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(57) ABSTRACT 
A test pattern Sequence which is used to test a delay fault or 
an open fault which accompanies a delay occurring in an IC 
is easily and rapidly generated. A list of locations Such as 
logic gates and Signal lines within the circuit where a fault 
is likely to occur is prepared (101). One of the faults is 
Selected, and an initialization test pattern V1 which estab 
lishes an initial value for activating the fault at the location 
of a fault is determined by the implication operation (103), 
and a propagation test pattern V2 which causes a Stuck-at 
fault to be propagated to a following gate is determined by 
the implication operation (105). A sequence formed by V1 
and v2 is registered with a test pattern list (107), and the 
described operations are repeated until there remains no 
unprocessed fault in the fault list. 
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FIG. 55 
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GENERATING TEST PATTERNS USED IN 
TESTING SEMCONDUCTOR INTEGRATED 

CIRCUIT 

BACKGROUND OF THE INVENTION 

0001. The invention relates a method and an apparatus 
for generating test patterns used in testing a Semiconductor 
integrated circuit, and in particular, to a method and an 
apparatus for generating test patterns which are used to 
detect a gate delay fault, an open fault which gives rise to a 
gate delay fault, and a path delay fault with the aid of a 
transient power Supply current Signal. 

0002 Test patterns for testing an abnormal delay time of 
a logic gate in a Semiconductor integrated circuit under test 
(hereafter referred to as “gate delay fault') are provided in 
the prior art by preparing a test pattern which initializes an 
output from a logic gate under test of the circuit to a signal 
value (initial logic value) and another test pattern which tests 
the logic gate under test for a Stuck-at fault, or a fault that 
the output from the logic gate under test is fixed to the initial 
logic value. FIG. 1a shows an example of the Semiconduc 
tor circuit under test. The circuit includes input terminals X 
and X connected to inputs of NAND gate G. Input termi 
nals X and X are connected to inputs of NAND gate G. 
Outputs from NAND gates G and G feed NOR gate G, the 
output of which feeds NOR gate G together with an input 
applied to an input terminal X. Output from NAND gate G 
also feeds NAND gate Gs together with an input applied to 
an input terminal Xs. Outputs from NOR gate G and NAND 
gate G5 feed NOR gate G, the output of which is connected 
to an output terminal Z. 

0.003 For the illustrated semiconductor circuit under test, 
a test pattern which examines a “slow-to-rise’ gate delay 
fault of the logic gate G is generated in a manner as 
described below. First of all, a test pattern X=X, X=x, x=0, 
X=X and Xs=X which produces an initial value of “0” at the 
output of the faulty gate G is determined as shown in FIG. 
1a. Here, “X” indicates a "don't care’ value or either “1” or 
“0”. This test pattern is denoted hereafter as v1=(xx0xx). 
ASSuming a Stuck-at fault at the faulty gate G. Such that its 
output is fixed to the initial value of “0”, a test pattern 
V2=(0x111) is then determined which allows the stuck-at 
fault to be detected at the output Signal line of the Semicon 
ductor circuit (see FIG. 1(b)). As a consequence, a test 
pattern Sequence which detects a Slow-to-rise fault at gate 
G, is defined as T=<v1, v2>=<"xx0xx”, “0x111">. A tech 
nique for generating test patterns for the gate delay fault is 
disclosed, for example, in E. S. Park and M. R. Mercer, “An 
Efficient Delay Test Generation System for Combinatorial 
Logic Circuits', Transactions on Computer-Aided Design, 
11(7), pp. 926-938, 1992 or U. Mahlstedt, “DELTEST: 
Deterministic Test Generation for Gate Delay Faults”, Pro 
ceedings of IEEE International Test Conference, pp. 972 
980, 1993. 

0004. A signal propagation path in a semiconductor inte 
grated circuit is referred as a path. A time interval required 
for a signal to propagate from an input Signal line to an 
output Signal line of a path is referred to as a path delay time. 
When a path delay time exceeds a given value, a circuit fails 
to operate normally, and this is referred as a path delay fault. 
Two test patterns are generally necessary to test a delay fault, 
and are commonly referred to as a test vector pair or a test 
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pattern Sequence. According to the conventional practice, a 
test pattern Sequence which tests a path delay fault in an 
integrated circuit is generated by utilizing a five logic value 
System shown in FIG. 2 and assigning the logic values to 
various signal lines in the circuit under test according to an 
implication table shown in FIG. 3 or a sensitizing table 
shown in FIG. 4. In FIG. 2, S0 remains to be “0” for either 
pattern V1 or V2; S1 remains to be “1” for either pattern V1 
or V2; U0 is equal to “X” for pattern v1 and to “0” for pattern 
v2; U1 is equal to “X” for pattern v1 and to “1” for pattern 
v2; and XX remains to be “X” for either pattern v1 or v2. 
0005 Output states of AND gate shown in FIG. 3a1 
when its input terminals X, X assume various combinations 
of S0, U0, S1, U1 and XX are illustrated in the implication 
table of FIG. 3a2. To give an example, when X is equal to 
S0 and X is equal to U0, it follows that v1=<0.x> and 
v2=<0.0>, and thus the output is <0.0>=S0. Output states of 
NOR gate shown in FIG. 3b1 when its input terminals X, 
X assume various combinations of S0, U0, S1, U1, and XX 
are illustrated in the implication table of FIG. 3b2. Simi 
larly, output states of an inverter shown in FIG. 3c1 when 
a single input terminal X assumes one of S0, U0, S1, U1 and 
XX are illustrated in the implication table of FIG. 3c2. 
0006 FIG. 4a shows a value of the other input signal to 
change the output status or to activate the circuit when one 
input to AND gate has changed from “0” to “1”. In the 
present instance, it may be S1 or from “X” to “1”. For the 
instance of FIG. 4b where one input changes from “1” to 
“0”, the other input may be U1 or remain to be “1” in order 
to change the output state (or to activate the circuit). FIG. 4c 
shows the five value logic of the other input Signal required 
to activate the respective gates when one input to AND gate, 
NAND gate, OR gate or NOR gate rises from “0” to “1” or 
falls from “1” to “O’. 

0007. In an integrated circuit shown in FIG. 5a, inputs 
from input terminals X and X feed AND gate G; inputs 
from input terminals X and X feed OR gate G2, the input 
from the input terminal X feeds an inverter G, an output 
from the inverter G and an input from an input terminal Xs 
feed AND gate Gs, outputs from the gates G and G2 feed 
NOR gate G.; and outputs from the gates G and Gs feed OR 
gate Ge. In order to generate a test pattern for a path delay 
fault which might occur on a path P shown in thick lines in 
this circuit or a path extending from the input terminal X 
through G, G and G to an output line, transition signals as 
shown in FIG. 5a are initially provided on signal lines 
located on the path Punder test, the Sensitizing table shown 
in FIG. 4c is utilized to apply signal values which activate 
the gates G, G to Side inputs, namely, input signal lines to 
the logic gates G, G, but which are not disposed on the 
path P, as shown in FIG. 5b, and finally, signal values to be 
applied to individual input Signal lines are determined on the 
basis of Signal values which have been allotted in the manner 
mentioned above, using the implication table shown in FIG. 
3, as illustrated in FIG. 6. In the example shown in FIGS. 
5 and 6, the test pattern Sequence which tests the path delay 
fault on the path P is determined as T=<v1, v2>=<"S0 XX 
U1 S0 U0">=<"0x00x”, “0x100">. A technique for gener 
ating test patterns for the path delay fault is disclosed, for 
example, in C. J. Lin and S. M. Reddy, “On Delay Fault 
Testing in Logic Circuits’, Transactions on Computer-Aided 
Design, CAD-6(5), pp 694-703, 1987 (referred to as litera 
ture 1) or K. T. Cheng, A. Kristic and H. C. Chen, “Gen 
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eration of High Quality Tests for Robustly Untestable Path 
Delay Faults”, Transactions on Computers, 45(12), pp 1379 
1392, 1996. 

0008. The method of generating test patterns described 
above with reference to FIG. 1 is subject to a restriction that 
the influence of a fault must be propagated to an output 
terminal (pin) of a circuit under test because the technique 
is based on the observation of a Voltage Signal on the output 
terminal (pin) of the circuit under test, and thus the genera 
tion of test patterns involves a difficulty. In particular, to test 
for a Small gate delay fault in which an increment in the 
delay time is minimal or less than a clock period of the 
circuit under test, an output signal from a faulty gate must 
be propagated to the output terminal (pin) through a signal 
transmission path having a greatest delay time, and accord 
ingly, it is very difficult to generate two test patterns (test 
vector pair or test pattern Sequence) to activate the fault. 
0009. In a conventional method of generating test pat 
terns, the need to propagate the influence of a gate delay 
fault and an open fault to the output signal line increases the 
probability that logic values on Signal lines which are 
produced by the implication operation to generate path test 
patterns may become contradictory among logic values on 
Signal lines, resulting in difficulties that the number of times 
that the set-up of Signals must be retried (back-track) to 
generate test patterns increases and that it takes an increased 
length of time to generate test patterns. 

0010. Accordingly, there is a need for a method of 
generating test patterns which is capable of generating test 
pattern Sequence easily and rapidly in order to test for a gate 
delay fault, or an open fault which gives rise to a gate delay 
fault in an integrated circuit. 
0.011 The method of generating test patterns described 
above with reference to FIGS. 5 and 6 is subject to a 
restriction that non-controlling input values must be set up 
to Side inputS or every input signal line, which is not 
disposed on a path under test, to each logic gate disposed on 
the path under test in order to activate the path under test, 
and another restriction that there must not be any hazard 
(whisker-like Voltage pulse) on the path under test and Side 
inputs in order to generate a test pattern Sequence which is 
qualified to a robust path delay fault testing, that is, test 
results independent from the timing of an output voltage 
Sampling. As a consequence of this, it is with a great 
difficulty to generate a test pattern Sequence. In addition, the 
number of path delay faults for which the test pattern 
Sequence cannot be generated increases, presenting a prob 
lem that the trouble shooting rate of the path delay faults is 
degraded. The non-controlling input value refers to a logic 
value which cannot determine an output of a logic gate 
uniquely. For example, a non-controlling input value for 
AND gate or NAND gate is a logic value of “1”, and a 
non-controlling input value for OR gate or NOR gate is a 
logic value of “0”. 
0012. Accordingly, there is a need for a method of 
generating test patterns which is capable of easily and 
efficiently generating test pattern Sequence which can be 
used with the path delay faults of an integrated circuit. 

0013. It is an object of the invention to provide a test 
pattern generating method and apparatus which is capable of 
generating easily and efficiently test pattern Sequence which 
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can be used with a delay fault or an open fault within a 
Semiconductor integrated circuit, by utilizing a highly 
observable transient power Supply current (I) testing 
technique which is capable of testing a transient phenom 
enon in a circuit. 

0014. It is another object of the invention to provide a test 
pattern generating method and apparatus which is capable of 
easily generating test pattern Sequence which can be used 
with a path delay fault in a Semiconductor integrated circuit 
and thus capable of providing an efficient test pattern 
Sequence, by utilizing a highly observable transient power 
Supply current (IDDI) testing technique which is capable of 
testing a transient phenomenon in a circuit. 

SUMMARY OF THE INVENTION 

0015. In a method of generating a test pattern Sequence 
for testing a Semiconductor integrated circuit according to a 
first aspect of the present invention, a fault list which can 
occur in a Semiconductor integrated circuit under test is 
prepared, one of the faults for which the test patterns are to 
be generated is Selected from the list, an initializing test 
pattern which applies an initial value which causes the fault 
to be activated to a location corresponding to the Selected 
fault is determined, assuming that a fault occurs at the fault 
location where a Stuck-at at the initial value occurs, a 
propagation test pattern which propagates the Stuck-at fault 
to the output of a following logic gate which follows the 
fault location is determined, a test pattern Sequence com 
prising the initializing test pattern and the propagation test 
pattern determined as mentioned above is registered with a 
test pattern list, and the Steps including and Subsequent to the 
Step of Selecting the fault are repeated until an unprocessed 
fault ceases to exist in the fault list. 

0016. The test pattern sequence mentioned above may be 
generated by generating a test pattern Sequence which 
applies Signal values according to the five value logic System 
which activate the Selected fault to the location correspond 
ing to the Selected fault and which propagates the Signal 
values to the output of a logic gate which follows the fault 
location. Alternatively, a different technique may be used. 
0017. As a further alternative, there may be provided a 
client System and a plurality of Server Systems wherein the 
client System prepares the fault list, which may be divided 
into a plurality of fault sub-lists to be transmitted to the 
plurality of Server Systems where each of the Server Systems 
Selects one of faults for which test patterns are to be 
generated from the fault sub-list transmitted from the client 
System and determines a test pattern Sequence which applies 
a signal which activates the fault to the location correspond 
ing to the Selected fault and which propagates the Signal to 
a logic gate which follows the location of the fault and 
returns the test pattern Sequence to the client System, the 
Server System notifying the client System that it has com 
pleted the processing operation whenever an unprocessed 
fault ceases to exist in the fault Sub-list, the client System 
registering a test pattern Sequence which is returned from the 
plurality of Servers with a test pattern list and terminating its 
processing operation upon receipt of notifications from all of 
the Server Systems that their generations of test patterns have 
been completed. 
0018. The test pattern sequence can be generated rapidly 
using Such a distributed processing operation. 
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0.019 Using the registered test pattern sequence, a tran 
Sient power Supply current fault Simulation may be con 
ducted to prepare a fault list which can be detected with the 
test pattern Sequence (hereafter referred to as a detected fault 
list), and the faults contained in the detected fault list may 
be deleted from the fault list. 

0020. In this manner, the processing of faults contained in 
the fault list can be rapidly completed. 

0021 When using the client system in combination with 
the plurality of Server Systems, rather than dividing the fault 
list into Sub-lists and transmitting them immediately to the 
Server Systems, the faults may be transmitted one by one 
Sequentially to a particular Server System which has com 
pleted its processing operation, and a test pattern Sequence 
which is returned from the server system or which is to be 
registered may be used to conduct a transient power Supply 
current fault Simulation to prepare a fault list which can be 
detected with this test pattern Sequence (or a detected fault 
list), and the faults contained in the detected fault list may 
be deleted from the fault list. In this manner, the overall 
processing Speed can be increased. Alternatively, the Server 
Systems may select a fault or faults from the fault list Stored 
by the client System to process it, and may examine if there 
is any unprocessed fault in the fault list. 
0022. It is desirable that the step of generating the test 
pattern Sequence generates the test pattern Sequence in unit 
of a gate delay fault. 

0023. It is also desirable that the step of generating the 
test pattern Sequence generates the test pattern Sequence in 
unit of an open fault. 
0024. In a method of generating test patterns according to 
a Second aspect of the present invention, a list of path delay 
faults for a semiconductor integrated circuit under test (a 
fault list) is prepared, a test pattern Sequence comprising two 
or more test patterns which are to be applied to the Semi 
conductor integrate circuit is generated, the test pattern 
Sequence is used to perform a transition Simulation of the 
Semiconductor integrated circuit under test, a train of tran 
Sition signal values which occur on Signal lines within the 
circuit are calculated, using the transition Signal values on 
the Signal lines calculated by the transition Simulation, a 
fault list which can be detected by the transient power Supply 
current test using the test pattern Sequence (a detected fault 
list) is prepared, faults contained in the detected fault list are 
deleted from the fault list, the test pattern Sequence is 
registered with a test pattern Sequence list, and the Steps 
including and Subsequent to generating the test pattern 
Sequence is repeated until the path delay faults contained in 
the fault list is reduced below a given number. 
0.025 Again, a client system and a plurality of server 
Systems may be provided wherein the client System, for 
example, prepares a list of path delay faults (a fault list), test 
pattern Sequence are generated and are transmitted one each 
to one or more Server Systems which are not performing a 
processing operation, each Server System performs a transi 
tion Simulation using the test pattern Sequence which is 
transmitted from the client System, calculates a train of 
transition signal values produced on Signal lines within the 
circuit, prepares a fault list which can be detected by the 
transient power Supply current test in accordance with this 
test pattern Sequence using the transition signal values (a 
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detected fault list) and deletes faults contained in the 
detected fault list from the fault list, and the client system 
notifies the completion of a processing operation to each 
server system whenever the number of path delay faults 
which remain in the fault list is reduced below a given value. 
Alternatively, the client System may prepare a list of a 
Sufficient number of test pattern Sequence previously, which 
are then fractionated into a plurality of test pattern Sequence 
Sub-lists, which are transmitted to each Server System, which 
in turn Selects a test pattern Sequence from the list of test 
Sub-pattern Sequence for purpose of its processing operation. 

0026. In the description to follow, the principle of the 
present invention will be described in terms of a CMOS 
integrated circuit which represents a most common Semi 
conductor integrated circuit. According to the invention, a 
transient power Supply current testing technique is utilized, 
and accordingly, the transient power Supply current of the 
CMOS integrated circuit and the fault detection which is 
based on the transient power Supply current will be 
described below. 

Transient Current in a CMOS Logic Gate 
0027 FIG. 7 shows a transient response of a CMOS 
inverter shown in FIGS. 7c and d. The transient response 
has been determined with a circuit simulator. FIG. 7a shows 
a response of an output voltage V with respect to an 
input voltage V in a transient condition, while FIG. 7b 
shows a response of a current I which flows from a power 
supply into the CMOS inverter. The current I is referred 
to as a transient current. When the input IN of the inverter 
transitions from “1” to “0” (see FIG. 7c), n-MOS and 
p-MOS are only momentarily turned on as long as the input 
voltage is higher than the threshold voltage of n-MOS and 
lower than the threshold voltage of p-MOS, whereby a 
Short-circuit current Is flows from a power Supply terminal 
Tv to a ground GND. An output OUT from an output Signal 
line of the inverter then transitions from “0” to “1”, and 
accordingly, at the same time as the Short-circuit current Is, 
a current I which is associated with a capacitance charging 
of a parasitic capacitance C connected to the Output 
Signal line of the inverter flows from the power Supply 
terminal Tv to the parasitic capacitance C. Accordingly, 
when a falling transition (denoted by suffix “f”) occurs on 
the input IN of the inverter, the transient current If which 
flows into the inverter is given by the sum of the short-circuit 
current Isfand the capacitance charging current I. 

of-sf+lo (1) 

0028. On the other hand, when the input IN transitions 
from “0” to “1” or when the output transitions from “1” to 
“0” (denoted by suffix “r”) (see FIG. 7d), a capacitance 
discharge occurs from the parasitic capacitance Clad con 
nected to the output signal line, thus producing a capacitance 
discharge current I, but the current I which flows from the 
power Supply terminal Tv to the inverter comprises only 
the short-circuit current Is. Accordingly, a peak of the 
current Tv is slightly Smaller than the peak of the transient 
current If which occurs during the falling transition as 
shown in FIG. 7b. 

