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Abstract 
Fault simulation is essential to design a high fault-coverage BIST. 
The simulation is characterized by combinational fault simulation 
and signature computation with a large amount of test pattems. In 
this paper, a fast fault simulator BISTSIM for BIST is develope- 
d. For the combinational fault simulation, a novel demand-driven 
logic simulation algorithm is proposed. Moreover, efficient fault 
propagation methods are incorporated into BISTSIM. The exper- 
imental results show that the proposed fault simulator delivers 
better performance than FSIM[8] about 2 to 3 times for circuits 
with a large number of test pattems. For signature evaluation of 
MISR to determine the aliasing, two efficient simulation methods, 
bit-may computation and parallel-pattern sequential simulation, 
are proposed. The resultant BISTSIM outperforms the fast fault 
simulator HOPE1 .l[ 121 with an average speedup ratio of 10. 

1 Introduction 
Built-in self-tests are becoming popular for VLSI testing. The 
typical configuration employs linear feedback shift registers (LF- 
SRs) to generate pseudorandom pattem for the combination cir- 
cuits and to compact the resultant responses. It features the low 
hardware cost and high fault coverage in general. However, some 
circuits contain random-pattem resistant faults which are diffi- 
cult to be detected in a reasonable number of patterns. To de- 
tect these faults, many strategies have been developed, which in- 
clude multiple polynomial, multiple seed [16], weighted random 
testing[l7,18], and adding deterministic test pattems[l5]. All the 
above methods demand an efficient fault simulator to evaluate the 
fault coverage of an enormous amount of test patterns. Moreover, 
one may need to run many fault simulations in order to choose a 
good test strategy. Hence, an efficient fault simulator may speed 
up the design process. 

The efficiency of fault simulation in a BIST design environ- 
ment is determined by the combinational fault simulation and the 
signature computation for aliasing. Previous studies on these two 
areas will be briefly reviewed in the following. 

Parallel pattern single fault propagation (PPSFP)[ 11 is wide- 
ly used in combinational circuit fault simulation. Many pro- 
posed fault simulators incorporate PPSFP with other sophisticat- 
ed techniques such as test detect[4], critical path tracing[2, 31, 
stem region[5-71 and dominator concept[3-81. These techniques 
reduce the simulation time by utilizing informations of previous 
simulated faults. Thus the number of gate evaluations for faulty 
circuit simulation is reduced. The fault simulators Tulipl[6], and 
Tulip2[7 further reduce the logic simulation time by dynamical- 
ly storing necessary gates for logic simulation. Lee and Ha[8] 
observed that there is still room for improvement because these 
algorithms have the drawbacks of repeatedly simulation of stem 
region and/or inefficient for circuits with high depth. They pro- 
posed a new fault simulator FSIM which incorporate new heuris- 
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tics with PPSFP. The major features of FSIM include simulation 
in forward levelized order and desensitizing unnecessary test pat- 
terns. They reported very good performance by FSIM. These al- 
gorithms, although efficient, are generally targeted for fault simu- 
lator in a deterministic ATPG environment. However for circuit- 
s with BIST, the efficiency of these fault simulators may not be 
sufficient. Since the test length of the circuit with BIST is quite 
lengthy in general, most of faults are detected and dropped from 
simulation in the small beginning part of test pattems, and only a 
smallportion of faults are simulated with the remaining major part 
of patterns. A typical result is that the similarity between different 
faults becomes less due to sparser fault sites. Thus the benefit of 
above sophisticated algorithms to exploit sharing common infor- 
mations among faults is reduced. A fault simulator targeted for 
BIST will be more efficient under such circumstance. 

Multiple input signature register (MISR) is widely used as the 
signature analyzer to compact the output responses of the circuit 
under test (CUT). With MISR, the outputs of CUT are fed to in- 
puts of MISR. During the test mode, the MISR compact the output 
responses and the final state of the MISR serves as the signature 
which is then checked to determine whether the CUT passes or 
fails under the test. Hence, testing with signature analyzer has 
the merits of simplicity and low hardware cost because that there 
is no need to store the entire responses of test patterns. However, 
because of compaction, some faults may produce the same signa- 
ture as fault free circuit. Such a case is named an aliasing. The 
number of aliasing dependson the size of LFSR and the character- 
istic polynomial. One may compute the aliasing with the length of 
MISR or with the signal probability. However if high fault cov- 
erage is required, one then has to compute the exact number of 
aliasing or to determine how many test clocks required to achieve 
the desired fault coverage. This means the simulation or compu- 
tation the exact signature of each fault is required. Since MISR 
is by nature a sequential circuit, the signature together with com- 
binational circuit simulation can theoretically be done with any 
existing sequential circuit fault simulator[l3]. However, as will 
be shown in our experimental results, this is extremely time con- 
suming. This motivates us to develop a fast fault simulator with 
separate combinational fault simulation and signature simulator 
for BIST design environment. 

