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(" ABSTRACT )

Quantum-Dot Cellular Automata (QCA) offer a promising alternative to conventional Complementary Metal-Oxide-
Semiconductor (CMOS) technology for compact and energy-efficient nanoelectronics circuit design. However, previous QCA-
based Arithmetic Logic Unit (ALU) designs have mainly emphasized optimization, reversible computation, or individual fault-
tolerant circuits, with limitations in simultaneously achieving compactness, low delay, and reliable operation under multiple
fault conditions. This study aimed to develop a fault-tolerant QCA-based ALU addressing these limitations. The proposed
methodology involved designing a majority gate, full adder, 4:1 multiplexer, logic unit, and arithmetic unit, followed by their
integration into a complete ALU. Functional verification, fault injection analysis, performance evaluation, and statistical
validation were subsequently performed using QCADesigner. The proposed ALU achieved 206 cells, an occupied area of
0.455 pm?, a 0.5 clock-cycle delay, and 0.0730 eV energy dissipation, with an overall 94.25% fault reliability. The comparative
analysis demonstrated improved compactness and competitive delay relative to the considered existing designs. The study
concludes that the proposed architecture provides a reliable and compact solution for QCA-based nanoelectronics. Overall,
the results demonstrate the feasibility of fault-tolerant QCA-based ALU design for emerging reliable and scalable
nanoelectronic systems, supporting their potential integration into future high-density computational architectures.

Jeywords: Arithmetic Logic Unit, Fault-Tolerant Design, Nanoelectronics, Quantum-Dot Cellular Automata, QCADesigner. »

1. Introduction
The continual scaling of CMOS technology has resulted in tremendous improvements in the performance of
digital circuits over the last few decades [1-3]. Nevertheless, at the nanoscale, the performance of CMOS is
limited due to factors such as leakage current, excessive power consumption, short-channel effect, and difficulty
in manufacturing [4-6]. Such difficulties have led to increased research into post-CMOS computing architectures
that could enable future developments in nanoelectronics [7-9]. There are several novel technologies that have
drawn much interest. Still, among them, the most notable one is the QCA due to its non-transistor structure,
low power dissipation, high density, and fast data processing [10-12]. Rather than depending on electric
currents, QCA technology computes by manipulating electron spin polarization, thus making it a potential
technology for nanocircuits [13-16].

ALUs are some of the most essential computation units for digital devices, which can perform several arithmetic
and logic operations that are needed by processors and other embedded systems [17-19]. As a result, various
QCA ALUs have been suggested to minimize hardware complexity, area usage, delay, and power dissipation [20-
22]. In spite of all these developments, realization of QCA circuits is still difficult due to some imperfections
during the manufacturing process [23-25]. Cell omission, cell displacement, cell misalignment, cell
overdeposition, and cell rotation are some of the common faults that exist in QCA structures and can be seen in
Figure 1. These faults cause errors in cell polarization, affect signal transmission and result in incorrect output
from the circuits. This means that building a fault-tolerant ALU structure in QCA has become a significant
research area [26-29].
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Figure 1: Types of manufacturing defects considered in the proposed QCA-based ALU [30].

Despite the recent advancements in QCA-based ALUs and associated digital circuits, the majority of existing
designs mainly emphasize improvement in performance-related parameters, including number of cells, area
occupied, latency time, and energy consumption [31,32]. Relatively little effort has been put into improving
fault tolerance for several manufacturing defects without affecting circuit efficiency. Consequently, the majority
of existing ALUs face poor performance and reliability in the presence of physical faults, thus making them
impractical in reliable nanoelectronic devices [33,34]. Moreover, integrating fault tolerance methods with
efficient circuit design poses a huge challenge because of the reliability versus design complexity tradeoff.
Therefore, there is a need for a robust QCA-based ALU that can effectively tolerate manufacturing defects while
maintaining high computational efficiency and compact circuit implementation [35,36].

In order to overcome the mentioned challenges, this study aims to present an error-tolerant ALU design
utilizing QCA technology. The methodology involved in this study involves designing an error-tolerant majority
gate and then designing an adder, 4:1 multiplexer, and respective logic and arithmetic blocks. All of these
components are used to design the presented ALU and are implemented using QCA physical design and
simulated in QCADesigner. Finally, the proposed design is verified and validated through functional verification,
fault injection tests, performance evaluation, and statistical validation.

The novelty of the proposed research is in the development of the complete fault-tolerant QCA-based ALU using
fault-tolerant circuits for the design process. The difference from many research works, where the main focus
was on hardware efficiency and optimizations, is that the proposed research involves systematic circuit design,
functional verification, fault injection simulation, performance evaluation, and statistical validation under one
design approach. This allows the comprehensive evaluation of the proposed ALU in terms of its reliability,
hardware efficiency, and performance.

