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Abstract: Energy efficiency considerations in terms of reduced power dissipation are a significant
issue in the design of digital circuits for very large-scale integration (VLSI) systems. Quantum-
dot cellular automata (QCA) is an emerging ultralow power dissipation approach, distinct from
traditional, complementary metal-oxide semiconductor (CMOS) technology, for building digital
computing circuits. Developing fully reversible QCA circuits has the potential to significantly
reduce energy dissipation. Multiplexers are fundamental elements in the construction of useful
digital circuits. In this paper, a novel, multilayer, fully reversible QCA 8:1 multiplexer circuit with
ultralow energy dissipation is introduced. The power dissipation of the proposed multiplexer is
simulated using the QCADesigner-E version 2.2 tool, describing the microscopic physical mechanisms
underlying the QCA operation. The results show that the proposed reversible QCA 8:1 multiplexer
consumes 89% less energy than the most energy-efficient 8:1 multiplexer circuit previously presented
in the literature.

Keywords: quantum-dot cellular automata (QCA); multiplexer; reversible; energy dissipation;
QCADesigner-E

1. Introduction

Advancements in complementary metal-oxide semiconductor (CMOS) technology
have led to growing concern about its associated shortcomings, including subthreshold
voltage and gate leakage current [1]. Additionally, the escalating demand for increasing
the number of devices in CMOS systems on a chip (SoC), already at a count of billions,
exacerbates the issue of excessive power dissipation [2]. Quantum-dot cellular automata
(QCA) is a promising computing concept in which cells containing four quantum dots
are used to perform computations at the nanoscale level. The QCA concept is based on a
transistor-less paradigm in which binary information is encoded via the electron charge
location in the four quantum dots of a QCA cell in antipodal configurations [3]. QCA offers
several advantages over conventional semiconductor-based technologies such as CMOS,
including highly reduced power consumption, the potential for high-speed operation, and
the ability to create ‘nanochip” integrated circuits with a high QCA cell density. Designing
QCA digital circuits using a reversible design technique can yield enhanced circuits with
ultralow-energy dissipation [4]. Theoretically, reversible computation operations, which
maintain reversibility from the synthesis of a circuit to its physical layout, can mitigate
information loss and require zero accompanying energy dissipation [5].

The implementation of the QCA paradigm has been proposed utilising many tech-
nologies, such as solid-state metallic island dots, magnetic implementations, and molecular
electronic methods [6-9], with particularly promising atomic silicon quantum dot work
employing a silicon dangling bond on a hydrogen-terminated silicon surface [10]. Molecu-
lar field-coupled nanocomputing (FCN) is anticipated to offer QCA circuits with extremely
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high frequencies and high device density [11,12]. The electrostatic molecular characteristics
have a significant impact on the interaction and may affect the operation of the QCA circuits.
The literature introduced three molecular species: neutral, oxidised, and zwitterionic [13].

The neutral molecule exhibits the lowest crosstalk effect and streamlines the inversion
process, which may be achieved with a single-branch interaction. Nevertheless, the neutral
molecule lacks net positive charges on the logical dots. As a result, changing its switching
characteristics is necessary to reconfigure the neutral molecule. The oxidised molecule
has an associated external electric field that has the capacity to displace the entire positive
charge, hence enhancing the clocking functionality. However, the molecules that have
undergone oxidation exhibit the most severe interference, making it challenging to create
even basic circuits. Additionally, the oxidised molecular cell exhibits a strong repulsive
force, rendering the inversion process impossible with a single-branch interaction. The
zwitterionic molecule exhibits an intermediary behaviour that lies between that of neutral
molecules and oxidised molecules. The presence of a positive net charge on the logic
dots allows for the molecular cell to be reset by adding a negative clock field, while the
molecule’s neutrality helps to minimise crosstalk. It is crucial to observe that the location of
the counterion has a significant impact on the behaviour of the device. When the counterion
is in close proximity to the logical dots, the zwitterionic molecule mimics the behaviour of
a neutral molecule. However, when the counterion is far away, it exhibits similarities to
oxidised molecules.

