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Abstract: Chaos-based encryption, when combined with EIGamal cryptographic frameworks, offers a robust
approach to securing communication in distributed systems. This project explores a hybrid cryptosystem that
leverages the sensitivity to initial conditions in chaotic functions and the discrete logarithm problem
underlying EIGamal encryption. By integrating chaotic key generation techniques, such as logistic maps and
Gray code transformations, with ElGamal’s asymmetric encryption, the system ensures enhanced data
confidentiality, integrity, and resilience to cryptographic attacks. The experimental evaluation demonstrates
that the proposed hybrid model achieves significant improvements in security, computational efficiency, and
resistance to cryptanalysis, including side-channel and brute force attacks. Additionally, the system is
designed to facilitate efficient key management, while ensuring adaptability for lightweight devices and real-
time secure communication protocols. This contribution highlights the potential of chaos-based-ElGamal
hybrid cryptography as a secure and scalable solution for modern communication networks.
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l. INTRODUCTION

In an increasingly connected world, the protection of sensitive data transmitted over digital communication
channels has become paramount. As cyber threats evolve, ensuring the confidentiality, integrity, and resilience
of transmitted information remains a critical challenge. Cryptographic solutions have long played a vital role
in addressing these concerns by safeguarding data against unauthorized access and tampering [1, 2].

Traditional cryptosystems, including symmetric and asymmetric approaches, have demonstrated effectiveness
in various domains. Symmetric methods, such as AES, ensure rapid data encryption, while asymmetric
techniques, such as RSA and ElGamal, excel in secure key exchange protocols [3]. Despite their individual
strengths, standalone cryptosystems face challenges such as susceptibility to cryptanalytic attacks and
inefficiencies in handling large-scale or real-time communications [4, 5].

To overcome these limitations, a hybrid approach has gained significant attention, combining chaos-based
cryptographic principles with asymmetric algorithms like ElGamal. Chaos-based encryption utilizes
properties such as sensitivity to initial conditions and non-linear dynamics to produce high-entropy keys,
making it resistant to cryptographic attacks [6]. Similarly, EIGamal leverages the computational infeasibility
of solving discrete logarithm problems, enhancing the robustness of key exchange mechanisms [7].

This project introduces a hybrid cryptosystem that integrates chaos-based encryption and the ElGamal
algorithm, aiming to deliver enhanced security and efficiency for secure communication systems. The chaos-
based component generates unpredictable keys using logistic maps and Gray code transformations, while
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ElGamal ensures secure public-key cryptography for real-time applications. The synergy between these
methods not only amplifies data security but also ensures scalability and adaptability across various domains,
including 10T networks, cloud-based systems, and encrypted messaging [8].

By addressing key challenges such as brute force attacks, side-channel vulnerabilities, and key management
issues, the proposed hybrid cryptosystem represents a cutting-edge solution for modern secure communication
needs. This research builds on existing advancements in cryptography to present a novel framework that is
resilient, efficient, and aligned with real-world applications [9, 10].

Il. LITERATURE SURVEY

The field of cryptography has witnessed significant advancements over the decades, driven by the need to
safeguard sensitive information in an increasingly interconnected world. Among these advancements, hybrid
cryptographic systems have gained prominence as they leverage the combined strengths of multiple
encryption techniques to address the limitations of standalone algorithms.

Chaos-Based Encryption has emerged as a promising approach due to its reliance on the inherent properties
of chaotic systems, such as sensitivity to initial conditions, pseudo-randomness, and the avalanche effect.
These properties ensure high entropy in key generation, enhancing the security of encrypted data. Khare,
Shukla, and Silakari proposed a secure and fast chaos-based cryptosystem, which utilizes logistic maps and
Gray code transformations for generating unpredictable keys [1]. This method offers computational efficiency
while maintaining resilience against brute-force and cryptanalytic attacks. However, challenges such as key
management in distributed systems and susceptibility to noise during encryption demand further
improvements [2].

