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Abstract: Quantum-dot cellular automata (QCA) are a promising nanoscale computing technology that
exploits the quantum mechanical tunneling of electrons between quantum dots in a cell and electrostatic
interaction between dots, in neighboring cells. QCA can achieve higher speed, lower power, and smaller areas
than conventional complementary metal-oxide-semiconductor (CMOS) technology. Developing QCA circuits
in a logically and physically reversible manner can provide exceptional reductions in energy dissipation. The
main challenge of reversible QCA design is to maintain reversibility down to the physical level. The arithmetic
logic unit (ALU) is an essential component of the central processing unit (CPU) of a computer. It performs
various arithmetic and logical operations on the data that the CPU processes. Current QCA ALU designs are
either irreversible or logically reversible; however, they lack physical reversibility, a crucial requirement to
increase energy efficiency. In this paper, we present a novel multilayer design for a logically and physically
reversible QCA ALU based on majority gates as the key components, which can perform 16 different
operations. We use QCADesigner-E software to simulate and evaluate energy dissipation. The proposed
logically and physically reversible QCA ALU offers an improvement of 88.8% in energy efficiency. Compared
to the next most efficient 16-operation QCA ALU, this ALU uses 51% fewer QCA cells and 47% less area.

Keywords: quantum-dot cellular automata (QCA); arithmetic logic unit (ALU); reversible; energy
dissipation

1. Introduction

Heat dissipation in conventional complementary metal-oxide-semiconductor (CMOS)
technology is a major challenge for the design and operation of integrated circuits (ICs). As CMOS
technology scales down, the power density and the operating temperature increase, which can
degrade the performance, reliability, and lifetime of devices [1,2].

Conventional computational processes usually involve irreversible operations that erase some
input bits of information during the process. In 1961, Landauer [3] proved that irreversible
computations cause information loss and involve an amount of heat dissipation of ksTIn2 per bit
erased, where ks is the Boltzmann constant and T is the temperature. In 1996, Gershenfeld [4] argued
that the actual amount of energy dissipated due to information loss is much higher than Landauer’s
lower bound . As nanoelectronic circuits and systems decrease in size and become more efficient,
their energy dissipation levels approach Landauer’s limit. Therefore, to continue the trend of
reducing power consumption and to reach Landauer’s lower bound, unconventional computation
methods, that allow for reversible logic operations without information loss, are needed [5].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Reversible logic operations, which have a one-to-one correspondence between the number of
input and output signals, are a promising alternative to conventional irreversible computations that
lose information and consequently dissipate heat into the environment. In 1973, Bennett [6] showed
that reversible computations can theoretically avoid information loss and achieve zero energy
dissipation. Reversible computing is a paradigm of computation that allows computational processes
tobe reversed in time, recovering previous states of the system. This property is essential for avoiding
the increase in physical entropy and the associated energy dissipation that occurs when information
is erased irreversibly. However, substantial energy reductions in reversible computing can only be
obtained by maintaining reversibility down to the physical level [7]. This means that not only the
logical operations but also the physical devices and circuits, that implement them, must be reversible,
to avoid energy dissipation.

Quantum-dot cellular automata (QCA) are a promising nanotechnology for implementing
digital circuits that are logically and physically reversible and overcome the drawbacks of
conventional CMOS-based very large-scale integration (VLSI) technology, including high power
consumption and heat dissipation. In 1993, Lent et al. [8] proposed a physical implementation of
digital computation using quantum dots. QCA employs field-coupled nanotechnology (FCN), which
encode information as the electron orientation polarity within quantum-dot cells and can be
propagated to neighboring cells using the electrostatic interaction [9]. The basic units in QCA circuits
are QCA cells, which consist of four quantum dots placed at the corners of a square. Each cell has
two free electrons that can tunnel between quantum dots, to represent two binary configurations. The
two electrons tend to be located at opposing corners due to their electrostatic interactions. As
illustrated in Figure 1, the QCA cells can be in one of two states: cell polarizations of P = -1 or +1,
which represent binary information of 0 and 1, respectively. Using arrays of quantum dots, QCA
encodes binary information as the polarization of electrons. The specified circuit layout and
electrostatic interactions among adjacent cells permit logic function implementation, and numerous
studies have investigated QCA as a future computing technology [10-12].

QCA cell
™ Quantum-dot

unneling Junction

" Electron

P=+1
Binary 1

Figure 1. QCA cell polarization.

The arithmetic logic unit (ALU) is an essential component of the central processing unit (CPU)
of every computer system, that performs digital logical and arithmetic operations with binary
numbers. Combinational logic circuits are commonly utilized in the process of developing ALU
circuits. The majority of the current QCA ALU designs in the literature are irreversible, yet reversible
circuits are known to increase energy efficiency. Recently, numerous studies on reversible QCA ALU
designs have been conducted [13-18]. However, these studies have addressed reversibility only at
the logical level and have not treated information loss at the physical layout level. These studies used
either well-known logically reversible gates, such as the 3 X 3 Fredkin gate or the 2 X 2 Feynman gate,
or newly suggested logically reversible gates, to design reversible ALUs. The equal number of input
and output pins on the netlist of these designs is insufficient to make them physically reversible and
obtain ultralow-energy dissipation ALUs. This is because the internal majority gates that make up
these ALUs are not reversible, i.e., the number of input and output pins for each internal majority
gate is not the same. In 2020, Torres et al. [19] designed and simulated a logically and physically
reversible QCA half-adder circuit for the first time using QCADesigner-E software, a QCA circuit
implementation and simulation platform pioneered by Torres et al. [20]. QCADesigner-E calculated
the energy dissipation values of the QCA half-adder circuit and confirmed that the logically and
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physically reversible combinational QCA circuits could be operated with near-zero energy
dissipation, i.e., values lower than ksTIn2 per operation. Later, researchers implemented this
technique to develop more sophisticated combinational QCA logic circuits, as well as sequential QCA
circuits, characterized by feedback loops [21,22]. In this study, we present the first implementation of
the logically and physically reversible QCA design approach, to developing a multilayer reversible
QCA ALU. This ALU design relies mainly on the majority gate as the core building block and uses
the universal, standard, and efficient (USE) clocking scheme to synchronize data propagation. Our
simulation results confirm that the logically and physically reversible design technique can yield an
ultralow energy dissipation QCA ALU. The remainder of this paper is organized as follows: In
Section 2, QCA clocking schemes are reviewed. In Section 3, the energy behavior of QCA cells is
examined. In Section 4, the logically and physically reversible design method is defined. In Section 5,
the multilayer logically and physically reversible QCA ALU design and simulation setup are
described. Then, the simulation results are discussed in Section 6, and the conclusions of the study
are stated in Section 7.

2. QCA Clocking Schemes

To ensure proper data transfer and operation in logic circuits, clocking control plays a vital role
in coordinating data flow. For QCA, an external clock is needed to change the tunnelling barrier
strength between the QCA cells and achieve clocking control. Various clocking and timing methods
have been proposed to regulate the data propagation through QCA circuits.

