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Abstract: The advent of quantum computing poses an existential threat to classical cryptographic systems,
particularly those relying on integer factorization and discrete logarithms, such as RSA, ECC, and Diffie-
Hellman. This paper reviews the quantum threat landscape, evaluates post-quantum cryptographic (PQC)
algorithms, and proposes a phased implementation roadmap for national security and critical infrastructure.
We analyze NIST’s standardization process, including lattice-based (Kyber, Dilithium), hash-based (SPHINCS+),
and code-based candidates, and discuss policy frameworks from the U.S., EU, and China. Key challenges such as
interoperability, legacy system migration, and workforce training are addressed alongside mitigation
strategies. The paper concludes with actionable recommendations for governments and enterprises to ensure
cryptographic agility and resilience against quantum attacks.
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I. INTRODUCTION

Cryptography has long served as the foundational pillar of secure communication, ensuring confidentiality,
data integrity, and authenticity across digital systems. From early substitution ciphers to modern public-key
infrastructure (PKI), cryptographic techniques have undergone significant evolution in response to increasingly
sophisticated adversarial threats. Today, cryptographic algorithms are deeply embedded in critical domains
including national security, financial systems, and critical infrastructure [1]. However, current cryptography
paradigms face an unprecedented challenge with the introduction of quantum computing as numerous popular
encryption techniques are susceptible to quantum attacks, especially those that involve discrete logarithms and
integer factorization. In order to guarantee long-term data security, this threat calls for immediate developments
in post-quantum cryptography (PQC) and preemptive legislative actions.

A. The Role of Cryptography in National Security
National security relies heavily on encryption to protect classified information, secure government
communications, and defend critical infrastructure from cyber threats[2]. Modern cryptographic systems, such
as:

« RSA (Rivest-Shamir-Adleman)

« Elliptic Curve Cryptography (ECC)

« Diffie-Hellman Key Exchange

Are widely used in military, intelligence, and diplomatic operations. These algorithms are computationally
secure against classical computers, but their reliance on mathematical problems like integer factorization and
discrete logarithms makes them vulnerable to quantum attacks [3]. The compromise of these cryptographic
systems could lead to:

o Decryption of classified government communications

e Manipulation of financial and defense systems

o Large-scale cyber espionage via "harvest now, decrypt later” attacks [4]

Thus, ensuring cryptographic resilience is not just a technical challenge but a national security imperative.
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B. The Advent of Quantum Computing

Superposition, entanglement, and interference three concepts from quantum mechanics are used in
quantum computing to execute calculations at speeds that are not possible with traditional computers. Even
though it is still in its infancy, quantum computing has advanced quickly, with startups like lonQ and Rigetti as
well as established firms like IBM and Google making notable strides in qubit stability and error correction [5].
Google’s 2019 quantum supremacy experiment demonstrated that a 53-qubit processor could solve a specific
problem faster than the world’s most powerful supercomputers [6] and IBM’s roadmap projects 1,000+ qubit
systems with error correction making them viable for complex computations. While fault-tolerant,
cryptographically relevant quantum computers (CRQCs) are still years away, their eventual development
necessitates preemptive action to secure existing cryptographic infrastructures.

The switch to post-quantum cryptography (PQC) is not just a theoretical topic but also an immediate
operational necessity due to the significant hazards that quantum computing poses to current cryptographic
systems. Given the extended deployment cycles of cryptographic infrastructure and the vulnerability of classical
encryption standards to quantum attacks, urgent action is required to preserve global technical competitiveness,
safeguard vital data, and secure national security. In the subsequent sections, the quantum threat landscape is
examined, PQC options are assessed, and a strategic roadmap for the adoption of quantum-resistant
cryptographic solutions in industry and government is suggested.

II. THE QUANTUM THREAT TO CLASSICAL CRYPTOGRAPHY

Modern cryptography systems face both previously unthinkable possibilities and existential risks as a result
of the major change in computational capabilities caused by the development of quantum computing. The
security foundations of commonly used cryptographic standards, such as RSA, ECC, and Diffie-Hellman, which
safeguard anything from financial transactions to secure communications, are essentially compromised by
capability of emerging quantum computing and as this technology continues to advance, the window for
mitigating these vulnerabilities is closing, making it important to understand the nature and timeline of the
quantum threat to develop effective countermeasures.