In very large-scale integration (VLSI) systems, a multiplexer is a digital circuit that
selects one input data line and forwards the selected data to a single output line based on a
set of control signals. Multiplexers are pervasive in digital electronics and are used for data
routing and selection. QCA 8:1 multiplexer circuits have received significant attention in
previous research due to their essential role in constructing digital circuits for computing
systems. Energy efficiency is a fundamental consideration in the development of computer
circuits. Several previous studies have proposed various configurations for reversible
QCA 8:1 multiplexer circuits with the aim of reducing energy dissipation. These studies
addressed reversibility only at the synthesis level and neglected reversibility at the layout
level, i.e., the physical ‘instantiation’ of the circuit. However, maintaining reversibility at
the physical level is the only way to achieve significant energy reductions in reversible com-
puting [4]. Therefore, in this study, we present an innovative multilayer design for a QCA
8:1 multiplexer circuit that is both logically and physically reversible. The design preserves
reversibility throughout the entire circuit design process, from the synthesis level down to
the layout level. This design technique mitigates the loss of information and consequently
produces circuits that have near-zero energy dissipation. The QCADesigner-E version 2.2
software tool [14], which provides a microscopic quantum mechanical description of QCA
cell behaviour with a Hartree treatment of cell—cell electrostatic interactions, is employed
to simulate the performance and energy dissipation of the design.

The remainder of this paper is organised as follows: Section 2 presents an analysis of
the process of energy dissipation in QCA technology. In Section 3, the fully reversible design
concept is explained. In Section 4, the hierarchical design process for the proposed fully
reversible QCA 8:1 multiplexer circuit is presented. Simulation results are reported and
discussed in Section 5, and the conclusions of the current study are provided in Section 6.

2. Energy Dissipation Analysis of QCA Cells

A QCA cell starts each clock cycle in a depolarised state. Energy needs to be supplied
by the clock to reach a polarised state. Most of this energy goes back to the clock and
other cells when the cell depolarises again at the end of the clock cycle. However, some
energy is dissipated into the environment. To study the energy loss of QCA cells in detail,
a microscopic quantum mechanical model of QCA cell behaviour needs to be used, as
employed in previous studies [14-17].

Presently, there exist two tools, namely QCADesigner-E [14] and QCAPro [16], that
enable the modelling of energy dissipation in QCA circuits. The QCAPro simulation tool,
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developed in 2009, cannot provide precise estimates due to the assumption of a perfect
clock slope. Consequently, it permits only the determination of an upper limit for energy
dissipation. On the other hand, QCADesigner-E can compute the actual energy dissipation
values. It calculates the energy transmission to and from the clock (E ), the neighbouring
cells (Ejp), and the environment (E.;») by calculating the corresponding integral equations
for these quantities. The QCADesigner-E software is an enhancement of the well-known
QCA technology computer-aided design (TCAD) package, QCADesigner [18].

QCADesigner incorporates a coherence vector simulation engine (CVSE). The CVSE
utilises an advanced quantum mechanical density matrix-based treatment, as described in
the literature [14-16], to simulate the behaviour of QCA cells, including energy dissipation.
It uses a computational method to perform a transient analysis for the quantum mechanical
density matrix-based microscopic description of the intracell dynamics, while the cell—cell
electrostatic interactions are incorporated within the Hartree approximation [18]. During
each iteration, the CVSE calculates updated values for the coherence vector components,
given the time-dependent tunnelling energy determined by the clock. The coherence
vector formalism uses the Pauli spin matrices to form the basis for the coherence vector.
By solving the matrix differential equations that reflect the evolution of the quantum
mechanical density matrix, the coherence vector is determined. This is accomplished
using an iterative fixed-timestep technique [14]. The timestep must be sufficiently small to
minimise simulation errors and obtain accurate outcomes. The technological specifications
for the physical implementation of the circuits proposed in this study are outlined in
Table 1.

Table 1. The adopted technological parameters.

Parameter Description Value
QD size Quantum-dot size 5 nm
Cell area Dimensions of each cell 18 x 18 nm

Cell distance Distance between two cells 2 nm

Distance between QCA layers

Layer separation . . . 11.5 nm
in multilayer crossing
Clock high Max. saturatlc.)n energy of 9.8 x 10-22]
clock signal
Clock low Min. saturathn energy of 38 x 102 ]
clock signal
. e Relative permittivity of QCA
Relative permittivity materials (GaAs and AlGaAs) 12.9
Radius of effect Maximum interaction distance 80 nm
between cells
Temp Operating temperature 1K

Going into further detail, the microscopic quantum mechanical model represents the
state of a QCA cell using two three-dimensional vectors: the coherence vector and the

i
energy vector. The coherence vector A = (?\X, Ay, 7\2) represents the current state of the cell,
where the parameter A, corresponds to the negative of its polarisation [14]. The energy

vector ? = %[—2}/, 0, ¢], where & is the reduced Planck constant, describes the steady
state of the cell, which indicates how the cell will behave in the future based on its current
tunnelling behaviour (y) and the Coulomb force exerted by neighbouring cells (given by ¢
when expressed as a potential energy).

