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Abstract

The field of quantum computing has rapidly evolved in an interdisciplinary approach,
calling for significant attention from academia and industry alike in recent years. This interest
is largely due to the fact that quantum computers utilize the principles of quantum mechanics
to compute and manipulate information, which offers capabilities and speeds (for specific,
particularly complicated) computations that are beyond the capabilities of traditional
computers. While the potential of quantum computing offers much promise, it has not yet been
fully explored within the health care sector; the field remains in its early stages of development.
This work investigates the impact of quantum computing on modern health care systems by
focusing specifically on its transformative potential in performing computationally- intensive
tasks such as drug discovery, precision and personalized medicine, DNA sequencing strategies,
high-definition medical imaging, and managing health care operations more efficiently. In
addition, this survey presents an all-encompassing view of how guantum computing will be
used in healthcare and will serve as an excellent resource. The survey intends to promote
greater insight into the state of the current research landscape while identifying critical
opportunities and deficiencies that impact future decisions regarding the development of next-

generation quantum-enabled healthcare solutions.
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Comparative Analysis of Recent Advancements in Quantum Communication Networks

1. Introduction

In the past decade, the rapid pace of technological advancements in computing has
revolutionized many areas within science and industry, with healthcare offering one such
example. However, the growing complexity of healthcare data, along with the rising need for
faster and more efficient ways of delivering services has made the weaknesses in traditional
computing models apparent when trying to provide solutions to complex computational
problems in this field. As a result, the search for the future generation of computing models is

underway.

Quantum computing is a novel technology that introduces a new method for
computation, making use of the basic principles of quantum mechanics through features like
superposition, entanglement, and quantum parallelism. Contrary to classical computers, which
use binary bits for calculations, quantum computers make use of quantum bits (qubits) to
perform their computations. Moreover, owing to its principles based on quantum physics, a
quantum computer is capable of solving certain problems exponentially faster than classical
computers. Thus, qguantum computing provides a potential solution to complex problems in the

health care sector, especially those requiring enormous computational power.

Although there is much potential for solving many issues in the healthcare field,
quantum computing technologies are currently only in their infancy in terms of integration into
the systems. Most of the scientific work that has been done so far has been dedicated to the
development of the models and algorithms as well as possible uses of the quantum technologies
for speeding up the process. Major areas where quantum computing solutions can be used in
healthcare are drug discovery (molecular modeling via quantum simulations), personalized
medicine (data analysis using the information about patients in large numbers), DNA

sequencing (pattern recognition required), and medical imaging (processing speed increase).

The purpose of this research is to provide a comprehensive overview of quantum
computing's applications in modern healthcare. This study reviews academic and commercial
literature on the subject, categorizing information into distinct taxonomies based on enabling
technologies, applications, system architectures, system requirements, and security-related
issues. Additionally, the research outlines future directions to guide current and future research

efforts and identifies gaps in current knowledge.
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By offering a complete overview of quantum computing in healthcare, this study aims
to enhance researchers' and practitioners' understanding of the field's current state. Ultimately,
the objective is to support the development of innovative, efficient, and scalable quantum-

based healthcare systems that will positively impact patient outcomes and healthcare delivery.
1.1 Overview of Quantum Communication Network

Quantum communication networks are revolutionizing the field of communication
technology by using the basic principles of quantum mechanics to create an effective and
secure method of exchanging information. Instead of transmitting bits (Os and 1s) as in classical
communication networks, quantum communication uses qubits to transmit information. Qubits
can exist in many different states at the same time (superposition) and are also able to be
connected together (entangled) in such a way that any two entangled qubits will exhibit the
same behavior even if they are millions of miles from each other. This combination of
properties allows quantum communication networks to offer unprecedented levels of capability
and reliability, particularly with regard to ensuring the integrity of transmitted data and
protecting it from interception or tampering. A core functionality of quantum communication
networks is Quantum Key Distribution (QKD), where two users generate a shared, secret key
using quantum mechanics, including provable security against eavesdropping. If an
eavesdropper tries to intercept the transmission of keys and key information, this will in turn
disrupt the quantum state of the transmitted key, making any eavesdropping detectable.
Because of this, quantum communications are attractive for many applications that require
secure communication, such as healthcare data exchange and financial transactions. The
components of a quantum communication network include quantum nodes (quantum
processors, computers, or other types of end-users); quantum channels (optical fibers or free-
space links used to transmit qubits); and quantum repeaters, which extend long-range quantum
communication by overcoming the loss of qubit and/or decoherence. Quantum communication
networks can also be operated in hybrid modes with respect to integrating both classical and
guantum communication infrastructures, to help ensure each infrastructure will be compatible
and scalable within its corresponding environment or user base. Experimental quantum
networks have been developed recently thanks to various advances in technology, including
fiber and satellite-based systems for sending and receiving quantum information. With these

different implementations of technology, the possibility of building a quantum internet that
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spans across the globe is becoming increasingly likely and could enable secure

communications, distributed quantum computers, and advanced ways of sensing.

