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Abstract

Mobile ad hoc network (MANET) is a special type of wireless network in which a

collection of wireless mobile devices (called also nodes) dynamically forming a temporary

network without the need of any pre-existing network infrastructure or centralized

administration. Currently, Mobile ad hoc networks (MANETs) play a significant role in

university campus, advertisement, emergency response, disaster recovery, military use in battle

fields, disaster management scenarios, in virtual classrooms, in emergency search and rescue

operations, data acquisition in hostile environments, communications set up in exhibitions,

conferences and meetings, in sensor network, extension of cellular networks, at airport terminals

for workers to share files and so on. In MANETs, there is no pre-established infrastructure to

facilitate the routing activity and hence communication between mobile nodes can be achieved

through the mobile nodes using multi hop wireless technique. However, wireless devices in ad

hoc networks are typically limited power with limited life span. Thus, energy efficiency is a

critical issue for battery-powered mobile devices in ad hoc networks. This is due to the fact that

failure of node or link allows re-routing and establishing a new path from source to destination

which creates extra energy consumption of nodes and sparse network connectivity, leading to a

more likelihood occurrences of network partition. Routing based on energy related parameters is

one of the important solutions to extend the lifetime of the node and reduce energy consumption

of the network.

In this dissertation, we evaluated energy efficiency of an existing routing protocols of

MANETs based on energy efficient metrics and designed a novel energy aware routing protocols

called Balanced Battery Usage routing (BBU in short) and Gossip based Balanced Battery

Usage routing (GBBU in short) which uses residual energy, hop count and node density as a cost
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metric to minimize energy consumption, maximize network lifetime and distribute usage of

energy among mobile nodes of MANET. The new protocols, which are referred to BBU and

GBBU, are simulated using Network Simulator-2.35 and comparisons are made to analyze its

performance based on network lifetime, delivery ratio, normalized routing overhead, average

collision rate, normalized energy consumption, standard deviation of residual energy of all nodes

and average end to end delay for different network scenarios. The simulation results reveal that

the proposed energy aware routing protocols make the network active for longer interval of time

once it is established by minimizing energy and distributing energy consumption across mobile

nodes on the network at the trade off a small amount of end to end delay. For instance, the

simulation results of BBU showed an average improvement of 9.15% and 6.83% in network

lifetime compared to ad hoc On-Demand Distance Vector protocol (AODV) and Alternate Link

Maximum Energy Level AODV (ALMEL-AODV) respectively. Furthermore, a 15.77% and 11.4%

reduction of standard deviation of residual energy of all Nodes is also achieved in BBU

compared to AODV and ALMEL-AODV. However, BBU increased end to end delay by a 5.75%

compared to standard AODV but still achieved a 4.85% better performance compared to

ALMEL-AODV. A further extension of the approach using gossiping technique (GBBU) leds to

an average improvement in normalized energy consumption by 12.36% and 6.39% under various

network density, 13.34% and 9.16% under different traffic loads, 10% and 6.23% under different

mobility at the trade off an increase in end to end delay by 6.07% and 2.55% under various

network density, 3.94% and 4.19% under different mobility compared to AODV and GOSSIP

routing protocols.

Keywords: - BBU; GBBU; Normalized energy consumption; Gossip; AODV
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CHAPTER I: INTRODUCTION

This chapter provides background information about Wireless networks and characterization

of Mobile Ad hoc Networks (MANETs) followed by an overview of the main applications. The

objective of the dissertation work, problem description, motivation and the key contributions of

the thesis are also discussed.

1.1. Background

Wireless communication network is currently one of the fastest growing technologies

worldwide due to the advancement of portable computing devices (such as cell phones, handheld

digital, laptops, personal digital assistants (PDAs), wearable computers, etc) and wireless

technology [1, 2, 3]. Furthermore, these devices are getting cheaper, smaller, more user friendly,

more powerful and run more applications and network services. With these advancements,

communication among mobile devices with short-range wireless interfaces has become possible

even during mobility. This type of communication evolution has fuelled the desire for sharing

information among mobile devices including in areas where no pre-existing communication

infrastructure is existed [4-8]. The type of communication in which users’ mobile devices form a

self-creating, self-organizing and self administering wireless network, called a mobile ad hoc

network [9].

The history of ad hoc networks started in the 1972 when the Defense Advanced Research Project

Agency (DARPA) initiated a research effort to develop and demonstrate a Packet Radio Network

(PRNET). The PRNET was to provide an efficient means of dynamically sharing a broadcast

radio channel as well as coping with changing and incomplete connectivity. Dynamically sharing

the channel required the development of medium access protocols. In PRNET a combination of

ALOHA (Areal Locations of Hazardous Atmospheres) and CSMA (Carrier Sense Multiple
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Access) were used to share a given frequency and communicate across a very large geographic

area. The primary goal of these programs was to provide a multi hop communication

technologies for the battlefield in areas where there is no infrastructure or where the

infrastructure has failed (e.g., earthquake rescue) and hostile environments.

The initial versions of the radios and associated controllers of PRNET were large, power

hungry, limited in their processing, support relatively small networks and prone to electronic

attack. Thus the Survivable Adaptive Radio Networks (SURAN) program evolved in the early

1980s to address these issues. SURAN significantly improved the radios performance (i.e.

making them smaller, cheaper, and power-thrifty), designed new protocols that could support

tens of thousands of nodes networks, and developed robust and survivable to sophisticated

electronic attacks.