The kink energy between two cells i and j measures the energy cost of those cells
having opposite polarisations. The polarisation of a cell is determined by the positions of
the two excess electrons in the four quantum dots that form the cell [3]. The polarisation
of a cell can be influenced by the polarisation of its neighbouring cells through Coulomb
interactions, as follows: N

o= ) EiuP M

JEN(i)
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To calculate the current energy E of a QCA cell, the formula E = T; (FIf)) is used,
where T; is the trace operator, H is the Hamiltonian of the cell, and p is the density matrix
of the cell. The Hamiltonian contains terms representing the Coulomb interaction between
electrons in the current cell and its nearest neighbours and the tunnelling between the
quantum dots within the cell. The density matrix p represents the statistical state of the
cell, such as the probability of finding an electron in a certain quantum dot. By taking the
expectation value of H with respect to p, we can obtain the average energy of the cell at any
given time. By exploiting the linearity of the T, operator and using H = —yoy + $po,, we
can calculate the energy dissipation of a QCA cell as a function of time:

B(H) = 2T(1)- A (1), @)

where the function E(#) denotes the current energy of the cell at time ¢ and is essentially
given by the scalar product of the two energy vectors at that point in time.

To calculate the instantaneous power P of a QCA cell, the following expression can be
used:

p— %E(t) _ jt@?(t) K(t)), 3)

Consequently, the total energy dissipation E;,,; of a QCA cell during a complete clock
cycle, with a period T is given as the integral of E(t) over one cycle:

t0+TClk h t0+Tclk d - = d —> —
Ejotal = Pdt' = - A dt’, 4
total ‘/to 2 tO <dt + dt > ( )

The integrand of Equation (3) 1s the scalar product of the derivative of the energy

vector F and the coherence vector ?\ of the cell. This expression describes the amounts
of energy transmitted within the clock Ej; and the neighbouring cells Ejo during a clock
cycle [14-16], which can be calculated as follows:

Ey+Eo— [T (47 )4 5
== v,
ck +Eio =5 ; (dt ) 5)
1 ro+tTax / d
Eclk = E/t <dt(_2y> ')\x> dt,/ (6)
0
1 ro+tTax /' d
Eio == —d A, ) dE 7
10 2/’:0 <dt¢ z) , ()

Moreover, it captures the energy transferred to the environment E,,, within a clock
cycle [14-16]. E;y represents the energy dissipated by a QCA cell during a clock cycle and
can be calculated as follows:

h ortotTaxk /d = — A rtotTax - = —
Eem}_ito <dt )dt ZT/fo {(r'A—F‘F

tanhnth) ] dar, 8)

where 7 is a technology-dependent relaxation time parameter and 1, denotes the thermal
ratio and can be calculated as follows:

s -1
= T -2k T) ©)
As indicated in [15,19], the system relaxes towards the thermal steady-state, and

to ensure the precision of the calculations, energy conservation must hold numerically,
meaning that the total energy must be zero, i.e.,

Etatal = Eeno + Eclk + EIO =0, (10)



Quantum Rep. 2024, 6

45

The default values of QCADesigner-E version 2.2 [14], as displayed in Table 2, were
utilised for the time interval of each iteration step (Tstep) and other simulation parameters.
Previous research studies [14,20-23] indicate that when the default simulation parameters
are used, this tool yields precise outcomes with numerical energy conservation errors of
less than 5%.

Table 2. The employed simulation parameters.

Parameter Description Value
T Relaxation time 1x107 s
Ty Period of the clock signal 1x107%s
T Period of the input signals 1x107%s
Tstep Time interval of each iteration step 1x 107165
Tsim Total simulation time 8x107%s
Yshape Shape of the clock signal slopes Gaussian
Rise and fall time of the clock signal 10
VYslope slopes 1 %10 S

3. Fully Reversible Design Concept

Conventional computing techniques commonly involve irreversible operations, re-
sulting in the deletion of some of the input bits of data during the computational process.
This information loss is accompanied by some dissipation of energy, kgTIn2 per bit erased,
where kg is the Boltzmann constant, and T is the temperature [24], as a consequence of
the second law of thermodynamics. When reversible logic operations are used instead of
typically irreversible computations, a one-to-one correspondence is maintained between
the input and output signals. Thus, from the outset, unlike irreversible computations,
reversible operations have no information loss with an accompanying dissipation of en-
ergy into the environment. However, substantially reducing energy usage in reversible
computing requires preserving reversibility down to the physical level [4]. Therefore, in
both the design synthesis and architecture layout, the implementation of the circuit must
be reversible to avoid energy dissipation.

