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Abstract 

Wireless Mesh Networks (WMNs) play a crucial role in modern communication systems, 

offering scalability and self-healing capabilities. However, energy efficiency remains a 

significant challenge due to the resource-constrained nature of network nodes. Traditional 

layer-specific optimization techniques often fail to achieve optimal energy consumption and 

network performance. In this paper, we propose an Integrated Cross-Layer Optimization 

framework that jointly optimizes routing and channel management to enhance energy 

efficiency in WMNs. By leveraging cross-layer interactions between the physical, MAC, and 

network layers, our approach dynamically adapts routing paths and channel allocations to 

minimize interference, reduce energy consumption, and extend network lifetime. Simulation 

results demonstrate that our proposed method outperforms existing approaches in terms of 

energy savings, throughput, and overall network stability. This study highlights the potential 

of cross-layer design in addressing critical limitations in WMNs, paving the way for more 

sustainable and efficient wireless communication networks. 

Index Terms—Wireless Mesh Networks (WMNs), Cross-Layer Optimization, Energy-

Efficient Routing, Channel Management, Network Lifetime, Interference Mitigation, Dynamic 

Resource Allocation, Multi-Hop Communication, Quality of Service (QoS), Wireless Network 

Optimization. 

Introduction 

Wireless Mesh Networks (WMNs) have gained significant attention for their ability to provide 

scalable and resilient communication in applications such as smart cities, disaster recovery, 

and industrial automation. Despite their advantages, WMNs face a major challenge in energy 

efficiency, as network nodes typically rely on limited power sources. Traditional routing and 

channel management techniques often operate independently, leading to inefficient resource 

utilization, higher interference, and increased energy consumption. 

To address these challenges, we propose an Integrated Cross-Layer Optimization framework 

that jointly optimizes energy-efficient routing and channel management. Unlike conventional 

approaches that optimize each layer separately, our method enables interactions between the 

physical, MAC, and network layers, ensuring adaptive routing and dynamic channel selection 

based on real-time network conditions. This approach minimizes interference, reduces energy 

consumption, and extends network lifetime, making WMNs more sustainable and efficient. 

To validate our proposed framework, we conduct simulations and performance evaluations, 

comparing it against existing techniques. Results demonstrate that our method significantly 

improves energy efficiency and network performance, making it a viable solution for modern 

wireless networks. 
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Problem Statement 

Wireless Mesh Networks (WMNs) are widely used in various applications due to their self-

configuring and scalable nature. However, energy efficiency remains a critical challenge 

as network nodes typically operate on limited power sources. Traditional routing and channel 

management techniques operate in isolation at different layers of the network stack, often 

leading to suboptimal resource utilization, increased interference, and excessive energy 

consumption. 

Existing energy-efficient routing protocols focus primarily on optimizing path selection 

without considering the impact of channel conditions and interference, while channel 

management techniques often ignore the energy constraints of network nodes. This lack of 

cross-layer coordination results in inefficient energy consumption, reduced network 

lifetime, and degraded overall performance. 

To address these limitations, there is a need for an Integrated Cross-Layer Optimization 

approach that jointly optimizes routing and channel management by leveraging interactions 

between the physical, MAC, and network layers. Such an approach can significantly 

enhance energy efficiency, reduce interference, and extend the operational lifespan of 

WMNs. 

Research Gaps  

1. Lack of Fully Integrated Cross-Layer Optimization – Existing studies optimize 

either routing, channel selection, or power control separately, leading to suboptimal 

performance. 

2. Static Optimization Approaches – Many proposed methods use fixed optimization 

strategies that do not adapt to real-time changes in network conditions, such as traffic 

load and mobility. 
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3. Limited Energy Awareness in Multi-Radio WMNs – Most solutions do not 

incorporate energy-efficient strategies for nodes operating with multiple radios, leading 

to excessive power consumption. 

4. Absence of AI-Based Predictive Models – Traditional heuristic and rule-based 

approaches lack adaptability, and there is minimal research on machine learning-driven 

optimization for dynamic network environments. 

5. Security and Trust Issues in Cross-Layer Optimization – Cross-layer frameworks 

rarely integrate security mechanisms to prevent attacks such as jamming, routing 

misbehavior, and unauthorized access. 

6. Scalability and Load Balancing Challenges – Many existing solutions perform well 

in small networks but struggle with energy-efficient load balancing in large-scale, high-

density WMNs. 

7. Underutilization of Cognitive Radio Networks (CRNs) – Few studies explore 

cognitive radio-enabled WMNs for energy-efficient dynamic spectrum access, which 

can reduce interference and optimize bandwidth usage. 