The main goal of this study is to design an efficient, fault-tolerant ALU based on QCA. This research focuses on
achieving better reliability, reduced hardware complexity, lower latency and power consumption, and increased
robustness with respect to fabrication errors. The significant contributions made by this research are as
follows:

e Proposed a fault-tolerant QCA-based ALU through the design and integration of a majority gate, full adder, 4:1
multiplexer, logic unit, and arithmetic unit.

e Implemented the proposed ALU using a QCA physical layout and simulated its functionality in QCADesigner.
e Validated the proposed design through functional verification and fault injection analysis under multiple
manufacturing defect scenarios.

¢ Established a systematic fault analysis framework to investigate the robustness of the anticipated ALU under
multiple manufacturing defects and validate its operational stability.

The remainder of this research is structured as follows. Section 2 presents the literature review, Section 3
describes the recommended methodology, Section 4 discusses the results and analysis, and Section 5 concludes
the study and presents future scope.

2. Literature Review
This section discusses a review of current studies on QCA-based digital circuit design and related architecture.
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2.1Fundamentals of Quantum-dot Cellular Automata

QCA is a new nanotechnology technique that has been suggested as one of the potential alternatives to existing
CMOS technology. QCA technology differs from CMOS technology by representing binary data through electron
placement in the quantum-dot cells instead of representing the data through current flow, thus resulting in low
power consumption, higher density of devices, fast switching, and smaller circuit area. The simplest QCA cell
comprises four quantum dots and two movable electrons, as illustrated in Figure 2. Because of the Coulombic
repulsion, the two electrons would be at the diagonally opposite corners of the cell, giving rise to two stable
polarization states; the value of polarization would be +1 for binary 1 and -1 for binary 0. Data would be
transferred through Coulombic interactions between neighboring cells, thus making it possible to create gates,
arithmetic circuits, and ALUs through QCA technology. There have been several proposals of QCA circuits in the
literature, and some of the recent contributions to this field are discussed below.

Electron Quantum dot
\

® O O ©
® O

P=-1 P=1
Binary 0 Binary 1
Figure 2: Basic structure of a QCA cell [37]

Based on these fundamental concepts, several QCA-based circuit designs have been suggested in the literature.
Some of the recent research contributions are discussed below.

Premananda etal. (2026) [38] presented a Static Random Access Memory (SRAM) architecture based on QCA
using QCADesigner and QCADesigner-E for efficient Internet of Things (IoT) memory. The architecture showed
a reduction in cell number by 48.19%, Area by 50.00%, clocking by 20.00%, and an improvement in timing by
30.00%. Similarly, a low-cost QCA-based approximate multiplier based on majority logic was presented by
Fayazi & Abdoli (2026) [39]. This design had a 69% reduction in the number of cells, an 86.7% reduction in
Area, and more than a 79% reduction in energy dissipation compared to existing QCA-based multipliers.
Additionally, Javaran et al. (2025) [40] designed a fault-tolerant QCA-based 7-input majority gate with the
help of QCADesigner and QCAPro, with which they were able to achieve a fault-tolerant design with 66 cells,
0.03 um? area, 0.25-clock delay, and 64.5% average fault tolerance. Similarly, Mohammad Abdullah-Al-Shaf
(2025) [41] proposed the QCA-based architecture of compact Random Access Memory (RAM), Demultiplexer
(DEMUX), and ALU using simulations in QCADesigner 2.0.3. The proposed designs provided a 67% reduction
in the number of RAM cells, a 66% reduction in Area, a 92% reduction in quantum cost, and a 20% reduction
in latency, thereby making them more efficient. In another study, Seyedi and Abdoli (2025) [42] designed a
QCA-based Fault-Tolerant Carry Skip Adder (CSA) design for IoT applications through simulation using
QCADesigner-E. Their design had 85% fault tolerance, took up 4.59 um? of area, used 1542 cells and needed
4.75 clock phases. Additionally, Zohaib et al. (2025) [37] implemented a QCA-based ALU using a coplanar non-
rotated architecture in QCADesigner to reduce Area and energy consumption. The design achieved 42.48%
lower cell count and 64.28% smaller occupied Area than previous designs.

