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Abstract 

Fazlures that  cause logic circuits to  malfunct ion at the 
desared clock rate and thus violate t lming  specificattons 
are currently receavzng much attentzon. Such  failures are 
modeled as delay faults. They facilitate delay testang. The  
use of delay fault models in  VLSI test generatzon zs uery 
likely t o  g a m  rndustry acceptance i n  the near future.  I n  
thzs paper, we review delay faul t  models. discuss t h e w  
classificatzons and examine fault coverage metracs that  
have been proposed i n  the recent literature. A compari- 
son  between delay faul t  models, namely,  gate delay, tran- 
sition, path delay, line delay and segment delay faul ts ,  
shows t h e w  benefits and limitations. Various classafica- 
t ions of the  path delay fault model, that have receaved the 
mos t  at tent ion in recent years, are revzewed. W e  believe 
an  understanding of delay fault models is  essential in to- 
day's V L S I  design and Lest environment .  

1 Introduction 

Digital system designers have traditionally maximized 
the frequency of system clocks in order to  obtain the high- 
est performance from the hardware. The maximum allow- 
able clock rate is determined by the propagation delays 
of the combinational logic block between latches. Con- 
sider the circuit under test shown in Figure 1. During 
the normal operation of the circuit, the input clock C1 is 
the same as the output clock Cz and the period (Tc) of 
C'l and C2 corresponds to the system clock. This period 
should be greater than the maximum propagation delay 
LIPmo,. for the circuit. However, during testing for delay 
faults, we use two separate test clocks, C1 and C2, run- 
ning at  a frequency that is slower than the normal system 
clock. Thus, the period of test clocks, z, is longer than 
Tc. The two test clocks are skewed by the amount T,. 
The activation of the output clock Cz must follow the 
activation of the input clock C1 by a t  least DP,,, time 
units (i.e., T, = t2  - t l  2 LIP,,,). If the output clock 
is activated sooner, then unstabilized and possibly incor- 
rect logic values may be latched in output latches. Since 
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Figure 1: Hardware model and clock timings 

delay faults do not alter the logic function realized by a 
circuit and since the tests for stuck-at faults are normally 
applied a t  a slow clock rate (due to  the ATE limitation 
or other reasons), they are inadequate for detecting delay 
faults. Special two-pattern test vectors are required for 
detecting delay faults. 

The hardware model used in delay fault testing is 
shown in Figure 1. Here the vector pair < VI, V, 7 > con- 
stitutes a delay test and signals C1 and C2 are used to 
clock the input and output latches, respectively. At time 
t o ,  an  initializing input vector VI is applied, and the cir- 
cuit is allowed to  stabilize under input V I .  At time t i ,  
the propagation vector V2 is applied, and the outputs are 
sampled at time t 2 ,  where (t2 - t l )  is the intended time 
interval between the input and output clocks, called the 
rated clock interval T,. 

Exhaustive testing is quite impractical for delay faults 
since the total number of pattern-pairs required will be 
(2n)(2n -I), which is of the order 2'*, for a circuit having 
R inputs. One must derive suitable and reasonable delay 
fault models and devise algorithms that can generate tests 
for the modeled faults. Various fault models used in delay 
fault testing, their classifications, and coverage metrics 
are discussed in the following sections. 
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2 Delay Fault Models 

There are three classical fault models that have been 
developed in recent past to represent delay defects (i.e.. 
transition fault, gat.e delay fault and path delay fault). In 
recent years, two more fault models {i.e.> line delay fault 
and segment delay fault) have been developed, which are 
basically derived from the classical ones. Each of these 
fault models have their own limitations and advantages 
in various aspects that have been discussed in some detail 
in this paper. 

2.1 Transition Fault Model 

The transition fault model [6, 2 3 ,  29. 341 is considered 
as a logical model for a defect that delays a rising or falling 
transition at inputs and outputs of logic gates. There are 
two kinds of transition faults, i.e., slow-fo-rise and slow- 
to-full. The slow-to-rise (fall) transition fault temporar- 
ily behaves like a DC stuck-at-0 (1) fault. A test for a 
transition fault is a pair of input patterns, one (initializa- 
tion pattern) to set up the initial state for the transition 
and another (propagation pat tern) to cause the appropri- 
ate transition and observe its effect a t  a primary output. 
The propagation pattern is identical to a pattern that 
detects the corresponding DC stuck-at fault. The transi- 
tion fault coverage is a measure of the effectiveness of the 
delay test in detecting large delay variations. Transition 
faults model defects for which the delay is large enough to  
cause a logical failure when the signal propagates along 
any path through the site of the fault. The main draw- 
back of this model is the assumption of a large gate delay 
defect [33]. Also, it is difficult to tell how small a de- 
lay fault can be, before it is not detectable. In practice, 
delay variations tend to be distributed over many circuit 
elements. Thus, many small gate delay fault,s, each unde- 
tectable as a transition fault, can give rise to a large path 
delay fault. 

