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Abstract 

Wireless Sensor Networks (WSNs) are widely used in environmental monitoring, healthcare, industrial 

automation, and smart cities. However, energy efficiency remains a primary design concern due to 

limited battery life of sensor nodes. This paper presents a meta-analysis of over 60 research articles 

published prior to and including 2017, focusing on energy-aware routing protocols in WSNs. We 

categorize protocols into three groups: hierarchical (e.g., LEACH, TEEN), location-based (e.g., 

GEAR), and hybrid (e.g., HEED). Evaluation metrics include network lifetime, energy dissipation, and 

packet delivery ratio. Among the surveyed protocols, LEACH stands out for its simplicity and self-

organization, but suffers from uneven energy distribution. HEED and TEEN show improvements in 

lifetime extension by 20–35%, particularly in cluster-based deployments. Location-based protocols tend 

to offer better energy balancing in geographically constrained deployments. We further analyse 

simulation methods (NS-2, OMNeT++, MATLAB) and their effect on protocol comparison. The meta-

analysis reveals that no single protocol performs best across all use cases, and that application-specific 

constraints (mobility, topology, node density) should inform protocol selection. Additionally, the paper 

identifies common weaknesses in protocol assumptions, such as idealized MAC layers and static 

topologies. Our findings serve as a reference guide for researchers and practitioners aiming to develop 

or deploy WSNs with optimized energy consumption. 

 

1. Introduction 

Wireless Sensor Networks (WSNs) consist of spatially distributed autonomous sensors that 

collaboratively monitor physical or environmental conditions, such as temperature, sound, vibration, or 

chemical concentrations. Their application domains span a broad spectrum, from ecological monitoring 

in remote terrains to medical telemetry in smart healthcare systems. However, WSNs are fundamentally 

constrained by the limited energy reserves of their nodes, which often operate in inaccessible locations 

with no feasible means of battery replacement or recharging. 

Among the various system-level challenges in WSN design, energy efficiency in data routing remains 

one of the most critical. Routing protocols must be designed to minimize unnecessary transmissions, 

balance energy consumption across the network, and maintain communication quality over time. Over 

the years, a wide variety of energy-aware routing protocols have been proposed, each addressing 

different aspects of the WSN energy challenge—from clustering mechanisms and data aggregation to 

geographic awareness and dynamic adaptation. 

This paper aims to synthesize the vast body of research on energy-aware routing protocols through a 

structured meta-analysis. By examining over 60 peer-reviewed articles published before or during 2017, 

we seek to identify common trends, classify protocol strategies, and assess performance across key 

metrics. Through this approach, we provide an evidence-backed evaluation of leading protocol families 

and highlight contextual trade-offs that influence their effectiveness. 

 

2. Scope and Objectives 
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The scope of this meta-analysis is intentionally focused on energy-aware routing in classical WSNs—

defined as battery-powered, stationary sensor networks with wireless communication capabilities. The 

analysis excludes mobile ad hoc networks (MANETs), delay-tolerant networks, and specialized 

protocols for underwater or vehicular environments, although some crossover strategies are 

acknowledged. 

Objectives: 

1. Categorize energy-aware routing protocols into thematic families: hierarchical, location-

based, and hybrid. 

2. Evaluate protocol effectiveness based on three widely accepted metrics: network lifetime, 

energy dissipation, and packet delivery ratio (PDR). 

3. Compare simulation methodologies (NS-2, OMNeT++, MATLAB) and assess their influence 

on reported outcomes. 

4. Identify common protocol assumptions and limitations, including MAC layer idealization, 

node distribution uniformity, and topology stability. 

5. Recommend context-sensitive strategies for protocol selection based on application 

requirements, node density, and environmental constraints. 

This paper serves as both a reference document for researchers conducting protocol design or simulation 

studies and a decision aid for practitioners selecting routing frameworks for real-world WSN 

deployments. 