But building large scale quantum communications systems still presents many
challenges that will need to be solved before widespread adoption can happen. Some of the
major challenges still need to be addressed include transmission loss, limited transmission
distance, high implementation costs, the need for effectively functioning quantum repeaters,
issues with qubit decoherence, continuing research around standardization and interoperability

with current classical systems, and integrating quantum systems into current classical systems.

Quantum communication networks offer vast potential for secure, next-generation
communications systems. As more research continues to be conducted, it is believed that
quantum communications will play a significant role in the next generation of technology,
including quantum computing, secure access and sharing of healthcare data, and distributed

quantum applications.
1.2 Need for a Comparative Review

Due to fast advancements in quantum communication networks, numerous
technologies, protocols, and architectures have been proposed by researchers in both industry
and academia. There exist great disparities in terms of design strategies, performance
parameters, scalability, security features, and implementation techniques of the different
advancements made. Therefore, a comparative analysis of the different advances is very

important.

A comparative study of quantum communication models would help highlight the
different features of these models, along with their benefits and limitations. For example, each
of the three models—fiber-optic network, free-space communication, and quantum
communication via satellites—is characterized by different strengths. The strength of a fiber-
optic network lies in the fact that it ensures a high level of reliability within short distances.

Satellite-based systems allow global data transfer over long distances.

Moreover, quantum communication protocols, especially quantum key distribution
(QKD) protocols, vary in terms of security robustness, operational efficiency, and practicality
of implementation. It would be difficult to identify the appropriate model without a systematic
way of assessing those in use. This review is justified by the absence of established criteria for

evaluating existing guantum communication technologies. The majority of research in
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quantum communications still focuses on isolated technological issues rather than their
integration into a broader framework, which hinders the development of a comprehensive
industry overview. This review will address these problems by evaluating various existing
models based on common parameters such as performance, scalability, cost, reliability, and
security.

The main aim of this comparative analysis is to identify open research problems and
future research areas in quantum communication. These problems include quantum
decoherence, quantum error correction, network scalability, and the integration of quantum
communication systems with classical communication networks. Resolving these issues is
essential for developing large-scale quantum communication systems. Therefore, this
comparative study will play an important role in connecting current research with future
technological developments. It will also assist researchers, engineers, and policymakers in their

decision-making processes.
1.3 Objectives of the Review

The goal of this review is to critically analyze recent works related to the development
of quantum communication network technologies and their integration with other new
technologies, like quantum computers. With the rapidly growing pace of development of
guantum communication technology, there is definitely a need to integrate all available
information into one coherent system that would help to understand these developments and
plan for further progress. It is expected that this review will be useful for researchers,
academics, and professionals as a guide to the state-of-the-art of the technology in an
organized, comparative form. This will help to make decisions on further research and

development.

Specifically, this review article fills gaps in the literature by providing a comparative
overview of recent developments in quantum communication networks and their
implementation in the healthcare sector. The review article adds value to the current body of
literature by providing an integrated approach, discussing challenges, and identifying future

areas of research.
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Figure 1. Quantum communication network architecture for healthcare

As seen in Figure 1 the architecture of a quantum communication network for
healthcare involves a healthcare application layer, a security and service layer, a quantum
network layer, a communication layer, and a data processing layer. A quantum communication
network is incorporated into the medical delivery system for the secure transfer of data. The
healthcare application layer includes health applications such as hospital applications,
intermediary diagnostic center applications, and magnified 10T applications that monitor
patients and produce large amounts of sensitive data. Besides, the healthcare security layer

protects sensitive data on the networks with quantum key distribution (QKD).

The networks are connected with other Geographic Information Systems (GIS) from
the Centralized Healthcare Application. They consist of Quantum Network Layers, which
contain nodes/repeaters for long-distance communications through entanglement distribution.
Communication Layers, comprising optical fiber, free-space, arcing, or satellite links, are
utilized for transmitting quantum information. Data Processing Layers are made up of
healthcare cloud systems, Electronic Health Records (EHR), and Al-based health
diagnostic/decision tools for data analytics and decision-making. This QKD architecture

ensures data privacy and secure transmission of sensitive medical information, enabling real-
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time healthcare services and resulting in improved efficiency, security, and reliability of
healthcare systems.

