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Abstract
In this paper, test input vectors for ISCAS-85

benchmark circuits are derived, with which single faults
of each signal line in the lTL combinational circuits can
be detected by their quiescent supply currents. Also, they
are compared with the vectors for fault detection
methods based on the primary output logic values. It is
shown that by detecting faults with supply currents of
T7z circuits, smaller size of test inputs can be derived
for most of the circuits than fault detection methods based
on the primary output logic values, and ako, if both the
output logic values and the supply current are used for
detecting faults, the number of the test inputs can be
reduced.

1. Introduction
Until now, it is shown that supply current testings,
especially the IDDQ testing for CMOS circuits, are very
useful for realizing high reliable systems[1,2,3]. In order
to detect faults, the IDDQ testing utilizes the property
that if any defects do not occur in CMOS circuits, the
extremely less supply current has appeared.
The IDDQ testing has a good property to make it
easy to generate test vectors, which is called as
"automatic observability"[4]. That is, in the process of
the IDDQ testing, faults must be sensitized, like in fault
detection methods based on primary output logic
values, but the effects of the faults do not have to be
always propagated to any primary outputs, because
faults can be detected by the IDDQ testing if any
effects of faults are generated in the supply current. By
using this property to detect single stuck-at faults in
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CMOS circuits, a fault simulation algorithm can be
simplified, the size of test vectors can be reduced and
the fault coverage can be increased[3]. Also, it is
reported that the IDDQ testing can detect some of
redundant faults, which can not be detected by
measuring the output logic values[5]. Furthermore, the
usefulness of the current testing has been checked for
single stuck-at faults in CMOS circuits[6].
However, the effectiveness of the supply current
testing for TTL circuits is not shown. Besides CMOS
circuits, TTL circuits, in which TTL gates are used, are
well used now for implementing logical systems. For
TTL circuits, quiescent supply currents flow from the
Vcc terminal to the GND terminal, even if any faults do
not occur in the circuits. Thus, the IDDQ testing
methodology is not applicable to fault detection
problems of 'ITL circuits.
In order to detect faults in l T L circuits with their
supply currents, a new fault detection method for l T L
circuits should be developed. Therefore, we proposed
fault detection methods based on supply currents of TTL
circuits[7,8]. In order to detect faults, the methods
utilize each test vector and the supply current which
flows through the Vcc terminal when the test vector is
inputted to the unfaulty circuit, instead of the output
logic values. On testing circuits, after each test vector
is inputted, the quiescent supply current is measured
and it is checked whether the current is almost the
same as the unfaulty circuit. If the measured supply
current is different from the unfaulty circuit, the circuit
is determined as a faulty circuit. Since it needs a lot of
memory to store the supply current of the unfaulty
circuit, the method in [8] uses the maximum, the
minimum and the average values, and the linear
predictive coefficients as characteristic parameters of

because dynamic currents are difficult to be measured.
The supply current(1cccj)) of a TTL circuit can be
provided by (1).

the supply current, and detects faults with a pattern
recognition technique.
In [8], the effectiveness is checked by some
experiments. However, the test input vectors and the
fault coverage have not been shown. Therefore, in this
paper, the reduced test vectors and the fault coverage of
the supply current testing for TTL circuits are presented.
Many faults can be detected by measuring the
output logic values, even if the test input vectors for
the current testing are used. Therefore, it seems that if
both the supply current and the primary output logic
values are measured for detecting faults, the size of test
vectors and the CPU time can be decreased. In this
paper, the effectiveness obtained by measuring both the
supply current and the output logic values is examined.
In section 2, our supply current testing method is
described. In section 3, a test generation algorithm and
the evaluation results are presented.

N
Icccj)= Iiu)
(1)
i=1
where N is the number of gates in the circuit, and Icccj)
and Iiu) are supply currents of the CUT and the i-th
gate, respectively, which will flow when the j-th test
vector is inputted to the primary input terminal of the
circuit. Supply currents of TTL gates depend on the
output logic values[7,8]. Therefore, if a fault occurs in a
CUT, and the different output logic values from the
unfaulty circuit are generated, Icccj)' in (2) will be
appeared, which is different from the unfaulty circuit.
N
(2)
Icc(j)'= I: Ii(j)'
i=l
where Iiu)' is the supply current of the i-th gate in the
faulty circuit.
By using the difference of supply current between
the unfaulty circuit and the CUT, it is expected that
faults in TTL circuits can be detected. Therefore, in the
method proposed here, faults are detected by AIcccj),
which is defined by (3).