IG-Is (2) 
The CMOS inverter has a transfer characteristic which is 
Such that a triangular pulse current Is is produced in response 
to a change in the input Voltage VIN, as shown in FIG. 8a. 
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Accordingly, when a rising transition occurs on the input of 
the CMOS inverter, the short-circuit current waveform Is 
which flow through the CMOS inverter can be approximated I. = C. for (5) 
by a triangular pulse, as indicated by “Is” in FIG. 8b, C = -load , 
assuming a ramp transition for the input Voltage V.N. The 
Short-circuit current waveform Is with respect to the rising 
transition of the input signal as indicated in FIG. 8b can be Such equations can be similarly determined for logic gates 
given by the following approximations: other than the inverter. 

WTHN (3) 
O, is ir 

WDD 
WDD is max VTHN smax WTHN WSp 

-t- , i < t s - i. 
c. = (Wsp - WTHN), i. (Wsp - WTHN) WDD WDD 
Sir WDD is max - (VDD - VTHP) is max VSP 3 is WDD - VTHP, 

(Vsp – Vpp + Vrhp), t, (Vsp – Vpp + Vrhp) Vpp WDD r 
WDD - WTHp 

O, is -- i. 
WDD 

where Is represents a maximum value of the transient 0031 Assuming that the transient current I which flows 
current (short-circuit current) which flows into the CMOS into a logic gate is Substantially short-circuit current, it can 
inverter, VD represents a power Supply Voltage, VTEN a be approximated by triangular pulse as indicated by Is in 
threshold voltage of n-MOS transistor, V, a threshold FIG. 8b. In actuality, the transient current waveform I of 
voltage of a p-MOS transistor and t, a time interval for the the CMOS inverter represents a triangular pulse as shown in 

FIG. 7b. Accordingly, the transient current I of the logic rising transition of the input signal. It is to be noted that 
V is indicated in its absol itude. To simplifv th gate increases monotonously until the maximum Value Isa, 

Is In cate In its absolute magnitu e. Io simply the is reached whereupon it decreases monotonously, as shown 
approximations, it S assumed that the transition of the input in FIG. 8b. The transient current I reaches its maximum 
Voltage VIN begins at time 0, and the input Voltage reaches value Is when the input voltage V reaches the switching 
to V at time t, which represents the completion of the Voltage Vs for the logic gate. Specifically, as shown in FIG. 
transition. 8b, the time when the current I reaches its peak coincides 

with the time of input transition of the logic gate. Because 
0029. Similarly, the short-circuit current waveform Is of the logic gate has a delay time, the time for the output 
the CMOS inverter in response to the falling transition of the transition of the logic gate will be slightly lagging with 
input Signal can be given by the following approximations: respect to the time for the input transition. Thus, the time 

O WTHp (4) 
its if WDD 

WDD Ismax - VTHP is max WTHp if 3 is WDD - Wsp 
cr = (Vpp – Vrhp – Vsp) if (Vpp – Vrhp – Vsp) wif s is y if 
SF = VDD smax (VDD - VTHN) smax WDD - WSp WDD - WTHN 

if < t s tf (VTHN - Vsp) if (WTHN - Wsp) WDD WDD 
WDD - VTHN 

O, is -, - if WDD 

where t represents a time interval for the falling transition of 
the input signal. For the Sake of convenience, times for the 
Start of the rising transition of the power Supply current, the 
maximum value Is and the end of the falling transition 
are indicated in parentheses in FIG. 8b. 

0030 Denoting a voltage change on the output signal line 
by V. (t), the charging current Ic to the parasitic capaci out 

tance C connected to the output Signal line of the CMOS 
inverter is given by the following equation: 

when the current I reaches its peak slightly precedes the 
time for the output transition of the logic gate. In this 
instance, the falling edge of the transient current waveform 
I may be considered as coincident with the time for the 
output transition. In addition, the transient current waveform 
I of the logic gate has a pulse width which is proportional 
to the transition time of the input voltage (for example the 
time interval t for the rising transition). 

0032. In the above description, it has been assumed that 
the transient current I which flows into the logic gate is 
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Substantially a short-circuit current Is. However, with a 
miniaturization of a CMOS manufacturing process, the 
wiring delay will be more dominant over the gate delay. This 
means that assuming a constant transition time interval for 
the input Voltage, the proportion of the charging current I 
to the output Signal line will be greater than the proportion 
of the short-circuit current Is in the transient current I 
which flows into the CMOS logic gate. Accordingly, the 
time when the transient current waveform of the logic gate 
reaches its peak depends on the ratio of the 9 charging 
current I to the short-circuit current Is. When I is less than 
Is, the peak of the transient current waveform I coincides 
with the peak of Is. Because the peak of Is coincides with the 
transition time interval of the input voltage, it follows that 
the peak of I precedes the time for the output transition of 
the logic gate. Conversely, if I is greater than Is, the peak 
of the transient current waveform coincides with the peak of 
I. Because the charging current I relates to the Voltage 
transition on the output signal line, the peak of It is 
Substantially coincident with the time for the output transi 
tion of the logic gate. 
Integral of Transient Power Supply Current 
0033). Using the equations (3) and (4), time integrals Qs 
and Qs of the short-circuit currents Is and Is are given as 
follows: 

& Won - W. - W. 6 Qs = ? is dt = Smax (VDD - VTHN THP), (6) 
-& 2WDD 

& Wron - W. - W. 7 QSF = ? is dt = Smax (VDD - VTHN THP), (7) 
-& 2WDD 

Accordingly, the integral Qs of the short-circuit current 
through the logic gate as it is Switched is given as follows: 

Qs E is (it = Ismax (VDD - THN-VTHP), cx iT (8) 
-& 2WDD 

where t represents a transition time for the input Signal. 
Thus, the integral Qs of the short-circuit current Is (Is or Is) 
which flows into the logic gate is proportional to the time tr 
for the input transition of the logic gate. It will also be seen 
that Qs does not depend on whether the transition of the 
input Signal is rising or falling. 
0034) From the equation (5), it is seen that the integral Q 
of the charging current I to an output load capacitance Cad 
of a CMOS inverter is given by the equation indicated 
below. 

QC = ? IC cit (9) 

divout (t) 
- ?o cit cit 
= Cload yout (t), 

= Cload (VDD -0) 

F Coad WDD 

and it is seen that it does not depend on the time t for the 
input transition of the CMOS inverter. 
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0035 Consequently, the integrals Of and Q of the 
transient currents. If and I passing through the logic gate 
are determined from the equations (1), (2), (8) and (9) as 
follows: 

Qof = (ly + C) at (10) 

Ismax (VDD - VTHN - WTHP) 
= — -tr + Coad WDD cc it DO 

Ismax (VDD - VTHN - V. 11 QG = is dt = Smax (VDD - VTHN THP), cx iT (11) 
Jes 2WDD 

Thus, an integral of the transient current through the logic 
gate is proportional to the time for the input transition of the 
logic gate. 

Transient Power Supply Current I in CMOS Integrated 
Circuit 

0036) A power supply current in a CMOS integrated 
circuit represents a power Supply current which flows into 
the CMOS integrated circuit, and is represented by a sum of 
currents which flow through individual logic gates within 
the integrated circuit. 

0037. A CMOS integrated circuit shown in FIG. 9a 
comprises a combination of four (G, G, G, G) of the 
inverter shown in FIG. 7c and which are connected in 
tandem. Transient currents I.I.I.I. which flow 
through the inverters G, G, G, G are normally fed from 
a single power Supply terminal Tv. Accordingly, the tran 
Sient power Supply current response of the integrated circuit 
is represented by a Sum of transient currents flowing through 
the individual logic gates as shown in FIG. 9c and as given 
below. 

W (12) 
DDT = X. lon 

=l 

where N represents the number of logic gates which are 
Switched by input test pattern Sequence. In the example 
shown in FIG. 9a, N=4 FIG. 9b shows a relationship 
between an input voltage and an output voltage of each logic 
gate. 

0038 Accordingly, when there is a fault in the integrated 
circuit which causes a change in the transient current of the 
logic gate and when there is a test pattern Sequence which is 
capable of activating the fault, the fault can be detected by 
an observation of I of the integrated circuit. 

0039. An integrated value Q of the transient power 
Supply current IDF can be represented as a Sum of inte 
grated values Q (1s nsN) of currents which pass through 
individual logic gates. 

QDDT = I loor cit (13) 
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0040. In the example of FIG. 9a, the integrated value 
Q. of the transient power Supply current Ipor is repre 
Sented as a Sum of integrated values (Qo, Qc2, Qos, Qo) 
of the currents (Io, Io, Ios, Io) passing through the 
individual inverters. Accordingly, if there is a fault within 
the integrated circuit which causes a transient current 
through the logic gate or its time integral to change and if 
there is a test pattern which is capable of activating the fault, 
the fault can be detected from an observation of the inte 
grated Value QDDI of the transient power Supply current 
I of the integrated circuit. 
Detection of Gate Delay Fault 
0041. A gate delay fault is a fault which causes a signal 
propagation delay from an input to an output of a logic gate 
to increase. A fault which causes a rising transition of an 
output from the logic gate to retard is referred to as a 
Slow-to-rise fault while a fault which causes a falling 
transition to retard is referred to as a slow-to-fall fault. When 
a gate delay fault occurs through a logic gate disposed within 
a CMOS integrated circuit, the output transition time of the 
logic gate is retarded. Accordingly, a logic gate which 
receives at its input an output from the faulty logic gate will 
have a retarded timing for the peak of the transient current. 
Accordingly, if a test pattern Sequence could activate a faulty 
logic gate and Switch another logic gate which is driven by 
the faulty gate, the gate delay fault can be detected from an 
observation of a lag in the current peak of I of the CMOS 
integrated circuit. 
Detection of Open Fault 
0.042 Next, an open fault which causes a delay fault will 
be defined. An open fault refers to an unintended electrical 
discontinuity, Specifically indicating that a signal line is 
divided into two or more distinct signal lines. An open fault 
includes a breaking as may be caused by a poor contact due 
to an absence of metal or the presence of an oxide film, a 
breaking of a metal wiring due to poor patterning or etching, 
and a breaking in a diffusion layer or a polysilicon due to a 
mask failure. An open fault can be categorized into two 
types, including an open fault in which a wiring L is divided 
in two spaced portions L1 and L2, as shown in FIG. 10a and 
where an input VN to one end of the wiring L cannot appear 
at an output Vor at the other end of the wiring L to cause 
a “logic fault', and another open fault in which the divided 
wiring portions L1 and L2 are spaced very closely as shown 
in FIG. 10c and where an input signal V applied to one 
end of the wiring L flows as a tunnel current and transition 
Signal appears at the other end of the wiring L with a delay 
to cause a “delay fault” as shown in FIG. 10d. An open fault 
which causes a logic fault involves a large Scale of discon 
nection, So that there is no current flow if a Voltage is applied 
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across the Signal lines (divided wiring portions L1 and L2) 
located on the opposite sides of the fault, and accordingly, 
there takes place no charging or discharge of the parasitic 
capacitance Clad in response to a Signal transition, thus 
causing a logic fault in which the logic is fixed to a given 
value. By contrast, in an open fault which causes a delay 
fault, a very weak current flows when a Voltage is applied 
across the Signal lines (L1 and L2) located on the opposite 
Sides of the fault, but the magnitude of the current is leSS 
than a normal current flow, retarding the charging or dis 
charge of the parasitic capacitance Clad in response to the 
Signal transition, thus increasing a delay time of the circuit. 
An open fault which causes a delay fault includes a resistive 
open fault in which a resistance between Signal lines L1 and 
L2 becomes larger than a normal value as a result of a poor 
contact or the resistance of the Signal line L becomes larger 
than a normal value as a result of a failure occurring in the 
Signal line L, and a minuscule open fault (<100 nm) in which 
a very weak leak current flows acroSS two broken Signal line 
portions L1 and L2 by the tunnel effect. A tunnel current 
through a minuscule open fault is described, for example, in 
C. L. Henderson, J. M. Soden and C. F. Hawkins, “The 
Behavior and Testing Implications of CMOS IC Logic Gate 
Open Circuits' Proceedings of IEEE International Test Con 
ference, pp. 302-310, 1991. An open fault which causes a 
delay fault is dealt with herein and will be simply referred 
to as an open fault. 

0043. With the open fault, there is a small current flow 
through the fault, and thus it can be modeled by resistive 
element Ren having an increased resistance. FIG. 11a 
shows an example of a CMOS integrated circuit having an 
open fault. The CMOS integrated circuit comprises a pair of 
inverters G, G, and an open fault exists in a signal line M 
which connects between the inverters G and G. The 
location of disconnection can be regarded as being equiva 
lent to a connection through the resistor Rs. When the 
inverter G Switches to produce a signal transition on the 
Signal line M, the presence of the open fault causes a time 
interval required for an input parasitic capacitor C of the 
inverter G to be charged or discharged increases (in pro 
portion to the product of the resistance of the open fault and 
the parasitic capacitance), and accordingly, a signal transi 
tion on a signal line M' which is located on the inverter G 
side of the equivalent resistive element R. is retarded as 
shown in FIG.11c relative to an output from the inverter G 
(FIG.11b). Accordingly, as shown in FIG. 12, the transient 
current waveform (shown in dotted lines) of the inverter G. 
having the open fault on its input Side has a greater width of 
the current pulse and a greater time integral of the transient 
current as compared with the transient current waveform 
(shown in Solid line) of the normal inverter. Accordingly, by 
observing IDDI or QDDT of the CMOS integrated circuit, the 
presence of an open fault in the input Stage of the inverter G 
can be detected. An open fault which exists on the output 
Stage of the inverter G is equivalent to an open fault present 
on the input stage of the inverter G, and thus can be 
Similarly detected. For an open fault on any signal line in an 
integrated circuit generally, if an open fault can be activated 
by a test pattern Sequence to cause a Switching of a logic gate 
which is driven by the activated open fault, Such open fault 
can be detected from an observation of IDF or QDDI of the 
integrated circuit. 
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Path Delay Fault 
0044) A route within an integrated circuit through which 
a signal is propagated is referred to as a path. When a delay 
time from a start point of the path (input signal line) to an 
end point (output signal line), which is referred to herein as 
path delay time, becomes greater (or less) than a given value, 
the integrated circuit exhibits an abnormal behavior, which 
is referred to as a path delay fault. A path delay fault will 
now be defined. 

0.045 Consider that for a CMOS logic circuit that a path 
P={gog1.g., . . . . g is activated using a test pattern 
Sequence T=<V1,V2> meaning that it contains two test pat 
terns V and V and that a voltage signal V follows a voltage 
Signal V. go represents an input Signal line of the path P 
While g.g., . . . g represent output Signal lines of logic 
gates G,G2, . . . .G. on the path P. At the same time, gog, 
..,g represent input signal lines to the logic gates G,G, 

. .G. on the path P. Denoting the time for a Signal 
transition on each signal line go.g., . . . g (the time when 
the Voltage signal passes VI/2) by Tot, . . . T., the gate 
delay time tit (1sism) of the respective logic gates G.G., 
. . . .G. on the path P is given as follows: 

diFTi-ti- (14) 

Accordingly, the path delay time t of the path P is given as 
a sum of the gate delay times tit, as follows: 

(15) i 

ld =Xted = tin - to 
i=1 

However, the actual gate delay time tit varies under the 
influence of a fault as follows: 

isdi-lediypto: 1sism (16) 

where tail represents a typical value of the gate delay time 
of the logic gate G, and 6 represents a variation component 
in the gate delay time. For example, a breaking fault causes 
the gate delay time of only a faulty logic gate to increase 
without increasing the delay time of other logic gates. A 
parametric fault causes the delay time of every logic gate to 
increase. With the variation in the gate delay time, the path 
delay time t, similarly varies as indicated by an equation 
given below. 

(17) 

where tail represents a typical value of a path delay time 
for the path P and A represents a variation component in the 
path delay time. 

0.046 FIG. 13 is a schematic illustration of the funda 
mental principle of a delay fault testing technique. In order 
for a semiconductor integrated circuit (DUT) under test 
shown in FIG. 13a to operate normally, a signal transition 
which occurs in an input latch must pass through a path Pin 
the Semiconductor integrated circuit under test to be trans 
mitted to an output latch in a given time interval. Accord 
ingly, it will be seen from the relationship between an input 
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VN and an output Vor and their relationship with respect 
to a system clock as shown in FIG. 13b, that the path delay 
time t of the path P must satisfy the following requirement: 

tpdt-TsUsTcLK-TsKw (18) 

where Tst represents a Set-up time for the Signal, Tok the 
period of the System clock and Tskw a clock skew of the 
System clock. The clock skew Tsw is a jitter of the System 
clock and represents an amount by which the edge of the 
System clock changes in the positive or negative direction. 
The equation (18) can be modified as follows: 

tasTCLK-TsKw-Tsu-T (19) 
Thus, the path delay time tra of the path P must be less than 
a time interval T which results when margins Such as the 
Set-at time Tsu and the clock skew Tskware Subtracted from 
the clock period Tolk. If t is greater than T, the signal 
transmission along the path P cannot catch up with the 
System clock, and the circuit cannot operate properly. This 
condition is defined as a delay fault. In other words, the path 
P is defined as having a delay fault when ta is greater than 
a given time interval T". T represents an upper limit of a 
permissible delay time. 