In recent years, scholars have grown increasingly interested in investigating the
development of reversible QCA circuits [25-28]. Nevertheless, their designs focus on circuit
reversibility at the synthesis level, neglecting the potential loss of information arising from
irreversibility at the physical layout level. In 2020, a novel reversible design technique
was proposed for the synthesis and layout of a combinational QCA half-adder circuit [23].
This innovative approach emphasises preserving reversibility throughout the entire circuit
design process at all levels. The findings of this simulation and modelling research indicate
that combinational QCA designs that maintain reversibility down to the layout level
generate QCA circuits that dissipate less energy than the Landauer theoretical limit of
kpTIn2. However, the authors neglected the need for data synchronisation, which can affect
the precision of a QCA digital circuit’s computations. The current authors have tackled this
important time-synchronisation issue by employing a circuit architecture that is intrinsically
more symmetrical [13]. The novel fully reversible time-synchronised design technique was
subsequently used to investigate, via simulation, more complex combinational QCA logic
circuit designs [20,22] as well as sequential QCA circuits, which have internal feedback
loops by nature [21].

The process of designing QCA circuits typically entails the use of two fundamental
types of logic gates: QCA majority gates and QCA inverters. The inclusion of these two
types of gates is crucial in QCA circuit design because their combination allows for the
implementation of Boolean functions. The ability to construct complex logic functions using
combinations of majority gates and inverters makes QCA a promising technology for future
computing architectures, particularly in areas where minimising power consumption and
maximising speed are critical.
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The QCA inverter is inherently reversible because it possesses a one-to-one relationship
between the input and output signals. Two distinct configurations for QCA inverters are
described in the literature: the single-branch inverter shown in Figure 1a and the double-
branch inverter depicted in Figure 1b. The choice between single-branch and double-branch
inverters in QCA circuits depends on numerous factors, such as size constraints, the desired
computational speed, sensitivity to noise, stability needs, the complexity of the overall
system, and the technology used [13].

® O
O @

oo I
-
® O

(a) (b)

Figure 1. (a) Single-branch inverter. (b) Double-branch inverter. The blue colour indicates the input

® O
O @

o e
® O

cell, the yellow colour indicates the output cell, and the green colour indicates the internal cells.

Conversely, the conventional QCA majority gate is irreversible and features three
inputs and one output, as illustrated in Figure 2. Figure 2a shows a schematic depiction of
the logical design, while Figure 2b shows the cell layout of the conventional three-input
QCA majority gate. Energy dissipation in QCA circuits is primarily attributed to the
use of conventional irreversible majority gates [29]. The three-input majority gate can be
configured as either an “AND’ gate or an ‘OR’ gate by assigning a binary value of ‘0" or 1’
to one of its inputs. Torres et al. [23] have demonstrated that fully reversible 2-bit recycling
QCA “AND’ and ‘OR’ gates can enable the construction of computing circuits with an
energy loss lower than kgTIn2 joules. This is because it guarantees a one-to-one relationship
between its initial and final states.

c e
A —] @ O
[ D M(A,B,C) c >.|2/;‘ 2 ; } M(A,B,C)
T

(a) (b)

Figure 2. (a) Logical synthesis of the conventional three-input majority gate. (b) Physical layout of

the conventional QCA three-input majority gate. The blue colour indicates the input cells, the yellow
colour indicates the output cell, and the green colour indicates the internal cells.

In this paper, a novel fully reversible QCA 8:1 multiplexer circuit with ultralow
energy consumption is designed by employing the fully reversible time-synchronised QCA
design approach and is subsequently simulated. The proposed novel design approach
uses fully reversible ‘AND” and ‘OR’ gates as its fundamental components. Moreover, the
single-branch inverter is used due to its simplicity, space efficiency, and fast operations.
However, the single-branch inverter operates exclusively with neutral molecules or with
well-engineered zwitterionic molecules that have relatively low profiles [13].

The VLSI hierarchical design process for designing a fully reversible 8:1 multiplexer in
QCA may be broken down into the following stages:

e  Designing a QCA three-input-three-output majority gate. Subsequently, utilise it to
produce reversible “AND’ and reversible ‘OR’ gates.

e  Reversibly designing a QCA 2:1 multiplexer using two reversible AND gates, one
reversible OR gate, and one single-branch inverter.

e  Reversibly designing a QCA 4:1 multiplexer containing three reversible QCA 2:1
multiplexers.
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e  Reversibly designing a QCA 8:1 multiplexer containing two reversible QCA 4:1 multi-
plexers and an additional single reversible QCA 2:1 multiplexer.

