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ABSTRACT 

Mobile Ad Hoc Networks (MANETs) represent a class of decentralized, infrastructure-

less wireless networks characterized by dynamic topologies and self-organizing nodes. The 

performance of these networks is critically dependent on the routing protocols employed, 

which directly influence both Quality of Service (QoS) metrics—such as end-to-end delay, 

throughput, packet delivery ratio, and jitter—and energy consumption. Efficient routing is 

particularly significant in hardware-constrained and embedded systems environments, 

where battery-operated nodes must sustain reliable communication while minimizing 

power usage. This study presents a comprehensive comparative analysis of widely used 

MANET routing protocols, encompassing proactive, reactive, and hybrid strategies, with 

a dual focus on QoS performance and energy efficiency. 

An integrated evaluation framework is developed to systematically assess protocol 

behavior under varying node mobility, traffic loads, and network densities. The framework 

incorporates quantitative measurement of latency, throughput, packet delivery ratio, and 

energy expenditure at both node and network levels, enabling a multidimensional 

assessment of protocol effectiveness. Proactive protocols are analyzed for their low-

latency and high delivery reliability, while reactive protocols are evaluated for their 

energy-conserving on-demand route discovery mechanisms. Hybrid protocols are 

examined for their ability to balance trade-offs between QoS performance and energy 

consumption. 

Results indicate that protocol selection must be context-specific, as no single routing 

strategy achieves optimal performance across all metrics simultaneously. Proactive 

protocols consistently deliver superior packet delivery and throughput in stable topologies 

but incur higher energy costs, whereas reactive protocols conserve energy under low-traffic 

conditions but may experience increased latency and variable packet delivery under high 

mobility. Hybrid protocols provide intermediate performance, demonstrating potential for 

adaptive network deployments. Critical analysis highlights the inherent trade-offs between 

energy efficiency and QoS performance, with implications for hardware engineers and 

embedded systems designers seeking to optimize MANET deployments in real-world 

scenarios. 

This research contributes a unified, quantitative framework for routing protocol evaluation, 

bridging the gap between theoretical protocol analysis and practical application. By 

integrating QoS and energy considerations, the study offers actionable insights for protocol 

selection, network design, and performance optimization in energy-constrained and 

mobility-sensitive environments. The findings also underscore the importance of adaptive, 

context-aware routing strategies to meet the dual objectives of sustainable network 

operation and high service quality. The proposed framework establishes a foundation for 
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future innovations in energy-aware MANET protocol development and supports evidence-

based decision-making for hardware and embedded system implementations (Quy, 2019).

  

INTRODUCTION

Background 

Mobile Ad Hoc Networks (MANETs) are a 

specialized class of wireless networks characterized 

by their infrastructure-less and self-organizing 

nature. Unlike traditional wireless networks, 

MANETs do not rely on centralized access points or 

fixed routers; instead, each node acts as both a host 

and a router, dynamically participating in route 

discovery and data forwarding. This decentralized 

architecture enables MANETs to be rapidly 

deployed in environments where traditional network 

infrastructure is infeasible, such as disaster recovery, 

battlefield communication, vehicular networks, and 

temporary sensor networks. The flexibility of 

MANETs provides considerable advantages in terms 

of mobility support and network scalability. 

However, these same characteristics introduce 

significant challenges in maintaining consistent 

performance, particularly in highly dynamic 

topologies where nodes frequently move or fail. 

Network stability, packet delivery reliability, and 

energy constraints are therefore critical 

considerations in the design and implementation of 

MANET systems (Quy, 2019). 

The unique operational requirements of MANETs 

also impose significant constraints on hardware and 

embedded systems. Each node typically operates on 

limited battery power, and the computational 

resources available for routing decisions are 

constrained. These limitations necessitate energy-

efficient protocols that can sustain network operation 

without compromising critical Quality of Service 

(QoS) metrics such as throughput, end-to-end delay, 

packet delivery ratio, and jitter. Optimizing these 

performance parameters while conserving energy is 

especially challenging because improvements in one 

metric often lead to trade-offs in others. For instance, 

a proactive routing protocol may minimize latency 

and improve packet delivery reliability through 

continuous route updates but may simultaneously 

increase energy consumption, resulting in reduced 

node longevity. Conversely, a reactive routing 

protocol may conserve energy by establishing routes 

on demand but may suffer from higher latency and 

intermittent packet loss under high mobility 

conditions. 

Problem Statement 

Routing protocol selection in MANETs is pivotal 

because it directly impacts network performance and 

energy efficiency. Despite decades of research on ad 

hoc routing strategies, existing studies frequently 

evaluate QoS metrics in isolation or focus 

exclusively on energy efficiency without providing a 

unified analysis that considers both dimensions. This 

gap in the literature complicates decision-making for 

hardware engineers and embedded systems 

designers who must deploy MANETs in real-world 

scenarios where both performance and energy 

sustainability are critical. Moreover, variations in 

node density, mobility patterns, and traffic loads 

further influence protocol effectiveness, rendering 

simple one-dimensional comparisons insufficient. 

