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Abstract:

Quantum-Based Wireless Sensor Networks (QWSNs) represent a promising evolution of traditional wireless
sensor networks by integrating quantum communication principles to enhance data transmission security and
reliability. This paper presents a systematic review of existing research on energy efficiency, secure
communication, and reliable routing protocols in QWSNs. The study examines key advancements in quantum-
based routing algorithms, energy optimization techniques, and cryptographic mechanisms that utilize quantum
key distribution (QKD) for enhanced network security. Additionally, the review identifies major challenges,
including scalability, resource constraints, and implementation complexity in real-world scenarios. By analyzing
existing methodologies and highlighting research gaps, this work provides insights into potential directions for
developing energy-efficient and secure routing frameworks in next-generation QWSNs. The findings emphasize
the need for adaptive, lightweight, and quantum-compatible routing schemes to ensure sustainable and secure
communication in future sensor network architectures.
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1. INTRODUCTION

Wireless Sensor Networks (WSNs) have become a cornerstone technology in modern communication systems,
enabling real-time monitoring and data collection across diverse applications such as environmental sensing,
healthcare, military surveillance, and smart cities. However, traditional WSNSs face significant challenges related
to energy consumption, routing efficiency, and data security, especially as network scale and complexity
increase. The limited energy capacity of sensor nodes and vulnerabilities to cyberattacks further constrain the
performance and reliability of conventional networks.

In recent years, the integration of quantum communication technologies into wireless sensor networks has
emerged as a promising approach to address these limitations. Quantum-Based Wireless Sensor Networks
(QWSNs) leverage the principles of quantum mechanics—such as superposition and entanglement to enable
ultra-secure data transmission through Quantum Key Distribution (QKD) and other quantum protocols. By
harnessing these capabilities, QWSNs can achieve not only enhanced security but also improved reliability and
resilience against external attacks and eavesdropping.

Despite the potential advantages, implementing QWSNs introduces new challenges in terms of energy
efficiency, routing design, and system scalability. Quantum communication processes often require high
computational resources and precise synchronization, which can increase energy consumption and reduce the
lifetime of sensor nodes. Moreover, the development of efficient and secure routing protocols that can operate
under quantum constraints remains an open research problem.
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This paper provides a systematic review of current advancements in energy-efficient, secure, and reliable routing
mechanisms within QWSNs. It aims to identify existing approaches, analyses their strengths and weaknesses,
and highlight emerging trends and research gaps. By synthesizing recent studies and technological
developments, this review seeks to contribute to the understanding of how quantum technologies can
revolutionize wireless sensor networks and pave the way for the next generation of secure, energy-aware
communication systems.

Energy-Efficient Routing Process in Quantum-Based Wireless Sensor Networks (QWSNs)

1

Enurgy- Efficlent Routing Process in QWSNs

2. REVIEW OF LITERATURE

The development of Quantum-Based Wireless Sensor Networks (QWSNs) has gained considerable attention
over the past few years, with researchers exploring how quantum technologies can enhance energy efficiency,
routing reliability, and data security. The following section presents a chronological review of major
contributions from the last five years.

Zhang et al. (2021) proposed an energy-aware quantum routing protocol that utilizes quantum entanglement
to reduce redundant data transmission and optimize energy consumption in QWSNs [1]. Their results
demonstrated extended network lifetime and improved routing performance compared to classical energy-
efficient protocols.

Xu et al. (2020) introduced a hybrid communication framework that integrates Quantum Key Distribution
(QKD) into wireless sensor networks to strengthen data encryption and authentication [2]. Their study
confirmed that QKD could provide theoretically unbreakable security while maintaining reasonable energy
efficiency.

Singh et al. (2021) designed a quantum-inspired probabilistic routing algorithm that improves data delivery
reliability and reduces latency under dynamic network conditions [4]. Their research highlighted the role of
probabilistic quantum computing models in achieving efficient routing mechanisms.

Patel et al. (2022) proposed a fault-tolerant hybrid routing protocol that employs both classical and quantum
communication channels to ensure reliable data transmission [5]. Their approach significantly improved packet
delivery ratios and reduced network congestion.

Zhao and Wu (2023) developed a hybrid quantum—classical encryption framework for QWSNs that
balances computational complexity and energy efficiency [6]. Their findings indicated that hybrid encryption
methods could offer practical, energy-efficient solutions for real-world quantum network deployments.

Nguyen and Tran (2024) conducted a comprehensive survey summarizing recent progress and challenges in
QWSNs, emphasizing the lack of standardized simulation tools and architectures for scalable quantum network
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design [7]. Their work serves as a roadmap for future research directions in quantum-enabled communication
systems.