In the early 1990s a spate of new developments like availability of notebook computers,

Bluetooth, open-source software and viable communications equipment based on radio

frequency and infrared signaled a new phase in ad hoc networking. During this year the idea of

an infrastructure-less collection of mobile nodes was proposed in international conference papers

and the IEEE 802.11 subcommittee adopted the term “ad hoc networks.” The concept of

commercial (i.e. non-military) application of ad hoc networking was introduced. Other

interesting non-military possibilities were also proposed [10]. Even if an advancement of

technology have made mobile wireless communications possible at anywhere and anytime rather

than limited to a fixed location, wireless network has been characterized by the continuous

emergence of new research challenges (e.g., energy management, cooperation and security

mechanisms).
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Wireless networks have a variety of advantages over the traditional wired networks.

Firstly, wireless networks provide anywhere or anytime connectivity and can be deployed in

areas with or without a pre-existing communication infrastructure (i.e. in areas where it is

difficult to set up cables). For example in heritage buildings, historic preservation laws make it

difficult to install cable in old buildings. Secondly, the installation of a wired infrastructure is

much expensive than a wireless network which makes wireless networks an attractive solution

especially in less developed world. In addition, wireless network provides a flexible and

instantaneous communication setup. For example, mobile users can turn their devices and

communicate each other at public places such as airports, university campuses, cafes, etc.

Wireless networks could be used in battle fields, disaster management scenarios, emergency

search and rescue operations, hostile environments for information collection, exhibitions,

conferences and meetings, and so on.

The wireless network architecture is categorized into two ways: infrastructure-based and

infrastructure-less based (or ad hoc) networks [11, 12]. The infrastructure-based wireless

network requires stationary nodes, usually called access points (APs), with ample or continuous

power to coordinate communication among the mobile nodes. An example of this kind of

wireless networks is as shown in Figure 1.1 [13]. However, all these networks are traditional

wireless networks; traditional in the sense that it requires a fixed network infrastructure with

centralized administration like base station or access point for their operation. This type of

network potentially consumes a lot of time and money for set-up and maintenance.
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Figure 1.1: Illustration of the infrastructure network

In infrastructure-less (ad hoc) network, the mobile nodes rely on each other for traffic

coordination and packet transmission. This type of organization forms what is called multi-hop

communications. In ad hoc networks, the task of packet transmission and traffic coordination

puts a lot of task on the individual nodes’ energy. If proper power management techniques are

not used the network could not be accomplished its intended objectives (i.e. network partition

could occurred).

An Ad hoc Network is a collection of mobile entities form a temporary network that

communicates via short range wireless technologies [14,15] such as Wireless-Fidelity (IEEE

802.11) [16-20], Bluetooth (IEEE 802.15.1 ) [17, 21, 22, 23], ZigBee (IEEE 802.15.4) [24-26]

and Ultra Wide Band (IEEE 802.15.3) without the aid of any preexisting infrastructure or

centralized administration. Figure 1.2 shows the structure of a typical infrastructure-less

networks. The infrastructureless networks do not necessarily follow infrastructure wireless
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network architecture. They consist of fixed and/or mobile wireless entities that require multiple

hops (and hence relaying by intermediate hosts) to transmit their messages to the desired

destinations and enable users to communicate without any physical infrastructure regardless of

their geographical location [9].

Figure 1.2: Illustration of the infrastructure less network

In ad hoc networks, nodes communicate directly or indirectly with each other. A direct

communication between two nodes is only possible if they are inside each other’s transmission

range, otherwise, they must rely on other nodes to forward their messages. For example, in

Figure 1.3 nodes S and R can communicate directly because they are within each other’s

transmission range, while nodes S and D cannot communicate directly: they must rely on node R

to forward their messages to each other.
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Figure 1.3: Illustration of multi hop communication

1.2. Mobile ad-hoc network (MANET)

MANET is a special type of wireless network in which a collection of mobile devices,

(called also nodes) form a temporary network without the need for a wired backbone or a fixed

base station [15, 27-29]. A node is “any device that consists of an implementation of the IEEE

802.11 medium access control (MAC) and physical layer (PHY) layer interface to the wireless

medium” [30]. Mobile node in MANETs can be randomly deployed and are free to roam at any

given time. In MANET nodes can be either stationary or mobile at any time and is also

responsible for discovering and maintaining routes to other nodes in the network [31].

1.2.1. Characteristics of MANETs

MANETs are self-organizing and adaptive in that the topology of a formed network can

change frequently without the intervention of a system administrator [12, 32-35]. Although

MANETs inherit many of the properties of the traditional wireless networks, they still have

possessed certain distinct features. Below are some of the features of the MANETs.

Self-Organization and infrastructure-less: MANET does not depend on any

established infrastructure or centralized administration. Each node operates in distributed peer-

to-peer mode, acts as an independent router and generates independent data. Thus, the mobile ad
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hoc network node must autonomously determine its own configuration parameters including:

addressing, routing, power control, etc. Network management has to be distributed across

different nodes, which adds difficulty in fault detection and management [9].

Mobility and Dynamic Topology: The network topology in MANETs is dynamic due to

the movement of devices; thus an ongoing communication session may suffer from frequent

route breaks, unpredictable topology changes and possible packet losses. Mobile devices can also

leave or join the network at any time. This can be due to individual random mobility, group

mobility, motion along pre-planned routes etc [36, 37]. Establishing and maintaining network

connectivity in such a mobile environment will require periodic exchange of network

information, leading to an increase in communication overhead. As a consequence, protocols for

MANETs must be able to perform efficiently and effectively during mobility.

