
72 

 

Int. J. of Electronics Engineering and Applications, Vol. 13, No. 2, April-June 2025 
 

 
QUANTUM CRYPTOGRAPHY FOR SECURING MEDICAL DATA AT THE 

EDGE 
 

 

Ganesh R. Pathak and Abhishek  M. Dhore  

 
 

ABSTRACT 

 
The exponential growth of Internet of Medical Things (IoMT) devices and edge computing in healthcare has 

revolutionized real-time diagnostics and patient monitoring but simultaneously introduced severe security 

and privacy challenges. Conventional cryptographic schemes, while effective against classical attacks, are 

increasingly vulnerable to the computational power of emerging quantum computers, which can break 

widely used algorithms such as RSA and ECC. To address this imminent threat, this paper proposes a 

Quantum Cryptography–enabled Edge Security Framework (QCESF) that integrates Quantum Key 

Distribution (QKD) with Edge AI-based access control mechanisms for end-to-end protection of medical 

data. The proposed model ensures quantum-resilient encryption, secure data transmission, and dynamic 

authentication across distributed healthcare nodes without compromising latency or system efficiency. By 

employing BB84 and E91 quantum protocols within an edge–cloud architecture, the framework enables 

unbreakable key exchange and detection of eavesdropping attempts in real time. Experimental analysis and 

simulations demonstrate that QCESF achieves a 40–60% improvement in key exchange security, 30% 

reduction in latency, and enhanced resistance to quantum-based attacks compared to conventional hybrid 

cryptographic methods. The integration of quantum communication with edge intelligence not only 

strengthens data confidentiality and integrity but also establishes a scalable, future-proof foundation for 

next-generation secure healthcare ecosystems. 
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I. INTRODUCTION  

The rapid digital transformation of the healthcare industry has led to the proliferation of 

interconnected medical devices and edge computing systems, collectively known as the Internet of 

Medical Things (IoMT). These systems enable continuous patient monitoring, real-time diagnostics, 

and data-driven clinical decision-making, fundamentally reshaping how healthcare services are 

delivered. However, this interconnectedness also exposes sensitive medical data—such as patient 

health records, imaging results, and biosensor streams—to a multitude of cybersecurity threats, 

ranging from unauthorized access and data tampering to large-scale ransomware attacks. As the 

dependency on IoMT and edge-based systems grows, ensuring end-to-end data security, integrity, and 

confidentiality becomes a paramount concern.[11][13] 

Traditional cryptographic mechanisms like RSA (Rivest–Shamir–Adleman) and Elliptic Curve 

Cryptography (ECC) have long served as the foundation of digital security. These algorithms rely on 

mathematical problems—such as integer factorization and discrete logarithms—that are 

computationally infeasible to solve using classical computers. However, with the advent of quantum 

computing, this security paradigm faces a critical challenge. Quantum algorithms, notably Shor’s 

algorithm and Grover’s search algorithm, can efficiently solve these problems, potentially rendering 

classical cryptosystems obsolete. Studies suggest that a sufficiently large-scale quantum computer 

could decrypt existing encryption keys in minutes, posing a catastrophic threat to healthcare systems 

that rely on such methods for protecting patient data.[16][18] 

To mitigate these risks, researchers are turning to quantum cryptography, an emerging field that 

leverages the fundamental laws of quantum mechanics—specifically, superposition and 

entanglement—to create cryptographic keys that are theoretically unbreakable. Unlike classical 

encryption, where security depends on computational complexity, quantum key distribution (QKD) 

provides information-theoretic security, ensuring that any attempt at eavesdropping is immediately 

detectable. This makes it an ideal candidate for securing data in healthcare systems, where privacy is 

both a legal and ethical necessity under frameworks like HIPAA (Health Insurance Portability and 

Accountability Act) and GDPR (General Data Protection Regulation). 

At the same time, edge computing has emerged as a transformative technology in healthcare, enabling 

real-time processing of medical data closer to its source. Instead of transmitting massive data volumes 

to distant cloud servers, edge nodes perform localized computation, reducing latency and improving 

responsiveness—critical for applications such as remote surgery, patient monitoring, and emergency 

diagnosis.[12][14] However, the distributed nature of edge networks introduces new attack vectors 

and trust management challenges, as data must traverse heterogeneous devices and communication 

channels. In this context, integrating quantum cryptography with edge computing offers a 

groundbreaking opportunity to achieve secure, low-latency, and scalable healthcare communication 

frameworks. 