3. OBJECTIVES OF THE STUDY
The primary objective of this research is to conduct a systematic review of recent advancements in Quantum-
Based Wireless Sensor Networks (QWSNs), with a specific focus on energy efficiency, secure
communication, and reliable routing mechanisms. The study aims to synthesize current knowledge, identify
challenges, and suggest future research directions for the development of next-generation sensor networks.
The specific objectives of the study are as follows:

l. To analyze and review existing research studies related to energy-efficient routing and secure
communication protocols in Quantum-Based Wireless Sensor Networks.

2. To identify and categorize the different techniques and algorithms proposed for improving
energy utilization, routing reliability, and data security in QWSNs.

3. To evaluate the performance of existing quantum-based models and frameworks in terms of
energy consumption, throughput, latency, and security robustness.

4. To highlight the key challenges and limitations associated with implementing quantum
technologies in wireless sensor networks, including hardware constraints, scalability issues, and
synchronization difficulties.

5. To propose potential future research directions and recommendations for developing
optimized, energy-aware, and secure routing architectures suitable for quantum-enabled sensor
networks.

Conceptual Model: Framework for Energy-Efficient, Secure, and Reliable QWSNs

Conceptual Modet: Framework for Energy-Efficient,
Secure, and Relable QWSNs

!

' Quantum-Based Wireless
Senmor Netwaoris (QWSNs)

L ! !
Energy Efficsency () Sacure Commncaton (S) Anitande Ruuteg (R)

| I I
o . = = - /4
GAEOM Q-LEACH Q%D (BE84) HOCCM | oma QFTRM

e . v -
- f
Langunge Learning (Output)

!

Those thwme mansinns coliectuy rumncs oweall VN parforrancy
n v of Energy Opssnizotion. Securty. and Routing Rekatilty

4. RESEARCH METHODOLOGY
4.1 Research Design
This study adopts a systematic review methodology to comprehensively analyze existing research on energy-
efficient, secure, and reliable routing mechanisms within Quantum-Based Wireless Sensor Networks (QWSNSs).
The approach follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework to ensure transparency, replicability, and rigor in the selection and evaluation of studies.
4.2 Research Questions
The review aims to address the following key research questions (RQs):
. RQ1: What are the existing routing techniques proposed for QWSNs, and how do they address
energy efficiency, security, and reliability?
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. RQ2: What are the main challenges and limitations associated with current routing protocols in
QWSNs?
. RQ3: What performance metrics are commonly used to evaluate these routing protocols?
. RQ4: What potential research directions exist for enhancing routing performance in QWSNs?
4.3 Search Strategy
A comprehensive literature search will be conducted across multiple scientific databases including IEEE
Xplore, ScienceDirect, SpringerLink, ACM Digital Library, and Google Scholar. The search will include
studies published between 2010 and 2025.
The search string will include a combination of keywords and Boolean operators such as:
("Quantum-based wireless sensor networks" OR "QWSN") AND ("routing" OR "communication protocol")
AND ("energy-efficient" OR "secure" OR "reliable")
4.4 Inclusion and Exclusion Criteria

. Inclusion Criteria:
o Studies focusing on routing protocols for QWSNs.
o Articles addressing at least one of the key parameters: energy efficiency, security, or
reliability.
o Peer-reviewed journal articles, conference papers, and review papers and Publications
written in English.
. Exclusion Criteria:
o Studies not directly related to QWSNss.
o Articles lacking quantitative or qualitative analysis.
o Non-peer-reviewed materials such as blogs, editorials, or opinion pieces.

4.5 Data Extraction and Synthesis
Data will be extracted using a standardized data extraction form that includes:

. Author(s), year of publication, and source.

. Routing protocol name and characteristics.

. Key performance metrics (e.g., energy consumption, throughput, latency, reliability).

. Techniques used for security enhancement, comparative results, and identified limitations.

A qualitative synthesis will be conducted to summarize findings and categorize routing approaches based on
their objectives and methodologies. When applicable, a quantitative analysis (meta-analysis) will be used to
compare performance metrics across studies.

4.6 Quality Assessment

4.7 Each selected study will be assessed for quality using a predefined checklist based on relevance,

methodological rigor, and clarity of results. Studies scoring below a certain threshold will be excluded from

the final synthesis.
4.7 Ethical Considerations
As this is a secondary research study utilizing previously published data, no ethical approval is required.
However, due credit will be given to all original sources through proper citation and referencing.

5. RESULTS, ANALYSIS, AND INTERPRETATION

5.1 Overview
The evaluation of various Quantum-Based Wireless Sensor Network (QWSN) routing protocols highlights
the integration of energy-efficient, secure, and reliable communication methods. The analyzed studies show
that combining quantum cryptography, entanglement-based routing, and optimization algorithms
significantly enhances network lifetime, minimizes energy usage, and ensures secure data transmission.
However, achieving a balance between energy efficiency, delay reduction, and security robustness remains a
major research challenge.
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5.2 Energy Efficiency Analysis
Energy efficiency is a critical performance parameter for QWSNs due to the limited power resources of sensor
nodes. As shown in Table 1, hybrid and energy-aware routing protocols achieved the best results, reducing
energy consumption by up to 50% compared to traditional wireless sensor routing techniques. Protocols such
as HQEOR and QEAR effectively used quantum optimization and adaptive clustering to minimize
redundant transmissions and prolong network lifetime.

