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Abstract—In this paper, we have proposed a new fault 
tolerant design technique for majority voter that is used in 
selection of final output for fault-tolerant methods like N-tuple 
modular redundancy (NMR) and N-tuple interwoven 
redundancy (NIR). The common assumption that majority 
voters are robust and hence does not affect the final reliability 
of a system, is false for most of the practical applications. We 
have used redundancy at transistor level combined with 
redundancy at gate level to design a defect tolerant majority 
voter that provides notable improvement in reliability over 
conventional triple modular redundancy technique using 
traditional non-reliable voters and other existing methods. 

Keywords— fault tolerance, triple modular redundancy, 
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I. INTRODUCTION 

In recent times, circuits are becoming more failure prone 
due to the reduction in transistor size, raise in operating 
speed, decrease in power supply voltage, and increase in 
complexity of routing. In critical applications, like space, 
avionics, medical, power plants etc., transistor aging is the 
main cause of system failure. But for such systems, failure 
can be fatal or cause severe damage to the human life and 
hence they must be made fault tolerant a priori. 

Faults are of two types: permanent and transient. 
Permanent faults are stable and invariable in nature, whereas 
transient faults are short-lived and cause in momentary 
behavior changes of the system. Hence identification of 
transient faults is difficult because of their impermanent 
nature. But such transient faults cause glitches and hence 
erroneous system outputs. Space and nuclear applications are 
mostly affected by such faults, because of radiations and 
charged particles. Faults due to such transient errors must be 
tolerated in such safety-critical systems for maintaining 
proper functionality of them. 

The most popular method for hardening transient faults is 
triple-modular redundancy (TMR) [1], where same operation 
is performed by three copies of the original circuit and the 
final output is obtained by bit-wise majority-voting of the 
triplicated outputs. TMR is mainly used for single event 
upset (SEU) mitigation [2] and has wide applications in 
satellite, defense and bio-medical systems till today [3-5]. 

But the major issue with TMR implementation is the 
design and reliability of the output majority voters. Basic 
design of TMR assumes that output voters are non-faulty, 
which is not true for practical cases and hence reliability of 
TMR and thus that for the whole system is limited. There are 
a few works available in literature dealing with reliable voter 
design [6-12]. But all the designs have their own drawbacks 
and hence limited practical applications. 

In this paper, we have proposed a new technique for fault 
tolerant majority voter design using combination of 
redundancy at gate level and transistor level. We have used 
quad gates and quad transistors to implement the fault 
tolerant voter and named it as quadded voter (QV). 
Theoretical as well as simulation results have been provided 
to prove the superiority of our method in terms of reliability. 

II. PREVIOUS APPROACHES 

There are two major fault tolerant (FT) approaches: 
dynamic and static. Dynamic methods can tolerate 
permanent faults only and require complex control circuitry 
for testing and reconfiguration. On the contrary, static 
methods are resilient, fixed in nature, mask any sort of errors 
(permanent and transient). Hence static methods are used in 
wide range of applications including satellite, nuclear or 
operational equipment. Among several static redundancy 
methods, TMR is the most common and implemented one, 
because its simplicity in design. But the significant drawback 
with TMR is the reliability issues of its output majority voter. 

Charles E. Stroud first studied on reliability analysis of 
fault tolerant majority voters considering compensating 
faults [6]. In [7], Kshirsagar and Patrikar have proposed a 
new technique, called novel fault-tolerant voter circuit 
(NFTVC), for fault tolerant voter design that is capable of 
handling any single error occurring at input or output of the 
circuit elements of the voter. Another similar method, named 
simple fault tolerant digital voter circuit (SFTDVC) with less 
hardware and delay overhead was proposed by Tian Ban et 
al. in [8]. But for both the cases, the whole system including 
three modules and the fault tolerant voter is capable of 
handling single fault only and if both modular part and the 
voter are affected by fault, their methods fail and produce 
faulty outputs reducing the overall reliability. 

