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Abstract:  Quantum-dot cellular automata (QCA), an advanced
nanotechnology, is a branch of nano-electronics that attempts to create general
computation at nano scale by controlling the position of electrons. The basic
logic in QCA does not use voltage level for logic representation; rather it
represents the binary state by polarisation of electrons in the quantum cell,
which is basic building block of QCA. QCA technology has large potential to
provide high space density, ultra-low power dissipation that enables us to build
QCA circuits with faster speed, smaller size and high performance for
integration and computation. QCA presents proficient solutions for several
arithmetic circuits, such as adders, multipliers, comparators etc. This paper
presents a thorough analysis of QCA-based universal FNZ gate (Khanday et al.,
2013) with its stability proof upon which a new design of 1-bit comparator has
been proposed. The proposed work uses novel implementation strategies,
methodologies and new formulations of basic logic equations to make the
proposed designs more efficient in terms of cell count, area, polarisation etc.
The functionality of universal FNZ gate based 1-bit comparator has been tested
by QCA designer where a comprehensive comparison with the formerly
reported designs confirm the consistent performance and high efficiency of the
proposed designs.
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This paper is a revised and expanded version of a paper entitled ‘A novel
cryptographic multiplexer design in quantum dot cellular automata’ presented
at ICCCA-2018: 4th IEEE International Conference on Computing
Communication and Automation, Galgotias University, Greater Noida, India,
14-15 December 2018.

1 Introduction

Quantum-dot cellular automata (QCA), a field of nanotechnology, recently been
documented as one of the chief six incipient technologies with possible applications for
imminent development of computers (Khanday et al., 2013; Wilson et al., 2002; Lent
et al., 1993; Lent and Tougaw, 1997; Porod, 1997; Toth and Lent, 1999). Numerous
studies have stated that QCA can be employed to design general-purpose data processing
and memory circuits (Amlani et al., 2000; Walus et al., 2003; Vetteth et al., 2002; Frost
et al., 2002). QCA has been proposed by Lent et al. at first, and verified analytically.
QCA is estimated to realise high density, very high switching speed and exceptionally
low power consumption.

QCA technology is established on the synergy of bi-stable QCA cells made from four
quantum dots and is indicted with free electrons that are able to tunnel among adjacent
dots. These electrons have a tendency to reside in antipodal sites because of their
communal electrostatic repulsion. Therefore, there exist two corresponding actively
minimal provisions of two electrons in a QCA cell, as revealed in Figure. 1. These two
provisions are represented as cell polarisation P = +1 to represent logic ‘1’ and P =—1 to
represent logic ‘0’. By this, binary information of a QCA cell can thus be encoded in the
charge configuration.

Figure 1 QCA cells showing binary information is encoded in two fully polarised diagonals
of the cell
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The polarisation of one cell sets the polarisation of a neighbouring cell by suitably
arranging the QCA cells and it is then possible to implement entire combinational and
sequential logic functions (Lent et al., 1993). As per former reports, a number of
computing devices and logic gates (Berzon and Fountain, 1998) have already been
implemented in QCA. There are a number of elementary applications that have been
reported are the binary wire (Wilson et al., 2002), majority gate, AND gate (Lantz and
Peskin, 2006), OR gate (Lantz and Peskin, 2006), NOT gate (Lantz and Peskin, 2006),
XOR gate (Lantz and Peskin, 2006), bit-serial adder (Tougaw and Lent, 1994; Wang
et al., 2003), full adder (Lantz and Peskin, 2006; Tougaw and Lent, 1994; Fijany et al.,
2003; Gin et al., 1999; Kim et al., 2007), multiplier (My and Mi, 2008), multiplexer
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(Fijany et al., 2003; H anninen and Taka, 2008), flip-flop (Vankamamidi et al., 2008b;
Huang et al., 2007a; Momenzadeh et al., 2005), serial memory (Huang et al., 2007b;
Vankamamidi et al., 2005b), parallel memory (Vankamamidi et al., 2008a), arithmetic
logic unit (Fijany et al., 2003; Vankamamidi et al.,, 2005a), microprocessor
(Vankamamidi et al., 2005a), programmable logic array (PLA) (Niemier et al., 2000), etc.
This paper comprises of the implementation of a novel universal FNZ gate based
1-bit comparator. In addition, the potential energy of the universal FNZ gate for all logic
states has been calculated. Further, novel comparator design using Universal FNZ gate
have also been compared with the earlier reported comparator designs.