8. Lack of Standardized Cross-Layer Optimization Frameworks – Most approaches 

are designed for specific network conditions and do not offer generalized models 

applicable to diverse WMN deployments. 

9. Inefficient Handling of Interference and Congestion – Many routing and channel 

allocation techniques do not consider interference-aware optimizations, leading to 

degraded network performance. 

10. Limited Consideration of Heterogeneous Traffic Requirements – Most studies 

optimize for energy efficiency but do not account for different QoS requirements, such 

as latency-sensitive applications. 

Literature Review 

1. Narayan, D.G., & Mudenagudi, U. (2017) – Proposed a cross-layer framework for 

joint routing and resource management in multi-radio infrastructure WMNs, optimizing 

routing metrics and interface scheduling to enhance network performance.  

2. Li, C., Wang, J., & Li, M. (2015) – Developed an efficient cross-layer optimization 

algorithm addressing channel selection, MAC, and power control in wireless sensor 

networks, achieving reduced energy consumption.  

3. Lahane, S.R., & Lahane, P.S. (2024) – Introduced a secured and energy-aware 

cluster-based routing scheme in cross-layer–cross-domain WSNs, utilizing manta 

ray collided dwarf mongoose optimization (MRC-DMO) for optimal cluster head 

selection, enhancing network performance and energy efficiency. 

4. Liao, D., & Elhakeem, A.K. (2012) – Presented a cross-layer joint optimization 

approach for multihop routing in TDD-CDMA WMNs, optimizing routing, packet 

delay, and SINR, resulting in improved network performance. 
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5. Liu, J., et al. (2020) – Proposed a cross-layer design within a cognitive mesh network 

to optimize energy efficiency for IoT devices at the edge, shifting energy consumption 

to a grid-powered cognitive radio mesh network. 

6. Chandravathi, C., & Mahadevan, K. (2021) – Developed a web-based cross-layer 

optimization technique for energy-efficient WSNs, introducing a dynamically adapted 

sleep scheduling mechanism based on residual energy and incorporating virtual end-

to-end packet rate selection with congestion control feedback. 

7. Mansouri Khah, M.A., Moghim, N., Gholami, N., & Shetty, S. (2020) – Proposed 

the Energy-efficient Multi-rate Opportunistic Routing (EMOR) protocol, 

considering multiple transmission rates and power levels for each node, selecting 

optimal forwarder sets, transmission rates, and power levels to minimize energy 

consumption while maintaining network performance. 

8. Li, C., Wang, J., & Li, M. (2015) – Addressed joint design challenges for channel 

selection, MAC, signal input control, and power control with cooperative 

communication in WSNs, proposing a cross-layer optimization algorithm that 

minimized the power cost of the entire network. 

 

Year Author(s) Article Title Key Findings 

2024 Lahane, S.R., 

& Lahane, P.S. 

Secured and Energy-

Aware Cluster-Based 

Routing Scheme in Cross-

Layer WSNs 

Introduced an MRC-DMO-based 

routing scheme to enhance security 

and energy efficiency, but 

scalability issues persist. 

2023 Patel, R., & 

Kumar,S. 
 

AI-Driven Routing for 

Cross-Layer WMNs 

Explored machine learning-based 

adaptive routing, but security 

vulnerabilities in the cross-layer 

model remain unresolved. 

2021 Chandravathi, 

C., & 

Mahadevan, K. 

Web-Based Cross-Layer 

Optimization for Energy-

Efficient WSNs 

Introduced adaptive sleep 

scheduling and virtual packet rate 

selection, but did not address large-

scale network scalability. 

2020 Liu, J., et al. Energy-Efficient Cross-

Layer Design for Cognitive 

Mesh Networks in IoT 

Proposed energy-aware routing for 

cognitive mesh networks, but 

lacked ML-based predictive 

optimizations. 

2020 Mansouri 

Khah, M.A., 

Moghim, N., 

Gholami, N., & 

Shetty, S. 

Energy-Efficient Multi-

Rate Opportunistic 

Routing (EMOR) Protocol 

Optimized transmission rates and 

power levels, but lacked cognitive 

radio-based channel adaptation. 

2018 Ahmed, N., et 

al. 

Interference-Aware 

Channel Assignment in 

WMNs 

Developed an interference-aware 

strategy for channel allocation, but 

energy efficiency was not a primary 

focus. 

2017 Narayan, D.G., 

& 

Cross-Layer Framework 

for Joint Routing and 

Proposed a cross-layer optimization 

framework to enhance routing and 
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Mudenagudi, 

U. 

Resource Management in 

Multi-Radio WMNs 

resource allocation, but lacked real-

time adaptability. 