In this paper, we present a fast fault simulator, BISTSIM, tar- 
geted for BIST environment. BISTSIM consists of two compo- 
nents: a combinational fault simulator and a signature evaluator. 
For the combinational fault simulation, logic simulation time is 
reduced by the novel demand-driven logic simulation. Further- 
more, to reduce overhead of net-list traversal, multiple word sim- 
ulation is incorporated in BISTSIM. BISTSIM also adopts the 
simulation IDS technique proposed in PROOFS[9] to further im- 
prove the simulation speed. The experimental results show that 
BISTSIM is faster than FSIM by about 2 to 3 times for random- 
resistant circuits which require a large amount of test patterns 

For the signature evaluation, two algorithms, bit-array com- 
putation and parallel-pattem sequential simulation are presented. 
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The bit-array computation compresses the output responses and s- 
tate of MISR and the value of feedback state (coefficients) into bit 
array. The next state of MISR is thenevaluated with parallel word 
operation on these bit arrays. Alternatively, parallel-pattem se- 
quential simulation evaluates signature by treating MISR as a se- 
quential circuit and incorporates parallel pattern simulation with 
multiple iterations. To reduce the number of iterations, simulation 
of gates is ordered based on the structure of MISR. The experi- 
mental results show that the resultant BISTSIM outperforms the 
well-known sequential fault simulator HOPEl.l with an average 
speedup ratio of 10. 

The organization of this paper is as follow. In Section 2, the 
combinational fault simulation of BISTSIM, B I S T S I b ,  will be 
described. The experimental results of BISTSIM-c are shown in 
Section 3. In Section 4, two signature evaluation algorithms will 
be described. The comparison results of these two algorithms and 
the resultant fault simulation BISTSIM-s are given in Section 4. 
Finally, the conclusions are given in Section 5. 

2 Combinational fault simulation of 
BISTSIM 

In this section, we present a fast parallel pattern fault simulator, 
BISTSIM-c targeted for BIST design environment. BISTSIM-c 
is the combinational fault simulation component of BISTSIM. 

2.1 Basic simulation strategy of BISTSIM-c 
BISTSIM-c is developed based on the behavior of fault simula- 
tion for circuits with BIST. In BIST, the pseudorandom pattern 
generated from LFSR may not detect all of detectable faults in a 
reasonable amount of test clocks. Even with weighted pseudoran- 
dom pattem, the test length is still long to detect some random- 
pattern resistant faults. A typical scenario of fault simulation is 
that after most of faults are detected by the first small part of 
test pattems, the remaining faults are redundant faults or hard- 
to-detect faults. Hence during the simulation, these faults are ei- 
ther not activated or the propagation zones of their fault effects 
are small. As a result, most of the simulation time will consumed 
by the logic simulation. Since the remaining faults are small in 
number and their propagation zones are small. The benefit of so- 
phisticated algorithms such as stem region, testdetect and domi- 
nator concept that exploit sharing common informations between 
faults is reduced. Hence these techniques are not suitable for cir- 
cuits with BIST. Based on this observation, we develop the novel 
demand-driven logic simulation to reduce logic simulation time 
and an efficient propagation method for a faster simulation. 

The basic simulation algorithm of BISTSIM-c is as follows. 
B1STSIM-c is a combinational circuit fault simulator based on 
PPSFP in which one fault is simulated with a packet of pattems 
in parallel. For each packet, first, logic simulation is done in the 
area of gates driving the faults undetected so far, and the fault- 
free values of gates behind this area are left to be evaluated dur- 
ing the fault effect propagation in the following steps. First, each 
fault is simulated to its fanout free region (FFR) output with sin- 
gle fault propagation. If a fault propagates to its FFR output, its 
fault effect on the stem will be stored. After all faults are sim- 
ulated to their FFR outputs, it is followed by the surrogate fault 
propagation procedure. In this step, a surrogate fault is activated 
to propagate the fault effects in the FFR. BISTSIM-c adopts the 
concept of desensitization of unnecessary test patterns proposed 
in FSIM, simulation IDS techniques and increasing packet size for 
faster simulation. These techniques will be further described in 
the following subsections. First the demand-driven logic simula- 
tion will be described. 
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Figure 1. Simulation area for logic simulation 

2.2 Demand-driven simulation 
The idea of demanddriven logic simulation is to minimize the 
time for logic simulation by evaluating the fault-free value on a 
gate only when it is indispensable. The demand-driven simula- 
tion avoids unnecessary gate evaluations which may occur in the 
previous works. 

