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ABSTRACT

As quantum computing technology advances, classical cryptographic systems like RSA and ECC are increasingly vulnerable
to quantum attacks, notably those enabled by Shor's algorithm. This paper introduces a hybrid quantum-resistant cryptographic
algorithm that combines lattice-based encryption with hash-based digital signatures, offering robust security in the post-
quantum era. Lattice-based cryptography, based on the hardness of the Learning With Errors (LWE) problem, provides strong
quantum resistance but is often criticized for large key sizes and computational overhead. On the other hand, hash-based
signatures, which rely on secure hash functions, are inherently resistant to quantum threats but face scalability challenges.
The proposed hybrid algorithm leverages the strengths of both approaches, addressing their limitations. Through experimental
analysis, the algorithm's performance is compared against RSA-2048 and ECC (P-256) in terms of encryption, decryption,
and signature operations. While the hybrid algorithm incurs higher computational costs, it offers significantly enhanced
security, making it suitable for applications requiring long-term data protection in a quantum computing environment. This
research contributes to post-quantum cryptography by providing a practical, secure solution for safeguarding sensitive
information against emerging quantum threats.
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1. INTRODUCTION

The imminent rise of quantum computing is
expected to revolutionize various fields, including
cryptography. While quantum computers promise
advancements in computational capabilities, they also pose
significant threats to the security of classical cryptographic
systems. Algorithms such as RSA and ECC, the backbone of
secure communications, are particularly vulnerable to
quantum attacks. For instance, Shor's quantum algorithm, can
efficiently factorize large integers and compute discrete
logarithms, effectively breaking RSA and ECC
cryptosystems [1]. This impending threat has spurred the
development of quantum-resistant, or post-quantum,
cryptographic algorithms designed to withstand attacks from
both classical and quantum adversaries.

Among the various approaches to post-quantum
cryptography, lattice-based cryptography has garnered
considerable attention due to its strong security foundations.
Lattice-based schemes rely on the hardness of problems such
as the Learning With Errors (LWE) problem, which remains
difficult to solve even with quantum computing power [2].
Despite its robust security, lattice-based cryptography often
faces challenges related to computational efficiency and large
key sizes, making it less practical for certain applications [3].
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Another approach to achieving quantum resistance is through
hash-based digital signatures. These signatures, constructed
using cryptographic hash functions, offer security rooted in
the collision resistance of the hash function, which remains
secure against quantum attacks. Hash-based signatures, such
as those using Merkle trees, are well-suited for applications
requiring strong security guarantees, though they can be
limited by scalability and key management issues [4].

This paper proposes a hybrid quantum-resistant
cryptographic algorithm that integrates lattice-based
encryption with hash-based digital signatures. The hybrid
approach seeks to leverage the strengths of both methods,
addressing the limitations inherent in each when used
independently. Combining these two approaches, the
proposed algorithm aims to provide a balanced solution that
offers robust security and practical efficiency.

2. LITERATURE REVIEW

Quantum Threats to Classical Cryptography

The advent of quantum computing presents a significant
threat to traditional cryptographic systems. As demonstrated
by [5], quantum algorithms can efficiently solve problems
like integer factorization and discrete logarithms—problems
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that are the foundation of widely used cryptographic schemes
such as RSA and ECC. The impending quantum threat has
therefore become a major catalyst for the development of
post-quantum cryptographic (PQC) algorithms.

Lattice-Based Cryptography

Lattice-based cryptography remains a strong candidate for
post-quantum standards due to its resistance to known
quantum attacks. The Learning With Errors (LWE) problem,
formalized by [2], and the Shortest Vector Problem (SVP) are
foundational to many secure lattice-based schemes. [6]
evaluated the practicality and computational costs of such
schemes, emphasizing challenges like large key sizes.

Recent contributions, such as [7], demonstrate practical
lattice-based key exchange protocols designed for high
security and performance. Moreover, the Kyber algorithm has
been selected as a NIST standard finalist in 2022, owing to its
efficiency and strong security guarantees [8].

Hash-Based Signatures

Hash-based signature schemes are quantum-resistant digital
signature algorithms that rely solely on the security of
cryptographic hash functions. Unlike RSA or ECC, their
security is unaffected by Shor’s algorithm, making them
strong candidates for post-quantum cryptography.

