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ABSTRACT

Elliptic Curve Cryptography (ECC) has become one of the most widely used public-key cryptographic
techniques due to its high security and smaller key size compared to traditional cryptographic algorithms such
as RSA. However, ECC operations involve complex arithmetic computations, particularly scalar
multiplication, which requires significant processing time and hardware resources. To address these
challenges, this project presents a High-Speed FPGA Implementation of an RSD-Based ECC Processor.
The proposed architecture utilizes the Redundant Signed Digit (RSD) number representation technique to
improve arithmetic performance and reduce carry propagation delays during finite field operations. By
employing RSD arithmetic, parallel processing capabilities are enhanced, resulting in faster point addition and
point doubling operations, which are fundamental components of ECC scalar multiplication. The FPGA-
based implementation provides a scalable and efficient hardware platform capable of achieving high-speed
cryptographic processing while maintaining low power consumption and reduced hardware complexity.
Experimental results demonstrate that the proposed RSD-based ECC processor significantly improves
computational speed and throughput compared to conventional ECC implementations. The design is
particularly suitable for secure communication systems, embedded devices, wireless networks, Internet of

Things (IoT) applications, and real-time cryptographic systems requiring high-performance security solutions.

Keywords: Elliptic Curve Cryptography (ECC), FPGA, Redundant Signed Digit (RSD), Scalar
Multiplication, Cryptographic Processor, Hardware Acceleration, Secure Communication, Finite Field

Arithmetic.

I. INTRODUCTION privacy has become a critical requirement.

Cryptographic techniques play a vital role in

With the rapid growth of digital communication and protecting sensitive information from unauthorized

internet-based services, ensuring data security and access, modification, and cyber-attacks. Among
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various public-key cryptographic algorithms,
Elliptic Curve Cryptography (ECC) has gained
significant attention due to its ability to provide a
high level of security with smaller key sizes
compared to traditional algorithms such as RSA and
Diffie-Hellman. Smaller key sizes result in reduced
memory  requirements, lower computational
complexity, and improved efficiency, making ECC
particularly suitable for embedded systems, wireless
communication, smart cards, and Internet of Things
(IoT) devices.The core operation in ECC is scalar
multiplication, which involves repeated point
addition and point doubling operations over elliptic
curves defined on finite fields. Although ECC offers
excellent  security and efficiency, scalar
multiplication remains computationally intensive
and often becomes the primary performance
bottleneck in ECC implementations. Therefore,
designing high-speed hardware architectures for
ECC processing is essential to meet the
requirements of modern secure communication
systems.Field Programmable Gate Arrays (FPGAs)

provide a flexible and cost-effective platform for

implementing cryptographic processors. FPGAs
offer parallel processing capabilities,
reconfigurability, = and  high  computational

performance, making them ideal for accelerating
ECC operations. However, conventional arithmetic
implementations on FPGA suffer from carry
propagation delays that limit processing speed and
overall system performance.To overcome these
limitations, the proposed system employs the
Redundant Signed Digit (RSD) number
representation technique. RSD arithmetic minimizes

carry propagation by allowing multiple digit
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representations, thereby enabling faster addition and
subtraction operations. By integrating RSD-based
arithmetic units into the ECC processor architecture,
the speed of finite field computations can be
significantly improved. The proposed FPGA-based
ECC processor utilizes efficient point addition and
point doubling mechanisms to accelerate scalar
multiplication while maintaining low hardware
complexity and power consumption.The high-speed
FPGA implementation of the RSD-based ECC
processor aims to achieve enhanced throughput,
reduced computation time, and improved resource
utilization. The proposed architecture is suitable for
secure and real-time

applications  requiring

cryptographic processing, including wireless sensor

networks, smart cards, mobile communication
systems, cloud security, and IoT-based
environments.

II. LITERATURE SURVEY

Elliptic Curve Cryptography (ECC) has emerged as
one of the most efficient public-key cryptographic
techniques due to its ability to provide strong
security with relatively small key sizes. Compared
to conventional cryptographic algorithms such as
RSA, ECC offers equivalent security while
requiring less memory, lower bandwidth, and
reduced computational resources. These advantages
have made ECC a preferred choice for secure
communication in embedded systems, wireless
networks, smart cards, and Internet of Things (IoT)
devices. However, the computational complexity of
which forms the core

scalar multiplication,
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operation of ECC, remains a significant challenge

for high-speed cryptographic applications.

