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Abstract—Quantum-dot Cellular Automata is an 

alternative to CMOS technology for the future digital 

designs. When compared to its CMOS counterpart, it has 

extremely low power consumption, as there is no current 

flow in cell. The methodology of parity generator and 

checker is based on the parity generation and matched it 

at the receiver end. By using the parity match bits, the 

error in circuit can be sensed. In this paper, novel parity 

generator and detector circuit are introduced. The circuit 

is designed in single layer, minimum clock and minimum 

latency, which is achieved in QCA framework. The 

proposed circuits are better than the existing in terms of 

clock cycle delay, cell complexity and clock cycle utilize. 

The simulation of presented cell structures have been 

verified using QCA designer tool. In addition, QCA 

Probabilistic (QCAPro) tool is used to calculate the 

minimum, maximum and average energy dissipation 

aspect in proposed QCA circuit. Appropriate comparison 

table and power analysis is shown to prove that our 

proposed circuit is cost effective. 

 

Index Terms—Quantum-dot cellular automata, Error 

control, Nano-communication, Parity generator, Parity 

checker, low power. 

 

I.  INTRODUCTION 

QCA has emerged as a promising technology for 

nanoelectronic application. Its major advantages like 

faster speed, smaller size, and lower power consumption 

have attracted the attention of many researchers. QCA 

has overcome the physical limitation of traditional CMOS 

technology, first introduced by C. S. Lent et.al in 1993 

[1]. Recent research shows that QCA has faster-switching 

speed, high packing density, and operate at room 

temperature. It is the transistor less-technology in which 

logic levels are described by the configuration of 

electrons in the quantum dot [3]. There are two 

approaches in the QCA research area, Physical design 

and algorithmic design [1]. Among both, an algorithmic 

approach is an important aspect of the large systems as 

well as for high-level designs. 

In communication system, we are more concerned with 

detecting and correcting the errors as data are corrupted 

due to the unwanted noise, which is added to the 

communication channel. Hence, parity is a concept, 

which technique is widely used to detect an error in the 

receiving message [13]. The parity bit is an extra bit 

added to the data in order to make the number of 1s either 

even or odd. In this paper, we are focusing on even parity 

everywhere. We have proposed parity generator (PG) 

circuit to generate the even parity at the transmitter end 

and parity checker (PC) circuit to verify the even parity at 

the receiver end. 

The International Technology Roadmap for 

Semiconductor (ITRS) has proposed some alternative 

technologies that will replace the CMOS Technology [5]. 

QCA is one of them, in which quantum dots are used for 
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computation, hence, it provides outstanding energy 

efficiency, high density and fast computing device [8].  

This paper presents the parity generator and checker 

circuits using QCA framework. The proposed circuit 

work is (1) Parity generator circuit consumes only half 

clock pulses. (2) Energy estimation is carried out for PG 

and PC circuit. To the best of our knowledge, least 

latency is achieved in the proposed design.  

This paper is organized as follows. Section II gives the 

brief explanation about the background of QCA, includes 

QCA clock, logic gates (majority voter, inverter) and 

concise description of kink energy. In the same section, 

the theory of calculating the power dissipation along with 

the design rules is summarized. In section III, the 

background study related to PG and PC is carried out. 

The proposed circuits of parity generator and checker are 

well-depicted in section IV. The thermal layout of the 

proposed circuit is also demonstrated in the same section. 

Section V compares the obtained results from the 

preexisting ones. This is followed by section V, where 

this paper is concluded.  

 

II.  BASIC CONCEPT RELATED TO QCA 

In this section, brief overview about QCA, and layout 

design rules is presented. 

A.  QCA in brief 

The fundamental element of this paradigm is a 

quantum-dot. This section begins with the basic QCA cell 

which is squared like structure with four quantum dots 

located at each of its corners as shown in Fig. 1 (a). Two 

electrons are released to charge the cell which tunnel 

through to the neighboring cell, but they are incapable of 

leaving the cell boundaries [2, 8]. Due to columbic 

repulsion, two electrons tend to occupy the farthest 

possible distance [6]. There occur two such possible 

conditions and according to the position of the electron, 

polarization of the cell is defined. Polarization is denoted 

by P, P=0 denote the null state, P = +1 denotes the state 

„1‟ as shown in Fig. 1 (b)  and P = -1 denotes the state „0‟, 

shown in Fig. 1 (c).  