Multi-hop Communications: In MANETs, there is no default router or switch. When a

node tries to send packets to other nodes which is out of its transmission range, the packet will be

forwarded with the help of one or more intermediate nodes. This type of communication is called

Multi-hop. This makes nodes to achieve non-line-of-sight communication through multi-hop

forwarding because each disjoint set of nodes belong to different collision domain.

Energy Constrained: Each mobile devices of MANET have limited power supply with

limited life span and no on line capability to recharge their own battery. Hence power constraint

is another big issue in ad hoc wireless network design unlike wired networks [13, 38, 39]. This

constraint becomes more severe as each mobile node operates as an end point of data

communication and a router at the same time. Furthermore packet transmission, reception, and

retransmission operations in MANETs all consume power. For this reason, research scholars



8

have focused on energy efficient protocol design in various levels of the protocol stack (e.g.,

MAC, routing, etc).

Shared medium and limited bandwidth: Since the wireless channel is shared by the

devices located within the same transmission range, the bandwidth allocation per wireless

channel depends on the number of devices and the traffic they each inject into the network. As a

result, only a fraction of the total bandwidth is available for each node. Furthermore, due to the

frequent changes in the network topology, maintaining consistent topological information at all

nodes results in significant communication overhead which, in turn, leads to inefficient

utilization of the limited channel bandwidth. Therefore, the design of any routing protocol should

consider this constraint by minimizing the overhead as much as possible.

As a result of the aforementioned challenges, protocols that were designed for traditional

networks often perform weakly in MANETs [1, 11, 40]. Moreover, the distinguishing features of

such wireless network architecture give rise to issues in wireless communications such as

minimizing energy consumption by hosts, maximizing network lifetime, distributing loads

among hosts and minimizing routing overhead with in the network. To address these challenges,

many scholars have been proposed and evaluated a number of research work on the different

layer of the protocol stack. For instance, directional antennas and power control, orthogonal

frequency division multiplexing (OFDM), improved signal processing schemes, and multiple

input multiple output (MIMO) technologies have been used at the physical layer; and several

energy efficient mechanisms have also been proposed at MAC layer to control the collisions and

interferences among nodes. Though many energy efficient research works have been conducted

at various level of the protocol stack, majority of the research proposals mainly focused on the

routing layer, with a special attention to routing and forwarding, because these are the basic
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networking services for constructing a multi hop ad hoc network [3]. This dissertation work also

concentrated on developing energy efficient routing protocols at the network layer for MANET.

1.2.2. Applications of MANETs

There are a number of potential application areas for MANETs. These can range from

simple civil and commercial applications such as conferences and shopping malls to complicated

high-risk applications like emergency services, mine site operations (i.e. to support group

coordination and information aggregation without utilizing limited satellite resources) and

battlefield operations [12, 32, 34, 42-44]. Below are some of the most important MANETs

applications.

Civil and Commercial Applications: Two emerging wireless network scenarios that are

soon likely to become part of the daily routines are vehicular communication in an urban

environment, and personal area networking.

In the vehicular communication scenario, short range wireless communication will be

used within the car for monitoring and controlling the vehicle’s mechanical components.

Another application scenario is for communication with other vehicles on the road. Potential

applications include road safety messages, coordinated navigation and other peer-to-peer

interactions.

In Personal area networks (PANs), MANETs are formed between various mobile (and

immobile) devices mainly in an ad-hoc manner. For example, on a University campus, students

can exchange files and share presentations, results etc with each other and their advisors or

instructors. At conferences, participants can connect their mobile nodes to share files and other

network services. In an amusement park, groups of young visitors can interconnect to play

network games. Their parents can network to exchange photo shots and video clips. But PANs
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will become more useful when connected to a larger network. Used in this way, PANs can be

seen as extensions of the telecom network or Internet. Closely related to this is the concept of

ubiquitous/pervasive computing where people, whether transparently or not, will be in close and

dynamic interaction with devices in their environment.

Emergency Services: MANETs can be very useful in emergency search and rescue

applications, such as in environments where the conventional infrastructure-based

communication facilities are destroyed due to earthquake, hurricane, fire, and flood. Immediate

deployment of MANETs in these scenarios could be built very quickly to restore communication

compared to long time and costly efforts required for constructing wired communications. For

instance, police squad vehicles and fire brigades can remain connected and exchange information

more quickly if they can cooperate to form ad hoc networks. The major factors that favour

MANETs for such tasks are their self-configuration capability with minimal overhead,

independent of a fixed or centralized infrastructure, the freedom and flexibility of mobility, and

the unavailability of conventional communication infrastructures.

Battlefield Operations: The dynamic nature of military operations makes it impossible

to depend on fixed communication infrastructure on the battlefield. In such scenarios, MANETs

are used as an important solution for military operations as it does not require any pre established

infrastructure and remove single point of failure. Therefore, they can be easily deployed in an

unknown and hostile area to provide fast military communication. In military operations each

devices or even soldier’s gun consists of wireless card. These devices form a MANET network

and communicate each other on the battlefield. In future battlefield operations, autonomous

agents such as unmanned ground vehicles and unmanned airborne vehicles will be sent to the

front line for surveillance, intelligence, damage assessment, enemy antiaircraft suppression and
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other tactical operations. These agents, acting as mobile nodes, will organize into groups of small

unmanned ground, sea and airborne vehicles in order to provide fast wireless communication,

perhaps participating in complex missions involving several such groups. Example of such

activities might include: coordinated aerial sweep of large urban/suburban areas, scouting of

enemy positions in the battlefield etc [43].