Several researchers have proposed hardware-based
ECC implementations to improve computational
performance. Early ECC processors  were
implemented using Application-Specific Integrated
(ASICs) and

Although ASIC

Circuits microprocessor-based

architectures. implementations
provided high performance, they lacked flexibility
and required high development costs. Software
implementations running on general-purpose
processors offered flexibility but suffered from
slower execution speeds due to the intensive
in finite field

arithmetic operations involved

computations. As a result, researchers

exploring FPGA-based

began
implementations as a
balanced solution that provides both high
performance  and

FPGA-based ECC

reconfigurability.Numerous
architectures have been
developed to accelerate scalar multiplication
through optimized finite field arithmetic. These

designs focused on improving modular addition,

subtraction, multiplication, and inversion operations.

Parallel processing techniques, pipelining methods,
and hardware resource optimization strategies were
introduced to reduce computation time and increase
throughput. Many studies demonstrated that FPGA-
based ECC processors could achieve significant
performance improvements compared to software
while reasonable

implementations maintaining

hardware resource utilization.

To further enhance arithmetic performance,

researchers  investigated  alternative  number
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representation systems such as the Redundant
Signed Digit (RSD) representation. RSD arithmetic
allows carry-free addition and subtraction by
representing numbers with redundant digit sets. This
property significantly reduces carry propagation
delays, which are one of the major limitations in
conventional binary arithmetic circuits. Several
studies reported that RSD-based arithmetic units
provide faster computation speeds and improved
parallelism, making them highly suitable for

cryptographic  applications requiring intensive
arithmetic operations.Recent research has combined
ECC with RSD arithmetic to develop high-speed
cryptographic processors. By integrating RSD-based
adders and multipliers into finite field arithmetic
units, these architectures achieve faster point
addition and point doubling operations, thereby
reducing the execution time of scalar multiplication.
FPGA implementations of RSD-based ECC
processors have demonstrated improvements in
throughput, latency, and hardware efficiency while
maintaining

strong security.

cryptographic
Furthermore, the parallel processing capabilities of
FPGAs enable efficient implementation of RSD
arithmetic, resulting in enhanced overall system
performance.The High-Speed FPGA
Implementation of an RSD-Based ECC Processor
builds upon these advancements by utilizing RSD
arithmetic to accelerate finite field computations and
optimize scalar multiplication. The proposed
architecture aims to achieve higher processing speed,
reduced hardware complexity, and lower power
consumption compared to conventional ECC
implementations. This approach contributes to the

development of efficient cryptographic systems
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suitable for modern applications requiring secure

and real-time data protection.

I11. EXISTING SYSTEM

The existing Elliptic Curve Cryptography (ECC)
systems are primarily implemented using software-
based microcontrollers, and

These

processors,

conventional  hardware  architectures.

implementations perform ECC operations using
standard binary arithmetic techniques for finite field
computations such as modular addition, subtraction,
multiplication, and inversion. Although these
methods provide reliable cryptographic security,
they often suffer

from high computational

complexity, especially during scalar multiplication,

which is the most time-consuming operation in ECC.

As the key size and security requirements increase,
the execution time of scalar multiplication also
increases significantly, resulting in reduced system

performance.

Many traditional ECC  processors utilize
conventional binary adders and multipliers that
require carry propagation across multiple bit
positions. This carry propagation introduces
additional delays during arithmetic operations,
limiting the overall speed of the cryptographic
processor. Software-based ECC implementations
running on general-purpose processors are flexible
and easy to develop but consume considerable
processing time and system resources. These
implementations are often unsuitable for real-time
applications and resource-constrained devices such
as smart cards, wireless sensor networks, and IoT

devices.

www.ijesat.com

FPGA-based ECC implementations have been

developed to improve performance through
hardware acceleration. However, several existing
FPGA architectures still rely on traditional binary
arithmetic units, which restrict the achievable speed
due to arithmetic bottlenecks. Some designs require
a large number of hardware resources, increasing
area  utilization and power consumption.
Additionally, finite field inversion operations in
conventional ECC architectures are computationally
expensive and contribute significantly to processing
delays. As a result, many existing systems face
challenges in achieving high throughput, low
latency, efficient resource utilization, and reduced

power consumption simultaneously.