In 1997, Lent and Tougaw [9] proposed a method of adiabatic switching that enables time
control, solves metastability issues, and facilitates pipelined construction for QCA circuits [9]. This
clocking method enables the QCA array to be divided into groups of cells called clock zones,
providing the benefits of multiphase clocking and pipelining. With the clock zone system, a group of
QCA cells can execute a computation, have its states frozen, and feed its results into the next clock
zone, as inputs. Furthermore, partitioning the QCA wire into zones is similar to splitting it into
multiple tiny wires, as allowing the QCA wire length to grow can increase the likelihood that cells
will not switch correctly, due to thermodynamic constraints [23].

Figure 2 is a schematic representation of the four phases of an adiabatic pipelining cycle. Each
box represents the condition of a subsystem of multiple cells. Each cell in the subsystem has the same
gate regulating the inter-dot barriers. The schematic cell on the left within each frame represents the
state of the cells at the commencement of this clock phase, whereas the cell on the right represents
the state of the cells at the end of this clock phase. We emphasise that although only two cells are
depicted in each subarray, they are representative of a greater number of cells. Throughout the first
phase, known as the switch phase, the cells are initially unpolarized and have low barriers, but during
this phase, the barriers are elevated and the cells become polarised according to the state of their
driver. This is the phase of the clock during which computations are performed. By the end of this
phase of the cycle, the barriers are sufficiently high to prevent tunnelling, and the cell states are
essentially fixed. During the subsequent clock phase, the hold phase, the barriers are held at this high
value so that the subarray's outputs can be used as inputs for the subsequent stage. Next, during the
release phase, the barriers are lowered and the cells are permitted to enter a depolarized state. During
the fourth phase of the clock, the relaxed phase, the cell barriers remain reduced, maintaining the
cells' neutral, unpolarized state. After this fourth phase, the subsystem will repolarize and revert to
the initial clock phase, starting a new cycle.

EEEE |

Switch Hold Release Relaxed

Figure 2. Adiabatic pipelining phases.
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In the adiabatic switching method the input states are switched gradually while the interdot
barriers of the cells are modulated simultaneously across the entire array, thus keeping the system
always in its instantaneous ground state. Furthermore, QCA clocking can be used to synchronize the
information, avoiding having a signal reach a logic gate and propagate before other inputs reach the
gate. These characteristics are extremely important for QCA circuits, guaranteeing their correct
operation. However, there are many limitations to implementing this one-dimensional adiabatic
switching paradigm, such as a substantial difference in wire lengths, clock zones with nonuniform
capacity, a large difference in the number of cells between zones preventing the implementation of
feedback paths, and unused area [24].

In 2007, a two-dimensional QCA clocking method was proposed by Vankamamidi et al. [25].
The two-dimensional QCA clocking method can achieve higher performance and lower power
consumption, than a one-dimensional QCA clocking method, by exploiting the spatial and temporal
parallelism of QCA circuits. This clocking scheme takes zone size into account and comprises a grid
of square zones that are equal in size, thus preventing thermodynamic effects on QCA circuits. The
overhead of feedback channels, however, remains a major challenge [24]. Additionally, long lines
between clocking zones in advanced QCA circuits have a negative impact, leading to higher delay
and more sensitivity to thermal fluctuations [24].

In 2016, Campos et al. [24] developed the universal, standard, and efficient (USE) clocking
scheme. The USE clocking approach can meet the QCA cell requirement, implement feedback paths
with small or large loops, standardize cell libraries and allow for routing simplification due to its
flexibility. Figure 3 shows the USE clocking system, which consists of four time zones numbered from
1 to 4. These four time zones constitute a complete clock cycle. Data flows between QCA cells in
neighboring clock zones, shown here as squares. Each square represents a clock zone and comprises
a cluster of 5 x 5 QCA cells.

Aclock zone
contains 5 X 5 QCA
cell places

Figure 3. The USE clocking scheme (squares represent clock zones, and arrows show data flow).

To balance the speed of data transmission and ensure that the data arrival time is accurate for
each logic gate in the circuit, clock synchronization is an essential metric [26]. It is crucial to
distinguish between local and global synchronization when evaluating QCA circuits. Local
synchronization necessitates that data transmission be restricted only between cells in clock zones with
consecutive numbers. Global synchronization ensures that new data are transmitted to the primary
inputs of the circuit during each clock cycle; thus, the inputs of all gates are synchronized for at least
one clock cycle prior to the arrival of new data. Most researchers emphasize that local
synchronization is an essential requirement to include when developing QCA circuits [26-29].
However, the literature on global synchronization is contradictory. Despite many related assertions
highlighting the significance of global synchronization [27,28], some studies argue that global
synchronization is not a compulsory constraint for QCA circuits [29].

Real clocking is a crucial feature of developing QCA circuits, as it may significantly reduce
production costs and simplify the physical implementation of QCA circuits. The real clocking concept
was incorporated into the QCA clocking techniques in either pipeline style [25] or dynamic style
[24,29]. The real clocking approach, with efficient clustering and placement, was recently developed
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for complicated circuits that are based on five-input majority gates [30]. The real clocking technique
is generally efficient for QCA circuits that use majority gates with more than three inputs [30].

In this study, the proposed multilayer logically and physically reversible QCA ALU design
employs the USE clocking scheme [24] to precisely regulate the dataflow between the cells and
prevent the system from being stuck in a metastable state. Because of its flexibility, the tile-based USE
clocking methodology enables the creation of feedback paths with small or large loops, simplifies the
routing process, and creates clock zones with uniform, regular, and bounded forms. Furthermore,
current integrated circuit design and fabrication technologies can be utilized to realize USE clocking
circuitry. In complex QCA digital circuit designs, clock synchronization, both local and global, is
essential to ensure the balance of the data propagation speed and guarantee that the data arrival time
is correct for the next stage in the circuit [31]. The absence of clock synchronization constraints can
lead to the generation of inaccurate bits in the next stage, resulting in incorrect data transmission. In
our proposed ALU, data are transferred between cells in consecutively numbered clock zones.
Furthermore, the input data for each logic gate arrives within four clock phases, i.e., during the same
clock cycle. This guarantees that our ALU design is both locally and globally synchronized and
should generate correct computation results.

3. Energy Behavior of QCA Cells

QCA cells start the clock cycle in a depolarized state. They need energy from the clock to reach
a polarized state. Most of this energy goes back to the clock and other cells when the cell depolarizes
again, at the end of the clock cycle. However, some energy is dissipated to the environment. To study
the energy loss of QCA cells, the microscopic quantum mechanical model of QCA cell behavior based
on the coherence vector formalism is employed [20,31-33].

In the microscopic quantum mechanical model, incorporated in the QCADesigner-E software
package, the state of a QCA cell is captured by two three-dimensional vectors: X and T'. The
coherence vector A = (AX,Ay, )\Z) represents the expectation value of the Pauli matrices within the
density matrix formalism and reflects the current state of the cell, where —A, corresponds to

polarisation [20]. The energy vector = % [—2Y,0,¢], with i being the reduced Planck constant, is

_(*
Hi_(—y —%¢>’ @

The cell Hamiltonian involves matrix elements describing the tunneling coupling (y) between
dots and the Coulomb force exerted by neighboring cells (¢).