2.2 Gate Delay Fault Model 

Carter et  al. [4] introduced a quantitative model for 
delay faults, known as the gate delay fault. They assume 
that delays through logic gates are known with some pre- 
cision. The characteristics (size and location) of likely de- 
lay faults are also known. The delays through a gate are 
represented by intervals in this model. A fault is an added 
delay of certain size (magnitude), say 5, in the propaga- 
tion of a rising or falling transition from the gate input to  
output. The set of faults considered includes numerical 
delay information. An excessive delay of 3 nanoseconds 
a t  a point is not the same fault as an excessive delay of 5 
nanoseconds a t  that point. 

Most of the recent research in this area has concen- 
trated on the determination of fault sizes detected by a 

given test [4, 27, 281. Given a particular fault of a fixed 
known size, Carter e2 al. [4] provide a method to deter- 
mine whether a test T detects that fault. This is clearly a 
painstaking and inefficient method, and it would be more 
desirable to find a cert,ain niinimrim fault size a t  a fault 
site such that given a test T for a fault a t  the above fault 
site, T is guaranteed to detect any fault a t  that site with 
a magnitude greater than the determined minimum size. 

2.3 Path Delay Fault Model 

The path delay fault model was first proposed by 
Smith [33]. This model has received greater attention 
than the gate delay and transition fault models, and has 
been quite extensively studied [l, 2, 3, 5, 9, 10, 17, 19, 21, 
25, 26, 30, 311. A considerable amount of research has al- 
ready been reported on various aspects of test generation 
and fault simulation of path delay faults. 

In path delay fault model, any path with a total de- 
lay exceeding the system clock interval is said to have a 
path delay fault. This models distributed defects that 
affect an entire path. For each physical path P ,  connect- 
ing a primary input t,o a primary output of the circuit, 
there are two corresponding delay paths. The rising path 
(falling path) is the path traversed by a transition that 
is initiated as a rising (falling) transition a t  the input of 
path P and changes the direction of transition whenever 
it passes through an inverting gate. We present the fol- 
lowing definitions that are frequently used in path delay 
fault testing [19]. 

Definition 1: Let G be a gate on path P in a logic 
circuit, and let T be an input to gate G; T is called an 
off-path sensitizing input if r is not on path P .  

Definition 2: A two-pattern test < V I ,  V? > is called 
a robust test for a delay fault on path P ,  if the test de- 
tects that  fault independently of all other delays in the 
circuit 1301. 

Definition 3: A two-pattern test < V I ,  V, > is called 
a nonrobust test for a delay fault on path PI if it detects 
the fault under the assumption that no other path in the 
circuit involving the off-path inputs of gates on P has a 
delay fault [12]. 

2.4 Line Delay Fault Model 

We can combine the relevant features of transition [34] 
and path delay [33] fault models to define a line delay 
test  [20, 221. A rising (falling) line delay test will test 
the longest sensitizable path passing through a target 
line producing a rising (falling) transition on it. With 
this model, the coverage is measured for all lines with 
two possible transitions. Thus, the maximum number of 
faults (or tests) is twice the number of lines. (For ex- 
ample, in c6288, we will consider only 12576 line delay 
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faults, whereas the total number of possible path faults is 
M 1.98 x lO".) Yet, the test criterion is similar to path 
delay fault, and not like gate or transition delay fault. In 
general, a test will cover several lines. 

Conventional path delay test generators attempt to 
derive robust tests for a subset of paths in the circuit, 
based on some path selection criterion such as the worst- 
case path selection [18] or a threshold-based path selec- 
tion [14, 16, 351. However, a large number of these paths 
may not be robustly testable and hence the test coverage 
of the targeted paths can be very low [lo]. The new cover- 
age metric seeks to remove this deficiency by attempting 
to derive a pair of line delay tests for each line in the 
circuit. 

