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ABSTRACT
The rise of quantum computing presents both unprecedented opportunities and
significant threats to current cybersecurity frameworks. Classical
cryptographic algorithms, such as RSA and ECC, which underpin secure
communications, are vulnerable to attacks from sufficiently powerful quantum
computers. This paper reviews the emerging field of post-quantum
cryptography (PQC) and the concept of quantum-ready security, which
encompasses strategies, protocols, and algorithms designed to safeguard
information against quantum attacks. We discuss the theoretical foundations of
guantum computing, potential threat models, leading PQC approaches, and
practical implementation challenges. Furthermore, the paper explores the
roadmap for transitioning existing infrastructures to quantum-resistant systems
and outlines the role of hybrid models that combine classical and post-quantum
methods. Insights into standardization efforts and ongoing research highlight
the urgency and complexity of achieving quantum-secure communication

networks.
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INTRODUCTION

Cybersecurity has always been a reactive discipline, adapting to advances in computational
power and attack methodologies. Traditional cryptographic systems, including RSA, elliptic-
curve cryptography (ECC), and digital signature schemes, rely on the computational hardness
of mathematical problems such as integer factorization and discrete logarithms. While classical
computers struggle to solve these problems efficiently, quantum computers promise

exponential speedups through algorithms like Shor's and Grover's.

Shor's algorithm, in particular, can factor large integers in polynomial time, rendering RSA and
ECC insecure once a sufficiently large quantum computer is operational. Grover’s algorithm
offers quadratic speedup for unstructured search problems, impacting symmetric-key

cryptography by reducing the effective key length by half.

This imminent threat has catalyzed the field of post-quantum cryptography (PQC), aiming to
design cryptographic schemes that remain secure against both classical and quantum
adversaries. In parallel, the concept of quantum-ready security emphasizes the proactive
adaptation of infrastructure, protocols, and operational procedures to resist quantum-enabled

attacks.

This paper provides a comprehensive review of post-quantum and quantum-ready security,
analyzing the threat landscape, cryptographic approaches, implementation challenges, and

future research directions.

QUANTUM COMPUTING AND CYBERSECURITY THREATS
Quantum computing represents a paradigm shift in computation, offering both unprecedented
opportunities and novel cybersecurity challenges. Its potential to solve problems intractable for

classical computers directly threatens the foundations of modern cryptography.

1. Basics of Quantum Computing

Quantum computers operate using quantum mechanics rather than classical physics. The
fundamental unit of quantum computation is the qubit, which, unlike a classical bit that is
either 0 or 1, can exist in a superposition of both states. This allows a quantum computer to

process multiple possibilities simultaneously.
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Key principles include:

e Superposition: Enables qubits to represent many combinations of 0 and 1 at the same
time, providing massive parallelism in computation.

e Entanglement: A strong correlation between qubits, such that the state of one qubit
instantaneously affects the state of another, even at a distance. This property allows
quantum computers to perform complex operations across multiple qubits efficiently.

e Quantum Interference: By manipulating the probability amplitudes of qubit states,

quantum algorithms can amplify correct solutions while canceling out incorrect ones.

Quantum Algorithms Threatening Cybersecurity:

o Shor’s Algorithm (1994): Efficiently factors large integers and computes discrete
logarithms, breaking widely used public-key cryptosystems like RSA, Diffie-Hellman,
and Elliptic Curve Cryptography (ECC). For instance, factoring a 2048-bit RSA key,
considered infeasible for classical computers, could be feasible for a sufficiently
powerful quantum computer.

e Grover’s Algorithm (1996): Provides a quadratic speedup for searching unsorted
databases. In cryptography, this effectively reduces the strength of symmetric key
algorithms by half. For example, a 256-bit AES key could be reduced to the equivalent
security of a 128-bit key against quantum attacks.

These quantum capabilities indicate that existing cryptographic systems may become

insecure once large-scale, fault-tolerant quantum computers are available.

2. Quantum Threat Models
Cybersecurity threats posed by quantum computing can be broadly categorized into passive
and active attacks.
a) Passive Attacks
e Definition: The attacker intercepts encrypted communications today and stores them
for future decryption using quantum computers.
e Implication: Communications that are confidential now may be exposed in the future
once quantum computers become powerful enough.
e Example: Sensitive government or financial data intercepted today could be decrypted

decades later using Shor’s algorithm, compromising long-term confidentiality.
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e Mitigation: Deploy quantum-resistant (post-quantum) encryption algorithms such
as lattice-based, hash-based, or code-based cryptography to secure data against future

quantum attacks.

b) Active Attacks

e Definition: Direct exploitation of operational quantum computers to attack
cryptographic protocols in real-time.

e Example: A quantum attacker could break a TLS session secured by RSA in seconds,
compromising communications and potentially injecting malicious data.

e Threat Scope: Active attacks threaten not only confidentiality but also integrity and
authenticity, undermining digital signatures and authentication mechanisms.

e Mitigation: Transition to quantum-safe cryptographic protocols, implement hybrid
encryption combining classical and post-quantum algorithms, and strengthen key

management practices to prevent key compromise.

