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ABSTRACT
The rapid progress in quantum computing poses a serious threat to classical
cryptographic systems that currently secure digital communication, financial
transactions, health records, and government infrastructure. Algorithms such
as RSA and ECC, which rely on mathematical hardness assumptions, may
become vulnerable once large-scale quantum computers are realized. This
emerging risk has given rise to Quantum-Safe Software Engineering (QSSE),
an interdisciplinary approach focused on designing, developing, and
maintaining software systems that remain secure in the presence of quantum
adversaries. QSSE integrates post-quantum cryptography, crypto-agility,
secure software development lifecycle (SSDLC), threat modeling, and

compliance frameworks to ensure long-term resilience.

This paper presents a comprehensive review of QSSE, its foundations,
architectural considerations, implementation challenges, tools, and best
practices. It also examines global standardization efforts, particularly the work
of the National Institute of Standards and Technology (NIST) in post-quantum
cryptography standardization. The discussion highlights risk assessment
methodologies, migration strategies, performance implications, and case
studies across industries such as finance, healthcare, and cloud computing. The
study concludes that quantum-safe readiness is not only a cryptographic
challenge but also a software engineering transformation requiring strategic

planning, governance, and education.

43 Page 43-58 © MANTECH PUBLICATIONS 2026. All Rights Reserved



Journal of Software Engineering & Software Testing

MANI ECH Volume 11, Issue 1, January-April 2026
Publications ISSN: 2457-0516 (Online)

KEYWORDS: Quantum-Safe  Software Engineering, Post-Quantum
Cryptography, Crypto-Agility, Secure SDLC, NIST, Software Security,

Quantum Threat

INTRODUCTION

The emergence of quantum computing has introduced a paradigm shift in computational
capabilities. Unlike classical computers, quantum computers utilize quantum bits (qubits) that
can exist in superposition and entanglement states. Algorithms such as Shor’s algorithm can
theoretically break widely used cryptographic schemes like RSA and Elliptic Curve
Cryptography (ECC). These algorithms are foundational to internet security protocols such as
TLS, VPNs, and digital signatures.

Organizations across sectors rely heavily on cryptographic mechanisms embedded within
software systems. Once practical quantum computers are developed, encrypted data stored
today could be decrypted retrospectively — a threat commonly referred to as “harvest now,
decrypt later.” Therefore, transitioning to quantum-resistant cryptographic systems is an urgent

requirement.

Quantum-Safe Software Engineering (QSSE) extends beyond merely replacing cryptographic
algorithms. It involves integrating quantum-resilient practices into the entire software
development lifecycle. QSSE promotes structured planning, threat assessment, algorithm
agility, compliance monitoring, and workforce training to address quantum risks

systematically.

FOUNDATIONS OF QUANTUM THREAT

1. Quantum Computing Overview

The theoretical foundations of quantum computing were developed during the early 1980s
when researchers began exploring how quantum mechanical phenomena could be harnessed
for computation. Unlike classical computers that operate on binary bits (0 or 1), quantum
computers use qubits, which can exist in a superposition of states. This means a qubit can
represent both 0 and 1 simultaneously until measured. This property, along with entanglement

and quantum interference, provides quantum systems with unique computational advantages.
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Superposition allows a quantum computer to process a vast number of possibilities at once,
while entanglement creates correlations between qubits such that the state of one instantly
influences another, even across distance. Interference is used to amplify correct computational
paths and suppress incorrect ones. Together, these phenomena enable certain problems to be

solved exponentially faster than classical methods.

The early conceptual work by pioneers such as Richard Feynman and David Deutsch laid the
groundwork for quantum computational theory. However, practical realization remained
limited due to hardware constraints. In recent years, technological progress has accelerated
significantly. Companies such as IBM, Google, and Microsoft have invested heavily in
quantum research, developing superconducting qubits, trapped-ion systems, and topological

qubit models.

In 2019, Google claimed “quantum supremacy,” demonstrating that its quantum processor
could perform a specific computational task faster than classical supercomputers. Although
this achievement was mainly experimental and not directly applicable to cryptography, it

indicated that scalable quantum computation is progressing.

Despite these advancements, significant technical challenges remain. Quantum systems are
highly sensitive to environmental noise and decoherence, which cause computational errors.
Building fault-tolerant quantum computers requires quantum error correction techniques that
demand thousands of physical qubits to create a single reliable logical qubit. At present,

available quantum processors operate with limited qubit counts and relatively high error rates.