When two cells are placed near each other, the 

polarization of one cell will be influenced by the 

polarization of another cell [10].  Arranging the cells in a 

row as shown in Fig. 2 results in a QCA binary wire, 

which transmits the information from one end to other. 

Fig. 2 (a) and 2 (b) shows the wire transmitting binary „1‟ 

and binary „0‟ respectively.  There can be two types of 

wire based on the type of cell used. As shown in Fig. 3, 

vertical line represents the ordinary wire (90
0
) and 

horizontal wire representing the rotated wire (45
0
). The 

main advantage of using the rotated wire is that the two 

wires are crossed without intervening the signal of each 

other.  

B.  Fundamental Gate 

There are two fundamental gates in QCA paradigm. 

These gates are used to construct the layout. 

(i) QCA Inverter 

State inversion mechanism in QCA is performed by 

diagonal arrangements of two cells as shown in Fig. 4 (a). 

In this manner input signal is inverted via electrostatic 

interaction between two diagonally connected cells. QCA 

robust inverter using seven numbers of cells is another 

way to design an inverter, depicted in Fig. 4 (b) 

(ii) QCA Majority Voter (MV) 

As it is depicted in Fig. 5, representing (a) majority „1‟ 

and (b) majority „0‟, the main structure of QCA 

nanotechnology consists of five gates also known as Von-

Neuman neighborhood structure [14]. Three of the side 

cells acts as the input and the fourth one is reserved for 

output. The middle cell which is a device cell will be 

affected by the similar impacts of the three input cells. 

The logic equation of majority gate is as represented by 

equation 1. By fixing one of the inputs to the +1 and -1, 

two input OR (equation 2) and two input AND gate 

(equation 3) is obtained respectively.  

 

M (A, B, C) = AB + BC + CA                  (1) 

 

M (A, B, 0) =A.B                            (2) 

 

M (A, B, 1)=A+B                           (3) 

 

 

 
Fig.1. Quantum-dot cell polarizations (a) Empty cell, (b) “1” polarity, (c) 

“0” polarity 

 
Fig.2. QCA wires: (a) transmitting “1”, (b) transmitting “0” 

 
Fig.3. A crossover with rotating cells
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Fig.4. QCA inverter (a) Smaller robust inverter (b) A robust inverter 

 
Fig.5. QCA Majority Gates: (a) Majority “1” (b) Majority “0” 

C.  QCA Clocking 

Clocking in the QCA serves mainly two purposes, first 

to control the information flow, particularly data 

transmission through QCA circuits and second to supply 

the power to the automation [11,12]. Another important 

application of QCA clock is that it provides the short 

term memory of the adjacent cells. QCA circuit is 

organized into four clock zones such as clock 0, clock 1, 

clock 2 and clock 3. Each clock zone is 90
0 

out of phase 

to successive clock zone. Each clock zone has its own 

four states, Switch (low to high), Hold (high), Release 

(high to low) and Relax (low). Fig. 6, shows the four 

stages of the clock. Electrons start tunneling between the 

dots when the clock signal is held high. During the 

Switch phase, the inter-dot barrier is slowly raised, and 

the QCA cell is established down to one of the two 

polarization states as forced by its neighbors. The inter-

dot barrier is held high throughout the Hold phase, which 

resists the electron tunneling and therefore maintains the 

current ground polarization state of the QCA cell. The 

inter-dot barriers are lowered, and the excess electrons 

gain mobility till the Release and Relax phase 

respectively. 