Table 1: Illustrates the potential impact of quantum computing on classical cryptographic

primitives.
Cryptographic Classical
yp- g _ P _ Quantum Vulnerability
Primitive Security
RSA 2048-bit High Breakable with Shor's algorithm
ECC 256-bit High Breakable with Shor's algorithm
) Effective security reduced to 128-bit
AES-256 High
(Grover)
SHA-256 High Collision resistance weakened (Grover)

POST-QUANTUM CRYPTOGRAPHY (PQC)

Post-Quantum Cryptography refers to cryptographic algorithms designed to remain secure
against attacks from quantum computers. Unlike quantum cryptography, which requires
guantum communication channels (like QKD—Quantum Key Distribution), PQC operates
entirely on classical hardware but relies on mathematical problems believed to be hard even
for quantum computers. PQC is considered essential for protecting sensitive communica-

tions, financial transactions, and national security systems as quantum technology matures.
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1. Key PQC Approaches
a) Lattice-Based Cryptography

Principle: Security is based on the computational hardness of lattice problems, such as
the Shortest Vector Problem (SVP) or Learning With Errors (LWE). These
problems are considered resistant to both classical and quantum attacks.
Applications: Supports key exchange, encryption, and digital signatures.

Advantages: Efficient, scalable, and flexible; strong security guarantees.

Notable Schemes:

Kyber: A lattice-based key encapsulation mechanism, chosen as a standard by NIST
for PQC key exchange.
Dilithium: Provides lattice-based digital signatures with strong security proofs and

efficient performance.

Example Use Case: Kyber could replace classical RSA or ECC in TLS sessions, ensuring

secure communication against future quantum adversaries.

b) Code-Based Cryptography

Principle: Relies on the hardness of decoding random linear codes—a problem
believed to remain hard for quantum computers.

Applications: Primarily encryption and public-key systems.

Advantages: Extremely robust security, backed by decades of analysis.
Disadvantages: Often requires large key sizes, which can be a practical limitation.
Notable Scheme: McEliece cryptosystem—one of the earliest and most studied code-
based systems.

Example Use Case: Suitable for encrypting highly sensitive archival data, where long-

term confidentiality is crucial.

Multivariate Polynomial Cryptography

Principle: Security relies on the difficulty of solving systems of multivariate
polynomial equations over finite fields.
Applications: Mostly digital signatures due to efficiency limitations in encryption.

Advantages: Fast signature generation and verification.
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e Notable Scheme: Rainbow signature scheme—provides short signatures suitable for
digital authentication.
e Example Use Case: Secure firmware updates, where verifying authenticity quickly is

critical.

d) Hash-Based Cryptography
Principle: Constructs digital signatures using secure hash functions, which are not vulnerable

to Shor’s algorithm.

Applications: Digital signatures only; not suitable for general encryption or key exchange.
e Advantages: Highly secure; minimal assumptions beyond the collision-resistance of
hash functions.
o Notable Scheme: XMSS (eXtended Merkle Signature Scheme)—standardized and
suitable for long-term security.

Example Use Case: Signing software distributions or blockchain transactions to resist future

quantum attacks.

e) Isogeny-Based Cryptography

Principle: Uses isogenies between elliptic curves to construct key exchange protocols.

Applications: Primarily key exchange.
o Advantages: Extremely compact key sizes, efficient for constrained devices like 10T
Sensors.
« Disadvantages: Computationally intensive; slower than lattice-based alternatives.
e Notable Scheme: SIKE (Supersingular Isogeny Key Encapsulation)—although

recent research has exposed some vulnerabilities, new variants are under study.

Example Use Case: Secure communication between 10T devices with limited memory and
bandwidth.

2. Hybrid and Transition Models

Since the timeline for large-scale, fault-tolerant quantum computers is uncertain, a gradual

114 Page 109-122 © MANTECH PUBLICATIONS 2025. All Rights Reserved



M AN E CH International Journal of Cyber Security, Digital Trust and Cyber Defense
Publications Volume 1, Issue 2, July-December 2025

transition is recommended:

Hybrid Cryptography: Combines classical cryptographic algorithms (RSA, ECC, AES) with
post-quantum algorithms in the same protocol. This ensures that security is maintained against

both classical and quantum adversaries.

