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Abstract 

 
This paper presents a new characterization 

methodology of CMOS sequential standard cells for 
defect based voltage testing. It allows to estimate the 
probabilities of physical defects occurrences in a cell, 
describes its faulty behavior caused by the defects and 
finds the test sequences that detect those faults. 
Finally, all of found sequences are validated to check 
their effectiveness in fault covering and the optimal 
complex test sequence for all detectable faults is 
constructed. Experimental results for sequential cells 
from industrial standard cell library are presented. 

 
1. Introduction 
 

Test generation for sequential circuits remains a 
challenging problem over the last several years. The 
complexity of this problem is definitely much higher 
than for combinational circuits [1], [2] due to the 
presence of the memory elements. As a result, instead 
of applying a single test vector, one needs a sequence 
of vectors to detect faults in a circuit. Moreover, the 
controllability and observability of the internal signals 
become much worse. There exist many solutions to the 
sequential ATPG problem [2]-[6] that operate on 
different levels of abstraction while describing the 
circuits: on architectural, state transition, RTL or gate 
level. Nowadays, the hierarchical test generation [5]-
[6] is believed to be the most effective technique for 
sequential circuits testing. As was stated in [5], the 
hierarchical approach is independent of fault models 
and thus could acquire the results of any low-level fault 
analysis. Although the most commonly used is the 
classical approach to fault modeling, which employs an 
abstract stuck-at fault model, some new approaches 
based on layout analysis [7]-[15] have been recently 
developed and successfully applied to combinational 
circuits [16]-[18]. The most promising seem to be two 

approaches, published in [12] and [13]-[15], that 
propose complete fault characterization of standard cell 
libraries. However, they still concern combinational 
circuits only. Characterization of flip-flops, mentioned 
in [19], was done only on electrical level and did not 
address layout related properties. In [20] some 
hardware improvements to flip-flops implementation 
were proposed in order to make them transparent 
during test and so to increase the fault coverage. 

The authors propose to extend an approach 
presented in [13]-[15] for sequential standard cells, 
which is the main contribution of this paper. The 
considerations are limited to voltage testing of the 
complete set of the bridging faults. The methodology 
of sequential standard cells characterization is 
presented. It uses the following two mechanisms: 

• layout analysis based on critical area approach 
in order to estimate the probabilities of 
physical defect occurrences, 

• transistor-level electrical simulation to identify 
the actual behavior of a faulty cell and to find a 
set of test sequences that detect each particular 
fault. 

 
A solution of the fault covering problem allows 

therefore to construct an optimal sequence of test 
vectors which detects all these faults. 

The paper is organized as follows. Section 2 gives 
the detailed description of the proposed methodology 
of sequential standard cells characterization. In Section 
3 the whole procedure is illustrated by example results 
for standard cells from industrial CMOS library. 
Section 4 concludes the paper. 
 
2. Cells Characterization Methodology 

 
Proposed methodology of sequential standard cells 

characterization consists of the following steps: 
• estimation of  defect occurrence probabilities, 



• identification of faulty operation of the cell 
caused by considered defects, 

• generation of test sequences for all testable 
faults, 

• construction of the optimal test sequence. 
 
2.1. Estimation of Defect Occurrence 
Probabilities 

 
As stated earlier, our considerations in this paper 

are limited to shorts between conducting regions that 
seem to be one of the most important sources of faults 
in CMOS digital circuits. A short is a piece of extra 
conducting material that connects a pair of separate 
conducting regions in the integrated circuit. This 
affects the connectivity of the circuit - two separate 
electrical nodes become shorted. It is intuitively 
obvious that probabilities of shorts depend on the 
layout of the circuit. Adjacent conducting regions are 
more susceptible to shorts than regions that are 
separated by a large distance. For each pair of 
conducting regions representing electrical nodes, the 
probability of short Psh was calculated. The detailed 
description of this procedure was given in [13]-[15]. 
The pair of nodes, for which Psh=0, cannot be shorted 
and was not taken into account. 
 