TMR-MQT method was proposed by Maleh et al. in their 
future work section of [9], where the voters were made fault 
tolerant using quadded transistor (QT) logic. In QT, each 
transistor of a circuit is replaced by four transistors placed in 
special manner and has inbuilt fault absorbing capability. But 
TMR-MQT has a very high delay overhead because of 
feeding of four inputs of QT from single output of each 
module of TMR. Recently, Balasubramanian et al. have 
proposed a fault tolerance improved majority voter (FTIMV) 
for TMR [10] and claimed the method to be superior to the 
SFTDVC method. A new feedback-based complementary 
dual-modular redundancy (CDMR) method for tolerating 
only soft errors has been proposed in [11]. In [12], the 
authors have proposed a fault tolerant voter for approximate 
triple modular redundancy, but the method costs 
considerably large area and delay overheads due to its 
quadded transistor counterpart.  
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In this paper, we have proposed a new design technique 
for fault tolerant majority voter that takes care of above 
limitations and has higher reliability than all other previous 
fault tolerant voter approaches. Our proposed method can 
tolerate all sorts of defects: hard and soft, providing high 
reliability to the whole system. 

III. PROPOSED QUADDED VOTER (QV) DESIGN 

A. Fault Models 

In this paper, we have compounded the redundancy at 
circuit level with redundancy at logic level and hence 
relation among various fault models at different abstraction 
is solicited. Input stuck-at-1 (s-a-1) fault at the gate terminal 
of an n-MOS transistor causes permanent shorting of drain 
and source of that transistor corresponding to transistor 
stuck-on or stuck-close fault. Similarly, input stuck-at-0 (s-a-
0) fault at the gate of an n-MOS transistor can be mapped to 
transistor stuck-off or stuck-open fault due to permanent 
opening in the path between source and drain of it. 
Alternatively, input s-a-1 and s-a-0 faults for a p-MOS 
transistor can be modelled as transistor stuck-off and stuck-
on faults respectively. 

B. The QT Logic 

In QT logic [9] each transistor is replaced by either 
parallel connection of two pairs of transistors connected in 
series or series connection of two pairs of transistors 
connected in parallel (Fig. 1). For normal fault-free 
operation, inputs A1, A2, A3 and A4 get identical values as 
that of the original input A in the case of a single transistor. It 
is obvious from the structure that the failure of a single 
transistor in the fault tolerant QT does not affect the 
functionality of the original circuit. It has also been shown 
that [9] the structure has multiple fault absorbent capability 
and can tolerate upto three faults simultaneously in some 
special cases. Choice of the structures 1b and 1c depends on 
the prior knowledge of probability of s-a-1 or s-a-0 fault in a 
particular application. 

C. Proposed QV logic 

Conventional voter that is used for majority voting at the 
final output stage of TMR or other similar applications is 
made of two levels of NAND gates; first level consist of 
three 2-input NAND gates and the next level one 3-input 
NAND gate. In QV logic, first level NAND gates are 
quadded and the NAND gate at the second level is designed 
using QT logic. Fig. 2 shows the NAND implementation of 
conventional majority voter circuit and Fig. 3 depicts its QV 
realization, where each NAND2 gate at the first level is 
replaced by four identical NAND2 gates fed by same set of 
inputs and the second level NAND3 gate is designed using 
QT logic. 
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Fig. 1. Quadded transistor (QT) logic 
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Fig. 2. Traditional majority voting circuit 
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 Fig. 3. QV implementation of majority voter 

The quadded inputs to the last level QT implemented 
NAND3 gate are fed from the outputs of four NAND gates 
in the previous level. Hence, if any one output of the NAND 
gate at the first level is faulty, the QT NAND gate at the 
second level can absorb it. QT structure also has multiple 
fault tolerant capability and any error generated at the QT is 
absorbed by the structure itself. 

For ease of understanding, we have considered the 
simplest ISCAS 85 benchmark circuit C17 [13] consisting of 
six NAND gates. Fig. 4 shows the logic diagram of C17 and 
its TMR implementation using 3-i/p normal majority voters 
is shown in Fig. 5. Next each majority voter of TMR 
implemented C17 is replaced by the proposed QV and the 
final fault tolerant design of C17 is shown in Fig. 6. Here the 
triplicated outputs of C17 are fed to the inputs of first level 
quadded NAND2 gates of QV. Main fault absorption is 
performed by the QT logic in the second level of QV. As the 
quadded inputs of the QT logic is fed separately from four 
different outputs of quad NAND2 gates, delay overhead due 
to transistor gate capacitances is reduced compared to full 
QT structure of the voter. 
 