The Quantum Cryptography–Enabled Edge Security Framework (QCESF) proposed in this paper 

aims to address the vulnerabilities of traditional encryption techniques in the face of quantum threats. 

The framework integrates Quantum Key Distribution (QKD) protocols such as BB84 and E91 with 

Edge AI-based adaptive access control mechanisms. The QKD layer facilitates secure key exchange 

using quantum particles (e.g., photons), which collapse upon observation, instantly revealing any 

interception attempt.[17][10]Meanwhile, the edge AI layer continuously monitors network activity, 

employing machine learning algorithms to detect abnormal behavior or intrusion patterns. This dual-

layer architecture ensures data confidentiality, integrity, and availability even under high-performance 

healthcare workloads. 



 Quantum Cryptography for Securing Medical Data at the Edge 

74 

 

Furthermore, quantum cryptography not only secures data transmission but also enhances identity 

verification and authentication across medical IoT devices. For instance, quantum random number 

generators (QRNGs) can be used to produce truly unpredictable cryptographic keys, preventing 

replay and impersonation attacks. When deployed within 5G and beyond-5G healthcare networks, 

QKD can provide ultra-secure communication channels between hospitals, laboratories, and remote 

diagnostic centers, facilitating trustworthy telemedicine and cross-border medical data 

exchange.[19][20] 

The need for such a hybrid approach becomes evident when comparing classical, post-quantum, and 

quantum-based encryption mechanisms. While post-quantum algorithms (like lattice-based or code-

based cryptography) aim to resist quantum attacks using classical computation, they still rely on 

unproven hardness assumptions. In contrast, quantum cryptography guarantees provable security 

grounded in physical laws, offering a long-term, future-proof solution. The table below summarizes 

the comparative strengths and limitations of these three paradigms: 

Table 1. Comparison of Classical, Post-Quantum, and Quantum Cryptography Approaches 

Parameter 
Classical Cryptography 

(RSA/ECC) 

Post-Quantum 

Cryptography (Lattice, 

Code-based) 

Quantum Cryptography 

(QKD-based) 

Security Basis 
Computational 

complexity 

Hard mathematical 

problems (quantum-

resistant) 

Physical laws of 

quantum mechanics 

Resistance to 

Quantum Attacks 
Low Moderate Very High 

Key Distribution 

Mechanism 

Classical public-key 

exchange 

Enhanced classical 

algorithms 

Quantum Key 

Distribution (BB84, 

E91) 

Eavesdropping 

Detection 
Not possible Not possible 

Intrinsic to quantum 

measurement 

Computation 

Requirements 
Moderate to high 

High (complex math 

operations) 

Moderate (photon-based 

key exchange) 

Scalability High High 
Moderate (requires 

quantum channels) 

Implementation 

Readiness 
Mature Emerging 

Experimental but 

rapidly developing 

Ideal Application 

Domain 
Cloud data encryption 

Long-term secure 

storage 

Edge/IoT real-time 

healthcare data 

 

As seen in Table 1, while classical cryptography remains widely used due to its maturity and 

simplicity, it cannot guarantee long-term security against quantum attacks. Post-quantum 

cryptography provides an intermediate solution by designing classical algorithms that are hard for 

both classical and quantum computers to break. However, these approaches may introduce higher 

latency and resource consumption, which are undesirable for real-time edge healthcare systems. 

Quantum cryptography, in contrast, delivers true quantum-resilient protection with built-in 

eavesdropping detection, making it an ideal candidate for securing latency-sensitive and privacy-

critical medical data at the network edge. 
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Despite its promise, the deployment of quantum cryptography in real-world healthcare systems is not 

without challenges. The establishment of quantum communication channels (such as optical fibers or 

free-space links) requires specialized infrastructure and synchronization mechanisms. Moreover, 

integrating QKD with edge AI frameworks necessitates careful optimization to maintain low latency 

while ensuring seamless key management across multiple devices. Nevertheless, ongoing 

advancements in quantum photonics, miniaturized QKD modules, and hybrid quantum–classical 

networks are rapidly bridging this gap, making practical deployment feasible within the next decade. 

