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Abstract 
 

With the development of the technology, the researchers have started 

exploring the domain of reversible logic based computing in correlation with 
the nano scaling dimensions of the processors. The reversible logic based 

design and implementation of the circuits in correlation with QCA has 

emerged as the area of thrust for developing systems with desired 
characteristics in nano range which is turning as the most thrust full domain 

of the research in quantum processors. This technology is also growing at a 

higher rate as compared to the CMOS Technology because of the limitation 

occurring in this domain. The QCA has resulted in the emerge of a technique 
that provides solution to the existing problem of CMOS technology with the 

features supported to quantum processors. The basic reason behind exploring 

this area is because of it’s features which are either not available in the 
present technology or available with limited performance such as dimension 

of the devices, very less delay in the transformation of the data, low power 

and energy loss, etc. 
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In this proposed work, the author has discussed about the schematic 

arrangement of the comparator using reversible logic gates such as PG, 

Toffoli, CNOT, etc. under the synthesis environment of the QCA with the 
help of QCA Designer Tool 2.0. This proposed circuit has provided quite 

highly accepted results in terms of less power dissipation, less delay, less no 

of cell counts and the satisfactorily operation at very low energy. The 
simulation results obtained with the help of the QCA Designer Tool 2.0 

shows an improvement in terms of delay (78%), Delay (96%), Quantum Cost 

(Effective), Size (60% Less Area), Power Dissipation(85%) , etc. which is 
quite acceptable as compared to the exiting results. 

 

Key words: Magnitude Comparator, Energy Consumption, QCA Tool, 

Reversible Logic Gates, QCA. 
 

1 Introduction 
 

With the advent of the VLSI Technology by keeping in consideration the 

key feature of scaling down the size of the components and the devices from 

centimeters to microns scale which in turn provide the desired operation, 

primarily, in terms of the energy and power consumption. This scaling 
process enables this technology to increase the packaging density of the chip 

i.e. SSI, MSI, LSI, VLSI, ULSI, etc. Inspite, of this growth of the 

technology, Based on Moore's Law, this technology faces a limitation in 
terms of the packaging density which in turns evolves to a new concept of 

technology in nano scale i.e. the era of quantum. This existing technology 

also faces ample limitations in terms of loss of energy, power and size of the 
Substrate. The most common active device used earlier for this technology 

was NMOS & PMOS with their acceptable merits and demerits. Later on, 

this VLSI technology has started to use the CMOS at 2.0 microns so as to 

design and development various systems on a single chip i.e. the start of the 
era of SoC systems. In order to deal with these limitations, designers have 

employed new nano device technology such as QCA, single electron devices 

(SEDs), resonant tunneling diodes (RTDs), molecular electronics etc. as 
alternative solutions. Thus, with these research domains, we can easily 

eliminate the main issues of the technology with an enhanced version of the 

performance. In this domain of the nano, the approach used to design and 
implement the circuits using no conventional logic gates as compared to the 

traditional logic gates such as AOI, NAND, NOR, etc. using quantum based 

calculations say, density of packaging, delay in the data transmission, cost of 

implementation, eg, the NAND gate has a delay of about 10 ms i.e. the 
processing of the input data took 10 ms to provide the data at the output 

terminal of the device. Based on the literature survey that provide the 

solution to the existing problem is that one can design and implement the  
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circuits with the use of non-conventional gates using QCA which can 

improve the performance of the processor in terms of cost, size, delay, power 

and energy. In this present discussion, basic operational based performance 
of a comparator has been discussed with the help of the existing works put 

forward by researchers. For this purpose, various circuits of the comparator 

have been discussed based on the input data i.e. 1-bit, 2-bit, etc. The basic 

limitations of the comparator (magnitude comparator) discussed here by the 
author related to the scaling of the components, energy and power loss and 

the lay out fabrication, etc. can be eliminated with the use of reversible 

concept of the logical gates using the QCA technique and tools. This new 
tool is not a new concept but it is very much similar to nano technology using 

the concept of the quantum energy wells i.e. also known as quantum dots 

using light energy instead of the charge carriers [1-5].  
The two important issues in the CMOS Technology are scaling and 