2 Potential energy calculation

Universal FNZ gate comprises of three NOT gates located at input A, input B and input C
with opposite outputs (as obvious) to that of the inputs as shown in Figure 2. Combining
three NOT gates, outputs form a simple QCA wire. Thus, all the outputs of three NOT
gates when combined have to follow the majority logic. For example, if the inputs to the
universal FNZ gate are A = 0, B =1 and C = 0, their outputs will be 1, 0 and 1
respectively and hence, number of 1’s as compared to the number of 0’s are more. This
means that the output of inverter input B will not remain in 0 state and hence change its
state to 1 because of high columbic repulsion and potential energy. Similarly, when the
inputs to the universal FNZ gate are A =1, B =1 and C = 0, their outputs will be 0, 0 and
1 respectively and hence, number of 0’s are more as compared to number of 1’s. This
means that the output of inverter input C will automatically change its state from 1 to 0
by following the majority logic.

Figure 2 Representation of the universal FNZ gate in terms of three inverters and majority voter
(see online version for colours)
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Thus, all the outputs of NOT gates will be either at 1 or 0 state depending upon the
majority logic, columbic repulsion and potential energy. Therefore, the device cell
(cell 1) in the universal FNZ gate follow the same state as that of the output of three NOT
gates and consequently, the desired output is taken.

By calculating the electrostatic energy between each cell and its neighbouring cells,
the energy of each state can be computed. Potential energy between electrons in a
quantum dot cell i and one in cell j can be calculated from equation (1) where g, is the
permittivity of free space and ¢, is the relative permittivity of the quantum cell material.
The potential energy between two quantum cellular automata (QCA) cells can be
computed by rounding up over the entire dots in each cell given in equation (3).
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where K = 9 x 10° and Q1 and Q2 are the charge of electron which is equal to
1.60217662 x 107"°C.

The potential energy between two electrons can be calculated from equation (1) and
is represented as

-29
_ 23.04x10 7
r

U 2

where ‘U’ is the potential energy and ‘7’ is the distance between two electrons.

03 @

This electrostatic interaction is the main criteria to determine the kink energy between the
two cells. Kink Energy between the two neighbouring cells is well-defined as the
modification in the electrostatic energy between the two polarisation states. Thus,
equations (4) and (5) represents the kink energy as

EKink = Eapposite polarisation Esame polarisation (4)

or

EK[nk = E[nverting - Enon—inverllng (5)
Kink energy depends on the dimensions of QCA cells and the spaces between the cells
but it does not be governed by the temperature at all.

In the environ of the QCA designer tool, complete QCA cell dimensions are defined
to be 18 x 18 nm; the dot diameter is defined to be 5 nm and the inter-cell distance to be
2 nm. The Cell dimensions in QCA designer tool is shown in Figure 3, which are used to
calculate the potential energy and kink energy are as follows:
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Figure 3 Cell dimensions used in QCA designer tool
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3 Calculation of potential energy for the complete stability of the universal
FNZ gate logic with all its input combinations

Various logic states of the universal FNZ gate have been verified by calculating their
potential energies and hence show the stable and robust performance in establishing

various logic functions (shown in Table 1 to Table 8).
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When input A, B and C are at ‘—1’ polarisation

Table 1
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When input A, B are at ‘1’ polarisation and C is at ‘+1’

Table 2
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1sation

When input A, C are at ‘-1’ polarisation and B is at ‘+1” polar

Table 3
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1sation

When input A is at ‘—1” polarisation and B, C are at ‘+1” polar

Table 4
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1sation

When input A is at ‘“+1° polarisation and B, C are at ‘—1” polar

Table 5
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When input A, C are at ‘“+1” polarisation and B is at ‘—1” polarisation

Table 6
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When input A, B are at ‘“+1” polarisation and C is at ‘—1” polarisation

Table 7
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When input A, B and C are at ‘+1” polarisation

Table 8
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4 Proposed work

4.1 Universal FNZ gate based 1-bit comparator

A commonly suitable combinational logic circuit is the digital comparator. Binary or
digital comparators are built from typical AND, NOR and NOT gates that associates the
digital signals existing at their input extremes and assembles an output subject to the
condition of those inputs. A digital comparator, also called as magnitude comparator, is a
hardware electronic device that apprehends two numbers as input in binary form and
decides whether one number is greater than, less than or equal to the other number.
Figure 4 shows the block diagram of 1-bit comparator by means of the universal FNZ
gate.

Figure 4 Block diagram of 1-bit comparator using universal FNZ gate and its truth table
(see online version for colours)

A | B | A>B | A= A<B
- a»B
010 0 1 0
. \
1 NL 011 0 0 1
B . .
i {
grp— "A=B
110 1 0 0
! 1 1 0 1 0
A<B

The universal FNZ gate based 1-bit binary comparator obtains two bits ‘A’ and ‘B’ as
inputs and determines the result whether they are equal, less or greater than each other.
These possible states are signified via three output signals, called as A=B, A>B, B>A
when A =B, A>B and B>A respectively.

