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Abstract: Next-generation nano-scale computational systems are being hampered by two significant obstacles: shrinking transistor
size and power dissipation. Moore's law does not hold when transistor size reaches the atomic level. So, it becomes necessary to
investigate alternative technologies that surpass traditional Complementary Metal Oxide Semiconductor (CMOS) technology’s physical
constraints. Quantum Dot Cellular Automata (QCA), a transistor-free computational paradigm, is thought to be the best alternative

to CMOS technology for designing nano-scale logic circuits. However, not many designs cut energy usage and offer straightforward
access to inputs and outputs. Moreover, adders, the primary component in logic circuits and digital arithmetic, are crucial in
developing several efficient QCA designs. In this context, the 4-bit Ripple Carry Adder (RCA) is a straightforward type of adder that

can help produce circuits with minimal necessary space and power consumption because of its exceptional qualities. The synthesis

of high-level logic further demonstrates the design’s effectiveness. The outcomes of QCADesigner demonstrated that the proposed
circuits are less complicated and use less power than earlier designs compared to conventional design approaches.
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Nov gradnik na kvantni osnovt za nacrtovanje nano
vezja z manjso kompleksnostjo

Izvlecek: Racunalniske sisteme naslednje generacije v nano merilu ovirata dve pomembni oviri: zmanjsevanje velikosti tranzistorjev

in razpréevanje energije. Moorov zakon ne velja, ko velikost tranzistorja doseze atomsko raven. Zato je treba raziskati alternativne
tehnologije, ki presegajo fizikalne omejitve tradicionalne tehnologije kovinsko oksidnih polprevodnikov (CMOS). Quantum Dot Cellular
Automata (QCA), racunska paradigma brez tranzistorjev, naj bi bila najboljsa alternativa tehnologiji CMOS za nacrtovanje logi¢nih vezij
nano velikosti. Vendar pa ni veliko zasnov, ki bi zmanjsale porabo energije in omogocile neposreden dostop do vhodov in izhodov.
Poleg tega so sestevalniki, glavna komponenta v logi¢nih vezjih in digitalni aritmetiki, klju¢ni pri razvoju vec ucinkovitih zasnov QCA.

V tem kontekstu je 4-bitni Ripple Carry Adder (RCA) enostavna vrsta sestevalnika, ki lahko zaradi svojih iziemnih lastnosti pomaga pri
izdelavi vezij z minimalno potrebnim prostorom in porabo energije. Sinteza logike visoke ravni dodatno dokazuje ucinkovitost zasnove.
Rezultati programa QCADesigner so pokazali, da so predlagana vezja manj zapletena in porabijo manj energije kot prejsnje zasnove v
primerjavi z obicajnimi pristopi nacrtovanja.

Klju¢ne besede: nanotehnologija; kvantni toc¢kovni celi¢ni avtomati; vrata xor; vrata vecinskega volivca; popolni sestevalnik; ripple
carry adder
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1 Introduction

a different technology for the next Integrated Circuits

High leakage power and sub-node scaling of 22 nm (ICs) and diode-based technologies [2-4]. To address
technology are issues that transistor-based technolo- the issues with CMOS technology [5], VLSI designers
gies must deal with [1]. These problems motivate de- are looking into a number of other technologies, in-
signers of Very Large-Scale Integration (VLSI) to create cluding Quantum-dot Cellular Automata (QCA), single
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electron transistors, and tunnel field effect transistors.
Compared to competing technologies, QCA technolo-
gy provides a number of advantages, including a small-
er footprint need, quick switching times, and reduced
power dissipation [6].

QCA is a very intriguing and well-liked technology for
creating nano-scale logic circuits. There are no transis-
tors in the QCA technology. The QCA cell, which com-
prises 4 quantum dots, is the fundamental unit of QCA
[7]. This method is energy-efficient since there is no ac-
tual charge movement between QCA cells. Logical val-
ues are determined based on the electrons’ location in
quantum dots. Due to Coulombic contact, electrons in
a QCA cell are situated at the opposing corners. There
are two logics 1 or 0 values in each cell. On the other
hand, these advantages led researchers to develop a
number of projects that explain how to construct QCA
circuits [8]. Adders, SRAM [9], ALUs, switching, encoder-
decoders [10], reversible logic, and memories are just
a few of the recently invented circuits. Full adders play
a very prominent part in digital circuits since they are
employed in the creation of logical and mathematical
processes [11]. Therefore, building a QCA-based adder
with reduced space, shorter delays, straightforward ac-
cess to inputs and outputs, and lower complexity will
be more crucial than ever [11]. This paper uses a novel,
low-complexity, and low-power three-layer full adder
circuit to suggest a new QCA-based ripple carry adder
(RCA) design for improving the previous designs. With
simple access to inputs and outputs, XOR and major-
ity gates were used to create an RCA circuit, and the
results were compared to earlier designs. All protected
Nano-communication networks [12] are designed us-
ing adders and RCA designs. QCADesigner-E as a usu-
ally used tool for power analysis, will be utilized in this
paper for simulation and assessment.