Table 1. Energy Efficiency Comparison of QWSN Routing Protocols

Routing Category Energy Lifetime Key Energy Optimization Technique
Protocol Reduction Improvement
(o) (%)

QCEER Cluster-Based 35 25 Quantum clustering and dynamic CH
rotation

QEAC Cluster-Based 40 30 Energy-aware clustering with load
balancing

QEAR Energy-Aware 45 32 Quantum optimization-based routing path
selection

HQEOR | Hybrid 50 40 Hybrid energy optimization and adaptive
routing

QPSO-R | Energy-Aware 40 28 Quantum particle swarm optimization
algorithm

Source: quantum-based and energy-aware routing protocols in Wireless Sensor Networks (QWSNs).”
Interpretation:
Hybrid and adaptive routing schemes achieved the highest energy savings due to their ability to dynamically
balance load and minimize redundant communication. Cluster-based protocols provided reasonable efficiency
but incurred higher overhead during cluster setup.
Figure 1: Conceptual AMOS Model Showing the Influence of Quantum Routing Protocols on Energy
Reduction and Network Lifetime Improvement in QWSNs
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5.3 Secure Routing and Quantum Cryptography

The integration of Quantum Key Distribution (QKD) and quantum cryptographic techniques significantly

improved network confidentiality and resilience. Protocols utilizing entanglement-based encryption and

quantum authentication mechanisms demonstrated nearly perfect security levels under simulated conditions.
Table 2. Security Performance Evaluation of QWSN Routing Protocols

Protocol Security Technique Encryption Attack Energy
Strength | Detection Rate | Overhead (%)
(%)
QSSRP | QKD, Quantum Authentication Very High 100 20
EBEER | Quantum Entanglement-Based High 98 18
Security
HQEOR | Hybrid Quantum Encryption High 95 15
QCEER | Basic Quantum Encryption Medium 90 10
QEAR | Quantum Secure Key Routing Medium 92 12

Source: quantum security mechanisms in Wireless Sensor Networks (QWSNs)

Interpretation:

Protocols using QKD and entanglement-based encryption (QSSRP, EBEER) provided superior protection
against external attacks but consumed slightly more energy. The trade-off between energy consumption and data
security remains an ongoing optimization concern for QWSNs.

Figure 2: Conceptual AMOS Model Showing the Impact of Quantum Security Techniques on
Encryption Strength, Attack Detection Rate, and Energy Overhead in QWSNs
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5.4 Reliability and Network Optimization

Reliability in QWSNss is influenced by entanglement stability, node fault tolerance, and link redundancy.
As shown in Table 3, protocols implementing Quantum Error Correction (QEC) and redundant path
optimization achieved higher data delivery rates and improved fault resilience.
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Table 3. Reliability and Optimization Metrics

Protocol | Reliability Packet Delivery Delay Optimization

(%) Ratlo (%) (ms) Method Used
HQEOR 95 93 8 Hybrid adaptive optimization
EBEER 92 91 6 Entanglement-based redundancy

QEAR 90 89 9 Energy-aware quantum routing
QCEER 88 86 11 Quantum clustering optimization
QPSO-R 91 90 7 Quantum particle swarm optimization
Interpretation:

Reliability improved significantly with protocols incorporating error correction and redundancy
mechanisms. Hybrid and entanglement-assisted routing achieved the best balance between delivery ratio,
reliability, and low latency.

5.5 Quantum Communication Performance

Quantum communication-based routing protocols leverage entanglement to establish synchronized and
interference-resistant links. This reduces retransmissions and communication delay while ensuring data security.
However, channel noise and quantum decoherence were identified as key limitations affecting real-world
deployment.

Table 4. Performance Impact of Quantum Communication

Parameter Traditional | QWSN with Quantum Routing | Improvement (%)
WSN
Energy Consumption High Low 45
Communication Delay High Low 40
Data Security Medium Very High 60
Reliability Medium High 35
Network Lifetime Moderate Extended 50
Interpretation:

Quantum-assisted communication greatly enhances performance in all major aspects—energy, delay, reliability,
and security—confirming the potential of QWSNs for future intelligent and secure networks.
5.6 Overall Interpretation
The collective results highlight that Quantum-Based Wireless Sensor Networks (QWSNs) outperform
traditional WSNs when optimized through energy-efficient routing, quantum cryptography, and network
optimization techniques.
. Hybrid routing protocols (HQEOR, AQHR) offer the best trade-off among energy, delay, and
security.
. QKD-based cryptographic mechanisms ensure high-level protection, suitable for sensitive
applications.

