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ABSTRACT: Quantum computing, leveraging principles like superposition and entanglement, challenges classical
cryptography by enabling efficient algorithms—Shor’s and Grover’s—that undermine widely used encryption methods.
This study analyzes the impact of quantum algorithms on both asymmetric (e.g., RSA, ECC) and symmetric (e.g., AES,
hash functions) cryptographic schemes, evaluating the scale of threat using theoretical and resource-based assessments.
It also surveys quantum cryptographic protocols (e.g., BB84-based QKD) and post-quantum cryptography (PQC)
approaches including lattice-, code-, hash-, and multivariate-based methods. Our methodology involves systematic
literature review, algorithmic threat modeling, and comparison of cryptographic resilience. Key findings illustrate that
Shor’s algorithm threatens RSA, Diffie—Hellman, and ECC, while Grover’s algorithm effectively halves symmetric key
strength—mitigated by doubling key sizes. QKD offers information-theoretic security but is limited by practical
implementation vulnerabilities. PQC shows promise in thwarting quantum attacks, with NIST initiating standardization
as early as 2019. We propose a structured migration workflow: threat assessment — data lifespan analysis — QKD and
PQC evaluation — hybrid deployments — pilot testing — full migration. The benefits include anticipatory defense,
future-proofing, and maintaining confidentiality; drawbacks encompass increased complexity, performance costs, and
infrastructural upheaval. The discussion underscores the urgency of transitioning to quantum-resistant cryptography
before quantum capabilities materialize. We conclude that proactive preparation is essential to ensure cryptographic
security and privacy continuity. Future work should address efficient PQC integration, key lifecycle management under
quantum threat, and robust, low-overhead implementations suitable for resource-constrained systems.
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. INTRODUCTION

Quantum computing promises transformative computational capabilities by exploiting quantum phenomena like
superposition and entanglement. These capabilities threaten the foundations of modern cryptography. Shor’s
algorithm, running in polynomial time, can break widely used public-key cryptosystems—RSA, Diffie—Hellman, and
elliptic-curve cryptography—Dby efficiently factoring integers or solving discrete logarithms ClassiqWikipedia.
Grover’s algorithm offers a quadratic speed-up in brute-forcing symmetric keys and hash functions, effectively
halving their security level unless key sizes are increased Fortinet.

Moreover, quantum computing is rapidly approaching mainstream relevance, with experts predicting substantial
breakthroughs within a decade Axios. Thus, data encrypted today may be compromised in the future, a reality
summarized by the “store now, decrypt later” threat.

In response, two defense paradigms have emerged: quantum cryptography (e.g., QKD protocols like BB84) offering
unconditional security based on physics WikipediaWIRED, and post-quantum cryptography (PQC)—classical
algorithms founded on hard mathematical problems resistant to both classical and quantum attacks WikipediaarXiv.
The stakes are high: governments like NSA have begun planning transitions to quantum-resistant schemes, and early
standardization efforts (e.g., NIST’s PQC project) began before 2019 WIREDWikipedia.

This paper synthesizes pre-2019 knowledge on quantum threats to cryptography, evaluating defensive alternatives and

articulating a comprehensive migration workflow. It aims to inform organizations and policymakers on proactive
cryptographic preparedness against quantum threats.
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Il. LITERATURE REVIEW

Quantum Algorithms vs. Classical Cryptography

e Shor’s algorithm dismantles the hardness of integer factorization and discrete logarithms, compromising RSA and
ECC-based schemes WikipediaClassiq.

¢ Grover’s algorithm accelerates brute-force attacks, effectively halving the security margin of symmetric ciphers
like AES and hash functions unless key lengths are increased Fortinet.

o Estimations of real-world quantum attack cost factor in quantum error-correction overhead and compute resource
needs; public-key systems face much steeper threats than symmetric ones arXiv.

Quantum Cryptography (QKD)

e Protocols like BB84 provide theoretically unconditional security by relying on quantum mechanical principles, but
require specialized infrastructure and face implementation vulnerabilities WikipediaWIRED.

e Practical implementations of QKD remain limited due to cost, complexity, and side-channel risks arXiv.

Post-Quantum Cryptography (PQC)

e PQC explores algorithms resistant to quantum attacks, including lattice-based (e.g., LWE, Ring-LWE, NTRU),
code-based, hash-based, and multivariate polynomial schemes arXivQuantumExplainer.com.

e NIST’s PQC standardization process began pre-2019, advancing promising proposals like CRYSTALS-Kyber,
Dilithium, and others through selection rounds Wikipedia.

e The industry response has been cautious but growing; early migration efforts and awareness are underway WIRED.