 

 Fig. 4. Logic diagram of C17 
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Fig. 5. TMR implementation of C17 with normal voter 

N1

N3

N6

N2

N7

N22

`

`

N23

Fault Tolerant Voter (QV)

 

Fig. 6. TMR implementation of C17 with QV 

IV. RELIABILITY ANALYSIS 

In this section, we have calculated the reliability of TMR 
structure with normal voter and with QV, and compared the 
results for ISCAS 85 benchmark circuit C17. Reliability of 
complete TMR structure with a voter can be measured as: 

TMR TM Voter
R =R R      (1) 

RTM and RVoter represent reliability of three modules of 
TMR without voter and reliability of the voter at the output 
respectively. At least two out of three modules of TMR 
must be non-faulty for non-erroneous output at final stage 
and hence with R=reliability of each module in TMR, 

 

3
3 3-

TM 2 3

2

2 3

2 3

R =R { C (1 ) }

3 (1 )

3 2

i i

of i

i

R R

R R R

R R



 

  

 


 (2) 

A. Reliability of TMR with normal voter (RTMV): 

For calculation of reliability of a traditional voter, we 
assume simple NAND gate implementation of 3:1 voter 
(with rg=reliability of single NAND gate) and reliability of 
the voter is given by 

3 2
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Hence  

TMV TM voter(3:1)
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(3 2 ) (3 3 )g g gR R r r r



    
 (4) 

B. Reliability of TMR with QV (RTMQV): 

Reliability calculation of QV needs two separate 
computations for each level of QV. For the first level, where 
each gate of original NAND gates of the conventional voter 
is quadded. At least three out of four NAND gates of each 
of these quadded gates must be non-faulty for proper 
operation of QV. Having three such quadded NAND gate 
structures, reliability of the first part of the voter is  
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In second level of QV, each of all six transistors of 
conventional 3-i/p NAND gate is replaced by QT and hence 
reliability of QT NAND gate of 2nd level of QV is 
(Pq=failure probability of QT structure of a transistor) 

6

V2 NAND3,QT q
R =R =(1 P )         (6) 

Pq with single transistor failure probability pf has been 
derived in [9] as  

   2 3

q

3 1
P

2 2
f f

p p           (7) 

Hence reliability of complete quadded voter is 

3 4 3 6

QV V1 V2 q
R =R R =(4 3 ) (1 P )

g g
r r          (8) 

Hence total reliability of TMR with QV is 

2 3 3 4 3 6

TMQV TM QV q
R =R R (3 2 ) (4 3 ) (1 P )

g g
R R r r         (9) 

C. Comparison: 

Increase in reliability in TMR with QV compared to 
unreliable voter is

TMQV TMV
=R R . 

As an example, we have considered C17 and designed it 
fault tolerant using TMR, once with normal voter and next 
with our QV, and then compared their reliabilities. As C17 

 

 

167

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY ROURKELA. Downloaded on January 10,2021 at 14:40:18 UTC from IEEE Xplore.  Restrictions apply. 



has two outputs, we need two majority voters at its output 
and total reliability measurement needs modifications 
accordingly. 

C17 consists of six NAND gates, failure of any of which 
causes the whole module to fail and hence reliability of one 
C17 module is given by: 

6

C17
R

g
r          (10) 

From (4) and (10), 
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And from (9), 
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q

R (3R 2R ) (4 3 ) (1 P )
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g g
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 (12) 

Reliability of TMR with and without QV and the increase 
in reliability due to QV for changin gate error rate pg has 
been shown in Fig. 7, where 1g gp r  . 

V. SIMULATION RESULTS 

In this section, we have presented some simulation 
results to prove the feasibility and efficiency of our proposed 
technique over existing methods. For comparison purpose we 
have considered different ISCAS 85 benchmark circuits with 
varying complexities. 

A. Comparison of Area and Delay fOverheads 

Firstly, we have implemented and simulated C17 
applying different defect tolerant approach using UMC 180 
nm standard cell library in Synopsys Design Compiler and 
the resulted area and delay overheads are tabulated in Table 
I. The table shows that for C17, our proposed method TMR-
QV requires lesser area and delay overhead than TMR-MQT 
method, is faster than the QT and NFTVC methods, but 
inferior to SFTDVC and CDMR methods in both respects. 