Nevertheless, research projections suggest that within the next few decades, cryptographically
relevant quantum computers (CRQCSs) could emerge. These systems would possess enough
stable logical qubits to execute algorithms capable of breaking current public-key
cryptographic standards. The uncertainty about when exactly this milestone will be achieved
does not reduce its seriousness; rather, it increases urgency because secure data transmitted

today may remain sensitive for many years.

An additional concern is the “harvest now, decrypt later” strategy. Adversaries may intercept

and store encrypted communications today, intending to decrypt them in the future once
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quantum computing becomes powerful enough. This threat particularly affects sectors such as
defense, finance, healthcare, and governmental communications, where confidentiality must

be preserved long-term.

Thus, the foundation of the quantum threat lies not only in future technological breakthroughs

but also in the longevity of sensitive digital data.

2. Cryptographic Vulnerabilities

Modern cybersecurity infrastructure relies primarily on mathematical problems assumed to be
computationally infeasible for classical computers. Public-key cryptography systems such as
RSA and Elliptic Curve Cryptography (ECC) depend on the difficulty of factoring large
integers or solving discrete logarithm problems. However, quantum algorithms challenge these

assumptions fundamentally.

One of the most significant breakthroughs in quantum algorithm research was Shor’s
algorithm, developed in 1994. Shor demonstrated that a sufficiently powerful quantum
computer could factor large integers and compute discrete logarithms in polynomial time. In
contrast, classical algorithms require super-polynomial or exponential time to solve these

problems when key sizes are sufficiently large.

If a cryptographically relevant quantum computer becomes operational, RSA encryption, RSA
digital signatures, Diffie—Hellman key exchange, and ECC-based systems would become
vulnerable. Since these algorithms underpin protocols like TLS, SSH, IPsec, and many

blockchain technologies, the impact would be systemic rather than isolated.

For example:

e RSA: Security depends on the difficulty of factoring large composite numbers. Shor’s
algorithm directly solves this problem efficiently.

e ECC: Security relies on the hardness of the elliptic curve discrete logarithm problem,
which Shor’s algorithm can also solve efficiently.

e Diffie-Hellman: Based on discrete logarithm assumptions, similarly vulnerable.

This means that digital signatures used for authentication, secure email, code signing, and
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financial transactions would no longer provide integrity or non-repudiation guarantees under

quantum attack.

In addition to asymmetric cryptography, symmetric cryptographic schemes are also affected,
though less drastically. Grover’s algorithm provides a quadratic speed-up for brute-force search
problems. While this does not completely break symmetric encryption such as AES, it

effectively halves the security strength of the key size.

For instance:

e AES-128 would offer security roughly equivalent to 64-bit strength under a quantum brute-
force attack.

e AES-256 would reduce to approximately 128-bit effective security, which is still

considered strong.

Thus, symmetric algorithms are not rendered obsolete but require key length adjustments to
maintain security margins. Similarly, hash functions such as SHA-256 are affected by quantum
search algorithms, reducing their effective collision resistance and pre-image resistance

strength.

Another serious issue involves digital certificates and public key infrastructures (PKI).
Certificate authorities use RSA or ECC to sign digital certificates. If these signature schemes
become vulnerable, attackers could forge certificates, impersonate trusted entities, and

compromise secure web communications.

The vulnerabilities extend beyond communication protocols. Blockchain systems that rely on
elliptic curve signatures for transaction validation could be compromised if quantum attackers

are able to derive private keys from public keys.

It is important to understand that the quantum threat is asymmetrical. Defensive upgrades
require systematic infrastructure changes, while a successful quantum attacker could
compromise vast portions of global digital infrastructure rapidly. Therefore, preparing

mitigation strategies before large-scale quantum systems exist is essential.

47 Page 43-58 © MANTECH PUBLICATIONS 2026. All Rights Reserved



Journal of Software Engineering & Software Testing

MANI ECH Volume 11, Issue 1, January-April 2026
Publications ISSN: 2457-0516 (Online)

In summary, Shor’s algorithm threatens the very foundation of public-key cryptography, while
Grover’s algorithm weakens symmetric schemes. Together, they reshape the security landscape

and demand proactive transformation in cryptographic design and software engineering

practices.
Table 1: Impact of Quantum Computing on Cryptographic Algorithms
Cryptographic Example L
i Quantum Impact Mitigation Strategy
Type Algorithms
. . Replace with PQC
Asymmetric RSA, ECC Broken by Shor’s algorithm

algorithms

) Reduced security via i
Symmetric AES , Increase key size
Grover’s algorithm

Use longer output

Hash Functions SHA-256 Quadratic speed-up hashes

Use lattice-based

Digital Signatures ECDSA Vulnerable )
signatures

CONCEPT OF QUANTUM-SAFE SOFTWARE ENGINEERING (QSSE)