2. Classification of Quantum Technologies in healthcare

Three key quantum use cases: Computing, communication, and sensing

Quantum compuling solves advanced
computational problems by
leveraging quantum phenomena to
process information and make
calculations.

Enterprise use of quantum computers
is expected to ramp up over the next
several years, likely growing
dramatically within a decade with the
appearance of fault-tolerant quantum

Quantum communication creates
secure, theorelically tamper-proof
communication networks that can
detect interception or
eavesdropping.

Several quantum communication
networks either have been deployed
or are in progress, but it likely will be

several years before they can
overcome the unpredictability of

Quantum Quantum
communication sensing

Quantum sensing devices provide
higher responsiveness, accuracy,
and performance than conventional
sensors, due to the nature and
sensitivity of subatomic particles.

Quantum sensors are available
today for limited production use
cases and their availability and
capability likely will increase
substantially within five to 10 years.

machines. quantum particles.

Figure 2. Key applications of quantum technology: computing, communication, and sensing

Quantum technologies encompass several application domains with distinct functions
and objectives. As illustrated in Figure 2, the three major domains are quantum computing,

guantum communication, and quantum sensing.

Quantum technologies encompass distinct functions or application domains,
particularly quantum computing, quantum communication (i.e., secure transfer of sensitive
information), quantum sensing, quantum simulation, and quantum machine learning. These
technologies offer an organized way to describe how each method contributes to the
enhancement of today's healthcare systems. Quantum computing has been fundamental to the
advancement of computational methodologies within quantum technology. It provides
increased speed and efficiency to process large and complex datasets, addressing some of the

most complex problems in healthcare today. Quantum computing has significant utility in:
1. Drug discovery and development through molecular modelling and simulation.
2. Personalized medicine through the analysis of individualized patient data.

3. Genomics through the rapid sequencing of DNA.
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4. Medical imaging, allowing for greater accuracy in diagnosing patients’ medical

conditions.

Quantum communication technologies will include methods to encrypt sensitive data
sent between providers (telemedicine) or transfer electronic health records from one
facility/provider system to another. An example technology used in quantum communication
is quantum key distribution (QKD).

Quantum sensing technologies will continue to enhance the accuracy and sensitivity of
diagnostic testing. These technologies include:

1. High-resolution imaging systems for disease diagnosis.
2. Biosensors for rapid disease detection, exhibiting approximately 90% accuracy.
3. Advanced magnetic field measurement techniques for detailed brain imaging.

Furthermore, the simulation techniques of quantum mechanics help in the simulation
of biological and chemical reactions such as protein folding, other chemical reactions, and the
formation of cancers. This research is highly important for biomedical research. The
combination of quantum machine learning algorithms along with QC and Al is helping develop
novel medical applications. These include the prediction of diseases, image analysis, clinical
decision support system, and even helping doctors in their clinical decision-making. All
research groups are collectively working on helping researchers and clinicians in developing
healthcare systems using quantum technologies. As can be seen from Table 1, there are
different trade-offs involved in free-space QKD, fiber QKD, quantum photonic integration, and

fiber quantum communication.

Table 1. Comparison of QKD technologies based on transmission distance, attenuation,

secret key rate, protocol, and application [26]

Category | Technol | Transmis | Attenuation/ Secret QKD Application
ogy sion Loss Key Rate | Protocol
Distance
Free- 4D 300 m Atmospheric | 0.65 4D BB84 | Potential secure
Space OAM/po turbulence; bit/sifted healthcare data
QKD larization numerical photon transmission
qudits loss
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Fiber Time— 20 km Fiber 2.7 Mbit/s | High- Long-distance
QKD energy transmission dimensio | quantum
high- loss nal QKD | communication
dimensio under and quantum
nal collectiv | networks
qudits e
Gaussian
attacks
Satellite Satellite- | 1200 km | Atmospheric | 26 Mbit/s | ne-way
QKD based effects/beam high- Global-scale
free- divergence; dimensio | quantum
space numerical nal QKD | communication
quantum loss and future
communi quantum
cation Internet
Fiber 4D time- | 100 km Numerical More than | Entangle | Potential long-
Quantum | bin loss 1-bit ment- distance secure
Communi | entangle secure based healthcare
cation ment informatio | quantum | communication
n capacity | communi
cation /
QKD
applicati
on

3. Comparative Analysis of Quantum Communication Technologies in Healthcare

In order to analyze the viability of quantum communication technology in the field of

medicine, it is vital to conduct a comparative study of different telecommunications systems.