Detection of Path Delay (Utilizing a Pulse Width of Tran 
sient Power Supply Current) 
0047 Since the peak or the falling edge of the transient 
current waveform of the logic gate corresponds to the time 
for the output transition of the logic gate, it follows that the 
last peak (or the last falling edge) of the transient power 
supply current waveform of the CMOS integrated circuit 
coincides with the time of the output transition of the logic 
gate which is the last to be switched in the CMOS integrated 
circuit. Accordingly, by detecting the last peak (or the last 
falling edge) of the transient power Supply current waveform 
of the CMOS integrated circuit, and comparing the time of 
detection against the time for the input transition, a path 
delay time for the integrated circuit can be determined. The 
time for the last falling edge of the transient power Supply 
current can be determined as a maximum value of the time 
when the transient power Supply current assumes a given 
current value, for example, from the time for the input 
transition on the path of the integrated circuit. This current 
value represents a value of the power Supply current when 
the output Voltage from the last logic gate on the path under 
test reaches a value equal to one-half the Supply Voltage 
V, and can be determined by the circuit Simulation of the 
circuit under test or from Statistical data obtained with an 
actual device. 

0048. A path delay fault on the path under test can be 
detected by comparing the determined path delay time 
against a given time (Such as a period Tok of a System 
clock, for example). 
0049. A technique for detecting a delay fault utilizing the 
pulse width of a transient power Supply current mentioned 
above will now be described. According to this technique, 
the pulse width of the power Supply current waveform of a 
circuit under test is measured and compared against a given 
time interval. The fundamental principle of the technique is 
illustrated in FIG. 14. 

0050 Assume that in a CMOS logic circuit, a plurality of 
paths P.P., . . . .P. are activated using test pattern Sequence 
T=<V1,V2 including two test patterns V.V. Denoting the 
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time when a j-th logic gate, as counted from the input of a 
path P, is switched by t. it will be noted that the number 
of logic gates depends on each of the paths P.P., . . . .P., 
and the time t, for the output transition of a logic gate 
G, which is the last to be Switched among the paths P.P., 
. . . .P. is given by the following equation: 

imax = max{ij}. 1 s is n, 1 si (20) 

Thus, a maximum value of path delay time tana among the 
paths P.P., . . . .P. is determined as a time interval between 
T, and time to for the input transition, as indicated below. 

tpd.maxtimax to (21) 

0051. On the other hand, the pulse width tw of the 
transient power supply current waveform of the CMOS logic 
circuit is defined as a time interval between the time to for 
the Signal transition of the circuit input and the T of the 
last peak (falling edge) of the transient power Supply current 
waveform. Thus 

tipw=LIDD to (22) 

0.052 AS mentioned previously, the time t for the last 
peak of the transient power Supply current waveform either 
coincides with the time T, for the output transition of the 
logic gate G which is the last to be Switched or precedes 
ta. Thus, the pulse width tw of the transient power Supply 
current waveform corresponds to the delay time tas of 
the path P which is activated by a test pattern T. 

tpw-tidDtostmax-to-tpd.max (23) 

0.053 If tw is greater than the upper limit T of the 
permissible delay time, it follows that 

T<tpw stpd.max (24) 

Thus, the Signal transmission cannot catch up with the 
System clock on the path having the greatest delay time 
ta. Thus, there exists a delay fault in the circuit. In this 
manner, tw greater than T indicates the presence of a delay 
fault on Some one of the activated paths, while tew less than 
T indicates the absence of a delay fault on any activated 
path. 

tpwsT" no delay fault 

tpw>T" delay fault present (25) 

0054. In this manner, a delay fault in the circuit can be 
tested by comparing the pulse width tew of the transient 
power Supply current waveform against a given time T. 

Delay Fault Detecting Technique (Utilizing the Instanta 
neous Value of the Transient Power Supply Current) 
0.055 Because the transient power supply current of a 
logic gate decreases monotonously after its peak as shown in 
FIG.7b, it will be seen that the power supply current of the 
CMOS integrated circuit shown in FIG. 9c decreases 
monotonously Subsequent to the time for the output transi 
tion of a logic gate which is the last to be Switched in the 
integrated circuit. In other words, in a fault-free CMOS 
integrated circuit, denoting the time for the output transition 
of the last logic gate to be Switched by T, and the 
instantaneous value of the transient power Supply current at 
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time T, by I", the transient power Supply current of the 
CMOS integrated circuit cannot become greater than I' 
Subsequent to ta. 
0056. Using this principle, a path delay fault in a circuit 
under test can be detected by measuring the instantaneous 
value of a transient power supply current of a CMOS 
integrated circuit at a given time. The current value I' which 
is used as a criterion for the judgment of a fault detection is 
a value of the power Supply current at the time when an 
output from the last logic gate on a path under test assumes 
one-half the Supply Voltage, and can be determined by a 
circuit Simulation of the circuit under test or from Statistical 
data using an actual device. 
0057. A technique for detecting a delay fault utilizing the 
instantaneous value of the transient power Supply current 
will be described. According to this technique, the instan 
taneous value of the transient power Supply current of the 
circuit under test at a given time is measured, and is 
compared against the value of the transient power Supply 
current of a golden circuit which is free from a delay fault. 
The fundamental principle of the technique is illustrated in 
FIG. 15. 

0058 Assume that in a CMOS logic circuit, a plurality of 
paths P.P., . . . .P. are activated by test pattern Sequence 
T=<V1,V2. Denoting the time when a j-th logic gate as 
counted from the input of a path P. by T. the time t, for 
the output transition of a logic gate G which is the last to 
be Switched among the paths P.P., . . . .P. is given by the 
following equation: 

imax = max{ij}. 1 s is n, 1 si (26) 
ld 

Accordingly, a maximum value tana of the path delay time 
among the paths P.P., . . . .P. can be determined as a time 
interval between T, and a time to for the input transition, 
as indicated below. 

tpd.maxtimax to (27) 
0059 AS mentioned previously, because the time for the 
output transition of a logic gate coincides with the time for 
the peak or the falling edge of the transient power Supply 
current of the logic gate, it follows that t, corresponds to 
a time t for the last peak or the falling edge of the 
transient power Supply current waveform I of the circuit. 
The power Supply current I of the logic gate can be 
approximated by a triangular wave and G represents the 
last gate to be Switched, and hence, there is no logic circuit 
which has a peak of the power Supply current Subsequent to 
T. Accordingly, a power Supply current waveform func 
tion i(t) is a monotonously decreasing function at time t 
which is tet. Thus, denoting the time function for the 
power Supply current waveform by i(t) and the instan 
taneous value of the power Supply current at a time t, by 
I", the latter is given as follows: 

I=idDr(tnax) (28) 
It follows that at time t which is tet, 

idDr(t)sidDr(tmax)=1, t2tinax (29) 
In order for the circuit to operate properly, tana must be 
less than the upper limit T of the delay time (which is equal 
to Teik-Tskew-Tsu as indicated in the equation (19). Thus 

tpdmax-timaxtosT (30) 



US 2006/0031732 A1 

Accordingly, in the absence of a fault in the circuit, it 
follows from the equation (29) that at time t which is 
t=T+to>t, 

If the instantaneous value of I at T+to is greater than I' 
O 

it follows from the equation (29) that because T+to cannot 
be greater than t, 

tax>T+to (33) 
tpd.maximax-to-T (34) 

This means that on a path having the greatest delay time 
tas, the signal transmission cannot catch up with the 
System clock. Thus the presence of a delay fault in the circuit 
is indicated. In this manner, the fact that a value of the 
transient power Supply current I (T--to) at time T+to is 
greater than I" indicates the presence of a delay fault in one 
of the activated paths. Conversely, the fact that i(T+To) 
is less than I" indicates the absence of a delay fault on any 
activated path. 

iDDT (T"+To)s no delay fault 
iDDT (T"+To)>" delay fault present (35) 

0060 AS discussed above, a delay fault in the circuit can 
be detected by comparing the instantaneous value of I at 
a given time against II level of a fault-free circuit. 
Detection of Path Delay Fault (Utilizing a Time Integral of 
Transient Power Supply Current) 
0061. In addition, by using the integrated value Q of 
the transient power Supply current II, a path delay fault 
which is caused by an open fault can be detected. A 
technique for detecting a path delay fault by utilizing an 
integrated value of the transient power Supply current will 
now be described. According to this technique, an integrated 
value of a transient power Supply current through a circuit 
under test is measured, and is compared against a given 
value to evaluate a path delay fault. 

0062). The integrated value Q of the transient power 
Supply current It is represented as a Sum of integrated 
values Q(1snsN) of currents passing through individual 
logic gates. 

13 
QDDT = floor cit (13) 

0063 Since the integral Q (1sns N) of the current 
passing through each logic gate is proportional to the time 
t, (1snsN) for the input transition of each logic gate, as 
indicated by the equation (10) or (11), Q is given by a 
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linear polynomial of t (1snsN). In the example shown in 
FIG. 9a, Q is given by a linear polynomial 36, indicated 
below, of the times (tritt,tts.tr) for the input transitions 
of the respective inverters (G,G,G,G). 

W (36) 

In the equation (36), a represents a factor of proportionality 
between the integral Qs of the short-circuit current through 
the logic gate G and the time t for the input transition of 
the logic gate G, and b a constant term which is represented 
by a Sum of charging currents Q, which flow into the 
respective logic gates. 

0064. An open fault can be modeled by a large resistance 
R. since a very weak current flows through the fault. FIG. 
16a shows an example of CMOS inverter having an open 
fault at its input. When a signal transition as shown in FIG. 
16b occurs on an input Signal line A, a Signal transition 
occurring on an Signal line A which is located Subsequent to 
the location of the fault is retarded due to the open fault as 
indicated in FIG.16c. At this time, denoting the resistance 
of the open fault by R. and the parasitic capacitance at the 
input of the inverter by C, the time interval t for the Signal 
transition on the Signal line A is given as indicated below 

first trypt22RopenCin (37) open 

where try represents a typical value of the transition time 
for the input Signal when there is no fault. The transition 
time t is determined here as a time interval for the Voltage 
to rise from 0.1 V to 0.9 V (or to fall from 0.9 V to 
0.1V). 2.2RC represents a time interval in order for open-lin 

a Voltage acroSS C rises from 0.1 V to 0.9 V, and is 
determined from log(0.9 VDD/0.1 VDD)xReC. Thus, an 
increment in the transition time for the input Signal of the 
inverter is proportional to the resistance Rn of the open 
fault. Accordingly, when there is an open fault on the input 
of a k-th inverter on the path under test, the integral Q 
of the power Supply current of the CMOS integrated circuit 
is determined from the equations (36) and (37) as indicated 
by an equation (38). Thus, Q linearly changes in accor 
dance with the resistance Ren of the open fault and the 
increment is proportional to the resistance R. of the open 
fault. 

open 

(38) 
OppT = X , at +b 

s diniT.typ -- 2.2ak Cin Ropen 

= QppTop +2.2ak Cin Ropen cc Ropen 

where QDDT represents a typical value of the integral of 
the power supply current when there is no fault. 2.2a C 
Ren appearing as a second term on the right hand side of 
the equation (38) is an addition which is based on the input 
open fault of the k-th inverter. The equation (38) shows a 
coincidence with a result of Simulation performed on a 
change in QDDT with respect to R as shown in FIG. 17. open 



US 2006/0031732 A1 

FIG. 17 is a plot of a change in Q with respect to the 
resistance Rn of the open fault when there is an open fault 
in the input signal line IN2 of the inverter G in the circuit 
shown in FIG. 9. 

0065) Agate delay time t of a logic gate is proportional 
to the time t for the transition of an input signal as indicated 
by an equation (39) below. (see equations 4.52 and 4.53, 
“Principles of CMOS VLSI Design-A Systems Perspec 
tive’, Second Edition, Addison-Weely Publishing Company, 
issued 1999, pp. 216-217) 

1 WTH (39) 
igd igdstep (l 2E), 

where the represents a delay time of a fault free inverter 
with respect to a step input at transition time 0, and V a 
threshold voltage for p-MOS or n-MOS, it being understood 
that VT-VN for a rising transition of an input , and 
V=VHP for a falling transition of an input. Accordingly, 
Since a gate delay time t of a logic gate having an open 
fault which can be modeled by a resistance Ren on an input 
Signal line is given by the equation (37), it can be determined 
by Substitution of the equation (37) into the equation (39), as 
indicated below. 

iT WTH (40) 
gd gdstep -- (1 2E) 

trop +2.2Ropen Cin WTH igdstep top riot ( WE) 
iT.typ VTH 2.2C, WTH 

Figdstep Tir (1 -2E)+ 6 (1 -2 Rio 
2.2Cin W. -- (1 2'TH igdit |R cx R gaiyip 6 V open open 

where t is a typical value of the gate delay time of a 
fault-free logic gate. Specifically, the gate delay time t of 
a logic gate having an open fault varies depending on the 
resistance Rn of the fault, and the increment 8 of the gate 
delay time is proportional to the resistance Rn of the fault. 
Consequently, when there is a braking fault on the input of 
any logic gate on the path under test, the path delay time t, 
of the path under test is also proportional to Rn. This is 
indicated by an equation (41) given below which is obtained 
by the substitution of the equation (40) into the equation 
(17). 

i (41) 

This agrees with the result of Simulation conducted on a 
change of tra with respect to Ren as indicated in FIG. 18, 
which is a plot of a change of t, with respect to the 
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resistance Ren of an open fault when there is an open fault 
in the input signal line IN2 of an inverter G in the circuit 
shown in FIG. 9a. 

0066. When an open fault exist on the input of a logic 
gate G on the path P, the integral Qs of the short-circuit 
current of the gate G is determined from the equations (8) 
and (37) as given below. 

smax (VDD - VTHN - WTHP) 
2WDD Sk F iTk 

Ismax (VDD - VTHN - WTHP) = "A (tr.: +2.2RC) 2WDD 

- smax (VDD VTHN VTHP). 2WDD Tk.typ 

ca. (Wron - Wria - W. 'smas'DDTHN VHP).22RC, 2WDD 

2.2Ismax (VDD - VTHN - VTHP)Cink 
= Qs + -in c in in R. DO 

Accordingly, the integral Q of the transient power Supply 
current of the integrated circuit is determined according to 
the equation (36) as given below. 

W (42) 

2.2ismax (VDD - VTHN - VTHP)Cink W 
one to it from Ropen + X. Qc, 

n=k 

2.2ismax (VDD - VTHN - VTHP)Cink 

2.2Ismax (VDD - VTHN - VTHP)Cink 
FQDDTop + 2WDD Vopen 

Thus, the integral Q of the transient power Supply 
current of the integrated circuit is also proportional to the 
resistance R of the open fault. open 

0067 Thus, it will be seen from the equations (41) and 
(42) that the delay time t of the path Phaving an open fault 
changes linearly with respect to the integral Or of the 
transient power supply current of the CMOS integrated 
circuit, and this agrees with the result of a simulation 
conducted on the change of td with respect to QDDT as 
indicated in FIG. 19, which is a plot of a change tea with 
respect to the integral QDDI of the transient power Supply 
current when an open fault is present on the input Signal line 
IN2 of an inverter G in the circuit shown in FIG. 9a. 

0068). The substitution of R, which is determined from 
the equation (42) into the equation (41) yields an equation 
(43). 
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pd pitp 2. (1 2W. R. (43) 

Fipdtyp 2. (1 YE) 
(QDDT - QDDT p)2VDD 

2.2Ismax (VDD - VTHN - VTHP)Cink 
VDP-2VTH + , , , , , (OppT - OppT) 

3Ismax (VDD - VTHN - VTHP) typ 
pai, typ 

Denoting the integral of the transient power Supply current 
when the path delay time t is equal to the upper limit T of 
the permissible delay time by Q, an equation (44), given 
below, is obtained by Solving the equation (43) for Q, by 
puffing ta=T and QDDT-Qmax. 

3Ismax (VDD - VTHN - VTHP), (44) -- T - it Qmax = QDDT.typ WDD-2 WTH ( pd.typ) 

The Q, represents the upper limit of the integral Q of 
the transient power supply current of the CMOS integrated 
circuit which is free from a delay fault. Thus it can be 
determined that there is no path delay fault in the CMOS 
integrated circuit when QDDT is less than Q, while there 
exists a path delay fault due to a break fault in the CMOS 
integrated circuit when QDDT is greater than Q lax' 

QDDTSQas no delay fault 
QDDT-Qmax delay fault present (45) 

0069. As discussed above, by comparing the integral 
Q, of the transient power Supply current against the given 
value Q, a delay fault in the circuit can be tested. The 
given value Q, can be determined by a circuit Simulation 
or from the equation (45) using Statistical data. 
Features of a Delay Fault Test by Way of the Transient 
Power Supply Current 
0070 The transient power Supply current is a transient 
current which flows through a power Supply pin of an 
integrated circuit, and a higher observability is assured for 
this transient current than for a Voltage Signal. Accordingly, 
a delay fault testing method which employs the transient 
power Supply current is capable of assuring a high observ 
ability of a delay fault than with a delay fault testing 
technique which employs a Voltage Signal. By way of 
example, a delay fault testing technique which employs a 
Voltage Signal can not detect a delay fault unless the Voltage 
Signal is transmitted to an output signal line of an integrated 
circuit. By contrast, with a delay fault testing technique 
which employs a transient power Supply current Signal, a 
transient power Supply current signal having a pulse width 
which corresponds to a delay time on a path on which the 
Voltage Signal is transmitted is observable if the Voltage 
Signal is not transmitted to an output signal line of the 
integrated circuit, and thus is capable of detecting a delay 
fault. Concomitantly, there is no need to transmit a voltage 
Signal to an output signal line of an integrated circuit with 
the delay fault testing technique which employs the transient 
power Supply current Signal and accordingly, limitations 
imposed upon generating test patterns are reduced with this 
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technique in comparison to the generation of test patterns for 
a conventional delay fault testing technique which employs 
a Voltage Signal where it is necessary to transmit the Voltage 
Signal to the output signal line of the integrated circuit. This 
allows the generation of test patterns to be facilitated. In 
extreme cases, if test pattern Sequence are Selected at ran 
dom, the delay fault testing technique which employs the 
transient power Supply current Signal is capable of detecting 
a delay fault on a path which is activated by Selected test 
pattern Sequence. 