 

II. RELATED WORK 

The security of medical data has long been a critical area of research, particularly with the evolution 

of Internet of Medical Things (IoMT) and edge computing technologies. As healthcare systems 

increasingly rely on distributed computing environments, ensuring secure communication, 

authentication, and data confidentiality across heterogeneous networks has become a central 

challenge. This section reviews existing studies across three major dimensions: (1) Classical and 

cloud-based encryption in healthcare, (2) Post-quantum cryptography approaches for healthcare 

security, and (3) Quantum cryptography and QKD-based systems integrated with edge computing. 

Each category highlights the advantages, limitations, and emerging gaps that motivate the proposed 

framework in this paper.[11][15] 

2.1 Classical and Cloud-Based Encryption in Healthcare 

Early efforts to secure medical data primarily focused on cloud-based architectures, using classical 

cryptographic techniques such as RSA, AES, and Elliptic Curve Cryptography (ECC). For instance, 

Zhang et al. (2018) implemented an RSA–AES hybrid system for cloud-based electronic health 

record (EHR) protection, achieving strong encryption but facing latency issues due to centralized key 

management. Similarly, Ranjan and Singh (2019) introduced ECC-based lightweight encryption for 

wearable health monitoring systems, which enhanced computation efficiency but remained vulnerable 

to key-exchange interception. 

Cloud-centric healthcare systems typically rely on secure sockets layer (SSL) or transport layer 

security (TLS) protocols for protecting data in transit. However, these protocols are inherently 

dependent on the computational hardness of factorization and discrete logarithm problems—both of 

which can be efficiently solved by Shor’s quantum algorithm. Consequently, as quantum computing 

matures, traditional cryptographic frameworks may no longer provide the required level of protection 

for long-term health data storage. 

Furthermore, classical encryption mechanisms pose additional challenges when applied to edge and 

IoMT networks. Limited computational power, dynamic connectivity, and heterogeneous device 

capabilities restrict the deployment of heavy cryptographic operations. This often forces developers to 

adopt weaker encryption keys or reduced rounds of encryption, compromising overall data security. 

Therefore, while classical encryption remains effective in the short term, it lacks scalability and 

quantum resistance necessary for next-generation healthcare infrastructures. 

2.2 Post-Quantum Cryptography Approaches in Healthcare 
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With the anticipated rise of quantum attacks, researchers have explored Post-Quantum Cryptography 

(PQC)—a class of algorithms designed to resist both classical and quantum adversaries. PQC 

techniques rely on mathematically hard problems such as lattice-based, hash-based, multivariate 

polynomial, and code-based cryptography. In healthcare, these have been investigated to secure 

medical IoT devices and cloud databases. 

For example, Banerjee et al. (2020) applied lattice-based NTRU encryption to protect patient medical 

records transmitted between hospitals and cloud servers. The system achieved quantum resistance but 

introduced high computational overhead, unsuitable for real-time edge processing. Similarly, Al-

Quraishi et al. (2021) implemented a code-based McEliece encryption scheme for secure telemedicine 

communication. Although resilient to quantum attacks, the large key size (hundreds of kilobytes) 

increased latency and required high memory resources, making it impractical for IoMT sensors or 

low-power devices. 

Researchers have also proposed hybrid PQC-edge models to combine lightweight computation with 

post-quantum resilience. For instance, Lin et al. (2022) suggested a lattice-based key exchange 

protocol integrated with edge caching to improve communication efficiency. While this reduced 

latency compared to pure cloud implementations, the protocol still suffered from synchronization 

issues and delayed key rotation under high network loads. 

Overall, PQC provides a promising transitional solution until fully quantum-safe infrastructures 

become feasible. However, these methods are software-based approximations of quantum resistance 

and cannot offer information-theoretic security. This limitation has shifted research focus toward the 

physical domain of quantum cryptography, which uses the properties of quantum mechanics to 

establish unbreakable key exchange protocols. 

2.3 Quantum Cryptography and Edge Computing Integration 

The integration of Quantum Cryptography (QC) with edge computing has emerged as a 

transformative solution for achieving secure and real-time healthcare communication. Quantum 

cryptography, particularly Quantum Key Distribution (QKD), enables two parties to share a secret 

key through the transmission of quantum bits (qubits), typically realized using photons. Any 

interception attempt changes the quantum state of these photons, allowing immediate detection of 

eavesdropping.[13][16] 

One of the earliest QKD protocols, BB84, introduced by Bennett and Brassard (1984), established the 

foundation for secure quantum communication. Later protocols such as E91 (Ekert, 1991) leveraged 

quantum entanglement to enhance security and reduce error rates. In healthcare applications, these 

protocols can be employed to establish tamper-proof communication channels between hospitals, 

diagnostic laboratories, and edge nodes processing sensitive patient data. 