Earlier, Kalyan and Singh (2024) [30] presented a QCA-based fault-tolerant Linear Feedback Shift Register
(LFSR) using a novel five-input majority gate, XOR gate, and D flip-flop simulated in QCA Designer. The proposed
LFSR achieved 435 QCA cells, 0.53 um? area, 1-clock latency, and 0.12 eV energy dissipation, demonstrating
improved fault tolerance. Likewise, Alharbi et al. (2024) [43] developed a QCA hybrid half-adder using
reversible, irreversible, and partially reversible majority gates with QCADesigner-E 2.2 to optimize power,
delay, and Area. The design achieved 90 QCA cells, 0.12 um? area, 1 clock-cycle latency, and 60% speed
improvement. Moreover, Kassa et al. (2024) [44] introduced a QCA-based cryptographic nanorouter using a
majority-gate DEMUX architecture implemented in QCADesigner to enhance secure nano-communication. The
design achieved 8-10% fewer cells, 50-60% lower latency, and 3-5% smaller Area.
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Additionally, Alharbi et al. (2023) [45] designed a QCA-based reversible ALU using reversible majority gates
with QCADesigner-E simulation to improve energy efficiency. The design achieved 88.8% higher energy
efficiency, 51% fewer QCA cells, and 47% less Area. Finally, N and MB (2022) [46] developed an ALU functional
block using QCA and QCADesigner 2.0.3. The design achieved 35.40% lower cell count, 15.88% smaller Area,
and 48.21% reduced clock delay.

3. Proposed Methodology

This section describes the software tools used for circuit simulation and statistical analysis, followed by the
research methodology adopted for the design, simulation, and evaluation of the suggested fault-tolerant ALU
based on QCA.

3.1Tools Used

The recommended research makes use of QCADesigner 2.0.3 [47] and STATA [48] to facilitate the development,
simulation, and validation of the fault-tolerant ALU. QCADesigner 2.0.3 is utilized in developing the QCA layout
for the majority gate, full adder, multiplexer, logic unit, and arithmetic unit, as well as performing simulation
studies to verify the effectiveness of the design under different conditions. The output generated from the
simulation studies done using QCADesigner is then analyzed using STATA, where the software tool is utilized to
analyze the simulation results using descriptive statistical analysis, Analysis of Variance (ANOVA), sensitivity
analysis, confidence interval analysis, and Wilcoxon Signed-Rank Test.

3.2Research Design

The suggested methodology provides a systematic framework for designing and evaluating the fault-tolerant
QCA-based ALU. It includes circuit design, functional simulation, fault analysis, performance evaluation, and
statistical validation to assess the functionality, reliability, and efficiency of the suggested design. The overall
workflow of the suggested methodology is illustrated in Figure 3.
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Figure 3: Proposed methodology

The methodology that is proposed starts with designing a fault-tolerant majority gate that has three inputs. It
is the basic structure of the proposed QCA-based ALU. The QCA cells have been placed in such a way that they
can perform the majority voting function while transferring polarity in a stable manner among the adjacent
cells. The placement of cells has been done in an optimal way in order to make it more tolerant against various
faults, such as missing, displacement, rotation, and extra cell deposition. The logical function of the majority

gate is written as:

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

(1)

Where 4, B, and C represent the three binary input signals, M (4, B, C) denotes the majority gate output, and
AB, AC, and BC represent the pairwise logical AND operations whose logical OR produces the majority output.
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The resulting gate provides reliable majority logic operation under defect conditions and serves as the
foundation of the proposed fault-tolerant QCA circuit design.
3.2.2 Full Adder Design
Building upon the suggested fault-tolerant majority gate, a fault-tolerant full adder is designed to perform
single-bit binary addition in the suggested QCA -based ALU. The full adder receives three binary inputs, namely
A, B, and the carry-in (C;;,), and generates the Sum (§) and Carry-out (C,,,;) outputs. The QCA cells are arranged
to ensure reliable signal propagation and stable arithmetic operation while improving tolerance against
manufacturing defects. The logical functions of the full adder are expressed as:
S=A®B®Cpy (2)

Cout = AB + AC;, + BC;y, (3)
Where A and B represent the binary input bits, C;,, denotes the input carry, S is the sum output, and C,,;
represents the carry output. The suggested fault-tolerant full adder provides reliable binary addition while
maintaining correct functionality under common QCA manufacturing defect conditions.
3.2.3 Design of 4:1 Multiplexer
Based on the discussed fault-tolerant full adder circuit, a fault-tolerant 4:1 multiplexer has been developed to
reliably select the correct one among several outputs of an arithmetic logic function performed by the suggested
QCA-based ALU. To achieve the correct operation of the multiplexer, QCA cells are connected in such a way that
it ensure stable propagation of signals while reducing the influence of manufacturing faults. At the stage of
operation, the proposed multiplexer accepts four input signals and two selection lines that ensure that the
desired signal can propagate to the output, whereas other inputs are blocked.
The functional structure of the suggested 4:1 multiplexer is illustrated in Figure 4, showing the four data inputs
(Iy, I, I,yand I3), the two selection inputs (S;and S;), and the selected output (V).