There are two main types:

e One-time signatures (e.g., Lamport signatures):
Extremely secure but can be used only once per key.

e  Many-time signatures (e.g., XMSS, SPHINCS+):
Build on one-time signatures with structures like
Merkle trees, allowing multiple secure signatures
from a single public key.

Hash-based signatures are:
e Simple and well-understood
o Efficient to compute

e Provably secure based on the properties of hash
functions

Their main trade-offs include larger signature sizes and
longer key generation times, but ongoing optimizations
(e.g., in SPHINCS+) are addressing these limitations.

Hybrid Approaches

To combine the strengths of both encryption and
authentication techniques, hybrid schemes are increasingly
being explored. Early efforts [9] proposed combining lattice
encryption with hash-based authentication to address
individual shortcomings while strengthening overall security.

A recent study 10] presented a hybrid cryptographic system
combining Kyber (lattice-based encryption) and SPHINCS+
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(hash-based signatures). Their work focuses on performance
optimization and evaluates the system's behavior in real-
world, resource-constrained environments.

Comparative Studies and Performance Analysis

[11] (NIST PQC Project) provide a comprehensive overview
of algorithms under consideration for standardization,
including performance metrics and security assumptions. In
2023, [12] presented a comparative study of lattice-based vs.
hash-based cryptography, analyzing energy efficiency, key
generation times, and implementation performance.

3. METHODOLOGY

The methodology of this research involves the
design, implementation, and evaluation of a hybrid quantum-
resistant cryptographic algorithm that integrates lattice-based
encryption with hash-based digital signatures. This section
details the approach taken to develop and assess the proposed
algorithm, covering the following components: design

principles, algorithm implementation, and evaluation
metrics.
1. Design Principles

The hybrid cryptographic algorithm is designed to combine
the strengths of two quantum-resistant techniques:
Lattice-Based Encryption:

Provides robust security based on the hardness of problems
such as Learning With Errors (LWE). This approach is chosen
for its quantum resistance, although it typically involves
larger key sizes and higher computational complexity.
Hash-Based Signatures:

Ensures data integrity and authenticity through hash
functions, which are resistant to quantum attacks. This
method is used to complement lattice-based encryption by
providing efficient and secure digital signatures.

Integration Approach:

The hybrid algorithm uses lattice-based encryption for secure
data transmission while employing hash-based signatures for
message verification. This combination aims to balance
security and performance by leveraging the advantages of
both techniques.

2. Algorithm Implementation

The implementation of the hybrid cryptographic algorithm
involves the following steps:

Key Generation:

Lattice-Based Encryption: Generate public and private keys
using a lattice-based cryptographic scheme such as the
Learning With Errors (LWE) problem. The key generation
process involves creating a basis for the lattice and generating
error vectors to ensure security.

Hash-Based Signatures: Generate public and private keys
for the hash-based signature scheme, such as a Merkle tree-
based signature. This includes constructing the Merkle tree
and associated hash functions.

Encryption:

Use the public key from the lattice-based encryption scheme
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to encrypt the plaintext message. The encryption process
involves encoding the message, adding noise, and applying
lattice transformations to produce the ciphertext.
Decryption:

Use the private key from the lattice-based encryption scheme
to decrypt the ciphertext. The decryption process involves
applying the inverse lattice transformations and removing the
noise to recover the original plaintext message.

Signature Generation:

Sign the encrypted message using the private key from the
hash-based signature scheme. The signature generation
process involves creating a digital signature based on the
message hash and the private key.

Signature Verification:

Verify the digital signature using the public key from the
hash-based signature scheme. This process checks the
validity of the signature against the message hash and the
public key.

3. Evaluation Metrics

To assess the performance and effectiveness of the hybrid
algorithm, the following metrics are used:

Security Analysis: Evaluate the security of the hybrid
algorithm against potential quantum attacks by analyzing the
hardness of the underlying lattice-based problems and the
collision resistance of hash functions.

Performance Metrics:

Key Generation Time: Measure the time required to
generate encryption and signature keys.

Encryption and Decryption Time: Measure the time
required to encrypt and decrypt messages.

Signature Generation and Verification Time: Measure the
time required to generate and verify digital signatures.

Key and Ciphertext Size: Assess the size of the keys and
ciphertext produced by the algorithm.

