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Abstract

The healthcare sector increasingly relies on Cyber-Physical Systems (CPS) that integrate medical
devices, networks, and digital records to deliver critical patient care. Protecting sensitive medical
data within these interconnected systems is vital due to potential privacy violations and safety risks.
The initiation of quantum computing poses substantial threats to traditional cryptographic
algorithms, which underpin current healthcare data security. This article examines the deployment
of quantum-safe cryptographic algorithms considered to resist quantum attacks, enabling robust
protection of healthcare CPS. It highlights advanced encryption methods including lattice-based,
hash-based, and code-based post-quantum schemes, alongside quantum key distribution (QKD) for
secure key management. The discussion includes challenges related to healthcare-specific system
constraints, regulatory compliance, and integration complexity. Through adopting quantum-
resistant cryptography and comprehensive key management protocols, healthcare organizations can
safeguard electronic health records (EHRs), device communication, and patient data against incipient
post-quantum threats, ensuring long-term data confidentiality, integrity, and system resilience.

Keywords: quantum-safe cryptography; healthcare cyber-physical systems; post-quantum
cryptography; electronic health records security; data privacy; quantum key distribution; quantum
computing threats

1. Introduction
1.1. Background and Motivation

Healthcare Cyber-Physical Systems (HCPS) represent a complex and integrated network of
medical devices, clinical information systems, and computational infrastructures that work
cohesively to monitor and support patient health. These systems generate and process vast volumes
of sensitive medical data, with electronic health records (EHRs), diagnostic images, genomic data,
and treatment plans. The increasing dependence on digital healthcare infrastructure has
revolutionized patient care but simultaneously elevated the risks related with cyber threats.
Protecting this sensitive data from unauthorized access, tampering, and breaches is imperative, not
only to preserve patient privacy and safety but also to comply with stringent data protection
regulations globally. As technological capabilities evolve at a rapid pace, emerging threats require a
proactive approach to safeguard healthcare data.

The motivation for this work arises from the critical need to future-proof healthcare CPS against
the advent of quantum computing. While quantum technologies promise remarkable computational
advantages, they also pose serious risks to the cryptographic foundations securing healthcare
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systems today. Traditional algorithms like RSA and ECC, prevalent in encrypting medical data, are
vulnerable to quantum algorithms, especially Shor’s algorithm. This necessitates the development
and deployment of quantum-safe cryptographic algorithms to protect healthcare infrastructures from
imminent quantum threats.

1.2. Post-Quantum Threats to Healthcare Data Security

Quantum computing introduces formidable capabilities that threaten to undermine the security
of conventional cryptographic schemes widely used to protect healthcare data. The skill of quantum
algorithms to competently solve integer factorization and discrete logarithm problems makes widely
deployed encryption methods vulnerable to decryption attacks. As a result, adversaries could
intercept and decrypt sensitive patient information both in transit and at rest, leading to severe
privacy violations and identity theft. This is especially alarming considering the long shelf life of
medical data, which retains its sensitivity for decades, making it an attractive target for “harvest now,
decrypt later” attacks, where encrypted data is composed today and decrypted once quantum
computers converted to powerful enough.

Moreover, the healthcare ecosystem’s reliance on encrypted communication between devices,
cloud services, and providers strengthens the attack surface. Unauthorized access or tampering with
EHRs or medical device commands could jeopardize patient safety and disrupt critical care
workflows. Integrity attacks on health data could yield erroneous diagnoses or treatments,
undermining trust in healthcare delivery. Existing digital signatures, hash functions, and key
exchange protocols also face threats from quantum advancements, demanding a comprehensive
overhaul of cryptographic mechanisms to counter post-quantum risks.

1.3. Research Problem and Objectives

This research addresses the urgent and complex problem of securing healthcare Cyber-Physical
Systems against both current cyber threats and emerging quantum-enabled attacks. The central
challenge is to identify, adapt, and deploy cryptographic algorithms resilient to quantum computing
capabilities without compromising the performance and reliability of healthcare systems.
Additionally, effective key management protocols must be developed to ensure secure generation,
distribution, and lifecycle management of cryptographic keys in a post-quantum landscape.

The objectives of this study are multifold: first, to thoroughly analyze the vulnerabilities
familiarized by quantum computing to healthcare data security; second, to evaluate and propose
quantum-safe cryptographic algorithms suitable for healthcare CPS environments; third, to design
robust key management strategies, together with quantum key distribution (QKD) and post-
quantum key exchange methods; and finally, to address practical deployment challenges considering
healthcare operational constraints and regulatory compliance requirements.