 
Fig.6. QCA clocking concept 

D.  Kink Energy Calculation 

Kink Energy, Ek has a significant role in calculation of 

power and energy. It is described as the difference 

between the energy states of two consecutive cells and it 

depends on the spacing between the two cells and the 

dimension of the cell but does not depend on the 

temperature [16]. The columbic interaction between two 

QCA cells is shown below. 
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Q1 and Q2are electronic charges, hence E is defined as  

 

r
E

291004.23 


                            (5) 

 

Hence, based on equation 5, for different values of r 

we can have the energy variation. Table-1 shows the kink 

energy calculation for different values of displacement. 

The energy - displacement curve is neatly depicted in Fig. 

7.  

Table 1. Kink energy calculation 

Displacement Kink Energy 

1 23.0 x 10-20 

1.2 19.2 x 10-20 

1.4 16.5 x 10-20 

1.6 14.4 x 10-20 

1.8 12.8 x 10-20 

2 11.5 x10-20 

2.2 10.4 x10-20 

3 7.6 x10-20 

4 5.7 x10-20 
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Fig.7. Kink energy vs displacement graph. 

E.  Estimation of Power in QCA 

A brief description to find out the power in QCA is 

provided by equation 6. Since it promises very low power 

consumption, even traditional i.e. kT [7]. QCAPro tool is 

used to calculate the power, which works on the model 

described by equation (6) 

 

)λ
dt

d
.(Γ

2
λ).Γ

dt

d
(

2dt

dE
Ptotal


            (6) 

 

Where λ  is the coherence vector and  is the three-

dimensional energy vector. We are more concerned with 

the second term, which represents the instantaneous 

power dissipated. Design flow for QCAPro tool is very 

well depicted in Fig. 8. QCAPro tool makes use of the 

layout file generated from QCA Designer [17, 19]. Using 

this layout file, this tool goes through the rapid design 

check, which tests the value of outputs for all possible 

values of the inputs. If any error is detected, QCAPro 

produces the error message and also generates the layout 

files for all the false states for which the designed circuit 

is failing to generate the expected output [4]. Hence, it 

can be inference that design checking is an essential to 

condition to generate the thermal hotspot map as well as 

to calculate the power dissipation. 

F.  Design Rules 

In the QCA approach, cells are assumed to have a 

width and height of 18nm and diameter of quantum dots 

is assumed 5nm. Cells are placed near each other at a 

distance of 2nm, having the distance of 20nm between 

the centers of two adjacent cells. Since there is 

propagation delay between adjacent cells, there is a 

maximum limit of cell count in a clock zone. [18]. 

Accordingly, an uninterrupted signal can transmit up to 

28 in 90
0 
cells and 27 in 45

0 
cells at a clock rate of 1 THz. 

These numbers of cells vary according to the operating 

frequency of QCA circuit. 

 

 
Fig.8. Design flow for the QCA Pro tool. 

 

III.  BACKGROUND STUDY 

Recently, large amount of work has been done in 

literature, establishing the circuit in QCA framework. 

Meanwhile few work is reported on the circuit of parity 

generator and checker [13, 15, 21, 22, 23], among which 

most of the work is not cost efficient in terms of clock 

cycle delay, complexity and area. Gurmohan singh et al. 

[15] proposed a even parity generator, but circuit utilize 

1.75 latency, 87 cell complexity and 0.10µm
2
 area. 

Firdous ahmed et al.,   [22] presented parity generator and 

checker in QCA framework. These circuits of even parity 

generator utilize parameters such as 64 cell complexity, 

2.75 latency and 0.09 µm
2
 area. The circuit of even parity 

checker utilize 94 cell complexity, 1.75 latency and 0.11 

µm
2
 area. Finally existing work have some pros and cons. 

However, most of the circuit utilizing more QCA 

primitives such as cell complexity, latency, clock utilize 

and area. The performance metrics of recent existing 

designs are drawn by Table 1.  