The concept of reducing logic simulation area have been de- 
veloped in Tulip and improved in Tulip2. These techniques are 
based on the observation that during fault simulation, the fault- 
free value on a gate is only required for activating a fault effect 
and propagating the fault effect. Hence the gates that required to 
evaluate their fault-free statuses are either driving the fault sites 
or driving the fault effect propagation paths. The simulation area 
is shown in the area A4 indicated with long dashed line in Fig. 1. 
In Tulipl, these gates are stored for logic simulation. As faults are 
detected and dropped during the simulation, the algorithm keeps 
track of the simulation area. When more faults are detected, the 
simulation area is reduced and hence the logic simulation time is 
reduced. However, if a fault can not be activated by the currently 
simulated pattem, then the area of gates driving the fault propa- 
gation paths are not necessary. To further reduce the simulation 
area, in Tulip2, the reduction of logic simulation is achieved in 
two steps. First, logic simulation is done in the area of gates driv- 
ing faults undetected so far to the corresponding FFR outputs as 
shown in area A2 of Fig. 1. It is followed by the critical path 
tracing in FFRs in the area. If no such fault propagates to their F- 
FR output, then there is no need to continue the logic simulation. 
Thus the simulation area of A4 - A2 in Fig. 1 is further reduced. 
However, there is still unnecessary gate evaluation of the above 
method. If a fault propagates the fault effect to its FFR output but 
the fault effect can only be further propagated in short distance, 
simulating the whole area behind the fault site is still a waste. 

To minimize the number of gate evaluations for logic simu- 
lation, a more efficient demand-driven algorithm is developed in 
BISTSIM-c. The logic simulation in BISTSIM-c is performed 
as follows. First, the area of gates driving the undetected faults 
is simulated. This area is shown as A1 in Fig. 1 .  The size of 
the area is smaller than the simulation area Ai in the first step in 
'hIip2, because the area in Tulip2 contains the whole FFR con- 
taining the fault site, while the area in BISTSIM-c contains only 
gates driving the fault site. Gates in this area are maintained in a 
queue and evaluated in forward levelized order. After simulating 
the packet of pattems, the queue containing gates for logic sim- 
ulation is updated if any newly detected fault is identified. For 
the area of gates outside A 1 ,  the activation of logic simulation 
is determined in faulty circuit simulation. During the faulty cir- 
cuit simulation, if the fault-free value of a gate is required, then a 
backward traversal procedure is invoked to evaluate all the gates 
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required the current fault-free values. The simulation algorithm is 
named as demand-driven since all the fault-free values are evalu- 
ated only in demand during this stage. Since the fault-free values 
of gates driving the fault effect propagation paths are only evalu- 
ated during fault effect propagation. If the propagation path of a 
fault is short, the number of gates for logic simulation is reduced. 
In Fig. 1, if the propagation paths of the fault effects are shown as 
the curved lines. Then only the area A3 is required for logic simu- 
lation. Thus the waste simulation for the area A4 - A3 in Tulip2 is 
avoid, and the logic simulation area will be smaller than Tulip2. 
Since the fault effects of random pattern resistant faults can only 
be propagated in short paths in general, the benefit of demand- 
driven simulation becomes more evident after most of faults are 
detected. This indicates that demand-driven logic simulation is 
very efficient for circuits with BIST in which the test length is 
long and most of run time is consumed by the logic simulation. 

In demand-driven simulation, it needs to check if a fault-free 
value on a gate is correctly representing the current status. To 
solve this problem, we extend the concept of simulation ID pro- 
posedin PROOFS[9] to logic simulation. In BISTSIM-c, a simu- 
lation ID record is associated in each gate and a global simulation 
ID represents the correct pattern stamp. The global simulation ID 
is incremented at each simulation of a packet patterns. The val- 
ue of each gate’s simulation ID is set to the value of global ID 
after evaluation. Thus, during the faulty circuit simulation, the 
check of whether the logic value of a gate is correct is done by 
comparing the value of global simulation ID with the ID record 
associated with the gate. If the values of simulation IDS are differ- 
ent, the demand-driven simulation is invoked to simulate all the 
required gates. The overhead of our demand-driven simulation is 
that before simulating a gate, the values of simulation ID should 
be compared. However, the overhead is generally negligible. 

2.3 Fault effect propagation and multiple 
word simulation 

B1STSIM-c employs FFR processing to reduce the number of 
gate evaluations during faulty circuit simulation. At &st, each 
fault is propagated to its FFR output with PPSFP. If its fault ef- 
fect is propagated to primary outputs then the fault is detected and 
dropped from further simulation. On the other hand, if the fault 
effect is propagated to a stem, then the propagated fault effect are 
stored. The propagated fault effects on FFR outputs will be fur- 
ther propagated in the next step, the surrogate fault simulation. 
After all faults have been simulated, the fault effects that propa- 
gated to stems are now simulated. In surrogate fault simulation, 
a stem fault is injected to propagate the fault effects in its FFR. 
BISTSIM-c adopts the concept of desensitizing unnecessary test 
patterns proposed in FSIM. That is, unlike the injection method 
proposed in Parallel-Test-Detect[4] which injects fault effects by 
complementing all bits of the fault-free value. In BISTSIM-c, 
the injected fault effects are the union of the propagated fault ef- 
fects. Thus only the sensitized bits are complemented as in F- 
SIM. Therefore unnecessary propagations due to complementing 
all bits can be avoided. Injecting only sensitive bits on a stem 
not only reduces gate evaluations for fault propagation but also 
for the logic simulation. Since a logic value is evaluated only 
on demand, pruning unnecessary propagation path will certainly 
reduce the load for logic simulation. 