1.4. Scope and Contributions

The scope of this article encompasses the deployment of quantum-safe cryptographic solutions
tailored specifically for healthcare cyber-physical systems. It focuses on protecting sensitive medical
data across its lifecycle—in communication, storage, and authentication—through the
implementation of post-quantum cryptography. The study also highlights the critical aspect of key
management protocols robust against quantum adversaries and evaluates the integration challenges
in healthcare settings.

2. Literature Review

2.1. Healthcare Cyber-Physical Systems: Architecture and Security Challenges

Healthcare Cyber-Physical Systems (HCPS) are complex integrations of computing systems and
physical medical devices designed to improve patient outcomes by providing real-time monitoring,
diagnostics, and therapeutic interventions. Architecturally, HCPS comprises multiple layers
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including sensing devices (e.g., wearable sensors, implantable devices), communication networks,
control systems, cloud and edge computing resources, and user interfaces for healthcare
professionals. Despite their transformative potential, HCPS face significant security challenges due
to their distributed nature, heterogeneous components, and stringent real-time operation
requirements. The systems are vulnerable to cyberattacks such as eavesdropping, data tampering,
and denial-of-service attacks which may disrupt patient care or leak sensitive medical information.
Additionally, constraints such as limited computing power, strict latency requirements, and
regulatory standards complicate the application of traditional security mechanisms, especially in
resource-constrained medical devices. Securing HCPS demands a tailored approach that balances
robust protection with operational efficiency.

2.2. Classical Cryptographic Schemes in Healthcare Systems

Traditionally, healthcare systems have relied on classical cryptographic algorithms such as RSA
(Rivest-Shamir-Adleman), ECC (Elliptic Curve Cryptography), and symmetric encryption standards
like AES (Advanced Encryption Standard) to secure electronic health records (EHR), medical
communications, and device authentication. RSA and ECC are commonly used for secure key
exchange and digital signatures, while AES is deployed for data encryption at rest and in transit.
These classical schemes are well-understood and have been effective in preventing unauthorized
access and ensuring data integrity under classical computing threat models. However, the impending
emergence of large-scale quantum computing poses an existential threat to these algorithms due to
quantum algorithms like Shor’s and Grover’'s. While Grover’s algorithm provides a quadratic
speedup affecting symmetric cryptography, Shor’s algorithm threatens to fully break public-key
schemes dependent on integer factorization and discrete logarithm problems. Consequently,
healthcare data protected by these classical schemes will become vulnerable, necessitating a shift
toward quantum-safe alternatives.

2.3. Post-Quantum Cryptography: Need and Evolution

Post-Quantum Cryptography (PQC) has evolved as a response to the vulnerabilities exposed by
quantum computing to traditional cryptographic systems. PQC algorithms aim to withstand attacks
from both classical and quantum adversaries by relying on hard mathematical problems believed to
be resistant to quantum algorithms. The National Institute of Standards and Technology (NIST) has
been actively evaluating and standardizing PQC candidates since the mid-2010s to foster global
adoption. These emerging algorithms focus on lattice-based constructions (such as Learning with
Errors), code-based cryptography (e.g., McEliece), multivariate polynomial equations, and hash-
based signature schemes. Their design also considers computational efficiency and key size trade-
offs to ensure feasibility in practical deployments. In healthcare contexts, PQC’s evolution addresses
the urgent need to safeguard long-term data confidentiality and system integrity, critical for
protecting lifelong medical histories and continuously operating HCPS infrastructures.

2.4. Comparative Studies of Existing Quantum-Safe Algorithms

Numerous studies have compared existing quantum-safe algorithms in terms of security
robustness, computational performance, key sizes, and implementation complexity. Lattice-based
algorithms generally provide strong security and relatively efficient performance, making them
favourable for healthcare CPS integration. For instance, CRYSTALS-Kyber and CRYSTALS-
Dilithium have emerged as leading candidates displaying efficient encryption and signature
capabilities, respectively. In contrast, hash-based signature schemes such as XMSS offer highly secure
but often bulkier signatures, creating trade-offs in resource-constrained environments. Code-based
schemes like McEliece provide robust security but suffer from large public keys, complicating
deployment in bandwidth-limited medical networks. Multivariate schemes, while promising, are still
under active research due to challenges in balancing security and performance. These comparative
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insights guide healthcare practitioners in selecting suitable PQC algorithms tailored to their
operational constraints and security requirements.

2.5. Research Gaps Identified

Despite advances in quantum-safe cryptography, significant research gaps persist regarding the
effective deployment of these algorithms in healthcare CPS. Firstly, tailored implementations that
address healthcare-specific system constraints — such as low-power medical devices and real-time
processing needs — remain underexplored. Secondly, comprehensive frameworks integrating PQC
with secure key management protocols like Quantum Key Distribution (QKD) for holistic quantum-
safe healthcare systems are scarce. Thirdly, most research focuses on algorithmic security and
performance evaluation in isolation, with limited studies on system-wide interoperability, regulatory
compliance, and resilience against emerging hybrid classical-quantum threats. There is a critical need
for multidisciplinary research that bridges cryptographic innovation with healthcare operational
realities to ensure secure, practical, and compliant quantum-safe healthcare infrastructures.