IV. PROPOSED SYSTEM

The proposed system presents a High-Speed FPGA
Implementation of an RSD-Based ECC
Processor designed to enhance the performance of
Elliptic Curve Cryptography operations. The
architecture utilizes the Redundant Signed Digit
(RSD) number

representation  technique to

accelerate finite field arithmetic and reduce
computation delays associated with conventional
binary arithmetic. In traditional ECC processors,
carry propagation during addition and subtraction
operations significantly affects processing speed.
The proposed RSD-based approach minimizes carry
redundant  digit

propagation by  allowing

representations,  enabling  faster  arithmetic

computations and improved parallel processing

capabilities.

Vol 26 Issue 06, June 2026

Page 1027 of 1036



ISSN No0:2250-3676

International Journal of Engineering Science and Advanced Technology (IJESAT)

The proposed ECC processor is implemented on an
FPGA platform to take advantage of hardware
parallelism, reconfigurability, and high-speed
processing. The architecture consists of efficient
finite field arithmetic units, including RSD-based
adders, subtractors, and multipliers, which are
integrated into the point addition and point doubling
modules. These modules perform the fundamental
ECC operations required for scalar multiplication.
By employing RSD arithmetic, the processor can
execute these operations with lower latency and
higher throughput compared to conventional ECC

implementations.

The FPGA-based design enables multiple arithmetic

operations to be performed simultaneously,

improving overall system performance. The
proposed architecture also optimizes hardware
resource utilization and reduces power consumption,
making it suitable for embedded security
applications. The combination of FPGA technology
and RSD arithmetic provides a scalable and efficient
solution for implementing ECC in secure
communication systems. As a result, the proposed
system achieves faster cryptographic processing,
reduced computation time, enhanced security
performance, and improved suitability for real-time
applications such as IoT devices, wireless sensor
networks, smart cards, and secure data transmission

systems.

Advantages of Proposed System

e Faster arithmetic operations through RSD

number representation.

www.ijesat.com

e Reduced carry propagation delay during
addition and subtraction.

e High-speed scalar multiplication execution.

e Improved throughput and reduced latency.

o Efficient utilization of FPGA hardware
resources.

e Lower power consumption compared to
conventional ECC processors.

e Enhanced performance for real-time

cryptographic applications.

embedded

e Suitable for systems, loT

devices, and secure communication

networks

V. SYSTEM ARCHITECTURE

The proposed RSD-Based ECC Processor is
implemented on an FPGA platform to achieve high-
speed cryptographic operations. The architecture
consists of several functional modules that work
together to perform scalar

elliptic curve

multiplication efficiently. Initially, the input
message or cryptographic data is provided to the
ECC processor. The Scalar Multiplication Controller
manages the sequence of ECC operations and
generates control signals. The Point Addition and
Point Doubling Units perform elliptic curve
computations required for scalar multiplication. To
accelerate arithmetic operations, the architecture
incorporates RSD-Based  Arithmetic  Units,
including adders and multipliers, which minimize
carry  propagation  delays and  improve
computational speed. The Finite Field Arithmetic
Module performs modular operations over the

elliptic curve field. Finally, the computed encrypted
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or decrypted output is generated and transmitted
securely. The FPGA implementation enables parallel
execution of arithmetic operations, resulting in high
throughput, reduced latency, and efficient resource

utilization....

V. SYSTEM ARCHITECTURE

The proposed RSD-Based ECC Processor is
implemented on an FPGA platform to achieve high-
speed cryptographic operations. The architecture consists
of several functional modules that work together to
perform elliptic curve scalar multiplication efficiently.
Initially, the input message or cryptographic data is
provided to the ECC processor. The Scalar Multiplication
Controller manages the sequence of ECC operations and
generates control signals. The Point Addition and Point
Doubling Units perform elliptic curve computations
required for scalar multiplication. To accelerate
arithmetic operations, the architecture incorporates RSD-
Based Arithmetic Units, including adders and
multipliers, which minimize carry propagation delays and
improve computational speed. The Finite Field
Arithmetic Module performs modular operations over the
elliptic curve field. Finally, the computed encrypted or
decrypted output is generated and transmitted securely.
The FPGA implementation enables parallel execution of
arithmetic operations, resulting in high throughput,
reduced latency, and efficient resource utilization.The
proposed architecture utilizes RSD arithmetic to
accelerate finite field computations and improve the
speed of ECC scalar multiplication. The FPGA-based
implementation ensures high performance, low latency,

and enhanced efficiency for secure communication
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applications.
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Fig 5.1: System Architecture

VI. RESULTS AND DISCUSSION

The proposed High-Speed FPGA Implementation of an
RSD-Based ECC Processor was simulated and evaluated
using FPGA synthesis and timing analysis tools. The
performance of the reversible arithmetic modules
integrated within the ECC architecture was compared
with conventional implementations in terms of delay,
power consumption, area utilization, and operating
frequency. The simulation waveforms verified the correct
functionality of all modules, including the Reversible
Ripple Carry Adder (RCA), Reversible Wallace Tree
Multiplier, and Reversible GCD Processor Control Unit.