Quantum-Safe Software Engineering (QSSE) is more than just replacing vulnerable
cryptographic algorithms; it is a structured engineering approach aimed at ensuring that
software systems remain secure in a post-quantum world. Traditional software security models
assumed that cryptographic primitives such as RSA and ECC would remain reliable for
decades. However, with the anticipated capabilities of quantum computers, this assumption is

no longer safe.

QSSE integrates quantum-resilient mechanisms into every phase of software design and
operation. It focuses on building systems that are adaptable, forward-compatible, and capable
of evolving as new cryptographic standards emerge. Rather than reacting to quantum

breakthroughs after they happen, QSSE promotes proactive planning and risk mitigation.

The framework of QSSE rests on three major pillars:
1. Post-Quantum Cryptography (PQC)
2. Crypto-Agility

3. Integration with Secure Software Development Lifecycle (SSDLC)
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Each of these components plays a distinct but interconnected role in ensuring long-term

cryptographic resilience.

1. Post-Quantum Cryptography (PQC)

Post-Quantum Cryptography refers to cryptographic algorithms specifically designed to resist
attacks from both classical and quantum computers. Unlike classical public-key systems, PQC
algorithms are based on mathematical problems believed to be hard even for quantum
machines. These include lattice-based problems, hash-based constructions, multivariate

polynomial equations, and code-based cryptography.

In 2016, the National Institute of Standards and Technology initiated a global standardization
process to identify and evaluate quantum-resistant algorithms. This multi-year evaluation
involved cryptographic researchers worldwide who analyzed candidate algorithms for security,

performance, and implementation feasibility.

After several evaluation rounds, NIST announced the selection of algorithms such as:
e CRYSTALS-Kyber (for public-key encryption and key encapsulation)
e CRYSTALS-Dilithium (for digital signatures)

These algorithms are primarily lattice-based and are currently moving toward formal

standardization. Their selection marks a major milestone in quantum-safe cryptography.

From a software engineering perspective, integrating PQC into systems requires careful
consideration. PQC algorithms generally have:

o Larger key sizes

e Larger ciphertexts and signatures

e Higher computational overhead

This affects memory usage, bandwidth consumption, and performance, particularly in

constrained environments such as 10T devices or embedded systems.

Therefore, adopting PQC is not just a drop-in replacement. Engineers must evaluate system

architecture, protocol compatibility, hardware limitations, and interoperability with legacy
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components. Testing and benchmarking become critical before deployment.

Additionally, hybrid cryptographic models are often recommended during the transition phase.
In hybrid schemes, classical and post-quantum algorithms are combined, so that even if one
fails, the other maintains security. This approach provides gradual adaptation rather than abrupt

migration.

2. Crypto-Agility

Crypto-agility is the ability of a software system to quickly and efficiently switch cryptographic
algorithms without major architectural redesign. It is a central concept in QSSE because
cryptographic standards evolve over time. Even post-quantum algorithms chosen today may

require updates or replacements in the future.

Historically, many software systems hard-coded cryptographic primitives directly into source
code. For example, a specific RSA implementation might be tightly integrated within

authentication modules. Such rigid design makes migration difficult and costly.

Crypto-agile systems, on the other hand, are built using abstraction layers and modular
cryptographic interfaces. Instead of embedding a fixed algorithm, the system references a
configurable cryptographic provider. This allows developers to update algorithms through

configuration changes or library upgrades rather than rewriting entire systems.

Key principles of crypto-agility include:

e Separation of cryptographic logic from business logic
e Use of standardized APIs

e Algorithm negotiation in communication protocols

e Configurable key lengths and parameters

e Regular cryptographic inventory audits

For example, in secure communication protocols like TLS, crypto-agility allows the server and
client to negotiate which cryptographic suite to use. When quantum-safe ciphers are added,

systems can adopt them without fundamental redesign.

Crypto-agility also supports compliance with evolving standards and regulatory guidelines. As
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new PQC algorithms are formally approved, organizations with agile architectures can

transition smoothly, while rigid systems may struggle.