Synchronisation of the data flows in logic circuits is crucial for ensuring accurate data
transmission and functioning. For QCA circuits, an external clock is applied to modify
the strength of the tunnelling barriers between QCA cells, allowing control of the timing.
Numerous timing and clocking schemes have been suggested to govern the transfer of
information in QCA circuits [30-32]. Data flow synchronisation in our proposed circuit is
achieved by utilising the unified, standard, and efficient (USE) timing approach [32]. The
USE timing approach possesses a high degree of flexibility, allowing it to effectively meet
the requirements of QCA circuit design. These requirements include the incorporation of
feedback channels with varying loop sizes, the establishment of standardised cell libraries,
and the promotion of simplified routing. The USE clocking system consists of four time
zones labelled from 1 to 4. Each time zone consists of a cluster of five-by-five QCA
cells and represents a distinct time period. The combination of these four time zones
constitutes a complete clock cycle. The reader is referred to the previous papers [11-14] for
further details.

One of the most challenging issues encountered when designing digital logic circuits
pertains to the handling of wire junctions. In this study, the wire-crossing problem is solved
using the multilayer technique developed by Bajec and Pecar [33]. This technique is used
to design a reversible QCA 8:1 multiplexer circuit with three distinct layers to solve the
wire junction issue.

4. Design Process of the Proposed Fully Reversible QCA 8:1 Multiplexer

The primary goal of this study is to create a reversible QCA 8:1 multiplexer circuit that
has exceptionally low energy consumption. Hence, a fully reversible design methodology
that inherently overcomes the information loss issue is utilised. The design process involves
several stages of development and represents an application of hierarchical design.

4.1. Reversible Fundamental Logic Gates

The three-input majority gate is the fundamental logic gate used in QCA circuits.
It determines the majority value among its three inputs, i.e., it exhibits majority voting
behaviour. It is mathematically represented in Equation (11).

M(A,B,C) = AB + AC + BC, 11)

The three-input majority gate is programmed to produce an “AND’ gate or an ‘OR’
gate by setting a binary value of ‘0" or ‘1’ to one of its inputs. Thus, fixing input C in
Equation (11) to the value of ‘0’ can produce an “AND’ gate with the Boolean expression
given in Equation (12).

M(A,B,0) = A'B, (12)

Also, fixing input C in Equation (11) to the value of ‘1’ results in the generation of an
‘OR’ gate with the Boolean expression given in Equation (13).

M(A,B,1) = A+B, (13)

The majority gate is widely recognised as the principal contributing factor to energy
dissipation in QCA circuits [29]. The conventional majority gate in QCA is inherently
irreversible because it has three input pins and only a single output pin. As a result of
the information loss corresponding to the two ‘missing’ output pins, the second law of
thermodynamics demands that heat be dissipated into the environment. Consequently,
our initial focus was on developing a majority gate with three inputs and three outputs, as
demonstrated in Figure 3. This three-input-three-output majority gate replicates the data
for two inputs, labelled A and B, into two outputs, labelled A Copy and B Copy, resulting in
an overall situation with equal numbers of binary inputs and outputs. Figure 3a illustrates
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a schematic depiction of the logical design, while Figure 3b shows the cell layout design of
the QCA three-input-three-output majority gate.

A clock zone

containing five-by-five [ mEEGTeIC el
QCA cell spaces ™ .> A Copy

A — A Copy ® O
O @O @O @0 @
c M(A,B,C)
M ( ) C’.‘o o‘o olle oHa o > MiaB0)
B — B Copy
| R
A

B

(a) (b)

Figure 3. (a) Logical synthesis of the three-input-three-output majority gate. (b) A USE clock zone
containing the physical layout of the QCA three-input-three-output majority gate. The blue colour
indicates the input cells, the yellow colour indicates the output cell, and the green colour indicates

the internal cells.

Subsequently, we utilised this majority gate to generate fully reversible "AND’ and
‘OR’ gates that recycle two input bits. The recycling of two input bits can make the QCA
"AND’ gate and ‘OR’ gate reversible [23]. The functionality of the three-input-three-output
majority gate is determined by the input labelled C.

Assigning input C to ‘0’ can produce a reversible “AND’ gate, as shown in Figure 4.
Figure 4a illustrates a schematic depiction of the logical design, while Figure 4b shows the
cell layout design of the fully reversible QCA AND gate.

A
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(@) (b)

Figure 4. (a) Logical synthesis of the reversible AND gate. (b) A USE clock zone containing the
physical layout of the reversible QCA AND gate. The blue colour indicates the input cells, the yellow
colour indicates the output cells, the green colour indicates the internal cells, and the orange cell with
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two electrons in the upper left and bottom right represents the cell with a fixed value of ‘0".