2. Supply current testing for TTL circuits
2.1 Principle of fault detection

AIcc~~)=~Icc~~)-Icc(~)'~

Fig.1 shows examples of supply currents of a 2 bit
full-adder circuit, which is made of 'ITL LS-type ICs.
As shown in Fig.l(a), the supply current of the
unfaulty l T L circuit changes with each test inputs.
If a fault occurs in the circuit, a different supply
current is generated as shown in Fig.l(b). We attempt to
detect faults with the difference of quiescent supply
current between the CUT and the unfaulty circuit,
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There are many kinds of faults that can occur in

l T L circuits. However, in this paper, only faults of each
signal line are considered. For TTL circuits
implemented on printed boards, the faults are realistic.
That is why any faults will not occur in ICs used in
printed boards since each IC has been well checked
before shipping, but more faults will occur at signal
lines since the width of printed patterns has become
more narrow. For the circuits implemented in ICs, many
faults occur at signal lines[9]. Therefore we attempt to
detect faults of signal line in this paper.
As faults to be detected of each signal line, we
consider only an open-circuit fault and bridge faults
with either the Vcc lines or the GND lines, because
physical faults occur well at signal lines as described
above and both the Vcc lines and the GND lines occupy
the large area in implemented logic circuits.
If an open-circuit fault occurs at an output signal
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Fig.1 Examples of supply current of TTL circuits.
(Sampling fiequency=125kHz)
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from the supply currents of the faulty ICs. As shown in
Table 1, supply currents of faulty gates are specified
with the minimum and the maximum values, since they
change with time and with different ICs.

line of a gate, the logic value of the line is l(High
voltage), and there are no effects on the supply current.
Therefore, if and only if output logic values of any gates
between the faulty signal line and primary output signal
lines are changed by the fault, it can be detected by our
method. If a bridge fault with the Vcc(GND) lines
occurs, the effect can be modeled as a stuck-at-1(0)
fault. Furthennore, a large amount of current will flow
at the signal line, when the fault is sensitized, as in
Fig.2.

Table 1 Examdes of supply currents of TTL gates.
Logical
I"
NI k A l
IBG[mA]
IBV [mA]
function
[mAl
NOT
1 0.71 0.23 74.80-82.80108.50-132.50

NOR
NOR
EX-OR

x=v,

I

Y=V,

NAND

I

2 1.03 0.50 38.00-44.50 118.00-238.00
3 1.1 6 0.72 31.35-37.25 94.00-188.00
2 I 1.5710.961 72.20-77.201 50.00- 53.801

NI is the number of inputs.
I L (IH) is the supply current of the unfaulty gate,
whose output logic value is O(1).

late

2.3 Supply current measurement

(a)Bridge fault with GND line

There are many methods to measure supply
currents. In this paper, the method in Fig.3 is used; i.e.
supply currents are measured by amplifying the voltage
across a resistor R, which is inserted between the Vcc
terminal of the CUT and the source voltage terminal.

lIBV

x=v,

z-v,

Y=V,

1

-..-

J

(b)Bridge fault with Vcc line
Fig.2 Supply currents of TTL NAND gate
with bridge faults.

7is

Table 1 shows examples of the supply currents of
each gate. The supply currents of unfaulty gates in
Xble 1 are obtained by dividing the supply currents of
the ICs by the number of gates implemented in them.
The supply currents of faulty gates are obtained by
subtracting the currents of unfaulty gates in Table 1

h-

There are some constraints, which must be satisfied
in order to measure supply currents correctly by the
method. The analog input voltage to an A/D converter
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Fig.3 Supply current measurement circuit.