Table 2. Existing work on parity generator and checker 

 Circuit 
Cell 

count 

Clock 

utilize 
Latency 

Area 

µm2 

[15] 

4-bit even 

parity 

generator 

87 7 1.75 0.10 

[22] 

3-bit even 

parity 

generator 

64 7 2.75 0.09 

[22] 
4-bit even 
parity 

checker 

94 12 175 0.11 
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IV.  DESIGN OF ERROR CONTROL CIRCUITS OF THE 

PROPOSED PARITY GENERATOR AND CHECKER 

In this section, we design the error control circuit such 

as parity generator and checker. In sub-section A, we 

propose cell layout of parity generator. Sub-section B 

design a cell layout of parity checker. The simulation 

result is presented in sub-section C. Finally, the 

estimation of energy dissipation related to parity 

generator and checker are described in sub-section D.  

A.  Parity Generator Circuit 

When binary data is transmitted in communication 

systems, data may get corrupted due to noise, such noise 

can alter the binary digits from 0s to 1s or vice versa. An 

extra bit is added at the end of the binary data which 

indicates whether the no. of transmitted bits have even no. 

of 1s or odd no. of 1s. Thus, this extra parity bit helps in 

determining the error. This parity bit is generated by 

performing the XOR operation between the input bits. Let 

there be three message bits A, B and C, the parity bit will 

be generated using the following algorithm where the 

Boolean equation is successfully replaced by the majority 

expression as in equation 7. The truth table for generating 

the expression of P is shown in Table 3. From the truth 

table, it can be seen that when the number of 1s in 

message signal is odd, then the value of P is 1 otherwise, 

P = 0. To generate the parity bit EXOR operation is 

performed between all the three message signals. 

Table 3. Truth table of even parity generator 

3-bit message 
Parity bit 

generated 

A B C P 

0 0 0 0 

0 0 1 1 

0 1 0 1 

0 1 1 0 

1 0 0 1 

1 0 1 0 

1 1 0 0 

1 1 1 1 

 

Fig. 9 shows the cell layout of the PG, where the cells 

with blue color represent the input cells and output is 

taken from the yellow color cell. Here novelty of this 

circuit is that the output is achieved using a minimum 

number of clocks, only three clock pulses are used in the 

proposed PG circuit. The simulation results of PG are 

successfully achieved using QCA Designer tool and the 

results of truth Table 3 is verified, which is neatly shown 

in Fig. 10. Only clock 2 is shown in the simulation 

waveform since the output cell is assigned clock 2 in the 

proposed design. It is seen that the output of PG is 

received after half unit delay, hence, the latency of our 

circuit is only half. 

)C),C,B,A(M),C,B,A(M(M

)C,B,A(M).C,B,A(MC).C,B,A(MC).C,B,A(M

)ACCBAB)(ACCBBA(C).CACBAB(C).CACBBA(

ABCCBACBACBA

CBAP











 

                                                                                   (7) 

 

 
Fig.9. Proposed cell layout of parity generator. 

Lemma 1. A parity generator circuit can be realized by 

at least 3 majority gate. 

 

Proof. A parity generator circuit is constructed with 

majority gate expression as: 

)C),C,B,A(M),C,B,A(M(MP  .There is only 3 

majority gate is required to construct the parity generator 

circuit.  

Therefore, parity generator can be realized by least 3 

majority gate. 

B.  Parity Checker Circuit 

A parity bit, P generated above will be transmitted 

along with the message bits. These four inputs A, B, C 

and P will act as the input to the parity checker circuit 

which checks the possibility of error in the data. Since the 

data with even parity is transmitted, the received message 

must contain the even number of 1s. The output of parity 

detector, PEC will be 0 in the case of error free 

transmission and 1 if there occurs error, i.e., the four bits 

received have four numbers of bits. From truth Table 4 it 

can be seen that output PEC consists of eight number of 

minterms, which have an even number of 1s. Every value 

of PEC is obtained by performing the EXOR operation 

between three message signals and extra parity bit 

generated. Hence, the output of the parity detector circuit 

is given by equation 8. 
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PCBAPEC                        (8) 

 

Table 4. Truth table for even parity checker 

4-bit message 

(Include a parity bit P) 