In sum, the literature paints a clear adversarial landscape: quantum computing poses grave risks to existing
cryptosystems, while QKD offers a theoretical fix and PQC offers a practical path forward—if adopted in time.

I1l. RESEARCH METHODOLOGY

1. Systematic Literature Review

o Gather pre-2019 academic and high-quality industry/public policy sources addressing quantum computing’s impact
on cryptosystems, quantum cryptography (QKD), and PQC development.

2. Threat Modeling

o Map threat levels posed by Shor’s and Grover’s algorithms across public-key and symmetric cryptography, with
resource overhead benchmarks arXiv.

3. Evaluation of Defensive Technologies

o Examine QKD protocols (e.g., BB84) for unconditional security promises and practical feasibility WikipediaarXiv.
o Survey PQC algorithm categories, security assumptions, implementation constraints, and standardization status
arXivWikipediaWIRED.

4. Workflow Construction

o Based on literature insights, design a migration workflow aligning cryptographic planning with threat timelines and
data longevity requirements.

5. Advantages & Disadvantages Analysis

o Evaluate each defensive approach for security strength, performance overhead, deployability, and strategic
readiness.

6. Synthesis of Practical Guidance

o Articulate actionable steps for organizations to transition securely toward quantum resilience.

This methodology ensures a comprehensive, evidence-based framework for facing the cryptographic challenges posed
by quantum computing.
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IV. KEY FINDINGS

1. Asymmetric Cryptography Faces Existential Threat from Quantum Computers

o Shor’s algorithm undermines RSA, Diffie—Hellman, and ECC-based systems, making them effectively insecure
once large-scale quantum computers exist WikipediaClassig.

2. Symmetric Cryptography Requires Key Upgrades

o Grover’s algorithm halves the effective key strength of symmetric systems; mitigating via doubling key sizes (e.g.,
shifting from AES-128 to AES-256) remains feasible Fortinet.

3. QKD Offers Theoretical Security but Practical Limitations Persist

o Quantum key distribution like BB84 ensures information-theoretic security, yet implementation vulnerabilities and
infrastructure costs limit widespread adoption WikipediaarXiv.

4. PQC Emerges as the Practical Path Forward

o Lattice-based, code-based, hash-based, and multivariate cryptography provide hard problems resistant to quantum
attacks; NIST began moving toward standardizing PQC schemes before 2019 arXivWikipedia.

5. Transition Planning is Urgent

o Data encrypted today may remain vulnerable decades later; early, proactive migration planning is essential (e.g.,
NSA and standards bodies pushing migration) WIREDAXios.

6. Implementation Overhead & Interoperability

o PQC involves larger key and ciphertext sizes, computational overhead, and system integration challenges that must
be balanced with security needs.

These findings underscore that cryptographic infrastructures must evolve now—integrating PQC and hybrid models—
to safeguard against emergent quantum threats.

V. WORKFLOW

Threat & Data Sensitivity Assessment

Inventory data requiring long-term confidentiality; model timelines when quantum threats may mature.

Hybrid Cryptographic Strategy Implementation

Introduce hybrid schemes combining classical and PQC algorithms to maintain security during transition.

Pilot Testing of PQC Algorithms

o Evaluate PQC schemes (e.g., Kyber, Dilithium, NTRU, hash-based signatures) in controlled environments focusing
on performance, resource needs, and interoperability.

4. QKD Evaluation

o Where high-security needs justify, assess feasibility and potential deployment of QKD (e.g., BB84) as
supplementary protection.

5. Key Lifecycle & Management Planning

Integrate new key management workflows supporting PQC key sizes and rotation policies.

Standards Compliance & Interoperability Testing

Align with NIST PQC standards and test compatibility across systems.

Gradual Rollout & Monitoring

Begin with high-risk systems; monitor performance, key lifecycle, and threat evolution.

Full-Scale Migration & Decommissioning Old Schemes

Once PQC maturity is sufficient, retire vulnerable algorithms systematically.