2.2. Identification of Faulty Operation 

 
For a given cell, all the pairs of nodes with non-

zero probabilities of shorts were considered during the 
next step of characterization. In order to identify the 
operation of a given circuit with particular shorts, 
several electrical simulations were performed. They 
were carried out in a testbench circuit given in Fig. 1 
using SPECTRE simulator. 

The flip-flop under test (FFUT) was driven through 
the input buffers. The simulation was carried out twice 
using “Wired-AND” and “Wired-OR” conditions at 
inputs. These two models were implemented by using 
input buffers with MOS transistors of different channel 
geometries. Typical flip-flops from the standard cells 
library have two outputs, Q and QN, representing the 
state of the flip-flop and its negation.  
In order to avoid ambiguity in classifying circuit 
responses as logic one or logic zero, the non-inverting 
buffers, which regenerate the voltage level, were also 
connected to the outputs. A short itself was 
implemented in the netlist as a resistor of 100 mΩ, 
which is the average value of sheet resistance of metals 
used in the 0.35 μm CMOS process. As the resistances 
of contacts and vias in this technology are several 
orders of magnitude higher, the value of the resistor 
simulating a short is not critical. The cell behavior at 

the logic level did not depend on the resistance values 
in the range of 0.01 Ω - 200 Ω.  

While taking into account the basic D flip-flop, it 
was necessary to examine the following cases: 

• switching states: 0→1 and 1→0, 
• remaining in the same state: 0→0 and 1→1.  
 
The considered defects of the flip-flop layouts from 

the standard cell library may cause various functional 
faults. One could observe the following faulty 
behavior: 

• stuck-at faults on one or both outputs, 
• clock pulse on the output, 
• changes of the active clock edge, 
• generation of the additional clock edges, 
• oscillations on both outputs, 
• other faults described by the faulty truth tables. 

 
The waveforms obtained from the simulation 

allowed to determine the truth table describing the 
actual logic function performed by the faulty circuit. 
As a result a set of faulty truth tables (FTT) of a given 
standard cell was obtained for all considered shorts, 
which significantly improves the characterization 
process for testing purposes. 
 

 
 

Fig.1. Schematic diagram of a testbench circuit. 
 

 
2.3. Test Sequences Generation 

 
The results of electrical simulations allowed to 

identify the sequences of input vectors that should be 
applied to detect any particular short. All the 
considered sequences were applied several times in 
order to start from different initial states and thus to 
take into account the memory effect of sequential cells. 
After applying the last vector from a sequence, the 
voltages on both outputs of a tested faulty circuit were 
compared with the reference outputs of the correct one. 
If any of these two pairs did not match, the input 
sequence was counted as a test sequence of a given 
short for an appropriate output.  

The following sequences, describing state changes 
of the D flip-flop mentioned in the previous section, 
were taken into account: 
 



→0 → S(CD) = {00 10}, 
→1 → S(CD) = {01 11}, 
0→0 → S(CD) = {00 10 00 10}, 
1→1 → S(CD) = {01 11 01 11}, 
0→1 → S(CD) = {00 10 01 11}, 
1→0 → S(CD) = {01 11 00 10}. 

 
The first two sequences concern the situation of 

setting the state independently of the previous one. The 
last two sequences include simultaneous change of 
both clock and data inputs. In fact, a particular order of 
the input values changes leads to one of the two 
possible sequences, e.g: 

S(CD) = {00 10 00 01 11} 
 
S(CD) = {00 10 01 11} 
 

S(CD) = {00 10 11 01 11} 
 
S(CD) = {01 11 01 00 10} 

 
S(CD) = {01 11 00 10} 
 

S(CD) = {01 11 10 00 10} 
 

The last vector in a sequence specifies when one 
has to compare the output voltages. The authors called 
such a sequence a simple test sequence to emphasis 
that comparison of voltages is made only once after 
applying the whole sequence. However, the result of 
such comparison could depend on the details of clock 
and data timings. Careful analyses of possible faulty 
behaviour shows that the moment of changing input 
voltages and the moment of comparing output voltages 
could affect the result of test. Because of that, it was 
necessary to treat the clock input C as a regular input 
of a circuit during simulations. It allowed to consider 
some special cases of setting the state of the flip-flop:  