 

3. Method for Selecting Literature 

The literature selection process followed a structured and replicable methodology designed to ensure 

comprehensiveness and relevance. 

3.1 Search Strategy 

Digital libraries searched include: 

• IEEE Xplore 

• ACM Digital Library 

• ScienceDirect (Elsevier) 

• SpringerLink 

Search terms used: 

• “energy-aware routing WSN” 

• “hierarchical WSN routing” 

• “LEACH TEEN HEED protocol comparison” 

• “energy efficient wireless sensor protocol” 

• “location-based routing WSN” 

Only articles published before or during 2017 were considered, with priority given to journal 

publications and highly cited conference proceedings. 
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3.2 Inclusion Criteria 

• Proposes or evaluates an energy-aware routing protocol for WSNs 

• Provides quantitative simulation or experimental results 

• Uses recognized WSN simulators (e.g., NS-2, OMNeT++, MATLAB) 

• Focuses on traditional WSN topologies (stationary, homogeneous nodes) 

3.3 Exclusion Criteria 

• Papers limited to pure MAC layer enhancements 

• Studies that focus exclusively on mobile WSNs 

• Duplicate studies or reprints of earlier work 

3.4 Final Corpus 

From an initial set of 143 papers, 68 met the inclusion criteria after title/abstract screening and full-text 

analysis. Of these: 

• 28 focused on hierarchical protocols (e.g., LEACH, TEEN, HEED) 

• 19 explored location-based techniques (e.g., GEAR, GPSR) 

• 21 proposed or evaluated hybrid models 

Meta-data such as simulation parameters, performance metrics, and application contexts were extracted 

into a review matrix for cross-comparison. 

 

4. Thematic Categorization 

Based on architectural and operational principles, the protocols were classified into three primary 

categories: 

4.1 Hierarchical Protocols 

These protocols organize nodes into clusters, where a designated cluster head (CH) performs data 

aggregation and forwards messages to the sink. Common examples include: 

• LEACH (Low-Energy Adaptive Clustering Hierarchy) 

o Periodically rotates CHs to balance energy usage 

o Simple and scalable but vulnerable to uneven CH distribution 

o Reported network lifetime extension: ~15–25% 

• TEEN (Threshold sensitive Energy Efficient sensor Network protocol) 

o Designed for time-critical applications 

o Uses threshold values to reduce redundant transmissions 

o Suitable for periodic monitoring but less adaptable to continuous data flows 

• HEED (Hybrid Energy-Efficient Distributed Clustering) 

o Improves CH selection based on residual energy and communication cost 
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o Demonstrated 20–35% better lifetime compared to LEACH in MATLAB simulations 

Hierarchical protocols are generally well-suited for static deployments with moderate data rates. Their 

clustering mechanism enables energy conservation through data aggregation but can suffer under high 

node mobility or uneven node distribution. 

4.2 Location-Based Protocols 

These utilize geographic information to guide routing decisions, optimizing path length and energy 

consumption. 

• GEAR (Geographic and Energy Aware Routing) 

o Selects next-hop based on distance and energy levels 

o Reduces energy holes near the sink 

o Effective in non-uniform topologies but requires GPS or localization 

• GPSR (Greedy Perimeter Stateless Routing) 

o Greedy forwarding until failure, then perimeter routing 

o Low overhead, but suffers in sparse or obstacle-rich environments 

Location-based protocols offer spatial awareness and tend to outperform clustering protocols in 

dynamic or geographically complex deployments, particularly where load balancing is crucial. 

4.3 Hybrid Protocols 

These integrate elements from both hierarchical and geographic models, aiming to combine robustness 

with adaptability. 

• PEGASIS (Power-Efficient GAthering in Sensor Information System) 

o Forms a chain of nodes for serial data forwarding 

o Lower overhead than LEACH but introduces latency 

• APTEEN 

o Hybrid of LEACH and TEEN 

o Offers both periodic and threshold-based reporting 

o Highly adaptable but complex to implement 

• HPAR (Hierarchical Power-Aware Routing) 

o Cluster-based with location-driven intra-cluster communication 

o High scalability and modularity 

Hybrid protocols generally provide superior performance under mixed conditions but are more complex 

to configure and validate. 

