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ABSTRACT

Quantum Dot Cellular Automata (QCA) is a rising innovation
which seems to be a good competitor for the next generation
of digital systems and widely utilized as a part of advanced
frameworks. It is an appealing substitute to ordinary CMOS
innovation because of diminutive size, faster speed, extremely
scalable feature, ultralow power consumption and better
switching frequency. The realization of quantum computation
is not possible without reversible logic. Reversible logic has
enlarged operations in quantum computation. Generally
reversible computing is executed when system composes of
reversible gates. It has numerous fields of use as applied
science, quantum dot cellular automata as well as low power
VLSI circuits, low power CMOS, digital signal processing,
computer graphics. In this paper, the quantum implementation
of primitive reversible gate has been presented. The proposed
gates have been designed and simulated using QCADesigner.

General Terms
Quantum Cellular Automata and Reversible Logic Gates

Keywords
Quantum-dot Cellular Automata (QCA), Reversible logic,
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1. INTRODUCTION

Nanotechnology allows new measurements for computing as
typical silicon transistor technology faces disparate
complication due to its speed, power utilization and
challenges in feature size diminishment. Among promising
technologies, Quantum dot Cellular Automata (QCA) [1, 2]
assurance aforementioned components. Quantum Dot Cellular
Automata (QCA) has been utilized widely and wipes out these
issues. Quantum Dot Cellular Automata (QCA) is a
productive substitute of Complementary metal oxide
semiconductor (CMOS) innovation [3]. QCA is a combined
strategy for transmission and computation [4, 5, 6]. The
reversible logic circuits design the key structural engineering
of quantum computers as all quantum processes are
reversible. Efficiency loss is a vital consideration in planning
digital framework. Energy loss because of data fall in circuits
and systems constructed using irreversible logic circuit was
exhibited by R. Landauer. From Landauer’s principle, the loss
of one bit of information lost, will exhaust kTIn(2) joules of
vitality where k=1.38x10% JK™ is the Boltzmann’s constant
and T is supreme temperature in Kelvin [7]. Bennett
demonstrate that to sidestep kTIn2 joules of vitality
dissipation in a circuit, it must be manufactured from
reversible circuits [8]. In reversible logic circuits information
fall is not feasible so it is preferable to form combinational
circuit. Reversible logic circuits are of high enthusiasm for
nano innovation [9], quantum computing [10] and optical
computing [11]. An exceptional utilization of reversible logic
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circuit lies in quantum computers [12]. Number of input and
output is identical in reversible logic gate to have one to one
mapping. Classical logic combination procedures cannot be
directly connected to model reversible circuit. An imperative
parameter of a reversible logic circuit is garbage output.
Generally an unutilized product from a gate is garbage. The
quantum cost is a cost that is associated with every reversible
logic gate. In this paper, mostly available reversible logic
gates and their QCA design are presented.

2. BASIC TERMS RELATED TO
REVERSIBLE LOGIC

A. Reversible Function: The Boolean function F(x1; x2,...xn)
with multiple output of n Boolean variables is called
reversible if the number of output is identical to number of
inputs. Any output pattern has a unique pre-image.
Particularly, reversible functions are those that execute
permutations of the set of input vectors [13].

B. Reversible logic: In reversible logic, the numbers of input
are equal to number the outputs of the gates. This generates
particular set of output vector for each set of input vector.

C. Garbage outputs: Additional inputs or outputs can be added
s0 as to make the number of inputs and outputs identical
whenever required. The number of outputs added to make an
m-input-k-output function ((m;k)function) reversible is called
garbage. The formula between the number of garbage outputs
and constant inputs are shown below —

Input + constant input = output + garbage

An output line that is necessary to sustain the reversibility is
referred as garbage line [14].

D. Quantum Cost: Quantum cost refers the amount of effort
needed to transform a reversible circuit to a quantum circuit.
It is calculated knowing the number of primitive reversible
logic gates needed to recognize the circuit.

E. Ancilla inputs: Ancilla inputs or constant inputs is the
number of inputs which are maintain constant either 0 or 1 in
order to incorporate the given logical function [15].