The kink energy between two cells, i and j, measures the energy cost of having opposite
polarizations. The polarization of a cell is determined by the position of the two excess electrons in
the four quantum dots that form the cell. The polarization of a cell can be influenced by the
polarization of its neighboring cells through Coulombic interactions given by:

= EY P,
®=D, o FihucP @

¢ indicates Coulombic interactions with neighbourhood cells of the cell N(i) and this
interaction depends on the polarization of the other cells P; as well as the kink energy between cells

derived from the Cell Hamiltonian:

iandj.

To calculate the expectation value of the energy E of a QCA cell, the formula E = Tr(H.p) must
be used, where Tr is the trace operator, H is the Hamiltonian of the cell, and p is the density matrix
of the cell. The Hamiltonian describes the tunneling coupling within a cell, and the Coulomb
interaction between electrons and the external electric field due to the clock. 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. Exploiting the linearity of the Tr operator and using H = —yo, +
¢$o,, we can model the energy dissipation of a QCA cell as a function of time:
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This expression allows us to represent the instantaneous power P of a QCA cell as:
P—dEt—d(hft Xt) (4)
=SB0 =< (3F© 1)

The function E(t) denotes the current energy of the cell at time t and is essentially given as the
scalar product of the two energy vectors at that point in time. Consequently, the total energy
dissipation of a QCA cell E;y, during a complete clock cycle with period T, is given as the
integral of E(t) over one cycle:

to+Tek A (tTak d , ., do .
E l:f Pdt:—f (—F-H—A-r)dt, 6)
et 2 ), dt dt

0

The integrand of Equation (3) is the scalar product of the derivative of the energy vector [ and
the coherence vector A of the cell. This expression can describe the energy transmission within the
clock E. and neighbouring cells E;, that occurs during a clock cycle [20,31,32] and can be
calculated as:

A (otTax ,d ,
e + Bio = 5 f O (57 %) a ©)
1 rtotTek ,d
] R CC RN 7)
1 rtotTexk , g
Bo=z ] (Gon)e ®

Moreover, it can capture the energy transfer to the environment E,,, within a clock cycle
[20,31,32]. E,p, represents the dissipated energy of a QCA cell during a clock cycle and can be
calculated as:

R totTeak ,d ,
Een,,=5ft0 (54 F)ae
A to+Tcik Lo .
=%, [(T -2+ |T|tanh n,,)]dt ©)

A rtotTcik
o R (COR PN
to

where T refers to a technology-dependent relaxation time parameter and 7,, denotes the
thermal ratio and given by:

_ AT
Nen = 2kpT’

(10)

As indicated in [32,34], the system is always approaching the thermal steady state; thus, to
ensure the validity of the calculations, there must be numerical energy conservation, i.e., the total
energy must be zero:

Etotal = Eenv + Ecik + Ejp =0, (11)

4. Logically and Physically Reversible Design Methodology

Designing logically and physically reversible QCA circuits is quite challenging, as it requires a
sophisticated technique that guarantees that reversibility is sustained from the logical to the physical
level of the design. The term "logically reversible" is used to describe a netlist in which the number
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of input and output pins is the same. However, this does not guarantee that the utilized QCA internal
logic gates, composed of majority gates, are also reversible, with the same number of input and
output pins. "Physically reversible" means that each and every majority gate component, in the
circuit, must have the same number of input and output pins. Consequently, there is both no
information loss and no associated energy dissipation into the environment. Indeed, reversible
computing is an effective low-power technique, only if reversibility is sustained down to the physical
layout level [7].

The implementation method in this study for designing the proposed logically and physically
reversible QCA ALU circuit comprises two main stages: developing the circuit at the logical level
(synthesis) and then developing the circuit at the physical level (layout) based on QCA
interconnected devices, as shown in Figure 4.
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Figure 4. Logically and physically reversible QCA circuit design methodology.

At the logical level, the circuit design is composed of structural and behavioral descriptions. The
structural description comes first, describing and generating a netlist of the circuit. The behavioral
description follows, describing the design as a set of input—output relations. Finally, simulations are
performed to validate the circuit synthesis. Logisim software was utilized at this stage to develop
circuit synthesis and conduct behavioral simulations.

The physical level represents the circuit transition from synthesis to a QCA layout, which is the
physical representation of the circuit. This process started with the pins’ locations, gate placement,
and routing. Next, layout verification is performed to validate that the layout reflects the circuit
synthesis design. Finally, post layout simulation is performed to validate both the circuit performance
and reliability, as well as evaluate the energy dissipation values. For this purpose, the widely used
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QCA technology-based computer-aided design (TCAD) tool QCADesigner was employed in this
study. QCADesigner implements the coherence vector simulation engine (CVSE), which incorporates
the quantum-level microscopic physical modelling of the QCA cell performance (see section 3) [35].
QCADesigner is used to evaluate the QCA circuit’s performance, area cost, latency, and reliability.

In QCA circuits, the main source of energy dissipation is the majority gate [36]. The conventional
QCA majority gate is irreversible; it has three inputs and one output, as shown in Figure 5. Therefore,
it has energy dissipation into the environment associated with information loss. Figure 5a depicts the
logical design (schematic), whereas Figure 5b depicts the physical design (layout) of a standard
irreversible majority gate.

M /\— MIABC)

.

B L

(a)

Figure 5. (a) Logical synthesis design of the standard irreversible majority gate, (b) physical layout

design of the standard irreversible QCA majority gate.

To develop a highly energy efficient QCA ALU in this study, the logically and physically
reversible design approach was taken for designing a fully reversible majority gate, which is the key
component in our design. The fully reversible majority gate generates copies of the input data,
resulting in the same binary inputs and outputs. The proposed fully reversible QCA majority gate
illustrated in Figure 6 generates copies of the input data and has three inputs and three outputs.
Therefore, there is no information loss and no associated energy dissipation to the environment. Fig.
6a illustrates the logical design (schematic), while Figure 6b illustrates the physical design (layout) of
the fully reversible QCA majority gate design.

A ——\\— A Copy
c M S MIABL)
g

B —

B Copy

(a)

Figure 6. (a) Logical synthesis design of the eversible majority gate, (b) physical layout design of the
reversible QCA majority gate.

To simulate the energy dissipation levels for QCA designs, an appropriate tool is needed.
Presently, two TCAD tools are available for simulating the energy dissipation of QCA circuits:
QCADesigner-E, which was introduced by Torres et al. [20], and QCAPro, which was developed by
Srivastava et al. [31]. The QCAPro simulation tool requires an ideal clock slope and can yield a higher
limit for energy dissipation. In contrast, QCADesigner-E can accurately calculate the energy
dissipation values. The QCADesigner-E simulation tool is based on the widely used QCADesigner
software package. The QCADesigner-E tool was selected to simulate the energy dissipation of the
proposed logically and physically reversible QCA ALU design, owing to its incorporation of a proper
energy dissipation treatment based on the application of quantum mechanics QCA cells, a rigorous
microscopic treatment. Moreover, QCADesigner-E extends the CVSE model of QCADesigner to
include power dissipation.
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The CVSE is a fixed timestep transient analysis, where new values for the components of the
coherence vector and the tunnelling energy are calculated in each iteration step. The evolution of the
coherence vector A is determined by solving the differential equations that represent the evolution of
the quantum mechanical density matrix using an iterative fixed timestep approach [20]. The cell
polarization is identical to the coherence vector component, while the kink energies are precomputed
values determined by the design architecture. The kink energy of a pair of cells is a static measure
determined by the electrostatic interactions between all the charges of both cells. The time interval of
each iteration step (Tsty) and other technology and simulation parameters need to be adjusted to
adapt to a specific QCA circuit design.