Key contributions include a comprehensive review of quantum-safe algorithms applicable to
healthcare CPS, the formulation of strategies for implementing these algorithms considering
healthcare constraints, and the presentation of a framework for robust quantum-resistant key
management. The article aims to provide healthcare organizations, security practitioners, and
researchers with actionable insights and technical guidance to navigate the evolving landscape of
cybersecurity in the quantum era, ensuring the confidentiality, integrity, and availability of
healthcare data.

Table 1. Comparison of Quantum-Safe Algorithm Family.

Quantum-
Safe Security . Computational
Algorithm Basis Key Size Efficiency Advantages Challenges
Family
Strong Requires
H £ i ful
. ardn'e 580 Moderate High (Suitable seC:u'r 1y, caretu
Lattice-Based lattice ) ) efficient, parameter
(Public key: | for encryption . )
Cryptography problems 1-2 KB) & signatures) suitable for tuning;
(LWE) & diverse relatively
platforms new
Collision Laree Proven si Lr?;thre
Hash-Based resistance of . & Moderate to security, . &
_ signatures _ sizes, slower
Signatures hash low simple ..
. (several KB) . signing and
functions assumptions e
verification
Decoding of Very large Long history .Large‘ key
Code-Based error- . of study, sizes hinder
. public keys Moderate L
Cryptography correcting robust transmission
(tens of KB) .
codes security and storage
Multivariate Solving Potential for Less ma'ture,
. systems of | Moderate to security
Polynomial . Moderate fast .
Crvptograph nonlinear large operations assumptions
YPrograpiy polynomials P still evolving

3. Quantum-Safe Cryptographic Algorithms

The imminent advent of large-scale quantum computers necessitates a fundamental shift in the
cryptographic algorithms used to secure healthcare Cyber-Physical Systems (CPS). Conventional
cryptographic schemes, which have powered healthcare data security for years, are exposed to
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quantum attacks that can efficiently break underlying hard complications such as integer
factorization and discrete logarithms. This section explores various quantum-safe or post-quantum
cryptographic (PQC) algorithm families designed to withstand quantum adversaries, ensuring the
confidentiality, integrity, and authenticity of sensitive healthcare data and communications. Each
subsection elaborates on a major class of PQC algorithms, describing their core principles, strengths,
and limitations, and concludes with an assessment of their suitability for deployment in healthcare
CPS environments.

3.1. Overview of Lattice-Based Cryptography

Lattice-based cryptography relies on the rigidity of mathematical difficulties related to high-
dimensional lattices, such as the Learning with Errors (LWE) problem and the Shortest Vector
Problem (SVP). These problems remain problematic to solve even leveraging quantum computing,
making lattice-based schemes a leading candidate for quantum-safe encryption and digital
signatures. For example, the LWE problem is defined as:

As +e =b (mod q) 1)
where A is a known public matrix, s is the secret vector, e is a small error vector, and q is a
modulus. Breaking this system involves recovering s, which is computationally infeasible.

Lattice-based algorithms provide a good balance between security, efficiency, and key size,
making them practical for healthcare CPS that require secure communication, authentication, and
data encryption. Notable algorithms such as CRYSTALS-Kyber (encryption) and CRYSTALS-
Dilithium (signatures) are prime candidates standardized by NIST and offer robust security with
reasonable computational costs.

3.2. Code-Based Cryptography

Code-based cryptography is grounded in the problem of decoding random linear error-
correcting codes, a problem considered hard for both classical and quantum computers. The McEliece
cryptosystem is the most well-known example. Code-based schemes typically feature extremely long
public keys (often tens of kilobytes), which can pose challenges for constrained healthcare
environments with limited bandwidth or storage.

Despite large key sizes, code-based cryptography offers strong security guarantees and has a
long history of cryptanalysis, contributing to its reliability. This makes it suitable for protecting long-
term stored data and archival healthcare records where key transmission overhead is less critical.

3.3. Multivariate Polynomial-Based Cryptography

Multivariate polynomial cryptography relies on the difficulty of resolving systems of
multivariate quadratic equations over finite fields. These problems cannot currently be solved
efficiently by quantum algorithms. Cryptosystems based on this hardness assumption provide fast
signature generation and verification.

Although promising for environments requiring rapid operations, multivariate schemes are still
maturing, and concerns about their long-term security persist. Their relatively large signature sizes
and key management complexity mean they are less frequently adopted in healthcare but remain an
active area of research.