Example: TLS 1.3 sessions using both ECC and Kyber for key exchange.

Transition Strategies: Organizations are encouraged to:
e Inventory cryptographic assets and assess quantum risk.
e Update cryptographic libraries and protocols to support PQC.
e Implement PQC in long-lived data storage, where future quantum attacks could

compromise confidentiality.

Rationale: Hybrid models allow immediate protection without waiting for full PQC adoption

while ensuring backward compatibility.

QUANTUM-READY SECURITY PRINCIPLES
Quantum-ready security is a holistic approach to preparing systems, applications, and
organizations for the arrival of quantum computing. It goes beyond simply adopting post-
quantum algorithms, encompassing architecture, policies, and operational practices to ensure
resilience against both current and future quantum threats.
1. Core Principles
Algorithm Agility

o Definition: The ability of systems to rapidly switch between cryptographic

algorithms without major infrastructure changes.

Importance:
e Ensures quick adoption of new PQC standards as they emerge.

e Protects against unforeseen vulnerabilities in specific algorithms.

Example: A cloud storage provider should support multiple encryption schemes (AES, Kyber,

NTRU) and allow automatic migration of stored data to newer algorithms without downtime.
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Key Management
Challenges with PQC:
o Post-quantum keys are generally larger than classical keys (e.g., some McEliece keys
are several hundred kilobytes).

o Increased key sizes affect storage, transmission, and rotation practices.

Best Practices:
o Update Key Management Systems (KMS) to handle larger keys.
o Implement secure key distribution protocols compatible with PQC.
« Plan for regular key rotation, even with longer-lived PQC keys.

Example: A financial institution deploying Dilithium signatures must ensure that existing
authentication servers and mobile applications can handle the increased signature size

efficiently.

2. Infrastructure Assessment
Definition: Evaluating hardware, software, and network components for compatibility with

post-quantum protocols.

Key Considerations:
e CPU, memory, and network capacity to handle larger PQC keys and computational
overhead.
« Software libraries and firmware updates to support new cryptographic APIs.
o Network protocols like TLS and VPNs may need modification to integrate PQC.

Goal: Prevent performance bottlenecks or interoperability failures when deploying PQC.

Example: 10T devices with limited memory may need lightweight PQC alternatives or hybrid

cryptography solutions.

Regulatory Compliance
o Definition: Aligning security practices with emerging PQC standards to ensure legal

and industry compliance.
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Importance:
e Avoids regulatory penalties.

e Ensures interoperability across industries and borders.

Examples of Standards and Guidelines:
e NIST PQC (USA)
o ENISA Guidelines (Europe)

« Industry-specific recommendations for finance, healthcare, and critical infrastructure.

3. NIST PQC Standardization Efforts
The National Institute of Standards and Technology (NIST) launched a multi-year project

to standardize post-quantum cryptography.

Process:
e Submissions of candidate algorithms.
o Public evaluation and cryptanalysis by experts worldwide.
e Selection of algorithms for standardization based on security, performance, and

implementability.

Recommended Algorithms:
e Kyber: Lattice-based key encapsulation mechanism (KEM) for encryption and key
exchange.
e Dilithium: Lattice-based digital signature scheme.

e FALCON: Efficient lattice-based digital signature scheme with smaller key sizes.

Impact: Adopting NIST-approved PQC algorithms ensures that systems are aligned with
global cryptographic standards, reducing long-term risk from quantum-enabled attacks.

4. Implementation Challenges

Performance Overheads

PQC algorithms often require larger keys, signatures, and ciphertexts, leading to:
e Increased memory usage.

e Higher CPU computation time.
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« Potential latency in real-time applications (e.g., 10T, payment systems).

Mitigation: Evaluate trade-offs between security and performance, and consider hybrid

cryptography during transition.

Interoperability Issues
Legacy systems may not support PQC protocols, requiring:
e Firmware and software upgrades.

« Protocol adaptation for TLS, VPNs, and other communication channels.

Example: TLS 1.2 servers may need to be upgraded to TLS 1.3 or hybrid PQC

implementations to ensure secure connections.

Security Assurance
e PQC schemes are relatively new; long-term security proofs are ongoing.
« Continuous cryptanalysis and evaluation are essential to detect weaknesses.
« Organizations must adopt adaptive security strategies, updating algorithms as new

research emerges.