F. Flexibility: Flexibility is the universality of a reversible
logic gate for realizing more functions [16].

G. Gate level: In the circuit gate level is the number of levels
that are needed to recognize the given logic functions.

H. Hardware complexity: Hardware Complexity is the overall
number of logic action in a circuit. In other words the total
number of AND, OR and EXOR operation in a circuit [17,
18].
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3. QCABASIC

The primary architecture block of QCA is QCA cell. It can be
viewed as an arrangement of four dots located at corners of a
square [19]. Depending on the electron's location, QCA cell
has two form of polarization, binary 1 or P = +1.00 and binary
0 or P = -1.00 [17] shown in figure 1. QCA offer an
innovative distinct option for the transistor paradigm [20, 21].
The cell polarization defined as follows:

o (p2+ps)—(p1+p3)
(p1t+p2tp3+ps)

Where, the electronic charge denoted as p;

@ O O @i—'—'—'_" Electron
O @ O . Quantum dot

@

P=-1.00 P=+1.00
Fig 1: Four doted QCA cell
3.1 QCA Wire

QCA wire is a combination of interconnected QCA cells with
similar polarization. It used to carry signal from one direction
to another. Therefore QCA wires can propagate data from one
side to another [22].

L _NO Nol ROl NOI[ RO
Cee e 00 @

Fig 2: QCA wire
3.2 QCA Inverter

QCA inverter returns the reversed value of the input one and
it consists of four QCA wire shown in figure 3.
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Fig 3: QCA inverter

3.3 QCA Majority Gate

Majority gate or voter [23] (MV) is described as logic
function MV (A, B, C) = AB + AC + BC. Majority gate can
be used as AND gate and OR gate. For AND gate the input of
the voter is zero and for OR gate the input is 1.

MV (A, B, 0) = AB+A.0+B.0= AB @)
MV (A, B, 1) = AB+A.1+B.1= A+B ®)
A
O
@)
00|00 0 Oloutput=AB
Bl6o|oolo o)™
O
®
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Output=A+B

[@]e)

C=1
Fig 4: Majority voter as 2-input AND gate and 2-input
OR gate

4. BASIC REVERSIBLE GATES

A gate is reversible if there is a one to one correspondence
between its input and output assignments. Reversible gate
realizes one to one logic, thus practically it is a many input
output gate [24]. Many reversible gates exist already. A
reversible circuit should be formed using minimal number of
reversible gates. To determine the complexity and
performance of reversible gate some specifications must be
viewed. These are the number of reversible gates, number of
ancilla inputs, number of garbage outputs and quantum cost.
Some of the essential reversible gates are:

4.1 NOT Gate

NOT gate is a 1*1 gate and an elementary gate. The quantum
cost of not gate is zero.

NOT

Gate P=A

A—

Fig 5: NOT gate
Table 1. Truth table of NOT gate

Input Output
A A
1 0
0 1

4.2 CNOT Gate

It is a 2*2 reversible gate also known as controlled not gate.
Quantum cost of CNOT gate is one.

A— ———P=A
CNOT
Gate

Fig 6: CNOT gate
Table 2. Truth table of CNOT gate

Input Output
A B P Q
0 0 0 0
0 1 0 1
1 0 1 1
1 1 1 0

28



4.3 FEYNMAN Gate

A Feynman [25] gate is a 2*2 gate and also called as
controlled NOT. It is widely used for fan-out purposes. It has
guantum cost one.

A— | —P=A
Feyniman
Gate

B—— ——Q=AMDB

Fig 7: Feynman gate
Table 3. Truth table of Feynman gate

Input Output

| | o o >
| O | Ol @
| = O O T
ol | | o O

4.4 Double Feynman Gate (F2G)

Double Feynman [26, 27] gate is a 3*3 gate. The outputs are
defined by P = A, Q=A®B, R=A®C. It has quantum cost
two.