3.4. Hash-Based Cryptography

Hash-based cryptography constructs secure digital signature schemes based exclusively on the
security properties of underlying cryptographic hash functions. Algorithms such as XMSS (eXtended
Merkle Signature Scheme) and SPHINCS+ provide quantum-resistant signatures with proven
security grounded on minimal assumptions.

Hash-based schemes are advantageous for their simple security model and resistance to future
cryptanalysis. Their main drawback is the size of signatures and slower performance compared to
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lattice-based methods, which may limit applicability to low-resource medical devices or high-
throughput systems.

3.5. Isogeny-Based Cryptography

Isogeny-based cryptography is a newer class that uses the rigidity of finding isogenies
(morphisms) between elliptic curves. Protocols such as SIKE (Supersingular Isogeny Key
Encapsulation) have attracted attention for their comparatively small key sizes.

However, recent cryptanalysis has weakened confidence in some isogeny-based schemes, and
their computational complexity remains relatively high. Thus, while attractive in theory, isogeny-
based cryptography is currently less favored for healthcare CPS deployment compared to other
quantum-safe families.

3.6. Suitability for Healthcare CPS

When evaluating these quantum-safe algorithms for healthcare CPS, multiple factors must be
considered, including computational efficiency, key and signature size, resource consumption, and
compatibility with real-time medical systems. Lattice-based cryptography emerges as a front-runner
due to its favorable balance of security and performance. Hash-based signatures, while secure, are
better suited for archival systems or scenarios where signature size is less critical.

As +e =b (mod q) (2)
Code-based cryptography offers robustness for long-term data protection but faces challenges with
key size in bandwidth-limited environments. Multivariate schemes, promising for speed, require
further maturity to establish widespread adoption. Isogeny-based methods currently face practical
limitations.

Healthcare CPS demands lightweight, efficient algorithms that minimize latency and power
consumption without compromising security, making hybrid models combining classical and post-
quantum algorithms a practical transition strategy.

4. Proposed Framework for Healthcare CPS Security

This section presents a comprehensive framework designed to secure Healthcare Cyber-Physical
Systems (CPS) against quantum and classical cyber threats by integrating quantum-safe
cryptographic algorithms and robust key management protocols. The framework addresses
healthcare-specific system architecture, data flow security, algorithm integration, key lifecycle
management, and a threat model considering quantum adversaries.

4.1. System Architecture of Quantum-Safe Healthcare CPS

The architecture of a quantum-safe healthcare CPS comprises multiple layers structured to
embed quantum-resistant cryptographic components. The foundational layer includes sensors and
medical devices collecting patient data which is encrypted using lightweight post-quantum
algorithms for secure transmission. Intermediate nodes such as gateways and edge servers process
and route data, applying additional cryptographic protections with quantum-safe key encapsulation
mechanisms. The backend cloud infrastructure stores patient electronic health records (EHRs)
encrypted with quantum-safe schemes like code-based McEliece or lattice-based CRYSTALS-Kyber,
chosen based on performance and security trade-offs.

At critical junctions, Quantum Key Distribution (QKD) modules enable unconditional security
for key exchange by exploiting quantum phenomena. For example, QKD protocols such as BB84 use
photon polarization states:

_ 1o+1)

10)=I1)
=Py =2 ®)

10}, 1), | +) N
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Any eavesdropping disturbs these states, alerting communicating parties to compromise attempts.
This architecture integrates a centralized Security Management Layer responsible for monitoring, key
management, and compliance with healthcare regulations.

4.2. Data Flow and Security Requirements

Data in healthcare CPS flows sequentially through acquisition, transmission, processing,
storage, and access stages. Each stage carries vital security requirements:

e  Confidentiality: Ensured via encryption algorithms such as the Learning With Errors (LWE)-
based encryption. The LWE problem, central to lattice-based PQC, is formulated as solving for
secret vector s:

As +e =b (mod q) (4)
where A is a known random matrix, e is small noise, and b is observed vector. Recovering s
without the private key is computationally infeasible even on quantum computers.

e Integrity and Authentication: Digital signatures based on lattice-based or hash-based PQC
schemes validate data authenticity, employing signature verification equations such as those in
CRYSTALS-Dilithium.

¢ Non-repudiation and Access Control: Enforced via multi-factor authentication combined with
quantum-resistant protocols for key distribution and management.