The structure of this essay is as follows. The background
of QCA is presented in Section 2, with a focus on its dis-
tinctive cells. The 4-bit RCA's detailed architecture is
shown in Section 3. Section 4 displays the simulation’s
findings. Finally, the paper is concluded in the last sec-
tion.

2 QCA background and related works

This section discusses the important and basic parts of
this technology and the best previous works related to
the subject.

1.1 QCA Cells and Wires

A QCA cell is a square nanostructure with four quan-
tum dots (micro), roughly as shown in Figure 1(a). In the
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context of QCA, “micro” refers to the individual compo-
nents or elements of the system, namely the quantum
dots. These quantum dots are the building blocks of
QCA and serve as the basic units of information pro-
cessing [13]. In the cell, a tunnel junction connecting
two pairs of quantum dots allows for the passage of
two electrons between them. The two electrons are
positioned in the cell at opposite ends because of Cou-
lombic repulsion [14, 15]. In the context of QCA (Quan-
tum-dot Cellular Automata), nonlinear and linear refer
to different types of behavior exhibited by the system.
Linear QCA refers to a system where quantum dots’ be-
havior can be described using linear operations, simi-
lar to classical digital logic gates, while nonlinear QCA
involves more complex interactions between quantum
dots, resulting in nonlinearity due to quantum effects
like Coulomb interactions and electron tunneling [16].
There is no cell-to-cell tunneling; tunneling only takes
place within the cell. Bisectional behavior results from
the interaction of the discrete electronic charge, Cou-
lombic repulsion, and quantum confinement. Binary
“0" and “1" with polarisations of “1” and “+1" respec-
tively, can be represented by the two charge configura-
tions. A QCA “wire”is a chain of cells contiguous to one
another, as opposed to a physical wire, as depicted in
Figure 1 (b). As there are no electron tunnels between
cells, QCA offers a method of information transfer with-
out current flow [17].

1.2 QCA Logic Gates

The fundamental gates of QCA are inverters and three-
input majority gates. A majority gate comprises 4 cells
that achieve the function of M (a, b, and ¢) = ab+bc+ac,
as shown in Figure 2 (a) [18]. Cells are placed diagonally
from one another to achieve the inversion function-
ality, as shown in Figure 2 (b). Inverters and majority
gates make up a universal set that can be employed to
implement any logic operation. By setting one of the

a
b

Figure 1: Structure of basic QCA: (a) QCA cells, and (b)
QCA wire.
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majority gate inputs to “0," for instance, AND (a, b) =M
(a, b, 0) = ab, a two-input AND gate is realized. In the
same manner, an OR gate is implemented by setting
oneinputto”“1,i.e,OR(a,b)=M(a,b,1)=ab+b1+al
=a+b[19].
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Figure 2: Structure of basic QCA: (a) Three-input major-
ity gate, and (b) Inverter gate.
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1.3 QCA Clocking

To drastically reduce metastability issues and enable
long pipelines, adiabatic switching is used for QCA
clocking. One-half of the wire is used for signal trans-
mission during each clock cycle, and the other half is
left unpolarized [20]. The cells in the active clock zone
that is still present cause the newly activated cells to
become polarized during the subsequent clock cycle,
which deactivates half of the previously active clock
zone [21]. As a result, signals continue from one clock
zone to the next. Four-phase clock signals are used to
control four different circuit areas. Each zone of the
clock signal has four states: high, low, low to high, and
high. When the status changes from high to low, the
cell starts to calculate and keeps the value while the
state is low. The cell is released when the clock is in the
low-to-high state and not operating [22].