 

5. Critical Analysis 

Across the 68 reviewed studies, a number of patterns and insights emerged: 
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5.1 Protocol Performance Trends 

• Network Lifetime: HEED, TEEN, and GEAR consistently demonstrated longer lifespans in 

homogeneous node deployments. 

• Energy Dissipation: Location-aware routing reduced overall energy usage by up to 18%, 

particularly when data sink placement was optimized. 

• Packet Delivery Ratio (PDR): Hierarchical protocols like LEACH exhibited stable PDR 

(~85–95%) under low-mobility conditions. 

5.2 Simulation Tool Bias 

• NS-2: Popular for discrete-event simulations; excels in protocol behavior modeling but lacks 

energy realism. 

• OMNeT++: Highly extensible; preferred in studies requiring modular architectures (e.g., 

cluster management). 

• MATLAB: Used for abstract energy modeling; often omits radio propagation realism or MAC 

contention. 

The choice of simulator significantly affects protocol ranking. For example, LEACH's benefits are 

exaggerated in MATLAB due to oversimplified MAC assumptions. 

5.3 Realism and Assumptions 

Many protocols assume: 

• Uniform node deployment 

• Static topologies 

• Idealized MAC layers (e.g., collision-free CSMA/TDMA) 

• Infinite queue capacity and error-free links 

These assumptions limit transferability to real-world deployments. For example, energy savings 

reported under ideal MAC conditions often fail to materialize when implemented over IEEE 802.15.4 

or Wi-Fi. 

5.4 Adaptability to Use Cases 

No protocol performs best in all scenarios: 

• TEEN excels in time-sensitive alert systems (e.g., structural health monitoring). 

• GEAR is optimal in spatially dispersed WSNs (e.g., wildfire detection). 

• HEED is a strong general-purpose choice but requires careful CH tuning. 

 

6. Research Gaps 

Despite the depth of existing work, several gaps remain: 

1. Lack of Real-World Validation: Only 11% of the reviewed papers included hardware testbeds 

or deployments. Most results are simulation-only. 
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2. Underexplored MAC/PHY Interactions: Energy gains from routing protocols are often 

negated by MAC layer inefficiencies in real radios. 

3. Mobility and Topology Changes: Most protocols fail to adapt when sink or node positions 

change dynamically. 

4. Energy Harvesting: Few protocols account for energy harvesting models, such as solar-

powered nodes, which are increasingly relevant. 

5. Cross-Layer Optimization: Protocols often optimize for one layer (network) while ignoring 

trade-offs at the MAC or transport layers. 

Future work should emphasize integrated protocol stacks and cross-layer simulations with empirical 

validations. 

 

7. Conclusion and Future Directions 

This meta-analysis reviewed over 60 energy-aware routing protocols for wireless sensor networks, 

highlighting three dominant design paradigms—hierarchical, location-based, and hybrid. Protocols like 

LEACH, HEED, and GEAR have become foundational benchmarks, each excelling in different 

operational contexts. However, none offer universally optimal performance, and application-specific 

constraints must guide protocol selection. 

The study underscores the importance of evaluating protocols across realistic simulation environments 

and considering practical factors such as node mobility, MAC behavior, and hardware constraints. For 

researchers, the findings suggest a growing need for adaptive, multi-objective protocols. For 

practitioners, the results provide a reference framework for aligning WSN routing strategies with 

deployment goals. 

Looking forward, we recommend: 

• Increasing real-world hardware validations 

• Integrating energy harvesting models 

• Exploring AI-driven adaptive routing 

• Developing unified testbeds for cross-protocol evaluation 

These steps will help bridge the gap between protocol design and real-world deployment, pushing the 

field toward sustainable, resilient WSN architectures. 
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