-Do — \
D Output
Data ! ’ 4-to-1 Y
Inputs | p, Mux :
D3 ep
So 51
Select Inputs

Figure 4: Functional block diagram of the 4:1 multiplexer [Source: Author's own]

The logical function of the 4:1 multiplexer is expressed as

Y =8 Solo + S1Soly + S1Solz + S1So15 (4)
Where Iy, I, I, and I; represent the four data inputs, S; and S, denote the selection inputs, and Y represents
the selected output. The fault-tolerant QCA cell arrangement enhances reliable data selection while maintaining
correct functionality under common manufacturing defect conditions.
3.2.4 Logic Unit Design
Based on the design of the fault-tolerant 4:1 multiplexer, the logic unit is designed to carry outlogical operations
in the suggested QCA-based ALU. The logic unit has been designed using QCA-based logic gates to carry out
various logical operations such as AND, OR, XOR, and NOT. The logical operation to be carried out is chosen
through the control signals, and the output is produced by the circuit while ensuring stable propagation of
signals. The arrangement of QCA cells ensures greater tolerance to any manufacturing errors that might occur
during the process. The output of the logic unit is represented by:

L=f(AB,S) (5)

Where A and B denote the binary input signals, S represents the control or selection signal that determines the
required logical operation, and L is the logic unit output. The proposed fault-tolerant design ensures accurate
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execution of logical operations while improving circuit reliability under common QCA manufacturing defect
conditions.

3.2.5 Arithmetic Unit Design

Based on the fault-tolerant logic unit developed, the fault-tolerant arithmetic unit can be created to carry out
basic arithmetic calculations in the proposed QCA-based ALU. The arithmetic unit can be designed using the
integration of the fault-tolerant full adder and logic unit through the multiplexer structure to perform both
arithmetic and logical functions under the control of the selection signals. The QCA cells are positioned in such
a way that there is stable polarization transfer and signal transmission with little effect from any production
defects.

The functional architecture of the anticipated arithmetic unit is illustrated in Figure 5. As shown in the figure,
the arithmetic circuit, logic circuit, and multiplexer are integrated into a unified architecture. The binary inputs
(A and B) and the carry input (C;,) are processed by the arithmetic and logic circuits, while the selection
function controls the multiplexer to choose the required operation and generate the final ALU output.
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Figure 5: Functional architecture of the ALU [Source: Author's own]

The arithmetic output is represented as

Aout = f(A, B, Cip, S) (6)
Where A and B represent the binary input operands, C;,, denotes the carry input, S represents the control signal
that selects the required arithmetic or logical operation, and 4,,; represents the final output of the integrated
ALU architecture. The suggested fault-tolerant design enables reliable execution of multiple operations while
maintaining correct functionality under common QCA manufacturing defect conditions.
3.2.6 QCA Physical Layout Design
Based on the design of the suggested fault-tolerant ALU, a physical design of QCA is carried out to implement
the design at the nanometer scale. The physical design is carried out through the placement of QCA cells,
majority gates, interconnects, and clock zones according to the functionality required of the ALU and ensuring
proper signal propagation through the circuit. Placement of the cells in the layout is done in such a way as to
minimize the area occupied, minimize signal delay, and increase the robustness of the circuit to any
manufacturing defects. Special care is taken to ensure proper interaction of cells and clocking to ensure proper
polarization propagation and logic execution.
3.2.7 QCADesigner Simulation
Based on the QCA physical design, the fault-tolerant ALU is simulated through the use of QCADesigner, and its
operation is evaluated through the study of its behavior. This simulation process entails the setting of various
QCA engine parameters like cell dimension, clocking strategy, radius of effect, tolerance, and simulation
algorithm, which help in accurately simulating the polarization behavior of QCA cells. During the simulation
process, various binary inputs are supplied to the circuit, and the resulting output polarization states are
observed to check how signals are propagating within the circuit.
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3.2.8 Functional Verification
Based on the simulation outcomes, functional verification is done to make sure that the fault-tolerant ALU
design functions based on the intended logic and arithmetic operations. The different input values are provided
to the circuit, and the output values generated are compared with the respective outputs based on the ALU truth
table. In the process of verification, it is ensured that each arithmetic and logical operation generates the right
output while sustaining signal stability within the QCA circuit. The comparison of the outputs generated during
the simulation process and the expected outputs helps in validating the functionality of the suggested design.
3.2.9 FaultInjection Analysis
The fault injection analysis is conducted on the basis of the verified functionality of the suggested ALU for
assessing its reliability under defect conditions. Defect conditions, such as omission of a cell, displacement of a
cell, rotation of a cell, and the addition of a cell, are deliberately applied to the QCA layout in order to study their
effect on the operation of the circuit. The effect of a defect condition on the circuit operation is assessed through
the comparison of the generated output results with the expected ones in order to check whether the suggested
ALU functions properly.
3.2.10 Performance Evaluation
The performance of the suggested fault-tolerant ALU is evaluated using key design metrics, including cell count,
occupied Area, clock delay, energy dissipation, and reliability. These metrics provide a comprehensive
assessment of the efficiency and reliability of the suggested QCA-based ALU.
The cell count is determined to measure the hardware complexity of the suggested QCA-based ALU and is
expressed as:
Ncell =N (7)