Coverage extension: MANETs are not limited as a standalone network but can also be

integrated and used to extend cellular network or the Internet coverage. Hence it provides

pervasive computer environments which support users to communicate anytime, anywhere and

from any device. For instance, in rural areas of developing countries there is a lack of

infrastructure and Internet access. However, there is a project called the One Laptop per Child

project [45] which attempt to provide many cheap, rugged laptops with network interfaces to

children of rural areas to give them experience of computers. Hence MANET technology plays a

significant role in such environments to improve communication among communities and

education system.

Sensor networks: MANET can be used for data tracking of environmental conditions

(e.g. temperature could be monitored by each node and periodically reported to a base station),

remote monitoring of animal movements, chemical/biological detection, body and health

monitoring, enhancing energy efficiency of buildings, and so on.

1.3. Motivation and Problem Description

In wired networks, minimizing energy consumption, maximizing network life time and

fair distribution of energy usage are not a concern in protocol design due to the assumption of

nodes having unlimited amount of energy connected to the network. Unlike wired networks,

mobile devices in mobile ad hoc networks have operated in standalone battery. Hence energy
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efficiency is an important goal in battery-operated wireless devices of wireless networks. Since

energy conservation is the primary challenge for MANETs, how to utilize the energy efficiently

during routing process so as to prolong network lifetime and reduce energy consumption is an

important research issue. The objective of energy conservation is not only reducing an energy

consumption during routing process but also balancing energy consumption among the mobile

nodes because if some mobile nodes exhaust their battery during early stages, the whole network

might quickly get partitioned and out of function [46-48]. Therefore the possibility to design and

evaluate network layer solutions such as routing algorithms in a way that takes battery capability

into consideration presents a novel opportunity. Hence, our motivation behind the study of

energy efficient routing protocols lies in the following observations:-

 Firstly, MANETs routing protocols use hop count as a cost metric. Routing protocols

based on hop count metrics may not be energy efficient. This is due to the fact that the

data packet will follow the minimum hop path regardless of residual energy of the nodes

and it is quite possible that low energy level nodes will be selected for routing

functionalities, while other energy capable node will remain idle for longer intervals.

Such routing strategy could cause certain users to exhaust their energy. Therefore, the

power failure of a mobile node not only affects the node itself but also its ability to

forward packets on behalf of others which can result in network partitioning and disrupt

communications [49-55]. As a result, hop count metric is not sufficient enough to

determine an energy efficient path. Hence a routing protocol should try to balance the

energy consumption among mobile nodes in the network so that the time until the first

host exhausts its battery will be maximized. In this case maximizing network life time

and distribution of energy consumption across mobile nodes are of crucial importance to
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the feasibility and utility of the wireless network. Figure 1.4 illustrates the selection of

route based on hop count metrics.

Figure 1.4: Illustration of selection of route based on hop count

 Secondly, we see that mobile nodes in MANETS are typically powered by energy limited

devices because the mobile nodes are not connected to any constant source of power. In
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addition to this, MANET’s nodes that are located further from the transmission range of

source node communicate with a destination node by the help of the intermediate nodes.

Consequently, if an intermediate node runs out of battery, the re-routing operations will

be launching frequently, leading to more energy consumption and adversely affects the

performance of network [56]. Thus, available battery capacity should be used judiciously

to minimize the energy consumption in addition to lifetime of network. Therefore, to

minimize the energy consumption of the network and maximize the network lifetime,

each intermediate node’s battery capacity should be considered as a cost metric during

route construction and selection.

 Thirdly, network applications such as route discovery and warning messages propagation

protocols in MANETs relay basically on the broadcast concept. For instance, in the route

discovery process, the flooding technique is used to find a route between source and

destination hosts as shown in figure 1.5. Although flooding guarantees a given packet

reach every reachable node in sparse network, it still suffers from high levels of

redundant retransmissions [33, 47, 57]. The problem is more severe in a dense network

because the network generates more redundant packets and hence leading to significant

transmission contention and collision. Such a phenomenon is referred to as broadcast

storm problem [47]. As a result, many routing packets are dropped and failed before

reaching to the required destination, which causes the source node to retransmit the route

request packet many times and thus increase the total energy consumption of the network.

At the worst scenarios the operation of entire network would be collapsed. So routing

packet redundancy would be another drawback of the existing routing protocols that

increases an energy consumption of MANETs.
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Figure 1.5: Illustration of flooding route discovery strategy

A number of research proposals have been developed to mitigate the packet

redundancy associated with flooding [47, 58-61]. However, most of the proposed

probabilistic schemes are inadequate in reducing the amount of energy consumption of

the network. In some cases, the schemes need near-global network topological

information [62-65] or others used additional hardware devices like GPS for distance

measurement or location identification [47]. Therefore, routing schemes that can reduce

routing overhead of the network by using energy aware local information would be

highly desirable.
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 Fourthly, over the last decade, mobile data traffic has increased significantly. Energy

consumption is one of the important challenges resulting from this unprecedented growth.

Scholars showed that the data volume increases by a factor of 10 every five years, which

corresponds roughly to an annual increase of around 16–20% in energy consumption.

