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ABSTRACT 

The increasing adoption of Internet of Things (IoT) devices has raised significant security 

concerns due to their vulnerability to cyber threats. The Advanced Encryption Standard 

(AES) is a widely used cryptographic algorithm for securing data communication in IoT 

networks. However, implementing AES efficiently in hardware is challenging due to 

constraints on power, area, and processing speed. This paper presents a VLSI-based pipelined 

AES encryption architecture integrated with an optimized 10-stage S-Box to enhance security 

while maintaining high throughput and low power consumption. The proposed design 

improves the substitution process of AES, reduces latency, and ensures efficient hardware 

utilization. The results demonstrate that the proposed approach achieves superior 

performance compared to traditional AES implementations, making it suitable for real-time 

IoT applications. 
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I. INTRODUCTION 

The rapid proliferation of Internet of Things (IoT) devices has revolutionized various sectors, 

including healthcare, smart homes, industrial automation, and smart cities. IoT devices 

collect, process, and transmit vast amounts of sensitive data, making security a crucial 

concern. These devices, often constrained in power and computational resources, require 

efficient cryptographic solutions to ensure secure communication. Among the available 
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encryption techniques, the Advanced Encryption Standard (AES) is widely regarded as the 

most secure and reliable for data protection. However, the traditional AES algorithm is 

computationally intensive, making it challenging to implement efficiently in resource-

constrained environments. A VLSI-based pipelined AES implementation integrated with an 

optimized 10-stage S-Box provides a viable solution to address these challenges by 

enhancing speed, reducing power consumption, and improving security. The increasing 

connectivity of IoT devices exposes them to a wide range of cyber threats, including data 

breaches, unauthorized access, and man-in-the-middle attacks. Conventional security 

mechanisms, such as software-based encryption, are often insufficient due to their high 

computational overhead and susceptibility to attacks. Hardware-based implementations, 

particularly those using VLSI (Very Large Scale Integration) technology, offer better 

security, improved performance, and reduced latency. The need for a lightweight, high-

performance encryption mechanism has led to extensive research in optimizing AES 

implementations for IoT applications. 

AES is a symmetric-key block cipher that processes data in multiple rounds, incorporating 

substitution, permutation, and key expansion. The S-Box, responsible for the SubBytes 

transformation, is a crucial component of AES, providing non-linearity to enhance security. 

However, conventional S-Box implementations involve complex mathematical operations, 

making them resource-intensive and slow. Optimizing the S-Box while maintaining its 

cryptographic strength is essential for efficient AES hardware implementation in IoT 

networks. 

Implementing AES in IoT devices presents several challenges. The traditional AES algorithm 

requires complex mathematical operations, including Galois field multiplications and affine 

transformations, which can be computationally expensive. Power and energy constraints are 

also a significant concern, as IoT devices are typically battery-powered and require energy-

efficient encryption mechanisms that do not drain power quickly. Additionally, real-time 

applications demand low-latency encryption to ensure smooth data transmission and minimal 

processing delays. Another challenge is hardware area utilization, as AES implementations 

must optimize chip area usage to fit within the constrained resources of IoT devices while 

maintaining performance. To address these challenges, researchers have focused on 

developing pipelined AES architectures with optimized S-Box designs, improving throughput 

and efficiency. A pipelined AES design significantly enhances processing speed by breaking 
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down encryption operations into multiple stages, allowing parallel execution of data blocks. 

This reduces latency and improves overall throughput. Additionally, introducing an 

optimized 10-stage S-Box enhances substitution efficiency, reducing processing time and 

power consumption. 

A pipelined architecture ensures increased throughput by enabling multiple AES operations 

to be executed simultaneously, making encryption faster and more efficient. The 10-stage S-

Box further reduces latency by dividing the substitution process into smaller stages, 

minimizing processing delays without compromising security. Optimized logic design in the 

S-Box also reduces the switching activity of circuits, leading to lower power consumption 

and improved energy efficiency. Furthermore, the modular nature of the proposed design 

allows for easy integration with various hardware platforms, making it adaptable to different 

IoT applications. By leveraging pipelining and an optimized S-Box, the proposed AES 

implementation ensures secure and efficient data encryption for IoT networks. This approach 

not only addresses the computational limitations of IoT devices but also enhances security by 

providing a robust encryption mechanism. The integration of VLSI-based optimizations 

makes it possible to achieve high-performance encryption while maintaining low power 

consumption and minimal hardware area utilization. This research contributes to the 

development of a practical and scalable encryption solution, ensuring the security of IoT 

communication in diverse applications. 

 

II. AES ENCRYPTION AND S-BOX DESIGN 

The Advanced Encryption Standard (AES) is one of the most widely used symmetric 

encryption algorithms, providing secure data protection for various applications, including 

financial transactions, wireless communications, and IoT security. AES was established by 

the National Institute of Standards and Technology (NIST) in 2001 as a replacement for the 

outdated Data Encryption Standard (DES). It operates on fixed-size data blocks of 128 bits 

and supports key sizes of 128, 192, and 256 bits. The encryption process consists of multiple 

rounds, where each round includes key expansion, substitution, permutation, and mixing 

operations to transform plaintext into ciphertext. 