4.3. Integration of Post-Quantum Algorithms in Healthcare CPS

Integrating post-quantum cryptography entails strategic deployment of quantum-safe
algorithms considering healthcare CPS constraints:
e Lightweight lattice-based algorithms like CRYSTALS-Kyber provide efficient encryption
suitable for medical devices.
e Cloud servers employ computationally intensive but secure code-based schemes (e.g.,
McEliece), despite large key sizes, for long-term protection of medical archives.
e  Hybrid schemes combine classical polynomial-time cryptography with PQC algorithms during
the transition period.
The framework also specifies secure software/firmware update protocols to integrate PQC
libraries into legacy devices, ensuring cryptographic agility without downtime.

4.4. Key Management Protocol Design

Robust key management integrates classical, post-quantum, and quantum physical
mechanisms:

¢ Key Generation: Employs true random number generators producing keys k of sufficient
entropy.

e Key Exchange: Uses post-quantum key encapsulation mechanisms (KEM) such as CRYSTALS-
Kyber which formalizes encapsulation as:

Encaps(pk) — (c, k) (5)
where pk is the public key, ¢ the ciphertext, and k the shared secret.

¢  Quantum Key Distribution (QKD): Physically secure exchange monitored via quantum bit
error rate (QBER) thresholds.

e Key Lifecycle Management: Includes rotation, revocation, and secure archival utilizing
hardware security modules (HSMs).

Rigorous audit trails and anomaly detection are applied to safeguard key usage and detect
unauthorized operations promptly.
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Figure 1. Architecture of Quantum-Safe Cryptographic Integration in Healthcare Cyber-Physical Systems for

Securing Sensitive Medical Data and Robust Key Management.

4.5. Threat Model and Security Assumptions

The adversary model considers attackers with quantum computational resources capable of
breaking classical public-key cryptosystems. However, it assumes they cannot solve the underlying
hard problems in validated PQC schemes such as LWE or syndrome decoding within reasonable
time.

Attacks include passive eavesdropping, active impersonation (man-in-the-middle), side-channel
leakage, and insider threats. Security assumptions require tamper-resistant hardware, secure random
sources for keys, and uncompromised initial device provisioning. The framework relies on the
provable security of quantum-safe algorithms, continuous monitoring, and updated defense
mechanisms to mitigate evolving threats.

5. Robust Key Management Protocols

Effective key management is fundamental for ensuring the security of quantum-safe
cryptographic systems within healthcare Cyber-Physical Systems (CPS). The transition to post-
quantum cryptography (PQC) requires novel protocols that consider the computational constraints
of medical devices, dynamic network environments, and evolving quantum threats. This section
details the mechanisms for secure key generation, distribution in constrained devices, renewal,
revocation, scalability, interoperability, and quantum-safe authentication techniques crucial for
maintaining healthcare data integrity and confidentiality.

5.1. Secure Key Generation Mechanisms

Secure generation of cryptographic keys is the foundation for any secure communication system.
For quantum-safe systems, keys must be generated with high entropy using True Random Number
Generators (TRNGs) or Cryptographically Secure Pseudo-Random Number Generators (CSPRNGs)
seeded by sufficient entropy sources to prevent predictability. Mathematically, a secure key $ k $ can
be described as:

k = TRNG(seed) (6)
where $ seed $ is collected from environmental noise or hardware sources.

In lattice-based PQC, the secret key which are critical parameters in encryption schemes such as
Learning With Errors (LWE) are securely sampled from specific discrete Gaussian or bounded
distributions as follows:

s<Dle<DI 7)
where D, denotes a discrete Gaussian distribution with standard deviation ¢, n,m are dimension
parameters ensuring security.

Ensuring randomness and unpredictability in these parameters is critical to prevent key
recovery by adversaries, including those with quantum capabilities.
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5.2. Key Distribution in Resource-Constrained Healthcare Devices

Healthcare devices such as wearable sensors and implantable devices often have low processing
power, limited memory, and energy constraints. Key distribution protocols must therefore be
lightweight, efficient, and quantum-safe.

Post-quantum key encapsulation mechanisms (KEM), like CRYSTALS-Kyber, offer efficient
encapsulation of a shared secret k under a recipient’s public key pk:

(¢, k) < Encaps(pk) 8)
where ¢ is the ciphertext transmitted to the recipient, who decapsulates it to recover k. These
protocols avoid expensive computations, reducing latency and power consumption, meeting
healthcare CPS device limitations.

Quantum Key Distribution (QKD) protocols such as BB84 provide unconditional security by
physically exchanging keys via quantum states. While promising, their hardware and distance
limitations currently restrict usage to high-value nodes in healthcare networks or cloud servers.

5.3. Key Renewal and Revocation Strategies

Key renewal (rotation) prevents prolonged key compromise and limits exposure if a key is

leaked. Cryptographically, keys should be refreshed periodically or upon suspicious activity:
knew < GenerateKey() 9)
with secure transition mechanisms to avoid communication gaps.