In the present research, the time interval used for each iteration (Tstp) was 0.1 7= 0.1 fs, where 7 is
the relaxation time. A sufficiently small timestep is crucial for decreasing the simulation error and
obtaining accurate results. This time step results in simulation errors with an acceptable numerical
energy conservation violation, given by €env < 5%. All the technology and simulation parameters
utilized in this study are listed in Table 1.

Table 1. Technology and simulation parameters used.

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

Cell distance Distance between two cells 2 nm
Layer separation Distance between QCA layers in multilayer crossing 11.5 nm

Clock high Max. saturation energy of clock signal 9.8E-22 ]

Clock low Min. saturation energy of clock signal 3.8E-23 ]
Relative Relative permittivity of material for QCA system (GaAs & 12.9

permittivity AlGaAs)
Radius of effect Maximum distance betwet.en cells whose interaction is 80 nm
considered
Temp Operating temperature 1K

T Relaxation time 1E-15s

Ty Period of the clock signal 1E9s

Tin Period of the input signals 1E9s

Tstep Time interval of each iteration step 1E-16 s

Tsim Total simulation time 8E-9s
Vshape Shape of clock signal slopes GAUSSIAN

Vslope Rise and fall time of the clock signal slopes 1E-10s

Dealing with wire junctions is one of the main challenges in digital design. In QCA technology,
wires can be crossed using the coplanar method, as illustrated in Figure 7a, requiring rotating QCA
cells at the crossing site. Another solution for crossing wires is the multilayer method, as depicted in
Figure 7b, in which three distinct layers are utilized to prevent crosstalk interference between the
crossing wires [37]. Although the coplanar approach is a classic advantage of using the QCA
paradigm and is incorporated into most designs, the use of the multilayer method results in more
robust circuits [38]. In this study, the reversible QCA ALU design employed the multilayer approach
for wire crossing, as proposed by Bajec and Pecar [39].
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Figure 7. (a) Coplanar crossover method, (b) multilayer crossover method.

5. Proposed Logically and Physically Reversible QCA ALU Design

The ALU is a crucial component of the CPU. It can perform various arithmetic and logical
operations on the data that enters the CPU. The ALU receives input data from registers, memory, or
other sources and outputs the result to another register, memory, or device. The fully logically and
physically reversible QCA ALU presented in this study is designed to be ultralow-energy efficient. It
was developed using a variety of combinational logic circuits that are designed based on the fully
reversible QCA majority gate proposed in Figure 6.

The development process began with the creation of a high-level block diagram, as depicted in
Figure 8. The reversible ALU architecture consists of three major components: the logic unit (LU), the
arithmetic unit (AU), and the control unit (CU). The LU performs logical operations on data,
including AND, OR, NAND, NOR, XOR, XNOR, NOT, and transfer. The AU performs arithmetic
operations such as addition, subtraction, multiplication, and division on binary numbers. The CU
specifies the type of operation to be conducted, either arithmetic or logic, according to its input So.

A B 52 51 50
o 0 o 0 0

Arithmetic Unit

O Qutput 1

Control Unit

———— Qutput 2

Logic Unit

Figure 8. Block diagram of the proposed reversible QCA ALU.

The reversible QCA ALU circuit receives two input operands, A and B, and then produces two
output values, Outputl and Output2. By reversing Outputl to Output2, the reversible QCA ALU can
perform two arithmetic or two logical operations simultaneously, giving a total of 16 operations,
including 8 logical and 8 arithmetic operations, as shown in Table 2. Three select input pins, labelled
S0, S1, and S2, are utilized in the process of determining the operation function of the reversible QCA
ALU and which operands to use.
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Table 2. The operations of the proposed reversible QCA ALU.
. Control inputs Output 2
Operation type So S1 Sz Output 1 (Inversion of output 1)
0 0 0 AND NAND
0 0 1 OR NOR
Logi ti LU
ogic operations (LU) 0 1 0 Buffer NOT (Inverter)

0 1 1 XOR XNOR
1 0 0 A+B 1’Complement (A+B)’
1 0 1 Cou A.B

Arithmetic operations (AU) 1 1 0 A’.]; (A'By
1 1 1 A-B (A-BY

Each block's synthesis is carried out first and simulated with the objective of validating the
circuits' behavior. Figure 6a depicts the schematic of a logically and physically reversible majority
gate, which is used as the basic component for circuit synthesis development. Logical synthesis
designs for AU, LU, and CU were developed. The design of logical synthesis includes defining and
generating the netlist and input-output relationships of the circuits. At this point, simulation was
performed using the Logisim software to validate the performance of each circuit synthesis. Note that
in the reversible logic circuit synthesis diagrams, the "cp" labels of the outputs refer to copies of the
input information, and "g" indicates the so-called garbage outputs.

Figure 9 shows the proposed reversible LU. It consists of two reversible majority gates, an XOR
gate, an inverter, a buffer, and a 4-to-1 multiplexer to perform eight logic operations.

A B 52 51
ap
o~ M
wp
A
M [
L
1 E
1:%' & S Qutput 1
. R R [>o——00utput 2

Figure 9. The synthesis of the proposed reversible LU (A¢ and Be refer to copies of the inputs).

Figure 10 illustrates the proposed reversible AU, which consists of a half-adder, a half-
subtractor, two majority gates, an inverter, and a 4-to-1 multiplexer and can execute eight arithmetic
operations.
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A B §2 51

acp

Half-adder [

[

Ty

O Output 1
O Qutput 2

Jaxadiyniy

Half-
subtractor

Figure 10. The synthesis of the proposed reversible AU (A and Bep refer to copies of the inputs).

Then, the internal components required for constructing the reversible LU and AU were
developed. The circuits that compose the proposed reversible LU and AU are the reversible XOR,
half-adder, half-subtractor, and 4:1 multiplexer. Each circuit was meticulously designed, and its
reliability was proven through simulation.

The synthesis of the proposed reversible XOR circuit is shown in Figure 11. This XOR consists
of three majority gates and two inverters. The Boolean expression for the proposed XOR logic circuit
output is the standard one and is given by Equation 12.

Output = (A + B). (A + B), (12)

gl
EE}O Output
82

Acp

>0
o =

Figure 11. The synthesis of the proposed reversible XOR (Acp, Bep, A’cp, and B’cp refer to copies of the
inputs, and gl and g2 indicate so-called garbage outputs).

