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Abstract- Quantum Dot Cellular Automata (QCA) has
emerged as a promising nanotechnology alternative to
conventional CMOS circuits due to its ultra-low power
consumption, high device density, and suitability for
nanoscale  computing. Among  fundamental digital
components, comparators play a crucial role in arithmetic
units, control logic, and decision-making circuits. This work
presents the design and implementation of an efficient multibit
full comparator using QCA technology. The proposed design
employs optimized QCA logic structures to compare multi-bit
binary inputs and generate greater-than, equal-to, and less-
than outputs with reduced cell count and improved layout
regularity. The comparator architecture is constructed using
fundamental QCA primitives and extended systematically to
support multibit comparison. Simulation results validate the
correct functionality of the proposed design and demonstrate
improvements in terms of complexity and structural efficiency.
The proposed multibit full comparator is suitable for high-
speed and low-power QCA-based digital systems.
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I. INTRODUCTION

Continuous scaling of CMOS technology has led to
serious challenges such as increased power dissipation,
leakage current, and physical limitations at the nanometer
scale. These issues have motivated researchers to explore
alternative computing paradigms that can overcome the
drawbacks of conventional transistor-based designs. Quantum
Dot Cellular Automata (QCA) has emerged as a promising
nanoelectronic technology capable of achieving ultra-low
power operation and high device density by representing
binary information through electron polarization rather than
current flow.

QCA circuits are constructed using quantum cells
arranged in specific patterns to perform logic operations
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through  Coulombic interactions. Fundamental QCA
components such as majority gates and inverters form the
basis for implementing complex digital systems. Due to their
inherent advantages, QCA-based designs are considered
suitable for future high-speed and low-power computing
applications, particularly in arithmetic and control circuits.

Comparators are essential building blocks in digital
systems and are widely used in arithmetic units, sorting
algorithms, signal processing, and decision-making circuits. A
comparator determines the relative magnitude of two binary
numbers and generates outputs indicating whether one input is
greater than, equal to, or less than the other. As system
complexity increases, efficient multibit comparator designs
become increasingly important for improving overall
performance and reducing circuit overhead.

Existing QCA comparator designs often focus on
single-bit comparison or exhibit increased cell count, complex
layouts, and higher latency when extended to multibit
configurations. These limitations affect scalability and layout
efficiency, which are critical factors in QCA-based circuit
design. Therefore, there is a need for optimized multibit
comparator architectures that minimize complexity while
maintaining correct and reliable operation.

This work presents the design and implementation of
a multibit full comparator using Quantum Dot Cellular
Automata. The proposed approach systematically extends
single-bit comparison logic to multibit inputs using optimized
QCA structures. The design aims to reduce cell count,
improve layout regularity, and ensure correct generation of
greater-than, equal-to, and less-than outputs. Simulation
results confirm the functional correctness of the proposed
comparator and demonstrate its suitability for integration into
larger QCA-based digital systems.

Il. LITERATURE SURVEY
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Quantum Dot Cellular Automata has been
extensively studied as an alternative nanoelectronic computing
paradigm due to its potential for ultra-low power operation
and high circuit density. Early foundational work on QCA
established the basic operating principles, including cell
polarization, clocking mechanisms, and logic realization using
majority gates and inverters, which form the basis for all
subsequent QCA circuit designs [1].

Several studies have focused on the design of
fundamental logic structures in QCA, emphasizing majority
logic optimization and layout efficiency. Efficient
implementations of basic arithmetic and logic circuits such as
adders, multiplexers, and encoders have demonstrated the
feasibility of constructing complex digital systems using QCA
technology [2], [3]. These works highlight the importance of
reducing cell count and improving signal synchronization to
achieve scalable designs.

Comparators are critical components in digital
systems, and their realization in QCA has attracted significant
attention. Initial QCA comparator designs primarily focused
on single-bit comparison using simple majority gate
configurations. These designs successfully demonstrated
correct greater-than, equal-to, and less-than operations but
showed limitations when extended to multibit inputs due to
increased complexity and irregular layouts [4], [5].

To address scalability, several researchers proposed
hierarchical and cascaded comparator architectures. Multibit
comparator designs based on cascading single-bit comparator
cells were presented, where the comparison result propagates
from the most significant bit to the least significant bit [6], [7].
Although functionally correct, these approaches often resulted
in increased latency and higher cell usage.

Optimization techniques for QCA comparators have
been explored to reduce hardware complexity and improve
performance. Modified majority gate structures and compact
inverter placements were proposed to minimize cell count and
wire crossings [8]. Clock zone optimization and layout
regularity were also investigated to enhance signal stability
and reduce delay [9].

Recent studies have introduced novel comparator
architectures that integrate arithmetic logic with comparison
operations to further reduce design overhead. These
approaches demonstrated improved efficiency by sharing logic
resources and minimizing redundant structures within the
QCA layout [10]. However, some designs still suffer from
complex interconnections that limit scalability.
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More recent research has focused on low-complexity
and energy-efficient QCA comparator designs suitable for
nanoscale systems. Compact multibit comparator architectures
with reduced clock zones and improved modularity have been
reported, showing better performance compared to earlier
designs [11], [12]. These works emphasize the importance of
modular extension techniques for multibit comparison.