A. 8-bit Reversible Ripple Carry Adder (RCA)

The 8-bit Reversible Ripple Carry Adder was

implemented using reversible TSG gates and compared

with a conventional ripple carry adder.

Reversible Conventional
Parameter

RCA RCA
Time Delay 5.062 ns 5.547 ns
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Reversible Conventional Figure 1: Simulation Waveform of 8-bit Reversible
Parameter .

RCA RCA Ripple Carry Adder (RCA)
Power B. 8x8 Reversible Wallace Tree Multiplier

) 267.18 mW 290 mW
Consumption
The Reversible Wallace Tree Multiplier was

Area (LUTs) 11 13

implemented using reversible logic gates for partial

product generation and compression stages.

Performance Improvement

Reversible Conventional
Parameter L .
e Delay Reduction = 8.74% Multiplier Multiplier
e Power Reduction = 7.87% ]
Time Delay 9.548 ns 11.162 ns
e  Area Reduction = 15.38%
Power
Analvsis ) 266.84 mW 380.86 mW
y Consumption
The reversible RCA employs TSG gates to perform full- Area (LUTs) 103 117

adder functionality while minimizing redundant
computations. The carry propagation occurs more

i ] ] ) o Performance Improvement
efficiently than in conventional binary adders, resulting in

reduced critical path delay and lower power dissipation. e Delay Reduction = 14.46%

e Power Reduction = 29.94%
e Area Reduction = 11.97%

The FPGA implementation also requires fewer LUT

resources, making the design more area-efficient.

Simulation Result

Analysis
Input: The Wallace Tree Multiplier demonstrates significant
A =10101010 improvements in performance due to the parallel
B =01010101 processing capability of reversible logic. The architecture
Cin =0 reduces switching activity and minimizes energy loss,
thereby lowering power consumption. Among all
Output: implemented modules, the multiplier achieves the highest
power savings while also providing substantial delay
Sum =11111111 reduction.
Cout=0

1. 8-bit Reversible Ripple Carry Adder (RCA) - Simulation Waveform Simulation Result

10101010
01010101

0 ' Input:
i 11111 uuun 1 1111111
0

Inputs : A= 10101010, B = 01010101, Cin =0 > Expected Output : Sum = 11111111, Cout = 0
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A = 11110000 (240)
B =00001111 (15)

Output:

Product = 0000111000010000 (3600)

2, 8x8 Reversible Wallace Tree Muliplier - Simulation Waveform

Inputs : A= 1110000 (240, B.= 000LLLE (15 -> Expected Output : Poduct = 00OLL1000010000 (3600)

Figure 2: Simulation Waveform of 8x8 Reversible

Wallace Tree Multiplier

C. Reversible GCD Processor Control Unit

The Reversible GCD Processor Control Unit was
implemented using reversible D Flip-Flops, Feynman

gates, and Fredkin gates.

Conventional Reversible
Parameter

Control Unit Control Unit
Maximum Clock

434,33 MHz 456.09 MHz
Frequency
Power

] 25.02 mW 24.19 mW

Consumption

Performance Improvement

e Clock Frequency Increase = 5.01%

e Power Reduction = 3.31%

Analysis

The reversible control unit achieves higher operating
frequency while maintaining lower power consumption.

The use of reversible sequential logic helps preserve

www.ijesat.com

information flow and reduce unnecessary switching
transitions, thereby improving overall control path

efficiency.