In essence, crypto-agility ensures long-term adaptability, reducing technical debt and

minimizing disruption during cryptographic transitions.

3. Integration with Secure Software Development Lifecycle (SSDLC)

QSSE requires embedding quantum-awareness into every stage of the Secure Software
Development Lifecycle (SSDLC). Security cannot be an afterthought; it must be incorporated
from the earliest planning phases.

a) Requirements Phase

During requirement analysis, teams must evaluate the longevity of data confidentiality and
identify systems that require quantum-safe protection. Data sensitivity classification becomes
critical. For example, medical or government records requiring confidentiality for 30-50 years

should be prioritized for PQC adoption.

b) Design Phase
Architects must design crypto-agile systems with modular cryptographic components. Threat
modeling should include quantum adversaries as part of the risk assessment process. Design

documentation should specify algorithm flexibility and migration strategies.

c) Implementation Phase
Developers should use standardized PQC libraries and avoid custom cryptographic code unless
absolutely necessary. Code reviews must verify that cryptographic best practices are followed.

Secure key management practices remain equally important in quantum-safe systems.

d) Testing Phase

Testing must include:

e Performance benchmarking of PQC algorithms

e Interoperability testing with classical systems

e Security validation under simulated attack models

e Regression testing to ensure compatibility
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Quantum-safe implementations may introduce latency or memory constraints; these must be

evaluated thoroughly.

e) Deployment Phase
During deployment, organizations may implement hybrid cryptography to maintain
compatibility with existing infrastructure. Deployment strategies should include monitoring

mechanisms and rollback procedures in case performance issues arise.

f) Maintenance and Monitoring Phase
Cryptographic systems require continuous monitoring. Vulnerabilities in newly standardized
PQC algorithms may be discovered over time. Regular updates, patch management, and

algorithm rotation policies must be established.

Integrating QSSE into SSDLC ensures that quantum readiness becomes a continuous

engineering practice rather than a one-time project.

Successfully
Integrating Security
into the SDLC

netsparker

Figure 1: QSSE Integration within SDLC

ARCHITECTURE OF QUANTUM-SAFE SYSTEMS

Designing quantum-safe systems requires more than replacing cryptographic libraries. It
demands a carefully structured architecture where security is embedded at multiple layers.
Quantum-Safe Software Engineering (QSSE) promotes a defense-in-depth model in which
cryptographic resilience is distributed across application logic, middleware services, network

protocols, and infrastructure components.
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A layered architecture ensures that if one component is weakened or misconfigured, other
layers continue to provide protection. This approach also supports crypto-agility and future

algorithm upgrades with minimal disruption.

1. Layered Security Model

The layered model in quantum-safe architecture consists of four primary levels:
e Application Layer

e Middleware Layer

e Network Layer

e Infrastructure Layer

Each layer plays a different but interconnected role in maintaining quantum resistance.

a) Application Layer: PQC APIs

At the top of the architecture is the application layer, where business logic and user-facing
functionalities operate. In a quantum-safe system, applications should not directly implement
cryptographic algorithms. Instead, they should rely on standardized Post-Quantum
Cryptography (PQC) APIs.

This abstraction ensures:
e Minimal exposure of cryptographic details in application code
e Easier updates when algorithms change

e Reduced risk of implementation errors

For example, digital signature verification, secure file storage, and encrypted messaging
modules should call PQC-enabled libraries rather than hard-coded RSA or ECC

implementations.

From an engineering perspective, this requires:
e Refactoring legacy code
e Eliminating deprecated cryptographic calls

e Ensuring compatibility with selected PQC standards
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Itis also important to validate performance impact at this layer, since PQC algorithms typically
produce larger keys and signatures. Developers must consider memory allocation, bandwidth

consumption, and processing latency.

b) Middleware Layer: Crypto Abstraction Services
The middleware layer acts as a bridge between application logic and lower-level infrastructure.
In QSSE architecture, middleware provides crypto abstraction services, often implemented

through centralized cryptographic service providers (CSPs) or security modules.

This layer offers:

e Algorithm negotiation capabilities

e Centralized cryptographic policy enforcement

e Logging and auditing of cryptographic operations

e Unified key lifecycle management

By centralizing cryptographic operations, organizations avoid duplication and inconsistency
across multiple applications. For instance, a middleware service can enforce that only approved
PQC algorithms are used, preventing developers from inadvertently deploying outdated

schemes.