Four majority gates and two inverters make up the proposed half-adder circuit, as shown in
Figure 12. Equation 13 describes the Boolean expressions for this circuit:
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™
o M o carry
™

Figure 12. The synthesis of the proposed reversible half-adder (A, Bep, A’p, and B’ep refer to copies
of the inputs, and g1 and g2 indicate so-called garbage outputs).

Sum = (A.B) + (A.B
(a5)+ (@) .
Carry = (A.B),
Figure 13 is an illustration of the suggested circuit for the reversible half-subtractor, which
consists of three majority gates and two inverters. Equation 14 provides the definition for the Boolean
equations that describe the design outputs.

Borrow

— - Dff

Figure 13. The synthesis of the proposed reversible half-subtractor (Acp, Bep, A’cp, and B’ep refer to
copies of the inputs, and g1 and g2 indicate so-called garbage outputs).

Diff = (A.B) + (A.B
(R5)+ (1) ”
Borrow = (A.B),
The proposed circuit for the reversible 4-to-1 multiplexer is depicted in Figure 14, which consists
of nine majority gates and three inverters. Equation 15 specifies the Boolean equation that defines the
design's output.
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Figure 14 The synthesis of the proposed reversible 4:1 multiplexer (Acp, Bep, Slep, S2cp, S1'cp, and S2'cp
refer to copies of the inputs, and g variables indicate so-called garbage outputs).

Output = (((ﬁ. A) + (SL.B)). 52) + (((ﬁ. A) + (SL.B)) §) (15)

Next, the logical design of the CU was developed. As shown in Figure 15, a reversible 2-to-1
multiplexer functions as a CU for turning on either the AU or the LU to execute an arithmetic or logic
operation, respectively. This reversible 2-to-1 multiplexer comprises three majority gates and an
inverter. Equation 16 is the Boolean expression for the output of the proposed 2-to-1 multiplexer
circuit.

._E.: Output

Figure 15. The synthesis of the proposed reversible 2:1 multiplexer (Acp, Bep, SOcp, and S0’cp refer to
copies of the inputs, and g1 and g2 indicate so-called garbage outputs).

Output = (A.S0) + (B.S0), (16)

The logical synthesis of the circuits was then transformed into a physical layout that could be
fabricated on a semiconductor chip. The layout development process involves numerous steps,
including partitioning, placement, and routing. By interconnecting an array of QCA cells, the layout
of a QCA circuit was designed. The layout of the logically and physically reversible QCA majority
gate, depicted in Figure 6b, was the basic building block for generating the overall QCA circuit layout.

Initially, we created the layout configurations for the XOR, half-adder, half-subtractor, 2-to-1
multiplexer, and 4-to-1 multiplexer circuits based on the layout of the proposed fully reversible
majority gate, as illustrated in Figures 16-20 respectively. Subsequently, the LU, AU, and CU that
make up the multilayer reversible QCA ALU were built using these ingredient reversible QCA
circuits. The LU, AU, and CU digital circuit blocks were then connected per figure 8 to yield the
proposed reversible QCA-ALU layout. As in the reversible logic circuit synthesis diagrams, the "cp"
designations of the outputs in the reversible QCA circuit layout architectures refer to copies of the

n_n

input information, and "g" indicates the so-called garbage outputs.
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Figure 16. The layout of the proposed reversible QCA XOR (A and Bep refer to copies of the inputs,
and g1 and g2 indicate so-called garbage outputs).
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Figure 17. The layout of the proposed reversible QCA half-adder (A and Bep refer to copies of the
inputs, and gl and g2 indicate so-called garbage outputs).
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Figure 18. The layout of the proposed reversible QCA half-subtractor (A¢ and Bep refer to copies of
the inputs, and gl and g2 indicate so-called garbage outputs).
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Figure 19. The layout of the proposed reversible QCA 2-to-1 multiplexer (Acp, Bep, Scp, and S'cp refer to
copies of the inputs, and g1 and g2 indicate so-called garbage outputs).

Reversible 2:1
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38c ofs <ls o2 sle 2l 2le ) multiplexers
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N

H N
B B -
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Figure 20 The layout of the proposed reversible QCA 4-to-1 multiplexer (Acp, Bep, Cep, Dep, Slep, S1'cp,
S2ep, and S2’cp refer to copies of the inputs, and g variables indicate so-called garbage outputs).

As illustrated in Figure 16, the proposed logically and physically reversible QCA XOR delay
time is eight clock zones (two clock cycles), has an area of 0.15 um?, and employs 101 QCA cells.

Figure 17 shows that the proposed reversible QCA half-adder has a delay of 12 clock zones (three
clock cycles), occupies 0.27 pm? of area, and requires 156 QCA cells for implementation.

The reversible QCA half-subtractor latency is eight clock zones (two clock cycles), costs 0.15 pm?
of area, and its implementation requires 116 QCA cells, as illustrated in Figure 18.

As demonstrated in Figure 19, the reversible QCA 2-to-1 multiplexer has a delay of four clock
zones (one clock cycle) and costs 0.09 um? of area, and its implementation requires 56 QCA cells.

The circuit of a reversible QCA 4-to-1 multiplexer was built through the integration of three 2-
to-1 multiplexers, as shown in Figure 20. This circuit has a delay time of 12 clock zones (three clock
cycles), requires 0.46 um? of area, and uses a total of 213 QCA cells.
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The proposed reversible QCA LU was created by combining three reversible QCA majority
gates, a reversible QCA XOR, and a reversible QCA 4-to-1 multiplexer; see Figure 21. It has a latency
of 14 clock zones (3.5 clock cycles), costs 0.63 um? of area, and requires 380 QCA cells to implement.

geeianed
§ § peie
| FH
# = I‘lll :‘..Ilﬂi -
! ih!l! E El!ll.l. Elim‘=
1HE
= I=l
LG L LD -

: Ellll=l=lllll

CEEE W

Figure 21 The layout of the proposed reversible QCA LU (Slep, S1'cp, S2¢p, and S2’p refer to copies of
the inputs, and g variables indicate so-called garbage outputs).

Figure 22 depicts the integration of two reversible QCA majority gates, a reversible QCA half-
adder, a reversible QCA half-subtractor, and a reversible QCA 4-to-1 multiplexer to create the
proposed reversible QCA AU. Its implementation requires 463 QCA cells, an area of 0.83 um?, and a
delay of 14 clock zones (3.5 clock cycles).
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Figure 22. The layout of the proposed reversible QCA AU (Acp, Bep, Slep, S1'cp, S2¢p, and S2’cp refer to
copies of the inputs, and g variables indicate so-called garbage outputs).

For the development of reversible QCA CU, the reversible QCA 2-to-1 multiplexer, represented
in Figure 19, was used. The CU is crucial for selecting the ALU function, i.e., either an arithmetic or
logical operation.