Test Pattern Generating Technique (for Gate Delay Fault) 
0071. A test pattern generating method according to a 

first aspect of the present invention with respect to a single 
delay fault will be described. FIG. 20 shows an example of 
a CMOS integrated circuit under test. The integrated circuit 
under test remains the same as the circuit shown in FIG. 1, 
and includes five input terminals X1, X2, Xs, X, Xs, a single 
output terminal Z, five internal signal nodes n, n, n, n, 
ins, and Six logic gates G, G, G, G, Gs, G. Nodes n and 
in represent junctions between the gates G and G with the 
gate G, na represents a junction between the gate G and the 
gates G and Gs, and n and ns represent junctions of the 
gates G and Gs with the gate G. While not shown, the 
power Supply terminals for the gates G to G are connected 
to a common power Supply. Generation of test patterns for 
a slow-to-rise gate delay fault in which a rising transition of 
the logic gate G is retarded will be considered. 
0072 Initially, a test pattern v1="XX0XX' which applies 
an initial value of “0” for the slow-to-rise fault to the output 
of the faulty gate G will be determined by the implication 
operation, as shown in FIG.20a. The implication operation 
is a procedure which is based on logic values on Signal lines 
within the integrated circuit to determine logic values which 
are uniquely Selected for the input and output signal lines of 
logic gates which are connected to the Signal lines in a 
Sequential manner, and takes place for both the input Side 
(rearward operation) and the outputside (forward operation) 
of the circuit. It is to be understood that signals “0”, “1” and 
“X” represent a low level Signal, a high level Signal and a 
don’t care Signal which may be either a low level or high 
level Signal. For example, when a signal value “0” is to be 
Set up at the output of NAND gate G, it is necessary that 
every input signal value to the gate G be “1”. Thus, as a 
result of the implication operation, the output signal values 
from the logic gates G and G can be determined to be “1”. 
Similarly, in order for the output signal values from NAND 
gates G and G to be “1”, either one of the two inputs to 
each of NAND gates G and G may be chosen to be “0”. 
Thus, a signal value for the input terminal X can be 
determined by the implication operation to be “0”. At this 
time, the remaining input terminals may have either value of 
“0” or “1”. In this manner, the implication operation allows 
a test pattern v1 which applies an initial value of “0” to the 
output of the faulty gate G to be determined as “XX0XX'. 
The implication operation is described, for example, in 
chapter 8 of “design and test of a computer” by Hideo 
Fujiwara, Kougaku Tosho K. K., 1990. 

0073 Suppose now a stuck-at fault which causes the 
output from the faulty gate G to be fixed to the initial value 
of “0” which is set up, and a test pattern V2="0x11x' which 
causes the Stuck-at fault to propagate to the output of the 
logic gate G is determined by the implication operation 
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(FIG. 20b). Accordingly, a test pattern sequence which 
detects the Slow-to-rise fault at the gate G by the transient 
power Supply current testing technique is determined to be 
as T=<v1, v2>=<"XXOXX”, “OX11x'>. 
0074 Alternatively, a test pattern sequence T-“SO SOU1 
S1 XX” may be determined by the implication operation 
(FIG. 20c) which applies a signal “U1” corresponding to the 
Slow-to-rise fault at the output of the faulty gate G and 
which causes the influence of the slow-to-rise fault to 
propagate to the output of the logic gate G. It is to be noted 
that the signals “SO”, “S1”, “U0”, “U1” and “XX” are signal 
values according to the five value logic System which has 
been developed by C. J. Lin et al. As indicated in FIG. 2, 
they represent a normally low level signal <“0”, “0”>, a 
normally high level Signal <“1”, “1'>, a Signal having a final 
low level <“X”, “0”>, a signal having a final high level <''x'', 
“1”>, and a don't care signal <“X”, “x'>, respectively. The 
implication operation according to the five value logic 
System is a procedure which is based on a Signal value on a 
Signal line within the integrated circuit to Set up signal 
values which are uniquely Selected for the input and output 
Signal lines of logic gates which are connected to the Signal 
line in a Sequential manner. 
0075 For example, to set up a signal value “U1” at the 
output of NAND gate Gs, it is necessary that one of input 
signal values to the gate G be “UO” while the other input 
Signal value be "S1’’. It is assumed here that the output Signal 
value of the logic gate G is "S1’ and the output signal value 
of the gate G is “U1”. In order for the output signal value 
from NAND gate G to be “1”, either input to the gate G 
may be set up as “SO”. It is assumed that the signal “S0” is 
applied to the input terminal X. On the other hand, in order 
to set up the output signal value of NAND gate G to be 
“U0”, one input to the gate G may be chosen to be “U0” 
while the other input may be chosen to be “S1’’. Thus, the 
Signal value on the input terminal X is chosen to be “UO” 
while the Signal value on the input terminal X is chosen to 
be “S1’’. Similarly, in order to cause the influence “U1” of 
the faulty gate G to be propagated to the output of NOR 
gate G, the other input or the input signal line for the gate 
G may be chosen to be "S0'. Accordingly, a test pattern 
Sequence T which applies a Signal “U1” corresponding to 
the slow-to-rise fault to the output of the faulty gate G and 
which causes the influence of the slow-to-rise fault to 
propagate to the output of the logic gate G is determined by 
the implication operation to be determined as “SO SO U1 S1 
XX”. AS described earlier in the paragraphs of Background 
of the invention, the five value logic System is described in 
the literature 1. Consequently, the test pattern Sequence 
which detects the slow-to-rise fault at the gate G by the 
transient power Supply current testing technique is deter 
mined to be as T'=“SO SO U1 S1 XX’=<v1, v2d=<“0001x, 
“OO11X. 

0.076 When the logic gate G has a gate delay fault, the 
output transition time of the logic gate G will be retarded. 
When the influence of the fault is caused to be propagated 
to the next logic gate G (or to the output thereof) by the test 
pattern Sequence T or T, the transient power Supply current 
waveform of the logic gate G becomes different from a 
normal condition, thus indicating an abnormality in the 
transient power Supply current of the integrated circuit under 
test. Accordingly, by applying the test pattern Sequence T or 
T and observing whether or not any abnormality occurs in 
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the transient power Supply current of the integrated circuit 
under test, it is possible to determine whether or not there 
exists a slow-to-rise fault in the logic gate G. 
0077. It will be seen from the foregoing that a test pattern 
Sequence which examines a gate delay fault in the integrated 
circuit under test can be generated. In addition, the method 
of generating test patterns according to the present invention 
is not limited to generating test patterns in unit of a gate 
delay fault, but a test pattern Sequence can also be generated 
in unit of an open fault by assuming the presence of an open 
fault on a signal line within the integrated circuit. 
Test Pattern Generating Method (for Open Faults) 
0078. A method of generating test patterns according to 
the first aspect of the present invention with respect to a 
single open fault will now be described. FIG. 21 shows an 
example of a CMOS integrated circuit under test. This 
integrated circuit under test remains the Same as the circuit 
shown in FIG. 20, and there are nine internal signal lines 
including signal lines m and m between the input terminal 
X- and the gates G and G2, Signal lines ma and m between 
the gates G and G on one hand and a gate G, a signal line 
ms on the output Side of the gate G, Signal lines me and m, 
between the Signal line ms and the gates G and Gs and 
Signal lines ms and mo between the gates G and Gs on one 
hand and the gate Ge. It will be considered to generate test 
patterns for an open fault (indicated by X mark) in the signal 
line m. Initially, a test pattern V1="XX0XX' which applies an 
initial value of “0” of the slow-to-rise fault to the faulty 
Signal line me is determined by the implication operation to 
establish signal conditions as indicated in FIG. 21a. A 
Stuck-at fault which fixes the logic value of the faulty signal 
line me to the established initial value of “0” is then 
assumed, and test pattern V2="0x11x” which causes the 
Stuck-at fault to be propagated to the output of the logic gate 
G is determined by the implication operation, thus estab 
lishing signal conditions as illustrated in FIG. 21a. In this 
manner, a test pattern Sequence which detects the open fault 
on the signal line me according to the transient power Supply 
current testing technique can be determined as T=<V1, 
v2>=<"XX0XX”, “OX11x'>. 
0079 Alternatively, a test pattern sequence T="SO SOU1 
S1 XX” may be determined by the implication operation 
which applies a signal “U1” corresponding to the slow-to 
rise fault to the faulty signal line me and which causes the 
influence of the slow-to-rise fault to be propagated to the 
output of the logic gate G (FIG. 21c). In this manner, a test 
pattern Sequence which detects the open fault on the Signal 
line me according to the transient power Supply current 
testing technique is determined to be as T'="SO SO U1 S1 
XX”--v1, v2d=<“0001x”, “O011x'>. 

0080 When the signal line me has an open fault, the input 
transition time of the logic gate G increases. When the 
influence of this fault is propagated to the logic gate G (or 
to its output) by either test pattern Sequence T or T, the 
transient power Supply current waveform of the logic gate 
G, becomes different from a normal condition, and accord 
ingly, the transient power Supply current of the integrated 
circuit under test exhibits an abnormality. In this manner, by 
applying the test pattern Sequence T or T and Seeing if there 
occurs an abnormality in the transient power Supply current 
of the integrated circuit under test, it is possible to determine 
whether or not an open fault exists on the Signal line me. 
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0081. It will be seen from the foregoing that a test pattern 
Sequence which can be used with an open fault within the 
integrated circuit under test can be generated. The method of 
generating test patterns according to the present invention is 
not limited to generating test patterns in unit of open faults 
on Signal lines which connect between logic gates, but test 
patterns can also be generated which are effective to detect 
open faults within the logic gate by assuming the presence 
of an open fault on a signal line which is disposed within the 
logic gate. 

0082 In addition, the method of generating test patterns 
according to the present invention is not limited in its 
application to combinatorial logic circuits which do not 
include flipflops, but is equally applicable to Sequential 
circuits including Storage elements Such as flipflops. 
0.083. In addition, the method of generating test patterns 
according to the present invention is not limited in its 
application to a CMOS integrated circuit, but is equally 
applicable to Semiconductor integrated circuits of other 
types. 

I Fault Simulation Technique (for Gate Delay Fault) 
0084. A transient power supply current fault simulation 
(hereafter referred to as I fault simulation) technique 
which prepares a detected fault list in unit of gate delay 
faults will now be described. 

0085 FIG. 22 shows an example of CMOS integrated 
circuit under test. The integrated circuit under test includes 
three input terminals X1, X2, Xs, two output terminals Z, Z2, 
five logic gates G, G, G, G, Gs, five internal Signal nodes 
n1, m2, na, n., ns and two output buffers G6, G7. Specifically, 
the input terminal X is connected to the input of an inverter 
logic gate G; the input terminals X2, X- are connected to the 
inputs of NAND logic gate G, the outputs from the logic 
gates G and G are connected to NAND logic gate G 
through the nodes n, n, the output of the logic gate G is 
connected through the node n to the input of the inverter 
logic gate G and to one input of NOR logic gate Gs, the 
input terminal X is connected to the other input of the logic 
gate Gs, the output of the logic gate G is connected through 
the node n and the buffer G to the output terminal Z, and 
the output of the logic gate Gs is connected through the node 
n and the buffer G, to the output terminal Z. While not 
shown, the logic gates G to Gs and the output buffers G, G, 
have their power Supply terminals connected to a common 
power Supply. 

0.086 An example of results of the It fault simulation 
which is performed on the CMOS integrated circuit under 
test is illustrated in FIG. 23. In FIG. 23, the first column, as 
counted from the left, represents an identifier of a test pattern 
Sequence. A Second column indicates input signals applied 
to the input terminals X, X, X of the CMOS integrated 
circuit under test, and the third column shows signals 
appearing at the internal signal nodes n,n-, na, n., ns of the 
CMOS integrated circuit under test when each test pattern 
Sequence is applied. A fourth column indicates signals 
appearing at the output terminals Z, Z of the CMOS 
integrated circuit under test when each test pattern Sequence 
is applied. Signals “L”, “H”, “R”, and “F” entered in the 
second, the third and the fourth column in FIG. 23 represent 
a normally low level signal <"0", "0"> (it being understood 
that a first element within <> represents an initial Signal 
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value and a Second element represents a final signal value), 
a normally high level Signal <“1”, “1'>, a signal which rises 
from a low level to a high level <“0”, “1”> and a signal 
which falls from a high level to a low level <“1”, “O'>, 
respectively. 
0087 Thus each test pattern sequence comprises two test 
patterns. For example, a test pattern Sequence T1="LLR' 
signifies that X, X, X=<"000”, “001">. A fifth column in 
FIG. 23 shows a set of gate delay faults which can be 
detected by the transient power Supply current testing tech 
nique when each test pattern Sequence is applied to the 
CMOS integrated circuit under test (or a detected fault list). 
It is to be noted that GF represents a falling transition delay 
fault of the gate Gs and GR represents a rising transition 
fault of the gate G. When a logic gate has a gate delay fault, 
the output transition time of the logic gate will be retarded. 
Concomitantly, a logic gate which receives at its input the 
output from the faulty logic gate will have its timing of the 
peak of the transient current retarded, and the transient 
power Supply current of the integrated circuit under test 
exhibits an abnormality. Accordingly, by applying a test 
pattern Sequence and observing whether or not there occurs 
an abnormality in the transient power Supply current, it is 
possible to determine, when the input test pattern Sequence 
causes a Switching operation (either a rising transition or a 
falling transition) of logic gates, which in turn causes a 
Switching operation of a logic gate orgates which have at its 
input the output signal lines from the first mentioned logic 
gates, whether or not these logic gates are faulty. 
0088. By way of example, when the test pattern sequence 
T2 is applied to the CMOS integrated circuit under test 
shown in FIG. 22, a Switching operation occurs in the logic 
gates G, G, G, Gs and the output buffers G and G7 which 
are contained in the CMOS integrated circuit under test, 
producing a falling transition on the Signal lines n2, n., ns 
and the output terminals Z, Z. while producing a rising 
transition on the Signal line n. Accordingly, if there exists 
a slow-to-fall fault in one of the logic gates G, G, and Gs 
or if a slow-to-rise fault exists in the logic gate G, an 
abnormality in the transient power Supply current is 
observed during the transient power Supply current testing 
which uses the test pattern Sequence T2. In this manner, the 
transient power Supply current testing using the test pattern 
Sequence T2 allows a slow-to-fall fault in the logic gates G, 
G, and Gs and a slow-to-rise fault in the logic gate G to be 
detected. Accordingly, a detected fault list which are pro 
Vided by the test pattern Sequence T2 can be determined to 
be as {GF, GR, G,F,G,F} by the described Ior fault 
simulation. It is to be understood that “F” and “R” represent 
a slow-to-fall fault and a slow-to-rise fault, respectively. 
0089. In this manner, a detected fault list can be prepared 
in unit of gate delay faults which can be detected with a 
given test pattern Sequence. 

I Fault Simulation Technique (for Open Faults) 
0090. It fault simulation technique which prepares a 
fault list in unit of open faults will now be described. FIG. 
24 shows an example of CMOS integrated circuit under test. 
This is the same as shown in FIG. 22, but signal lines 
connecting between input terminals X1, X2, X- and logic gates 
as well as Signal lines connecting between the logic gates are 
identified by Signal lines m, m, . . . , m2. It is to be 
understood that the Signal lines also include input and output 
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Signal lines, and any branch line is treated as a distinct Signal 
line. It is also assumed that output signal lines m1, m2 are 
connected to the output buffers G, G7, respectively. 
0.091 An example of results of I fault simulation 
which is performed upon the CMOS integrated circuit under 
test is illustrated in FIG. 25. In FIG. 25, the first column, as 
counted from the left, represents an identifier of a test pattern 
Sequence; the Second column shows input signals applied to 
the input terminals X, X, X of the CMOS integrated circuit 
under test; the third column shows Signals appearing on 
Signal lines m1, m2, ..., m of the CMOS integrated circuit 
under test when each test pattern Sequence is applied; and 
the fourth column shows Signals appearing at the output 
terminals Z, Z of the CMOS integrated circuit when each 
test pattern sequence is applied. The signals “L”, “H”, “R”, 
“F” remains the same as described above in connection with 
FIG. 23. For example, the test pattern sequence T1="LLR' 
signifies that XXX=<'000”, “001's. The fifth column in 
FIG.25 shows a set of signal lines having open faults which 
can be detected during the transient power Supply current 
testing when each test pattern Sequence is applied to the 
CMOS integrated circuit under test, or a detected fault list. 
When a Signal line within the integrated circuit has an open 
fault, the Switching operation of a logic gate which is 
connected to the faulty signal line at its input will be 
retarded, and concomitantly, the transient power Supply 
current waveform of the logic circuit will change, whereby 
an abnormality occurs in the transient power Supply current 
of the integrated circuit under test. Accordingly, by applying 
a test pattern Sequence and observing whether or not an 
abnormality occurs in the transient power Supply current, it 
is possible to dertermine, when the input test pattern 
Sequence causes a Switching operation to occur on a signal 
line, which in turn causes a Switching operation to occur in 
a logic gate which is connected to the Signal line at its input, 
whether or not the logic circuit is faulty. 
0092 For example, when a test pattern sequence T6 is 
applied to the CMOS integrated circuit under test shown in 
FIG. 24, a Switching operation occurs on the Signal lines m, 
mz, ms, mo, mo, m within the CMOS integrated circuit 
under test, and this in turn causes a Switching operation to 
occur in the logic gates G, G, G and the output buffer G 
within the CMOS integrated circuit under test. Accordingly, 
if an open fault exists in one of the Signal lines m, m, ms, 
mo, m, an abnormality in the transient power Supply 
current is observed during the transient power Supply current 
testing which uses the test pattern Sequence T6. In this 
manner, the transient power Supply current testing which 
uses the test pattern Sequence T6 allows an open fault on the 
Signal lines m, m, ms, mo, m to be detected. Conse 
quently, a detected fault list which are obtained with the test 
pattern Sequence T6 can be defined to be m2, m7, ms, mo, 
m from Ior fault simulation. The list of open faults is 
represented in terms of Signal lines on which an open fault 
is likely to occur. 
0093. It will be seen from the foregoing that a detected 
fault list can be prepared in unit of open faults which can be 
detected with a test pattern Sequence. It fault simulation 
technique is not limited in its application to open faults on 
Signal lines which connect between the logic gates, but is 
also applicable to open faults on Signal lines which are 
disposed within the logic gate, by assuming a fault on a 
Signal line which is disposed within the logic gate. 
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A Test Pattern Generating Technique Utilizing I Fault 
Simulation 

0094. The test pattern generating method according to the 
first aspect of the invention will now be described. As 
indicated by the results of IT fault Simulation mentioned 
above, a Single test pattern Sequence can be utilized to detect 
a plurality of gate delay faults or open faults. Accordingly, 
when a test pattern Sequence which is generated for the Sake 
of a Selected fault has Successfully detected a different or 
non-Selected fault, it is unnecessary to generate a test pattern 
for the non-Selected fault. Since I fault simulation can be 
implemented as a logic Simulation which determines a logic 
Signal value on an internal Signal line relative to an input 
Signal, a required processing time interval is generally 
Shorter than when generating test patterns in order to cal 
culate the input signal from the internal Signal value in a 
reverse manner. Consequently, when test patterns are gen 
erated for a Selected fault, a non-Selected fault which is 
detected by IF fault Simulation can be removed from the 
fault list to be detected, thus allowing the processing time 
which is required for generating test patterns to be reduced. 

