time units t+1, t+2,
...,L. The entry of the matrix di»jq is set to 1
also if i>n and the change of the value of state bit
yi=yi" (was yi% yi"") causes the change of the
value of the output state bit yi=yi! (was yj# y;"
), which is observed during the next time units
t+1,  t+2, L,  where c=x{, d=z,
jF=m+lm+2,... m+tv, i:=1,2, ...,ntv.

In such a way, all the stimuli of test sequence are
treated in order to fill up the matrix D, except the first
one, because the first one has no stimulus before.

The FCS fault model differs from the FCaS model
in two ways:
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1. All the stimuli of test sequence are treated;

2. The impact of complementing the value of the
input stimuli to the values of the output pattern is
analysed.

The entry of the matrix D is assigned to 1 in the
following two cases:

1. The impact of the signal transition is observed at
the outputs during the same time unit. The entry
of the matrix djico.q4 is set to 1 if i<n and the
change of the value on the input x;""= 1-x;' causes
the change of the value at the output z;". The entry
of the matrix dijq is set to 1 also if i>n and the
change of the value of state bit y;"':= 1-y;"' causes
the change of the value at the output z, where
c=xi, d=z, j=1,2, ...,m, i:=1,2, ...,n+v.

2. The impact of the signal transition is observed at
the outputs during the next time units. The entry
of the matrix dyiyj.q is set to 1 if i<n and the
change of the value on the input x;'= 1-x;' causes
the change of the value of the output state bit y;',
which is observed during the next time units t+1,
t+2, ...,L. The entry of the matrix dyi.j.q is set to
1 also if i>n and the change of the value of state
bit y;"':==1- y;"" invokes the change of the value of
the output state bit y;', which is observed during
the next time units t+1, t+2, ....L, where c=x;,
d:zjt,j:m+1,m+2,...,m+v, =12, ...,n+v.

Capturing the values at the output after each input
stimuli slows down the speed of the application of test
sequence and limits the size of the delay defect. It is
possible to eliminate these shortcomings, if the values
at the output are captured after the last stimulus of test
sequence. In this case, the effect of the delay defect is
captured in the state bits and it is observed at the
output after the last stimulus of test sequence was
processed. Such an application uses the third type of
the functional clock fault model — FCD. The entry of
the matrix D is assigned to 1 in the case where the
impact of the signal transition is observed at the
outputs after the last stimulus of test sequence was
processed in the following two cases:

1) if i<n and the change of the value on the input
xi= 1-x;' causes the change of the value at the
output sz,

2) if i>n and the change of the value of state bit y;"
"= 1-y{! causes the change of the value at the
output z", where c=x, d=z, j=1,2, ...,m, i:=1,2,
..ntv.

The test sequence can detect more FCaS faults
than FCD faults. The sequence of length L-1 can be
formed from the original test sequence of length L, if
to remove the last two stimuli. The sequence of length
L-2 can be formed from the test sequence of length L-
1 by removing the last two stimuli. Continuing in this
way it is possible to obtain L-2 test sequences, where
the shortest test sequence will contain only two test
stimuli. The obtained sequences will detect the same
amount of the FCD faults as well as the original test
sequence of length L detected FCaS faults. The
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formed test sequences can be analysed in the de-
creasing order of their length. Such a process allows
removing the test sequences that do not detect the new
FCD faults. The obtained test sequences will detect
the same amount of FCD faults as the original test
sequence detected FCasS faults.

The total number of FCS faults is 4(nt+v)(m+v),
meanwhile the total number of FCaS faults is 4(n-
1+v)(m-1+v), which is the same as for FCD faults.
But quite a large number of FCS, FCaS and FCD
faults can be undetectable. Their undectability can be
verified in the following way. Let’s say the stimulus
P=<p1.p2 ....Pi» ---» Panv>, Where pi=x;, i:=1,2,...,n,
and p,ﬁ](::ykt'1 ,ki=1,2, ...,v is applied to the inputs of
corresponding combinational circuit, and responses
are captured at the outputs of this circuit and denoted
by the pattern R=<r,r5, ...,Ij, ..., Inwy>, Where 1;:=z},
j=1,2,...m, and tng:=y. , k=12, ...,v. The
functional faults of the sequential circuit that corres-
pond to the undetectable PP faults of the combina-
tional circuit can not be detected as well [3]. The
undetectable PP faults of the combinational circuit
may be determined using the methods of random
search and the simulation. But the methods of random
search can not guarantee that they uncover all the
testable faults. Therefore, these methods can not un-
cover all undetectable faults. The results of the ran-
dom search methods can be trusted only with some
degree of the reliability.