Key revocation protocols are designed to invalidate compromised or outdated keys promptly,
propagating revocation status to all relevant healthcare CPS entities. Revocation lists or certificate
revocation protocols adapted to post-quantum cryptography ensure inaccessible keys cannot be used
maliciously.

Automated and hierarchical key management systems enable scalable updates, especially for
large healthcare device ecosystems.

5.4. Scalability and Interoperability Challenges

Healthcare CPS often involve thousands of devices and multiple administrative domains,
necessitating scalable and interoperable key management protocols. Challenges include:

e  Ensuring consistent key lifecycle management across diverse medical devices and platform
heterogeneity.

e Integrating new post-quantum protocols with existing classical infrastructure during
transitional periods.

e Managing cross-domain authentication and secure key exchanges in federated healthcare
networks.

Solutions like hybrid cryptographic frameworks combining classical and quantum-safe

algorithms, middleware for protocol translation, and adherence to emerging PQC standards facilitate
interoperability and scalability.

5.5. Quantum-Safe Authentication Mechanisms

Authentication guarantees that data communication is performed by legitimate entities.
Quantum-safe mechanisms utilize PQC digital signature schemes such as CRYSTALS-Dilithium and
hash-based SPHINCS+ ensuring signatures are unforgeable even against quantum adversaries.

The signature creation and verification process can be abstracted as:

o « Sign(sk,m), Verify(pk, m, o) — {true false} (10)
where sk and pk are the secret and public keys, m is the message, and o is the signature. These
schemes provide efficient verification crucial for real-time healthcare operations.
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Two-factor and multi-factor authentication protocols enhanced with PQC primitives provide
robust identity verification for healthcare professionals and devices, safeguarding access to critical
patient information while resisting sophisticated quantum and classical attacks.

6. Implementation and Experimental Setup

This section outlines the experimental setup designed to estimate the deployment of quantum-
safe cryptographic algorithms in healthcare Cyber-Physical Systems (CPS). The setup includes the
simulation environment, datasets representing real-world healthcare use cases, the criteria for
algorithm selection, and their integration within healthcare CPS infrastructure. The objective is to
validate the feasibility, security efficacy, and performance impact of post-quantum cryptography
(PQC) in healthcare settings.

6.1. Simulation Environment and Tools

The simulation environment employs a combination of network and cryptographic simulation
tools tailored for healthcare CPS scenarios. Tools such as NS3 (Network Simulator 3) enable
modelling of network topologies, communication protocols, and device interactions within
healthcare CPS. For cryptographic evaluation, open-source PQC libraries like Open Quantum Safe
(OQS) and post-quantum algorithm implementations from the NIST PQC standardization project are
integrated to simulate quantum-safe encryption, key exchange, and signature schemes. The
environment simulates constrained medical devices, gateways, and cloud servers to assess
computational overhead, latency, and throughput under varying network loads and attack scenarios.

6.2. Dataset and Use Cases (EHR, Remote Monitoring, IoMT Devices)

Healthcare datasets representing critical use cases are employed to ensure realistic evaluation.
Electronic Health Records (EHR) datasets include patient demographic, diagnostic, and treatment
data requiring secure storage and transmission. Remote patient monitoring scenarios simulate data
streams from wearable health devices collecting vital parameters such as heart rate, blood glucose,
and oxygen saturation. Internet of Medical Things (IoMT) devices represent interconnected medical
equipment like infusion pumps and ventilators communicating critical commands and status
updates. These diverse datasets enable assessment of PQC impact on sensitive data confidentiality,
integrity, and availability across a wide healthcare spectrum.

6.3. Algorithm Selection and Justification

Selected quantum-safe algorithms encompass lattice-based (CRYSTALS-Kyber for encryption
and CRYSTALS-Dilithium for signatures), code-based (McEliece), and hash-based (SPHINCS+)
schemes, chosen based on current NIST recommendations and their suitability for healthcare CPS.
Lattice-based algorithms are prioritized for low-latency device communications due to their
computational efficiency and reasonable key sizes. Code-based algorithms offer robust encryption
for archival data storage, where key size is less constrained. Hash-based algorithms provide secure
signatures for long-term data integrity verification. The selection balances security, performance, and
resource constraints characteristic of healthcare environments.

6.4. Integration with Healthcare CPS Infrastructure

Integration involves embedding PQC operations within the healthcare CPS communication
stack, device firmware, and backend cloud services. Devices incorporate PQC-enabled firmware
updates to support quantum-safe key encapsulation and digital signatures. Gateways mediate
between constrained devices and cloud infrastructures, optionally performing hybrid cryptographic
operations during the transition from classical to quantum-safe protocols. Cloud platforms
implement PQC for data encryption both at rest and in motion, interfacing with healthcare
applications through secure APIs. The integration also enforces compliance with healthcare
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regulations such as HIPAA by maintaining audit trails and access control mechanisms aligned with
quantum-safe cryptographic standards.