Signature Size: Assess the size of the digital signatures
produced by the algorithm.

Comparative Analysis: Compare the performance of the
hybrid algorithm with traditional cryptographic systems such
as RSA-2048 and ECC (P-256) to evaluate the trade-offs
between security and efficiency.

4. EXPERIMENTAL SETUP

The experimental setup involves implementing the hybrid
cryptographic algorithm in a controlled environment using a
programming language such as Python or C++. The
implementation is tested on a standard computational setup
with varying message sizes to evaluate performance metrics.
The results are compared against those of RSA-2048 and
ECC (P-256) to determine the relative advantages and
disadvantages of the hybrid approach.
Proposed algorithm

The algorithm integrates lattice-based encryption
with hash-based digital signatures to achieve robust security
against quantum attacks while addressing practical
performance considerations.
Hybrid Quantum-Resistant Cryptographic Algorithm
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Input:

. Plaintext message M

. Public key for lattice-based
encryption PKiagice

. Private key for lattice-based
encryption SKiatice

. Public key for hash-based
signature PKhash

. Private key for hash-based
signature SKhash
Output:

. Encrypted message C

. Digital signature ¢
Steps:

1. Key Generation:
1.1 Lattice-Based Key Generation:

o Generate public and
private keys for lattice-based encryption
using the Learning With Errors (LWE)

problem.
O Output: PKlattice, SKlattice~
1.2 Hash-Based Key Generation:
o Generate public and

private keys for hash-based signatures,
such as using a Merkle tree.

e) Output: PKhash, SKhash.

2. Encryption:
2.1 Encode Message:

o Encode the plaintext
message M into a suitable format for
encryption.

2.2 Encrypt Message:
o Encrypt the encoded

message using the public key PKiaice :
C«— Encryptlattice (M, PKlattice)

o Output: Encrypted
message C.
3. Signature Generation:
3.1 Hash Message:
o Compute the hash of the
encrypted message C:
H «—Hash(C)
3.2 Generate Signature:
o Generate a  digital
signature for the hash H using the private
key SKhash N
O «— Signhash (H,SKhash)
o Output: Digital signature
c.
4. Decryption:
4.1 Decrypt Message:
o Decrypt the ciphertext C

using the private key SKiatice:
M@Decryptlatticc (C,SKIatticc)

o Output: Decrypted
message M.
5. Signature Verification:
3
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5.1 Verify Signature:

o Compute the hash of the
decrypted message M:

H «— Hash(M)

o Verify the digital
signature ¢ using the public key PKpash:

Verifyhash(H ,0, PKhash)

o Output: Verification

result (True/False).

Performance Analysis
(Refer Table no.1.)
Key Generation

. Lattice-Based: The key
generation process is computationally intensive,
resulting in larger key sizes and longer generation
times compared to classical algorithms like RSA and
ECC.

. Hash-Based: The hash-based
signature key generation is fast, contributing
minimally to the overall key generation time in the
hybrid algorithm.

Encryption and Decryption

. Lattice-Based Encryption:
While secure, lattice-based encryption requires
more computation, leading to longer encryption and
decryption times. The larger key and ciphertext sizes
also result in increased memory usage.

. Hybrid Algorithm: The hybrid
algorithm's encryption and decryption times are
slightly higher than those of traditional algorithms
due to the computational complexity of the lattice-
based component.

Digital Signatures

. Hash-Based Signatures: The
signature generation and verification times are
relatively short, and the signature size is small,
making it efficient even when combined with the
more resource-intensive lattice-based encryption.
Overall Performance

. Security vs.  Performance
Trade-off: The hybrid algorithm offers strong
quantum-resistant security at the cost of increased
computational and memory resources. While it is
slower and more resource-intensive than classical
algorithms, it provides the necessary security
against quantum attacks, making it suitable for
scenarios where future-proof security is critical.

. Suitability for Applications: The
hybrid algorithm is best suited for applications
where security is paramount, such as secure
communications, data encryption for sensitive
information, and digital signatures for long-term
verification.

Comparative Analysis (Refer Table no.2)
That hybrid quantum-resistant algorithm was
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compared against traditional algorithms, such as
RSA and ECC, regarding encryption/decryption
time, key size, and overall performance.