In BISTSIM-c, all the fault effect propagation inside an F- 
FR and surrogate fault simulation are performed with single fault 
propagation. The techniques of critical path tracing and domi- 
nator concept are not employed. The reason is that the benefit 
of these algorithms is reduced when faults to be simulated is s- 
mall in number. Furthermore single fault propagation is able to 
minimize the area for logic simulation and it is suitable for mul- 
tiple word simulation. The overhead of unnecessary gate evalua- 

tions within a FFR is eliminated by the multiple word simulation 
and reduced gate evaluations for logic simulation. The efficiency 
of single fault propagation is further improved with the simula- 
tion IDS technique. BISTSIM incorporates the simulation IDS 
technique not only in demand-driven logic simulation but also on 
the fault effect propagation. With this technique, the faulty status 
and fault-free value of a gate are stored in the different computer 
words. The simulation ID associated with a gate is checked dur- 
ing fault effect propagation to see if the faulty status word repre- 
sents the current fault effect. Hence, the fault propagation can be 
proceeded more efficiently because there is no need to restore the 
fault-free status after simulating a fault. 

Another feature of BISTSIM is that it incorporates the tech- 
nique of increasing packet size for faster performance. In parallel 
pattern simulation a packet of patterns is simulated in parallel. As 
the packet size increases, the performance is generally improved 
owing to increased parallelism. The recently developed simula- 
tors use the packet size of 32 as the word length of most work- 
stations is 32. The packet size can be increased by using multiple 
words as a packet. Increasing packet size may increase the paral- 
lelism and reduce the time for net-list traversal. However it also 
increases the processing time of each gate evaluation. Hence, for 
easy-to-detect faults, increasing packet size may introduce more 
overhead than single word simulation. Increasing the packet also 
increases the memory requirement which may cause many page 
faults during simulation and decrease the performance. Never- 
theless, it may not be a serious problem for modern workstations 
with large memory as long as the packet size is not excessive. 

In FSIM, various packet sizes were experimented. Howev- 
er, the results of FSIM shows that multiple word simulation is 
not beneficial. This is because FSIM incorporates sophisticated 
techniques such as critical path tracing and dominator concept 
with PPSFP. Increasing packet size with multiple words compli- 
cates these techniques and thus the code overhead on multiple 
word simulation exceeds the benefit of parallelism. Furthermore, 
the benefit of these techniques is reduced when the number of 
undetected faults is small and increasing the packet size can not 
have a major improvement in FSIM. In BISTSIM-c, the critical 
path tracing for processing faults inside an FFR and the dominator 
concept are not employed. Since the fault propagation in BIST- 
SIM-c is compatible to PPSFP, the code overhead will not exceed 
the benefit of parallelism and the simplicity of fault propagation 
makes the increasing packet size become more efEcient. As will 
be shown in the experimental results, increasing the packet size 
may obtain a speedup of more than 2 times. 

Since increasing packet size may incur overhead for easy-to- 
detect faults which becomes apparent when the number of test 
patterns is small. Hence BISTSIM-c employs two-phase simu- 
lation to reduce this overhead. In the first phase, multiple word 
simulation is only performed on logic simulation and fault simula- 
tion uses the packet size of one word. When the number of fault- 
s detected by the current packet is reduced to a pre-determined 
number, 5% of the number of faults in our implementation. The 
simulation strategy is switched to phase 2. In phase 2, both logic 
simulation and fault simulation use multiple-word packet. Thus 
with two-phase simulation, both easy-to-detect and hard-to-detect 
faults can be simulated efficiently. BISTSIM-c employs the sim- 
ulation IDS technique proposed in PROOFS and the packets used 
for logic simulation and faulty circuit simulation are represented 
in different words. In our implementation, the computer words 
representing packets of fault-free value and faulty value are allo- 
cated in a continuous region. The phase switching can be easily 
done by adjusting the pointer of the packet. For example, if 32 
words are allocated, the packet sizes are arranged as 3 1 words for 
fault-free circuit and 1 word for faulty circuit in phase 1. In phase 
2, both the packets for fault-free circuit and faulty circuit have the 
size of 16 words. 
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Table 1. CPU time for various packet size Table 2. Performance of FSIM and BISTSIM 

cs38417 
c s  
c s 2 E  
cs38584 

In the next section, the experimental results of BISTSIM-c 
will be reported. 

320000 98.31 737.67 582.58 245.30 3.01 

3uHx)o 95.69 618.62 560.68 257.32 2.40 
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3 Experimental Results of BISTSIM-c 
BISTSIM-c is implemented with C and run on SUN Span: sta- 
tion 2 with 32M bytes memory. Its performance is evaluated with 
those circuits containing random-pattern resistant faults from IS- 
CAS’S5 benchmark[20] and full-scanned ISCAS’S9 sequential 
benchmark[21]. The performance of BISTSIM-c will be com- 
pared with FSIM which delivers best performance to our knowl- 
edge. Each fault simulator is run with pseudorandom patterns of 
lengths 3200, 32000 and 320000 to evaluate the performance in 
detail. 