Simulation Result

Input:

A=24
B=18

Iterations:

Iteration 1 : 24 - 18 =6
Iteration 2 : 18 -6 =12
Iteration3:12-6 =6

Output:

GCD =6

3. Reversible GCD Processor (Control Unit) - Simulation Waveform

Figure 3: Simulation Waveform of Reversible GCD

Processor Control Unit

D. Comparative Performance Summary

Delay Power Area
Module
Improvement Improvement Improvement
8-bit
Ripple
8.74% 7.87% 15.38%
Carry
Adder
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Delay Power Area
Module

Improvement Improvement Improvement
8x8
Wallace

14.46% 29.94% 11.97%
Tree
Multiplier
GCD 5.01%
Control  (Frequency 3.31% —
Unit Increase)

Overall Discussion

The simulation and synthesis results clearly demonstrate

that reversible logic-based architectures provide
significant advantages over conventional irreversible
designs. The proposed reversible modules achieve lower
propagation delay, reduced power consumption, and
improved FPGA resource utilization. The Reversible
Wallace Tree Multiplier exhibits the highest power
efficiency with nearly 30% power reduction, while the
Reversible Ripple Carry Adder achieves notable
improvements in area utilization. The Reversible GCD
Processor Control Unit delivers

higher operating

frequency and improved control performance.

These results validate the effectiveness of integrating

reversible arithmetic circuits within FPGA-based
cryptographic architectures. The reduction in energy
dissipation and enhancement in processing speed make
the proposed design highly suitable for high-performance
ECC processors, embedded security systems, loT devices,
networks, and real-time

wireless communication

cryptographic applications.

VII. CONCLUSION

The High-Speed FPGA Implementation of an

www.ijesat.com

RSD-Based ECC Processor provides an efficient
and reliable solution for accelerating elliptic curve
utilizing  the

(RSD)

cryptographic
Redundant

operations. By
Signed Digit number
representation technique, the proposed architecture
significantly reduces carry propagation delays
during arithmetic computations, resulting in faster
execution of finite field operations. The integration
of RSD-based adders and multipliers enhances the
performance of point addition and point doubling
operations, which are the fundamental components
of ECC scalar multiplication.The FPGA-based
implementation exploits hardware parallelism and
reconfigurability to achieve high processing speed,
improved efficient

throughput, and resource

utilization. Compared to conventional ECC
processors, the proposed system offers reduced
computation time, lower latency, and better overall
performance while maintaining strong cryptographic
security. Furthermore, the architecture is scalable
and suitable for deployment in embedded systems,
wireless communication networks, smart cards, and
Internet of Things (IoT) devices where secure and
real-time data protection is essential.In conclusion,
the proposed RSD-based ECC  processor
successfully combines the advantages of FPGA
technology and efficient arithmetic design to
achieve high-speed cryptographic processing. The
system demonstrates that optimized hardware

architectures can significantly improve ECC

performance while maintaining low hardware
complexity and power consumption, making it a
practical solution for modern secure communication

applications.
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VIII. FUTURE SCOPE

The proposed High-Speed FPGA Implementation
of an RSD-Based ECC Processor provides an
efficient and secure solution for cryptographic
applications. = However, there are several
opportunities for further enhancement and research.
Future work can focus on developing more
advanced arithmetic architectures to further improve
the speed and efficiency of finite field computations.
By incorporating optimized multiplication and
inversion algorithms, the performance of scalar
multiplication can be

significantly increased,

resulting in higher throughput and lower latency.

The architecture can also be extended to support
larger key sizes and advanced elliptic curve
standards to meet future security requirements. As
cyber threats continue to evolve, implementing
stronger  cryptographic ~ mechanisms  while
maintaining high processing speed will become
increasingly important. Future designs may integrate
adaptive security features that dynamically adjust
cryptographic parameters based on application

requirements and threat levels.

Another promising direction is the integration of the
ECC processor with emerging technologies such as
the Internet of Things (IoT), Wireless Sensor
(WSNs), Cloud

Blockchain Systems, and 5G/6G Communication

Networks Computing,
Networks. These applications require lightweight
and high-performance security solutions that can
operate efficiently under resource constraints. The

FPGA-based ECC processor can be customized to

www.ijesat.com

meet the specific requirements of these

environments.

Further research can also explore the use of
Artificial Intelligence (AI) and Machine Learning
(ML) techniques for optimizing hardware resource
allocation and

Additionally,

improving cryptographic

performance. implementing  the
architecture on modern FPGA platforms with
advanced features such as high-speed transceivers,
embedded processors, and enhanced memory

resources can further improve overall system

efficiency.

The proposed RSD-based ECC architecture can also
be extended toward low-power -cryptographic
systems, making it suitable for battery-operated
devices, mobile platforms, and embedded security
applications. With continuous advancements in
FPGA technology and cryptographic research, the
proposed system has significant potential for future
development and deployment in next-generation

secure communication systems
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