A. Shor’s Algorithm and Public-Key Cryptography
Shor’s algorithm (1994) poses a threat to widely deployed public-key cryptosystems by efficiently solving the
integer factorization and discrete logarithm problems the computational foundations of RSA, ECC, and Diffie-
Hellman key exchange. On a sufficiently large quantum computer:

o RSA (based on factoring large primes) can be broken in polynomial time.

o ECC (based on elliptic curve discrete logarithms) becomes equally vulnerable.

- Diffie-Hellman (finite-field-based) loses its security guarantees.

There are three main ways that the threat comes up; one is the decryption of currently encrypted
communications in real time, second the forgery of digital signatures on software upgrades and legal documents
and third being the decryption of previously recorded encrypted traffic in the past. Even though the present
NISQ-era quantum processors do not have the fault-tolerant qubits that are required (estimated requirement:
10*-10° error-corrected qubits), the National Security Agency cautions that "the threat timeline is uncertain but
the risk is inevitable.” [7] As a result, nation-state players have adopted the "harvest now, decrypt later” strategy,
which involves gathering encrypted data now for decoding later when quantum computers are sufficiently
developed.

B. Grover’s Algorithm and Symmetric Cryptography

Grover's quantum search algorithm presents a fundamental challenge to symmetric cryptographic systems
by providing a provable quadratic speedup for unstructured search problems. This quadratic acceleration
reduces the effective security of symmetric primitives by halving their key length strength, requiring careful
reevaluation of current cryptographic standards. For an n-bit key or hash output, Grover's algorithm reduces the
classical security bound from 0(2") to 0(2"/?), fundamentally altering the security calculus for widely deployed
algorithms [8]. AES-128, currently considered secure against classical attacks, sees its effective security reduced
to roughly 64-bit equivalence under quantum attacks a level clearly insecure against modern computational
capabilities.

Consequently, NIST has recommended AES-256 as the baseline symmetric algorithm for post-quantum
security, providing 128-bit equivalent quantum resistance. While symmetric cryptography remains viable in the
quantum era, this viability comes with important operational constraints and implementation challenges. The
required doubling of key lengths and hash sizes introduces non-trivial performance overhead, particularly for
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resource-constrained devices in 10T applications. Furthermore, legacy systems with hardcoded cryptographic
parameters may require complete replacement rather than simple configuration updates [9]. The security
community emphasizes that while Grover's attack is less catastrophic than Shor's breaking of public-key
cryptography, it still demands systematic upgrades to cryptographic implementations and careful consideration
in system design to maintain adequate security margins.

Table 1. Comparative Analysis: Quantum Vs. Classical Cryptographic Attacks

Algorithm Classical Complexity Quantum Impact
Complexity
Integer Factorization Sub-exponential (e.g., | Polynomial (Shor’s) RSA broken
(RSA) GNFS)
Discrete Logarithm Sub-exponential Polynomial (Shor’s) ECC broken
(ECC)
Brute-Force Search 02" 0(V2") (Grover’s) Security halved (e.g., AES-128 — AES-
(AES) 64 equivalent)
Hash Collisions 0(20/2) (Birthday 0(20/3) (Brassard et | Weakened but manageable with larger
attack) al) hashes

C. The "Harvest Now, Decrypt Later” Threat

Even if quantum computers are not yet accessible for cryptanalysis, the "Harvest Now, Decrypt Later”
(HNDL) paradigm is one of the most destructive features of the quantum threat landscape, posing immediate
hazards [10]. According to this attack model, attackers carefully gather and store encrypted material, such as
private information, financial transactions, and secret government communications, with the hope of decrypting
it when quantum computers are sufficiently developed. The tactic works especially well for long-term sensitive
material, like intellectual property, private medical information, and state secrets, which may be kept under
wraps for decades. Planning for national security and cybersecurity face particular difficulties as a result of this
threat model. An opponent engaging in a long-term decryption game cannot be defeated by traditional security
approaches that prioritize preventing rapid breaches. The cryptography community has determined that
TLS/SSL connections (particularly those that use RSA key exchange), encrypted email archives, blockchain
transactions, and encrypted data backups are among the most vulnerable targets. Countering the HNDL threat
requires a multi-pronged approach combining technical and policy solutions.
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III. POST-QUANTUM CRYPTOGRAPHY (PQC): ALGORITHMS AND STANDARDIZATION
Post-quantum cryptographic algorithms are designed to withstand attacks from both classical and quantum
computers while maintaining practical performance characteristics. These algorithms are broadly categorized
based on the underlying mathematical problems they utilize.