To examine the effect of multiple word simulation, the exper- 
iment of various packet sizes is conducted first. The results are 
shown in Table 1. In this table, the packet size is reported by the 
number of computer words. As the packets used for logic sim- 
ulation and faulty circuit simulation are represented in different 
words. The total number of computer words used as packets for 
both logic simulation and faulty circuit simulation is two times of 
the reported value. From table 1, it can be seen that the perfor- 
mance is improved with increasing packet size generally. How- 
ever, the degree of improvement depends on the size of packet 
and the test length. From the table, it can also be seen that the 
improvement with multiple words is more evident for long test 
length. For 320000 patterns, the performance can be speeded up 
about 2 to 3 times. The results show that in general a significant 
improvement is obtained with packet sizes in the range of 4 word- 
s to 24 words. And the performance improvement is saturated at 
the packet size of about 16 words. When the packet sue  is in- 
creased to 32 words, the improvement begins to degrade due to 
page faults. The performance improvement of increasing packet 
sue  therefore depends on the size of memory that a workstation 
contains. However, it is clearly from the table that performance 
can be improved with increasing packet size even for the large 
circuits. 

In Table 2, the performance of BISTSIM is compared with 
the fault simulator, FSIM. The results of BISTSIM with pack- 
et size of 16 words (BISTSIM-c) and the results of BISTSIM 
with packet size of single word (BISTSIM-1) are taken from Ta- 
ble l for comparison. The speedup ratios of BISTSIM-c over 
FSIM are given in the last column. From Table 2, it can be seen 

that BISTSIM-I delivers better performance than FSIM excep- 
t for circuits c2670 and cs9234. The results illustrate the effi- 
ciency of demand-driven logic simulation, since FSIM employs 
the algorithm proposed in Tulip1 to reduce the logic simulation 
time while BISTSIM-1 employs demand-driven logic simulation 
to reduce the load for logic simulation. For circuits c2670 and 
cs9234, the performance of BISTSIM-1 is slower than FSIM be- 
cause BISTSIM-I does not incorporate sophisticated techniques 
such as critical path tracing and dominator concept as in FSIM. 
For circuits with high depth, these techniques deliver better per- 
formance. However they become less desirable when multiple 
words are employed as in BISTSIM-c. Comparing FSIM with 
BISTSIM-c which incorporates multiple word simulation, it is 
clearly that BISTSIM-c outperforms FSIM by about 2 to 3 times 
for long test length. 

In summary, BISTSIM-c is suitable for BIST circuits for com- 
binational fault simulation since it delivers a significantly better 
performance with more than thousands test patterns. Its efficien- 
cy is owing to novel demand-driven logic simulation, simulation 
IDS technique and the multiple word simulation. Furthermore, the 
result indicates that although some sophisticated algorithms such 
as critical path tracing and dominator concept are not exploited 
in BISTSIM-c, the performance can be speeded up with increas- 
ing packet size because BISTSIM-c preserves the simplicity and 
flexibility of PPSFP. 

4 Signature evaluation 
In this paper we consider the signature analyzer that implemented 
with multiple input signature register (MISR) because it is widely 
used. Without lost of generality, the type-2 MISR is considered. 
The sh-ucture of a MISR is shown in Fig. 2. In Fig. 2, the value 
of Qn is fed to a flip-flop Qi depending on if the value of the 
coefficient C; is 1. For simplicity, w e  named the flip-flop that 
feeds its value to the other preceding flip-flops as the feedback 
flip-flop (Qn in Fig. 2). The value of a flip-flop is evaluated with 
exclusive-or operations on values of primary output, preceding 
flip-flop and the feedback flip-flop. 

The simulation of signature is known as to be time consuming 
because of following reasons. First, to simulate the signature of 
each fault, the output response of a faulty circuit at each clock 
has to be determine. This means that no fault can be dropped 
during simulation. Furthermore, it has to retrieve the values at 
circuit outputs andpresent stateof MISR to compute thenext state 
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Figure 2. The structure of a type-2 MISR 

of MISR. A large number of gate evaluations is required if the 
length of MISR is long. Second, if a fault is not activated by the 
current pattern but the state of MISR is different from the fault- 
free value due to fault effects in previous time frames, the state 
value at MISR still must be computed. In our experience, the 
time for signature evaluation is significantly longer than the time 
for combinational fault simulation alone, which may take more 
than 90% of the entire simulation time. 