The EIGamal Cryptosystem provides a robust framework for asymmetric encryption, relying on the discrete
logarithm problem for secure key exchange. EIGamal's algorithm enables secure public-key encryption,
making it suitable for applications in distributed networks [3]. However, the computational overhead
associated with modular arithmetic in EIGamal limits its efficiency, especially in real-time applications. This
limitation highlights the need for hybridization to combine EIGamal's asymmetric strengths with a lightweight
symmetric counterpart [4].

Hybrid encryption schemes, such as combining chaos-based encryption and EIGamal, offer a unique solution
to the above challenges. Recent research has demonstrated that integrating chaos-based key generation with
asymmetric cryptosystems like EIGamal enhances both security and computational efficiency. The synergy
between these methods addresses vulnerabilities in standalone algorithms, such as brute force and side-
channel attacks [5]. Additionally, hybrid systems benefit from the adaptability of chaos-based methods in
real-time communication and EIGamal's secure key exchange.

To further strengthen such hybrid systems, researchers have proposed additional enhancements. For example,
the incorporation of AES S-Box mappings adds complexity and unpredictability to ciphertext, making
cryptanalysis significantly more difficult [6]. This layered approach improves the resilience of encryption
schemes while ensuring scalability for larger datasets. Other studies have highlighted the potential of Gray
code transformations to improve key independence and reduce predictability [7].

Despite these advancements, challenges remain in implementing hybrid cryptosystems effectively. Key
synchronization across distributed systems, resistance to side-channel attacks, and balancing computational
efficiency with high-security requirements are areas of ongoing research. Addressing these challenges is
critical for deploying scalable and practical hybrid encryption frameworks in real-world scenarios, such as
loT networks, cloud computing, and encrypted communication systems [8, 9].

This survey underscores the importance of integrating chaos-based encryption with ElIGamal to achieve
secure, efficient, and resilient cryptographic systems. By leveraging the strengths of both methods and
incorporating additional enhancements, hybrid cryptography continues to advance as a vital tool in securing
modern communication networks.
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I11.  Hybrid Cryptography

Hybrid cryptography is an advanced cryptographic approach that combines the strengths of symmetric and
asymmetric encryption techniques to achieve enhanced security and efficiency. This method leverages the
speed and simplicity of symmetric encryption for data encryption and the robustness of asymmetric encryption
for secure key exchange. By integrating these two methodologies, hybrid cryptography addresses the
limitations of standalone cryptographic systems, making it a preferred choice for secure communication in
modern digital environments.

The chaos-based encryption technique, a key component of hybrid cryptography, utilizes the inherent
properties of chaotic systems, such as sensitivity to initial conditions and pseudo-randomness, to generate
high-entropy keys. These properties ensure unpredictability and resilience against cryptanalytic attacks. When
combined with the EIGamal cryptosystem, which relies on the discrete logarithm problem for secure key
exchange, the resulting hybrid framework achieves a robust balance between security and computational
efficiency.

One of the primary advantages of hybrid cryptography is its ability to mitigate vulnerabilities associated with
symmetric and asymmetric encryption. Symmetric encryption, while fast and efficient, is susceptible to key
management challenges in distributed systems. On the other hand, asymmetric encryption, though secure for
key exchange, can be computationally intensive for large-scale data encryption. The hybrid approach
overcomes these challenges by using asymmetric encryption for secure key distribution and symmetric
encryption for encrypting the actual data.

The proposed hybrid cryptographic framework integrates chaos-based encryption with EIGamal to enhance
security and efficiency. The chaos-based component generates unpredictable keys using logistic maps and
Gray code transformations, while EIGamal ensures secure key exchange over untrusted networks. This
integration addresses critical challenges such as brute force attacks, side-channel vulnerabilities, and key
management issues, making it particularly suitable for real-time secure communication applications.

The hybrid cryptographic framework offers several unique advantages:

Enhanced Security: The combination of chaos-based unpredictability and ElGamal's discrete logarithm
problem ensures robust protection against cryptanalytic attacks.