Therefore, by using (9) and (lo), it can be determined
whether an input vector(Tj) can be used as a test input.
Imax(Icc(i)')-IccCj)l2Idiv
(9)
\min(IccCj)')-Icc(j)(2Idiv
(10)
where
k- 1
N
max(IccCj)')= Sfi) +IfmaxCj) + IiCj)
(1 1)
i= 1
i=k+ 1

should be less than its analog maximum quantization
size(Vadmax). Also, in order for 'ITL gates to work, the
supply voltage should be within the specified
range(from Vccmin to Vccmax); for example, for the 74
LS type of TTL gates, Vccmin=4.75[V] and
Vccmax=5.25[V]. Therefore, (4) and (5) should be
satisfied.
G-R-Iccfi) I Vadmax
(4)
Vccmin 5 Vcc - R*Icc(j) I Vccmax
(5)
A CUT, whose supply current does not satisfy either (4)
or ( 5 ) , can be determined easily as a faulty circuit, if
the supply current of the unfaulty circuit satisfies both
(4) and (5). Therefore, R and G are determined so that
the supply current of the unfaulty circuit can satisfy
both (4) and (5).
Since if a fault bridging with the GND line is
occurred and sensitized, a large amount of current flows
at the faulty line in many cases, it can be detected
easily. But even if a primary input signal line is bridging
with the GND lines, the faulty current does not flow
through the Vcc terminal of CUT. Therefore, in order to
make it easy to detect such faults, a gate is inserted at
each primary input terminal. Also a gate is inserted at
each primary output terminal in order to detect the
open-circuit fault, because if the gates are not inserted,
when an open-circuit fault occurs at a primary output
signal line, the effect of the fault does not appear in the
supply current.
All faults in the gates inserted at the primary input
and output signal lines can be removed easily by testing
them fully, since they are the most primitive gates. Thus
we assume that the inserted gates have no fault.

z

N
k- 1
E IiCj) +Ifminu) + 2: Iifi)
(12)
i= 1
i=k+ 1
Furthermore, since (13) is always satisfied, we select
an input vector, which can satisfy either (14) or (15), as
a test input.
max(Icc(i)') 2 min(Icc(j)')
Icc(j)-max(IccQ)') 2 Idiv
min(1ccfi)')-IccCj) 2 I&V
min(IccQ)')=

3. Test generation
3.1 Test generation algorithm
Until now, test generation algorithms have not been
proposed, which are based on supply currents of TTL
circuits. Therefore, in this paper, we use a primitive test
generation algorithm. The algorithm is based on fault
simulation techniques[101, which is described below.
[l]Set j=O and Nl=O.
[2]If N1 is greater than NL, stop this algorithm, where
NL is a parameter to stop t h s algorithm.
[3]Generate an input vector(Tj) with random numbers
and set j=j+l.
[4]By performing logic simulation, determine the logic
value of each signal line for Tj.
[SIInsert a single fault at a signal line.
[6]Determine the logic value of each signal line and
calculate the supply current of the circuit.
[7]If the supply current satisfies either (14) or (15),
select the input vector as a test vectot
[8]If all faults which can be sensitized with Tj are not
inserted, go to [5].
[9]If all faults have been detected, stop this algorithm.
[10]If Tj is not selected as a test vector, set Nl=Nl+l
and go to [2]. Otherwise, set N1=0 and go to [3].