As the structure of a MISR is by nature sequential, the signa- 
ture evaluation can be done with any existing sequential circuit 
fault simulator. With this approach, the combinational CUT and 
the MISR is treated as a sequential circuit, and the signature e- 
valuation is implicitly done by simulating the state response of 
this circuit. However, this approach is not efficient as will be il- 
lustrated in the results reported in the next section. Three factors 
make the sequential circuit simulation inefficient. First, combina- 
tional fault simulation in the CUT with sequential fault simulator 
is not efficient, since many sophisticated techniques such as FFR 
processing, desensitizing unnecessary path dedicated for combi- 
national circuits are not suitable for a sequential circuit. Second, 
sequential circuit fault simulator uses 3-valued logic to handle 
unknown initial state. However, the initial state of a signature 
analyzer is always set to a deterministic state and hence, faster 
2-valued logic evaluation is enough for signature evaluation. Fi- 
nally, as the signature is implicitly simulated with state responses. 
The regularity of the structure of a MISR is not considered, which 
can be exploited to our advantage. Therefore, simulating signa- 
ture with existing sequential circuit fault simulators is not a good 
choice. 

In this paper, we simulate the CUT with combinational fault 
simulator as described in BISTSIM-c without fault dropping and 
present two efficient methods for signature evaluation. One is the 
bit-array computation and the other, the parallel-pattem sequen- 
tial simulation. Bit-array computation simulates the signature of 
a circuit by first compressing the output response and the state of 
MISR into bit arrays, and then evaluating these bit arrays with 
parallel word operation. On the other hand, parallel-pattern se- 
quential simulation simulates signature by treating the MISR as a 
sequential circuit and simulating with parallel pattern simulation 
of multiple iterations. To reduce the number of iterations, gates 
of MISR are simulated in a dedicated order. The experimental re- 
sult shows that both these two methods deliver better performance 
than existing sequential circuit fault simulators. These two signa- 
ture evaluation methods will be described in the following sub- 
sections. Our resultant fault simulator with signature evaluation 
will be called BISTSIM-s. 

4.1 Bit-array computation 
The bit-array signature computation is quite straightforward. It 
computes the state of the MISR from the output response, the 
present state of MISR and the coefficients of MISR. For efficient 
performance, these values are arranged into bit-array and evaluat- 
ed with parallel word operation. Thus the number of gate evalua- 
tions of signature simulation is reduced to the number of primary 

outputs divided by the word length of the workstation. The sim- 
ulation procedure is accomplished in following steps. First, the 
output response of acircuit and its present state in MISR at a clock 
is compressed into bit arrays. Then the next state of MISR can be 
evaluated with following equation. 

N E X T  = PO @ STATE @ CO, (1) 

where NEXT, PO, STATE and CO represents the bit arrays for 
next state, output response, present state and coefficient of the 
MISR respectively and @ represents the exclusive-or operation. 
The values of the bit-array CO can only be zero or one depending 
on the coefficients of polynomial. 

The advantageof bit-array computation is that its performance 
is independent of the realization of a MISR. However, the com- 
putation time is proportional to the test length and the length of 
MISR which in general, is equal to the number of primary outputs. 
Clearly, it is less efficient for a circuit that contains a large num- 
ber of primary outputs. Hence we develop the parallel-pattern 
sequential simulation method to evaluate signature. 

I 

4.2 Parallel-pattern sequential simulation 
The parallel-pattern sequential simulation method evaluates the 
signature by treating the MISR as a sequential circuit with the 
primary outputs of CUT as the primary inputs of the MISR. Then 
the signature evaluation is performed in parallel-pattern sequen- 
tial circuit fault simulation which is based on PARIS[10]. It sim- 
ulates a packet of patterns for each circuit, fault-free and faulty 
with following steps. First, the present state of a circuit is loaded 
in the first bit of the packet. Then the MISR is simulated with 
parallel pattern simulation. For a flip-flop, the output value is de- 
termined by shifting the input value one bit due to one-time-frame 
delay. The above simulation step is repeated for eachpacket until 
there is no change on the state of flip-flops, or the state converges. 
The resultant value is then the correct value. The number of itera- 
tions to convergence determines the efficiency of parallel-pattern 
simulation. 

In parallel-pattern simulation, since at the beginning of a sim- 
ulation step, all the bits except the first on the output of a flip-flop 
are unknown. The number of iterations can be reduced if appro- 
priate values are set for these bits. In PARIS, the values on these 
bits are set with the strategy called heuristic look-aheadof signal 
values. For logic simulation, the previous states are retained at a 
new simulation step, and for faulty circuit simulation, these states 
are set to either the fault-free values at this step or the faulty values 
at the last step depending on the degree of difference between the 
faulty values and the good values at the end of the last step. This 
state guessing method is efficient for general circuits that con- 
tain random logic because the state difference between the faulty 
circuit and good circuit or the state difference of a faulty circuit 
between two time frame are small in general. However, since the 
purpose of MISR is to compress input sequences into signature, 
the similarity of states between different circuits or time frames 
is scarce. As a result, the state guessing method is not suitable for 
signature evaluation. It may require a large number of iterations 
to obtain the correct result. 