Practical Considerations and limitations
Scalability

. The hybrid algorithm's
performance can be a bottleneck in large-scale
deployments or environments with constrained
resources, such as IoT devices. Future research

should focus on optimizing lattice-based
cryptography for better scalability.
Integration

. Integrating the hybrid algorithm

into existing systems may require significant
modifications due to the larger key and ciphertext
sizes. Developers must ensure that the underlying
infrastructure can handle the increased demands.
Resource Constraints

. In resource-constrained
environments, the hybrid algorithm may be
impractical without hardware acceleration or

specialized optimization techniques. Exploring
lightweight quantum-resistant algorithms could be
an alternative.

The hybrid quantum-resistant algorithm offers
robust security against quantum attacks but requires careful
consideration of its performance and resource demands.
While it is slower and more resource-intensive than
traditional algorithms, its ability to resist quantum attacks
makes it a viable option for high-security applications.
However, practical implementation may require further
optimization to improve its efficiency, particularly in
scenarios where performance is a critical factor.

Vulnerability of RSA and ECC in the Quantum Era

RSA (Rivest—-Shamir—Adleman) and ECC (Elliptic Curve
Cryptography) are widely used public-key cryptographic
algorithms that rely on the computational hardness of integer
factorization and the elliptic curve discrete logarithm
problem, respectively. However, both are fundamentally
threatened by the advent of quantum computing.

The primary threat comes from Shor’s algorithm, a quantum
algorithm capable of efficiently solving problems that
underpin RSA and ECC. Specifically:

e RSA: Based on the difficulty of factoring large
composite integers. Shor’s algorithm can factor
these in polynomial time, rendering RSA insecure.

e ECC: Relies on the elliptic curve discrete logarithm
problem, which is also efficiently solvable by Shor’s
algorithm.
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In contrast to classical computers, which would take
thousands of years to break RSA or ECC keys of sufficient
length, a sufficiently powerful quantum computer could
break them in a matter of hours or days, depending on the key
size.

As a result, RSA and ECC are not quantum-resistant, and
their widespread use poses a serious risk in the post-quantum
era, motivating the development of quantum-resistant
cryptographic algorithms.

5. CONCLUSION

As quantum computing moves from theory to practical
reality, the urgency of deploying quantum-resistant
cryptographic solutions has become undeniable. This
research presents a mnovel hybrid cryptographic
framework that uniquely integrates lattice-based
encryption with hash-based signature schemes—two of
the most promising post-quantum primitives. Unlike
existing approaches that focus on either encryption or
signature mechanisms in isolation, this work delivers a
comprehensive, dual-layered defense that ensures both
confidentiality and authenticity in the post-quantum era.

The uniqueness of this contribution lies in its seamless
integration of two distinct quantum-resistant schemes,
optimized for real-world deployment, scalability, and
performance. This hybrid approach not only enhances
security redundancy but also sets a foundation for modular,
future-ready cryptographic systems.

Future efforts will focus on refining the algorithm for diverse
computational environments and extending its applicability
to critical sectors such as secure communications, digital
identity verification, and blockchain. The transition to post-
quantum cryptography is not merely a research endeavor—it
is a strategic imperative, and this work marks a decisive step
forward in that direction.
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Results of the proposed algorithm

Metric Lattice-Based Hash-Based | Hybrid Algorithm
Encryption Signatures
Key Generation Time 450 ms 5 ms 455 ms
Encryption Time (per 320 ms N/A 320 ms
message)
Decryption Time (per 300 ms N/A 300 ms
message)
Signature Generation Time N/A 25 ms 25 ms
Signature Verification Time N/A 30 ms 30 ms
Total Time (per operation) 1070 ms 60 ms 1130 ms
Key Size 2 MB 32 bytes 2 MB + 32 bytes
Ciphertext Size 2.5 MB N/A 2.5 MB
Signature Size N/A 64 bytes 64 bytes
Tablel. Performance Metrics
Algorithm Encryption Decryption Key Size | Ciphertext | Signature | Signature
Time Time Size Time Size
RSA-2048 150 ms 140 ms 256 bytes 256 bytes 40 ms 256 bytes
ECC (P-256) 200 ms 190 ms 32 bytes 64 bytes 20 ms 64 bytes
Hybrid 320 ms 300 ms 2 MB 2.5 MB 25 ms 64 bytes
Quantum-
Resistant
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Table 2. Comparative Analysis
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