reducing the computation time which act as the most required characteristics 

of the processor. The QCA technology, on the otherhand, isan emerging and 

promising technology which has inbuilt features and capabilities to solve the 
limitations and short comings of the CMOS technology. It consists of a 

square cell that has two free electrons in four dots i.e. quantum cell which act 

as the building block for constructing the reversible logic gates under the 
spectrum of QCA Tool. There are three basic gates in this technology: 

inverter gate, majority (M) gate, and XOR gate. These gates are building 

blocks for constructing the modules of the Quantum processor using the best 

performing active devices such as QCA based Adder/Subtractor, MUX, 
Counters, Shift Registers, Comparators, ALU, etc. Thus, the implementation 

of high-performance comparator circuits has a great deal of attention and a 

lot of effort has been invested in performance improvement of the QCA 
based comparator circuits. This process of the studying the base papers 

during literature survey has found the importance of this circuit in the overall 

performance of the processor. It has been also seen that the existing work has 
been implemented by using traditional logic gates which has their own built 

in limitations with respect to the size, delay, cost, etc. The QCA tool is 

basically, a transistor less technique because it does not make use of the 

charge carriers to analyze the operation of the designed circuit system but 
instead this technique operates with the use of the quantum wells of energy 

i.e. dots with four tunneling effect based energy levels. Thus, with the use of 

this approach, author has put forward the discussion of the comparator circuit 
with reversible logic based approach [6-10]. 
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2 Literature Survey based on Related Work 
 

Tiwari et al [9]. put forward an innovative circuit of shift register using 

the reversible logic based gates in coordination to the tools available in QCA 

Designer 3.0. 
Tiwari et al [12]. discussed the improvement in the performance of the 

ALU of the Quantum Processor with the use of the reversible gates. 

Tiwari et al [17]. put forward the circuit arrangement of a counter using 
the QCA tools in accordance to reversible logic gates with accepted results as 

compared to the VLSI technique. 

Sarker et al [9]. discussed the implementation of quantum dots with the 
use of Peres Gates so as to obtain the desired performance with acceptable 

and desired results. 

 

2.1 Research Highlights 

 
This simulation work discussed by the author has put forward an 

improvement in the performance of the ALU with the redesigned approach of 

the processor using reversible gates, say Fredkin, Peres, Franklin, etc. It 

means that the different modules of the processor has been developed, 
designed and implemented with the help of the reversible gates using QCA 

Designer tools and then the results are compared with that obtained by using 

CMOS Technology. It has been found that the results obtained with the use 

of QCA tools are far better than that o CMOS Technique, particularly, in 
terms of size, speed, density of packaging, power and energy consumption. 

 

3 Materials & Methodology Used (QCA Technology using 
Reversible Logic) 
 
3.1 QCA Cell  
 

In this section, we have start with the discussion of the basics of the 
QCA and then design of the circuits, primarily, the comparator using QCA 

with its performance based analysis. So when we discuss about the Quantum 

Computing & Automata (QCA), a technique put forward by Lent et al with a 
prime focusing on the less consumption of the power and energy. The basic 

element of this technique is simply a dot or quantum well with two different 

polarized charge positioned at the four corners of the well. The data is getting 
transformed from one end to another with the help of the tunneling 

phenomenon using the concept of the coulomb's force. 
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Figure 1: Schematic diagram of negative, pasitive & wire 

 
The figure 1(a) and 1(b) shows the schematic arrangement of the basic 

elements of QCA i.e. the quantum well with positive and negative energy  

where group or array of cells combined to obtain the QCA wire through 

which the data flows [11-15].   

 
 

 
 

Figure 2: QCA cell structures that generates logic 0 and logic 1 

 

3.2 QCA Wires 
 

There are two types of wires as shown in above figure 3 which are 

primarily, used in QCA technology i.e. 90º QCA wire and 45º QCA wire. 
The below given figure 3(a) & 3(b) shows a 90º QCA wire & 45º wires 

respectively. These wires are consists of a QCA arrays obtained with the 

combinations of quantum cells arranged in a line in which the signal flow 
from left to right direction [16]. 
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Figure 3: Wire configuration. (a) 90º QCA (b) 45º QCA 

 
3.3 NOT Gate 

 
Among QCA-based circuits, the most important gates is the NOT gate as 

shown in below figure 5. There are basically, two types of NOT gates 

available which is used in the circuit quite commonly because of its most 
desired logical operations.  