On the other hand, assigning input C to ‘1’ can produce a reversible ‘OR’ gate, as
shown in Figure 5. Figure 5a illustrates a schematic depiction of the logical design, while
Figure 5b shows the cell layout design of the fully reversible QCA OR gate.

A A Copy DR
© e|[0 e|[0 e|[C @
1 A+B A+B
OR oooooooo"‘
B B Copy

(@) (b)

Figure 5. (a) Logical synthesis of the reversible OR gate. (b) A USE clock zone containing the physical
layout of the reversible QCA OR gate. The blue colour indicates the input cells, the yellow colour
indicates the output cells, the green colour indicates the internal cells, and the orange cell with two
electrons in the upper right and bottom left represents the cell with a fixed value of ‘1",
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In this research, the fully reversible ‘“AND’ and ‘OR’ gates are the main building
‘blocks’ in the development of fully reversible QCA multiplexers.

4.2. Reversible 2:1 Multiplexer

The next step of the design process for the fully reversible QCA 8:1 multiplexer circuit
is the creation of a fully reversible QCA 2:1 multiplexer circuit, which serves as the central
‘organ’ of the design. This 2:1 multiplexer utilised the fully reversible ‘“AND’ and ‘OR’
gates presented in Section 4.1 as the main building elements. Specifically, the reversible 2:1
multiplexer is composed of two reversible "AND’ gates, one reversible ‘OR’ gate, and one
single-branch inverter, as shown in Figure 6. The circuit synthesis diagram is depicted in
Figure 6a, and the QCA cell layout design is shown in Figure 6b. The delay of the reversible
QCA 2:1 multiplexer is four clock zones, which is equal to one complete clock cycle. This
design requires the use of 56 QCA cells, occupying a total area of 0.09 um?, given the
geometric parameters of the underlying technology specified in Table 1.
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(a) (b)

Figure 6. (a) Synthesis of the proposed reversible 2:1 multiplexer. (b) Layout of the proposed
reversible QCA 2:1 multiplexer (Acp, Bep, Scp, and s op refer to copies of the input data, whereas g1
and g2 indicate garbage outputs).

The Boolean expression given in Equation (14) represents the output of the proposed

2:1 multiplexer circuit in terms of the inputs, and the truth table of the circuit is presented
in Table 3.

Mux = (S-A) + (S-B), (14)

Table 3. The truth table for the 2:1 multiplexer circuit depicted in Figure 6.

S Mux
A
1 B

4.3. Reversible 4:1 Multiplexer

A reversible QCA 4:1 multiplexer circuit is obtained by combining three reversible
QCA 2:1 multiplexer circuits, as illustrated in Figure 7. Figure 7a depicts the synthesis of
the reversible QCA 4:1 multiplexer circuit, whereas Figure 7b shows the QCA cell layout
design. This circuit incorporates a total of 213 QCA cells with a total area of 0.46 um?, given
the geometric technological parameters presented in Table 1. The observed delay duration
is 12 clock zones, which is equivalent to three clock cycles.
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Figure 7. (a) Schematic of the proposed reversible 4:1 multiplexer. (b) Layout of the proposed
reversible QCA 4:1 multiplexer (Acp, Bep, Cep, Dep, SOcp, Slep, SO'cp, and S1'¢p refer to copies of the
input data, whereas g indicate garbage outputs).

Equation (12) gives the output of the proposed 4:1 multiplexer circuit in terms of the
Boolean inputs, and Table 4 displays the corresponding truth table for the circuit.

Mux = (51-((S0-A) + (S0-B))) + (S1-((S0-C) + (S0-D))), (15)

Table 4. The truth table for the 4:1 multiplexer circuit depicted in Figure 7.

S1 S0 Mux
0 0 A
0 1 B
1 0 C
1 1 D

4.4. Reversible 8:1 Multiplexer

Finally, a reversible QCA 8:1 multiplexer circuit can be constructed by utilising two
reversible 4:1 multiplexers and a single 2:1 reversible multiplexer, i.e., seven reversible 2:1
multiplexers in total. The hierarchical design can be divided into three distinct levels, as
seen in Figure 8:

o  Atthefirstlevel, a set of four 2:1 multiplexers generates four output signals dependent
upon the value of S0.

e At the second level, two 2:1 multiplexers produce two outputs, dependent upon the
value of S1.
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e At the third level, a single 2:1 multiplexer generates the final result, dependent upon
the value of S2.

s 1T

S=

[———0 Mux

sl T1:2

+——— Reversible 4:1
multiplexer

\nxad.mwi:z ,L \madmnwc:z u \nwaunwm ,L \vaad.unwv:z /»J—og

(a) (b)

Figure 8. (a) Schematic of the proposed reversible 8:1 multiplexer. (b) Layout of the proposed
reversible 8:1 multiplexer (Acp, Bep, Cep, Dep, Eep, Fep, Geps Heps SOcp, Slep, S2ep, S0'cp, S1'cp, and
S2'¢p refer to copies of the input data, whereas g indicate garbage outputs).