P=A
Double
B— | Feynman —— Q=A@EB
Gate
c— | —— R=A{HC

Fig 8: Double Feynman gate

Table 4. Truth table of Double Feynman gate
Input Output

w
O

R R ool oo >
| R ol ol k|l olo
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45 TOFFOLI Gate

Toffoli gate [28, 29] is a 3*3 reversible gate. The outputs are
P=A, Q=B, R=AB@C. The quantum cost is five.

o —P=A
Toffoli

B Gate Q=B

C— F————R=ABEC

Fig 9: Toffoli gate
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Table 5. Truth table of Toffoli gate

Input Output
A B C P Q R
0 0 0 0 0 0
0 0 1 0 0 1
0 1 0 0 1 0
0 1 1 0 1 1
1 0 0 1 0 0
1 0 1 1 0 1
1 1 0 1 1 1
1 1 1 1 1 0

4.6 FREDKIN Gate

Fredkin [30, 31] gate which is a 3*3 gate. The outputs of
Fredkin gate are P=A, Q=A'B+AC, R=AB+A'C. It has
quantum cost five.

A — —P=A
Fredkin

B— Gate Q:A.lB_"AC

C——— ——R=AB+A'C

Fig 10: Fredkin gate
Table 6. Truth table of Fredkin gate

Input Output
A B Cc P Q R
0 0 0 0 0 0
0 0 1 0 0 1
0 1 0 0 1 0
0 1 1 0 1 1
1 0 0 1 0 0
1 0 1 1 1 0
1 1 0 1 0 1
1 1 1 1 1 1

4.7 PERES Gate

Peres [32, 33] gate is a 3*3 gate. The outputs P = A, Q =
A®DB, R = AB@C. It has Quantum cost four. It has the
minimum quantum cost, among 3x3 reversible gates.

A—— I P=A

Peres
B Gate Q= ADB
C— ——R = ABEC

Fig 11: Peres gate
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Table 7. Truth table of Peres gate
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Table 9. Truth table of BIN gate

Input Output
A B Cc P Q R
0 0 0 0 0 0
0 0 1 0 0 1
0 1 0 0 1 0
0 1 1 0 1 1
1 0 0 1 1 0
1 0 1 1 1 1
1 1 0 1 0 1
1 1 1 1 0 0
4.8 R Gate
R [34, 35] gate is a 3x3 gate . The outputs are P = A@B, Q
=A, R=C®(AB)
A P=ADB
R
B Gate Q=4
C R =C'D(A.B)
Fig 12: R gate
Table 8. Truth table of R gate
Input Output
A B C P Q R
0 0 0 0 0 1
0 0 1 0 0 0
0 1 0 1 0 1
0 1 1 1 0 0
1 0 0 1 1 1
1 0 1 1 1 0
1 1 0 0 1 0
1 1 1 0 1 1
4.9 BJN Gate

BJN [25] gate is a 3x3 gate. The outputsare P = A, Q =B, R
= (A+B)@C. The quantum cost of BJN Gate is five.

A

B

BIN
Gate

Fig 13: BJIN gate

P=A

7Q=B

R = (A+B)BC

Input Output
A | B clrp Q R
0 0 0 0 0 0
0 0 1 0 0 1
0 1 0 0 1 1
0 1 1 0 1 0
1 0 0 1 0 1
1 0 1 1 0 0
1 1 0 1 1 1
1 1 1 1 1 0

4.10 MCL gate
MCL [36] gate is a 3x3 gate. The outputs are P = B'C', Q =

AB,R=A
A
B

C

MICL
Gate

Fig 14: MCL gate
Table 10. Truth table of MCL gate

P=B'C
Q=AB
R =A

Input Output
A B C P Q R
0 0 0 1 1 0
0 0 1 0 1 0
0 1 0 0 0 0
0 1 1 0 0 0
1 0 0 1 0 1
1 0 1 0 0 1
1 1 0 0 0 1
1 1 1 0 0 1

5. QCAIMPLEMENTATION OF
REVERSIBLE LOGIC GATES

The design level is tested several approximate simulators such
as the nonlinear approximation approaches and bistable
simulation. But these schemes do not produce the actual
results. Finally QCA Designer 2.0.3 is selected and this
simulation engine is described [37]. QCA Designer is a tool
used for design and simulation of QCA based circuits. The
accuracy of these circuits is tested by the simulation tools of
QCA Designer 2.0.3 [38]. The technical implementation is

shown below.