 

 
 

 

Figure 4 :Different approach of NOT gate 
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3.4 Majority Gate 

 
In this QCA technology, one of the most important and commonly used 

is MV gate circuit because of it’s versatile feature in terms of the operations 

i.e. it’s behavior is quite common to EX-OR Gate i.e. output is high for high 
input and vice-versa [17]. 

 

 
 

Figure 5: The Clocked Cycle in QCA 

 
As shown in above figure 6(a),  for implementing a majority function, 

three quantum cells as an input, one quantum cell as a device cell and one 
quantum cell for output are needed. This QCA-based three-input majority 

function and its graphical symbol are illustrated in figure 6(a) and its 

Boolean function is represented in below given equation 1. A logical 

equation for a majority gate is as: 
 

                                                             (1) 
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The above figure 6(b) & 6(c) shows the basic logic gate such as AND & 

OR using three-input MV function  i.e. the three-input majority function is 

implemented by using five QCA cells so as to obtain the functioning of the 
basic logic gates. Another common gate that has been designed in QCA 

using MV gate i.e. equation 2. 

 

                   (2) 
On the above pattern, one can also design and implement a 05 input MV 

function which are required so as to cater more number of inputs in a system. 

It accepts the inputs and then depending upon the logical expression it simply 
provide the output. In fact input D is used as two identical inputs in the gate. 

In other words, two inputs are connected to each other and named D. The 

schematic arrangement of 05-input MV function using the QCA has been 

given below i.e. figure 7 [18-20]. 
 

3.5 QCA Cell 
 

The figure 6 shows the schematic arrangement of the QCA cell and its 

possible states. Electrons can be located at diagonally opposite locations with 

an interactive force of energy [21].  

 

 
 

Figure 6: Basic element of Quantum Well 

 
3.6 QCA Gates 
 

There are basically two fundamental gates in QCA technology i.e. 

inverter gate, majority gate, which are used to construct the circuits in this 

technology. The below given figure 7 shows the schematic of these gates 
using QCA [22]. 
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Figure 7: QCA gates in different configurations 

 

3.7 QCA Comparator 

 

 
Figure 8: Basic schematic circuit of Comparator 

 

 

 
Figure 9: Implementation of Comparator using logic gates 
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Figure 10: (a) 1-Bit Comparator (b) 2-Bit Comparator 

 
The basic operation of this circuit is to simply carry out the logical 

comparison of the bits of information at the input and subsequently, provide 

the desired output. This operational behavior of circuit is given by the below 
equation i.e. 3, 4 & 5 [23]: 

                (3) 

                (4) 

                            (5) 

 
Table 1: Comparator operation . 

A B A < B A = B A > B 

0 0 0 1 0 

0 1 1 0 0 

1 0 0 0 1 

1 1 0 1 0 

 
For implementation of comparator circuit in the QCA technology, 

equation (5) is reformulated as follows: 
 

              (6) 

                         (7) 

              (8) 
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3.8 NOT Gate 
 

 
Figure 11: NOT Gate. 
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3.9 Feynman / CNOT Gate 

 

 
Figure 12:  2x2 Feynman / CNOT Gate. 

 
3.10 Peres Gate 

 
The logical expression for this PG Gate can be given as below [24-26] 

i.e. 

 

                (9) 

             (10) 

                        (11) 

 
Figure 13: 3x3 Peres Gate 
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4 Proposed Comparator Circuit using Reversible Logic 
Gates 
 

Now based on the literature survey and problem enunciation, about 

magnitude comparator i.e. the principle of working, schematic diagram and 
the output performance, using traditional active devices has limitations 

discussed in earlier sections i.e. density of packaging, time to deliver the 

output of the device, power and energy loss, etc. Due to these limitations of 
the basic comparator in turn generates ample deterioration in the overall 

performance of the ALU and the processor which also reflects the limitation 

of the CMOS Technology as per Moore's Law. Thus, due to all this, the 

author has discussed a novel circuit of the comparator using reversible logic 
gates, especially, TR reversible gate (more than one TR Gate), as shown in 

the below figure 14. 