PRACTICAL APPLICATIONS OF POST-QUANTUM SECURITY
Post-quantum security is not merely theoretical—it has immediate practical relevance across
industries and technologies that rely on cryptography. Ensuring systems are quantum-resistant
helps protect long-term confidentiality, integrity, and authenticity of data.

1. Cloud Security
Challenge: Cloud systems store massive amounts of sensitive data, including personal
information, financial records, and intellectual property. Quantum computers could potentially

decrypt today’s encrypted cloud data once they become operational.

Solution:
o Deploy post-quantum cryptography (PQC) algorithms for data encryption and key
exchange.

e Use hybrid encryption models that combine classical algorithms (e.g., AES, RSA)
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with PQC schemes (e.g., Kyber, Dilithium). This ensures immediate protection while

enabling gradual migration.

Implementation Considerations:
o Assess performance overheads of PQC encryption and optimize storage and network
throughput.
o Update cloud Key Management Systems (KMS) to handle larger post-quantum keys.

Example: A cloud service provider could implement Kyber-based key exchange for TLS
sessions and AES-256 for data encryption, ensuring that both current and future

communications are protected.

2. 10T and Edge Devices
Challenge: 10T and edge devices are resource-constrained with limited memory, processing

power, and battery life, making traditional PQC algorithms potentially too heavy.

Solution:
o Adopt lightweight PQC schemes, such as lattice-based cryptography (e.g., NTRU,
Kyber), which offer a good balance of security and computational efficiency.
o Consider hybrid models that combine classical lightweight cryptography with PQC for

key exchange or digital signatures.

Implementation Considerations:
o Optimize firmware and communication protocols for larger PQC keys and signatures.
o Prioritize low-latency and energy-efficient implementations, especially in battery-

powered devices.

Example: Smart meters in a utility grid could use Dilithium signatures for authentication

while performing routine operations without draining battery life.

3. Blockchain and Distributed Ledger Technology (DLT)
Challenge: Most blockchain systems, including Bitcoin and Ethereum, use Elliptic Curve

Cryptography (ECC) for digital signatures. Quantum attacks using Shor’s algorithm could
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compromise these signatures, potentially allowing attackers to steal funds or forge

transactions.

Solution:
o Transition blockchain systems to quantum-resistant signature schemes, such as
lattice-based signatures (Dilithium) or hash-based signatures (XMSS).
o Implement hybrid approaches that combine ECC and PQC signatures to protect both

new and historical transactions.

Implementation Considerations:
o Backward compatibility with existing wallets and transaction histories.
o Efficient validation of PQC signatures on distributed networks to avoid blockchain

performance bottlenecks.

Example: A guantum-secure cryptocurrency could store both classical ECC signatures and

lattice-based signatures, ensuring continuity and security against quantum adversaries.

4. Government and Military Communications

Challenge: Governments and defense agencies handle highly sensitive communications that
must remain secure for decades. Quantum computers could render existing encryption
methods, like RSA and ECC, obsolete.

Solution:
o Deploy quantum-secure communication protocols using PQC algorithms for
encryption and authentication.
« Implement hybrid cryptography during the transition to ensure compatibility with

legacy systems.

Implementation Considerations:
« Compliance with national and international security standards.
e Integration with classified communication networks, satellites, and secure mobile

devices.
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Example: Military satellite communication systems could use FALCON signatures for
authentication and Kyber KEM for secure key exchange, ensuring operational security even

if adversaries develop quantum capabilities.

FUTURE DIRECTIONS AND RESEARCH OPPORTUNITIES

e Quantum-Resistant Protocol Development: Enhancing TLS, VPNs, and secure
messaging protocols with PQC.

e Performance Optimization: Reducing computational and bandwidth overhead of PQC
for constrained devices.

o Post-Quantum Key Exchange in Real-Time Systems: Researching efficient, secure key
exchange mechanisms for low-latency applications.

e Long-Term Security Analysis: Continuous evaluation of PQC schemes against evolving
quantum attack models.

e Integration with Quantum Cryptography: Combining PQC with quantum key

distribution (QKD) to achieve ultimate security in hybrid systems.

CONCLUSION

The advent of quantum computing represents a paradigm shift in cybersecurity. While classical
cryptographic systems face obsolescence in the quantum era, post-quantum cryptography and
quantum-ready security frameworks provide a path to secure information for the future.
Proactive measures, including algorithm agility, hybrid implementations, and adherence to
emerging standards, are essential for mitigating the impending quantum threat. Collaborative
research, performance optimization, and awareness of emerging attack vectors will be critical
to maintaining trust in digital systems. Transitioning to quantum-secure infrastructures is not
merely an academic pursuit but an urgent requirement for national, industrial, and personal

cybersecurity.
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