Each telecommunications system needs to be assessed based on its performance, scalability,

security, and feasibility of implementation. There are several possible communication

channels, which can be utilized as per the current literature review on telecommunications

taxonomies, including fiber-optic, free space, and satellite telecommunications systems. While
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fiber-optic communications enable secure and stable communication at short to medium

distances, they are limited by signal attenuation.

Conversely, free-space quantum communication provides significant flexibility in
deployment location, making it effective for remote and emergency healthcare services.
Nevertheless, these systems are highly susceptible to atmospheric disturbances and alignment
challenges. Satellite-based quantum communications enable long-distance and global
communication capabilities, facilitating applications like international telemedicine and cross-
border medical data transfer. However, the high costs and infrastructural complexity associated

with satellite communications limit their practical implementation in healthcare systems.

Table 2 provides a comparative overview of the key characteristics of fiber-based, free-
space, and satellite-based quantum key distribution (QKD) technologies, specifically

examining their transmission distance, protocol, technology, and secret key rate.

Table 2. comparison of fiber, free-space, and satellite QKD technologies [26]

Parameter Fiber QKD Free-Space QKD Satellite QKD
Transmission | 20 km for time—energy 300 m intracity air | 1200 km satellite link
Distance qudits; 100 km for 4D link for 4D OAM for quantum

time-bin entanglement; 1.2 | qudits communication
km for OAM air-core fiber
QKD One-way high-dimensional | 4D BB84 / high- Global-scale quantum
Protocol QKD; entanglement-based | dimensional OAM- | communication and
high-dimensional QKD; based QKD future quantum-
BB84 variants network links
Technology | High-dimensional time-bin | High-dimensional Satellite-based
and time—energy qudits; OAM/polarization quantum
OAM qudits in special qudits communication using
fibers free-space optical links
Secret Key 26 Mbit/s for time-bin 0.39 bit/sifted High channel loss and
Rate QKD; 2.7 Mbit/s for 20 photon, improved to | demanding
km time—energy QKD 0.65 bit/sifted pointing/tracking
photon with requirements
heralding/turbulence
gating
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4. Review of Recent Advancements

Advances across multiple domains of quantum technology, encompassing quantum
computing, communications, sensing, and machine learning, offer novel avenues for enhancing

public services through cutting-edge medical science.

Despite significant progress in quantum communication networks, the existing
literature reveals several critical gaps. A primary limitation is the prevalent focus on a narrow
range of applications and technologies, rather than comprehensive comparative analyses across
diverse quantum communication methodologies. Furthermore, unresolved challenges persist,
including quantum decoherence, the high implementation costs of quantum communications,

and the lack of standardization protocols.

Addressing these issues, this review aims to bridge existing gaps by offering a
structured and comparative analysis of recent advancements in quantum communication
networks and their healthcare applications. Prior research in this field has sought to synthesize
disparate documents, identify key research challenges, and propose future research directions.
For instance, Hossain et al. [8] demonstrated instances where quantum machine learning

surpassed classical systems in diagnostic applications.

Research on bioinformatics, particularly with the integration of quantum computing,
has demonstrated significant potential. Applications of quantum computing have been explored
in DNA sequencing and genomics. Furthermore, researchers have proposed the use of quantum

computing for analyzing complex biological datasets within biotechnology.

The broader landscape of quantum computing in healthcare presents both challenges
and opportunities. Key concerns identified in the literature include scalability, error correction,
and hardware limitations. Early work by Parsons laid a foundational understanding for the

application of quantum computing in healthcare.

Extensive research has also been conducted on quantum communication networks,
including the study of protocols such as quantum key distribution (QKD) for secure
information transmission. Variational quantum algorithms have been recognized for their

crucial role in optimizing both quantum computing and quantum communication.
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More recent studies have emphasized the importance of integrating quantum computing
with artificial intelligence, highlighting the potential of quantum Al to enhance healthcare

decision-making through predictive analytics.

Substantial progress has been made in the development of quantum communications;
however, there is a lack of published works that assess the totality of available quantum
communication technologies. Much research examines a small portion of applications and
technologies without providing a comparative assessment of other existing quantum
communication technologies (eg., how various quantum communication technologies might be
compared to one another). In addition to this challenge, the quantum communications
community continues to experience the same obstacles it has always faced (e.g., decoherence,
high implementation costs, lack of consistent standards).