A critical component of AES is the Substitution Box (S-Box), which is responsible for 

introducing non-linearity into the encryption process. The S-Box is a fundamental element in 

the SubBytes transformation, where each byte of the input data is replaced with a 
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corresponding byte from a predefined lookup table. This step enhances security by ensuring 

resistance against linear and differential cryptanalysis attacks. The AES S-Box is constructed 

based on an inversion in the Galois Field (GF(2⁸)), followed by an affine transformation. 

This mathematical design ensures strong cryptographic properties, such as high non-linearity, 

avalanche effect, and minimal correlation between input and output bits. 

Despite its security benefits, the traditional AES S-Box design poses challenges in terms of 

hardware and software implementations. The lookup table approach consumes significant 

memory and requires additional processing time, which may not be ideal for resource-

constrained environments such as IoT devices. Hardware implementations of AES, 

particularly in Very Large Scale Integration (VLSI) circuits, demand optimized S-Box 

designs to enhance speed, reduce power consumption, and minimize hardware footprint. 

Various approaches, such as composite field arithmetic, logic gate minimization, and 

pipelining, have been proposed to optimize the S-Box while preserving its cryptographic 

strength. 

An effective method to improve AES performance is the pipelined implementation of the 

encryption process. In a pipelined AES design, each encryption round is divided into separate 

stages, allowing parallel processing of multiple data blocks. This significantly increases 

throughput and reduces latency, making it ideal for high-speed applications. By integrating an 

optimized 10-stage S-Box, the encryption process achieves further improvements in power 

efficiency and processing speed. The 10-stage S-Box design reduces the complexity of 

substitution operations by breaking them into smaller, manageable steps, ensuring lower 

circuit switching activity and minimizing power dissipation. 

 

III. PROPOSED VLSI-BASED PIPELINED AES ARCHITECTURE 

The proposed VLSI-based pipelined AES architecture is designed to enhance encryption 

performance by leveraging hardware-based optimizations, making it suitable for secure and 

efficient IoT applications. Traditional software-based AES implementations often suffer from 

high computational overhead, making them unsuitable for real-time and resource-constrained 

environments. A hardware-based approach, particularly using Very Large Scale Integration 

(VLSI) technology, significantly improves throughput, reduces latency, and optimizes power 

consumption. By implementing a pipelined structure, the encryption process is divided into 
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multiple stages, allowing parallel execution of multiple data blocks, thereby accelerating 

encryption speed without compromising security. 

In a standard AES encryption process, each round involves several transformations, including 

SubBytes, ShiftRows, MixColumns, and AddRoundKey. These operations introduce delays 

when processed sequentially. The proposed pipelined architecture addresses this challenge by 

breaking down the encryption process into distinct pipeline stages. Each stage performs a 

specific transformation, enabling simultaneous execution of multiple rounds. This parallelism 

ensures that while one block of data is being processed in the initial stages, subsequent blocks 

are simultaneously processed in later stages. As a result, the overall encryption speed 

increases, making it ideal for applications requiring high-speed data transmission, such as IoT 

networks and wireless communications. 

A key enhancement in the proposed design is the integration of an optimized 10-stage S-Box. 

The S-Box is responsible for the SubBytes transformation, which introduces non-linearity to 

the encryption process, making it resistant to cryptographic attacks. However, conventional 

S-Box implementations involve complex mathematical operations that can increase 

processing time and power consumption. The proposed 10-stage S-Box design optimizes 

substitution operations by distributing them across multiple pipeline stages, reducing 

computation time and circuit complexity. This approach minimizes switching activity in the 

hardware circuit, leading to lower power dissipation and improved energy efficiency, which 

is particularly beneficial for battery-operated IoT devices. 

Furthermore, the proposed VLSI-based AES implementation utilizes hardware-efficient 

techniques such as composite field arithmetic and logic gate minimization. These 

optimizations reduce the area occupied by AES components on the chip, making it feasible 

for integration into embedded systems. Additionally, power-gating techniques can be 

incorporated to dynamically control power usage, further enhancing the energy efficiency of 

the design. 

 

IV. CONCLUSION  

In conclusion, the proposed VLSI-based pipelined AES architecture with an optimized 10-

stage S-Box design offers a highly efficient and secure solution for modern IoT applications. 

The integration of pipelining enables parallel processing of encryption rounds, which 

significantly enhances throughput and reduces latency. This parallelism is essential for 
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meeting the high-speed demands of real-time data encryption, particularly in resource-

constrained environments such as IoT devices, where power and processing capabilities are 

limited. The optimized 10-stage S-Box design further improves performance by breaking 

down substitution operations into smaller, more manageable stages, reducing circuit 

complexity and power consumption. This optimization ensures that the AES encryption 

process remains both fast and energy-efficient, addressing the critical requirements of IoT 

systems, where long battery life and low power consumption are essential. Moreover, the 

hardware-efficient implementation through VLSI technology allows for compact integration 

into embedded systems, making it feasible for deployment in small-scale, portable devices. 

The use of advanced techniques, such as composite field arithmetic and logic gate 

minimization, ensures that the design occupies minimal chip area while maintaining high 

security and encryption strength. Overall, the proposed VLSI-based pipelined AES 

architecture is a promising approach to securing IoT networks, ensuring both speed and 

energy efficiency in encryption processes. 
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