The basic idea of an iterative approach for generating 
a robust test was first proposed by Park and Mercer [24]. 
They have followed an approxzmate method where the 
search space for test generation is biased to find a test 
along a path whose propagation delay is greater than or 
equal to a predefined threshold value. Bose [2] preselects 
paths in a given range of lengths and shows that despite 
a low path coverage, a high gate (or line) coverage can 
be obtained. In that case, however, lines are not tested 
through longest sensitizable paths. The method of Majhi 
et ai. [22], on the other hand, is an exact method for gen- 
erating a robust test for the longest testable path through 
each line. To facilitate the simultaneous consideration of 
robust and nonrobust tests, they use a 9-value logic sys- 
tem described in [21]. 

2.4.1 Line  Delay  Coverage Metric 

The motivation of defining the line delay test is to ro- 
bustly detect the smallest incremental delay defect asso- 
ciated with a rising or falling transition a t  any line. Sup- 
pose, A, is the incremental delay of a rising or falling 
transition through line L .  Then, for detection of this de- 
lay fault, 

where Tc = system clock period and Tp = nominal de- 
lay of the path P through which L is tested. From rela- 
tion ( l ) ,  we determine that the smallest incremental delay 
fault on L can be detected via the path through L having 
the longest nominal delay ( T P ) ~ ~ ~ ,  i.e., 

By sensitizing the longest path through L ,  we are able 
to  detect the delay fault of the smallest size. However, 
simultaneous delay variations are possible for other gates 
on P due to  correlation with L .  Suppose, delays of other 
gates increase. Then the line delay test for L will detect a 
delay fault of even smaller size. If the delay of other gates 
reduce while that of L increases, the sensitivity of the test 
reduces. Considering correlation of delays, this later case 
is less probable. The  basic assumption associated with 

AL+TP > Tc or AL > Tc -Tp (1) 

( A ~ ) m i n  = TC - (T')maz (2) 

the line delay fault model is that the delays of all gates 
are not reduced below their nominal values. 

Main advantages of this fault model are that the num- 
ber of faults is limited to twice the number of lines in the 
circuit and almost all lines can be tested. Since the fault 
is tested along the longest propagation path, the system 
timing failures caused by the smallest localized delay de- 
fects or the accumulation of distributed delay defects can 
be detected. In transition fault model, a delay test is 
obtained along any arbitrary path because the size of de- 
lay fault is assumed to be large enough to  be tested via 
any path through the fault site. For the gate delay fault 
model one must specify exact sizes of delay defects. Dif- 
ficulties arise when accurate information on delays is not 
available. Transition and gate delay faults do not model 
the distributed delay defects along a target path. The line 
delay model, on the other hand, retains many advantages 
of the transition and gate delay fault models, while allevi- 
ating the major drawback of the path delay model (viz., 
too many paths to be tested and the low fault coverage). 

2.4.2 

In order to  derive a line delay test for a given line, we first 
target the longest structural path. If that path is not ro- 
bustly testable then we go for the next longest path and 
so on, until we find a test for the longest robustly testable 
path. The limitation in this approach is that in addition 
to  this robustly testable path there could exist a nonro- 
bust test for some longer path through the target line. In 
such a case, the robust test would miss a line delay fault 
that only causes the longer nonrobustly testable path to  
fail. To overcome this limitation one may include any pos- 
sible nonrobust tests for all paths that are longer than the 
longest robustly testable path. 

Another limitation of this model is that in case of cer- 
tain distributed delay defects the derived tests will fail 
to detect some of the delay faults that are not targeted. 
We consider only one path through any given line for de- 
termining a line delay test. However, there may be some 
other paths of the same length (or shorter) through the 
target line, with distributed delay defects exceeding the 
permissible propagation delay. Consider the three paths 
shown in Figure 2. Suppose, all three paths have the 
same delay. Let us assume that paths 1 and 2 are the 
longest structural paths selected for testing lines A and 
B ,  respectively. Let us further assume that the smallest 
incremental delay that is detectable for each path is A 
(i.e., A = TC - Tp),  where T p  is the nominal delay of 
each of the paths and TC is the clock period. If the in- 
cremental delay of nodes A and B are A - E ,  where E is 
small, then paths 1 and 2 will pass their tests. However, 
path 3 has a fault that is not detected by the test vectors 
though it is a detectable delay fault. The basic assump- 

L imi t a t ions  of Line  Delay  Fault Model 
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Figure 2: Limitation of the fault model 

Cdtc Delay 
(Cmcr et al.. ITC’R7) 

tion associated with the line delay fault model is that the 
delays of all gates are not reduced below their nominal 
values. More than one faulty gate can occur in practice 
due to correlation between delays of gates. In that case 
many gates in  paths 1 and 2 will have increased delays 
and it is more likely that the tests for those faults will 
show failures. 