Table 3 presents a comparative analysis of existing quantum technology-based
approaches for healthcare applications, highlighting their research focus, technical challenges,
and identified research gaps.

Table 3. Comparative analysis of quantum technologies for healthcare applications

Ref. | Quantum Healthcare Research Technical Research Gap
Technology | Application Focus Challenges
[8] | QML, Chronic kidney | Classical vs. Limited Limited clinical-
QSVM disease quantum SVM | datasets, scale validation
diagnosis performance NISQ
limitations
[11] | QML Bioinformatics, | Quantum Scalability, Limited
genomics algorithms for | noise, experimental

biological data | computational | implementation

complexity
[14] | Quantum Medical and Foundational Early-stage Lacks modern
Computing | biomedical healthcare technology NISQ and hybrid
applications applications limitations approaches
[20] | VQAs General Variational Barren Limited
optimization guantum plateaus, healthcare-
algorithms noise, specific
trainability evaluation
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[23] | QC, QML | Bioinformatics | Quantum— Noise, Limited real-
and biomedical | bioinformatics | scalability, world
research integration computational | biomedical
resources validation
[24] | Quantum Healthcare Quantum Al NISQ Limited clinical
Al, QML decision- and predictive | limitations, implementation
making analytics data
encoding,
scalability

5. Research Gaps

While quantum computers and quantum communications have made substantial
progress in healthcare, numerous major research gaps in these areas will prevent quantum
computing from being practically implemented and adopted on a large scale. Based on a
thorough examination of the literature, this paper identifies some of the critical existing
research gaps. The primary research gap is a lack of practical, real-world implementation of
quantum computing and quantum communications in healthcare. Most studies on these topics
consist of theoretical models or simulations rather than experiments involving practical
implementation. Another significant gap exists in scalability and infrastructure. Currently
quantum systems are currently not yet able to support large-scale healthcare networks due to
limitations in quantum hardware, qubit stability, and network architecture. Quantum
decoherence and signal loss [4] [12] continue to hinder the development of sufficiently robust
guantum communication systems. Finally, the integration of quantum technologies with
current classical systems used in healthcare is another major research gap. Healthcare
infrastructures tend to be significantly reliant on classical computing and communication
systems. Few studies have been conducted on integrating quantum with classical systems.
Studies such as [22] and [17] discuss data processing and clinical systems but do not provide
complete hybrid architecture solutions. Also, researchers do not have access to large-scale
databases or proper benchmarking frameworks regarding how quantum communications can
be implemented as a tool in healthcare. Studies that analyse quantum healthcare models
continue to predominantly use smaller or simulated datasets and cannot, therefore extrapolate
their results when compared with larger-scale datasets - as evidenced by the review of the

guantum machine learning literature in [9][15].
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Overall, the challenges in implementing quantum technology in the healthcare sector
largely relate to a fragmented global approach to developing standards that can facilitate wider
adoption of quantum technologies. Accordingly, all of these barriers are being addressed by
the research community in the healthcare sector, through various projects or initiatives being
undertaken within different organisations. At this stage, it is unclear whether one particular
development will lead to a successful deployment of quantum technology in healthcare before
others do. In fact, the majority of these organisations have not yet created any theoretical or
empirical evidence that could support the conclusion that quantum technology will be
implemented in the healthcare sector at a level anywhere close to that of QKD, or even at the
same level globally. Finally, there is a need for collaboration between different scientific fields
(quantum scientists, healthcare professionals, and policymakers). Currently much of the
research is restricted to only technical areas and has little or no participation from medical

professionals; thus, real-world implementation and innovation are delayed.

6. Conclusion

This review provides a detailed summary of the current applications of quantum
communication systems in healthcare and explores how guantum technologies (i.e., quantum
computing, quantum communication, quantum sensing, and quantum machine learning) can
transform healthcare delivery. This is achieved through the development of a comprehensive
taxonomy of these technologies and a comparative analysis of various communication media,
protocols, and architectures for each. However, widespread deployment faces significant
challenges, including lack of scalability, quantum decoherence, high implementation and
development costs, and a lack of standardization for quantum communication technologies.
Future research should focus on optimal integration strategies for quantum technologies within
healthcare and cloud-based healthcare systems. Interdisciplinary collaboration between
healthcare providers and quantum researchers will accelerate the implementation of quantum

communication systems in healthcare service delivery.
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