A. Categories of PQC Algorithms
Lattice-based cryptography has emerged as one of the most promising approaches due to its strong security
proofs and relatively efficient implementations. These schemes rely on the hardness of problems like the
Learning With Errors (LWE) and Shortest Vector Problem (SVP) [11]. Notable examples include:
o Kyber: A key encapsulation mechanism (KEM) selected by NIST for standardization, offering efficient
performance suitable for general-purpose use.
o  CRYSTALS-Dilithium: A digital signature scheme with strong security guarantees and moderate
computational requirements.

Another famous approach is code based cryptography systems which derive their security from the difficulty
of decoding random linear codes [12], a problem that has resisted quantum attacks for decades. The McEliece
cryptosystem, first proposed in 1978, remains unbroken but suffers from large key sizes however recent
variants like BIKE and HQC aim to address these limitations while maintaining security. Furthermore,
multivariate cryptography schemes use systems of multivariate quadratic equations, which are NP-hard to solve.
While some early proposals were broken, advanced variants like HFEv- (Hidden Field Equations) show promise
for digital signatures [13]. Another category is Hash-based signatures, such as SPHINCS+, which provide
conservative security based solely on cryptographic hash functions. While they offer strong post-quantum
security, their large signature sizes make them less practical for many applications.

B. NIST PQC Standardization Process

The National Institute of Standards and Technology (NIST) launched its Post-Quantum Cryptography
Standardization Project in 2016 to identify and standardize quantum-resistant algorithms. The multi-round
competition evaluated candidates based on security, performance, and practicality.

NIST Round 3 (2022) selected algorithms for post quantum cryptography are CRYSTALS-Kyber, CRYSTALS-
Dilithium, Falcon, and SPHINCS+ [14].

CRYSTALS-Kyber represents the NIST-selected standard for post-quantum key encapsulation, designed to
replace current RSA and ECDH key exchange mechanisms. As a lattice-based scheme building on the hardness of
the Module Learning With Errors (MLWE) problem, Kyber offers exceptional balance between security and
performance. Its design incorporates careful protection against side-channel attacks and features efficient
implementations across both software and hardware platforms. Kyber's IND-CCA2 security guarantee ensures
resistance against even adaptive chosen-ciphertext attacks, making it particularly suitable for modern protocol
integration. The standardization of Kyber marks a significant milestone in the transition to quantum-safe
cryptography, with ongoing deployment in experimental TLS implementations and VPN technologies.
Performance benchmarks demonstrate that Kyber-768 operations complete in under 100,000 cycles on modern
CPUs, establishing practical viability for widespread adoption.

The second algorithm, selected as NIST's primary digital signature standard, the CRYSTALS-Dilithium
provides a lattice-based alternative to vulnerable ECDSA and RSA signature schemes. The algorithm derives its
security from the combined hardness of Module-LWE and Module-SIS problems, offering configurable security
levels through parameter adjustments.A key innovation in Dilithium is its "Fiat-Shamir with Aborts"
construction, which prevents secret key leakage through careful rejection sampling. The algorithm has
demonstrated particular resilience against side-channel attacks, a critical requirement for real-world
deployment. Current integration efforts focus on digital certificate chains and code signing applications, where
its balance of performance and security proves most valuable.

The third algortihm Falcon (Fast-Fourier Lattice-based Compact Signatures over NTRU) [15] provides an
alternative post-quantum signature scheme optimized for scenarios requiring minimal bandwidth or storage. As
a NIST-selected standard, Falcon leverages the hardness of NTRU lattice problems to achieve exceptionally
compact signatures (as small as 666 bytes for Falcon-512) while maintaining strong security guarantees. The
algorithm employs sophisticated number-theoretic transforms (NTT) and Gaussian sampling techniques to
achieve its performance characteristics. Falcon's primary advantage lies in bandwidth-sensitive applications
such as IoT device authentication and blockchain transactions, where its small signature size significantly
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reduces communication overhead. However, this efficiency comes with increased computational complexity
during signing operations (approximately 10-100x slower than Dilithium) and higher implementation
complexity due to its reliance on floating-point arithmetic. Recent advances in hardware acceleration and
constant-time implementations have addressed many initial deployment concerns, positioning Falcon as the
preferred choice for use cases where signature size constitutes the primary constraint.