4. Experiments

To explore the features of the FCS fault model, we
have chosen the benchmarks b0l and b02 from the
benchmark suite ITC99. The random search was used
to generate the test sequences consisting of seven
stimuli. The values of the reset signal were generated
randomly as well. For each stimulus of the test se-
quence, the FCS faults were determined that are de-
tected by this stimulus according to the rules of the
FCS fault model presented in the previous section. In
such a way, 21 test sequences were selected for the
benchmark b01, and 10 test sequences were selected
for the benchmark b02. The software model of b01
has 3 inputs, 2 outputs and 3 state bits. Therefore, 120
FCS faults are counted for the benchmark b01, 92 of
them can be detected without placing constraints on
the state values, 28 faults are undetectable. All the de-
tectable FCS faults were detected by the generated test
sequences. The software model of b02 has 2 inputs, 1
output, and 3 state bits. Therefore, 80 FCS faults are
counted for the benchmark b02, 54 of them can be
detected without placing constraints on the state
values, 26 faults are undetectable. 52 FCS faults were
detected by the generated test sequences. The gene-
rated test sequences were treated against 3 types of the
faults: FCS, stuck-at and transition. The contribution
of each test sequence was evaluated separately for
each type of the faults. The results are presented in
Figure 1 and Table 1.
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Figure 1. The process of covering faults of benchmarks
b01 and b02

We can see from Figure 1 that the fault coverage
for all the types of faults coincides quite well.
However, if we looked carefully to Table I, we could
see that the fault coverage of FCS faults increases
constantly but that is not always true for the other two
types of faults. One reason of this phenomenon is that
the FCS faults are more general, and they are appli-
cable to any implementation of the circuit. Therefore,
the increase in the fault coverage for the stuck-at and
transitions faults of the particular implementation may
not be observable.

Table 2 shows the possibilities of the test to detect
the other types of faults. The fault coverage for the
intended type of the faults is shown in bold. The test
targeted for the functional faults covers the stuck-at
faults better than the transition faults. The test gene-
ration tool TetraMax was used to construct the test
sequences for the stuck-at and transition faults.
TetraMax was not able to achieve the complete fault
coverage of the transition faults even for these small
circuits. Meanwhile, the test sequences for stuck-at
faults have higher fault coverage and they detect the
transition and FCS faults quite well. These few
experiments show that the coverage of the FCS faults
coincides better with the stuck-at fault coverage than
the transition fault coverage, but the functional test
detects the transition faults quite well, too.



Table 1. The process of covering faults of benchmarks b01
and b02

Numb b01 fault coverage (%) b02 fault coverage (%)
er of
test Tran- Stu- Tran- Stu-
seque FCS sition ckat FCS sition | ckat
nc
1 1,09 0,00 1,56 | 9,26 | 0,65 5,92
2 26,09 | 27,19 | 35,00 | 55,56 | 51,32 | 77,63
3 29,35 | 28,44 | 35,00 | 64,81 | 69,08 | 90,13
4 36,96 | 35,00 | 41,56 | 66,67 | 71,05 | 90,79
5 38,04 | 35,63 | 41,56 | 72,22 | 71,05 | 92,11
6 52,17 | 60,63 | 69,38 | 74,07 | 71,71 | 92,76
7 5543 | 64,69 | 76,56 | 75,93 | 73,03 | 92,76
8 64,13 | 68,75 | 80,94 | 92,59 | 78,95 | 98,03
9 69,57 | 70,31 | 81,25 | 94,44 | 8421 | 98,03
10 71,74 | 70,31 | 81,25 | 96,30 | 84,21 | 98,03
11 76,09 | 70,31 | 81,56
12 77,17 | 71,19 | 82,19
13 78,26 72,81 | 82,19
14 83,70 | 73,13 | 82,50
15 92,39 | 79,69 | 88,13
16 93,48 | 80,00 | 88,13
17 94,57 | 84,38 | 90,31
18 95,56 | 84,38 | 90,31
19 97,83 | 87,81 | 92,81
20 98,91 | 88,13 | 93,12
21 100 | 91,56 | 95,31
Table 2. The different types of faults
Cireuits . Fault cov.e.rage %
Functional Transition Stuck-at
100 91,56 95,31
b01 98,91 90,94 97,81
97,83 92,50 97,81
96,30 84,21 98,03
b02 94,44 85,53 95,39
88,89 83,55 95,72

2. Conclusion

The functional fault models allow to assess the test
quality and to generate the functional test according to
the software prototype in the initial stages of the
design. The functional fault models were used only for
the combinational circuits so far. We presented three
new functional delay fault models for sequential
circuits: functional clock at-speed, functional clock
static-based and functional clock delay. The functional
static-based, at-speed and delay faults are measured at
the outputs and captured in the state bits for each time
unit of the test sequence. The impact stored in the state
bits of the functional static-based and at-speed faults
can be observed at the outputs during the next time
units. The impact of the functional delay faults is mea-
sured at the outputs after the last stimulus of the test
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sequence was processed. The fault coverage of the
functional static-based, stuck-at and transition faults
coincides quite well. The information on the test qua-
lity of the functional test and the functional test se-
quences can be useful in choosing the testing strategy
and in achieving the high coverage of the faults at the
gate level of the circuit.
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