Technique for Preparing a Detected Fault List (for Path 
Delay Faults) 
0095 A technique for preparing a detected fault list will 
now be described. FIG. 26 shows an example of a MOS 
integrated circuit under test. The integrated circuit under test 
includes four input terminals X1, X2, Xs, X, two output 
terminals Z1, Z2, five internal signal nodes n, n2, n., n.4, ns, 
five logic gates G, G, G, G, Gs and output buffers G6, G7. 
Input terminals X and X are connected to two inputs of 
NAND gate G, the output of which is connected through 
the Signal node n to the input of the inverter gate G and to 
one input of OR gate G. The output from the inverter gate 
G is connected through the node n to one input of AND 
gate G, and the output from the gate G is connected 
through the node n to the other input of AND gate G and 
to one input of AND gate Gs. The input terminal X is 
connected to the other input of OR gate G, and the input 
terminal X is connected to the other input of AND gate Gs. 
Outputs from AND gates G and Gs are connected through 
the nodes n and ns, respectively, and further through the 
output buffers G, G, to the output terminals Z, and Z, 
respectively. The power Supply terminals of the gates G to 
G, are connected to a common power Supply, while this is 
not shown. 

0096. Here it is assumed that the gates G, G, G, G, 
Gs, Gs and G7 have gate delays (propagation delays) equal 
to 1, 1, 3, 2, 1, 1 and 1, respectively. An example of results 
of a fault simulation which is performed upon the MOS 
integrated circuit under test is illustrated in FIG. 27. In FIG. 
27, the first column, as counted from the left, represents an 
identifier of a test pattern Sequence; the Second column 
ShoWS input signals applied to the input terminals X1, X2, Xs, 
X of the CMOS integrated circuit under test; the third 
column shows a train of transition signal values which 
appear on the internal signal nodes n, n, n, n, ns of the 
CMOS integrated circuit under test when each test pattern 
Sequence is applied to the input terminals X1, X2, X, X, and 
the fourth column shows a train of transition Signal values 
which occur on the output terminals Z, Z of the CMOS 
integrated circuit under test which result from the transition 
Signal values on these nodes. It should be understood that 
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signals “L”, “H”, “R” and “F” represent the same denota 
tions as used in FIGS. 23 and 25. For example, a test pattern 
sequence T1="FHHL” signifies that XXXX4=<' 1110”, 
“0110'>. Numerals entered in parentheses below corre 
sponding Signal values represent a transition time of each 
Signal as referenced to the transition time of the Signal at the 
input terminal which is chosen to be 0. For example, R(3) 
indicates the occurrence of a rising transition signal (“R”) at 
time 3. 

0097. The fifth column in FIG. 27 shows a set of delay 
fault paths which can be detected during the transient power 
Supply current testing or a detected fault list when each test 
pattern Sequence is applied to the integrated circuit under 
test. When the integrated circuit under test has a path delay 
fault, an output transition time from the faulty path is 
retarded. Concomitantly, a change in the output transition 
time of every or any one of logic gates located on the faulty 
path causes the timing of a peak in the transient current of 
a neXt Stage logic gate which receives the output from Such 
logic gate at its input to be retarded, whereby the transient 
power Supply current of the integrated circuit under test 
exhibits an abnormality. Accordingly, by applying a test 
pattern Sequence to the integrated circuit under test and 
observing whether or not an abnormality occurs in the 
transient power Supply current of the integrated circuit under 
test, it is possible to determine whether or not a path delay 
fault has occurred on any signal propagation path on which 
every logic gate on this path undergoes a Switching opera 
tion (either rising or falling transition) in response to the 
input test pattern Sequence. 
0.098 By way of example, when the test pattern sequence 
T1 is applied to the CMOS integrated circuit under test, 
there occurs a transition signal F(1) at the output node n of 
the logic gate G disposed within the CMOS integrated 
circuit under test, as shown in FIG. 28a. Similarly, signals 
R(2), R(4) and R(5) occur at the outputs of the logic gates 
G, G and the output buffer G, respectively. In this manner, 
because every logic gate located on a signal propagation 
path {x1, n., n2, n., Z} is Subject to a Switching operation, 
it follows that whenever there is a path delay fault on the 
signal propagation path {x1, n., n., n., Z}, an abnormality 
in the transient power Supply current is observed during the 
transient power Supply current testing which uses the test 
pattern Sequence T1. In other words, the transient power 
Supply current testing which uses the test pattern Sequence 
T1 allows a path delay fault or faults on the Signal propa 
gation path {x1, n., n., n., Z} to be detected. In this manner, 
a detected fault list which can be obtained with the test 
pattern Sequence T1 can be determined by the described 
fault simulation to be as {{x1, n., n., n., Z}}. 
0099. In another example, when a test patterns series T2 
is applied to the CMOS integrated circuit under test, a 
transition signal F(1) occurs at the output node n of the 
logic gate G within the CMOS integrated circuit under test, 
and similarly, signals R(2), F(4), R(4)-F(6), R(5)-F(7) occur 
at the outputs of the logic gates G, G, G and the output 
buffer G, as shown in FIG. 28b. Since every logic gate 
located on signal propagation paths {x1, n., n., n., Z} and 
{x1, n., n., n., Z} is Subject to a Switching operation, if there 
is a path delay fault on either signal propagation path {x1, n, 
n2, n.4, Z} or {x1, n.1, na, n.1, Z1}, an abnormality in the 
transient power Supply current is observed during the tran 
Sient power Supply current testing which uses the test pattern 
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Sequence T2. If a path delay time on the Signal propagation 
path {x1, n, n2, n., Z} increases, the rising transition R(5) 
at the output signal line Z will be retarded, causing a 
likelihood that a signal transition may not occur at Z. This 
prevents the path delay time on the Signal propagation path 
{x1, n., n., n., Z} from being determined by the transient 
power Supply current testing, resulting in a failure to detect 
a path delay fault on the signal propagation path {x1, n., n2, 
na, Z}. Thus, a path delay fault or faults which can be 
detected by the transient power Supply current testing which 
uses the test pattern Sequence T2 are only those path delay 
faults which occur on the signal propagation path {x1, n.1, na, 
na, Z. Consequently, a detected fault list which can be 
determined with the test pattern Sequence T2 is determined 
from the described fault simulation to be {{X, n, na, n., 

0100. It will be understood from the foregoing that a 
detected fault list can be prepared for those path delay faults 
which can be detected with a given test pattern Sequence. A 
Signal propagation path which contains a path delay fault 
that is registered with the detected fault list is not limited to 
a path which extends from the input terminal to the output 
terminal of the circuit under test, but may also include a 
signal propagation path Such as {x1, n} or {x1, n., n} of the 
semiconductor integrated circuit shown in FIG. 16 which 
does not reach the output terminal. 
0101 The preparation of the detected fault list is not 
limited to a CMOS integrated circuit, but is equally appli 
cable to other types of Semiconductor integrated circuits. 
Test Pattern Generating Method 
0102) A test pattern generating method according to the 
Second aspect of the present invention will now be 
described. As shown in the results of the technique of 
preparing a detected fault list according to the transition 
simulation illustrated in FIG. 27, a plurality of path delay 
faults can be detected with a single test pattern Sequence T3. 
Accordingly, when a test pattern Sequence which is gener 
ated for a particular fault (or Selected fault) can detect other 
faults (non-Selected faults), there is no need to generate test 
patterns which would be required otherwise for these dif 
ferent faults (non-Selected faults). Since the transition simu 
lation can be implemented by a logic Simulation which 
determines a logic Signal value on an internal Signal line 
with respect to an input signal, the Simulation has a fast 
processing time generally as compared with the generation 
of test patterns where the input signal is calculated from the 
internal Signal value by a reverse process. Accordingly, the 
processing time that would be required for generating test 
patterns can be reduced. In addition, the transient power 
Supply current testing technique on which the Second aspect 
of the present invention is based allows a path delay fault to 
be efficiently tested if there is a hazard on a Signal line or 
Side inputs of the path under test. For example, when a 
hazard occurs on the output of the path under test {x1, n., na, 
ni, Z} as shown in FIG. 28b, the transient power supply 
current testing technique allows a path delay fault on the 
path under test to be detected with the test pattern T2. This 
indicates the possibility that the number of path delay faults 
which can be detected with a single test pattern Sequence can 
be increased, with consequence that the total number of test 
pattern Sequence which are required to test the path delay 
faults of the Semiconductor integrated circuit under test can 
be reduced. 
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0103) The test pattern generating method according to the 
Second aspect of the present invention is not limited to 
CMOS integrated circuits, but is equally applicable to other 
types of Semiconductor integrated circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0104 FIG. 1a is a circuit diagram of a logic circuit which 
is used to illustrate a conventional test pattern generating 
technique; 
0105 FIG.1b shows patterns, entered at several points in 
the circuit, which are used to detect a stuck-at fault which is 
assumed in the circuit shown in FIG. 1a, 
0106 FIG. 2 is a diagram indicating signal values in the 
five value logic System which is used in the conventional test 
pattern generating technique; 

0107 FIGS. 3a1,3b1 and 3c1 are logic circuit diagrams 
and FIGS. 3a2, 3b2 and 3c2 are charts indicating the 
implication tables which are used according to the conven 
tional test pattern generating method with respect to the 
logic circuits shown in FIGS. 3ba, 3b1 and 3c1, respec 
tively; 

0108 FIGS. 4a and 4b are diagrams indicating values of 
the five value logic System which are applied to one input of 
AND circuit to activate the circuit, and FIG. 4c is a chart 
representing a Sensitizing table used according to the con 
ventional test pattern generating method; 
0109 FIGS. 5a and 5b are circuit diagrams indicating 
logic waveforms illustrating an exemplary test pattern gen 
erating method of the prior art; 
0110 FIG. 6 is a circuit diagram of the circuit shown in 
FIGS. 5a and 5b, illustrating test patterns applied to the 
circuit and waveforms appearing therein; 
0111 FIG. 7a graphically shows an input voltage VN 
and an output voltage V of a CMOS inverter plotted 
against time, FIG. 7b graphically shows an exemplary 
transient response of a power Supply current I, FIG. 7c is 
a circuit diagram of the MOS inverter circuit, also indicating 
a power Supply current which flows upon a rising transition 
of the output, and FIG. 7d is a similar view to FIG. 7c, but 
indicating a power Supply current which flows upon a falling 
transition of the output; 
0112 FIG. 8 graphically shows a typical example of a 
transient response of a CMOS logic gate, specifically FIG. 
8a graphically showing an input voltage VIN, an output 
Voltage Vor and a power Supply current Is in the form of 
a transfer characteristic, and FIG. 8b illustrating an approxi 
mated waveform for the transient current; 
0113 FIG. 9a is a circuit diagram of an exemplary 
CMOS integrated circuit, FIG.9b graphically illustrates an 
input voltage to and an output Voltage from the integrated 
circuit, plotted against time, and FIG. 9c graphically shows 
a corresponding transient power Supply current response 
I plotted against time; 
0114 FIG. 10a is a schematic view of a model of a 
perfectly open fault, FIG. 10b is an illustration of an 
exemplary input and output at the location of the fault, FIG. 
10c shows a model of a delay open fault, and FIG. 10d 
illustrates an exemplary input and output with respect to the 
location of the fault; 
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0115 FIG. 11a is a schematic view of an exemplary 
CMOS integrated circuit having an open fault, and FIGS. 
11b and 11c graphically show exemplary output waveforms 
in the absence and presence of an open fault; 
0116 FIG. 12 graphically shows an exemplary transient 
power Supply current response of a CMOS integrated circuit 
having an open fault, 

0117 FIG. 13a is a schematic illustration of the funda 
mental principle of a path delay fault testing method, FIG. 
13bgraphically shows an input/output voltage and FIG. 13c 
illustrates a corresponding System clock; 

0118 FIG. 14 illustrates the principle of the transient 
power Supply current testing method which utilizes the pulse 
width of the transient power supply current, FIG. 14a 
graphically showing an input/output voltage plotted against 
time and FIG. 14b illustrating a transient power supply 
current plotted against time; 
0119 FIG. 15 is an illustration of the principle of the 
transient power Supply current testing method which utilizes 
an instantaneous value of the transient power Supply current, 
FIG. 15a graphically illustrating an input/output voltage 
plotted against time and FIG. 15b illustrating a transient 
power Supply current plotted against time; 

0120 FIG. 16a is a schematic view of a model for a very 
Small open fault which is present on an input Signal line of 
a CMOS inverter, FIG. 16b graphically shows an exemplary 
output waveform when there is no fault and FIG. 16c 
graphically shows an exemplary output waveform when 
there is a fault, 
0121 FIG. 17 graphically shows a change in the integral 
of the transient power supply current of the CMOS inte 
grated circuit plotted against the resistance of a Small open 
fault which is present in the CMOS integrated circuit; 
0.122 FIG. 18 graphically shows a change in the path 
delay time of a path under test plotted against the resistance 
of a very Small open fault which is present on the path under 
test of the CMOS integrated circuit; 
0123 FIG. 19 graphically shows a linear relationship 
between the integral of the transient power Supply current of 
the CMOS circuit and the path delay time of the path under 
test when the presence of a very Small open fault is assumed 
on the path under test of the CMOS integrated circuit; 
0124 FIGS. 20a, 20b and 20c are schematic views 
showing an exemplary CMOS integrated circuit under test 
and examples of Signals appearing when there is a gate delay 
fault, illustrating one form of a test pattern generating 
method according to the first aspect of the present invention; 
0125 FIGS. 21a,21b and 21c are similar views to FIGS. 
20a, 20b and 20c, illustrating another form of the test pattern 
generating method according to the first aspect of the present 
invention; 
0.126 FIG. 22 is a circuit diagram of an exemplary 
CMOS integrated circuit under test which is used to illus 
trate IDF fault simulation used in the test pattern generating 
method according to the first aspect of the present invention; 
0127 FIG. 23 is a chart showing results of I fault 
Simulation used in the test pattern generating method 
according to the first aspect of the present invention; 
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0128 FIG. 24 is a circuit diagram of another exemplary 
CMOS integrated circuit under test which is used to illus 
trate IDF fault simulation used in the test pattern generating 
method according to the first aspect of the present invention; 

0129 FIG. 25 is a chart showing results of I fault 
simulation applied to the circuit shown in FIG. 24; 
0130 FIG. 26 is a circuit diagram of a CMOS integrated 
circuit under test which is used to illustrate a fault simulation 
method according to the Second aspect of the present inven 
tion; 

0131 FIG. 27 is a chart showing results of the fault 
simulation applied to the circuit shown in FIG. 26; 
0132 FIGS. 28a and 28b are similar circuit diagrams as 
shown in FIG. 26, but illustrating various signal waveforms 
entered in the circuit diagrams to describe the method 
according to the Second aspect of the present invention 
utilizing the results of the fault simulation shown in FIG.27; 
0.133 FIG. 29 is a flow chart of an exemplary processing 
procedure for the test pattern generating method according 
to the first aspect of the present invention; 

0134 FIG. 30 is a flow chart of another processing 
procedure for the test pattern generating method according 
to the first aspect of the present invention; 

0135 FIG. 31 is a schematic illustration of an apparatus 
according to the present invention which comprises a client 
System and a plurality of Server Systems; 

0.136 FIG. 32 is a flow chart of an exemplary processing 
procedure which occurs on the client Side in the test pattern 
generating method according to the first aspect of the present 
invention; 

0.137 FIG.33 is a flow chart of an exemplary processing 
procedure which occurs on the Server Side and which relates 
to the processing procedure occurring on the client Side 
shown in FIG. 32; 

0138 FIG. 34 is a flow chart of another processing 
procedure which occurs on the client Side according to the 
test pattern generating method according to the first aspect 
of the present invention; 
0139 FIG. 35 is a flow chart of an exemplary processing 
procedure which occurs on the Server Side and which is 
related to the client Side processing procedure shown in 
FIG. 34; 

0140 FIG. 36 is a flow chart of a further processing 
procedure for the test pattern generating method according 
to the first aspect of the present invention; 

0141 FIG. 37 is a flow chart of yet another processing 
procedure for the test pattern generating method according 
to the first aspect of the present invention; 

0142 FIG. 38 is a flow chart of a further processing 
procedure which occurs on the client Side for the test pattern 
generating method according to the first aspect of the present 
invention; 