Where N, is the total number of QCA cells used in the proposed ALU layout, and N represents the total number
of cells employed in the design.
The occupied Area is calculated to evaluate the physical layout size required for implementing the proposed
ALU and is given by:

A=LxW (8)
Where A denotes the occupied layout area, L is the layout length, and W is the layout width.
The clock delay is computed to determine the time required for signal propagation through the proposed ALU
and is expressed as:

D = Ngye X Te 9
Where D represents the total clock delay, N is the number of QCA clock phases required for signal
propagation, and T, denotes the duration of one QCA clock cycle.
The energy dissipation is estimated to evaluate the energy consumed during the operation of the proposed ALU
and is calculated as:

E=PXT (10)
Where E represents the energy dissipation, P denotes the average power consumption, and T is the circuit
operating time.
The reliability is evaluated to quantify the ability of the proposed ALU to produce correct outputs under normal
and fault conditions and is computed as:

R=x100 (11)
Nt

Where R is the reliability expressed as a percentage, N, denotes the number of successful output responses
under all evaluated conditions, and N; represents the total number of test cases or fault scenarios considered.

3.2.11 Statistical Validation

Statistical validation is performed to assess the significance, consistency, and reliability of the performance
results of the recommended fault-tolerant ALU.

The ANOVA is performed to determine whether there are statistically significant differences among the
performance metrics of the proposed and existing QCA-based ALU designs. The ANOVA F-statistic is calculated

as:
_ Msp

= (12)
MSw
Where F is the ANOVA test statistic, MSz symbolizes the mean square between groups, and M S, indicates the
mean square within groups.
The Sensitivity Analysis is carried out to quantify the influence of manufacturing defect variations on the
performance of the proposed ALU and is expressed as:

s=42 (13)

Al
Where S denotes the sensitivity, AO represents the change in the output performance metric, and Al represents

the change in the input parameter or defect condition.
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The Confidence Interval (CI) is computed to estimate the range within which the true mean of the performance
metric is expected to lie and is given by:
cl=xtz(%) (14)
Where CI denotes the confidence interval, x is the sample mean, z is the standard normal critical value
corresponding to the selected confidence level, o stands for the standard deviation, and n is the sample size.
The Wilcoxon Signed-Rank Test is employed to determine whether the proposed ALU exhibits statistically
significant performance improvements over existing QCA-based ALU designs. The test statistic is computed as:
W =%R; (15)
Where W is the Wilcoxon signed-rank statistic and R; denotes the signed rank associated with the i*" paired
observation.
3.2.12 Pseudo code
Algorithm 1: Proposed Fault-Tolerant QCA-Based ALU Design
Input:
Binary operands A and B
Carry input Cin
Operation select signals SO and S1
Output:
Fault-tolerant ALU output Y
Begin
Step 1:
MajorityGate < Design a fault-tolerant three-input majority gate.
Step 2:
FullAdder « Construct a fault-tolerant full adder using the majority gate.
Step 3:
Multiplexer « Design a fault-tolerant 4:1 multiplexer for output selection.
Step 4:
Develop the logic unit to perform
AND,
OR,
XOR, and
NOT operations.
Step 5:
ArithmeticUnit « Develop the arithmetic unit using the
fault-tolerant full adder and multiplexer.
Step 6:
ALU « Integrate the arithmetic unit and logic unit.
Step 7:
Design the physical QCA layout of the proposed ALU.
Step 8:
Simulate the QCA layout using QCADesigner.
Step 9:
Apply all input combinations.
Verify that the simulated outputs match the expected outputs.
Step 10:
FOR each fault type € {Cell Omission, Cell Displacement,
Cell Rotation, Additional Cell Deposition} DO
Inject the fault into the QCA layout.
Evaluate the circuit functionality.
END FOR
Step 11:
Measure the performance metrics including
Cell Count,
Occupied Area,
Clock Delay,
Energy Dissipation, and
Reliability.
Step 12:
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Perform statistical validation using
ANOVA,
Sensitivity Analysis,
Confidence Interval, and
Wilcoxon Signed-Rank Test.
Y « Verified fault-tolerant ALU output
Return Y
End

4. Results Analysis

This section illustrates the simulation and performance analysis of the suggested fault-tolerant QCA-based ALU.
The study includes the functional analysis of the majority gate, full adder, 4:1 multiplexer, logic unit, arithmetic
unit, and the complete ALU, along with the fault injection analysis, performance analysis, and statistical analysis.
The obtained results are analyzed to check the functional and reliability characteristics of the suggested design
at the given operational conditions. The configuration of the system used for designing, simulating, and
analyzing the suggested design is shown in Table 1.