Figure 8a displays the synthesis process of the reversible QCA 8:1 multiplexer circuit,
whereas Figure 8b displays the QCA cell layout architecture. This circuit incorporates a total
of 646 QCA cells, encompassing a total area of 1.36 pm? when the geometric technological
parameters given in Table 1 are employed. The observed delay duration is 22 clock zones,
which is equivalent to 5.5 clock cycles.

Equation (13) expresses the output of the proposed 8:1 multiplexer circuit in terms of
the Boolean inputs, and Table 5 displays the corresponding truth table for the circuit.

(52.(S1.((0-A) + (50-B))) + (S1-((S0.C) + (50-D))))+

M”xgz.(%-((s_of) +(S0-F))) + (S1-((S0-G) + (50-H))))

(16)
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Table 5. The truth table for the 8:1 multiplexer circuit depicted in Figure 8.

S2 S1 S0 Output
0 0 0 A
0 0 1 B
0 1 0 C
0 1 1 D
1 0 0 E
1 0 1 F
1 1 0 G
1 1 1 H

5. Energy Dissipation Simulation Results and Discussion

The energy dissipation of the proposed reversible QCA 8:1 multiplexer circuit was
calculated using QCADesigner-E software version 2.2 [14], applying the technology and
simulation parameters presented in Tables 1 and 2, respectively. Overall, the findings
from the simulation results in Table 6 prove that the energy efficiency of QCA multiplexer
circuits improves significantly when fully reversible ‘“AND’ and ‘OR’ gates are used as a
basic building block. This fully reversible design method, which preserves reversibility
from circuit synthesis to physical layout, is able to mitigate information loss and, in theory,
eliminate the energy dissipation of the circuit [5]. Table 6 highlights the remarkably low
energy dissipation values of the proposed fully reversible designs. Each elementary circuit
used to build the 8:1 multiplexer circuit, including the ‘AND’ gate, the ‘OR’ gate, the 2:1
multiplexer, and the 4:1 multiplexer, has an average energy dissipation that is lower than
the Landauer energy threshold of 0.06 meV at a temperature of 1 K.

Table 6. Energy dissipation analysis of the proposed multiplexer. The average energy dissipation
refers to the mean energy value averaged over the various input signal combinations.

Proposed QCA Circuit Total Enefrgn}; ‘I?)issipation Average En(:;ii,] :)issipation
Reversible AND gate 0.009 0.003
Reversible OR gate 0.009 0.002
Reversible 2:1 multiplexer 0.112 0.014
Reversible 4:1 multiplexer 0.525 0.057
Reversible 8:1 multiplexer 427 0.397

Table 7 displays the numbers of inverters, ‘AND’ gates, ‘OR’ gates, and QCA cells used
in the construction of the proposed multiplexers. Moreover, it compares the performance
among the proposed 2:1, 4:1, and 8:1 multiplexers in terms of the occupied area and
delay time.

To provide a thorough energy analysis of energy consumption, we compare the
proposed multiplexer circuits’ energy efficiency to that of others in the literature that use
the same standard technological parameters presented in Table 1. The energy efficiency
of our proposed fully reversible QCA 2:1 multiplexer circuit is compared with the energy
values reported previously in the literature. The results are presented in Table 8 and Figure 9.
The simulation of our fully reversible QCA 2:1 multiplexer circuit shows a 98% reduction
in energy dissipation compared with the most energy-efficient QCA 2:1 multiplexer circuit
design previously proposed [34].
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Table 7. Multiplexers cost comparison.

Q.C A Used Used Used QCA Area Dealy
Multiplexer Inverters AND OR Gates Cells (um) (Clock
Circuit v Gates H Cycle)
Reve.r51b1e 2:1 1 5 1 56 0.09 1
multiplexer
Reversible 41 3 6 3 213 0.46 3
multiplexer
Reversible 8:1 7 14 7 646 1.36 55
multiplexer

Table 8. Energy dissipation comparison of the 2:1 multiplexer circuit.