• comparison occurs when the clock is high e.g.:   
S(CD) = {01 11}, 

• comparison occurs when the clock is low e.g.:  
S(CD) = {01 11 01}, 

• data value changes when the clock is high e.g.: 
S(CD) = {00 10 11 01}, 

• data value changes when the clock is low e.g.: 
S(CD) = {00 10 00 01}. 

 
After collecting the results of test sequences, one 

could construct a fault table, which describes the 
connection between all detectable faults and the simple 
test sequences able to detect them. Based on the fault 
table and probabilities of defects, the effectiveness of 
simple test sequences could be calculated. This 
effectiveness is defined as a sum of occurrence 

probabilities of a set of faults detected by a given 
sequence. An example of such a fault table is given in 
Tab. 1 and will be discussed in the next section. 
 
2.4. Construction of the Optimal Test Sequence 

 
One can easily notice that simple sequences may be 

covered by each other. For instance, having two simple 
sequences: 

S1 = {00 10},  S2 = {00 10 00}, 

S2 covers S1. One can combine such simple sequences 
in a complex one with the extended set of detected 
faults formed from the original sets. Thus, the 
effectiveness of the sequence also increases. However, 
a complex sequence requires the output voltage to be 
checked more than once. In a presented example the 
following complex sequence is obtained: 

S2 = {00 10 00}, 

where input vectors that require checking the output 
voltage were bolded in the sequence. The last step is to 
select the minimal set of complex sequences that cover 
all detectable faults and construct the optimal test 
sequence. The algorithm of solution to this fault 
covering problem looks as follows: 

1) modify the fault table taking into account the 
extended sets of detected faults of all complex 
sequences; 

2) identify such faults, which are detectable by only 
single sequences, and include those necessary 
sequences in the final solution; 

3) exclude the set of faults detected by the selected 
sequences from the sets of the remaining 
sequences and recalculate their effectiveness; 

4) select the sequence with the highest 
effectiveness and include it in the solution set; 

5) repeat the last two steps until there are still 
uncovered faults; 

6) construct the optimal complex test sequence 
from the sequences in the solution set. 

The length of the final test sequence could be usually 
limited due to the partial covering of the building 
sequences, as shown in Section 3.     
 
3. Example of characterization results 

 
The proposed methodology was used for 

characterization of a number of flip-flop cells from two 
industrial standard cell libraries in 0.8 μm and 0.35 μm 
CMOS technologies. A basic D flip-flop cell (DF1 cell 
in 0.35 μm CMOS) was selected to illustrate the 
process of characterization. The rest of results were 
omitted here due to the lack of space.  



a) 

 
b) 

C D Qk-1 QNk-1 Qk QNk 

↑ 0 0 1 0 1 

↑ 1 0 1 1 0 

↑ 1 1 0 1 0 

↑ 0 1 0 0 1  
 

Fig. 2. DF1 cell: a) logic diagram, b) truth table. 
 

Fig. 2 shows a logic diagram of D flip-flop and its 
truth table. There are 91 possible defects of non-zero 
probabilities. In Tab. 1 a selection of 38 defects are 
presented together with the fault table for the Q output. 
The first three columns address the shorts and show 
their probabilities. In the next column the logic faults 
caused by the defects are described. A symbol FTT 
represents faulty operation of the flip-flop which is 
difficult to describe briefly and therefore is given by 
the faulty truth table (not presented in the paper). The 
last sixteen columns show the simple test sequences 
and mark the defects which were detected by these 
sequences. There are still nine possible defects that can 
not be detected with voltage testing. The effectiveness 
of test sequences was given in Tabs. 2 and 3, for 
simple and complex sequences respectively (the fault 
table modified for complex sequences was omitted). 
Now we can solve the covering problem. The solution 
set could be formed by two complex sequences:  

S16(CD) = {01 11 10 00 10},  S8(CD) = {00 10 00 01}. 