1.4 Related work

This section reviews numerous significant and useful
recommendations for the design of sophisticated and
straightforward QCA RCA circuit designs. Abedi, et al.
[23]. propose a cross-level QCA architecture in a full
adder QCA design. Additionally, supplied proposed a
RCA that is based on this design. Using QCADesigner,
these designs have been accuracy-tested and assessed.
Compared to earlier methods, conventional evalua-
tion methodology and particular cost function QCA
were applied for superior performance. The suggested
RCA has a delay period of 1.75 clock cycles and uses
262 cells in a 0.208 um? area. Also, Balali and Rezai [14]
proposed a QCA structure for the full adder to create
a high-speed, efficient, and reliable four-bit RCA using
the QCA technology. Their modeling results have dem-
onstrated that there are significant increases in circuit
speed and latency. To verify the accuracy of these de-
signs, QCADesigner was employed. The four-bit RCA
that is suggested in the QCA technology is designed
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with minimum complexity and high speed. It has a de-
lay of 1.25 clock cycles and 209 cells in a 0.3 pm? area.
Also, the fundamental QCA and QCA-based digital de-
sign concepts have been put out by Chan, et al. [24].
The creation of straightforward digital logic utilizing
certain QCA approaches has been discussed in this ar-
ticle. The four-bit ripple adder has been provided using
a combinational notion from the traditional RCA and
the CLA. These circuits were implemented utilizing the
5-input majority gate, which theoretically can lower
the latency of the traditional QCA-based RCA. The rec-
ommended adder has a latency of 3.25 clock cycles, an
area of 2.5 um? and 1246 cells. The designed structures
have been verified using the QCADesigner. Finally,
Hashemi and Navi [25] suggest a reliable QCA and an
RCA full adder circuit based on a successful five-input
majority gate. These circuits have employed a robust
crossover design in comparison to similar designs. Ow-
ing to the full adder circuit’s efficient architecture, it has
been employed for RCA design in a variety of scales.
The coherent and bistable simulation engines of the
QCADesigner have used to simulate the suggested de-
signs. The proposed RCA uses 442 cells with an area of
1 um2 and a delay of 2 clock cycles.

2 Proposed design

This part presents and simulates new designs and ef-
fective architectures for a one-bit QCA full adder and
four-bit QCA RCA. One-bit QCA full adder block dia-
gram is illustrated in Figure 3, and the exploited full
adder’s QCA-based layout with a three-input majority
gate and three-input XOR gate is shown in Figure 4.
This complete adder comprises 15 cells and uses 0.5
clock cycles to generate outputs with a 0.01 pm?2 area
and simple input and output connectivity. This three-
layer implementation of a QCA full adder uses ordinary
QCA cells. Input cells are A, B, and C, and output cells
are COUT and SUM. In this design, the first layer acts as
an XOR gate and is used to generate the SUM, while the
second layer is utilised to transmit values to the third
layer, where all of the circuit’s inputs are applied and
the COUT output is generated.

XOR
gate

Majority
gate

COUT Sum

AB C

Figure 3: QCA-based full adder diagram

The proposed adder can easily implement the higher
adder designs. Higher adders, such as 4-bit RCA, have
been designed using this Complete adder with fewer
QCA cells, which is entirely distinct from earlier ver-
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Figure 4: QCA-based full adder layouts and layers

sions. The proposed four-bit RCA design is illustrated
in Figure 5 with its structure. Also, a four-bit QCA-based
RCA that uses four one-bit full adder QCA-based cir-
cuits as its structural unit is also depicted in Figure 6.
The 72 cells in the suggested four-bit QCA-based RCA
have an area of 0.11 pum? and a delay of 1.75 clock cy-
cles. All of the inputs and outputs on this three-layer
circuit are accessible. There are five outputs (S0-S3,
COUT) and 9 inputs (A0-A3, B0-B3, C). The outputs in
this design are easily accessible because they are not
encircled by other cells. To transfer signal output, this
structure does not need a wire in other words. Thus, it is
simple to feed the outputs to another QCA input.
|
= Full adder a Full adder s Full adder <

A3 B3

||

Full adder

I N

COUT 83 S2 S1 SO

Figure 5: The proposed schematic for 4-bit RCA
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Figure 6: Three layers of the proposed QCA-based 4-bit
RCA

3 Simulation tool and results

The software QCADesigner-E is used in this paper to
simulate the suggested design [26]. Fast design, layout,
and simulation of QCA circuits are made possible by
QCADesigner software. Table 1 contains all of the simu-
lation parameters for the simulated objects. The default
parameters for all simulation measures and conditions
are used in this tool [27].
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Table 1: Simulation parameters

Bistable approxima- | Coherence Vec-

I tion engine Value |tor engine Value
Cell size 18 *18 nm? 18 *18 nm?
Radius of 65 nm 80 nm

effect

Relative per- | 15 9500000 12.9000000
mittivity

Clock high |9.8e-22) 9.8e-22)