QCA 2:1 Multiplexer

Total Energy Dissipation

Average Energy Dissipation

(meV) (meV)
[35] 16.20 1.38
[36] 15.20 1.38
[37] 13.86 1.29
[38] 12.40 1.14
[39] 11.30 1.02
[34] 8.91 0.810
Proposed 0.112 0.014
Proposed I %‘%]142

Rezai, et al. 2023

Khan, A.; Arya, R. 2022

Khan, A.; Mandal, S. 2019

Asfestani, M.N.; Heikalabad, S.R. 2017

QCA 2:1 Multiplexer

Jeon, J.C. 2021

Ahmadpour, S.; Mosleh, M. 2018

Average Energy Dissipation (meV)

0.81

I S .O1

1.02

I 1.3

1.14

I 1 4

Energy Dissipation

M Total Energy Dissipation (meV)

Figure 9. Energy dissipation comparison of the 2:1 multiplexer circuit [34-39].

Table 9 and Figure 10 present the simulation results for our new fully reversible QCA
4:1 multiplexer circuit alongside the energy dissipation results from previous research
endeavours. Our proposed fully reversible QCA 4:1 multiplexer circuit design exhibits
a 97% improvement in energy efficiency compared to the most energy-efficient design
previously reported [34].
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Table 9. Energy dissipation comparison of the 4:1 multiplexer circuit.
. . Total Energy Dissipation Average Energy Dissipation

QCA 4:1 Multiplexer (meV) (meV)

[40] 97.1 15.65
[41] 27.73 4.76
[42] 19.42 2.54
[34] 17.9 1.63

Proposed 0.525 0.057

Proposed 7

QCA 4:1 Multiplexer

| 0525

1.63
Rezai, et al. 2023

AlKaldy, et al. 2020

Majeed, et al. 2020

Bahar, A.N.; Wahid, K.A. 2020

I

_________JRERH

Energy Dissipation

Average Energy Dissipation (meV) B Total Energy Dissipation (meV)

Figure 10. Energy dissipation comparison of the 4:1 multiplexer circuit [34,40—-42].

Table 10 and Figure 11 compare the energy dissipation results from different previous
simulation studies with those for our novel fully reversible QCA 8:1 multiplexer circuit.
The results illustrate an 89% decrease in power consumption compared to the previous
most energy-efficient QCA 8:1 multiplexer circuit design [34].

Table 10. Energy dissipation comparison of the 8:1 multiplexer circuit.

QCA 8:1 Multiplexer Total Ene:‘ﬁlye 5;ssipation Average En(:;%i,; :)issipation
[43] 1110 370
[44] 700 250
[37] 205 53
[45] 108 46
[34] 39.3 3.58
Proposed 427 0.397
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QCA 8:1 Multiplexer

Asfestani, M.N.; Heikalabad, S.R. 2017

Mardiris, V.A.; Karafyllidis, I.G. 2010

0397
Proposed
| 427

3.58

Rezai, et al. 2023 .

46

Ahmadpour, et al. 2022 -

53

I 005

250

Sen, et al. 2015
I 700

370

N 1110

Energy Dissipation

Average Energy Dissipation (meV) M Total Energy Dissipation (meV)

References

Figure 11. Energy dissipation comparison of 8:1 multiplexer circuit [34,37,43-45].

6. Conclusions

Reducing power consumption is a primary concern in the design of digital computer
circuits for both mobile and cloud server applications. To achieve highly energy-efficient
digital computing circuits, a design approach that ensures reversibility throughout the
synthesis and physical layout stages must be employed. Multiplexers are crucial basic
components in many digital circuits. The primary objective of this work was to design an
8:1 multiplexer circuit that exhibits exceptionally low power consumption. First, a novel,
fully reversible QCA 2:1 multiplexer circuit was devised. This fully reversible QCA 2:1
multiplexer circuit then served as the foundational building block for the development of
fully reversible QCA 4:1 and 8:1 multiplexer circuits through hierarchical design techniques.
The power dissipation was simulated using the QCADesigner-E software tool, which
provides a microscopic description of QCA physics with a treatment of the quantum
mechanical mechanisms within a cell, the electrostatic interactions between cells, and a
phenomenological model of heat dissipation to the environment. The findings of this study
indicate that with the simulation parameters given in Table 2, the fully reversible QCA 2:1,
4:1, and 8:1 multiplexers designed and simulated in this study dissipate 98%, 97%, and
89% less energy, respectively, than the most energy-efficient multiplexer circuits previously
reported utilising the same standard technological parameters listed in Table 1.
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