Middleware abstraction also supports crypto-agility. If a new quantum-resistant algorithm is
standardized, the middleware can be updated once, and all dependent applications

automatically benefit from the change.

This design significantly reduces long-term maintenance complexity and helps organizations

comply with regulatory standards.

c) Network Layer: Quantum-Safe TLS
The network layer ensures secure communication between distributed systems. Transport
protocols such as TLS (Transport Layer Security) rely heavily on public-key cryptography for

key exchange and authentication.

Quantum-safe architecture integrates PQC-based or hybrid key exchange mechanisms into
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TLS configurations. For example:
e Replacing classical RSA-based key exchange
e Using hybrid key encapsulation mechanisms

e Increasing symmetric key lengths

Quantum-safe TLS ensures that:
e Data in transit remains protected against future quantum decryption
e Secure session establishment is resistant to Shor’s algorithm attacks

e Authentication certificates remain trustworthy

Organizations may initially deploy hybrid TLS configurations, where classical and PQC
algorithms operate together. This allows compatibility with systems that are not yet quantum-

ready.

Testing at this layer is crucial because PQC key exchanges may increase handshake time and
packet size. Network performance monitoring tools should evaluate latency, throughput, and

scalability impacts.

Table 2: Hybrid vs Full PQC Deployment

Criteria Hybrid Approach Full PQC
Compatibility High Moderate
Performance Overhead Medium Higher
Security Assurance Transitional Long-term
Deployment Complexity Moderate High

IMPLEMENTATION CHALLENGES
1. Performance Constraints
PQC algorithms often require larger key sizes and higher computational overhead. This affects

embedded systems, 10T devices, and mobile applications.

2. Legacy Systems
Many organizations use legacy software with embedded cryptographic libraries. Rewriting

such systems is costly and time-consuming.
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3. Regulatory and Compliance Issues

Governments and cybersecurity agencies are still updating regulatory frameworks to
incorporate quantum-safe requirements.

4. Skill Gap

There is limited workforce expertise in quantum-resistant cryptography and secure migration

planning.

RISK ASSESSMENT AND MIGRATION STRATEGY
Quantum Risk Assessment Model

Organizations must evaluate:

e Data sensitivity

e Required confidentiality duration

e Cryptographic inventory

e Exposure to external threats

Migration Roadmap

Inventory cryptographic assets
Evaluate risk exposure

Design crypto-agile architecture
Pilot PQC implementation

a > N

Gradual enterprise-wide rollout

INDUSTRY APPLICATIONS

1. Financial Sector

Banks and payment gateways rely on secure transactions. Migration to PQC ensures long-term
financial data confidentiality.

2. Healthcare Systems

Electronic Health Records require protection for decades. QSSE ensures patient privacy against
future quantum attacks.

3. Cloud Computing

Cloud providers are experimenting with quantum-safe TLS implementations to secure remote

communications.
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TOOLS AND FRAMEWORKS

Several open-source libraries support PQC experimentation:
e Open Quantum Safe (OQS)

e PQClean

e libogs

These tools allow developers to test and benchmark PQC algorithms.

GOVERNANCE AND POLICY FRAMEWORK

Governments worldwide are encouraging quantum readiness. Collaboration between
academia, industry, and standards bodies is essential. Policies must define:

e Migration deadlines

e Compliance standards

e Certification procedures

FUTURE DIRECTIONS

QSSE will evolve with advancements in:
e Fault-tolerant quantum hardware

e Automated crypto-agility testing

e Al-driven security audits

e Integration with DevSecOps pipelines

Long-term success requires interdisciplinary collaboration between cryptographers, software

engineers, policymakers, and educators.

CONCLUSION

Quantum-Safe Software Engineering represents a proactive approach to securing digital
systems against future quantum threats. While large-scale quantum computers are not yet fully
operational, the risk of retrospective decryption necessitates immediate action. QSSE integrates
post-quantum cryptography, crypto-agility, risk assessment, and governance frameworks into

the software lifecycle.

Transitioning to quantum-safe systems is complex and resource-intensive, but delaying action
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may lead to catastrophic security breaches in the future. Organizations must begin strategic

planning, workforce training, and phased implementation to achieve sustainable quantum

resilience. The development of standardized PQC algorithms and global collaboration provides

a promising foundation. However, successful adoption depends on structured engineering

practices and continuous monitoring.

Quantum readiness is not optional anymore; it is becoming an essential requirement for secure

digital transformation.
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