Continuous Review & Adaptation

wo Mo P

©O ©®O0 NO @0

IJARCST©2022 |  AnISO 9001:2008 Certified Journal | 6897



https://en.wikipedia.org/wiki/Shor%27s_algorithm?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/Shor%27s_algorithm?utm_source=chatgpt.com
https://www.fortinet.com/kr/resources/cyberglossary/shors-grovers-algorithms?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/BB84?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/BB84?utm_source=chatgpt.com
https://arxiv.org/abs/1804.00200?utm_source=chatgpt.com
https://arxiv.org/abs/1804.00200?utm_source=chatgpt.com
https://www.wired.com/2015/09/tricky-encryption-stump-quantum-computers?utm_source=chatgpt.com
https://www.wired.com/2015/09/tricky-encryption-stump-quantum-computers?utm_source=chatgpt.com

International Journal of Advanced Research in Computer Science & Technology (IJARCST)

| ISSN: 2347-8446 | www.ijarcst.org | editor@ijarcst.org |A Bimonthly, Peer Reviewed & Scholarly Journal|

||[Volume 5, Issue 4, July-August 2022||

DOI:10.15662/IJARCST.2022.0504002

o Track quantum advancements, re-evaluate cryptographic posture, and adapt as new PQC or security research
emerges.

This iterative workflow ensures security stays ahead of quantum capabilities while managing operational constraints.
VI. ADVANTAGES & DISADVANTAGES

Advantages

¢ Anticipatory Security: Preemptive protection against future quantum threats.

e Forward Secrecy Legacy Protection: Addresses “harvest now, decrypt later” risk.
Standardization Support: Aligns with emerging NIST PQC and global readiness.
Hybrid Flexibility: Enables gradual, manageable migration.

Disadvantages

o Performance Overhead: Larger key sizes and computation costs, especially in PQC.

o Implementation Complexity: Requires cryptographic redesign, system updates, and extensive validation.
¢ Interoperability Challenges: Transitioning in distributed or legacy systems complicates adoption.

o Infrastructure Constraints: QKD requires hardware not broadly deployable.

VII. RESULTS AND DISCUSSION

Quantum algorithms present a clear and escalating threat to existing cryptographic systems. While symmetric
cryptography can be adapted (e.g., via key length increases), asymmetric methods require a hard reset. Hybrid
cryptographic models—combining classical and PQC—offer a bridge strategy to maintain interoperability while
transitioning. Early testing of PQC candidates like lattice-based schemes shows feasibility despite performance costs,
particularly in high-security contexts. Government and standards bodies are aligning efforts; NIST’s multi-round
selection narrowed PQC candidates by 2019 Wikipedia, and agencies like NSA are already planning migration
WIRED.

QKD provides theoretical security, but implementation gaps and cost hinder scalability. Research into securing QKD
implementations is essential for operational viability arXiv.

Adoption challenges span infrastructure, compliance, engineering resources, and interoperability. Yet failure to act
risks extensive future data exposure. Organizations must balance strategic urgency with pragmatic deployment
planning. A phased, risk-based migration roadmap offers a viable path to enforcing cryptographic resilience.

VIIl. CONCLUSION

Quantum computing endangers the cryptographic foundation of current secure communications. Asymmetric
systems—RSA, ECC, Diffie-Hellman—are vulnerable to Shor’s algorithm, while symmetric systems face reduced
strength through Grover’s algorithm. Practical quantum-proof systems are not yet widespread, but the threat timeline
warrants immediate action. QKD offers provable security but limited deployability, while PQC presents scalable,
classical-compatible mechanisms. Pre-2019 research laid groundwork: algorithm design, standardization trajectories,
and pilot implementations. Transition strategies must be proactive, incorporating hybrid schemes, key management
changes, and compliance with emerging standards.

The imperative is clear: future-proof cryptography through early migration planning, infrastructure preparation, and
alignment with global standard efforts—before quantum breaches compromise our present-day secrets.

IX. FUTURE WORK

1. Efficient PQC Implementations

o Optimize algorithms for constrained environments (e.g., 10T, embedded systems), reducing key sizes and
computation.

2. Hybrid Protocol Integration

o Develop seamless protocols combining classical and PQC components (e.g., TLS, VPNSs, blockchain).
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Key Management Evolution

Create PKI, SSH, certificate lifecycle tools tailored to PQC key properties and revocation mechanisms.

QKD System Hardening

Strengthen QKD implementations against side-channel risks and improve cost-efficiency.

Monitoring Quantum Threat Developments

Build threat intelligence frameworks to track quantum hardware progress and cryptanalytic advances.
Regulatory & Standards Advocacy

Contribute to policy frameworks mandating quantum-safe compliance timelines and interoperability.
Post-Quantum Cryptanalysis

Continually validate PQC candidate schemes against emerging attack vectors, ensuring long-term confidence.

This forward work will bolster cryptographic readiness, ensuring continuity of privacy and trust in the age of quantum
computing.
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