They let us construct the optimum input sequence: 

S = {01 11 10 00 10 00 01}, 

which covers all detectable faults.  
It is important to notice that the obtained sequence 

includes only two clock pulses. Nevertheless, 
monitoring of the output voltage should be extended in 
time. As the existing testing equipment allows to strobe 
the outputs for a period of time [21], the fault tables 
presented in this paper seem to become useful in 
determining the limits of this period. They could also 
help to prepare the appropriate input waveform. 
 
 
 

4. Conclusions 
 
In this paper a characterization methodology of 

CMOS sequential standard cells for defect based 
voltage testing was presented. It extends an approach 
used already for combinational cells [13]-[15]. The 
proposed methodology applies analysis of electrical 
schematic topology and layout of characterized 
circuits. It allows to estimate the probabilities of 
physical defects that may occur in a real integrated 
circuit and to determine types of logic faults caused by 
those defects. As a result, a set of faulty truth tables 
describing faulty operation of a given standard cell is 
obtained for all considered bridging faults with non-
zero probabilities of occurrence. In addition, for each 
particular fault, the procedure generates a set of test 
vector sequences, which detect this fault. A fault table 
collects all found sequences for all considered faults in 
a cell. The sequences are then validated to determine 
their effectiveness in fault covering. The proposed 
algorithm allows to construct the optimal complex test 
sequence for all detectable faults in a given standard 
cell. The paper presents the local solution for single 
sequential standard cells, which form the main building 
blocks of bigger sequential circuits. Therefore, the 
presented results are considered to be useful in 
hierarchical approach to ATPG for sequential circuits. 
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Table1. Probabilities of defects in DF1 cell (D flip-flop) and the fault table for Q output 
(38 out of 91 defects, Wired-AND conditions) 