In the first section, the universal FNZ gate based A > B function has been
implemented in QCA. It comprises of 12 QCA cells and having 12,496.00 nm® = 0.01
um’ area. The QCA implementation of A>B function is shown in Figure 5 and its
simulation results are given in Figure 6.

Figure S5 QCA implementation of Universal FNZ gate based A>B logic function (see online
version for colours)

.00

-1
A
m.. H

N}
LN



128 S.U.R. Qadri et al.

Figure 6 Simulation result of universal FNZ gate based A>B function (see online version
for colours)
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In the second section, the Universal FNZ gate based B > A function has been
implemented in QCA. It comprises of 12 QCA cells and having 12496.00 nm*= 0.01 um®
area same as that of A > B logic function. The QCA implementation of B >A function is
shown in Figure 7 and its simulation results are given in Figure 8.

Figure 7 QCA implementation of the Universal FNZ gate based B>A logic function (see online
version for colours)

Figure 8 Simulation result of the universal FNZ gate based B>A function (see online version
for colours)
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In the last section, the universal FNZ gate based A = B function has also been
implemented in QCA. It comprises of 48 cells and is having 42864.00 nm* = 0.04 um’of
area. The QCA implementation of A = B function is shown in Figure 9 and its simulation
results are given in Figure 10.
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Figure 9 QCA implementation of the universal FNZ gate based A = B logic function (see online
version for colours)
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Figure 10  Simulation result of the universal FNZ gate based A = B function (see online version
for colours)
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Figure 11  QCA implementation of the universal FNZ gate based 1-bit comparator (see online
version for colours)
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Figure 12 Simulation result of the universal FNZ gate 1-bit comparator (see online version
for colours)
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Table 9 Comparison table of previous reported 1-bit comparator with proposed 1-bit
comparator
1-bit comparator  1-bit comparator 1-bit comparator Proposed
Parameters (Ke-ming and (Ghosh et al., (Abdullah-Al-Shafi 1-bit
Yin-shui, 2007) 2012) and Bahar, 2016) comparator
No. of cells 100 73 117 58
Area (um?) 0.13 0.06 0.182 0.055
Input to output Four clock zone Four clock zone Two clock zone Three clock
delay zone

Finally, a new design approach of 1-bit binary comparator using Universal FNZ Gate has
been implemented in QCA. The proposed work employs novel implementation
approaches, procedures and new formulations of elementary logic equations which marks
the comparison function applied to the comparator more effective. The proposed
universal FNZ gate based 1-bit comparator comprises only 58 cells and area
55,680.00 nm® = 0.055 um” which is much less as compared to the previously reported
designs shown in Table 9. The design uses less clock cycles and has good polarisation
that makes it much fault tolerant design. The implementation of Universal FNZ Gate
based 1-bit comparator in QCA is shown in Figure 11 and its simulation result are given
in Figure 12.

In Semiconductor QCA, composite hetero-structures of Gallium Arsenide (GaAs) are
employed to produce quantum dots that are capable to trap electrons. For practical use,
the operating temperature is always very low but higher than metal-dot QCA. So, in order
to increase the operating temperature, cell sizes need to be reduced at some nanometres
which is not possible in existing technology. In addition to this, in realising complex
QCA structures, the effect of defect rate due to the fabrication process can make the QCA
construction inoperable with the limitation in its practical implementation. One more
thing, practical implementation has not been initiated in QCA yet. Till now, it is on the
theoretical means not on fabrication means which is an undertaking in several
laboratories using number of approaches, still it will be our future work to do the
practical implementation of QCA circuits
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5 Conclusions

This paper comprises of a novel universal FNZ Gate that has been introduced in a highly
stable manner. 1-bit comparator has been designed in order to make QCA
implementation more reliable, efficient, and robust and fault tolerant. The design utilises
lesser number of clock phases, less area, less number of cells and has significantly
smaller wire length, which leads to kink-free operation at higher operating temperature.
The functionality of universal FNZ gate based 1-bit comparator has been verified by
QCA designer tool where comprehensive comparisons with the earlier stated designs
confirm the consistent performance of the proposed designs. Further, to upsurge the
robustness of the QCA design, various design concerns have also been addressed.

6 Future scope

There are a number of issues which need to be addressed in the near future, such as
technology issues (actual implementation of clocking zones, specific methods, tools and
design rules need to be developed), fabrication issues (a great challenge and a long range
undertaking), designing automation tools (in order to increase the user-friendliness of
QCA designer) that will apply to all the potential QCA structures with immediate
benefits and clearer architectural goals with a benchmark for nanofabrication methods.
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