SPHINCS+ represents NIST's hedge against unforeseen advances in quantum cryptanalysis as a conservative,
hash-based signature scheme. Unlike lattice-based alternatives, SPHINCS+ relies solely on the security of
cryptographic hash functions, making it resistant to both classical and quantum attacks regardless of future
mathematical breakthroughs. The scheme employs a stateless many-time signature construction using hash
trees and few-time signatures, eliminating the need for maintaining state between signatures. While offering
unparalleled long-term security guarantees, SPHINCS+ comes with significant practical tradeoffs: signature sizes
range from 8KB to 50KB depending on parameter choices, and signing operations can require thousands of hash
computations. These characteristics make SPHINCS+ primarily suitable for infrequently-used, high-value
signatures such as root certificate authorities or long-term document signing, where signature size and
performance are secondary to absolute security assurance.

C. NIST Ongoing Evaluation

NIST continues to evaluate new post-quantum cryptographic algorithms to strengthen the diversity and
resilience of its standardized portfolio. Researchers are actively exploring alternative mathematical approaches,
such as code-based cryptography (including BIKE and HQC) and multivariate systems, which could serve as
reliable backup options if vulnerabilities are discovered in lattice-based methods. A key focus is on improving
the efficiency of these algorithms, particularly for resource-constrained environments like 10T devices, where
computational demands remain a challenge [16]. Additionally, hybrid cryptographic systems blending classical
and post-quantum techniques are being developed to ensure a smooth transition, providing both backward
compatibility and long-term security. By pursuing these multiple research directions, the cryptographic
community aims to maintain strong defenses against quantum threats while addressing practical
implementation challenges across various computing environments.

IV. INTER-NATIONAL SECURITY POLICY CONSIDERATIONS

The transition to post-quantum cryptography (PQC) isn’t just a technical challenge it's a global security
priority. As quantum computing capabilities advance, governments and organizations worldwide recognize the
urgent need to upgrade cryptographic systems before these powerful machines render classical encryption
obsolete. If adversarial nations or cybercriminals gain access to quantum computing first, they could decrypt
sensitive government communications, financial transactions, and classified intelligence, posing a severe risk to
national security [17]. This urgency has led to a wave of policy initiatives, funding programs, and international
collaborations aimed at securing critical infrastructure against the quantum threat. The following sections
explore how different governments are approaching this transition and the challenges they face in rolling out
PQC on a national scale.

A. International Policy Frameworks

The United States has taken a leading role in post-quantum cryptography policy through a combination of
legislation, federal mandates, and funding for quantum research. In 2022, the Quantum Computing Cybersecurity
Preparedness Act was signed into law, requiring federal agencies to begin migrating to quantum-resistant
cryptographic standards [18]. The Act specifically instructs agencies to identify vulnerable systems, prioritize
high-risk areas, and ensure that data remains secure even against "harvest now, decrypt later" attacks, where
adversaries collect encrypted data today with the expectation of decrypting it once quantum computers become
viable. Additionally, as mentioned in previous sections the National Institute of Standards and Technology
(NIST) has been spearheading efforts to standardize PQC algorithms. Since 2016, NIST has been conducting a
multi-phase competition to evaluate and recommend secure cryptographic solutions. Beyond legislative action,
U.S. agencies like the National Security Agency (NSA) have issued guidance urging organizations to prepare for
PQC, emphasizing that a rushed transition could introduce new security vulnerabilities.

The European Union (EU) has also recognized the quantum threat and has been actively funding research
initiatives to develop quantum-resistant solutions. Through the Horizon Europe program, the EU has allocated
substantial resources to projects like OpenQKD, which aims to integrate quantum-safe communication
technologies into critical infrastructures. In 2022, the European Union Agency for Cybersecurity (ENISA)
released a roadmap for transitioning to PQC, urging member states to assess their cryptographic dependencies
and collaborate on standardization efforts. Unlike the U.S., where federal agencies are mandated to act, the EU



59
Faraz Ahmed / 1(4), 54-65, 2024

approach is more decentralized, with individual nations setting their own timelines based on ENISA
recommendations [19].

China has been investing heavily in quantum technologies, both for civilian and military applications. The
Chinese government has allocated billions of dollars toward quantum research, establishing the National
Laboratory for Quantum Information Sciences in 2017 and launching the Micius satellite, the world’s first
quantum communication satellite [20]. China's approach to quantum security appears to focus on developing
quantum key distribution (QKD) as a secure alternative to classical encryption, a strategy that differs from the
U.S. and EU, which prioritize software-based PQC solutions. While QKD offers provable security against quantum
attacks, it has scalability and infrastructure limitations that make it impractical for large-scale deployment [21].
Nonetheless, China’s rapid advancements raise concerns about a potential "quantum arms race", where nations
with superior quantum capabilities could gain an intelligence advantage.

