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ABSTRACT

Traditional public key cryptography becomes vulnerable because it depends on mathematical hardness assumptions such as
factorization and discrete logarithms yet Shor’s algorithm and other quantum algorithms defeat these assumptions. Research
performed on current literature in conjunction with quantum-resistant algorithm progress establishes the immediate
requirement for moving toward systems protected from quantum attacks. An analysis along with simulation of algorithmic
resilience helps understand future secure communication patterns

Keyword: Quantum Computing, Cryptography, Shor’s Algorithm, Post-Quantum Cryptography, Secure Communication,
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1. INTRODUCTION:

Information technology (IT) has witnessed few advancements that have stirred both excitement and apprehension to the
extent of quantum computing developments. Quantum computers execute specific computational operations at an
exponential rate faster than traditional computing systems because of these functional properties. The technological
breakthrough brings exceptional advances to optimize material science and artificial intelligence development but also
destabilizes all modern cybersecurity principles. Worldwide digital communication security relies on classical cryptographic
systems which are currently exposed to high risk [15].

The digital structure depends heavily on public-key cryptography because it provides secure communications through
unsecured networks. Mathematical problems involving integer factorization and discrete logarithms serve as the source of
security in cryptographic algorithms RSA (Rivest-Shamir—Adleman) and ECC (Elliptic Curve Cryptography). Current
computers struggle to solve these problems efficiently because they make up the foundation of cryptographic trust. The
discovery of quantum algorithms including Shor’s algorithm from 1994 demonstrates how large integer factorization
becomes feasible using polynomial time thus breaking core security foundations of current cryptosystems.

The consequences of cryptographic collapse would affect large scales. Multiple systems including governmental data
exchanges as well as financial systems and medical records and personal information depend on encryption to protect them
[10]. System breaches of this network would produce extreme invasions of privacy and significant economic damage. The
world requires quantum-resistant encryption systems which must be developed before extensive quantum computers launch
their operations.

PQC contains encrypted algorithms which maintain security through classical and quantum attacks. PQC schemes function
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differently from classic systems because they use resistant mathematical problems to prevent quantum algorithmic
breakthroughs through mechanisms like lattice problems as well as hash-based structures and multivariate polynomials and
code-based cryptography. The National Institute of Standards and Technology's Post-Quantum Cryptography
Standardization Project together with its prominent initiatives participate in the evaluation and standardization of candidate
algorithm selection. Two algorithms referred to as Kyber and Dilithium gained selection as primary candidates for post-
quantum cryptographic standards by NIST during their July 2022 evaluation [2-3].

The implementation of new cryptographic systems faces various barriers during system replacement. Current PQC
algorithms require users to make practical decisions about three key aspects: key sizes, computational performance,
bandwidth usage and implementation difficulty. Security analysis of long-term reliability and side-channel defenses and
actual implementation practices continues through active research. Users can turn to quantum key distribution (QKD) as an
alternative system which uses quantum properties for secure communication purposes. The implementation of QKD faces
challenges mainly centered around hardware deficits and scalability limitations which results in limited application scope.

The study analyzes comprehensively how quantum computing affects cryptography with an emphasis on the security perils
created by quantum innovation and the developing countermeasures. Besides the need for digital ecosystem evolution the
global digital domain requires rapid change because quantum computing development moved from theory to practical
applications inside the market. Future communication safety stands as a vital social requirement in addition to being an
engineering necessity [13].

Novelty and Contribution

This publication introduces several original findings to quantum computing discussions about cryptography which serve as
a dual functional guide to secure communication systems development.

The paper combines basic quantum algorithms Shor’s and Grover’s with practical cryptographic systems to develop
numerical measures for analyzing classical encryption method security levels [6]. Instead of treating either cryptography or
quantum computing alone this paper creates an integrated risk assessment which utilizes computational benchmarks together
with algorithmic complexity as its practical foundation.

The applied evaluation demonstrates post-quantum methods Kyber and Dilithium possess both theoretical strength and
operational performance that matches contemporary computer requirements. Selection of optimal quantum-safe candidates
by stakeholders depends on the evaluation of encryption/decryption times, key size effects and entropy measurement results.

Interim infrastructure adoption emerges in this study because it outlines a hybrid cryptographic framework model which
supports a step-by-step quantum-resistant algorithm implementation with legacy systems. This hybridization approach
provides smooth business continuity by ensuring operational stability through both traditional and quantum-attack suitable
methods during the coexistence phase. Such a framework proves useful in sectors which maintain extended product lifespan
like the defense and finance fields.

The analysis shows essential obstacles that will appear during the large-scale deployment of quantum-resistant measures
particularly in areas of system governance and standardization progress delays alongside hardware interoperability
difficulties. The system requires organizations from different sectors to work together with unified global policies because
cryptographic strength constitutes essential elements of worldwide digital freedom [11].