As the state guessing approach is not suitable for MISR. In 
our simulator, the regularity of the structure of a MISR is tak- 
en into consideration to reduce the iteration number. By inspect- 
ing the structure of MISR, it can be seen that the value of a flip- 
flop is either shifted from the previous flip-flop or the result of 
the previous flip-flop exclusive-or with the feedback flip-flop. 
Simulating gates in appropriate order will speed up the perfor- 
mance. For example, the original simulation order in PARIS is 
{ X I ,  Xz,  - Xn}  < {QI, Qz, . . . Qn} for the MISR in Fig. 2. 
The symbol < represents the simulation order and the elements 
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in the braces can be simulated in parallel. In the worst case, each 
iteration can only obtain one bit of the correct value. Under such 
circumstance, the parallel pattern simulation will be less efficient 
than single pattem simulation due to overhead of multiple itera- 
tions. In our simulator, the number of iterations is reduced by sim- 
ulating gates of MISR in a dedicated order. The simulation order 
inoursimulationisX1 < QI < X2 < Q2 < ***Xn < Qn. The 
simulation order is similar to the concept of strongly-connected- 
circuit (SCC) proposed in COMBINED[ 111. However, the pro- 
posed algorithm in this paper is dedicated for signature evalua- 
tion. With such gate ordering for simulation in MISR, the number 
of iterations is less than that in PARIS. Furthermore, we observe a 
property that the number of iterations depends on the structure of 
the MISR, ie, the polynomial used and its realization. The prop- 
erty is as follows. 

Property 1: Let Qn be the feedback flip-flop, W be 
the packet size and k be the smallest number of flip- 
flops between Qn and the stages with non-zero feed- 
back coefficient. Then the maximal number of itera- 
tions during parallel pattern simulation is + 1. 

The property can be illustrated with the state response of Q n  
in Fig. 2 because that the state response of a flip-flop in MISR 
depends on the value of feedback flip-flop Q n. Let the state value 
of Qn at time t is Qn(t). Before simulating MISR, the initial state 
or the final state of previous packet of pattems has to be loaded. 
Thus the value of each flip-flop at time t is correct. By inspecting 
the structure of MISR, it can be seen that the state values Qn(t + 
l ) ,Qn(t+2) ,  .. . Q n ( t + k -  1)areobtainedbyshifting thestate 
values of preceding flip-flops at time t ,  ie, the values of Q,-l(t), 
Qn -,( t ) . . .  Qn--k+i(t). And Qn(t + k) is determined by the 
valuesQ,(t) andQn-k(t). HenceifgatesinMISR aresimulated 
with the proposed order, at the end of the first iteration, the first k 
bits in the packet of state Qn are correct. At the secund iteration, 
the correct state values Qn(t+ k + l), Qn(t + k  + 2), . . . Qn(t+ 
2k) will be obtained because these values have been determined 
from the correct values at time t + 1, t + 2,. . . t + k. From the 
observation, it can be seen that each iteration obtains correct IC bits 
of a packet. Hence, the maximal number of iterations to obtain 
all the correct values of Qn is [HI. Since it requires another 
iteration to obtain values of all remaming flip-flops in MISR, the 
maximal number of iterations for simulating the MISR is + 
1. 

The property reveals that the performance of sequential simu- 
lation method can be predicted in a priori basedon the polynomial 
and realization of the MISR. One interesting observation can be 
obtained from the property. A primitive polynomial of the MISR 
can have two realizations based on different labeling orders since 
a primitive polynomial has a corresponding reciprocal polynomi- 
al. For example, the feedback flip-flop of a MISR with the poly- 
nomial of z7 + z + 1 can be either Q7 by labeling from left to 
right or Ql with the reverse labeling order. The compressing abil- 
ity of these two realization are equal. However, the the proposed 
method delivers quite different performance for these two realiza- 
tions. The value k of the first realization is 6 and 1 for the other. 
Hence according to the property, one needs at most 7 iterations 
to get the correct results for the first case and 32 iterations for the 
other. 

5 Experimental Results of BISTSIMs 
In this section, the performance of proposed two methods for sig- 
nature evaluation will be evaluated. Due to the unavailability of 
high-order primitive polynomials, the evaluation is concentrat- 
ed on ISCAS’85 benchmark circuits. For each circuit, a type-2 
MISR with length equal to the number of primary outputs is used 

as the signature analyzer. A primitive characteristic polynomi- 
al is chosen from Reference [19] based on the length of MISR. 
Throughout all the experiments, the initial state of MISR is set to 
0, and its realization is according to the coefficient ordering from 
left to right. 