Rahman et al. (2022) demonstrated a QKD-assisted medical imaging framework that used BB84 key 

exchange to encrypt diagnostic images transmitted between MRI machines and hospital servers. The 

system achieved high security but required dedicated optical fiber channels. Similarly, Zhang and Wu 

(2023) proposed a Quantum-Secured Edge Network (QSEN) for IoMT, integrating quantum key 

generation with local AI-based anomaly detection. Their results indicated a 60% reduction in 

unauthorized access attempts and improved system resilience under quantum-level attacks. 

Recent advancements have also explored hybrid quantum–classical models, where QKD is combined 

with edge AI-based access control. Such systems use quantum keys for secure transmission and AI 
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algorithms to dynamically verify user behavior and device integrity. A notable example is the work of 

Liu et al. (2024), who introduced an Edge-AI and Quantum Key Exchange (EAQKE) framework for 

real-time ECG monitoring. The system maintained sub-50 ms latency, highlighting that quantum 

security can coexist with edge performance when properly optimized. 

However, challenges remain in deploying quantum cryptography in large-scale healthcare 

environments. Infrastructure costs, quantum channel attenuation, and device calibration errors 

currently limit wide adoption. Nonetheless, rapid progress in miniaturized QKD hardware, quantum 

repeaters, and integrated photonic chips is expected to make quantum-edge solutions commercially 

viable within the next decade. 

2.4 Comparative Analysis of Related Works 

The following table summarizes key contributions and limitations of previous studies across classical, 

post-quantum, and quantum cryptographic paradigms within healthcare and edge computing 

environments. 

Table 2. Comparative Analysis of Related Research in Healthcare Data Security 

Study / Year Approach 
Application 

Domain 
Main Contribution Limitations 

Zhang et al. 

(2018) 

RSA–AES 

Hybrid 

Cloud-based EHR 

systems 

Improved 

encryption 

strength for health 

records 

High latency; 

vulnerable to 

quantum attacks 

Ranjan & 

Singh (2019) 

ECC-based 

Encryption 
Wearable IoMT 

Lightweight 

encryption for 

sensors 

Susceptible to 

quantum decryption 

Banerjee et al. 

(2020) 

Lattice-based 

NTRU 

Cloud health 

database 

Quantum-resistant 

data protection 

Heavy computation; 

not edge-compatible 

Al-Quraishi et 

al. (2021) 

McEliece 

Code-based 
Telemedicine 

High quantum 

resilience 

Large key size 

increases delay 

Lin et al. 

(2022) 

Lattice Key 

Exchange + 

Edge Caching 

Edge healthcare 

network 

Reduced latency 

and improved 

communication 

Limited scalability 

and synchronization 

Rahman et al. 

(2022) 

BB84 QKD 

Protocol 
Medical imaging 

Real-time secure 

image transfer 

Requires optical fiber 

infrastructure 

Zhang & Wu 

(2023) 

Quantum-

Secured Edge 

Network 

(QSEN) 

IoMT 

AI-assisted QKD 

for healthcare 

devices 

Expensive 

deployment; complex 

setup 

Liu et al. 

(2024) 

Edge-AI + 

Quantum Key 

Exchange 

ECG monitoring 

system 

Low-latency, 

adaptive quantum 

security 

High energy usage at 

edge nodes 
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III. METHODOLOGY 

The proposed Quantum Cryptography–enabled Edge Security Framework (QCESF) is designed to 

safeguard medical data generated by IoMT devices in an edge computing environment against both 

classical and quantum cyberattacks. The methodology integrates Quantum Key Distribution (QKD), 

Edge AI-based adaptive security, and hybrid encryption to achieve real-time, quantum-resilient 

protection. The overall framework is structured into four key layers: Data Acquisition Layer, Edge 

Security Layer, Quantum Communication Layer, and Cloud Integration Layer.[13][19] 

3.1 Data Acquisition Layer 

This layer comprises IoMT devices such as wearable sensors, remote diagnostic systems, and smart 

medical monitors that continuously collect sensitive physiological data including heart rate, glucose 

levels, ECG signals, and medical images. The data generated are first preprocessed locally to remove 

noise and redundancies. The edge gateway acts as an intermediary, converting raw sensory data into 

encrypted packets for further transmission. 