Recent studies prediction has shown that there will be 10 fold increases in data traffic

between 2014 and 2019. Hence, the ICT industry, in particular, the wireless industry, is

being accounted as one of the major contributors to the total carbon dioxide (CO2)

emissions on the globe and an increase in electricity cost. To mitigate the impact of

wireless communication on global warming, energy management techniques have

become a critical research area across the world [66, 67].

Thus from the aforementioned lists of motivation, we can see that MANET routing protocols are

required to decrease the energy consumption of mobile ad hoc network and/or maximize the

battery life of mobile nodes.

Therefore, this research argues that it is possible to develop an energy efficient schemes

that can prolong the network lifetime of MANETs by reducing and balancing energy

consumption of the network.

1.4. Objective

1.4.1. General Objective

The main aim of this dissertation work is to study and evaluate an existing routing

protocols of MANETs in terms of energy efficiency and develops a novel gossip based energy

aware routing protocol that are capable of maximizing network life time by reducing and

balancing energy consumption of MANETs.
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1.4.2. Specific Objectives

The specific objectives associated with achieving the aim of the research work are as

follows:

 Carryout literature review on conventional and energy aware routing protocols of

MANETs

 identify energy aware performance evaluation metrics for MANETs

 investigate an energy consumption model for MANETs

 investigate energy efficiency of an existing routing protocols and develop a more

efficient power conservation scheme

 Propose a solution which:

o Maximizes network life time and balance energy consumption of nodes across the

network using residual energy and hop count metrics.

o Minimizes energy consumption per delivered data packet using adaptive

gossiping probabilistic technique as a function of node density and minimum

residual energy metrics.

 Implement the proposed routing protocols for Mobile ad-hoc networks.

 Perform a thorough analysis and comparison among the proposed routing protocols and

an existing routing protocols using Network Simulator NS-2.35 with different metrics.

1.5. Research Questions

This study is designed to investigate the nature of Mobile ad hoc routing and to develop a

gossip based energy aware routing for MANETs. In consideration of this goal, the following

research questions are addressed in this study:
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1. What are the relevant metrics used to evaluate the performance of routing protocols for

energy efficiency?

2. Which Simulator is widely used by MANETs research works?

3. What is the cost of transmission and reception power of a packet in a broadcast traffic

scenario of MANETs?

4. What are the possible parameters used to determine an adaptive forwarding or gossiping

probability techniques?

5. What are the possible network conditions that affect the performance of routing protocols

of MANETs?

6. Which traditional MANETs routing protocol has the minimum energy consumption per

delivered data packet?

7. How is the performance of the proposed routing protocols against the existing routing

protocols? Or what are the impacts of different network conditions on the proposed

protocols and existing routing protocols?

1.6. Delimitations

The study is delimited to the investigation of energy efficiency of one existing proactive

routing protocols of MANETs, namely DSDV and two existing reactive MANETs routing

protocols, namely AODV and DSR. The scope of the study is also delimited to a maximum of

200 mobile nodes, 25m/s speed of mobile nodes and 15 source destination connections in a

simulation area of 1500m x 1500m.

1.7. Operational Definitions of Terms

Key terms and variables in the present study were operationally defined as follows:-
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Flooding: In the present study, the term flooding is used to describe if a mobile node

receives a newly packet, it retransmits exactly once or Any newly received packet by a node

retransmits exactly once.

Probability forwarding: refers to forwarding a packet with probability value of p.

Gossiping: refers to if a node fails to re-forward a packet using a probabilistic forwarding

it waits some time to know whether its neighbors have received a broadcasted packet or not. If

not a node re-forwards a packet.

Broadcast: refers to a transmit packet by a node should successfully decode by its

neighbors if they are within the transmission range of the transmitted node. Or Broadcast is the

basic mode of operation over a wireless channel in which each message transmitted on a wireless

channel is generally received by all neighbors located within the transmission range of the

transmitted node.

Transmission range: refers the maximum range over which a packet can be successfully

received when there is no interference from other nodes.

Node degree: refers the number of nodes in the transmission range of node i i.e. the total

number of neighbors of node i.

1.8. Accomplishments and Contributions

Our accomplishments, which are discussed throughout this dissertation work, are

summarized as follows:

 This research evaluated energy efficiency of an existing MANET routing

protocols namely Ad hoc on-Demand Distance Vector Routing (AODV), Dynamic Source

Routing (DSR) and Destination-Sequenced Distance-Vector Routing (DSDV) using Normalized
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routing overhead, Energy consumption, Normalized energy consumption, Network life time, and

delivery ratio performance metrics.

 This research designed a Balanced Battery Usage routing (BBU in short) for

MANETs that is capable of maximizing network life time and distributes energy consumption of

nodes across mobile nodes and evaluates its performance under various network densities.

Simulation results show that the developed energy aware routing protocol maximizes network

lifetime and fairly utilizes energy of each node.

 A new reactive routing protocol called Gossip based Balanced Battery Usage

(GBBU in short) routing protocol has been designed to minimize energy consumption and

maximize network life time. GBBU makes use of the minimum residual energy, sum residual

energy, node density and hop count to establish an energy efficient path. Minimum residual

energy and node density is used to rebroadcast the route request packets while minimum residual

energy, sum residual energy and hop count is used to select an energy efficient path among the

possible route.