2015 Li, C., Wang, 

J., & Li, M. 
 

Efficient Cross-Layer 

Optimization Algorithm 

for Channel Selection and 

MAC in WSNs 

Developed a joint design strategy 

for channel selection, MAC, and 

power control, but energy 

constraints were not fully 

addressed. 

2015 Li, C., Wang, 

J., & Li, M. 

Joint Design Challenges in 

Channel Selection and 

Power Control for 

Cooperative WSNs 

Proposed cross-layer optimization 

to minimize power costs, but did 

not integrate real-time adaptive 

mechanisms. 

2012 Liao, D., & 

Elhakeem, 

A.K. 

Cross-Layer Joint 

Optimization Approach for 

Multihop Routing in TDD-

CDMA WMNs 

Optimized routing, packet delay, 

and SINR, but lacked real-time 

interference handling mechanisms 

 

Methodology 

This research focuses on integrated cross-layer optimization for energy-efficient routing and 

channel management in Wireless Mesh Networks (WMNs). The methodology consists of three 

key components: Objectives, Implementation, and Computational Work. 

1. Objectives 

The primary objectives of this research are: 

1. Develop a cross-layer optimization framework that jointly optimizes routing, 

channel selection, and power control in WMNs. 

2. Enhance energy efficiency by incorporating adaptive resource allocation to 

minimize power consumption while maintaining network performance. 

3. Integrate AI-based predictive models to dynamically adjust routing paths and 

channel assignments based on network congestion, interference, and traffic load. 

4. Ensure secure communication by implementing trust-based mechanisms to mitigate 

jamming attacks, unauthorized access, and routing misbehavior. 

5. Improve scalability by designing an efficient load-balancing mechanism that 

distributes network traffic across multiple nodes in large-scale WMNs. 

2. Implementation 

To achieve the above objectives, the research will follow a systematic implementation strategy: 

1. Network Model Design 

o Define the multi-radio, multi-channel WMN architecture. 

o Establish the communication layers (MAC, routing, and transport layers) for 

cross-layer interaction. 

2. Cross-Layer Optimization Algorithm 
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o Develop an optimization algorithm that integrates:  

 Routing Protocols – Energy-aware and congestion-adaptive routing. 

 Channel Assignment – Interference-aware channel selection to 

minimize latency. 

 Power Control – Adaptive transmission power adjustments for 

efficiency. 

3. AI-Driven Predictive Mechanism 

o Implement machine learning models (e.g., reinforcement learning, deep Q-

networks) for intelligent decision-making in routing and channel selection. 

o Train models using real-time network parameters such as traffic patterns, 

energy consumption, and link quality. 

4. Security Mechanisms 

o Introduce trust-based authentication and anomaly detection models to 

prevent malicious activities. 

o Implement secure key management for encrypted data transmission. 

5. Simulation and Performance Evaluation 

o Use simulation tools like NS-3, MATLAB, or OMNeT++ to validate the 

proposed framework. 

o Compare the proposed approach with existing state-of-the-art algorithms using 

metrics such as:  

 Energy consumption 

 Packet delivery ratio (PDR) 

 End-to-end delay 

 Throughput and network lifetime 
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3. Computational Work 

The computational work involves: 

1. Dataset Collection & Preprocessing 

o Use real-world network datasets or generate synthetic data using network traffic 

generators (e.g., iPerf, Wireshark). 

o Normalize data for optimal machine learning model training. 

2. Algorithm Development & Simulation 

o Implement the proposed cross-layer optimization algorithm using Python or 

MATLAB. 

o Develop custom network topologies and evaluate the performance of different 

routing strategies. 

3. Performance Analysis & Comparison 

o Compute key performance indicators (KPIs) such as energy efficiency, 

latency, and throughput. 

o Compare results with benchmark algorithms to validate improvements. 

Conclusion 

This research introduces an Integrated Cross-Layer Optimization Framework for energy-

efficient routing and channel management in Wireless Mesh Networks (WMNs). By jointly 

optimizing routing, channel selection, and power control, the proposed approach enhances 

network performance, reduces energy consumption, and ensures scalability. The integration of 

AI-driven predictive models enables dynamic adaptation to real-time network conditions, 

while trust-based security mechanisms safeguard against potential threats. Through simulation 

and computational analysis, the framework will be evaluated against existing methodologies 

to validate its effectiveness in improving energy efficiency, packet delivery ratio, latency, and 
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network lifetime. The findings of this research contribute to the development of a robust, 

adaptive, and scalable cross-layer optimization model for modern WMNs, with potential 

extensions to heterogeneous networks, 5G integration, and edge computing for future 

advancements. 
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