Finally, by combining the layout configurations of the three components LU, AU, and CU, and
putting in the required QCA wiring lines, the novel reversible QCA ALU was completed, as
illustrated in Figure 23. The proposed reversible ALU implementation requires 1153 QCA cells, costs
2.14 um? of area, and has a delay time of 24 clock zones (6 clock cycles).

i ] Reversible
arithmetic unit
(AuU)

i T
E g, Reversible
| | : control unit
I E (cu)
S :
SR8

Reversible
logic unit

/ (LU)

Figure 23 The layout of the proposed reversible QCA ALU (Acp, Bep, Cep, Dep, Slep, S1”cp, Slep, S17cp, S2cp,
and S2’¢p refer to copies of the inputs, and g variables indicate so-called garbage outputs).

6. Energy Dissipation Simulation Results and Discussion

Energy efficiency is the crucial benefit for designing digital circuits to be logically and physically
reversible. The energy dissipation was calculated for each component of the proposed logically and
physically reversible QCA ALU, including the reversible AND, OR, and XOR gates, as well as for the
reversible half-adder, half-subtractor, 2-to-1 multiplexer, and 4-to-1 multiplexer circuits. In addition,
the energy dissipation of the logically and physically reversible QCA LU, AU, and ALU was
evaluated. The energy dissipation values are calculated using the QCADesigner-E simulation tool.
Table 3 displays a summary of the energy dissipation analysis results. The simulation results
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demonstrated the exceptional energy efficiency achieved when designing QCA circuits using the
physically and logically reversible design technique.

Table 3. Energy dissipation analysis of the proposed reversible QCA ALU.

Proposed logically and physically Total energy dissipation Average energy

reversible QCA circuit (meV) dissipation (meV)
Reversible AND 0.009 0.002
Reversible OR 0.009 0.002
Reversible XOR 0.054 0.014
Reversible half-adder 0.099 0.025
Reversible half-subtractor 0.063 0.016
Reversible 4:1 multiplexer 0.525 0.057
Reversible CU (Reversible 2:1 0112 0.014

multiplexer)

Reversible LU 2.28 0.397
Reversible AU 2.84 0.405
Reversible ALU 6.54 0.908

At a temperature of 1 K, every component, including the reversible AND, OR, and XOR gates,
as well as the reversible half-adder, half-subtractor, 2-to-1 multiplexer, and 4-to-1 multiplexer circuits,
exhibited exceptional energy dissipation values below the Landauer energy limit of ksTIn2.
Moreover, the proposed designs for a logically and physically reversible QCA LU, AU, and ALU
possess ultralow energy dissipation with averages of 0.397 meV, 0.405 meV, and 0.908 meV per
operation, respectively.

Table 4 compares our logically and physically reversible QCA ALU design to the most recent
QCA ALU designs presented in the literature in terms of energy efficiency, number of operations,
occupied area, required QCA cells, and latency. Additionally, this table presents the method used to
deal with wire junctions as well as the reversibility status of each design. The logically and physically
reversible QCA ALU design proposed in this study requires 1153 QCA cells, 2.14 um? of area, and 6
clock cycles of delay to execute 16 operations. The multilayer crossover method, with three different
layers, is used to prevent crosstalk interference between crossing wires.

Table 4. Comparison of performance and energy dissipation. Note that there are only three
references [36,46,47] that calculate the energy dissipation for the QCA ALU.

Delay
. Total Average
. QC | Area | (Cloc Wire & e
Referenc | Operation . energy energy Reversibilit
A (nm?2 k crossin . Lo
e s cells ) cveles dissipatio | dissipatio y
y) & n (meV) n (meV)
[13] 16 2,857 | 4,440 6 Coplanar NG NG Logically
Multil
[14] 8 1097 3.75 e NG NG Logically
3,740 r
Multilaye
[16] 4 332 3 Y NG NG Logically
380 r
[36] 4 452 740 2.5 Coplanar 819.22 79.95 Irreversible
35,59
[40] 16 9 Coplanar NG NG Irreversible
6 11,370
[41] 16 2,370 4,010 6 Coplanar NG NG Logically
Multil
[42] 4 420 3 e NG NG Irreversible
850 r
Multil
[43] 12 485 700 5 Haye NG NG Irreversible
r
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Multil

[44] 4 464 4 e NG NG Irreversible
780 r

[45] 4 1,010 1,860 4.25 Coplanar NG NG Irreversible

Multilaye

[46] 8 231 3 Y 89.40 8.12 Irreversible
280 r

[47] 10 1,069 | 2,340 3 Coplanar 907.01 93.00 Logically

Multilaye Logically &

Proposed 16 1,153 | 2,140 6 6.54 0.908 .
r physically

According to the simulation results, our proposed logically and physically reversible QCA ALU
shows a significant reduction in energy dissipation compared with previous QCA ALU designs.
Figure 24 shows that the proposed QCA ALU consumes 88.8% less energy than the most energy-
efficient QCA ALU designs proposed previously [46].

-
N o
N ~
3 &
0
2
o
s
<
a
2
o M Total Energy (meV)
>
2 0 - M Average Energy (meV)
w y ) )
z R 8 o Y 5 8
m |- [ c e
[36] [46] [47] PROPOSED

QCA ALU DESIGNS

Figure 24 Energy dissipation comparison of QCA ALU designs.

Figures 25 and 26 demonstrate the number of operations, delay time, occupied area, and
required QCA cells for the novel logically and physically reversible QCA ALU design and the
existing designs.
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QCA ALU designs

Figure 25. Number of operations and delay time of the QCA ALU designs.
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Figure 26. Occupied area and number of QCA cells used for designing the QCA ALUs.

Although many previous designs utilized less area, QCA cells, and latency compared with the
proposed ALU in this study, these ALUs performed fewer operations. Thus, for a more precise
comparison, we compared our proposed ALU with QCA ALU designs that can perform a similar
number of operations, as presented in Figures 27 and 28. This comparison demonstrates that the
logically and physically reversible design proposed in this study requires 51% fewer QCA cells, 47%
less area, and a comparable latency compared to the best QCA ALU design previously presented that
can perform 16 operations [41].
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Figure 27. Number of operations and delay time of the QCA ALU designs that perform 16 operations.
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Figure 28. Occupied area and number of QCA cells used for designing the QCA ALUs that perform
16 operations.

7. Conclusion

The present work introduces a brand-new multilayer design of a logically and physically
reversible QCA ALU with exceptionally low energy dissipation values, two orders of magnitude
lower than other designs in the scientific literature. The fact that reversibility is maintained down to
the layout level, which is the physical representation of the circuit, is the major advantage of this
design. Theoretically, this means there is no longer any information loss, and as a result, no energy is
being dissipated into the surrounding environment. In this research, we developed a building block
majority gate that is both logically and physically reversible to create a QCA ALU with very low
power consumption. The multilayer crossover method was used to prevent crosstalk interference
between crossing wires. The USE clocking scheme was used to synchronize the data flow accurately
and guarantee the correct operation of the ALU. The reversible QCA ALU presented here can
perform sixteen distinct operations, half of which are logical and the other half arithmetic. The
simulation of performance and the evaluation of energy dissipation was carried out using the
QCADesigner-E program. To implement 16 operations, the logically and physically reversible QCA
ALU design, proposed in this study, employs 1153 QCA cells, with an area of 2.14 um?, and 6 clock
cycles delay.