7. Performance Evaluation and Results

This section presents the performance evaluation of quantum-safe cryptographic algorithms
deployed within healthcare Cyber-Physical Systems (CPS), focusing on security strength,
computational and communication overhead, latency implications, scalability, and comparisons with
classical cryptographic models. The results obtained from simulations and experimental trials
underpin the feasibility and trade-offs of adopting post-quantum cryptography (PQC) in critical
healthcare environments.

7.1. Security Strength Analysis

Quantum-safe algorithms analyzed demonstrate strong resilience against current and
foreseeable quantum attacks. For example, lattice-based algorithms like CRYSTALS-Kyber provide
security levels comparable to 128-bit classical symmetric keys, based on the hardness of the Learning
with Errors (LWE) problem. Code-based cryptosystems such as McEliece offer even higher security
margins due to the combinatorial complexity of syndrome decoding. Hash-based signature schemes
like SPHINCS+ achieve security through quantum-resistant hash families. The cryptographic
primitives underwent rigorous cryptanalysis and adhere to NIST post-quantum standards, ensuring
that healthcare CPS data confidentiality and integrity are sustained against evolving adversarial
capabilities.

7.2. Computational and Communication Overhead

Implementing PQC algorithms induces additional computational and communication costs
relative to classical schemes. Experimental results indicate lattice-based encryption and signature
schemes increase computational overhead by approximately 1.5 to 3 times on constrained healthcare
devices but remain feasible within typical resource budgets. Code-based schemes, while
computationally efficient, involve much larger public key sizes, increasing communication overhead
significantly —up to 20 times classical key sizes— potentially impacting bandwidth-sensitive medical
networks.

The increased key sizes and ciphertext expansions inherent to PQC necessitate optimization
strategies such as hardware acceleration and compression techniques to alleviate network and device
resource strains without compromising security.

7.3. Latency and Real-Time Constraints in CPS

Real-time responsiveness is critical in healthcare CPS for patient safety and timely interventions.
Performance measurements show that lattice-based PQC schemes sustain latency within acceptable
bounds for essential CPS functions, including remote monitoring and device control. Signature
verification and encryption operations complete within milliseconds on modern embedded
processors. However, heavier schemes like code-based cryptography introduce latency increases
unsuitable for ultra-low latency contexts but acceptable for archival and non-time-critical data.

Mitigating latency impacts involves balancing algorithm choice with functional priorities and
employing hybrid protocols that dynamically select classical or quantum-safe operations based on
latency requirements.

7.4. Scalability and Resource Utilization

The framework effectively scales to large CPS deployments with numerous medical devices and
network nodes. Key management protocols incorporating PQC support hierarchical and distributed
architectures, reducing bottlenecks and single points of failure. Resource utilization experiments
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demonstrate that FPGA and ASIC implementations of lattice-based algorithms offer substantial
improvements in speed and energy efficiency, supporting prolonged device operation.

Moreover, flexible deployment models allow incremental PQC adoption, gradually
transitioning healthcare CPS to full quantum-safe security while maintaining operational continuity.

7.5. Comparative Analysis with Classical Cryptographic Models

Comparisons highlight trade-offs between classical and quantum-safe methods. Classical
schemes generally offer lower computational and communication overheads but are vulnerable to
quantum attacks within the operational lifespans of healthcare data. Quantum-safe algorithms
prioritize long-term security, admitting performance penalties especially in key sizes and processing
times.

Ultimately, hybrid cryptographic frameworks combining both classical and PQC algorithms
provide optimal interim solutions, safeguarding sensitive healthcare data today while preparing for
a quantum-secure future.

8. Discussion
8.1. Key Findings

The integration of quantum-safe cryptographic algorithms within healthcare Cyber-Physical
Systems (CPS) effectively addresses the impending threat posed by quantum computing on
traditional cryptographic schemes. This study highlights lattice-based and code-based algorithms as
leading candidates offering robust security with acceptable performance trade-offs suitable for
diverse healthcare applications ranging from resource-constrained medical devices to cloud data
storage. The performance evaluations demonstrate that while quantum-safe cryptography
introduces computational and communication overhead, carefully selected post-quantum algorithms
maintain real-time capabilities crucial for healthcare CPS operations. Key management protocols
designed to handle large device populations securely facilitate scalable deployment. The use of
Quantum Key Distribution (QKD) further enhances security for critical communication links.
Overall, the proposed framework ensures the confidentiality, integrity, and availability of sensitive
medical data resilient against both classical and quantum adversaries.