The interdisciplinary approach together with empirical evidence and practical implementation plan for quantum secure
communication in this paper represents a significant academic and practical contribution that emerges as a new research
frontier

2. RELATED WORKS

In 2025 J. K. Manda et.al., [14] suggested the public research institutions along with industrial organizations have directed
their growing interest toward the quantum computing and cryptography combination during the previous twenty years.
Various research studies prove that standard cryptographic methods including RSA and ECC public key protocols face
complete exposure to quantum algorithm attacks. Such polynomial-time algorithms created to solve integer factorization and
discrete logarithm problems represent an essential threat to future security of current encryption systems. Quantum computers
can address these problems rapidly so they undermine key operational bases of current digital security systems.

Studied research now examines the effects that quantum computing has on symmetric key encryption standards. Quantum
algorithms functioning against symmetric key cryptography face less risk than asymmetric key cryptography but they can
perform brute-force attacks with increased efficiency. Quantum attacks require symmetric encryption keys to be lengthened
in order to preserve security levels that match a quantum environment.

Researchers have developed a comprehensive field that investigates post-quantum cryptography (PQC) at the same time that
vulnerability analysis is occurring. Mathematical cryptographic algorithms within this field utilize problems that resist
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quantum attack methods. The field of post-quantum cryptography features four main approaches which are lattice-based and
hash-based and multivariate polynomial and code-based schemes. Research shows that lattice-based systems demonstrate
special potential due to their successful performance with scalable features. The field continues to develop standardized
algorithms that maintain appropriate levels of security and efficiency and usability for every proposed solution in the
category.

In 2021 Abuarqoub et.al., S. Abuarqoub et.al., A. Alzu’bi et.al., and A. Muthanna et.al. [1] introduced the field of research
dedicated to quantum key distribution (QKD) implements quantum mechanics principles for developing safe communication
channels. The security strength of QKD protocols rests on their ability to observe eavesdropping attacks throughout the key
generation process. The practical deployment of QKD encounters various obstacles due to its limited reach and high cost
implementation and susceptibility to hardware-based malicious intrusions. Scientific investigations actively work to improve
both the dependable operation and expandable capabilities of QKD deployments throughout real-world network
infrastructure.

Modern security research places special importance on cryptographic agility which describes systems' speed to switch
between cryptographic technologies because of emerging threats. The systems serve as a temporary security solution which
enables a controlled movement towards completely quantum-secure networks without losing existing compatibility.

In 2020 D. Moody et al., [5] proposed the existing research demonstrates an established agreement that quantum computing
in its current state will transform cryptography but remains unable to achieve full potential. The current global focus now
concentrates on both building quantum-resistant solutions and building transitional frameworks which guarantee secure
communication for the upcoming generation of computing models.

3. PROPOSED METHODOLOGY

This paper proposes a hybrid cryptographic transition framework that integrates classical systems with quantum-resistant
algorithms. The methodology consists of five stages: system assessment, quantum threat modeling, algorithm selection,
integration via hybrid protocols, and iterative performance testing [12].

Let the classical encryption time be represented as:

K.-D

R

where K_ is the classical key size, D is the data size, and R is the transmission rate.

T, =

Similarly, the quantum resistant encryption time T, is given by:
K, D
T, =—
R
We define the transition overhead AT between the systems as:
AT =T, —T,

To minimize transition friction, a hybrid cryptographic scheme H is employed, combining classical and postquantum
encryption:

H(M) = E.(M)||Eq(M)

where M is the plaintext, E.(M) is the classical encryption, and E, (M) is the quantum-safe encryption. Security strength in
bits, denoted S, is modeled as a function of algorithmic resistance:

S= 1082 (Tattack)

with T, being the estimated time (in operations) required for a successful attack [9]. In quantum contexts, we consider
the effect of Grover's algorithm, which reduces brute-force complexity:

=42 = 2n/2

Toanturn
This implies that symmetric keys must be doubled in length to maintain classical security levels.
In lattice-based schemes, the security depends on the Shortest Vector Problem (SVP):

SVP, (L) = min{||v|l:v € L\ {0}, [Iv]| < ¥ - 4, (L)}

For code-based systems, error correction defines security and efficiency. Let E represent error patterns and C the code
dimension:
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Pdecode =1--=

A key element in our methodology is entropy measurement, denoted as H(X) :

H(X) = —Z p(xlog, p(x;)
i=1

Entropy is used to assess randomness and resistance to known-plaintext attacks.
Another critical metric is key agreement success rate P, :

NS
N

where N is the number of successful negotiations and N, is the total attempts. This helps in evaluating the reliability of
QKD-like protocols or lattice-based key exchanges [7].