The simulation results confirmed that the energy dissipation values of the logically and
physically reversible circuits used in the development of the proposed ALU were exceptionally small,
below the Landauer energy limit of ksTIn2. These circuits included reversible AND, OR, and XOR
gates, as well as reversible half-adder, half-subtractor, 2-to-1 multiplexer, and 4-to-1 multiplexer
circuits. Additionally, the findings from the simulation demonstrated that the proposed logically and
physically reversible QCA ALU showed an improvement in energy efficiency by 88.8% compared
with the recent design of M.Patidar et al. ]. Supercomput. 2023. In addition, when compared to the
most efficient 16-operation QCA ALU designs that were presented before, this ALU design utilizes
51% fewer QCA cells and 47% less area than the other designs.

In the future, the current proposed logically and physically reversible QCA ALU design can be
extended to handle more operations. In addition, it can be expanded to the situation of ultra-energy-
efficient multiple-bit ALU circuits.

Author Contributions: All authors contributed to the study's conception and design. Circuit design,
simulation, and analysis were carried out by MA and examined by all the authors. The first draft of the
manuscript was written by MA, then all authors revised the manuscript. All authors approved the final
manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not Applicable

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hénninen, I.; Takala, J. Binary adders on quantum-dot cellular automata. J. Signal Process. Syst. 2010, 58,
87-103; DOI:10.1007/s11265-008-0284-5.

2. Sen, B.; Sengupta, A.; Dalui, M.; Sikdar, B.K. Design of testable universal logic gate targeting minimum
wire-crossings in QCA logic circuit. In Proceedings of the 2010 13th Euromicro Conference on Digital System
Design: Architectures, Methods and Tools, IEEE: Lille, France, 2010; pp. 613-620.

3.  Landauer, R. Irreversibility and heat generation in the computing process. IBM J. Res. Dev. 1961, 5, 183-191;
DOI:10.1147/rd.53.0183.

4. Gershenfeld, N. Signal entropy and the thermodynamics of computation. IBM Syst. ]. 1996, 35, 577-586;
DOI:10.1147/sj.353.0577.

5. Frank, M.P. Throwing computing into reverse. IEEE Spectr. 2017, 54, 32-37;
DOI:10.1109/MSPEC.2017.8012237.


https://doi.org/10.20944/preprints202307.1563.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2023 do0i:10.20944/preprints202307.1563.v1

23

6. Bennett, C.H. Logical reversibility of computation. IBM J. Res. Dev. 1973, 17, 525-532;
DOI:10.1147/rd.176.0525.

7.  DeBenedictis, E.P.; Frank, M.P.; Ganesh, N.; Anderson, N.G. A path toward ultra-low-energy computing.
In Proceedings of the 2016 IEEE International Conference on Rebooting Computing (ICRC), IEEE: San Diego, CA,
USA, 2016; pp. 1-8.

8. Lent, C.S,; Tougaw, P.D.; Porod, W.; Bernstein, G.H. Quantum cellular automata. Nanotechnology 1993, 4,
49; DOI:10.1088/0957-4484/4/1/004.

9. Lent, C.S,; Tougaw, P.D. A device architecture for computing with quantum dots. Proc. IEEE 1997, 85, 541-
557; DOI:10.1109/5.573740.

10. Lent, C.S.; Tougaw, P.D. Lines of interacting quantum-dot cells: A binary wire. J. Appl. Phys. 1993, 74, 6227—
6233; DOI:10.1063/1.355196.

11. Niemier, M.T.; Rodrigues, A.; Kogge, P.M. A potentially implementable FPGA for quantum-dot cellular
automata. 2002.

12.  Vankamamidi, V.; Ottavi, M.; Lombardi, F. A serial memory by quantum-dot cellular automata (QCA).
IEEE Trans. Comput. 2008, 57, 606-618; DOI:10.1109/TC.2007.70831.

13. Sen, B.; Dutta, M.; Goswami, M.; Sikdar, B.K. Modular design of testable reversible ALU by QCA
multiplexer with increase in programmability. Microelectron. ]J. 2014, 45, 1522-1532;
DOI:10.1016/j.mejo.2014.08.012.

14. Chaves, ].F,;Silva, D.S.; Camargos, V.V.; Neto, O.P.V. Towards reversible QCA computers: Reversible gates
and ALU. In Proceedings of the 2015 IEEE 6th Latin American Symposium on Circuits & Systems (LASCAS),
IEEE: Montevideo, Uruguay, 2015; pp. 1-4.

15. Naghibzadeh, A.; Houshmand, M. Design and simulation of a reversible ALU by using QCA cells with the
aim of improving evaluation parameters. . Comput. Electron. 2017, 16, 883-895; DOI:10.1007/s10825-017-
1004-9.

16. Oskouei, S.M.; Ghaffari, A. Designing a new reversible ALU by QCA for reducing occupation area. J.
Supercomput. 2019, 75, 5118-5144; DOI:10.1007/s11227-019-02788-8.

17. Norouzi, M.; Heikalabad, S.R.; Salimzadeh, F. A reversible ALU using HNG and ferdkin gates in QCA
nanotechnology. Int. |. Circuit Theory Appl. 2020, 48, 1291-1303; DOI:10.1002/cta.2799.

18. Safaiezadeh, B.; Mahdipour, E.; Haghparast, M.; Sayedsalehi, S.; Hosseinzadeh, M. Novel design and
simulation of reversible ALU in quantum dot cellular automata. J. Supercomput. 2022, 78, 868-882;
DOI:10.1007/s11227-021-03860-y.

19. Torres, E.S.; Niemann, P.; Wille, R.; Drechsler, R. Near zero-energy computation using quantum-dot
cellular automata. J. Emerg. Technol. Comput. Syst. 2019, 16, Article 11; DOI:10.1145/3365394.

20. Torres, E.S,; Wille, R,; Niemann, P.; Drechsler, R. An energy-aware model for the logic synthesis of
quantum-dot cellular automata. IEEE Trans. Comput-Aided Des. Integr. Circuits Syst. 2018, 37, 3031-3041;
DOI:10.1109/TCAD.2018.2789782.

21. Alharbi, M.; Edwards, G.; Stocker, R. Novel ultra-energy-efficient reversible designs of sequential logic
quantum-dot cellular automata flip-flop circuits. | Supercomput. 2023, 79, 11530-11557;
DOI:10.1007/s11227-023-05134-1.

22. Edwards, G.; Alharbi, M.; Stocker, R. Design and simulation of reversible time-synchronized quantum-dot
cellular automata combinational logic circuits with ultralow energy dissipation. Int. Trans. ]. Eng. Manag.
Appl. Sci. Technol. 2022, 13, 1-22; DOI:10.14456/itjemast.2022.240.

23. Hennessy, K.; Lent, C.S. Clocking of molecular quantum-dot cellular automata. J. Vac. Sci. Technol. B:
Microelectron. Nanom. Struct. Process. Meas. Phenom. 2001, 19, 1752-1755; DOI:10.1116/1.1394729.

24. Campos, C.A.T.; Marciano, A.L.; Neto, O.P.V.; Torres, F.S. USE: A universal, scalable, and efficient clocking
scheme for QCA. IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst. 2016, 35, 513-517;
DOI:10.1109/TCAD.2015.2471996.