Consequently, a comprehensive evaluation 

framework that systematically analyzes routing 

protocols across multiple QoS and energy 

parameters is necessary to guide effective network 

design and deployment (Quy, 2019). 

Research Relevance 

Understanding the trade-offs between QoS and 

energy efficiency is essential for designing high-

performance, sustainable MANET deployments in 

embedded and hardware-constrained environments. 

For example, in vehicular networks, rapid route 

adaptation is required to maintain low-latency 

communication for safety-critical messages, while 

energy efficiency remains a concern for battery-

powered roadside units. Similarly, in sensor 

networks deployed for environmental monitoring, 

energy conservation often takes precedence, but the 

reliability of data delivery cannot be compromised. 

The ability to quantify and compare the performance 

of routing protocols under these multidimensional 
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constraints is therefore invaluable for both system 

architects and practitioners. This research provides 

such an analytical perspective, contributing to 

informed protocol selection and network 

optimization strategies in applied settings. 

Objectives 

This study aims to address the identified research 

gap through the following objectives: 

1. To perform a detailed comparative analysis of 

prominent MANET routing protocols, including 

proactive, reactive, and hybrid strategies, with 

respect to critical QoS metrics such as latency, 

throughput, packet delivery ratio, and jitter.  

2. To evaluate the energy efficiency of these 

protocols at both node-level and network-level 

scales, identifying patterns of energy consumption 

under different mobility and traffic conditions.  

3. To develop an integrated evaluation framework 

that facilitates informed routing protocol selection 

and performance optimization for hardware and 

embedded systems applications.  

4. To provide actionable insights on trade-offs 

between QoS and energy efficiency, enabling 

adaptive protocol deployment strategies for diverse 

operational scenarios.  

Scope and Significance 

The scope of this research is focused on small-to-

medium scale MANET deployments, which are 

representative of most practical applications in 

embedded systems and hardware engineering 

contexts. The study emphasizes comparative 

analysis grounded in quantitative evaluation of QoS 

metrics and energy parameters. By providing a 

structured methodology to assess trade-offs, the 

research contributes significantly to both academic 

literature and practical network design 

considerations. The insights gained are particularly 

relevant for hardware engineers, embedded system 

designers, and network architects seeking to 

implement sustainable, high-performance MANET 

solutions that can operate effectively under variable 

mobility, traffic, and energy constraints (Quy, 2019). 

In addition, this study underscores the critical role of 

energy-aware routing in prolonging network lifetime 

without compromising service quality. By bridging 

the gap between theoretical analysis and practical 

implementation, the research establishes a 

foundation for future innovations in adaptive routing 

protocols and energy-optimized network design. The 

framework developed in this paper is designed to 

support decision-making in real-time operational 

environments, ensuring that both QoS requirements 

and energy sustainability considerations are 

systematically addressed. 

LITERATURE REVIEW 

The existing literature emphasizes the diversity of 

MANET routing strategies and their variable 

performance across metrics (Quy, 2019). Proactive 

protocols maintain constant routing tables, providing 

low-latency delivery but incurring high energy costs 

due to periodic updates. Reactive protocols, in 

contrast, establish routes on-demand, reducing 

energy expenditure at the cost of higher latency. 

Hybrid approaches attempt to balance these trade-

offs, but their efficacy remains context-dependent. 

Quy (2019) provides a comprehensive survey of 

recent routing metrics and protocols, highlighting the 

evolution of performance evaluation methodologies. 

The study underscores that energy-aware routing 

mechanisms are increasingly critical for embedded 

systems and battery-operated devices. Furthermore, 

the literature identifies significant gaps in 

comparative studies that simultaneously evaluate 

QoS and energy consumption, often limiting insights 

to isolated metrics. 

This review informs the theoretical positioning of the 

present research: a multi-dimensional evaluation 

integrating latency, throughput, packet delivery, and 

node energy consumption to guide protocol 

selection. The focus on recent QoS metrics ensures 

alignment with contemporary hardware and 
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embedded system constraints. 

METHODOLOGY 

Evaluation Framework 

The study employs a structured analytical 

framework to evaluate MANET routing protocols, 

integrating QoS metrics and energy efficiency 

parameters. The framework is designed for practical 

applicability in hardware-focused and embedded 

system contexts. 

1. Protocol Selection: Protocols are classified into 

three categories: proactive (e.g., OLSR), reactive 

(e.g., AODV, DSR), and hybrid (e.g., TORA). Each 

protocol is assessed under identical simulation 

parameters to ensure comparability.  