0143 FIG. 39 is a flow chart of a processing procedure 
which occurs on the server side and which is related to the 
client side processing procedure shown in FIG. 38; 
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014.4 FIG. 40 is a flow chart of still another processing 
procedure which occurs on the client Side for the method 
according to the first aspect of the present invention; 
014.5 FIG. 41 is a flow chart of a processing procedure 
which occurs on the server side and which is related to the 
client side processing procedure shown in FIG. 40; 
0146 FIG. 42 is a flow chart of a still further processing 
procedure which occurs on the client Side for the method 
according to the first aspect of the present invention; 
0147 FIG. 43 is a flow chart of a processing procedure 
which occurs on the server side and which is related to the 
client Side processing procedure shown in FIG. 42, 
0.148 FIG. 44 is a flow chart of a different processing 
procedure which occurs on the client Side for the method 
according to the first aspect of the present invention; 
0149 FIG. 45 is a flow chart of a still different process 
ing procedure which occurs on the client Side for the method 
according to the first aspect of the present invention; 
0150 FIG. 46 is a flow chart of an exemplary processing 
procedure for the method according to the Second aspect of 
the present invention; 
0151 FIG. 47 is a flow chart of a specific example of the 
step of preparing a detected fault list shown in FIG. 46; 
0152 FIG. 48 is a flow chart of an exemplary processing 
procedure which occurs on the client side for the method 
according to the Second aspect of the present invention; 
0153 FIG. 49 is a flow chart of a processing procedure 
which occurs on the Server Side and associated with the 
client side processing procedure shown in FIG. 48; 
0154 FIG. 50 is a flow chart of another processing 
procedure which occurs on the client Side for the method 
according to the Second aspect of the present invention; 
O155 FIG. 51 is a flow chart of a processing procedure 
which occurs on the Server and associated with the client 
side processing procedure shown in FIG. 50; 
0156 FIG. 52 is a flow chart of a further processing 
procedure which occurs on the client Side for the method 
according to the Second aspect of the present invention; 
O157 FIG. 53 is a flow chart of a processing procedure 
which occurs on the Server Side and which is associated with 
the client side processing procedure shown in FIG. 52; 
0158 FIG. 54 is a flow chart of still another processing 
procedure which occurs on the client Side for the method 
according to the Second aspect of the present invention; 
0159 FIG.55 is a flow chart of a processing procedure 
which occurs on the Server Side and which is associated with 
the client side processing procedure shown in FIG. 54; 
0160 FIG. 56 is a block diagram showing an exemplary 
functional arrangement of an apparatus which implements 
the method according to the first aspect of the present 
invention; 

0.161 FIG. 57A is a block diagram showing an exem 
plary functional arrangement of a client System which 
implements the method according to the first aspect of the 
present invention; 
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0162 FIG. 57B is a block diagram showing an exem 
plary functional arrangement of a Server System which 
implements the method according to the first aspect of the 
present invention; 
0163 FIG. 58 is a block diagram showing an exemplary 
functional arrangement of an apparatus which implements 
the method according to the Second aspect of the present 
invention; 
0164 FIG. 59A is a block diagram showing a functional 
arrangement of a client System which implements the 
method according to the Second aspect of the present inven 
tion; and 
0165 FIG. 59B is a block diagram showing a functional 
arrangement of a Server System which implements the 
method according to the Second aspect of the present inven 
tion. 

DESCRIPTION OF EMBODIMENTS 

0166 Several embodiments of the present invention will 
now be described. 

0167 FIG. 29 shows a processing procedure for a test 
pattern generating method according to an embodiment of 
the first aspect of the present invention. Initially, at step 101, 
a fault list in which all faults of a Semiconductor integrated 
circuit under test are registered is prepared. The preparation 
of the fault list may take place by manually enumerating 
slow-to-fall faults (GF) and slow-to-rise (GR) for all logic 
gates, for example, in the Semiconductor integrated circuit 
under test in a Sequential manner, or by automatically 
deriving each logic gate (each internal signal line) by an 
electronic computer on the basis of circuit information. At 
next step 102, one of the faults in the list is selected for 
which test patterns are to be generated. At Step 103, an 
attempt is made to determine, by the implication operation, 
an initialization test pattern V1 which applies an initial value 
to a fault location corresponding to the Selected fault in order 
to activate the fault. At step 104, a confirmation is made to 
See whether or not the implication operation which 
attempted to generate the initialization test pattern V1 has 
Successfully generated an initialization test pattern without 
causing any conflict with logic Signals on input signal lines 
and internal Signal lines of the Semiconductor integrated 
circuit under test. If the initialization test pattern could have 
been generated without introducing a conflict, the operation 
proceeds to step 105, while if the initialization test pattern 
could not have been generated without producing a conflict, 
the operation transfers to step 108. 
0168 Thus, when the generation of the initialization test 
pattern v1 is attempted at step 103 by the implication 
operation, and has Successfully generated it, the initializa 
tion test pattern is generated without causing any conflict at 
step 104. 
0169. At step 105, it is assumed that the fault location has 
a Stuck-at fault which causes the output to be Stuck at the 
initial value, and an attempt is made to determine, by the 
implication operation, a propagation test pattern V2 which 
causes the Stuck-at fault to propagate to the output of a 
following logic gate which input is connected to the fault 
location. At Step 106, a confirmation is made to see whether 
or not the implication operation which tried to generate the 
propagation test pattern V2 has Successfully produced a 

Feb. 9, 2006 

propagation test pattern without introducing any conflict 
with logic Signals on input Signal lines and internal Signal 
lines of the Semiconductor integrated circuit under test. If the 
propagation test pattern has been Successfully produced, the 
operation proceeds to step 107, while if the attempt failed to 
produce the propagation test pattern, the operation transfers 
to step 108. 

0170 At step 107, a test pattern sequence T=<V1, V2> is 
assembled from the initialization test pattern V1 and propa 
gation test pattern V2 which are determined at steps 103 and 
105, and the test pattern Sequence T is registered with a test 
pattern list. Finally, at step 108, a confirmation is made to see 
whether or not there remains any fault which is not yet 
processed in the fault list. If there is an unprocessed fault, the 
steps 102, 103, 104, 105, 106, 107 and 108 are repeated. 
However, if there remains no unprocessed fault, the opera 
tion is completed. The test pattern generating method men 
tioned above may choose a gate delay fault or an open fault 
for the selected fault for which test patterns are to be 
generated. 

0171 FIG. 30 shows a processing procedure according 
to another embodiment for the test pattern generating 
method according to the first aspect of the present invention. 
Initially, at step 201, a fault list which registers every fault 
in a Semiconductor integrated circuit under test is prepared. 
At next step 202, one of the faults for which test patterns are 
to be generated is selected from the list. At step 203, an 
attempt is made to determine, by the implication operation, 
a test pattern Sequence T which applies a Signal value 
according to the five value logic System to a fault location 
corresponding to the Selected fault to activate the fault and 
which causes the Signal value to propagate to the output of 
a following logic gate which input is connected at its input 
to the fault location. At Step 204, a confirmation is made to 
See whether or not the implication operation has Successfully 
generated a test pattern Sequence T without introducing a 
conflict with logic values on input Signal lines and internal 
Signal lines of the Semiconductor integrated circuit under 
test. If the test pattern Sequence T has been Successfully 
generated, the operation proceeds to Step 205, while if the 
implication operation has failed to generate the test pattern 
sequence T, the operation transfers to step 206. At step 205, 
the test pattern sequence T which is determined at step 203 
is registered with a test pattern list. Finally, at Step 206, a 
confirmation is made to see whether or not there is any other 
fault in the list which is not yet processed. When there 
remains an unprocessed fault, the steps 202, 203, 204, 205 
and 206 are repeated. If there remains no unprocessed fault, 
the operation is completed. The test pattern generating 
method mentioned above may choose a gate delay fault or 
an open fault for the Selected fault for which test patterns are 
to be generated. 

0172 A method of generating test patterns by a coopera 
tion between a client System and Server Systems will now be 
described. A client system 10 and a plurality of server 
Systems 20 are connected together through a communication 
channel 30 as shown in FIG. 31. This arrangement can be 
constructed as a So-called LAN (local area network). In the 
description to follow, the client system will be simply 
referred to as a client and the Server System as a Server. 
0173 FIG. 32 shows a processing procedure for the 
client system 10 in another embodiment of the test pattern 
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generating method according to the first aspect of the present 
invention. Initially, at Step 301, a client (an electronic 
computer which manages test patterns) prepares a fault list 
in which every fault in a Semiconductor integrated circuit 
under test is registered. At next step 302, the client divides 
the fault list into a plurality of fault sub-list which are 
transmitted to the plurality of Servers. Subsequently, at Step 
303, the client waits for a test pattern sequence which will 
be returned from each Server. When a test pattern Sequence 
T is returned, the test pattern Sequence T is registered with 
a test pattern list at step 304. Finally, at step 305, the client 
confirms whether or not all of the servers have completed 
generating test patterns. If the Server operation has not been 
completed, the steps 303, 304 and 305 are repeated, and 
when all of the Servers have completed the processing, the 
operation is completed. 
0174. On the other hand, as shown in FIG. 33, each 
server receives a fault Sub-list which is transmitted from the 
client and Stores it in Storage means at Step 401. At next Step 
402, the server selects one of the faults for which test 
patterns are to be generated from the fault Sub-list Stored in 
the Storage means. At Step 403, the Server attempts to 
determine, by the implication operation, an initialization test 
pattern V1 which applies an initial value to a fault location 
corresponding to the Selected fault in order to activate the 
fault. At step 404, the server confirms whether or not the 
implication operation which is intended to generate the 
initialization test pattern has Successfully generated the 
initialization test pattern without introducing a conflict with 
logic Signals on input Signal lines and internal Signal lines 
within the Semiconductor integrated circuit under test. If the 
initialization test pattern has been Successfully generated, 
the operation proceeds to step 405, while if the initialization 
operation has failed to generate the initialization test pattern, 
the operation transfers to step 408. 
0.175. At step 405, the server assumes a stuck-at fault at 
the fault location which causes the output to be fixed to the 
initial value, and then attempts to determine, by the impli 
cation operation, a propagation test pattern V2 which causes 
the Stuck-at fault to be propagated to the output of a next 
Stage logic gate which is connected at its input to the fault 
location. At step 406, a confirmation is made by the server 
to see whether or not the implication operation which is 
intended to generate the propagation test pattern V2 has 
Successfully generated a propagation test pattern without 
introducing a conflict with logic Signals on input signal lines 
and internal Signal lines of the Semiconductor integrated 
circuit under test. If the propagation test pattern has been 
Successfully generated, the operation proceeds to Step 407, 
while if the implication operation failed to generate the 
propagation test pattern, the operation transferS to Step 408. 
At step 407, the server forms a test pattern sequence T=<V1, 
V2> from the initialization test pattern V1 and the propaga 
tion test pattern V2 which are determined at steps 403 and 
405, and returns the test pattern sequence T to the client. 
Finally, at step 408, a confirmation is made by the server to 
See if there remains any other unprocessed fault in the fault 
Sub-list which is Stored in the Storage means. If there 
remains an unprocessed fault, the steps 402, 403, 404, 405, 
406, 407 and 408 are repeated. However, if there remains no 
unprocessed fault, the Server reports the completion of 
generating test patterns to the client, thus completing its 
operation. When the plurality of Servers generate test pattern 
Sequence in this manner, the overall processing Speed can be 
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improved. The test pattern generating method mentioned 
above may choose a gate delay fault or an open fault for the 
Selected fault for which test patterns are to be generated. 
0176 FIG. 34 shows a processing procedure which takes 
place by the client in a further embodiment of the test pattern 
generating method according to the first aspect of the present 
invention. Initially, at step 501, the client prepares a fault list 
in which every fault in a Semiconductor integrated circuit 
under test is registered. At step 502, the client divides the 
fault list into a plurality of fault sub-lists, which are trans 
mitted to a plurality of servers. Subsequently, at step 503, the 
client waits for a test pattern Sequence which will be 
returned by each Server. A returned test pattern Sequence T 
is registered with a test pattern list at step 504. Finally, at 
step 505, the client confirms whether or not all the servers 
have completed generating test patterns. If all the Servers 
have not completed the generation of test pattern Sequence, 
the steps 503, 504 and 505 are repeated, and when all the 
Servers have completed the generation of test patterns, the 
operation is completed. 

0177. On the other hand, as shown in FIG. 35, at step 
601, each server receives a fault Sub-list which is transmitted 
from the client and Stores it in Storage means. At next Step 
602, the server selects one of the faults, for which test 
patterns are to be generated, from the fault Sub-list Stored in 
Storage means. Subsequently, at Step 603, the Server attempts 
to determine, by the implication operation, a test pattern 
Sequence T which applies a signal value according to the 
five value logic System to a fault location corresponding to 
the Selected fault in order to activate the fault and for causing 
the Signal value to be propagated to the output of a next stage 
logic gate which is connected at its input to the fault 
location. At step 604, a confirmation is made by the server 
to see whether or not the implication operation which is 
intended to generate the test pattern Sequence T has Suc 
cessfully generated the test pattern Sequence T without 
introducing a conflict with Signal values on input signal lines 
and internal signal lines of the Semiconductor integrated 
circuit under test. If the test pattern Sequence T has been 
Successfully generated, the operation proceeds to Step 605, 
while if the implication operation has failed to generate the 
test pattern Sequence T, the operation transferS to Step 606. 
At step 605, the server returns the test pattern sequence T 
which is determined at step 603 to the client. Finally, at step 
606, a confirmation is made to see whether or not any other 
unprocessed fault remains in the fault Sub-list Stored in the 
Storage means. If there remains an unprocessed fault, the 
steps 602, 603, 604, 605 and 606 are repeated. However, if 
there remains no unprocessed fault, the Server reports the 
completion of generating test patterns to the client, thus 
completing its operation. The test pattern generating method 
mentioned above may choose a gate delay fault or an open 
fault for the selected fault for which test patterns are to be 
generated. 
0.178 FIG. 36 shows a processing procedure according 
to Still another embodiment of the test pattern generating 
method according to the first aspect of the present invention. 
This processing procedure is Substantially Similar to the 
embodiment shown in FIG. 29 except that the step 107 
where the initialization test pattern V1 and the propagation 
test pattern v2 determined at steps 103 and 105 are combined 
together to define the test pattern Sequence T=<V1, V2>, 
which is then registered with the test pattern list, is followed 
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by a step 701 where the test pattern sequence T determined 
at Step 107 is used to perform a transient power Supply 
current fault simulation (It fault simulation) to prepare a 
fault list which can be detected with the test pattern Sequence 
(a detected fault list). Then follows a step 702 where those 
faults which are contained in the detected fault list which is 
prepared at step 701 are deleted from the fault list prepared 
at step 101. Finally, at step 108, a confirmation is made to 
see whether or not any other fault which has not yet been 
processed or deleted remains in the fault list. When a fault 
which has not yet been processed or deleted remains, the 
steps 102, 103, 104, 105, 106, 107, 701, 702 and 108 are 
repeated. However, if there remains no fault which has not 
been processed or deleted, the operation is completed. The 
deletion described above promotes the completion of gen 
erating test patterns. The test pattern generating method 
mentioned above may choose a gate delay fault or an open 
fault for the Selected gate for which test patterns are to be 
generated. The registration at step 107 and the deletion at 
steps 701 and 702 may be interchanged in order. 
0179 FIG. 37 shows a processing procedure according 
to yet another embodiment of the test pattern generating 
method according to the first aspect of the present invention. 
This processing procedure is equivalent to the processing 
procedure shown in FIG. 30, to which the additional pro 
cessing operation which took place in FIG. 36 with respect 
to FIG. 29 is added. Namely, as a distinction from FIG.30, 
after step 205 where the test pattern sequence T is registered 
with the test pattern list, there follows a step 801 where the 
test pattern Sequence T determined at Step 203 is used to 
perform a transient power Supply current fault Simulation 
(I, fault simulation) to prepare a fault list which can be 
detected with the test pattern Sequence (a detected fault list). 
Then follows a step 802 where the faults contained in the 
detected fault list which is prepared at step 801 are deleted 
from the fault list which is prepared at step 201. Finally, at 
step 206, a confirmation is made to see whether or not there 
remains any other fault which has not yet been processed or 
deleted in the fault list. If there remains a fault which has not 
been processed or deleted, the steps 202,203,204, 205, 801, 
802 and 206 are repeated. However, if there remains no fault 
which has not been processed or deleted, the operation is 
completed. The test pattern generating method mentioned 
above may choose a gate delay fault or an open fault for the 
Selected gate for which test patterns are to be generated. The 
registration at step 205 and the deletion at steps 801 and 802 
may be interchanged in order. 
0180 FIGS. 38 and 39 show a processing procedure 
according to a yet further embodiment of the test pattern 
generating method according to the first aspect of the present 
invention. A difference over the embodiment shown in 
FIGS. 32 and 33 will be principally dealt with. After 
preparing a fault list at Step 301, the client activates or starts 
a plurality of Servers for generating test patterns at Step 901. 
At next Step 303, the client waits for test pattern Sequence 
which will be returned from each server. When a test pattern 
Sequence T is returned, the client registers the test pattern 
Sequence T with a test pattern list at Step 304. At next Step 
902, the client performs a transient power supply current 
fault simulation (It fault simulation) using the test pattern 
Sequence T to prepare a fault list which can be detected with 
the test pattern Sequence (a detected fault list). At next step 
903, the client deletes the faults contained in the detected 
fault list which is prepared at step 902 from the fault list 
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which is prepared at step 301, and then proceeds to step 305. 
The registration at step 304 and the deletion at steps 902 and 
903 may be interchanged in order. At step 305, when there 
is no fault in the fault list which has not been selected, all of 
the Servers which are not engaged with generating test 
patterns are Successively deactivated. 
0181. As shown in FIG. 39, when activated by the client, 
each Server Selects one of the faults for which test patterns 
are to be generated, from the fault list which is maintained 
by the client at step 1001. Subsequently, an initialization test 
pattern V1 and a propagation test pattern V2 which are used 
to detect the Selected fault are determined and are combined 
together to define a test pattern Sequence T=<V1,V2>, which 
is then returned to the client in the Similar manner as 
described above in connection with FIG. 33. After returning 
the test pattern Sequence at Step 407, the Server finally makes 
a confirmation at step 1002 to see whether or not there 
remains any other fault in the fault list maintained by the 
client which has not yet been processed or deleted. If there 
remains a fault which has not been processed or deleted, the 
steps 1001, 403, 404, 405, 406, 407 and 1002 are repeated. 
However, if there remains no fault which has not been 
processed or deleted, the operation of generating test pat 
terns is completed. The test pattern generating method 
mentioned above may choose a gate delay fault or an open 
fault for the selected fault for which test patterns are to be 
generated. In FIGS. 38 and 39, at the same time as the client 
activates the Servers, the client transmits a Selected fault, one 
each for the server, from the fault list, and when a test pattern 
Sequence is returned from the Server, the client registers it, 
prepares a detected fault list which takes place by the 
Simulation, and deletes the fault contained in the detected 
fault list from the fault list. Subsequently, the client selects 
one of unprocessed faults from the fault list and transmits it 
to the server. In the event it is found that there remains no 
unprocessed fault in the fault list when the registration, the 
preparation of the detected fault list and the deletion have 
been completed for a test pattern Sequence which is returned 
from the server, the client immediately notifies the servers to 
this effect, whereupon the Servers complete their operations. 
Alternatively, when there is no unprocessed fault in the fault 
list and when the client has received a last test pattern 
Sequence which is returned from each Server, it may register 
to this effect and complete its operation. 
0182 FIGS. 40 and 41 show different processing pro 
cedures used by the client and Servers in carrying out the test 
pattern generating method according to the first aspect of the 
present invention. This represents a modification of the 
embodiment shown in FIGS. 34 and 35 in the same manner 
as the embodiments shown in FIGS. 32 and 33 are modified 
into the embodiments shown in FIGS. 38 and 39. Accord 
ingly, steps shown in FIGS. 40 and 41 which perform the 
same function as certain steps in FIGS. 38 and 39 are 
designated by like reference numerals as used before with 
out repeating their descriptions. Again, this test pattern 
generating method may choose a gate delay fault or an open 
fault for the selected fault. In addition, the registration with 
the test pattern list and deletion from the fault list which are 
performed by the client may be interchanged in order. 
0183 An embodiment of the first aspect of the present 
invention using a plurality of Servers in which the client 
Selects a fault for which test patterns are to be generated and 
confirms the presence of an unprocessed fault will now be 
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described with reference to FIG. 42 which shows a pro 
cessing procedure which occurs on the client and FIG. 43 
which shows a processing procedure which occurs on the 
SCWC. 