The United States, the United Kingdom, Canada, Australia, and New Zealand make up the Five Eyes (FVEY)
intelligence alliance, which has long been at the forefront of cybersecurity cooperation. The alliance was once
established during World War II to exchange intelligence, but it has since changed to handle new threats to
digital security, such as quantum computing and its ability to crack traditional encryption. The Five Eyes
countries have taken several steps to secure their military systems, key infrastructures, and confidential
communications from future quantum attacks because they understand how urgent it is to implement quantum-
resistant cryptography. Some key developments include:

o The U.S. National Security Agency (NSA) and the UK’s Government Communications Headquarters
(GCHQ) have been actively researching post-quantum cryptography solutions, sharing intelligence on
vulnerabilities in existing cryptographic systems.

o Canada’s Communications Security Establishment (CSE) and Australia’s Australian Signals Directorate
(ASD) have contributed to evaluating quantum-resistant encryption techniques, focusing on securing
military communications and government databases.

o The alliance has supported the NIST Post-Quantum Cryptography Standardization Project, ensuring that
the selected PQC algorithms meet the security requirements of all Five Eyes nations [22].

They are also working on securing cross-border intelligence-sharing platforms, ensuring that data remains
encrypted with quantum-resistant algorithms before transmission between allied nations. Despite these
collaborative efforts, challenges remain in achieving a fully coordinated global transition to post-quantum
cryptography. Differences in policy adoption timelines, national security priorities, and technological
infrastructure across countries can create inconsistencies in cybersecurity defenses. A lack of synchronization in
PQC adoption could lead to “weak links” in global intelligence-sharing networks, where some countries may
become more vulnerable to quantum attacks than others.

B. Challenges in PQC Policy and Implementation
While national security agencies are making strides in transitioning to PQC, several challenges remain:

o Interoperability with Legacy Systems: Most government and military systems currently rely on
cryptographic standards like RSA-2048, ECC, and AES. Upgrading these systems to quantum-resistant
algorithms without disrupting operations is a major concern. Many critical infrastructures, such as
power grids, financial systems, and defense networks, have hardware constraints that make PQC
adoption difficult [23].

e  Performance Trade-offs and Computational Costs: PQC algorithms often require larger key sizes and
higher computational power, which can introduce latency in communication and authentication
processes. For example, lattice-based encryption methods such as CRYSTALS-Kyber demand more
memory and processing power than traditional RSA encryption, making them less efficient for resource-
constrained devices [24].

e Backward Compatibility and Gradual Migration: A full-scale transition to PQC cannot happen overnight.
Organizations must implement hybrid cryptographic solutions using both classical and quantum-
resistant algorithms during the migration phase. However, maintaining two encryption systems in
parallel increases complexity and potential security vulnerabilities [25].

e Risk of Premature Adoption: rushed deployment of PQC could lead to misconfigurations, implementation
errors, and new attack vectors. Lessons from past cryptographic transitions, such as the vulnerabilities
found in early implementations of elliptic curve cryptography (ECC), highlight the risks of adopting new
standards without thorough vetting.
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V. IMPLEMENTATION ROADMAP FOR QUANTUM-RESISTANT CRYPTOGRAPHY

The transition to quantum-resistant cryptography (PQC) is not a single event but a multi-phase, decade-long
process requiring coordinated efforts across government, industry, and academia which necessitates a carefully
structured, phased implementation strategy due to the profound technical and operational complexities
involved. This graduated approach serves several critical functions that collectively ensure a secure and
sustainable transition. First, it mitigates systemic risk by enabling organizations to make incremental
adjustments to their cryptographic infrastructure, thereby avoiding the security vulnerabilities and operational
disruptions that could result from an abrupt, large-scale replacement of existing systems.

Second, the phased methodology allows for optimal resource allocation, ensuring that limited cybersecurity
budgets are directed toward protecting the most vulnerable and mission-critical systems during initial
deployment stages. Third, this approach facilitates compliance with the evolving regulatory landscape, as
government agencies and standards bodies worldwide are progressively refining their quantum-security
mandates. The staged implementation also provides opportunities for continuous evaluation and course
correction based on real-world performance data from early adopters. By systematically addressing technical
challenges, workforce training needs, and interoperability requirements across distinct phases, organizations
can achieve a robust quantum-resistant posture while maintaining operational continuity throughout the
transition period. Starting with the fundamental Assessment and Preparation stage, the ensuing sections go into
detail on the particular steps and factors to be taken for every stage of implementation.