1.9. Organization of the Thesis

The remainder of the thesis is organized as follows:

Chapter 2 provides literature review on routing protocols of MANETs that is helpful for

the understanding of the subsequent chapters. It presents classification and detailed descriptions

of the principles and operations of the traditional routing protocols. Chapter 3 gives a brief

explanation of the methodology used to conduct this dissertation work and justification of the use

of simulation as a means of evaluating the proposed energy efficient routing solutions against the

traditional ones. List of assumptions, network model, energy consumption model, and

performance metrics used in this research study are also discussed. Chapter 4 conducts a
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performance analysis of the three conventional existing routing protocols of MANETs namely

Ad hoc On-demand Distance Vector (AODV), Dynamic Source Routing (DSR) and Destination

Sequenced Distance Vector (DSDV) using various evaluation metrics. Chapter 5 gives a brief

overview of related work reported in published conferences and journals. Chapter 6 introduces a

new balanced battery usage routing protocol (BBU) for MANETs and evaluates its performance

characteristics by means of simulation experiments against those of an existing energy aware

routing protocols. Chapter 7 presents a new gossip based balanced battery usage routing

technique (GBBU) as a further enhancement of BBU. It uses a gossiping technique to compute

the forwarding probability value of a node based on its neighbor density and minimum residual

energy information. The chapter also investigates the performance analysis of GBBU on various

network conditions such as network density, node mobility and traffic load. Finally, chapter 8

concludes the dissertation by summarizing the results obtained in this research work and outlines

some possible directions for further work.
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CHAPTER II: LITERATURE REVIEW ON ROUTING PROTOCOLS IN MANETS

The main objective of this chapter is to provide background information about MANETs

routing protocols which is fundamental for the understanding of subsequent chapters. Routing is

an important issue for data communication networks. In a data communication network, if two

hosts are not connected directly by a communication link, data packets need to transmit to each

other by the help of intermediate nodes or routers. Identifying a path between the sender and the

receiver for data packet transmission in a network is called routing.

In a traditional wired computer network, there are nodes dedicated to the routing task,

called routers and/or switches. Routers and/or switches are used to forward messages from one

host to their corresponding destinations. Furthermore, traditional wireless networks have also

base stations or access points in which messages are relayed by the base stations or access points

e.g. cellular phone systems or wireless local area networks. In contrast to traditional wired or

wireless networks, nodes in wireless ad-hoc networks are not only sources or destinations hosts,

but also serve as routers/switches/access points/base stations to forward messages for other nodes

that are not within one hop wireless transmission range of each other. In MANETs, the

participating nodes form a self-organized network without any centralized administration or

support [13]. Thus, wireless ad-hoc networks are purely distributed systems.

During the last two decades, several routing protocols have been developed for mobile ad

hoc networks to support traffic collaboration among nodes in MANETs. These protocols can be

broadly categorized into three groups: Proactive, reactive and hybrid routing protocols. This

chapter also explains the main features of each groups, as well as its advantages and

disadvantages. The most commonly used protocol of each group is discussed in detail and also

demonstrated by schemas and an example.
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2.1. Limitations of Traditional Routing Approaches

A lot of routing protocols have been developed for wired networks. Currently, Distance

Vector routing and Link State routing are two of the most widely used routing algorithms in

wired networks [68].

Distance Vector routing is also called Bellman-Ford routing algorithm. In Distance

Vector routing, every router keeps a routing table (i.e. vector) consists of the distance

information to all reachable destinations and its neighbor nodes to reach every other destination

nodes. Furthermore the routing table of each node is updated periodically by exchanging distance

information with its neighbors. The main drawback of Distance Vector routing is the slow

convergence. Slow convergence leads to the "count-to-infinity" problem, i.e., some routers

continuously increase the hop count to particular networks. Moreover it requires high bandwidth

as each router sends its complete routing table to all of its neighbors. Routing Information

Protocol (RIP) [69] is a typical Internet routing protocol based on Distance Vector algorithm.

In Link State routing, each router builds up the complete topology of the entire

internetwork. Each node periodically notifies its current status of links to all routers in the

network. Whenever a broken link occurs, an update notification will be flooded throughout the

whole network to avoid obsolete route. After receiving the notifications, all routers re-compute

their routes according to the recent topology information. In this way, a router knows at least the

whole picture of the network. The metrics used in link state routing can be calculated based on

available bandwidth, queue length or delay. Shortest (or lowest cost) paths are calculated using

Dijkstra’s algorithm. Open Shortest Path First (OSPF) [70] is a typical example of Link State

routing algorithm.
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If a routing protocol is needed, why not use a conventional wired routing protocol like

distance vector or link state algorithm for MANETs? The main problem with distance vector and

link state algorithm is that they are designed for a static topology of higher bandwidth and

continuous power supply. Because both link state and distance vector tries to maintain routes to

all reachable destinations, it requires large and periodic exchange of control messages among the

network nodes in mobile environments. Periodic exchange of routing information increases

channel contention, consumes a significant part of the available bandwidth, and requires each

node to recharge its power supply frequently. This is in contradiction with the fact that all

updates in a wireless interconnected ad hoc network are transmitted over the air and nodes are

resource constrained such as battery power, bandwidth, and CPU. Additionally, Distance Vector

and Link State routing algorithms will cause routing information inconsistency and route loops

when used for dynamic networks [3, 40, 71, 72]. To alleviate the drawbacks associated with the

wired networks routing protocols, several MANETs routing protocols have been proposed.