 
 

 

Fig. 7. Increase in reliability for QV over normal voter in case of TMR 

TABLE I. AREA AND DELAY COMPARISONS FOR C17 FOR VARIOUS FAULT 
TOLERANT TECHNIQUES APPLIED 

 
C17 

Area        
(in µm2) 

% Area 
Overhead 

Critical 
path (in ns) 

% Increase 
in Critical 

Path 
Without FT 58.88 - 0.2 - 

TMR 265.21 350.9 0.35 75 
QT 240.76 309.32 0.68 240 

TMR-MQT 499.23 747.87 0.72 260 
NFTVC 367.64 524.39 0.55 175 

SFTDVC 271.33 360.8 0.41 105 
CDMR 197.76 237.58 0.34 70 

Proposed 
TMR-QV 

496.64 743.48 0.51 155 

* in UMC 180 nm technology 

To validate our claims, more simulation are preformed 
over some other higher order ISCAS 85 benchmark circuits 
[13] and the are and delay comparison results have been 
plotted in Fig. 8 and 9 respectively. The results in the graphs 
support that the proposed method is area and time efficient 
than QT, TMR-MQT and NFTVC methods and is hardware 
efficient than SFTVC method. The graphs also depict that 
recently proposed CDMR method is more cost efficient than 
the proposed QV technique, but CDMR can tolerate only 
soft errors and provides very low reliability in case of hard 
errors. Moreover our proposed method is much more 
reliable than NFTVC and SFTDVC as shown in the next 
sub-section. 

 

 
Fig. 8. Area for various ISCAS 85 benchmark circuits on applying different 
fault tolerant methods 

 

Fig. 9. Delay for various ISCAS 85 benchmark circuits on applying 
different fault tolerant methods 
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B. Reliability Analysis 

For reliability analysis, we have used the stochastic 
computational model (SCM) at transiostor level [14] as well 
as at gate level [15], where errors are injected randomly 
through a 2-i/p Ex-OR gate connected in serial to each gate 
of the circuit. The reliability of C17 circuit with different 
fault tolerant techniques based on reliable voters for different 
gate error rates are plotted in Fig. 10, which shows that our 
proposed method outperforms all the fault tolerant voter 
techniques under consideration. The increase in reliability 
for the proposed method is higher for higher gate error rates.  

Reliability of previous set of ISCAS 85 benchmaerk 
circuits are evaluated and plotted in Fig. 11 for fixed gate 
error rate pg=0.001. The plot shows that our method is much 
more reliable than conventional TMR method supporting 
our theoretical derivations in Section IV. Proposed TMR-
QV method also offers higher reliability than TMR designs 
using fault tolerant voters like TMR-MQT, NFTVC and 
SFTDVC. The proposed method also shows remarkable 
increase in reliability for circuits having higher number of 
final outputs and hence higher numbers of majority voters. 
Full QT implementation has least probability of failure for 
all the caeses, but its very lage critical paths (Fig. 9) makes 
the method impossible to implement in pratical applications. 
Though CDMR offers less cost overheads as shown in 
previous sub-section, but it fails to withstand in terms of 
reliaility for all the circuits compared including C17. 

 
Fig. 10. Reliability of C17 with varying gate error rates for various fault 
tolerant voter methods 

 

Fig. 11. Probability of failures for various ISCAS 85 benchmark circuits on 
applying different fault tolerant methods (pg=0.001) 

VI. CONCLUSIONS 

In this paper, we have proposed a new defect tolerant 
technique for majority voter design to increase the reliability 
of traditional TMR technique. Our proposed technique uses 
a new method of defect avoidance which uses combination 
of redundancy at gate level as well as transistor level and is 
more area efficient and reliable than other existing fault 
tolerant majority voter methods. The proposed method is 
capable to tolerate all sorts of hard and soft errors providing 
very good reliability to the final voter of TMR like 
structures. This method can also be extended to design fault 
tolerant QV majority voters having more number of inputs 
for generalized NMR and NIR systems. 
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