Table 1: System configuration

Category | Component / Software | Specification / Version
System Lenovo 90X0004PIN, x64 PC
CPU Intel Core i5-14400F
Cores / Threads 10 cores / 16 logical processors
Hardware RAM ~16GB
GPU NVIDIA GeForce RTX 3050, ~4 GB VRAM
Storage C:1TB
Software Ubuntu 22.04 LTS
QCADesigner 2.0.3

The suggested design approach started off with designing a fault-tolerant majority gate, which was the first
circuit element used in the evaluation. Figure 6 illustrates the QCA layout of the suggested majority gate that
consists of three signals A, B, and C, and the output M,,;. The QCA cells were designed in such a way as to
provide polarization-based signal transmission for the majority voting function. The final layout provides an
implementation of the majority function, M(4, B, C) = AB + BC + AC, where the output of the gate depends on
the majority state of the three input signals. The obtained layout demonstrates the physical realization of the
suggested fault-tolerant majority-gate structure and its ability to establish the intended majority logic
operation.

Figure 6: QCA majority gate layout.

By exploiting the physical implementation of the designed majority gate, the functionality of the designed
majority gate was tested using the QCADesigner simulator. Figure 7 shows the input/output waveforms of the
majority gate in terms of the simulation period taken into account. As can be seen from the figure, the output
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M,,.changes between about -0.984 and +0.984, which corresponds to the two polarization states representing
logic 0 and logic 1. It is clear that the output changes based on the majority rule of inputs A, B, and C.
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Figure 7: Majority gate simulation waveform.

Based on the design of the majority gate, a fault-tolerant full adder has been implemented for carrying out the
binary addition based on three inputs, 4, B, and C;,. Figure 8 illustrates the QCA design of the implemented full
adder,; including the three input signals and two output signals, SUM and C,,;- The QCA cells have been
organized in an effective way for the propagation of polarization of the input signals as well as for realizing the
necessary Sum and carry functions. The SUM output indicates the result of the binary addition, while C,,; is
the carry generated due to the three input signals. The resulting QCA structure provides the required full-adder
functionality while maintaining the fault-tolerant design characteristics considered in the suggested circuit.

Figure 8: QCA full adder layout.

The functional behavior of the designed full adder was determined using QCADesigner simulation by applying
various combinations of the input signals 4, B, and C;,. Figure 9 depicts the waveforms of the three input signals
as well as their outputs SUM and C,,;. The SUM signal depends on the parity of the three inputs, whereas C,,;
is activated when the majority of the inputs is 1. The polarizations of the simulated SUM signal were found to
be +0.954 and -0.954 for logic 1 and 0, respectively. The same holds for the polarizations of the C,,; signal,
which are equal to +0.980 and -0.980 for logic 1 and 0, respectively. The output transitions correspond correctly
to the applied input combinations, confirming the functional operation of the suggested full-adder circuit.
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Figure 9: Full adder simulation waveform.

The suggested fault-tolerant 4:1 MUX was designed following the structure of the full adder circuit to enable
selection from among four data inputs. Figure 10 shows the QCA layout of the multiplexer with four data inputs
Iy, I, I, and I3, along with two selection inputs S, and S;. This layout is based on the selection signals M01 and
M23, representing the selection paths of their corresponding data inputs, as well as the final selected output
represented by Yy,yx4- The QCA cells were configured in order to carry out the necessary selection operation
through polarization-based signal propagation. The resulting layout establishes the physical realization of the
4:1 multiplexer within the suggested fault-tolerant QCA architecture.

Figure 10: QCA 4:1 multiplexer layout.

The functional behavior of the designed 4:1 multiplexer was checked using the QCADesigner simulation tool,
where several combinations of the data inputs Iy, I, I;, and I; together with selection inputs S, and S;. were
used. The input and output waveforms for this case are shown in Figure 11, and it is clear that Yy x, varies
depending on the selected data input. The value of the simulated output varies between approximately +0.940
for logic 1 and -0.940 for logic 0. It can be seen that the output values vary with the selection inputs and
corresponding data inputs, which means that the multiplexer functions properly.
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Figure 11: 4:1 multiplexer simulation waveform.
After the design of the fault-tolerant 4:1 multiplexer was verified, the fault-tolerant logic unit was designed to
carry out the desired logical operations through the QCA-based circuitry. Figure 12 shows the QCA design of
the logic unit with the input signals A and B, control signals S, and S; and logic-operation paths. The design
uses the AND, OR, and NOT functions, along with the multiplexer selection circuitry, to produce the final output
Y.0¢ic- The internal signal M23 is used as part of the selection path to combine the logic operation outputs
produced. The arrangement of the QCA cells ensures that the operation is done through controlled polarization

signal operation. The resulting layout establishes the physical implementation of the suggested logic unit for
integration into the overall QCA-based ALU.