2.2. Classification of Routing Protocols in MANET

The characteristics of MANETs have led to the development of MANET specific routing

protocols. MANET routing protocols could be broadly classified into three major groups based

on the route discovery and routing information update mechanisms: proactive (table-driven),

reactive (on-demand) and hybrid [73].

Proactive routing protocols: Proactive routing protocols find routes in advance for all

source and destination pairs and continuously learn the topology of the network by exchanging

routing information from each node to any other nodes in the network. This routing strategy

maintains valid routes to all destinations at all time even if the routes are not needed. However,

these protocols have the disadvantage of introducing more control packets that is continuously
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needed to update stale route entries even if no traffic is affected by the changes [74, 75].

Especially in dynamic environments, the problem is more severe and requires a significant

number of communication overheads to implement a proactive algorithm, leading to quick

exhaustion of node’s battery. This is due to the fact that in mobile scenarios there is a frequent

changes of network topology and hence to maintain obsolete routes, the newly routing

information is propagated throughout the network regardless of whether the affected link is

transmitted packets or not [74, 76]. In this category, Destination Sequenced Distance Vector

(DSDV) [50] and Optimized Link State Routing (OLSR) [52] can be included.

Reactive routing protocols: Reactive protocols proceed for establishing route(s)

whenever there is a need for a route from any source to destination. Therefore, when a source

node requires a route to a destination, it initiates a route discovery process by flooding a route

request (RREQ) packet through the entire network. Once a route has been established by

receiving a route reply (RREP) packet at the source node, it is maintained until either the

destination becomes unreachable or until the route is no longer needed. Route maintenance

procedure is used to maintain active routes. Since these protocols remove unnecessary routing

propagation of inactive topological information, they have less control overhead, use less

bandwidth, consume small amount of energy, and better scalability compared to proactive

routing protocols. Typical and well-known examples of reactive routing protocols are Dynamic

Source Routing (DSR) [49], Ad hoc On-demand Distance Vector (AODV) [51].

Hybrid routing: A hybrid routing protocol attempts to combine the properties of

proactive and reactive routing protocols. Hybrid protocols divide the network into areas called

zones or clusters. The proactive routing protocol is used inside the zones to establish and

maintain routes within the zones. On the other hand, the reactive protocols are exploited for
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determining and maintaining routes far away nodes or are applied between regions or zones.

Zone-based routing protocol (ZRP) [77] and sharp hybrid adaptive routing protocol (SHARP)

falls in to this category [78].

Several research studies demonstrate that proactive (table-driven) protocols consume

more energy than Reactive (On-demand) routing protocols, hence most of the research works

involve modification of reactive routing protocols [73, 79].

2.3. Standard Routing Protocols for MANETS

This sub section explains in detail some of the most well known routing algorithms for

MANETs. We describe Ad hoc On-demand Distance Vector (AODV) and Dynamic Source

Routing (DSR) from reactive routing protocols and Destination Sequenced Distance Vector

Routing (DSDV) from the proactive one. We have chosen these three MANET routing protocols

because MANETs working group or Internet Engineering Task Force (IETF) constituted the

protocols as a reference for other multi hop ad hoc networks routing protocols [3].

2.3.1. Ad hoc On-demand Distance Vector (AODV)

AODV is a reactive routing protocol that establishes a route to a destination based on a

needed basis, i.e. a route is established only when a source node needs to communicate with

another one for which it has no valid routing information in its table. Furthermore, optimal route

among possible routes is selected based on the shortest path between source and destination

pairs. This is useful for mobile environments such as MANETs since it minimizes

communication overhead and battery consumption compared to the traditional wired routing

protocols. Routing in AODV consists of two phases; route discovery and route maintenance.
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Route Discovery

When a source node wishes to send data, but does not have a valid route information to

the destination, it initiates a route discovery process to find the destination node. Path discovery

process is initiated by generating and broadcasting route request (RREQ) message to its

neighbors that in turn forward this RREQ packet to their neighbors and so on, until the

destination node is received or an intermediate node that knows the destination is encountered. If

a node could receive a RREQ more than once, it simply drops the redundant ones.

The RREQ packet contains the following main fields: Source IP Address, Destination IP

Address, Source Sequence Number, Destination Sequence Number (last sequence number

received in the past by the source from the destination node), Broadcast ID and Hop Count. Each

route request packets is uniquely identified by the pair of Broadcast ID and source IP address.

Broadcast ID is incremented by one from the last broadcast ID whenever the source node

initiates a route request. AODV uses sequence number to guarantee loop-free and to discover

fresh paths [51]. If a node receiving the RREQ packet has a route to the destination, destination

sequence number is used to determine whether this route is fresh enough to use as a reply to the

route request. Otherwise the freshness of a route is determined by source sequence number.

Each intermediate node while receiving an RREQ packet builds a reverse route back to

the source node by recording the address of the neighbor from which it received the first copy of

the RREQ in its routing table before forwarding it. Once the RREQ packet reaches the

destination or an intermediate node with a fresh enough route, the destination or intermediate

node generates a route reply (RREP) packet that is sent back to the source node through the

reverse route set up by the RREQ. While the RREP traverses along the reverse route, the

intermediate nodes along the route has also recorded the address of the neighbor from which they
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receive the RREP, just like the intermediate nodes do with the RREQ, thus setting up the forward

route. When the RREP reaches its destination, a forward and a reverse path are built between the

source and the destination of the RREQ. Finally, each node along the established route is not

required to have knowledge of other intermediate nodes on the path other than the next hop.