0184. On the client side, a fault list is prepared at step 
301, and a plurality of servers are activated at step 901. At 
Subsequent Step 1201, the client examines if it has received 
a request for a fault to be processed from one of the Servers. 
If it has received the request, at step 1202, the client selects 
one of faults from the fault list, and transmits it to the 
requesting Server. At next step 303, the client examines if 
there has been returned a test pattern Sequence from the 
Server. If there has been returned a test pattern Sequence, the 
client registers the test pattern Sequence with the test pattern 
list at step 304. At next step 1203, the client examines if 
there remains any fault within the fault list which has not 
been processed. If there is, the operation returns to Step 
12O1. 

0185. If it is found at step 1201 that the client has not 
received any request for a fault, the operation transferS to 
step 303. If it is found at step 303 that no test pattern 
Sequence has been returned, the operation transferS to Step 
1203. If it is found at step 1203 that there is no unprocessed 
fault which remains in the fault list, the client notifies each 
Server the completion of operation, and ceases to operate. 

0186 Referring to FIG. 43, on the server side, when it is 
activated by the client, it requests the client to transmit a 
fault to be processed at step 1301. At step 1302, the server 
waits for the selected fault which is to be transmitted from 
the client. When the selected fault is received, it executes 
steps 403 to 407 shown in FIG. 33. Specifically, it attempts 
to determine the initialization test pattern V1 and the propa 
gation test pattern V2 by the implication operation. If these 
test patterns are determined, the resulting test pattern 
Sequence T=<V1,V2> is returned to the client. After return 
ing the test pattern Sequence or if the Server failed to 
generate the test pattern Sequence, it examines to see if a 
notification of the completion operation has been received 
from the client at step 1303. If such notification has not been 
received, the operation returns to step 1301, and if it has 
received the notification, it ceases to operate. 

0187. In an embodiment in which each server selects a 
fault for which test patterns are to be generated and confirms 
the presence of an unprocessed fault, a processing procedure 
to be followed by the client may be as shown in FIG. 44 
where steps 902 and 903 shown in FIG.38 are omitted. A 
processing procedure followed by the Server remains Sub 
stantially the same as shown in FIG. 39. However, at step 
1002 shown in FIG. 39, an examination is made to see 
whether there remains any fault in the fault list which has not 
been processed, and accordingly, the deletion of a fault or 
faults from the fault list is not carried out as a result of the 
omission of steps 902 and 903 on the client side. 

0188 In the embodiment shown in FIGS. 42 and 43 
where a test pattern Sequence T returned from the Server is 
used to perform a fault simulation, a detected fault list is 
prepared and faults contained in the detected fault list are 
deleted from the fault list the client operates according to a 
processing procedure shown in FIG. 45. In this instance, in 
the processing procedure shown in FIG. 42, steps 902 and 
903 shown in FIG.38 are executed subsequent to step 304 
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before transferring to Step 1203. The processing procedure 
followed by the server in this instance is the same as the 
procedure shown in FIG. 43. 
0189 In the embodiments described above with refer 
ence to FIGS. 42 to 45, the test pattern sequence has been 
generated by determining the initialization test pattern and 
the propagation test pattern. However, as shown in the 
embodiment of FIGS. 40 and 41, signal values according to 
the five value logic System may be employed to generate a 
test pattern Sequence T. 
0.190 FIG. 46 shows a processing procedure for the test 
pattern generating method according to the Second aspect of 
the present invention. Initially, at step 2101, a fault list in 
which every path delay fault for a Semiconductor integrated 
circuit under test is registered is prepared. The fault list may 
be prepared by manually tracing a circuit to pick up every 
path delay fault (or any path which is likely to cause a delay 
fault) or by enumerating path delay faults by an electronic 
computer on the basis of circuit information for the Semi 
conductor integrated circuit under test. At Step 2102, a test 
pattern Sequence comprising two or more test patterns and 
which is to be applied to the Semiconductor integrated 
circuit under test is generated. At next Step 2103, a transition 
Simulation is performed with the test pattern Sequence to 
calculate a train of transition Signal values which occur on 
Signal lines within the Semiconductor integrated circuit 
under test. At Step 2104, the transition Signal values on 
various signal lines which are calculated by the transition 
Simulation are used to prepare a list of path delay faults 
which can be detected by the transient power Supply current 
testing which uses the test pattern Sequence (or a detected 
fault list). At next step 2105, a confirmation is made to see 
if a fault or faults which are contained within the detected 
fault list exist in the fault list prepared at step 2101. If faults 
contained in the detected fault list exist in the fault list, the 
operation proceeds to step 2106. However, if a fault con 
tained in the detected fault list does not exist in the list of 
fault, the steps 2102, 2103, 2104 and 2105 are repeated. 
0191 At step 2106, a fault or faults contained in the 
detected fault list are deleted from the fault list which is 
prepared at step 2101. At next step 2107, the test pattern 
Sequence is registered with a test pattern list. At final Step 
2108, a confirmation is made to see if the fault list is empty. 
If the fault list is not empty, the steps 2102, 2103, 2104, 
2105, 2106, 2107 and 2108 are repeated. If the fault list is 
empty, the operation is complete. At Step 2102 where a test 
pattern Sequence is generated, two or more random patterns 
may be generated as a test pattern Sequence, or one from a 
group of previously generated test pattern Sequence may be 
selected. In addition, at step 2108 where a confirmation is 
made to See if the fault list is empty, a decision may be 
rendered to complete the operation by confirming that the 
number of faults which remain in the fault list is equal to or 
less than a given number (a positive number including 0). 
However, in order to improve the path delay fault detection 
rate for the Semiconductor integrated circuit under test, it is 
desirable that the threshold value mentioned above may be 
chosen as Small as possible. It will be understood that as the 
number of remaining path delay faults is reduced, it takes 
time to obtain a test pattern Sequence which is capable of 
detecting Such remaining fault. On the other hand, depend 
ing on the circuit requirement, the fault detection rate 
demanded may be above a certain level such as 99% or 
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above, for example. The number of remaining path delay 
faults may be increased in consideration of Such demand So 
as to Satisfy the requirement. 

0.192 FIG. 47 shows a processing procedure for prepar 
ing a detected fault list at step 2104 in FIG. 46. Initially, at 
Step 2201, an initialization is made by Selecting one path 
delay fault which may occur in the Semiconductor integrated 
circuit under test from the fault list which is prepared at Step 
2101 shown in FIG. 46. At next step 2202, a confirmation 
is made to See if every logic gate on a path having the path 
delay fault (faulty path) is Subject to a Switching operation 
on the basis of the result of the transition simulation. If every 
logic gate on the faulty path is Subject to a Switching 
operation, the operation proceeds to Step 2203, but if there 
is Some logic gate which is not Subject to a Switching 
operation, the operation transferS to Step 2206. 

0193 At step 2203, a confirmation is made to see whether 
or not there exists a logic gate on the faulty path which 
undergoes a Switching operation a plurality of times in 
response to the test pattern Sequence which is generated at 
step 2102 in FIG. 46 on the basis of the result of the 
transition simulation. If there exists a logic gate which 
undergoes a Switching operation a plurality of times, the 
operation proceeds to Step 2204, but if a logic gate which 
undergoes a Switching operation a plurality of times does not 
exist, the path delay fault is registered with the detected fault 
list at step 2205. At step 2204, a confirmation is made to see 
if an on-path input of any logic gate (an input signal line of 
the logic gate which is located on the faulty path) which 
undergoes a Switching operation a plurality of times Satisfies 
a fault detecting requirement according to the transient 
power Supply current testing. If the on-path input Satisfies 
the fault detection requirement according to the transient 
power Supply current testing, the path delay fault is regis 
tered with the detected fault list at step 2205. If the on-path 
input does not satisfy the fault detection requirement accord 
ing to the transient power Supply current testing, the opera 
tion transfers to step 2206. 

0194 At step 2204, a confirmation is made to see whether 
or not an output transition Signal from the logic gate which 
corresponds to the on-path input to the logic gate is a 
transition signal of the same kind as the final transition 
Signal appearing on the Output Signal line of the logic gate. 
This confirmation is made to every logic gate which under 
goes a Switching operation a plurality of times. By way of 
example, the logic gate G shown in FIG.28b is an example 
which undergoes a Switching operation a plurality of times. 
An output transition signal “F(6)” from the gate G which 
corresponds to the input transition signal “F(4) on the 
on-path input in to the gate G coincides with a final 
transition signal from the logic gate G, and accordingly, the 
on-path input in Satisfies the fault detection requirement 
according to the transient power Supply current testing. At 
final step 2206, a confirmation is made to see whether or not 
any other unprocessed path delay fault exists. If an unproc 
essed path delay fault exists, a next possible path delay fault 
is presumed at step 2207 and the steps 2202, 2203, 2204, 
2205 and 2206 are repeated. However, if there is no other 
unprocessed path delay fault, the operation is completed. 

0195 FIGS. 48 and 49 show processing procedures 
followed by the client and the Server, respectively, in another 
embodiment of the test pattern generating method according 
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to the Second aspect of the present invention. Referring to 
FIG. 48 showing the processing procedure followed by the 
client, it initially prepares a fault list in which every path 
delay fault possible with a Semiconductor integrated circuit 
under test is registered at step 2301. At next step 2302, the 
client generates a test pattern Sequence comprising two or 
more test patterns which is to be applied to the Semicon 
ductor integrated circuit, and transmits a test pattern 
Sequence, one each for one or more Servers which are not 
engaged with the processing operation. Subsequently, at Step 
2303, the client waits for a notification indicating the 
completion of operation from the plurality of Servers. Upon 
receiving the notification, the operation of the client pro 
ceeds to step 2304. At step 2304, the client confirms whether 
or not the fault list is empty, and if the fault list is not empty, 
it repeats the steps 2302, 2303 and 2304. However, if the 
fault list is empty, it aborts the operation of every Server at 
Step 2305, thus ceasing to operate. 

0196. On the other hand, referring to FIG. 49, the server 
performs a transition Simulation with the test pattern 
sequence which is transmitted from the client at step 2401, 
thus calculating a train of transition Signal values appearing 
on Signal lines within the Semiconductor integrated circuit 
under test. At next step 2402, the server uses the transition 
Signal values on various Signal lines which are calculated by 
the transition simulation to prepare a fault list which can be 
detected by the transient power Supply current testing which 
uses the test pattern Sequence (a detected fault list). At Step 
2403, the server confirms whether or not a fault or faults 
contained in the detected fault list which is prepared at Step 
2402 exist in the fault list (which is prepared at step 2301 
and) maintained by the client. If a fault or faults contained 
in the detected fault list exist in the fault list, the operation 
proceeds to step 2404. However, if a fault contained in the 
detected fault list does not exist in the fault list, the operation 
transfers to step 2406. 

0.197 At step 2404, the server deletes a fault or faults 
contained in the detected fault list from the fault list. At 
Subsequent Step 2405, the Server registers the test pattern 
Sequence with the test pattern Sequence list which is main 
tained by the client. Finally, at step 2406, the server notifies 
the client the completion of its operation, thus ceasing to 
operate. 

0198 At step 2302 shown in FIG. 48 where a test pattern 
Sequence is generated, two or more random patterns may be 
generated as a test pattern Sequence, or one from a group of 
previously generated test pattern Sequence may be selected. 
At step 2402 in FIG. 49 where a detected fault list is 
prepared, Such list may be prepared by using the technique 
of preparing a detected fault list as illustrated in FIG. 47. At 
step 2304 shown in FIG. 48 where a confirmation is made 
to see if the fault list is empty, a decision may be rendered 
to complete the operation by confirming whether or not the 
number of faults which remain in the fault list has reduced 
below a given number (a threshold value). However, it is 
desirable that the threshold value be chosen as Small as 
possible in order to improve the path delay fault detection 
rate for the Semiconductor integrated circuit under test. 

0199 An embodiment in which a server derives a test 
pattern Sequence from a client for processing it when using 
a client and a plurality of Servers which are operated 
according to the Second aspect of the invention will now be 
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described. A processing procedure followed by the client is 
shown in FIG. 50. At step 2301, a list of path delay faults 
for a semiconductor integrated circuit under test (a fault list) 
is prepared. Then follows a step 1401 where a generated 
pattern list or a list of test pattern Sequence comprising two 
or more test patterns and which is applied to the Semicon 
ductor integrated circuit under test is prepared. At Subse 
quent step 2901, the client activates a plurality of servers. At 
next step 1402, the client waits for test pattern Sequence 
from the plurality of servers to be registered with a test 
pattern Sequence list. At Step 1403, the client repeats the 
steps 1402 and 1403 until the number of path delay faults 
which remain in the fault list is reduced below a given value 
or until all the servers cease to operate. When the fault list 
becomes empty or when the Servers cease to operate, the 
client aborts the operation of each server at step 1406, thus 
ceasing to operate. 
0200. As shown in FIG. 51, when activated by the client, 
each Server Selects one of test pattern Sequence from the 
generating pattern list which is maintained by the client at 
step 1404. Subsequently, the server executes steps 2401 to 
2405 shown in FIG. 49 and prepares a fault list (a detected 
fault list) which can be detected by the transient power 
Supply current testing using the Selected test pattern 
Sequence, deletes these faults from the fault list maintained 
by the client, and registers the test pattern Sequence with the 
test pattern Sequence list maintained by the client. Subse 
quently, at step 1405, the server examines if there exists a 
test pattern Sequence which is not yet Selected in the 
generated pattern list of the client. If Such test pattern 
Sequence exists, the operation returns to Step 1404, but if 
Such test pattern Sequence does not exist, the operation 
proceeds to Step 2406 where it ceases to process the test 
patterns generated and notifies the client the completion of 
its operation. 
0201 In another embodiment in which the generation of 
a test pattern Sequence which is used to detect a path delay 
fault is shared by a client and a plurality of Servers, a 
processing procedure followed by the client is shown in 
FIG. 52 and a processing procedure followed by the server 
is shown in FIG. 53. In a similar manner as shown in FIG. 
50, the client prepares a list of path delay faults and prepares 
a list of test pattern Sequence (a generated pattern list) at 
steps 2301 and 1401. In this embodiment, the list of test 
pattern Sequence (or the generated pattern list) is divided 
into a plurality of pattern Sequence Sub-lists at Step 1501, 
thus transmitting the pattern Sequence Sub-lists to the Servers 
in a distributed manner So that each Server receives one 
Sub-list. The Subsequent operation tales place in the Similar 
manner as shown in FIG. 50. On the other hand, referring 
to FIG. 53, the server receives the test pattern sequence 
sub-list from the client at step 1502, once stores it in its 
memory, and Selects one test pattern Sequence from the test 
pattern sequence sub-list at step 1503. Subsequently, the 
server executes steps 2401 to 2405 shown in FIG. 51, and 
then examines whether there exists any test pattern Sequence 
which is not yet processed in the test pattern Sequence 
Sub-list which is Stored in the memory. If an unprocessed test 
pattern Sequence exists, the operation returns to Step 1503, 
but if it does not exist, the server notifies the client the 
completion of its operation the step 2406. In FIGS. 46, 49 
and 51, it is to be noted that the deletion from the fault list 
and the registration to the test pattern Sequence list may be 
interchanged in order. 
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0202) In FIGS. 49, 51 and 53, the deletion of faults from 
the fault list maintained by the client and the registration of 
a test pattern Sequence with the test pattern Sequence list are 
performed by the server, as indicated at steps 2404 and 2405, 
but the detected fault list and the test pattern Sequence which 
is used in preparing the list may be transmitted to the client 
at each of these StepS. So that the client performs the deletion 
of faults and the registration with the test pattern Sequence 
list. An example in which the embodiment of FIGS. 50 and 
51 is modified in this manner is shown in FIGS. 54 and 55. 
As shown in FIG. 54, after activating the servers at step 
2901, the client waits for the reception of the detected fault 
list and test pattern Sequence from the Servers at Step 1601. 
Upon reception of these, the client deletes a fault or faults 
contained in the received detected fault list from the fault list 
at Step 1602, and registers the received test pattern Sequence 
with a test pattern sequence list at step 1603 and then 
proceeds to step 1403. 
0203 As shown in FIG. 55, upon preparing the detected 
fault list at step 2402, the operation of the server proceeds 
to step 1604 where the prepared detected fault list and a test 
pattern Sequence which is used in this preparation are 
transmitted to the client, Subsequently proceeding to Step 
1405. 