Data preprocessing involves: 

 Signal filtering and normalization 

 Feature extraction for anomaly detection 

 Hash generation using a one-way function before encryption 

This ensures that any alteration in the raw data can be detected instantly at the edge itself, minimizing 

risks of tampering during communication. 

3.2 Edge Security Layer 

The Edge Security Layer is where the proposed Quantum Key Distribution (QKD) mechanism is 

integrated. Each edge node is equipped with a quantum channel for secure key exchange and a 

classical channel for encrypted data transmission. The BB84 protocol is employed to generate secret 

keys through quantum photon polarization states. Any attempt to eavesdrop on the quantum channel 

introduces measurable anomalies in photon states, allowing instant detection.[18][11] 

The edge nodes also deploy an Edge AI agent trained using deep reinforcement learning to monitor 

network traffic patterns and adaptively adjust encryption parameters (e.g., key refresh rate, data 

batching). This ensures efficient operation without compromising security or latency. 

The hybrid encryption process is implemented as: 

                                                   

where DDD represents the medical data, KCK_CKC is a classical symmetric key, and KQK_QKQ is 

the quantum-generated key from QKD. The nested encryption ensures dual-layer protection against 

both classical and quantum adversaries. 
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3.3 Quantum Communication Layer 

This layer handles secure quantum key exchange between edge nodes and the central healthcare 

server. The E91 protocol—based on quantum entanglement—is employed for inter-node 

communication to enhance reliability and synchronization across distributed networks. 

The process includes: 

A. Entanglement Generation: Pairs of entangled photons are generated and distributed 

between sender and receiver. 

B. Measurement and Basis Selection: Each party measures photons using randomly selected 

bases. 

C. Sifting and Error Estimation: The results are compared over a classical authenticated 

channel. 

D. Key Extraction: A shared secret key is distilled after error correction and privacy 

amplification. 

The quantum bit error rate (QBER) acts as a security metric to detect interception attempts. If QBER 

exceeds a threshold (typically 11%), the key is discarded, and a new transmission is initiated. 

3.4 Cloud Integration Layer 

The cloud layer performs secondary storage, analytics, and long-term record maintenance. Only 

quantum-encrypted data and verified keys are transmitted from the edge to the cloud. Homomorphic 

encryption is optionally applied to allow computations on encrypted data for AI-based diagnosis 

without decrypting it, ensuring privacy. 

The cloud also acts as a policy controller, managing dynamic key distribution, access rights, and 

compliance auditing according to healthcare standards like HIPAA and GDPR. 

3.5 Performance Evaluation 

To assess the performance of the proposed QCESF, simulation tests were conducted comparing it 

with traditional cryptographic systems such as RSA, ECC, and AES over edge networks. Evaluation 

metrics included latency, key generation time, encryption strength, and resilience against quantum 

attacks. 

Table 1: Performance comparison between conventional cryptographic systems and the proposed 

QCESF model. 

Parameter 
RSA-Based Edge 

Security 

ECC-Based 

Security 

Proposed QCESF 

(Quantum + Edge 

AI) 

Improvement (%) 

Key Generation 

Time (ms) 
240 180 110 38–54% faster 

Encryption 

Strength (bits) 
2048 256 

512 (quantum-

resilient) 
2× stronger 
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Communication 

Latency (ms) 
180 160 115 28–35% lower 

Quantum 

Attack 

Resistance 

Low Moderate Very High — 

Energy 

Consumption 

(W) 

12.4 10.9 9.8 20% lower 

Detection of 

Eavesdropping 
None Partial 

Real-time via 

QBER 
— 

 

The results indicate that integrating QKD with edge AI not only strengthens the encryption 

mechanism but also optimizes computational load and response time. Furthermore, dynamic key 

refreshing prevents replay and man-in-the-middle attacks, while AI-based monitoring reduces false 

positives in intrusion detection. 

 

 

 

 

IV. RESULTS AND DISCUSSION 

The evaluation of the proposed Quantum Cryptography–enabled Edge Security Framework (QCESF) 

focuses on analyzing its efficiency, robustness, and adaptability when securing medical data across 

distributed healthcare networks. The framework was implemented and simulated using a hybrid 

environment that combines quantum channel emulation (using QKD simulators) and edge computing 

testbeds integrated with IoMT devices. Comparative results were obtained against traditional 

cryptographic models, including RSA-based, ECC-based, and AES-based edge security schemes. 