Efficiency: The lightweight nature of chaos-based encryption reduces computational overhead, while
ElGamal's modular arithmetic optimizes key exchange processes.

Scalability: The framework is adaptable to various applications, including IoT networks, cloud-based
systems, and encrypted messaging platforms.

Resilience: The hybrid approach mitigates vulnerabilities inherent in standalone cryptographic systems,
ensuring data confidentiality and integrity even in hostile environments.

Despite its promise, hybrid cryptography is not without challenges. Key synchronization across distributed
systems and resistance to advanced cryptanalytic technigues, such as quantum attacks, remain areas of active
research. Additionally, balancing computational efficiency with high-security requirements is critical for
ensuring the framework's practicality in real-world applications.

In conclusion, hybrid cryptography represents a significant advancement in the field of secure communication.
By combining chaos-based encryption with ElGamal, the proposed framework addresses the limitations of
traditional cryptographic systems, offering a scalable, efficient, and secure solution for modern
communication networks. Continued research and innovation in this field will be essential to unlocking the
full potential of hybrid cryptography, positioning it as a cornerstone of secure digital communication in an
increasingly interconnected world.
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IV. Proposed Hybrid Cryptographic Algorithm
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Initialization

Generate a large random prime number pp and a random generator gg, ensuring g<pg < p.

Generate private key xx and compute the public key: $$y = g"x \mod p$$

Generate chaos-based keys using the logistic map equation: $$X_{n+1} = A \cdot X _n \cdot (1 - X_n)
\mod 256$$

Convert chaotic sequence to Gray code to form independent keys K1,K2,....KmK 1, K 2, \dots, K_m.
Encryption

For plaintext PP, convert each character to its ASCII binary equivalent.

Perform XOR encryption using chaos-based keys: $3C_i = P_i \oplus K_i$$

Compute modular encryption with EIGamal keys for each CiC _i: $$r = g’k \mod p$$ $$s = (y"k \cdot
C_i) \mod p$$

Store ciphertext as pairs (r,s)(r, s) for each character.

Chaos-Based Key Adjustment

Periodically refresh chaotic keys using updated initial conditions and logistic map parameters to ensure
high entropy. $$X_{new} = A \cdot X_{prev} \cdot (1 - X_{prev})$$

Apply 1's complement on intermediate encrypted data for added complexity: $$\tilde{C _i} = \sim C_i$$
Secure Key Distribution

Use ElGamal public keys for secure exchange of chaos-based encryption parameters over untrusted
networks.

Homomorphic Operations

Addition: Directly compute modular sum of ciphertext pairs: $$S_{sum} =s 1 +s 2 \mod p$$
Multiplication: Compute modular product for ciphertext pairs: $$S_{prod} =s_1 \cdot s_2 \mod p$$
Decryption

For each ciphertext pair (r,s)(r, s), compute: $$C i = s/ (r*x) \mod p$$

Reverse XOR operation to retrieve plaintext: $$P_i = C_i \oplus K_i$$

Convert binary plaintext back to ASCII characters.

Final Noise Management and Optimization

Utilize Gray code and logistic map adjustments to control randomness and mitigate computational noise
during encryption and decryption.

Encryption Mechanism:

Chaos-based XOR ensures unpredictability, while EIGamal modular encryption provides secure key
exchange.

Decryption Process:

Chaos-generated keys synchronize with the receiver, ensuring accurate decryption alongside modular
arithmetic recovery.

Secure Communication Operations:

Support real-time modular addition and multiplication directly on encrypted data, enhancing versatility
for secure messaging and distributed systems.

a) Merits

1. Data Security:
o The hybrid cryptographic framework leverages chaos-based unpredictability and ElGamal’s
robust key exchange to prevent unauthorized access to sensitive communication data.
2. Privacy Preservation:
o Ensures the confidentiality of messages and encryption keys, complying with stringent
privacy standards while safeguarding communication channels.
3. Efficient Computation:
o Combines lightweight chaos-based encryption with modular arithmetic of EIGamal for fast
and scalable operations, reducing computational overhead in encryption and decryption
processes.
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Key findings from experimental evaluations of the proposed hybrid cryptosystem include:

e Accurate encryption and decryption with negligible error rates.

o Seamless integration of modular operations, such as XOR-based encryption and ElGamal’s
computations.