8.2. Advantages of Quantum-Safe Integration in Healthcare CPS

Quantum-safe cryptography offers several vital advantages for healthcare systems, including
future-proofing data security against quantum-enabled attacks that threaten existing RSA and ECC-
based protections. It enhances the security of electronic health records (EHRs), telemedicine
communications, and medical IoT devices by deploying encryption and digital signatures resilient to
advanced computational capabilities. The adoption of quantum-safe algorithms supports compliance
with regulatory requirements for protecting patient data privacy and supports long-term data
confidentiality vital for lifelong health records and sensitive genomic information. Additionally,
leveraging physical layer security through QKD enables tamper-evident key distribution,
significantly reducing risks of undetected key compromise. Overall, quantum-safe integration boosts
trust and reliability within healthcare ecosystems, safeguarding patient safety and institutional
reputations.

8.3. Challenges and Limitations

Despite the clear benefits, several challenges impede widespread adoption of quantum-safe
cryptography in healthcare CPS. The increased computational and communication overhead
demands optimization to suit resource-constrained devices without affecting patient care latency.
Larger key and signature sizes challenge bandwidth-limited environments and storage capacity,
particularly in IoMT devices. The relative novelty of many post-quantum algorithms means ongoing
cryptanalysis is essential to confirm long-term security assumptions. Furthermore, healthcare
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systems are heterogeneous with legacy infrastructure, complicating seamless integration. Regulatory
frameworks must evolve to accommodate quantum-safe standards while ensuring operational
continuity. Finally, the deployment of QKD requires specialized infrastructure currently feasible
mainly in high-value network segments, limiting universal applicability.

8.4. Practical Implications for Healthcare Institutions

Healthcare providers must proactively plan for quantum-safe security transformations to
mitigate future quantum-induced breaches. This involves auditing existing systems for quantum
vulnerabilities, initiating pilot deployments of PQC-enabled devices and cloud services, and training
cybersecurity staff on hybrid classical-quantum architectures. Strategic investments are required to
upgrade communication infrastructure supporting QKD where applicable. Interoperability
standards and compliance documentation must incorporate quantum-safe considerations to facilitate
regulatory approval and seamless vendor integration. Institutions should also engage with industry
consortia and standards bodies driving PQC advancements to stay abreast of emerging technologies
and best practices. Ultimately, quantum-safe cybersecurity adoption will be critical to preserving
patient trust, ensuring regulatory adherence, and maintaining operational resilience as quantum
computing capabilities mature.

Conclusion and Future Work

As quantum computing progresses from theoretical constructs toward practical reality, the
imperative to safeguard healthcare Cyber-Physical Systems (CPS) from quantum-enabled cyber
threats becomes increasingly urgent. This article has explored the deployment of quantum-safe
cryptographic algorithms in healthcare CPS to protect sensitive medical data and mitigate post-
quantum cybersecurity risks. Through detailed analysis and experimental evaluation, lattice-based,
code-based, hash-based, and other post-quantum cryptographic algorithms were shown to offer
robust security guarantees while exhibiting diverse trade-offs in computational efficiency, key sizes,
and resource demands. Integrating these quantum-resistant algorithms, alongside robust key
management protocols and quantum key distribution where feasible, equips healthcare CPS with
future-proof defenses against adversaries wielding quantum technologies.

The proposed framework addresses practical challenges such as constrained medical devices,
heterogeneous healthcare infrastructures, stringent latency requirements, and regulatory
compliance. Performance evaluations underscore the feasibility of quantum-safe solutions in critical
healthcare applications ranging from electronic health records to remote monitoring and Internet of
Medical Things (IoMT) devices. While quantum-safe schemes introduce overhead relative to classical
cryptography, hybrid approaches and hardware acceleration offer pathways to optimize deployment
without sacrificing security. Importantly, healthcare institutions are encouraged to begin timely
quantum preparedness through risk assessments, pilot implementations, and staff training to
maintain patient trust and operational resilience.

Looking ahead, future work will focus on deeper integration of quantum-safe cryptography
with emerging healthcare CPS machineries such as Al-driven diagnostics, blockchain-based health
archives, and telemedicine platforms. Research into lightweight, adaptive PQC algorithms tailored
for ultra-constrained devices remains crucial. Advances in quantum key distribution networks will
expand unconditional security capabilities beyond the current hardware-limited scope. Additionally,
developing comprehensive standards, interoperability protocols, and cross-domain frameworks will
accelerate widespread adoption. Continued interdisciplinary collaboration among cryptographers,
healthcare professionals, and regulatory bodies is essential to evolve secure, scalable, and compliant
quantum-safe healthcare ecosystems robust against evolving quantum and classical threats.
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