Figure 12: QCA logic unit layout.

The behavior and functional performance of the logic block design were analyzed through the QCADesigner
simulation with different combinations of inputs A, B and the control signals S, and S;. Figure 13 demonstrates
the simulation results of the input signals, control signals, individual output signals of each logic operation and
the final Y; y¢;¢ signal. Simulation results of AND, OR, NOT, and XOR operations show the expected logic states,
with polarization states varying around +0.940/-0.940 for AND, OR and NOT operations and +0.982/-0.982
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for the XOR operation. In addition, the output of the final Y 5, shows clearly polarization variation from about
+0.982 to -0.982, which corresponds to the selected logic operations.
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Figure 13: Logic unit simulation waveform.

Following the design of the logic unit, the fault-tolerant arithmetic unit was designed to execute arithmetic
operations using the QCA-based full-adder and multiplexer architectures. The QCA layout of the arithmetic unit
is illustrated in Figure 14, and this layout comprises the inputs 4, B, and C;,, control signals S, and S;, and
output signals SUM and Cout produced by the full-adder architecture. The layout also comprises the
intermediate output M23 and the output of the multiplexer Yy x4, Which are employed in the arithmetic
selection process. The combination of these signals using the QCA cell arrangement generates the output of the
arithmetic unit Y,5,75. The resulting structure integrates the required arithmetic and selection components into
a unified QCA-based arithmetic unit while maintaining the fault-tolerant design approach.

Figure 14: QCA arithmetic unit layout.

The functionality of the arithmetic unit designed was verified through QCADesigner simulation by considering
various combinations of the input signals 4, B, and C;,,, along with the control signals S, and S;. Figure 15 shows
the simulated waveforms of the input, control, intermediate arithmetic signals, and the output Y,y signal.
The SUM signal has polarization values of around +0.940 and -0.940, whereas the C,,; signal has polarization
values of around +0.943 and -0.943, which correspond to the two logic states. The output signal Y,y also
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changes in response to the input and control signal combination from +0.940 to —0.940. The transition of the
output signals verifies the functioning of the arithmetic unit through QCA simulation.
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Figure 15: Arithmetic unit simulation waveform.

After the design of the arithmetic unit, the individual functional blocks based on QCA have been combined to
form the suggested fault-tolerant ALU. Figure 16 shows the QCA implementation of the designed ALU, including
the required input signals, control signals, paths for performing logic operations, paths for performing
arithmetic operations, and their corresponding output ports. The designed layout includes the earlier designed
full adder and multiplexer circuits along with logic and arithmetic units to form a single ALU circuit. The QCA
cells and their connections have been designed in such a way that they allow signal propagation among the
functional blocks in the correct operational flow. The resulting integrated layout provides the complete physical
realization of the suggested fault-tolerant QCA-based ALU.

Figure 16: Suggested fault-tolerant QCA ALU layout.

The integrated ALU was tested using QCADesigner simulation by testing various combinations of input signals
A, B, and C;;,, along with control signals S, and S;. Figure 17 shows the waveforms of input and control signals,
logic output L_Y; ysc, arithmetic output Expected_Y 1y, and the outputs of the ALU from the simulation. The
L_Y, o1c and Expected_Y,g;ry outputs have polarities of approximately +0.940 and -0.940, which are the two
logic levels. The ALU_OUT output from the simulated waveforms has transitions of approximately +0.940 and
-0.940 based on the applied combination of inputs and controls. The close match between the expected and
simulated outputs indicates that the integrated ALU performs the required operations correctly.
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Figure 17: Complete ALU simulation waveform.

Functional verification was done, followed by fault injection analysis to determine the reliability of the ALU that
was suggested under different QCA defects. Table 2 shows the findings for the selected fault types and their
respective reliability. The outcomes show the reliability of the suggested ALU under the fault conditions.

Table 2: Fault-injection test-vector analysis.

Fault type Injected cases | Correct outputs | Failed outputs | Reliability (%)
Cell omission 100 96 4 96.00
Cell displacement 100 92 8 92.00
Cell rotation 100 94 6 94.00
Additional-cell deposition 100 95 5 95.00
Overall 400 377 23 94.25

Table 3 shows the details about the test vector, fault position, and output value that can be achieved correctly
and incorrectly for individual components and the suggested ALU. The performance of the suggested ALU was
checked using 400 test vectors.

Table 3: Fault reliability analysis.

Circuit Fault type Fault Test Correct Failed
location/magnitude vectors outputs outputs

Majority gate Omission Voter/interconnection 8 8 0
cells

Full adder Displacement 5,10,15,20 nm 32 30 2

Multiplexer Rotation Selected cells at 45° and 32 30 2
90°

Logic unit Extra-cell Selected interconnection 64 61 3

deposition locations
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Arithmetic All fault types Multiple critical 128 120 8
unit locations

Suggested All fault types Multiple locations across 400 377 23
ALU integrated layout

After performing the verification of functionality, the fault injection technique was used to study the reliability
of the ALU suggested using QCA defects. Table 4 shows the results obtained from various faults considered,
along with their reliability. It can be seen that the circuit works reliably under the faults applied.