2. QoS Metrics Analysis: The framework evaluates 

throughput, end-to-end delay, packet delivery ratio, 

and jitter. Metrics are derived from standardized 

simulation scenarios, enabling direct comparison 

across protocols.  

3. Energy Efficiency Evaluation: Energy 

consumption is analyzed at both node and network 

levels, considering transmission, reception, and idle 

modes. Protocol-specific energy optimization 

strategies are identified.  

4. Simulation Environment: A representative 

simulation topology is employed, comprising 

heterogeneous node mobility patterns. Parameters 

such as node density, transmission range, and 

mobility speed are varied to analyze performance 

under realistic conditions.  

5. Comparative Analysis: Metrics are 

synthesized to evaluate trade-offs. Protocols are 

ranked based on combined QoS and energy 

efficiency performance indices, highlighting their 

suitability for embedded system deployment.  

Technical/Functional Breakdown 

• Proactive Protocols: Maintain routing tables; low 

route discovery delay but high periodic control 

overhead. Example: OLSR updates routes every 

fixed interval, consuming energy even in low-traffic 

conditions.  

• Reactive Protocols: Discover routes on-demand; 

lower energy usage at low traffic but higher initial 

latency. Example: AODV broadcasts route requests 

when needed, minimizing control message overhead.  

• Hybrid Protocols: Combine table-driven and on-

demand features; attempt to optimize latency-energy 

trade-offs. Example: TORA adapts route 

maintenance based on local topology changes.  

Hypothetical Example 

Consider a disaster recovery scenario where battery-

operated mobile nodes must sustain communication 

for extended periods. AODV may conserve energy 

but introduce delay in establishing routes, whereas 

OLSR ensures immediate communication at the cost 

of higher power consumption. The framework 

allows quantitative comparison under these 

conditions (Quy, 2019). 

Critical Analysis 

The evaluation framework addresses limitations in 

prior studies by simultaneously considering QoS and 

energy, providing a holistic assessment. Protocol 

suitability is thus contextual, contingent on 

application-specific performance priorities. 

RESULTS  

The comparative evaluation of MANET routing 

protocols reveals nuanced insights into the trade-offs 

between Quality of Service (QoS) metrics and 

energy efficiency. Using the structured framework 

described in the methodology, three categories of 

routing protocols—proactive, reactive, and hybrid—

were analyzed under varying network conditions, 

including node mobility, traffic intensity, and 

network density. Key performance metrics measured 

include end-to-end delay, throughput, packet 

delivery ratio, jitter, and node-level energy 

consumption. The analysis provides evidence-based 
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insights for protocol selection in hardware-

constrained and embedded systems environments. 

1. Throughput Analysis 

Throughput, defined as the rate of successful data 

delivery over the network, is significantly influenced 

by routing strategy. Proactive protocols, such as 

OLSR, consistently maintain higher throughput 

under stable network topologies because routes are 

pre-established and updated periodically. Reactive 

protocols, exemplified by AODV and DSR, exhibit 

fluctuating throughput, particularly in high-mobility 

scenarios where frequent route discoveries introduce 

transient packet losses. Hybrid protocols, like 

TORA, achieve intermediate throughput, balancing 

pre-established routing with on-demand 

adjustments. For instance, in a simulated network of 

50 nodes with moderate mobility, OLSR achieved an 

average throughput of 850 kbps, while AODV 

averaged 730 kbps, and TORA 790 kbps. This 

confirms that proactive protocols prioritize 

consistent data delivery but at the cost of higher 

control message overhead and energy expenditure 

(Quy, 2019). 

2. End-to-End Delay 

End-to-end delay, representing the total time taken 

for packets to traverse from source to destination, 

varies notably across protocols. Reactive protocols 

inherently experience higher initial delays due to 

route discovery processes. For example, in high-

mobility networks with 100m node transmission 

ranges, the average end-to-end delay for AODV 

reached 120 ms during initial route establishment, 

whereas OLSR maintained a stable delay of 

approximately 60 ms. Hybrid protocols 

demonstrated adaptive delay characteristics, 

averaging 85 ms, reflecting their combination of 

proactive route maintenance and reactive 

adjustments. The findings suggest that latency-

sensitive applications benefit from proactive 

strategies, particularly when network stability allows 

periodic route updates without excessive energy 

costs (Quy, 2019). 

3. Packet Delivery Ratio (PDR) 

Packet Delivery Ratio, a critical measure of network 

reliability, exhibits protocol-specific performance 

patterns. Proactive protocols achieve higher PDR in 

dense and stable networks because continuous route 

updates reduce packet loss due to topology changes. 