25. Vankamamidi, V.; Ottavi, M.; Lombardi, F. Two-dimensional schemes for clocking/timing of QCA circuits.
IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst. 2008, 27, 34—-44; DOI:10.1109/TCAD.2007.907020.

26. Messerschmitt, D.G. Synchronization in digital system design. IEEE ]. Sel. Areas Commun. 1990, 8, 1404-
1419; DOI:10.1109/49.62819.

27. Huang, ].; Momenzadeh, M.; Lombardi, F. Design of sequential circuits by quantum-dot cellular automata.
Microelectron. J. 2007, 38, 525-537; DOI:10.1016/j.mejo.2007.03.013.


https://doi.org/10.20944/preprints202307.1563.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2023 do0i:10.20944/preprints202307.1563.v1

24

28. Lim, L.A; Ghazali, A.; Yan, S.C.T.; Fat, C.C. Sequential circuit design using quantum-dot cellular automata
(QCA). In Proceedings of the 2012 IEEE International Conference on Circuits and Systems (ICCAS), IEEE: Kuala
Lumpur, Malaysia, 2012; pp. 162-167.

29. Torres, F.S.; Silva, P.A.; Fontes, G.; Nacif, ].A.; Santos Ferreira, R.; Neto, O.P.V.; Chaves, J.; Drechsler, R.
Exploration of the synchronization constraint in quantum-dot cellular automata. In Proceedings of the 2018
21st Euromicro Conference on Digital System Design (DSD), IEEE: Prague, Czech Republic, 2018; pp. 642-648.

30. Khosroshahy, M.B.; Abdoli, A.; Rahmani, A.M. Design and power analysis of an ultra-high speed fault-
tolerant full-adder cell in quantum-dot cellular automata. Int. |. Theor. Phys. 2022, 61, 23;
DOI:10.1007/s10773-022-05013-0.

31. Srivastava, S.; Sarkar, S.; Bhanja, S. Estimation of upper bound of power dissipation in QCA circuits. IEEE
Trans. Nanotechnol. 2009, 8, 116-127; DOI:10.1109/TN ANO.2008.2005408.

32. Timler, J.; Lent, C.S. Power gain and dissipation in quantum-dot cellular automata. J. Appl. Phys. 2002, 91,
823-831; DOI:10.1063/1.1421217.

33. Rahimi, E. Energy dissipation of quantum-dot cellular automata logic gates. Micro Nano Lett. 2016, 11, 369—
371; DOI:10.1049/mnl.2015.0535.

34. Taucer, M.; Karim, F.; Walus, K.; Wolkow, R.A. Consequences of many-cell correlations in clocked
quantum-dot cellular automata. IEEE Trans. Nanotechnol. 2015, 14, 638-647;
DOI:10.1109/TNANO.2015.2426058.

35. Walus, K; Jullien, G.A. Design tools for an emerging soc technology: Quantum-dot cellular automata. Proc.
IEEE 2006, 94, 1225-1244; DOI:10.1109/JPROC.2006.875791.

36. Pandiammal, K.; Meganathan, D. Design of 8 bit reconfigurable ALU using quantum dot cellular automata.
In Proceedings of the 2018 IEEE 13th Nanotechnology Materials and Devices Conference (NMDC), IEEE: Portland,
OR, USA, 2018; pp. 1-4.

37. Walus, K,; Schulhof, G.; Jullien, G.A. High level exploration of quantum-dot cellular automata (QCA). In
Proceedings of the Conference Record of the Thirty-Eighth Asilomar Conference on Signals, Systems and Computers,
2004., IEEE: Pacific Grove, CA, USA, 2004; pp. 30-33 Vol.31.

38. Schulhof, G.; Walus, K,; Jullien, G.A. Simulation of random cell displacements in QCA. J. Emerg. Technol.
Comput. Syst. 2007, 3, 2—es; DOI:10.1145/1229175.1229177.

39. Bajec, LL.; Pecar, P. Two-layer synchronized ternary quantum-dot cellular automata wire crossings.
Nanoscale Res. Lett. 2012, 7, 221; DOI:10.1186/1556-276X-7-221.

40. Teja, V.C,; Polisetti, S.; Kasavajjala, S. QCA based multiplexing of 16 arithmetic & logical subsystems-A
paradigm for nano computing. In Proceedings of the 2008 3rd IEEE International Conference on Nano/Micro
Engineered and Molecular Systems, IEEE: Sanya, China, 2008; pp. 758-763.

41. Sen, B.; Dutta, M,; Singh, D.K,; Saran, D.; Sikdar, B.K. QCA multiplexer based design of reversible ALU. In
Proceedings of the 2012 IEEE International Conference on Circuits and Systems (ICCAS), IEEE: Kuala Lumpur,
Malaysia, 2012; pp. 168-173.

42. Waje, M.G.; Dakhole, P.K. Design and implementation of 4-bit arithmetic logic unit using quantum dot
cellular automata. In Proceedings of the 2013 3rd IEEE International Advance Computing Conference (IACC),
IEEE: haziabad, India, 2013; pp. 1022-1029.

43.  Ghosh, B.; Kumar, A.; Salimath, A. A simple arithmetic logic unit (12 ALU) design using quantum dot
cellular automata. Adv. Sci. Focus 2013, 1, 279-284; DOI:10.1166/asf0.2013.1053.

44. Gadim, M.R,; Navimipour, N.J. A new three-level fault tolerance arithmetic and logic unit based on
quantum dot cellular automata. Microsystem Technologies 2018, 24, 1295-1305; DOI:10.1007/s00542-017-3502-
X.

45. Ahmadpour, S.S.; Mosleh, M.; Heikalabad, S.R. An efficient fault-tolerant arithmetic logic unit using a
novel fault-tolerant 5-input majority gate in quantum-dot cellular automata. Comput. Electr. Eng. 2020, 82,
106548; DOI:10.1016/j.compeleceng.2020.106548.

46. Patidar, M,; Singh, U.; Shukla, S.K.; Prajapati, G.K.; Gupta, N. An ultra-area-efficient ALU design in QCA
technology using synchronized clock zone scheme. ]. Supercomput. 2023, 79, 8265-8294;
DOI:10.1007/s11227-022-05012-2.

47. Goswami, M.; Sen, B.; Mukherjee, R.; Sikdar, B.K. Design of testable adder in quantum-dot cellular
automata with fault secure logic. Microelectron. J. 2017, 60, 1-12; DOI:10.1016/j.mejo.2016.11.008.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)


https://doi.org/10.20944/preprints202307.1563.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2023 do0i:10.20944/preprints202307.1563.v1

25

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions, or
products referred to in the content.


https://doi.org/10.20944/preprints202307.1563.v1

	1. Introduction
	2. QCA Clocking Schemes
	3. Energy Behavior of QCA Cells
	4. Logically and Physically Reversible Design Methodology
	5. Proposed Logically and Physically Reversible QCA ALU Design
	6. Energy Dissipation Simulation Results and Discussion
	7. Conclusion
	References