Simple test sequence <CD> 

No. Short 
defect Probability Logic fault 

at Q 00 
10 

01 
11 

00 
10 
00 

00 
10 
11 

01 
11 
01 

01 
11 
10 

00 
10 
00 
10 

00 
10 
00 
01 

00 
10 
11 
01 

01 
11 
01 
11 

01 
11 
01 
00 

01 
11 
10 
00 

00 
10 
00 
01 
11 

00 
10 
11 
01 
11 

01 
11 
01 
00 
10 

01 
11 
10 
00 
10 

1 C/D 1.55E-10 SA0 after 
switching to 0  1   1 1    1 1 1 1 1   

2 C/Q 5.27E-12 Q=C 1   1 1  1    1 1   1 1 

3 C/QN 3.22E-12 Not detected None 

4 D/Q 1.20E-11 Q=D    1  1  1 1  1 1     

5 D/QN 7.86E-12 Not detected None 

6 Q/QN 1.48E-10 SA0  1   1 1    1 1 1 1 1   

7 C/CN 5.94E-10 Active falling 
edge of C         1   1 1  1  

8 C/CI 2.08E-10 Not detected None 

9 C/_net1 2.84E-11 Q=not(C)  1 1   1  1 1 1   1 1   

10 C/_net2 1.42E-11 Active both 
edges of C     1      1 1     

11 C/_net3 2.24E-11 Q=C 1   1 1  1    1 1   1 1 

12 C/_net4 7.80E-11 Q=C 1   1 1  1    1 1   1 1 

13 C/_net5 3.61E-11 SA0  1   1 1    1 1 1 1 1   

14 C/_net6 6.71E-11 SA0  1   1 1    1 1 1 1 1   

15 CN/D 7.10E-10 SA1 1  1 1   1 1 1      1 1 

16 CI/D 9.59E-10 SA1 after 
switching to 1   1    1 1       1 1 

17 D/_net1 6.26E-11 Q=not(D) 1 1 1  1  1   1   1 1 1 1 

18 D/_net2 3.11E-11 FTT        1 1  1 1     

19 D/_net3 4.98E-11 Q=D    1  1  1 1  1 1     

20 D/_net4 2.93E-10 FTT    1  1   1   1     

21 D/_net5 9.26E-11 FTT 1 1 1  1  1 1  1 1  1 1 1 1 

22 D/_net6 1.92E-10 FTT 1 1 1  1  1 1  1 1  1 1 1 1 

23 CN/Q 7.36E-12 SA1 1  1 1   1 1 1      1 1 

24 CI/Q 9.66E-12 SA1 after 
switching to 1   1    1 1       1 1 

25 Q/_net1 2.56E-10 Q=QN 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

26 Q/_net2 1.49E-10 Not detected None 

27 Q/_net3 9.46E-11 SA0  1   1 1    1 1 1 1 1   

28 Q/_net4 3.23E-11 SA0  1   1 1    1 1 1 1 1   

29 Q/_net5 2.40E-11 Q=not(CD)  1 1  1 1    1   1 1   

30 Q/_net6 2.12E-11 Oscillations  1      1  1   1 1   

31 CN/QN 4.55E-12 SA0  1   1 1    1 1 1 1 1   

32 CI/QN 6.23E-12 SA1 after 
switching to 1   1    1 1       1 1 

33 QN/_net1 6.75E-11 FTT   1    1 1       1 1 

34 QN/_net2 6.28E-11 Not detected None 

35 QN/_net3 4.85E-11 FTT     1      1 1     

36 QN/_net4 2.12E-11 SA0  1   1 1    1 1 1 1 1   

37 QN/_net5 1.57E-11 Not detected None 

38 CI/CN 1.23E-09 FTT            1   1  



Table 2. Effectiveness of simple test sequences  
for DF1 cell 

Test sequence  
<CD> 

Number of detected 
shorts Effectiveness 

S1 = 00 10 29 5.24E-09 
S2 = 01 11 35 4.64E-09 
S3 = 00 10 00 40 9.19E-09 
S4 = 00 10 11 32 6.50E-09 
S5 = 01 11 01 42 5.25E-09 
S6 = 01 11 10 33 4.56E-09 
S7 = 00 10 00 10 41 8.88E-09 
S8 = 00 10 00 01 41 9.06E-09 
S9 = 00 10 11 01 30 6.68E-09 
S10 = 01 11 01 11 37 5.43E-09 
S11 = 01 11 01 00 43 5.22E-09 
S12 = 01 11 10 00 41 6.21E-09 
S13 = 00 10 00 01 11 36 5.23E-09 
S14 = 00 10 11 01 11 37 5.43E-09 
S15 = 01 11 01 00 10 41 9.93E-09 
S16 = 01 11 10 00 10 41 8.88E-09 

 
 

Table 3. Effectiveness of complex test sequences  
for DF1 cell 

Test sequence  
<CD> 

Number of detected 
shorts Effectiveness 

S1 = 00 10 29 5.24E-09 
S2 = 01 11 35 4.64E-09 
S3 = 00 10 00 45 9.50E-09 
S4 = 00 10 11 35 6.84E-09 
S5 = 01 11 01 45 6.16E-09 
S6 = 01 11 10 40 5.18E-09 
S7 = 00 10 00 10 45 9.50E-09 
S8 = 00 10 00 01 51 9.72E-09 
S9 = 00 10 11 01 43 8.39E-09 
S10 = 01 11 01 11 45 6.16E-09 
S11 = 01 11 01 00 50 6.42E-09 
S12 = 01 11 10 00 51 7.79E-09 
S13 = 00 10 00 01 11 76 1.32E-08 
S14 = 00 10 11 01 11 69 1.13E-08 
S15 = 01 11 01 00 10 78 1.43E-08 
S16 = 01 11 10 00 10 79 1.46E-08 
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