1

We also model key size inflation as a function of algorithm category:

4K, if lattice-based
K, =f(4) = {61(,: if code-based
2K, if hash-based
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FIGURE 1: QUANTUM-RESILIENT CRYPTOGRAPHY FRAMEWORK

Finally, to validate security, we use quantum adversarial models. Assume an adversary with quantum processing power Q.
The adversarial advantage A, is defined as:

_ PSUCCSSS, quantum

Ag =

Psuccess, classical

An effective algorithm should ensure A, =~ 1 (no significant advantage).
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4. RESULT & DISCUSSIONS

The experimental analysis of the hybrid quantum-resistant framework occurred through simulated network environments
under different computational loads. The study measured the time delays produced by quantum-resistant algorithms while
the data volumes expanded. The analysis graphed in Figure 2: Encryption Time vs Data Size demonstrated that smaller
datasets resulted in faster classical encryption yet nonlinear scaling happened as data loads rose. The rate increase for
guantum-safe systems maintained stability at a higher level than classical encryption did thus making it suitable for expanding
settings.

Encryption Time vs Data Size
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FIGURE 2: ENCRYPTION TIME VS DATA SIZE

When processing files larger than 300 MB quantum-resistant encryption required 8.5 seconds while standard cryptographic
systems finished in 5.8 seconds. The improvement in security capabilities leads to extended processing durations. This delay
in transmission is acceptable because security is the top priority in defense and government operations. The evaluation of
secure transmission value successfully justifies expenditure required for computational processing.

The key performance metrics between classical encryption and quantum-resistant encryption are presented in Table 1 by the
name "Comparison of Classical vs Quantum-Resistant Encryption Performance.” This table illustrates the trade-offs between
speed and key strength and resource consumption.

TABLE 1: COMPARISON OF CLASSICAL VS QUANTUM-RESISTANT ENCRYPTION PERFORMANCE

Parameter Classical Encryption Quantum-Resistant Encryption
Key Size (bits) 256 1024

Avg Encryption Time (500MB) 5.8 sec 8.5 sec

CPU Usage (%) 45 71

Memory Utilization (MB) 210 410

Security Against Quantum Low High

The post-quantum approach provided reliable stability in establishing secure key exchange. Reliability tests were performed
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for both post-quantum lattice-based cryptographic methods and QKD systems throughout multiple simulation rounds by
recording the achievements in shared key establishment. Figure 3: Key Agreement Success Rate Across Rounds shows
gradual enhancement of post-quantum protocols as they run multiple communication rounds while proving stability of the
algorithms through reliable results. The theoretical error-free nature of QKD faced performance issues from channel noise
as well as photon losses which impacted its success rates slightly.

Key Agreement Success Rate Across Rounds
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FIGURE 3: KEY AGREEMENT SUCCESS RATE ACROSS ROUNDS

The research team achieved interoperability analysis by testing hybrid deployment of parallel operating classical and
quantum-secure systems to provide backward compatibility. A live distributed system operational assessment of this hybrid
model relied on network performance measures including handshake time as well as session completion rate and throughput.
Table 2 demonstrates the hybrid combination of Classical + PQC and PQC Only produces balanced results while enabling
guantum resistance.

TABLE 2: HYBRID INTEGRATION RESULTS: CLASSICAL + PQC VS PQC ONLY

Metric

Hybrid System (Classical + PQC)

PQC Only System

Handshake Time (ms)

153

178

Session Completion Rate (%) 96.2 94.5
Throughput (MB/s) 27.4 25.1
Downtime (%) 1.3 2.1

Compatibility with Legacy Apps High Low

The performance difference became more prominent with datasets larger than 300 MB. Figure 3: Comparative Simulation
Data for Classical, Quantum, and Hybrid Encryption Times provides numerical results about encryption times for all three
schemes. The hybrid encryption approach provides secure communication networks with a performance time which
harmonizes quantum and classical methods as a near-term viable solution.
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Performance Analysis

Diata Size
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FIGURE 3: COMPARATIVE SIMULATION DATA FOR CLASSICAL, QUANTUM, AND HYBRID
ENCRYPTION TIMES

Staged adherence of quantum-resistant infrastructure obtains backing from the evidence presented. Launched attacks against
the system were part of the research examination. The security integrity of PQC protocols functioned as intended during
simulated quantum attacks yet protected the key information from exposure. Laboratory results affirm that early preparation
for quantum technology moves makes sense since quantum computers that breach RSA remain unavailable to the general
market. The team believes it is essential to initiate implementation in vital sectors because the performance estimates
demonstrate the necessity for preemptive strategy before the arrival of full-strength quantum adversaries soon [8].

Strong experimental testing together with scalable operation confirms the effectiveness of the proposed cryptographic
approach.

5. CONCLUSION

Quantum computing creates a comprehensive change which produces substantial effects for secure communication systems.
Though its complete impact remains in the future the classical cryptographic systems clearly show clear weaknesses in the
face of quantum computing technology. The research demonstrates a critical requirement for next-generation cryptography
that now uses lattice-based and hash-based and code-based systems.

Our future ability to protect secure communication requires pro-activism regarding quantum disruption adoption rather than
waiting for quantum supremacy to become relevant
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