« Robust resistance to cryptographic attacks, including brute force and side-channel vulnerabilities.

Results demonstrate that the Chaos-ElGamal hybrid framework significantly outperforms standalone
methods in terms of security, efficiency, and adaptability across diverse communication systems.

b) Applications

1. Secure Messaging Systems:
o Enables encrypted messaging platforms to protect sensitive conversations and ensures secure
communication between parties.
2. 10T Networks:
o Provides lightweight and scalable encryption to safeguard data exchanges in 10T ecosystems.
3. Cloud-Based Communication:
o Facilitates secure delegation of encrypted workloads, protecting data shared across
distributed cloud environments.
4. Financial Transactions:
o Secures online banking and payment systems with robust encryption mechanisms resistant to
cryptanalytic attacks.
5. Healthcare Communication:
o Ensures privacy-preserving exchange of medical records and sensitive health information
between providers.
6. Military and Government Applications:
o Protects classified communications, ensuring data security in high-risk environments

IV. RESULTS AND ANALYSIS

Session Plaintext (=haos §-R EiGamal Decrypted Accuracy
D Message (ASCI1) Encrypted Enqrypted Encrypted (r, Message (%)
Key (Binary) S)

[72, 69, 76, [58,94,33, [114,27,109, [(37,111), (42,

S001 HELLO 76, 79] 47, 65] 99, 14] 183)] HELLO 100
[87,79,82, [19,72,58, [68,7,104, 16, [(31, 145), (23,

S002  WORLD 76, 68] 92, 71] 3] 198)] WORLD 100
[83, 69, 67, [39, 26,58, [116, 95,121, [(19,87), (43,

S003  SECURE 85, 82] 79, 91] 26, 9] 189)] SECURE 100
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Figure 1: Hybrid Cryptography Process This graph visualizes the transition of plaintext to encrypted data and
back to plaintext, highlighting the accuracy and reliability of the hybrid cryptographic system

Comparison: Normal vs Hybrid Cryptography

100 BN Normal Encryption

. Hyboad Encryption

Perfarmance (Higher is Beltter)

Sessian 1 Sesshon 2 Session 3
Sessions

Owverall Comparison: Normal vs Hybrid Encryption

Figure 2: Efficiency Contribution of Normal Encryption vs. Hybrid Encryption The pie chart illustrates the
contribution percentages, where the Hybrid Cryptographic Framework combining Chaos-Based Encryption
with EIGamal achieves superior efficiency (60%) compared to Normal Encryption (40%)

VI. CONCLUSION

This project demonstrates the practical advantages of employing a Hybrid Cryptographic Framework
combining Chaos-Based Encryption with the EIGamal Cryptosystem for secure communication systems.
By leveraging the unpredictability of chaotic systems and the robustness of ElGamal’s discrete logarithm
problem, the hybrid approach ensures enhanced encryption reliability, efficient key exchange, and robust data
security. The integration of chaos-based key generation with modular arithmetic further amplifies
computational efficiency and strengthens resilience against cryptographic attacks.

The experimental results validate the superiority of the Hybrid Cryptographic Framework over traditional
standalone systems. Key achievements of the hybrid framework include:
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e Improved Security: Enhanced protection through high-entropy chaos-based keys and ElGamal's
asymmetric encryption.

e Accurate Encryption and Decryption: Reliable recovery of plaintext with negligible error rates.

e Wide Applicability: Scalable for real-time secure communication, loT networks, and privacy-
sensitive tasks.

Despite the slight increase in computational complexity, the Hybrid Cryptographic Framework provides a
compelling solution for modern secure communication needs. Future research will focus on optimizing key
management, reducing overhead, and expanding the framework's applicability to advanced use cases such as
privacy-preserving healthcare communication, secure financial transactions, and encrypted cloud
computing systems.
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