A. Phase 1: Assessment and Preparation:

The foundation of a successful PQC migration is the Assessment and Preparation stage. Organizations run
the danger of expensive errors, security flaws, or unsuccessful deployments if they don't have a solid grasp of
workforce preparedness, current cryptographic vulnerabilities, and regulatory requirements. This stage makes
sure that everyone involved, from CEOs to IT teams, is in agreement about the risks, deadlines, and resources
required for a seamless transition.

Key Objectives:
o Identify and prioritize cryptographic systems most at risk from quantum attacks.
o Build internal expertise to manage the migration process.
o Align with national and industry standards to ensure compliance and interoperability.

a) Cryptographic Asset Inventory

o Identify Vulnerable Systems: Conduct a full audit of all cryptographic protocols in use which must
catalog all cryptographic implementations across an organization's digital infrastructure. This may
include examining of security protocols (TLS, IPsec, SSH) for reliance on vulnerable algorithms like RSA-
2048 or ECC-P256 and reviewing custom encryption in proprietary software, databases, and APIs that
may use deprecated standards.

o Risk Prioritization: Classify systems based on exposure so that systems must be ranked
by impact and time sensitivity to quantum threats. Crtitical Systems which need imeediate action may
include National Security Systems, financial and public key infrastructure such as infrastructure under
use for classified communication, blockchain ledgers etc. High to moderate systems may include medical
records, industrial contol systems for instance power grids or loT device firware signing etc. For risk
prioritization, organizations may use frameworks like NIST’s Risk Management Framework
(RMF) or FAIR Model to quantify exposure.

« Dependency Mapping: Track where outdated crypto is embedded in legacy hardware/software. For
this legacy systems analysis is requires Software Bill of Materials (SBOM) which identifies cryptographic
libraries and their versions deployed in applications across different systems, hardware audits and
vendor assessments for evaluating third party equipment for crypto-agility.

b) Workforce Training & Awareness

« Technical Upskilling: A comprehensive training program must be implemented to equip IT security
teams with practical knowledge of post-quantum cryptographic standards. This training should focus on
hands-on implementation of algorithms like Kyber for key exchange and Dilithium for digital signatures,
while addressing real-world challenges in hybrid deployments. Specialized workshops should cover
performance optimization across different platforms, integration with existing protocols, and
troubleshooting common migration issues to ensure operational readiness.

« Executive Briefings: Leadership teams require targeted briefings that translate complex quantum
threats into clear business risks and strategic priorities. These sessions should present actionable
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timelines for cryptographic migration, budget requirements for system upgrades, and potential
compliance impacts, enabling informed decision-making at the organizational level. The briefings must
emphasize the consequences of delayed action while providing a roadmap for phased implementation
aligned with national security guidelines.

o Certification Programs: Strategic partnerships with academic institutions and certification bodies are
essential to develop standardized PQC training programs and address the critical workforce shortage.
These programs should combine theoretical foundations with practical applications, offering tiered
certification paths for security professionals. Government-sponsored initiatives could accelerate
workforce development by subsidizing training for critical infrastructure sectors and establishing
recognized quantum-security credentials within the cybersecurity industry.

c) Regulatory & Compliance Alignment

« Adopt NIST Standards: Organizations must systematically integrate FIPS 203 (for key encapsulation)
and FIPS 204 (for digital signatures) into their security frameworks to ensure compliance with federally
approved post-quantum cryptography. This requires updating internal cryptographic policies, system
architectures, and procurement specifications to mandate NIST-approved algorithms. Technical teams
should conduct gap analyses to identify where legacy systems require modification or replacement to
meet these new standards while maintaining interoperability.

o Industry Collaboration: Active participation in standards bodies such as the IETF and Cloud Security
Alliance enables organizations to stay ahead of evolving PQC implementation guidelines. Through
working groups and technical committees, security teams can contribute to developing interoperable
protocols while gaining early insights into emerging best practices. This collaborative approach helps
harmonize migration strategies across sectors and prevents fragmentation of security standards in
multi-vendor environments.

o Legal Review: Legal and procurement teams need to revise service agreements and vendor contracts to
include explicit PQC readiness requirements, particularly for cloud providers and managed security
services. Contractual language should specify timelines for cryptographic upgrades, acceptance criteria
based on NIST standards, and liability provisions for quantum-related breaches. This proactive measure
ensures third-party providers align with organizational security roadmaps and share responsibility for
quantum resilience.