The experimental results are shown in Table 3. In this table, 
the polynomial of a MISR is given in the second column. The 
simulation times for combinational fault simulation without fault 
dropping and two proposed signature evaluation algorithms are 
listed incolumns 5-7. To evaluate the efficiency of proposed algo- 
rithm, two sequential circuit fault simulators, HOPEl . 1 [ 121 and 
PARIS* are also experimented. HOPEl. 1 is a simulator exploit- 
ing parallel fault simulation, and PARIS* is an our implemented 
simulator according to the description of [ 101 that exploits parallel 
pattem simulation. From the results, it can be seen that both bit- 
array computation and parallel-pattern sequential simulation pro- 
posed in this paper deliver significantly better performance than 
HOPEl.l and PARIS*. The average speedup ratios of proposed 
methods over HOPE1.l are 4.29 and 10.77. The performance of 
PARIS* is slower than HOPEl.l because it is hard to get a good 
state guessing and thus requires a large number of iterations for 
a packet simulation. The result clearly indicates that evaluating 
signature with an existing sequential circuit fault simulator is not 
a good choice. 

Comparing the performance of proposed two simulation meth- 
ods, it can be seen that the parallel-pattern sequential simulation 
is much more efficient than the bit-may computation for the giv- 
en MISR realization. The performance of the parallel-pattern se- 
quential simulation depends on the polynomial as discussed in the 
above section. For circuits c880, c1908, c2670 and c7552, the 
parallel-pattem sequential simulation method outperforms bit- 
array simulation about 4 to 5 times. By inspecting the polynomi- 
al, it can be seen that the maximal number of iterations is 2 or 3 
for each packet simulation. Hence, the parallel-pattem sequential 
simulation achieves high performance. For circuits c499, c1355 
and c6288 the speedupratios are reduced because it requires about 
9 iterations to get the correct results for eachpacketof simulation. 
Although the performance of parallel-pattem sequential simula- 
tion method depends on the polynomial and realization of a MIS- 
R, its performance can be predicted based on Property 1. Hence, 
one can choose an signature evaluation method according to the 
structure of MISR. 

Theresults in Table 3 indicate that the two proposed signature 
evaluation algorithms is more efficient than existing Sequential 
circuit simulators. However, the results also show that the simu- 
lation time for signature evaluation is far more than the time for 
combinational fault simulation even without fault dropping. For 
circuits such as ~2670, c5315 and c7552, the time for signature e- 
valuation takes more than 90% of the entire simulation time even 
with bit-array computation. Therefore it clearly deserves our de- 
velopment of efficient algorithms. 

6 Conclusions 
BIST is widely used in VLSI testing owing to its simplicity and 
low hardware cost. To ensure the test quality of BIST, one needs 
to run iterative fault simulations with a large amount of test pat- 
terns to evaluate the test strategies during the design process. Fur- 
thermore, the exact signature of each fault must be calculated to 
guarantee that the aliasing does not affect test quality. Therefore 
efficient combinational fault simulation of large test sets and fast 
signature evaluation are essential to speed up the BIST design 
process. In this paper, we have developed an efficient fault simu- 
lator, BISTSIM, for such requirements. 

BISTSIM consists of two components: a combinational fault 
simulator and a signature evaluator. For the combinational fault 
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Table 3. CPU times with 3200 test patterns 

c2670 140.290 7986.3 4186.9 52.53 1025.9 234.8 3.88 14.57 
c3540 22: 1 0  2290.7 1513.8 75.31 243.0 69.07 4.76 10.48 
c5315 123:20 16296 8781.4 123.9 2044.2 452.3 4.05 15.24 
c6288 3 2 2 8 2 7 1 0  11543 6195.3 368.2 817.4 515.4 5.23 7.01 
c7552 108:310 18676 10398 157.6 2406.3 542.0 4.06 14.86 

Average speedup ratio 4.29 10.77 

simulation, most of previous works on fault simulation exploited 
sharing common informations between faults. As it needs a large 
number of test pattems in BIST to detect pseudorandom pattern 
resistant fault, the benefit of such techniques becomes significant- 
ly degraded and logic simulation time becomes more pronounced 
due to sparse faults. In BISTSIM, logic simulation time has been 
reduced by the novel demanddriven logic simulation. Further- 
more, to reduce overhead of net-list traversal, multiple word sim- 
ulation has been incorporated in BISTSIM. BISTSIM has also 
adopted the techniques of simulation IDS proposed in PROOFS 
and desensitizing unnecessary test patterns proposed in FSIM to 
further improve the simulation speed. The experimental results 
have shown that BISTSIM is faster than FSIM by about 2 to 3 
times for random-resistant circuits which require a large amount 
of test patterns. 

For the signature evaluation, two algorithms, bit-array com- 
putation and parallel-pattem sequential simulation have been p- 
resented. The bit-array computation compresses the output re- 
sponses and state of MISR and the value of feedback state (co- 
efficients) into bit array. The next state of MISR is then evalu- 
ated with parallel word operation on these bit arrays. Altema- 
tively, parallel-pattem sequential simulation evaluates signature 
by treating MISR as a sequential circuit and incorporates parallel 
pattem simulation with multiple iterations. To reduce the number 
of iterations, simulation of gates is ordered based on the structure 
of MISR. The experimental results have shown that the resultant 
BISTSIM outperforms the well-known sequential fault simulator 
HOPEl.l by an average speedup ratio of 10. 
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