Advanced QCA comparator designs incorporating
fault tolerance and robustness against fabrication defects have
also been explored [13]. Additionally, comparator
implementations optimized for integration into arithmetic
logic units and control circuits have been proposed,
highlighting their applicability in larger QCA-based
processors [14], [15].

From the literature, it is evident that while significant
progress has been made in QCA comparator design,
challenges remain in achieving efficient multibit comparison
with minimal complexity and regular layouts. This motivates
the development of an optimized multibit full comparator
architecture that balances functional correctness, scalability,
and structural efficiency.

1. EXISTING SYSTEM

Existing digital comparator designs in Quantum Dot
Cellular Automata are primarily based on single-bit
comparison logic implemented using majority gates and
inverters. These designs compare two binary inputs and
generate greater-than, equal-to, and less-than outputs based on
cell  polarization states. Early QCA  comparator
implementations demonstrated the feasibility of comparison
operations at the nanoscale but were limited to basic single-bit
functionality [1], [4].

To extend comparison to multibit inputs,
conventional approaches rely on cascading multiple single-bit
comparator units. In these architectures, comparison starts
from the most significant bit and propagates sequentially
toward the least significant bit until a decision is reached.
While this method ensures correct logical behavior, it
significantly increases circuit complexity, cell count, and
latency as the number of bits increases [5], [6].

Many existing multibit QCA comparator designs
suffer from irregular layouts and excessive wire crossings,
which negatively impact signal integrity and synchronization.
The use of multiple clock zones and long interconnect paths
often leads to increased delay and reduced robustness, making
these designs less suitable for large-scale integration [7], [8].
Additionally, layout congestion becomes a critical issue when
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comparators are embedded within larger arithmetic or control
circuits.

Several optimization techniques have been proposed
to improve existing comparator designs, including modified
majority gate structures and shared logic paths. Although these
techniques reduce hardware overhead to some extent, they still
rely heavily on repetitive structures and lack modular
scalability, resulting in limited flexibility for higher-bit
comparison [9], [10].

Recent existing systems have attempted to improve
efficiency by integrating comparison logic with arithmetic
components or by minimizing redundant cells. However, such
designs often introduce design complexity and require careful
clocking strategies to maintain correct signal propagation,
which complicates implementation and verification [11], [12].
Furthermore, most existing QCA comparator systems focus
primarily on functional correctness, with limited consideration
of fault tolerance and fabrication variability. Studies
addressing defect tolerance indicate that conventional designs
are sensitive to cell misalignment and polarization errors,

reducing their reliability in practical nanofabrication
environments [13], [14].
Overall, existing QCA comparator systems

demonstrate the fundamental capability of comparison
operations but face challenges related to scalability, layout
regularity, cell count, and delay. These limitations motivate
the need for an optimized multibit full comparator architecture
that can provide efficient comparison with reduced complexity
and improved structural organization for QCA-based digital
systems [15].

IV. PROPOSED METHODOLOGY

The proposed work presents a multibit full
comparator implemented using Quantum Dot Cellular
Automata by exploiting majority logic and cell polarization
principles. The overall working flow of the proposed
comparator is shown in Fig. 1, which illustrates the functional
sequence from multibit inputs to final comparison outputs.
Two n-bit binary inputs A[n:0] and B[n:0] are applied to the
comparator, and the system produces three outputs indicating
whether A is equal to, greater than, or less than B.
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Fig. 1. Functional block diagram of the proposed multibit
QCA comparator

The architecture of the proposed comparator is
designed around bit-wise comparison followed by hierarchical
decision logic. Each corresponding bit pair from inputs A and
B is processed starting from the most significant bit, ensuring
priority-based comparison. The architecture ensures that once
a higher-order bit determines inequality, lower-order bits do
not influence the final result. This architectural flow is
represented in Fig. 2, which highlights the interaction between
bit-wise comparator blocks, equality propagation, and multibit
decision logic.

Fig. 2. Architecture of the multibit QCA comparator showing
bit-wise comparison and output generation

At the core of the proposed design is QCA majority
logic, which forms the fundamental building block for
implementing comparison functions. A QCA majority gate
consists of three input cells and one output cell, where the
output polarization reflects the majority polarization of the
inputs. The physical structure and logical representation of the
majority gate used in this work are shown in Fig. 3. By fixing
one input to a constant logic value, the majority gate can also
be configured to perform AND or OR operations, enabling
flexible logic realization within the comparator.
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Fig. 3. QCA majority gate structure and logical representation

The inverter required for complement operations in
the comparator is realized using a specific QCA cell
arrangement that forces opposite polarization at the output.
The inverter structure is shown in Fig. 4, where the diagonal
placement of quantum dots results in signal inversion through
Coulombic interaction. This inverter is used to generate
complementary signals necessary for equal, greater-than, and
less-than decision logic.
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Fig. 4. QCA inverter structure
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The fundamental QCA cell, which is the basic unit of
computation, is shown in Fig. 5. Each cell contains four
guantum dots and two mobile electrons that occupy diagonal
positions depending on input polarization. Logic ‘1’ and logic
‘0’ are represented by opposite polarization states, enabling
binary computation without current flow. The interaction
between adjacent cells allows information propagation across
the comparator layout.
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Fig. 5. QCA cell structure showing polarization states