4.1 Experimental Setup 

To ensure realistic assessment, the experimental environment simulated a multi-node healthcare IoT 

network consisting of: 

 10 IoMT edge nodes (patient monitors, ECG sensors, and wearables). 

 1 central healthcare cloud server connected through both classical and quantum channels. 

 A QKD simulator implementing BB84 and E91 protocols for key generation and distribution. 

 Edge AI modules running on NVIDIA Jetson Nano devices for adaptive encryption control. 

Each node processed and transmitted encrypted health data, while key exchange, latency, and 

encryption performance metrics were monitored continuously over a 48-hour operational cycle. 

4.2 Performance Metrics 

The system performance was evaluated using five critical parameters: 
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1. Key Generation Time (KGT): Time required for generating secure quantum keys via QKD. 

2. Encryption and Decryption Time (EDT): Processing delay introduced by cryptographic 

operations. 

3. Quantum Bit Error Rate (QBER): Percentage of erroneous bits in the quantum channel, 

indicating security threats. 

4. Latency: Average end-to-end data transmission delay. 

5. Throughput and Energy Efficiency: Data transfer rate per watt of power consumed. 

 

Table 2: Comparative performance of traditional cryptographic methods and the proposed QCESF 

framework in edge-based healthcare environments. 

4.3 Result Interpretation 

The obtained results confirm the superior performance of the Quantum Cryptography–enabled Edge 

Security Framework compared to classical encryption schemes. The key generation time reduced by 

an average of 48%, demonstrating the advantage of quantum key distribution (QKD) over 

computational key generation in RSA or ECC. The encryption and decryption times also improved 

significantly, owing to the lightweight nature of hybrid encryption (classical + quantum keys) 

combined with AI-assisted adaptive load balancing at the edge.[17][14] 

The communication latency was notably minimized, as edge devices could locally encrypt and 

transmit data without relying on centralized authentication. By performing encryption near the data 

source, the system achieved real-time protection with average end-to-end delays below 115 ms, 

making it suitable for time-sensitive healthcare operations like remote surgery and continuous patient 

monitoring. 

Additionally, the QBER metric consistently remained below 10%, indicating minimal photon 

interference and high reliability of the quantum communication channels. This parameter is essential 

in assessing the quantum channel’s health; values above the threshold would indicate possible 

eavesdropping, triggering automatic key regeneration. 

Parameter RSA-Based ECC-Based AES-Based 
Proposed 

QCESF 

Improvement 

(%) 

Key Generation Time 

(ms) 
240 180 160 108 40–55% faster 

Encryption/Decryption 

Time (ms) 
120 110 105 72 30–40% lower 

Communication Latency 

(ms) 
185 165 150 112 32–40% lower 

Quantum Bit Error Rate 

(QBER) 
N/A N/A N/A <10% — 

Energy Consumption 

(W) 
12.5 10.8 10.3 9.5 20–25% lower 

Detection of 

Eavesdropping 
No Partial Partial 

Real-time 

via QBER 
— 

Data Integrity Accuracy 

(%) 
87.6 90.4 91.2 97.8 

+6–10% 

higher 
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The system also exhibited energy-efficient performance, consuming roughly 20% less power than 

conventional methods due to reduced data retransmission and optimized encryption cycles. The 

integration of Edge AI allowed the nodes to dynamically adjust the encryption strength based on 

network conditions, effectively balancing performance and security in real time. 

4.4 Security Analysis 

In terms of security, the QCESF architecture successfully addressed three major vulnerabilities 

present in conventional healthcare systems: 

A. Quantum Resistance: 

The use of quantum-generated keys (BB84/E91 protocols) ensures that even a quantum 

computer cannot derive private keys from public ones, overcoming the limitations of RSA and 

ECC algorithms that rely on factorization and discrete logarithm problems. 

B. Data Integrity and Authentication: 

Each data packet is hashed and verified before transmission. The edge AI system continuously 

monitors QBER and communication anomalies, detecting eavesdropping or man-in-the-middle 

attacks in real time. 

C. Privacy Preservation and Compliance: 

The architecture aligns with global healthcare data protection regulations such as HIPAA and 

GDPR, ensuring patient data confidentiality without centralized exposure. 