Fig 15: Simulated design of NOT gate
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Fig 17: Simulated design of Feynman gate
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Fig 19: Simulated design of Toffoli gate Fig 23: Simulated design of BJN gate
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6. SIMULATION AND RESULTS

All the design of reversible logic gates were functionally
simulated using the QCA Designer 2.0.3. In the bistable
approximation, we use the successive criterions that are
default criterions in QCADesigner. Cell size=18nm, number
of samples= 12800, convergence tolerance= 0.001000, radius
of effect=" 65.000000nm, relative permittivity=12.900000,
clock high= 9.800000e-022 J, clock low = 3.800000e-023J,
clock shift=0, clock amplitude factor =2.000000, layer
separation=11.500000 and maximum iterations  per
sample=100. The simulation outcomes of reversible gates are
shown below:

10 50 90 o O O O 0 5 0 G40

mez | es{00

- {0

Fig 25: Simulated waveforms for NOT gate
0y o 11060 | [2000 , |3p00 | 4000 , |5P0G | 6090 \ |7

max: 1,00e+000
A
min: -1.00e+000

0y 11 1060 , 2060, |3PG6 | |4060 | |SPG0 | |60G0 |\ [T}

max: 1.00e+000
B
min: -1.00e+000

00y 10 1060 , 2060, |3PB0 | |4DBG |\ |5PG0 | |GGG |\ [T}

max: 9.54e-001
]
min: -9.52e-001

max: 9.30e-001
p
min: -9.30e-001

Fig 26: Simulated waveforms for CNOT gate
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min: -1.00e+000
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B
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Q
min: -9.52e-001

max: 9.30e-001
p
min: -9.30e-001

Fig 27: Simulated waveforms for Feynman gate
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Fig 28: Simulated waveforms for Double Feynman gate
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Fig 30: Simulated waveforms for Fredkin gate
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Fig 31: Simulated waveforms for Peres gate
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Fig 32: Simulated waveforms for R gate
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Fig 33: Simulated waveforms for BIJN gate
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Table 21. Performance Comparison of QCA Implemented
Reversible Gates

max: 1.00e+00

A
min: -1.00e+00

oy 11000 0y 120000 0 0, 130000 1.1 19000, 0 1, 15000 1.1 16000

max: 1.00e+00
B
min: -1.00e+00

max: 1.00e+00

G
min: -1.00e+00

max: 9.52e-01| [

Q
min: -9.54e-01

max: 9.52e-01
P

min: -9.55e-01

max: 874e-01

R
min: -8.74e-01

Fig 34: Simulated waveforms for MCL gate

Parameter
E)Z\i/gg;?ég Number | Number | Clock Areza
of cells | of Clock | delay (um?)
NOT 4 1 0.25 0.00 um?
CNOT 49 3 0.75 0.06 pm?
Feynman 53 3 0.75 0.07 um?
Double 93 3 075 | 0.19 um?
Feynman
Toffoli 57 3 0.75 0.06 um?
Fredkin 97 3 0.75 0.10 um?
Peres 117 3 0.75 0.18 pm?
R 107 3 0.75 0.17 um?
BIN 58 4 1 0.09 pm?
MCL 36 2 0.50 0.05 um?

7. CONCLUSION

This paper presents the conventional reversible gates and their
implementation using quantum dot cellular automata. The
simulation outcomes show that the proposed circuits execute
well. During the simulation a consideration is made to reduce
the cell number and the area. The paper can further be
extended towards the design of combinational circuits and
digital design development using reversible logic circuits
which are convenient in quantum computing, nanotechnology,
digital signal processing (DSP). The proposed design could be
a promising step towards the objective of low power
architecture in nanotechnology.
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