This below given circuit reflects the implementation technique of a 
comparator circuit having more than 1-bit of information data. In addition to 

this, the author has also put forward the different approach of designing the 

input module of the comparator circuit using the best possible combinations 
of PG and CNOT reversible gates which are quite commonly used for the 

design of proposed circuit. The input module has been designed with 

thecombination of one Peres Gate (PG) & two CNOT Gates as shown in the 

below figure 12. This proposed input module circuit of the comparator has 
three inputs i.e. An, Bn and 0, then the output is obtained as below figure. 

As shown in the above figure 16, the proposed circuit has been obtained 

using 01 PG and 02 CNOT. In this circuit, the inputs An, Bn & 0 are applied 
to the Peres Gate which in turn provide an interim output x, y and 1, the 

output x is fed to an external terminal g1 (garbage output) of the circuit 

whereas the output y and 1 are applied at the input of the CNOT reversible 
gate. Then the resultant output of the first CNOT Gate i.e. m act as the 

resultant output of the comparator circuit i.e. A=B, and the other two output 

i.e. A>B & A<B are available from the output of the second CNOT  

Gate, which is simplified further with the help of the below given 
mathematical equations i.e. 
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Figure 14: Proposed Comparator Circuit using TR Reversible Logic Gates  

 

            (12) 

             (13) 

             (14) 

 

 
Figure 15: Input of the Proposed Circuit 
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Figure 16: 02-bit Circuit 

 
             (15) 

                (16) 

              (17) 
 

Another approach of obtaining the proposed circuit of the reversible 

logic computing based comparator has been shown in the above figure 19 i.e. 

obtained with the help of input circuit module with the 1-bit comparator 
circuit. In addition to this, the author has also proposed an innovative 1-bit 

circuit such as PG & CNOT as shown in the below given figure 17. 

 

 
Figure 17: 1-Bit Reversible Binary Comparator 
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The comparator circuit designed with the combination of more than one 
reversible logic gates provides the magnitude of the input data as shown in 

below equations i.e.   

             (18) 

                         (19) 

              (20) 
These above equations defines the operational behavior of the 

comparator circuit which can be re-defined under the QCA environment as 

                          (21) 

             (22) 

             (23) 

 
Figure 18 :Proposed Circuit of Comparator using QCA 
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             (24) 

               (25) 

               (26) 

where A and B are inputs and C is the comparison result of the previous 

stage with respective outputs. It is clear that by adjusting the input C equal to 

1 the full comparator acts as a half comparator.  

 

4.1 Performance Analysis of the Proposed Comparator 
Circuit 

 

In this section, now the author discussed the process of analyzing the 
novice circuit of the comparator using the combination of the reversible 

gates. For this analysis purpose, we will make the use of the logical 

expressions of the comparator as given below i.e. the logical expression for a 
1-bit comparator's output is given with the help of the mathematical equation 

as 

               (27) 

               (28) 

               (29) 
Similarly, we can obtain the mathematical expressions for a 2-bit 

comparator circuit i.e. 

           (30) 

      (31) 

              (32) 

The author has considered the most relevant existing work done by other 

eminent researchers on this topic of the comparator circuit and has carried 

out the comparison of the obtained result that has been proven to be the best 
and most accepted one for the proposed circuit using reversible logic gates as 

shown above Table 01. 

 

4.2 Power Dissipation  
 

On the basis of the observed output of the circuit, power and energy loss 

is mainly because of the two actions occurring in the active devices of the 
circuits i.e. during the change in the state of action of the gates. Thus, the 

process of the evaluating the operational behavior of comparator using non-

conventional devices, we are going to calculate the power dissipation or the 

power loss across each reversible gate used in the design of the comparator 
circuit.  

The study of the power and energy loss of the comparator circuit which 

in turn effects the overall output of the processor and has been given below 
in figure 20.  
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For this analysis of the comparator circuit, From the below given figure 
19, the results has been obtained with the help of the simulation software, 

simply, by estimating the dominant parameters. Figure 19, it has been 

observed that the cells used in the reversible gates with higher power 
consumption or loss are distinguished from other with the help of dark colors 

that reflect the use of thermal techniques.  