2.4 Test vectors for current testing of TTL circuits

The testing method proposed here is based on
AIcc(j), that is, it is determined by (3) whether a
circuit is faulty. However, faults should be detected by
(6), since there is a constraint on the resolution(1div)
for measuring supply currents, which is defined by (7).
AIcc(j) 2 Idiv
(6)
Idiv = { Vadmax/(2'- 1)}/( G.R)
(7)
where a k bits A/D converter is assumed to be used.
Also, the supply current of faulty gate(1kCj)') is
defined by (8) from Table 1.
IfminCj) I IkCj)' 5 IfmaxCj)
(8)
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than the logic testing, except for C6288.
Faults can be detected by (14) and (15) if the
supply current testing method is used. Therefore, the
fault coverage depends on Idiv. Idiv is determined by
the used A/D converter and the maximum value of
Icccj) of the unfaulty circuit. However, Idiv can be
made smaller, if circuits are divided into some circuit
blocks and the supply current of each circuit block is
used for testing. Therefore, in Table 3, Idiv is set to be
O.lmA for each circuit. As shown in Table 3, by
decreasing Idiv, the fault coverage can be improved and
the test inputs can be derived more quickly.
Furthermore, from Table 2 and 3, it is found out that the
fault coverage of the current testing can be greater than
the logic testing, except for C6288.
For C6288, the same fault coverage can be obtained
by the current testing as the logic testing, while the size
of the test vectors is increased and it takes more time to
derive the test inputs than the logic testing. That is why
the effects of faults on the supply current can be
canceled by other gates. It is expected that it is more
effective to detect faults by using a fault detection
method based on both the supply current and the logic
values of primary output terminals. Therefore, we
examined the effectiveness by modifying the algorithm
in section 3.1 so that if either the supply current or the
output logic values are drfferent from ones of the

3.2 Test generation for TTL combinational circuits
We performed some experiments for evaluating our
method. In our experiments, the benchmark circuits in
ISCAS-85 are used as CUTS and NL is set to be 50.
Since multi-input gates are used in the circuits, they are
converted with the gates shown in Table 1.
In order to evaluate the effectiveness of our current
testing, we derived test vectors for a conventional fault
detection method, which is based on the logic values of
the primary output terminals and is referred to "logic
testing" in this paper. Both the open-circuit faults and
the bridge faults with the Vcc lines can be modeled as
stuck-at-1 faults. The bridge faults with the GND lines
can be modeled as stuck-at-0 faults. Then, in order to
derive test input vectors of the logic testing, an
algorithm is used, which is modified so that at step [6]
and [7] in section 3.1, the output logic values can be
used in order to detect faults instead of the supply
current.
Table 2 shows test generation results of our current
testing and the logic testing. Each Idiv in Table 2 is
determined by (7). From Table 2, it is found out that the
size of test input vectors for the current testing is more
reduced and thevectors are obtained quickly

Table 2 Test generation based on supply currents.

CUT

C1908 0.201

54(146) 93.2(93.8) 1.1x103(1.1x104)

C2670 0.348

62( 89) 96.4(82.1) 3.2x103(1 .3x104)

C3540 0.416

89(214) 97.5(94.3) 5.9x103(2.6x104)

Number Fault
of Test covarage
inDuts
1%1

CPU time [sec]

C5315 0.650 122(191) 98.2(99.0) 1.6x104(2.1x104)
C6288 0.620 162( 49)

97.6(99.5) 2.9.1 04(4.2x103)
The numbers of () are the differences from the test
input vectors based on supply currents in Table 2.

The numbers in () are for test input vectors of logic testing.
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Table 4 Test input vector based on supply
current and output logic values

unfaulty circuit, the circuit can be determined as a
faulty circuit. The results are shown in Table 4. As
shown in Table 4, the smaller size of test vectors can be
derived by the method more quickly than either the
current testing or the logic testing, and the fault
coverage can be improved. Therefore, we think that it is
very useful to measure both the supply current and the
output logic values for testing.
It is impossible to insist that the current testing can
derive its test vectors more quickly than the logic
testing, since many algorithms for the logic testing that
can derive test vectors more quickly are not used in
these evaluations. The comparison of the CPU time
remains as a future work. However, it is expected that
test input vectors can be derived more quickly than the
logic testing with the automatic observability.

CUT

Number Fault
ofTest covarage

CPU time [sec]

4. Conclusion
The numbers of () are the differences from the test
input vectors based on supply currents in Table 2.

In this paper, test input vectors of TTL
combinational circuits for the supply current testing are
derived and the fault coverage is examined. As the
result, it is checked that the supply current testing can
detect more faults than the fault detection methods
based on logic values of primary output terminals, and
can reduce the number of test input vectors.
Furthermore, the test vectors are generated for a fault
detection method based on both the supply current and
the primary output logic values, and it is shown that it
is more effective to use both of them for testing circuits.
In this paper, our method has not been evaluated
from the practical point of view. Practical evaluation of
our method is one of the future works.
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