Parity Error 

check 

A B C P PEC 

0 0 0 0 0 

0 0 0 1 1 

0 0 1 0 1 

0 0 1 1 0 

0 1 0 0 1 

0 1 0 1 0 

0 1 1 0 0 

0 1 1 1 1 

1 0 0 0 1 

1 0 0 1 0 

1 0 1 0 0 

1 0 1 1 1 

1 1 0 0 0 

1 1 0 1 1 

1 1 1 0 1 

1 1 1 1 0 

 

Cell layout and its simulation result, obtained using 

QCA Designer are shown in Fig. 13 and Fig. 14 

respectively. In simulation waveform of PC, it can be 

seen that the output is obtained after one unit delay, hence, 

the latency of our circuit is one.  

 

Lemma 2. A parity checker circuit can be realized by 

at least 6 majority gate. 

 

Proof. A parity generator circuit is constructed with 

majority gate expression as: 

 

)0,P),C),C,B,A(M),C,B,A(M(M

),0,P),C),C,B,A(M),C,B,A(M(M(MP   

 

There is only 6 majority gate is required to construct 

the parity checker circuit. Therefore, parity generator can 

be realized by least 6 majority gate. 

C.  Simulation Result and Discussion 

The proposed parity generator and checker circuit are 

simulated using the QCA Designer 1.4. The bi-stable 

engine with its default parameters is used to performing 

the simulation.  

 

Lemma 3. A parity generator circuit utilizes 0.5 clock 

cycle delay. 

 

Proof. In Fig. 11, the simulation result of parity 

generater is presented. It can be shown from Fig. 11, 

when A=B=C=0, then parity bit P=0. If A=B=0, C=1, 

then parity bit P=1. All the possible combination inputs 

and the corresponding output are shown by the yellow 

line in Fig. 11. The first parity bit is obtained after 0.5 

clock cycle delay. Therefore, a parity generator circuit 

utilizes 0.5 clock cycle delay. 

 

 
Fig.10. Proposed cell layout of Parity Checker 

Lemma 4. A parity checker circuit utilizes 1 clock 

cycle delay. 

 

Proof. In a parity checker circuit, there is one parity 

checker bit (PEC) output. The PEC is expressed as 

PCBAPEC  , where A, B and C are message 

bit and P is the parity generator bit. The resulting value of 

the output PEC=0, when A=B=C=P=0. If the input 

A=B=C=0 and P=1, then the output PEC=1. Similarly, 

the other outputs corresponding to all possible input 

combination are shown by the yellow line in Fig. 12. 

Therefore, a parity checker circuit utilizes 1 clock cycle 

delay. 

 

 

Fig.11. Simulation Result of Parity generator circuit.



 Design of Quantum Dot Cellular Automata Based Parity Generator and Checker with Minimum Clocks and Latency 17 

Copyright © 2016 MECS                                                    I.J. Modern Education and Computer Science, 2016, 8, 11-20 

 

Fig.12. Simulation Result of Parity checker circuit. 

D.  Energy Estimation of Proposed Parity Generator And 

Checker Circuit 

The estimation of energy dissipation is performed at 

three value of kink energy (0.5Ek, 1Ek and 1.5Ek) at 

temperature T=2 
0
K. Also, their thermal layout and power 

dissipation is very well explained in the sub-section (i) 

and (ii). 

(i).  Energy Dissipation Estimation of Parity Generator 

The thermal layout of average energy dissipated in 

each cell of PG circuit, obtained using QCAPro tool is 

shown in Fig. 11. Energy Dissipation scale for each cell 

is in terms of mev. Cells with dark spot show a large 

amount of power dissipation on an average.   

A detailed study of  power dissipation is carried out on 

the basis of kink energy. The results of variation on 

power dissipation are shown in Table-5. The effect on 

power dissipation due to kink energy is shown in a 

graphical manner, Fig. 13. It is seen that maximum, 

average and average switching energy dissipation is 

increasing with the increment in kink energy, while the 

minimum energy and average leakage energy dissipation 

decrease with the kink energy. 