Clock low 3.8e—23) 3.8e—-23)

Clock ampli-

tude factor 2.000000 2.000000
Clock shift 0.000000e+000 0.000000e+000
Layer sepa- | 14 5000 nm 11.5000 nm
ration

Maximum

iterations 100 -

per sample

Numberof |, 5q, )

samples

Conver-

gence toler- |0.001000 -
ance

The constructed full adder circuit simulation results
are shown in Figure 7. All possible states have been
applied to the circuit’s inputs, and the outputs have
created the desired outcomes, as shown in the correct
table. Both outputs are formed concurrently after two
clock cycles. The third layer of this full adder, designed
in three layers, receives the three inputs and processes
them to produce the COUT output from the third layer
and the SUM output from the first layer. The accuracy
of the suggested designs was demonstrated by these
simulations, which were run using the default settings.
Tables 2 and 3 compare the supplied full adder and
RCA circuit cell, latency, and space usage to the best
previous designs.
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Table 2: Comparisons among the designs

Designs AR Cells ey

(um?) (Clock cycle)
Proposed design 0.01 |15 |05
Ahmadpour, et al. [28] 0.01 |20 |0.5
Seyedi and Navimipour [6] |0.01 |22 0.75
Sarmadi, et al. [29] 0.04 |30 1.0
Sayedsalehi, et al. [30] 0.02 |33 0.75

Figure 8 displays the simulation results for the QCA-
based RCA circuit. The circuit generates the proper out-
put when subjected to every possible condition. Actu-
ally, Figure 8 displays the outcomes of the simulation
for the variables A0, A1, A2, A3, B0, B1, B2, B3, and C. As
depicted in the figure, the circuit receives input from
all potential states and generates the desired output.
Also, simulation results show strong polarization of the
output cells for this circuit.

Simulation Results
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Figure 7: Simulation outcomes of the proposed design
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Table 4: Comparison of total and average energy dis-
sipation

Power and energy analysis

Designs Total energy Average energy
dissipation (eV) | dissipation (eV)

Proposgd full ad- 1458 1.057

der design

Ahmadpour, et

al. [28] 1.25 1.15

Seyedi and Navi-

mipour [6] 1.55 1.56

Sarmadi, et al.

[29] 1.80 1.87

Sayedsalehi, et al.

130] 1.69 1.55

Zroposed RCA 280 263
esign

Balali and Rezai

31] 248 2.59

Sonare [32] 274 2.70

Rashidi and Rezai

33] 3.02 2.98

Abedi, etal.[23] |3.56 3.15

Mohammadi, et

al. [34] 2.89 3.12

Labrado and

Thapliyal [35] 2.485 2.84

Additionally, we compared the suggested designs in
Table 4 to the best current designs in terms of Total en-
ergy dissipation (eV) and Average energy dissipation in
order to better comprehend and compare circuits (eV).
Itis obvious that the current design is the most energy-
efficient one.

4, Conclusion and future works

A new and emerging technology that plays a significant
role in nanotechnology and has been researched for
years is QCA technology. Considering the advantages
of QCA, such as fast switching time, low power require-
ment, and high device density, it can be a good alterna-
tive. According to the cases mentioned in this article,
this technology has been used to implement adder
circuits. In fact, it creates an innovative architecture for
a 1-bit QCA full adder. Then, applying this innovative
full adder layout, a high-speed adder is developed as
a 4-bit RCA. Our study effort is shown to provide fewer
cells and smaller areas with realistic simulation results
compared to the newly published collector architec-
ture. The presented multi-layer architecture is signifi-
cantly more durable than the conventional full adder.
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The suggested full adder consists of 15 cells and
achieves output generation in 0.5 clock cycles. It occu-
pies an area of 0.01 um? and features straightforward
input and output connectivity. Additionally, the sug-
gested four-bit QCA-based RCA incorporates 72 cells,
covering an area of 0.11 um2 The RCA exhibits a delay
of 1.75 clock cycles. In this study, QCADesigner-E as-
sessed the total power dissipation of the QCA structure.
These circuits have one of the best power consumption
rates and are easily accessible to the inputs and out-
puts. In the future, high-speed adders can be designed
that play an essential role in multi-layer designs and
further improve computational performance. High-
performance QCA circuits and an n-bit ripple carry ad-
der can be created at the nanoscale using the given
effective architectures. The suggested concept may
therefore have a fundamental impact on the develop-
ment of high-speed circuits as well as other forms of
adders, such as complete subtractors and borrow rip-
ple subtractors.
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