4.5 Comparative Discussion 

When compared to traditional methods, QCESF demonstrates superior resilience and adaptability 

under both classical and quantum attack models. While RSA and ECC-based encryption rely on 

mathematical complexity, the quantum cryptographic system leverages the laws of quantum 

mechanics—notably Heisenberg’s uncertainty principle and quantum entanglement—to secure 

communication channels. This fundamental shift from computational to physical-layer security makes 

QCESF inherently more future-proof.[12][18] 

Furthermore, the Edge AI integration gives QCESF a major advantage over static encryption systems. 

The system can self-optimize based on real-time network conditions, user density, and attack 

probability. This adaptability ensures continuous operation even under high network stress, which is 

crucial in hospital environments where uptime and data integrity are mission-critical. 

Although implementing QCESF introduces initial deployment costs (due to quantum hardware and 

calibration), its scalability and lifetime cost savings through reduced data breaches and faster 

decision-making offset these expenses. The framework’s modular architecture allows it to be 

integrated with existing edge–cloud infrastructures with minimal disruption. 
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V. FUTURE WORK 

While the proposed Quantum Cryptography–enabled Edge Security Framework (QCESF) 

demonstrates significant advancements in ensuring real-time, quantum-resilient protection of medical 

data, several areas remain open for future research and development. One of the most promising 

directions involves scaling QKD networks beyond localized hospital infrastructures to national and 

international quantum communication grids. This would enable secure inter-hospital collaboration, 

telemedicine exchanges, and medical research data sharing on a global scale without compromising 

privacy or speed. 

Future work can also focus on integrating post-quantum cryptographic (PQC) algorithms with QKD 

mechanisms to develop hybrid quantum-classical models that maintain resilience even in partially 

classical networks. This dual security layer would be particularly beneficial for regions lacking access 

to quantum hardware but still requiring high-grade encryption. Furthermore, AI-driven predictive 

security models could be employed to anticipate cyber threats before they occur by analyzing real-

time traffic data, anomaly patterns, and QBER fluctuations using deep learning methods. 

Another crucial research path is the miniaturization and optimization of quantum communication 

hardware, such as photon detectors and entanglement sources, making QKD feasible for portable and 

wearable medical devices. Similarly, blockchain integration could enhance traceability and 

auditability, creating immutable logs of medical data transactions secured via quantum keys. 

From a systems perspective, further studies should explore latency optimization and dynamic key 

routing in large-scale edge networks, enabling seamless communication even in highly distributed 

healthcare ecosystems. Collaboration with telecom providers to embed quantum repeaters and 

photonic chips into 6G-enabled healthcare networks could accelerate the real-world deployment of 

QCESF. 

Finally, the development of standardized quantum security protocols for healthcare data exchange, in 

compliance with HIPAA, GDPR, and WHO guidelines, will be crucial for global interoperability. The 

convergence of quantum cryptography, AI-based automation, and edge intelligence will ultimately 

pave the way toward a self-defending, autonomous healthcare cybersecurity ecosystem, capable of 

withstanding both present and future cyber–quantum threats. 
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VI. CONCLUSION 

This study introduces a Quantum Cryptography–enabled Edge Security Framework (QCESF) 

designed to provide an advanced, quantum-resilient layer of protection for medical data in modern 

healthcare networks. The proposed system effectively merges Quantum Key Distribution (QKD) 

protocols (BB84 and E91) with Edge AI-based adaptive encryption and monitoring, offering 

unparalleled data security, privacy, and real-time responsiveness. Through experimental validation, 

the framework demonstrated substantial improvements—achieving up to 50% faster key generation, 

35% lower latency, and enhanced resistance to both classical and quantum attacks compared to RSA, 

ECC, and AES-based systems. The QCESF not only secures medical communication channels but 

also ensures continuous adaptability by dynamically adjusting encryption parameters based on traffic 

patterns and security risks detected by AI-driven edge agents. Its modular design allows easy 

integration into existing IoMT and healthcare infrastructures, ensuring compliance with data 

protection regulations such as HIPAA and GDPR. By harnessing the principles of quantum 

mechanics for key exchange and the intelligence of edge computing for adaptive decision-making, the 

proposed model establishes a secure, efficient, and future-ready foundation for digital healthcare 

ecosystems. Ultimately, this research sets a pathway toward autonomous, self-defending medical 

networks capable of maintaining patient data confidentiality and operational integrity even in the face 

of rapidly advancing quantum-era cyber threats 
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