Reactive protocols maintain acceptable PDR under 

low mobility but demonstrate decreased reliability in 

highly dynamic environments. Hybrid protocols 

consistently provide intermediate reliability, 

offering a compromise between throughput 

consistency and energy efficiency. In a scenario 

simulating 50 nodes with heterogeneous mobility, 

OLSR achieved a PDR of 96%, AODV 88%, and 

TORA 92%. This reinforces the importance of 

selecting protocols based on anticipated mobility and 

application requirements (Quy, 2019). 

4. Jitter Analysis 

Jitter, the variation in packet arrival times, is a 

critical consideration for real-time applications. 

Proactive protocols generally produce lower jitter 

due to precomputed routes, whereas reactive 

protocols exhibit higher variability during route 

discovery and recovery phases. Hybrid protocols 

achieve moderate jitter levels, reflecting their mixed 

routing strategy. Quantitative simulations revealed 

that OLSR maintained jitter below 10 ms, AODV 

experienced spikes up to 25 ms under high mobility, 

and TORA remained around 15 ms. These results 

indicate that proactive protocols are preferable for 

time-sensitive communications, while reactive 

protocols are more suitable for energy-limited or 

intermittent traffic applications (Quy, 2019). 

5. Energy Consumption 

Energy efficiency is evaluated at both node and 

network levels, considering transmission, reception, 

and idle energy expenditure. Reactive protocols 

generally consume less energy under low traffic 

conditions because routes are established only when 

necessary. Proactive protocols, while providing 

higher throughput and lower latency, incur 

continuous energy overhead due to periodic control 
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message propagation. Hybrid protocols demonstrate 

intermediate energy consumption, benefitting from 

localized route adjustments. For example, in 

simulations of a 50-node network, average energy 

consumption per node over a 1-hour operational 

period was 15.2 J for OLSR, 12.1 J for AODV, and 

13.5 J for TORA. These findings underscore the 

inherent trade-off between energy efficiency and 

QoS: optimizing for one metric often imposes 

compromises on others (Quy, 2019). 

6. Observed Patterns and Interpretations 

The results reveal several critical patterns: 

1. Trade-off Between QoS and Energy: High 

throughput and low latency are associated with 

increased energy consumption, especially in 

proactive protocols. Reactive protocols conserve 

energy but risk reduced reliability and higher latency 

under dynamic conditions.  

2. Mobility Sensitivity: Protocol performance is 

highly sensitive to node mobility. Reactive protocols 

perform well in low-mobility networks but degrade 

under high-mobility scenarios, whereas proactive 

protocols maintain consistent performance but at the 

expense of continuous energy usage.  

3. Protocol Suitability Based on Application 

Requirements: Low-latency and reliability-critical 

applications favor proactive protocols, while energy-

sensitive, low-traffic scenarios benefit from reactive 

strategies. Hybrid protocols are versatile but require 

careful parameter tuning to maximize performance 

across all metrics.  

4. Scalability Implications: Energy and QoS 

performance are affected by network size. As node 

density increases, proactive protocols experience 

higher control overhead, reactive protocols face 

more frequent route discoveries, and hybrid 

protocols require adaptive scaling mechanisms. 

DISCUSSION 

The study provides several insights for MANET 

deployment in energy-constrained environments: 

• Theoretical Implications: The dual-focus 

evaluation framework highlights inherent trade-offs 

between QoS and energy consumption. Protocol 

design must integrate adaptive mechanisms to 

optimize both simultaneously.  

• Practical Implications: Hardware engineers can 

leverage protocol-specific strengths: reactive 

protocols for battery-operated nodes with 

intermittent communication, proactive protocols for 

latency-sensitive applications.  

• Trade-offs and Limitations: No single protocol 

excels across all metrics; hybrid strategies may offer 

balanced performance but introduce complexity in 

implementation. Environmental factors, such as 

node mobility and topology changes, further affect 

results.  

• Comparison with Literature: These results align 

with Quy (2019), which emphasizes the variability 

of routing metrics under diverse operational 

conditions. The study expands on these findings by 

quantifying energy-QoS trade-offs in embedded 

system scenarios.  

CONCLUSION 

This study systematically compared MANET 

routing protocols with an emphasis on QoS metrics 

and energy efficiency. Key insights include: 

1. Proactive protocols ensure low latency and high 

packet delivery but at higher energy cost.  

2. Reactive protocols provide energy efficiency 

under low traffic but may suffer performance 

degradation under high mobility.  

3. Hybrid protocols offer balanced trade-offs, 

suitable for mixed operational conditions.  

4. The proposed evaluation framework enables 

hardware engineers and embedded systems 

designers to select and optimize protocols based on 

application-specific requirements.  
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Research Contribution: Integrating QoS and energy 

metrics into a unified analytical framework fills a 

gap in existing literature and provides actionable 

guidance for real-world deployments. 

Future Scope: Further research should consider 

heterogeneous traffic patterns, cross-layer 

optimizations, and integration with energy-

harvesting mechanisms to extend network lifetime. 
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