B. Phase 2: Testing & Pilot Deployment

PQC algorithms behave differently than classical cryptography some require more computational power,
larger keys, or longer processing times. Without real-world testing, organizations could face performance
bottlenecks, compatibility issues, or unforeseen security flaws. This phase allows for controlled
experimentation in high-priority sectors (e.g., defense, finance) before full-scale deployment.

Key Objectives:
o Testhybrid systems (classical + PQC) to ensure backward compatibility.
o Evaluate performance in mission-critical environments.
« Refine deployment strategies based on pilot results.

a) Hybrid Cryptography Rollout

o Dual-Stack Systems: The transition to post-quantum security requires deploying dual-stack
cryptographic systems that simultaneously operate classical and quantum-resistant algorithms. This
approach maintains backward compatibility while introducing PQC protections, such as combining RSA
with Kyber for key exchange in TLS 1.4 implementations. Organizations should architect these hybrid
systems to automatically negotiate the strongest mutually-supported algorithm, ensuring uninterrupted
service during the migration period. The implementation must include comprehensive monitoring to
detect performance impacts and verify the proper functioning of both cryptographic layers.

« Crypto-Agility Testing: Rigorous testing protocols must be established to validate systems' ability to
dynamically switch between cryptographic algorithms without service disruption. This involves creating
test environments that simulate algorithm migration scenarios, including rapid replacement of
compromised primitives. Pilot programs, like Google's 2027 initiative, demonstrate the importance of
verifying key rotation capabilities, cryptographic parameter wupdates, and cross-platform
interoperability. Organizations should develop automated testing frameworks that regularly exercise
these crypto-agility features as part of continuous integration pipelines.
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b) Controlled Pilot Program (Preferably High-Impact Sectors First)

Organizations should initiate carefully monitored pilot deployments in high-impact sectors to validate post-
quantum cryptographic solutions under real-world conditions. These controlled environments allow for
thorough evaluation of performance characteristics, interoperability challenges, and operational impacts before
enterprise-wide rollout. The pilot phase serves as a critical proving ground for identifying and resolving
implementation hurdles while building institutional knowledge about PQC system behavior.

o Defense: Secure military communications with CRYSTALS-Kyber.

« Finance: Protect SWIFT transactions with Dilithium signatures.

« Healthcare: Encrypt patient records using Falcon (small-footprint PQC).

c) Performance & Security Testing

o Benchmarking: Organizations must conduct rigorous comparative testing of post-quantum
cryptographic algorithms against traditional counterparts in production-like environments. These
benchmarks should evaluate real-world performance metrics across various infrastructure types,
including 5G networks, cloud platforms, and edge computing devices. Testing protocols must measure
throughput, latency, power consumption, and memory usage to identify potential bottlenecks in
different deployment scenarios. The results will inform optimization strategies and guide hardware
procurement decisions for the full-scale migration phase.

o Penetration Testing over Quantum Threat Simulation: Specialized "quantum red teams" should be
engaged to conduct advanced penetration testing against pilot implementations, simulating potential
attacks from future quantum-capable adversaries. These assessments will validate the actual security
improvements offered by PQC systems and identify any residual vulnerabilities in the hybrid
architecture. MITRE's anticipated 2029 framework for quantum attack simulation will provide
standardized methodologies for these evaluations, enabling consistent security validation across
different sectors and implementations.

« Hardware Acceleration: The computational overhead of post-quantum algorithms necessitates
dedicated hardware solutions to maintain acceptable performance levels. Chip manufacturers like Intel
are developing specialized accelerators (projected for 2028 availability) to optimize PQC operations in
both endpoint devices and network infrastructure. Organizations should collaborate with hardware
vendors to ensure their migration roadmap aligns with these developments, particularly for latency-
sensitive applications where software-only implementations may prove inadequate. Early testing with
prototype hardware will inform architecture decisions and help balance security requirements with
performance constraints.

C. Phase 3: Full-Scale Deployment

The full-scale deployment phase prioritizes critical infrastructure systems that face the highest risk from
quantum computing threats as by the 2030s, cryptographically relevant quantum computers (CRQCs) could
become a reality. Organizations that delay full PQC adoption risk catastrophic decryption of sensitive data (due
to "harvest now, decrypt later" attacks). This phase ensures that all systems especially those handling long-term
sensitive data are quantum-resistant before it’s too late.