 

 
Fig.13. Thermal hotspot map of PG. 

Table 5. Energy dissipation of PG for different kink energies 

 Maximum Kink Energy, Ek 

 Ek= 0.5mev Ek= 1mev Ek= 1.5mev 

Max Energy 
Diss 

0.47855 0.51347 0.56994 

Avg Energy 

Diss 

0.26148 0.33068 0.41662 

Min Energy 
Diss 

0.05541 0.15764 0.27180 

Avg 

Leakage 
Energy Diss 

0.05600 0.15892 0.27356 

Avg 

Switching 
Energy Diss 

0.20548 0.17176 0.14306 

 

 
Fig.14. Kink energy vs energy dissipation graph for PG. 
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(ii).  Energy Dissipation Estimation of Parity Checker 

The thermal layout of a parity checker, obtained from 

QCAPro tool is shown in Fig. 15. Only one device cell of 

the majority is consuming more power, which is encircled 

by a pink circle. Darker the color of the cell more is the 

energy consumption of the particular cell. A 

comprehensive study of power dissipation for the 

proposed PC circuit is shown in Table 5. A convenient 

attempt is made to show the effect of kink energy on 

power dissipation. The same type of relation is funded to 

be seen between kink energy and power dissipation as it 

was in the case of parity generator. A graphical 

representation is displayed in Fig. 16.  

 

 
Fig.15. Thermal hotspot map of PC. 

Table 6. Energy dissipation of PC for different kink energies 

 Maximum Kink Energy, Ek 

 Ek= 0.5mev Ek= 1mev Ek= 1.5mev 

Max Energy 

Diss 

0.90676 0.98953 1.11543 

AvgEnergy 
Diss 

0.41069 0.57362 0.83347 

Min Energy 
Diss 

0.11325 0.32403 0.56040 

Avg Leakage 

Energy Diss 

0.11402 0.32550 0.56268 

Avg Switching 
Energy Diss 

0.29667 0.24812 0.27079 

 

 

 
Fig.16. Kink energy vs energy dissipation graph for PC. 

 

V.  COMPARATIVE ANALYSIS RESULTS 

In this section, we have presented the comparative 

analysis results with the existing circuit [20,21,22,23,24]. 

Table 6 drawn the comparative study of the proposed and 

existing circuit in terms of clock cycle delay and clock 

pulse utilize.  It is found that proposed circuit has less 

latency and a minimum number of clock zones, as 

depicted in Table 7. 

Table 7. Comparative study of PG and PC circuits. 

 
Delay 

in PG 

Delay 

in PC 

Clock 

pulses 

used 

in PG 

Clock 

pulses 

used in 

PC 

As in [20] 2 N.A. 12 N.A. 

As in [21] 1.5 3 6 8 

As in [22] 2.5 1.5 4 6 

As in [23] 2 2.25 8 9 

As in [24] 2 2 7 8 

Proposed 0.5 1 3 5 

% Improvement 

with respect to 

[20] 

75  75  

% Improvement 

with respect to 

[21] 

66.6 66.6 50 37.5 

% Improvement 
with respect to 

[22] 

20 33.33 25 16.66 

% Improvement 
with respect to 

[23] 

75 55.55 62.5 44.44 

% Improvement 

with respect to 

[24] 

3 50 57.14 37.5 
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VI.  CONCLUSION 

In this paper, a novel design of even parity generator 

and checker circuit in QCA framework is presented that 

reduces the latency as well as clock zones utilize as 

compared to previously existing designs. Along with the 

QCA layout, this paper also provides the simulation 

waveform, thermal layout, and energy dissipation 

estimation. Circuits are designed using minimum no. of 

clocks and the projected designs are simulated for three-

bit message signal. The output of both the circuits is 

successfully obtained and verified using QCADesigner 

tool. The minimum, maximum, average, and switching 

power dissipation is neatly represented in graphical form. 

It will help the researchers to understand the relation in a 

more precise way. Also we secured the precise output 

values with high kink energy. 
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