0204 While the use of the client in the deletion and 
registration is not illustrated in the embodiment shown in 
FIGS. 48 and 49, upon preparing the detected fault list at 
step 2402 in FIG. 49, the server immediately transfers to 
step 24.06 and transmits the detected fault list and the test 
pattern Sequence which is used in the preparation to the 
client together with the notification indicating the comple 
tion of its operation. In response thereto, the client, upon 
receiving the notification of the completion of operation at 
step 23.03 shown in FIG. 48, performs the deletion of faults 
in accordance with the detected fault list which is received 
as well as the registration of the received test pattern 
sequence before transferring to step 2304. 
0205) When modifying the embodiment shown in FIGS. 
52 and 53 so that the client performs the deletion and 
registration, Such modification may take place in a similar 
manner as a modification from FIGS. 50 and 51 to FIGS. 54 
to 55. 

0206. In FIGS. 49, 51 and 53, the server deletes faults 
contained in the detected fault list from the list of fault 
maintained by the client while the client registers the test 
pattern Sequence with a test pattern Sequence list maintained 
by it, but the server may transmit the detected fault list and 
a test pattern Sequence to the client, which may then perform 
the deletion and the registration. 
0207. The test pattern generation mentioned above may 
be performed by a computer, for example. By way of 
example, an apparatus which executes the method according 
to the first aspect of the present invention is shown in FIG. 
56. As shown, CPU 11 executes a program stored in a 
memory 12 to control the overall operation. Initially, entry 
means 13 downloads circuit information of a circuit under 
test, for example, which is momentarily Stored in a memory 
14. A program for preparing a fault list which is Stored in a 
memory 15 is then executed to derive a fault list, which is 
stored in a further memory 16. One of the faults is then 
selected from the fault list stored in the memory 16 in the 
manner mentioned above. A program which determines, by 
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the implication operation, a test pattern Sequence intended to 
activate a location corresponding to the Selected fault and to 
cause a Signal therefrom to be propagated to a next logic gate 
which follows the fault location, either by generating an 
initialization test pattern V1 and a propagation test pattern V2 
or by applying Signal values according to the five value logic 
System is Stored in a memory 17, and is then read out 
therefrom to be executed, and a resulting test pattern 
Sequence is registered with a test pattern Sequence list which 
is Stored in a memory 18. Thereafter, a Subsequent Selected 
fault is chosen from the fault list stored in the memory 16. 

0208 For the embodiment shown in FIGS. 36 and 37, 
I, fault simulation with a test pattern sequence which is 
registered or to be registered with the list of test pattern 
Sequence Stored in the memory 18 is performed by executing 
a program Stored in a memory 19, and a program for 
preparing a detected fault list which is Stored in a memory 
21 is executed to prepare a fault list which can be detected 
with this test pattern Sequence. This list is momentarily 
stored in RAM within the CPU 11, and a function of deleting 
such a fault or faults from the fault list stored in the memory 
16 is added. 

0209 AS indicated in parentheses in FIG. 56, a test 
pattern generating apparatus may comprise a fault list pre 
paring unit 15, a faulty location activating test pattern 
Sequence generator 17, IDDI fault simulation program 
memory 19, a detected fault list preparing unit 21, a control 
unit 55, a fault list memory 16 and a test pattern sequence 
list memory 18. The control unit 55 exercises a control over 
other units to perform a Series of processing operations 
asSociated with generating test patterns. 

0210 For the embodiments shown in FIGS. 32 and 33 
and in FIGS. 34 and 35, the function of the client system 
may comprise CPU 11, the program memory 12, the entry 
means 13, the memory 14, the fault list preparing program 
memory 15, and the test pattern Sequence list memory 18, all 
of which are shown in FIG. 56, and also comprises a 
transmitter/receiver 22 for communication with a server 
system or systems, as indicated in FIG. 57A. However, it is 
to be noted that a program Stored in the memory 12 is 
different from that shown in FIG. 56, but is designed to 
perform the processing operations shown in FIG. 32 or FIG. 
34. As shown in FIG. 57B, a corresponding server system 
comprises CPU 23 which executes a program Stored in a 
memory 24 to Serve activating the Overall function of the 
Server System. The Server System comprises a transmitter/ 
receiver 26 which communicates with the client system to 
receive a fault Sub-list, which is then stored in a fault Sub-list 
memory 25 to be processed Subsequently. It also comprises 
the memory 17, shown in FIG. 56, which stores a fault 
location activating test pattern Sequence generating pro 
gram. 

0211 For the embodiments shown in FIGS. 38 and 39 
and FIGS. 40 and 41, I fault simulation program 
memory 19 and the memory 21 which stores a detected fault 
list preparing program shown in FIG. 56 is added to the 
client system, as indicated in broken lines in FIG. 57A. It is 
also to be noted that the program Stored in the memory 12 
is designed to permit an exchange of information with the 
Server System and to enable the processing operation shown 
in FIG. 38 or 40. In a corresponding server system, the fault 
sub-list memory 25 shown in FIG. 57B is omitted, and the 
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program Stored in the memory 24 is designed to enable the 
processing operation shown in FIG. 39 or 41. For the 
embodiment shown in FIGS. 42 and 43, the memories 19 
and 21 shown in FIG. 57A are omitted from the client 
System, and the program Stored in the memory 12 is 
designed to permit an exchange of information with a server 
System and to enable the processing operation shown in 
FIG. 42. In the corresponding server system, the fault 
sub-list memory 25 shown in FIG. 57B is omitted, and the 
program Stored in the memory 24 is designed to enable the 
processing operation shown in FIG. 43. For the embodiment 
shown in FIGS. 44 and 45, an intended function can be 
achieved by a computer with an implementation as shown in 
FIGS. 57A and 57B respectively. 

0212. The client system may comprise the fault list 
preparing unit 15, I fault Simulation program memory 
19, the detected fault list preparing unit 21, the control unit 
55, the fault list memory 16, the test pattern sequence list 
memory 18 and the transmitter/receiver 22, as indicated in 
parentheses in FIG. 57A, allowing the control unit 55 to 
exercise a control over other units. The Server System may 
comprise the fault location activating test pattern Sequence 
generator 17, the control unit 56, the transmitter/receiver 26 
and the fault Sub-list memory 25, as indicated in parentheses 
in FIG. 57B, allowing the control system 56 to exercise a 
control over other units. 

0213 A test pattern generating apparatus for the embodi 
ment shown in FIG. 46 may be constructed as shown in 
FIG. 58 so that CPU 31 executes a program stored in a 
memory 32 to control the overall functioning So that circuit 
information of a circuit under test is downloaded through 
entry means 33 to be stored in a memory 34 momentarily 
and So that a program for preparing a fault list which is 
Stored in a memory 35 is executed upon circuit information 
which is stored in the memory 34 to determine all path delay 
faults, thus preparing a fault list which is then Stored in a 
memory 36. A test pattern generating program Stored in a 
memory 37 is then executed to generate a test pattern 
Sequence (it being understood that this may take place 
through hardware). A transition simulation for the test pat 
tern Sequence applied to the circuit under test takes place by 
executing a program Stored in a memory 38, and then a 
program Stored in a memory 39 is executed to prepare a 
detected fault list, which is then momentarily stored in RAM 
within CPU 31 or in the memory 34. Faults which are 
contained in the detected fault list (paths) are deleted from 
the fault list memory 36, and the test pattern Sequence used 
is Stored in a test pattern Sequence list memory 41. A similar 
process is then repeated until the number of path delay faults 
which remains within the fault list memory 36 is reduced to 
or less than a given number (including 0). 
0214) The test pattern generating apparatus may com 
prise the fault list preparing unit 35, the test pattern genera 
tor 37, the transition simulation unit 38, the detected fault list 
preparing unit 39, the control unit 47, the fault list memory 
36 and the test pattern Sequence list memory 41, as indicated 
in parentheses in FIG. 58, allowing the control unit 47 to 
exercise a control over other units. 

0215 For the embodiments shown in FIGS. 48 and 49, 
in FIGS. 50 and 51, in FIGS. 52 and 53 and in FIGS. 54 
and 55, the client system is implemented in a manner shown 
in FIG. 59A where the memory 38 storing the fault simu 
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lation program and the memory 39 Storing the detected fault 
list preparing program, both shown in FIG. 58, are omitted 
while a transmitter/receiver 42 for enabling a communica 
tion with a server is added. It is to be understood that a 
program Stored in the memory 32 is designed to enable each 
processing operation shown in FIG. 48, 50, 52 or 54, 
respectively. In the example shown in FIG. 50, there is 
provided a memory 49 for a list of test pattern Sequence 
generated by the test pattern Sequence generator 41 or a 
generated pattern list, as illustrated in FIG. 59A. 

0216. On the other hand, a corresponding server system 
is constructed in a manner shown in FIG. 59B so that a 
communication with a client System is enabled through a 
transmitter/receiver 43, and in order to enable a detected 
fault list to be prepared, the fault list which is prepared by 
the client System is previously transferred into a memory 44. 
The server system includes the memory 38 which stores the 
transition simulation program and the memory 39 which 
Stores the program for preparing the detected fault list, both 
shown in FIG. 58. In the example shown in FIG. 49, CPU 
45 executes a program Stored in a memory 46 to perform the 
processing operation shown in FIG. 49 each time a test 
pattern Sequence is transmitted from the client System. In the 
example shown in FIG. 51, a test pattern sequence is derived 
from the generated pattern list stored in the memory 49 of 
the client System to perform the processing operation shown 
in FIG. 51. In the example shown in FIG. 53, the server 
system includes a test pattern sequence Sub-list memory 51 
for Storing a test pattern Sequence Sub-list which is received 
from the client System to perform the processing operation 
shown in FIG. 53. In the similar manner, in the example 
shown in FIG. 55, the processing operation shown in FIG. 
55 is performed. 

0217. As indicated in parentheses in FIG. 59A, the client 
System comprises the fault list preparing unit 35, the test 
pattern Sequence generator 41, the control unit 47, the fault 
list memory 36, the test pattern Sequence list memory 41 and 
the transmitter/receiver 42, allowing the control unit 47 to 
exercise a control over other units. In the Similar manner, the 
Server System may comprise the transition Simulation unit 
38, the detected fault list preparing unit 39, the control unit 
48, the transmitter/receiver 43 and the fault list memory 44, 
as shown in FIG. 59B, allowing the control unit 48 to 
exercise a control over other units. 

0218. With the test pattern generating method or appa 
ratus according to the first aspect of the present invention, by 
utilizing a transient power Supply current testing technique 
which affords a high level of observability and capable of 
efficiently testing a gate delay fault or an open fault, test 
patterns which test a gate delay fault or an open fault can be 
easily generated to provide a drastic improvement in the 
efficiency of generating test patterns. 

0219. With the test pattern generating method or appa 
ratus according to the first aspect of the present invention, 
there is no need that the influence of a gate delay fault or an 
open fault to be propagated to an output signal line, and this 
allows a probability of causing a conflict with logic values 
on Signal lines during the implication operation which is 
used in generating test patterns to be reduced, thus allowing 
the number of backtracks (or retries) in Setting up input 
Signals when generating the initialization test pattern and the 
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propagation test pattern to be reduced and thus allowing a 
time interval required for generating test patterns to be 
drastically reduced. 
0220. In certain embodiments of the test pattern gener 
ating method and apparatus according to the first aspect of 
the present invention, a detected fault list can be prepared by 
the transient power Supply current fault simulation (I 
fault simulation) which operates more rapidly than the test 
pattern processing, and the number of faults for which the 
test patterns must be generated can be reduced, thus allow 
ing the time interval required for generating test patterns to 
be further reduced. 

0221) With the test pattern generating method and/or 
apparatus according to the Second aspect of the present 
invention, the use of the transient power Supply current 
testing technique which affords a high level of observability 
and allows a gate delay fault and an open fault to be 
efficiently tested allows test patterns which are required to 
test a path delay fault to be easily generated, thus allowing 
a drastic improvement in the efficiency of generating test 
patterns. 

0222 Also in certain embodiments of the test pattern 
generating method and/or apparatus according to the Second 
aspect of the present invention, the detected fault list can be 
prepared by using the fault Simulation which operates more 
rapidly than the operation of generating test patterns, and 
faults contained in this list can be deleted from the fault list, 
for which test patterns must be generated, thus allowing a 
reduction in the time interval required for generating test 
patterns. 

1-19. (canceled) 
20. An apparatus for generating test pattern Sequence 

which is used to test a Semiconductor integrated circuit, 
comprising 

a fault list memory for Storing a list of path delay faults 
for a Semiconductor integrated circuit under test; 

a test pattern Sequence list memory in which test pattern 
Sequence are stored; 

a pattern Sequence generator for generating a test pattern 
Sequence including two or more test patterns and which 
is to be applied to the Semiconductor integrated circuit; 

a transition Signal values calculating unit for performing 
a simulation of transitions which would occur in the 
Semiconductor integrated circuit when the test pattern 
Sequence generated is applied thereto to calculate a 
train of transition Signal values which occur on Signal 
lines within the circuit; 

a detected fault list preparing unit for preparing a fault list 
which can be detected by a transient power Supply 
current testing when the generated test pattern Sequence 
is applied to the Semiconductor integrated circuit using 
the transition signal values on Said Signal lines, thus 
providing a detected fault list; 

and a control unit for deleting faults contained in the 
detected fault list from the fault list memory, for storing 
a test pattern Sequence generated in the test pattern 
Sequence list memory, and activating the pattern 
Sequence generating unit, the transition signal values 
calculating unit and the detected fault list preparing unit 
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until the number of path delay faults which remain in 23. An apparatus according to claim 20, further compris 
the fault list memory is reduced to a given value or less. ing; 

in2. An apparatus according to claim 20, further compris- a client System and a plurality of Server Systems; 

li d a plurality of the client System comprising a transmitter/receiver for 
a client System and a plurality of Server Systems; communication with the plurality of Server Systems, the 
the client System comprising a transmitter/receiver for fault list memory, the test pattern Sequence list memory, 

communication with the plurality of Server Systems, the the test pattern Sequence generator, and a first controller 
fault list memory, the test pattern Sequence list memory, for dividing the list of test pattern Sequence generated 
the pattern Sequence generator, and a first controller for into a plurality of test pattern Sequence Sub-lists to be 
causing the Server System to transmit the test pattern transmitted to the plurality of Server Systems, 
Sequence generated upon receiving a notification from each of the Server Systems comprising a transmitter/ 
the server System indicating the completion of its receiver for communication with the client System, the 
operation, transition Signal values calculating unit, the detected 

each of the Server Systems comprising a transmitter/ fault list preparing unit, a test pattern Sequence sub-list 
receiver for communication with the client System, the memory for Storing a received test pattern Sub-list, and 
transition Signal values calculating unit, the detected second controller which allows each Server System to 
fault list preparing unit, and a Second controller for derive one of the test pattern sequence from the test 
activating the transition signal values calculating unit pattern sequence Sub-list memory to activate the tran 
and the detected fault list preparing unit in response to sition signal values calculating unit and the detected 
the test pattern Sequence which is received from the fault list preparing unit, for deleting the faults con 
client System for deleting the faults contained in the tained in the detected fault list from the fault list 
detected fault list from the fault list memory of the memory of the client system and for storing the test 
client System, for causing the test pattern Sequence pattern sequence in the test pattern sequence list 
generated to be Stored in the test pattern Sequence list memory of the client System; 
memory of the client system and for notifying the client the control unit comprising the first and the Second 
System the completion of operation of the Server Sys- controller. 
tem, 24. An apparatus according to claim 20, further compris 

the control unit comprising the first and Second controller. ing 
22. An apparatus according to claim 20, further compris- a client System and a plurality of Server Systems 

Ing, 
the client System comprising a transmitter/receiver for 

communication with the plurality of Server Systems, the 
fault list memory, the test pattern Sequence generator, 
and a first controller for deleting faults contained in the 
detected fault list from the fault list memory and for 
Storing the test pattern Sequence received from each 
Server System in the test pattern Sequence list memory; 

a client System and a plurality of Server Systems; 
the client System comprising a transmitter/receiver for 

communication with the plurality of Server Systems, the 
fault list memory, the test pattern Sequence generating 
unit and a generating pattern memory which Stores a 
list of test pattern Sequence generated; 

each of the Server Systems comprising a transmitter/ 
receiver for communication with the client System, the 
transition Signal values calculating unit, the detected 
fault list preparing unit, and a Second controller for 
activating the transition signal values calculating unit 
and the detected fault list preparing unit for the 
received test pattern Sequence and for transmitting the 
test pattern Sequence and the detected fault list to the 
client System; 

each of the Server Systems comprising a transmitter/ 
receiver for communication with the client System, the 
transition Signal values calculating unit, the detected 
fault list preparing unit, and the control unit which 
allows each Server System to acquire one of test pattern 
Sequence from the generated pattern memory of the 
client System, activates the transition Signal values 
calculating unit and the detected fault list preparing unit 
to operate with the test pattern Sequence acquired to 
delete the faults contained in the detected fault list from 
the fault list memory of the client system and to store 
the test pattern Sequence in the test pattern Sequence list 
memory of the client System. k . . . . 

the control unit comprising the first and the Second 
controller. 