 

 
Figure 19: Power Dissipation Output of Comparator Circuit 

 

In order to discuss the performance analysis of the comparator circuit, a 
mathematical relation has been derived which provides the power and energy 

calculation as shown below i.e.  

              (33) 
Where, EK=1506.75 x 10-29 J 

 

 
Figure 21: Power Dissipation Map of Proposed Circuit 
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4.3 Fault Tolerance Analysis of Comparator Circuit  
 

The analysis based on fault tolerance capability of the comparator circuit 

can be carried out on the basis of the capability of the circuit to withstand or 
bear the load of error caused because of the interim circuits of the system. 

The most dominant parameters responsible for the determination of the fault 

tolerance of a circuit are quantum cost, constant inputs, garbage output, delay 
and power.  The mathematical calculations have been carried out for the 

circuit of the comparator which provides the results which are quite 

acceptable as compared to the existing work on the basis of the following 
output i.e. 

 Quantum Cost (QC) is 15 (1-Bit)  

 No of constant inputs (CI) are 03 (1-Bit) & 05 (2-Bit) 

Comparator Circuit 

 No of Garbage Outputs (GO) 05 (1-Bit) & 09 (2-Bit) 

Comparator Circuit  

The results obtained has shown an overall improvement of 15.6 % with 
79.5 % in QC, 17.59 % in CI & 55.9 % in GO. 
 

5 Results and discussion 
 

The circuit of 1-bit and 2-bit comparator which has been designed using 

TR, PG & CNOT gates is obtained by using QCA Designer 2.0.3. For the 
analysis of the circuit, author has considered the most important and 

dominant parameters of the circuit such as the dimension i.e. size of the cell, 

delay occurred because of the reversible logic gates, power and energy 

consumption by these gates at individual level. During the process, it has 
been seen that these are the parameters which required to be modeled to the 

best optimized value so as to obtain the best possible results which improves 

the performance of the quantum processor. In addition to this fact of 
discussion, there are certain other issues associated with the proposed circuit 

that effects the operational behavior, i.e. cost of lay out design, size of lay out 

determining the packaging density, consumption of the power and energy, 

etc. The below given Table 02 shows the bench mark discussion with the 
exiting work done by other researchers. It has seen that the proposed circuit 

shows an acceptable improvement in the results so obtain in terms of the 

modeled parameters.  
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Table 2: Simulated Results (Comparator Circuit Analysis) 

Proposed Circuit  Size 

(µm2) 

Delay 

Effect 

No of 

Clocks 

Cells 

Count 

1-Bit 

Comparator 

CNOT[09] 0.345 5 17 320 

QCA1[10] 0.185 2 5 119 

Reversible 

Gates[11] 

0.129 1.30 6 105 

Proposed Circuit 0.09 0.3 2 58 

2-Bit 

Comparator 

 

Proposed Circuit 

 

0.37 

 

1.23 

 

4 

 

25 

 

 
Figure 22: Waveform: 1-bit Comparator 

 
Figure 23: Waveforms: 2-bit comparator 
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Figure 24: Proposed Comparator Simulation Result using QCA 

 
Figure 25: Performance Graph 

 

6 Conclusions 

 
In this work, the author has proposed a novice circuit of comparator 

using the reversible gates i.e. TR, PG & CNOT. For the design and 

implementation of this circuit, the layout has been obtained in which the 
wires are used to make the necessary connections and for the proper flow of 

the data with the acceptable delay as compared to the existing one. The 

protoype of the modeled parameter is tested as per the theoretical calculation 

on the basis of the existing literatures.  
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Based on the results obtained after simulation, value of these important 
and effective parameters have been used as Area = 0.09 (µm2), Delay = 0.3 

(Clock Cycles), No of Clock Phases = 02 & Number of Cells = 58 [1-Bit 

Comparator Circuit]. Similarly, we have used the values of the modeled 
parameters in other model of the Comparator circuit. Thus, based on these 

acceptable results of the most important parameters, it has been seen that the 

overall performance has been improved for the proposed system i.e. quantum 

processor using reversible logic computing which opens the door for 
upcoming technology in nano domain with best possible results.    
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