Page | 142

ISSN [ONLINE]: 2395-1052

The execution of the proposed comparator follows a
controlled clocking mechanism to ensure proper signal
propagation and synchronization. The complete comparator
layout is divided into clocking zones that guide the movement
of polarization from input to output. The execution flow,
including signal propagation across bit-wise stages and final
output generation, is illustrated in Fig. 6. This clocked
execution ensures stable operation and prevents signal
interference between adjacent stages.
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Fig. 6. Execution flow of the multibit QCA comparator with
clocking zones

The proposed methodology also defines clear
functional roles for each block in the design. The input block
accepts multibit binary values, the bit-wise comparison block
evaluates individual bit dominance using majority logic, the
equality propagation block tracks matching bits across stages,
and the output logic block generates final equal, greater-than,
and less-than signals. This modular block-based structure
improves scalability and layout regularity for higher-bit
implementations.

The proposed design is implemented and verified
using QCA simulation software. The software environment is
used to design the QCA layout, assign clocking zones, and
simulate cell polarization behavior under different input
conditions. Simulation results confirm correct logical
functionality, proper signal propagation, and stable output

www.ijsart.com



IJSART - Volume 12 Issue 01 — JANUARY 2026

generation. The software-based validation ensures that the
proposed multibit comparator operates correctly and is
suitable for integration into larger QCA-based digital systems.

V. RESULTS AND DISCUSSION

The functional correctness of the proposed multibit
full comparator designed using Quantum Dot Cellular
Automata is verified through simulation waveforms, as shown
in Fig. 7. The waveform illustrates the input signals A and B,
the corresponding comparator output, and the associated QCA
clock signals. The variation in input patterns confirms that the
comparator correctly evaluates different combinations of
multibit inputs over time.

Fig. 7.Simulated waveform showing multibit QCA
comparator inputs, output response, and clock signals

From the waveform, it can be observed that the
comparator output transitions accurately in response to
changes in the input signals. When the input values satisfy the
comparison condition, the output reflects the correct logical
state, validating the effectiveness of the bit-wise comparison
and priority-based decision logic employed in the design. The
absence of incorrect or unstable transitions indicates reliable
signal propagation across the comparator stages.

The clock signals shown in the waveform

demonstrate proper synchronization of QCA clocking zones
during execution. The four-phase clocking mechanism ensures
orderly polarization transfer between cells, preventing race
conditions and signal interference. This confirms that the
execution flow of the proposed design follows the intended
clock-controlled operation, which is essential for stable QCA
circuit behavior.
As shown in Table I, the performance of the proposed multibit
QCA comparator is compared with existing QCA-based
comparator designs. The comparison highlights improvements
in functional stability, clock synchronization, and execution
reliability achieved by the proposed architecture.
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Table I.Performance Comparison of Existing and Proposed

Multibit QCA Comparator
Parameter Existing QCA|Proposed QCA
Comparator Comparator
. N . Multibit binary
Input | Multibit ts||.
nput signals ultibit binary inputs inputs
. Greater, Equal,
Output signals ||Greater, Equal, Less Less au

Comparison Correct with minor||Correct for all
accuracy instability tested cases
. - Occasional transient||No litches
Signal stability . g
variations observed
. . Optimized four-
Clocking Multi-zone QCA P
. phase QCA
scheme clocking .
clocking
Execution Sensitive to timing||Stable and
behavior variations synchronized

Overall, the simulation results validate that the
proposed multibit QCA comparator performs accurate
comparison operations with correct timing and signal stability.
The waveform analysis confirms the successful integration of
majority logic, hierarchical comparison, and clocked
execution, demonstrating the suitability of the proposed design
for nanoscale QCA-based digital systems.

VI. CONCLUSION

This work presented the design and simulation of a
multibit full comparator using Quantum Dot Cellular
Automata technology. The proposed comparator architecture
employs majority logic and hierarchical bit-wise comparison
to accurately determine greater-than, equal-to, and less-than
conditions for multibit inputs. The design ensures correct
comparison by prioritizing higher-order bits and effectively
propagating decision signals through controlled clocking.

Simulation results confirm the functional correctness,
signal stability, and proper synchronization of the proposed
comparator. The waveform analysis demonstrates accurate
output transitions in response to varying input combinations,
while the four-phase clocking mechanism ensures reliable
polarization transfer and glitch-free operation. Performance
comparison indicates that the proposed design offers improved
stability and execution reliability compared to existing QCA
comparator implementations.

Overall, the proposed multibit QCA comparator
provides a scalable and efficient solution for nanoscale digital
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comparison. Its structured architecture, stable execution, and
suitability for low-power QCA-based systems make it a
promising building block for future nanoelectronic arithmetic
and control circuits.
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