Key Objectives:
« Replace all vulnerable cryptographic systems with NIST-approved PQC standards.
« Establish continuous monitoring for emerging quantum threats.
« Promote global standardization to prevent fragmentation in security protocols.

a) System-Wide PQC Adoption (Critical Infrastructure First)

e Power grids : Energy sector implementations focus on replacing vulnerable cryptographic components
in grid control systems with NIST-approved PQC alternatives, particularly for remote access and inter-
site communications.

e Banks : Banking systems require comprehensive upgrades to financial transaction protocols, digital
signing mechanisms, and blockchain consensus algorithms such as PQC-secured blockchain ledgers.

e Legacy System Retirement: Organizations must establish aggressive timelines for eliminating classical
cryptographic algorithms from all new deployments. Procurement policies should mandate PQC
compliance for hardware purchases and software development projects. A structured retirement
program for RSA/ECC-based systems should include inventory tracking, replacement scheduling, and
verification processes to ensure complete elimination of vulnerable cryptography from the technology
stack.
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Figure 2. Implementation Roadmap for Quantum Resistant Cryptography

b) Continuous Monitoring & Updates

Threat Intelligence: Organizations must establish dedicated threat intelligence capabilities to detect
emerging quantum attack vectors targeting deployed PQC systems. This requires continuous monitoring
of cryptographic research breakthroughs, quantum computing advancements, and vulnerability
disclosures through partnerships with academic institutions, government agencies, and security
consortia. Security operations centers should implement specialized detection rules for anomalous
patterns that may indicate early-stage quantum cryptanalysis attempts against production systems,
enabling proactive defense measures before widespread exploits emerge.

Algorithm Updates: Patch vulnerabilities via NIST’s PQC versioning system.

Crypto-Agility Enforcement: Modern systems must incorporate mandatory automated algorithm
switching capabilities to maintain cryptographic resilience. This requires architectural changes to
support: (1) runtime cryptographic policy evaluation, (2) seamless algorithm transition protocols, and
(3) rollback safety mechanisms. Development standards should enforce these requirements through
code review checkpoints and deployment gates, while operational teams verify functionality through
regular algorithm rotation drills. The implementation must balance security needs with operational
stability, ensuring automatic updates don't introduce unexpected system behavior or performance
degradation.

c) Global Standardization Efforts

Cross-Border Policies: Global alignment on post-quantum cryptography standards requires active
collaboration with international regulatory bodies including the EU's ETSI, China's MIIT, and the ITU.
Organizations should participate in working groups to help shape unified cryptographic policies that
facilitate secure cross-border data flows while meeting diverse regional compliance requirements. This
coordination helps prevent fragmentation of security standards that could undermine global digital
infrastructure and create vulnerabilities at jurisdictional boundaries.

Open-Source Libraries: The maintenance and development of quantum-resistant libraries like libogs
and OpenQuantumSafe provide critical foundations for worldwide PQC implementation. These
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resources enable standardized reference implementations of NIST-approved algorithms and consistent
security evaluations across platforms.

o Disaster Recovery Plans: Prepare for sudden quantum breaks for example emergency response
protocols for critical infrastructure and pre-approved fallback mechanisms for financial systems. These
plans should be regularly tested through tabletop exercises involving technical, legal, and executive
stakeholders.

VI. CONCLUSION

The transition to quantum-resistant cryptography represents a critical strategic priority for protecting
national security and maintaining the integrity of global digital infrastructure in the face of advancing quantum
computing capabilities. As classical cryptographic systems particularly those relying on integer factorization and
discrete logarithms - become increasingly vulnerable to quantum attacks via Shor's and Grover's algorithms, the
urgent adoption of NIST-standardized post-quantum cryptographic (PQC) solutions such as Kyber for key
exchange and Dilithium for digital signatures becomes essential. This transformation requires a comprehensive,
multi-faceted approach encompassing three key dimensions: coordinated policy development and international
standards alignment to ensure consistent global adoption; a carefully structured, phased implementation
strategy that prioritizes high-risk sectors like defense, finance, and healthcare while minimizing operational
disruption; and substantial investments in workforce development, crypto-agile system architectures, and
specialized hardware acceleration to address the performance and scalability challenges inherent in PQC
algorithms. By proactively addressing these interconnected requirements, governments and organizations can
effectively mitigate the "harvest now, decrypt later” threat while ensuring the long-term security and resilience
of critical digital systems against emerging quantum threats.
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