There can be several ways of dealing with the situa- 
tion depicted in Figure 2 .  When there are several longest 
paths of equal length through a target line, we can con- 
sider all such paths to increase the confidence level for 
the tests obtained. However, this can lead to a poten- 
tially large number of paths to  be tested in some circuits. 

All gatcs can be modeled * Dismbuted la~lures not 
considered 
Exact dcfect size not 
nonwhle 

2.5 Segment Delay Fault Model 

Heragu e l  al. [I31 have proposed a model that considers 
slow-to-rise and slow-to-fall defects on segments, whose 
length L ,  can be chosen from available statistics about 
the types of manufacturing defects. L can be as small 
as 1 (transition faults) or as large as the maximum logic 
depth (path faults). Once L is chosen, the fault list will 
comprise of all segments of length L and all paths whose 
entire length is less than L .  

The segment delay fault model is an attempt to com- 
bine the advantages of the classical delay fault models 
while avoiding their limitations. Unlike the path delay 
fault model, this model can prevent an explosion of the 
number of faults to  be considered. At the same time, a 
defect over a segment may be large enough to  affect any 
path through it. This assumption seems more realistic 
than the transition delay fault model that requires the de- 
fect on a single line to be large enough to affect any path 
passing through it. Due to process variations, every gate 
in the circuit is affected and their delays increase only by 
a small amount. Again, randomly occurring defects are of 
very small sizes. Defects of this nature may produce de- 
lay faults only on longest paths. The segment delay fault 
tests may not be able to detect some of these defects. 

Segment Dchy 
(Hcngu ct al.. VTS’Yfi) 
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Figure 3: Comparison of different fault models 

In this scenario, the line delay fault model described in 
the previous section will be effective as it considers the 
longest sensitizable path through each line. However, a 
modification of the model that considers longest sensitiz- 
able paths through each segment will do well. But, when 
locations of defects are such that they affect only short 
paths. the tests may not detect some faults. Hence, in the 
ideal case, there is no substitute for a test having a 100% 
path delay coverage. Figure 3 summarizes the advantages 
and limitations of various delay fault models. 

3 Path Delay Fault Classification 

Although one can obtain high coverage of transition, 
line delay or segment delay faults. the effectiveness of 
these fault models is not proven. The gate delay model 
has remained largely unused due to its strong dependence 
on nominal delays, whose values may not be accurately 
known. The path delay model could be the ideal choice. 
However, typical circuits contain too many paths, many of 
which have no test. Recent research has produced several 
classifications of path delay faults in the hope of finding 
a small subset of paths that must be tested. 

3.1 Lam et al.’s Classification 

Lam et al. [17] show that path delay faults in a circuit 
can be partitioned into two sets. The occurrence of one or 
more delay faults from the first set can cause an increase 
in the circuit delay. This set must be tested for delay 
faults to certify correct operation. It includes all robust 
testable path delay faults (RD). Delay faults in the second 
set are termed as robust dependent (RD) delay faults. The 
occurrence of such a delay fault cannot increase the circuit 
delay unless some non-RD delay fault from the first set 
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also occurs. Thus. RD delay faults need not be tested to  
ensure that a manufact,ured circuit operates a t  the desired 
speed, provaded all RD faul ts  have been tested. 

3.2 Cheng and Chen's Classification Ghxaybeh et d. 
(JETTA.97) 

Sivaraman and Suojwas 
(VLSI Design'97) 

Cheng and Chen [7, 81 classify path delay faults 
into four categories: (1) robust testable, ( 2 )  non-robust 
testable, (3) functional sensitizable and (4 )  redundant 
faults. For non-robust testable (equivalent to static sensi- 
tizable) faults and functional sensitizable faults, no single 
vector pair can detect such faults under arbitrary delay 
assignments. A functional sensitizable but static unsensi- 
tizable fault is a false  path if any of the controlling-valued 
side-inputs of such a path is earlier than the correspond- 
ing on-input. If side-inputs of such a path are late, then 
the path may become t rue  and affect circuit's timing. 