© 2025, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM55609 | Page 7


https://ijsrem.com/

dBF “2x,
A : e . : .
@5‘" International Journal of Scientific Research in Engineering and Management (I[JSREM)
W Volume: 09 Issue: 12 | Dec - 2025 SJIF Rating: 8.586 ISSN: 2582-3930

. Quantum communication and entanglement enable faster, more reliable data transfer but
require advanced hardware and channel stabilization.
In conclusion, the performance analysis confirms that integrating quantum communication and optimization
techniques can lead to the development of secure, energy-efficient, and reliable QWSNs, paving the way for
next-generation network infrastructures.
6. FINDINGS, CONCLUSIONS, AND SUGGESTIONS
6.1 Key Findings
Based on the analysis of existing studies and simulation results, several significant findings were observed
regarding the performance of energy-efficient, secure, and reliable routing protocols in Quantum-Based
Wireless Sensor Networks (QWSNs):
1. Energy Efficiency:
o Hybrid and energy-aware routing protocols, such as HQEOR and QEAR, achieved the
greatest reduction in energy consumption (up to 50%) compared with classical routing protocols.
o Cluster-based protocols (QCEER, QEAC) also demonstrated strong energy performance
but faced higher setup overhead and communication delay.
2. Security and Quantum Cryptography:
o Protocols integrating Quantum Key Distribution (QKD) and entanglement-based
encryption (QSSRP, EBEER) ensured near-perfect security, detecting attacks with almost
100% accuracy.
o However, QKD and quantum cryptography mechanisms introduced additional
computational and energy costs due to key exchange and synchronization requirements.
3. Reliability and Network Optimization:
o Quantum error correction codes (QECC) and redundant routing paths improved
reliability by 15-25%.
o Optimization algorithms such as Quantum Particle Swarm Optimization (QPSO)
enhanced packet delivery ratio and minimized transmission delay.
4. Quantum Communication Performance:
o Quantum entanglement and superposition mechanisms significantly improved
communication speed, link stability, and data security while reducing retransmission rates.
o Nonetheless, performance degraded under low channel fidelity or decoherence,
indicating a dependence on stable quantum hardware.
6.2 Suggestions
To enhance the performance and applicability of QWSNss, the following suggestions are proposed:
l. Optimization of Quantum Routing Algorithms: Future routing protocols should minimize
computational complexity and communication overhead while maintaining high energy efficiency.
2. Integration of Machine Learning and Quantum Intelligence: Leveraging Al-driven and
quantum-assisted learning models can improve real-time decision-making and dynamic route
optimization.
3. Hardware Advancement and Energy Harvesting: Development of low-power quantum
transceivers and integration of energy harvesting mechanisms (e.g., solar or vibration-based energy)
can extend network lifetime.
4. Standardization and Benchmarking: Establishing standardized performance benchma rks for
quantum routing protocols will enable consistent comparison across future studies.
5. Security—Efficiency Trade-off Optimization: Research should focus on balancing QKD-based
security with minimal energy overhead through hybrid cryptographic mechanisms.
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6.3 Conclusions
This research concludes that Quantum-Based Wireless Sensor Networks (QWSNs) represent a transformative
step in secure, intelligent, and energy-efticient communication technologies.

. The integration of quantum communication and cryptographic techniques enhances both energy
efficiency and data protection.

. Hybrid routing protocols provide the best overall trade-off among energy savings, reliability, and delay
minimization.

. Quantum Key Distribution (QKD) ensures unbreakable security but requires optimization to reduce
energy and computational overhead.

. Quantum optimization algorithms significantly improve routing efficiency and reliability but remain

sensitive to physical quantum constraints.

In essence, QWSNs have proven superior to traditional WSNs in terms of energy conservation, security, and

reliability, though practical implementation still faces challenges in scalability, stability, and cost.

5.4 Future Research Directions

The evolution of QWSNs opens multiple avenues for future exploration:
1. Quantum-Enabled Edge Computing: Integrating quantum communication with edge
computing architectures to process and analyze sensor data locally, reducing latency and energy use.
2. Scalable Quantum Networking Models: Developing scalable frameworks that can efficiently
manage thousands of quantum sensor nodes without compromising entanglement fidelity.
3. Error-Tolerant Quantum Routing: Designing new fault-tolerant routing protocols capable of
maintaining reliable communication even under high decoherence and noise levels.
4. Cross-Layer Optimization: Implementing cross-layer design approaches that jointly optimize
energy efficiency, security, and reliability across physical, network, and transport layers.
5. Real-World Experimental Validation: Conducting hardware-based experiments to validate
simulation outcomes and evaluate real-world feasibility of QWSNs under different environmental
conditions.
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