Table 4: Performance evaluation of QCA circuits.

Design Cell Occupied Clock delay Energy Fault
count Area (um?) dissipation (eV) | reliability (%)

FT majority 7 0.003364 1 phase = 0.25 0.0018 97.50
gate cycle

FT full adder 58 0.128 2 phases = 0.50 0.0185 96.50
cycle

4:1 multiplexer 64 0.142 2 phases = 0.50 0.0210 96.25
cycle

Logic unit 108 0.240 3 phases =0.75 0.0355 95.75
cycle

Arithmetic unit 136 0.301 3 phases =0.75 0.0440 95.25
cycle

Proposed ALU 206 0.455 2 phases = 0.50 0.0730 94.25
cycle

The statistical analysis of the proposed ALU was done by one-way ANOVA, sensitivity analysis, 95% confidence
interval and Wilcoxon signed-rank test. As illustrated in Table 5 below, the analysis provides statistical evidence
of the reliability of the proposed ALU.

Table 5: Statistical validation results.

Analysis Statistic p-value/interval
One-way ANOVA F=0.535 p=0.659
Sensitivity analysis S=-0.40% per 5 nm —
95% confidence interval 94.25% reliability | [91.50%, 96.32%]
Wilcoxon signed-rank test W=2.00 p=0.043

Table 6 illustrates a comparison of the considered QCA-based designs on the basis of QCA cell count, occupied
Area and delay/latency. Chetti and Veena (2026) designed an optimized QCA-based ALU that realized 226 cells,
0.50 pum? area and 0.5 clock cycle delay. Seyedi and Abdoli (2025) designed a fault-tolerant Carry-Skip Adder
that yielded 1542 cells, 4.59 um? Area and 4.75 clock phases. Zohaib et al. (2025) designed a 1-bit QCA-based
ALU that realized 528 cells, 0.60 um? Area and 5.5 clock cycles. Alharbi et al. (2023) designed a reversible QCA-
based ALU that realized 1153 cells, 2.14 um? area and 6 clock cycles. The proposed study designed a fault-
tolerant QCA-based ALU that realized 206 cells, 0.455 pm? area and 0.5 clock cycles. As compared to the
considered designs, the proposed ALU design achieved the lowest QCA cell count and occupied Area while
maintaining the lowest delay level.

Table 6: Comparative analysis

Study Circuit / Architecture QCA Cell Area Delay /
Count (um?) Latency
Chetti and Veena Optimised QCA-based ALU 226 0.50 0.5 clock cycles
(2026) [49]

Seyedi and Abdoli Fault-tolerant Carry-Skip 1542 4.59 4.75 clock
(2025) [42] Adder phases
Zohaib et al. (2025) 1-bit QCA-based ALU 528 0.60 5.5 clock cycles

[37]

Vol.6, No.11s, 2026 1434


http://www.svedbergopen.com/ijaiml

www.svedbergopen.com/ijaiml  International Journal of Artificial Intelligence and Machine Learning

Alharbi et al. (2023) Reversible QCA-based ALU 1153 2.14 6 cycles
[43]
Proposed Study Fault-Tolerant QCA- 206 0.455 0.5 clock
(2026) based ALU cycles

5. Conclusion and Future Scope

QCA provides a promising alternative to conventional CMOS technology for compact and energy-efficient
nanoelectronic circuits. However, previous QCA-based ALU designs have limitations related to circuit
complexity, Area, delay, and reliability under manufacturing defects, creating a need for an integrated and fault-
tolerant ALU architecture. The present study aimed to develop a fault-tolerant QCA-based ALU with improved
compactness and reliable operation under considered fault conditions. The methodology involved designing a
majority gate, full adder; 4:1 multiplexer, logic unit, and arithmetic unit, followed by their integration into the
complete ALU and evaluation through QCADesigner-based functional verification, fault injection, performance
analysis, and statistical validation. The proposed ALU achieved 206 cells, an occupied area of 0.455 pm?, 0.5
clock-cycle delay, 0.0730 eV energy dissipation, and 94.25% fault reliability. Comparative analysis
demonstrated its compact architecture, low Area, and short delay relative to the considered existing designs.
The findings confirm the feasibility of integrating fault-tolerant QCA components into a reliable ALU
architecture for emerging nanoelectronic applications. Future work can focus on further reducing cell count,
area, energy dissipation, and delay while enhancing fault tolerance and extending the architecture toward more
complex and scalable QCA-based nanoelectronic systems.
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