Redundant path delay faults: A path delay fault 
is called redundant if the path is a false path (i.e., paths 
which cannot be sensitized by any vector pair) under all 
delay assignments. Otherwise, it is called wredundant .  

3.3 Gharaybeh et al.'s C l a s s i f i c a t i o n  

singly- multiply- singly-tesuble 
testable 

pnmitive pnmitive pnnutive- 
SPDF MPDF dewndent 

testable dependent 

Gharaybeh et al. [12] classify path delay faults into 
three categories: (1) singly-testable, (2) multiply-testable 
and (3) singly-testable dependent. 

Singly-Testable: A path-delay fault is singly-testable 
(ST) iff there exists a delay test that guarantees its de- 
tection when it is the only path-delay fault in the cir- 
cuit. This test is either robust or validatable non-robust 
or non-robust. 

Singly-Testable  Dependent: A path-delay fault is 
singly-testable dependent (ST dependent) iff it cannot 
propagate a late transition given the absence of certain 
ST faults. The ST dependent path delay fault set is a 
subset of the robust dependent (RD) set [17], but may 
include some functional sensitizable faults. 

Multiply-Testable: A path-delay fault is multiply- 
testable (MT) iff it is neither S T  nor ST-dependent. A 
test is possible only when several paths have simultaneous 
delay faults. 

3.4 Sivaraman and Strojwas' Classification 

Sivaraman and Strojwas [32] classify path delay faults 
into three categories: (1) primitive SPDF (single path 
delay fault), (2) primitive MPDF (multiple path delay 
fault) and (3) primitive-dependent. Primitive PDFs were 
first defined by Ke and Menon [15]. Informally, singly 
non-robustly testable paths belong to  the set of primi- 
tive PDFs. Also, the set of paths, that is jointly non- 
robustly testable and minimal, belongs to  the set of prim- 
itive PDFs. The circuit will exhibit fault free timing be- 
havior for all input vectors and for all timing constraints 

I non-RD 1 Lam et al I (IEEE-TCAD'95) RD I 
Cheng and Chen I robust I non-robust I functional I (IEEE-TCAD'W) testable testable sensitizable I redundant I 

Figure 4: Path delay fault classifications 

larger than some given value (say, clock period T )  iff it 
can be guaranteed that all primitive PDFs are absent. 
for T. Moreover, the number of primitive PDFs in a cir- 
cuit is considerably smaller than all PDFs. Sivaraman 
and Strojwas [32] refined the classification of paths prc- 
posed by Gharaybeh e2 al. [12]. Their primitive SPDFs 
are the same as ST faults. However! the primitive- 
dependent class is larger than the ST-dependent class. 
The primitive-dependent faults need not be tested if the 
circuit is guaranteed to be free from all primitive SPDFs 
and primitive MPDFs. The  authors have exploited the 
fact that non-robustly testable SPDFs and MPDFs de- 
termine the stabilization time of the circuit outputs to 
extract primitive PDFs in an iterative fashion with max- 
imal pruning and minimal computational overhead. 

A comparative representation of the various classifica- 
tions is given in Figure 4. 

4 Conclusion 

We have surveyed various delay fault models and their 
advantages and limitations. An efficient fault model that 
will result in a high fault coverage and low computa- 
tional complexity still remains elusive. It is generally ac- 
cepted that the path delay model is most comprehensive. 
We have presented various path delay fault classifications 
that are central to  their real application. Understand- 
ing of delay fault coverage is still evolving. At this time, 
there is no agreement on using a fault model. Tests for 
selected critical paths are popular. Tools emphasize path 
timing analysis and delay fault simulation. Probably the 
next generation of tools will identify fa l se  paths,  for which 
tests do not exist. 

We have discussed delay fault models for combinational 
circuits. Test considerations for scan circuits are similar. 
However, an additional hold latch is required for every 
scan flip-flop to hold the first vector while the second 
vector is scanned in. The same fault models also apply 
to non-scan sequential circuits, with one difference. Addi- 
tional robustness considerations are needed a t  the bound- 
aries between time-frames. Two test methods have been 
proposed. In the variable-clock method [5], a slow clock is 
used except one rated-clock application. Thus robustness 
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conditions apply to just one time-frame boundary. In the 
rated-clock method [2], robustness conditions apply to all 
time-frames. 
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