Route Maintenance

The next phase of the routing process is the route maintenance procedure which is

initiated during broken link due to nodes movement or battery failure. After the route discovery

process, the intermediate nodes along an active route keep its connectivity by means of a

periodic exchange of “hello” packets to its 1-hop neighbors. If local Hello messages stop arriving

from a neighbor beyond some time threshold, the connection is assumed to be stale or expired.

When a node detects that a route to a neighbor node is no longer valid it removes the routing

entry and sends back a route error (RERR) message towards the affected source nodes. A source

node receiving an RERR can initiate a new route discovery if the route is still needed [51, 80].

a) Initiation of RREQ and RREP dissemination in AODV
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b) Initiation of RREP in AODV

Figure 2.1: Illustration of the route discovery and route maintenance processes in AODV

between Source node S and Destination node D

As can be seen from Figure 2.1(a), let us assume that there are fifteen nodes in the

network. The source node S initiates a route discovery process using an RREQ packet and floods

it in the network to find a route for destination node D. When node S broadcasts a RREQ, nodes

A, B and C receive the RREQ packet. Accordingly, nodes A, B and C record node S on the

routing table as a reverse path for node S. After this, nodes A, B and C rebroadcast the RREQ

packet as it is assumed that they do not have a valid route to node D. Nodes E, F and M receive

the RREQ from nodes A, B and C, respectively. Hence, nodes E, F and M record nodes A, B and

C on the routing table as a reverse path for S respectively. Then E, F and M rebroadcast the

RREQ packets. When node F rebroadcasts, node E and M receives the duplicated RREQ packet.

Nodes E and M simply discard the duplicated RREQ from node F. The process will continue till

the RREQ reaches destination node D. Finally, When the RREQ packet reaches the destination

node D, node D prepares an RREP packet and sends it back to node S along the reverse route

having minimum hop count.
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Figure 2.1 (b) shows the maintenance procedure due to link failure. When a link fails, the

source and destination nodes notified. For example, when the link between node H and K is

failed, both nodes generate RERR packets to inform the source, the intermediate nodes along the

route and the destination node about the broken link. When the nodes receive RRER packets,

they delete the corresponding entries from their routing tables. Then the source node can

reinitiate a new RREQ packet containing a new broadcast id and the previous destination

sequence number if the route is needed.

2.3.2. Dynamic Source Routing (DSR)

DSR [49] protocol is characterized based on the concept of source routing rather than

relying on the routing table at each intermediate node. In source routing approach, each data

packet carries the address of each intermediate node through which the packet pass in order to

reach the destination. The key advantage of source routing is that the intermediate nodes do not

need to maintain up-to-date routing information in order to route the data packets towards the

destination since the packets themselves already contain all the routing information. DSR

eliminates the need for periodic route advertisement and neighbor detection packets present in

other routing protocols [81, 82]. The routing mechanism of the DSR protocol consists of two

basic phases: route discovery and route maintenance.

Route Discovery

When a node using a DSR routing agent has a data packet to send but does not have any

routing information, it initiates a route discovery process. The route discovery of DSR starts by

broadcasting an RREQ packet to its neighbors. A neighbor node receiving the RREQ packet

broadcasted the routing packet only if all of the following conditions are met: (a) the node is not

the intended destination of the Route Request message, (b) the node is not part of source route,
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(c) the RREQ packet is not a duplicate, and (d) no route information to the destination node is

available in its route cache. If all conditions are met, it appends its own address to the route

record field of the route request packet and forwards the packet to its neighbors. If condition (b)

or (c) is not satisfied, it simply drops the packet. The process continues till the receiving node is

the destination of the packet or has a valid route to the destination in its route cache. Finally

either the destination or an intermediate node having a fresh route of the destination replies an

RREP packet back to the source node. The RREP packet comprises the addresses of nodes that

have been traversed by the RREQ. The RREP packet is unicasted back to the source node by

using path information carried by the RREP. The route carried by the RREP packet is cached at

the source node for future use. Following the route discovery process, each data packet carries

the entire path information between source-destination to deliver a data packet to the intended

destination.

Route Maintenance

Route maintenance is responsible for detecting link disconnection in the network

topology that affects the used routes. DSR monitors the validity of existing routes based on the

acknowledgments of data packets transmitted to neighboring nodes. Each host that sends a data

packet gets an acknowledgment from the receiving host. When a node fails to receive an

acknowledgment, a RERR packet is sent back to the source node to reinitiate a new route

discovery phase. Nodes that receive a RERR packet delete all the route entries in the route cache

that uses the broken link. The source node must reinitiate the route discovery process, if this

route is still needed and no alternate route is found in the cache.

Although this routing maintenance procedure reduces control overhead, DSR protocol

has two major drawbacks. DSR is not scalable to large networks due to the nature of route
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discovery (i.e. each data packets carries the list of intermediate nodes along the path).

Additionally, DSR requires significantly more processing time and space than most other routing

protocols.

2.3.3. Destination Sequenced Distance Vector Routing (DSDV)

The Destination Sequenced Distance Vector (DSDV) protocol [50] is a variant of the

Distributed Bellman-Ford method, with the improvement of loop free using sequence number. In

DSDV, messages are transmitted between nodes based on routing tables which are stored at each

node. Each routing table stores all available destinations, the next hop towards a destination, the

number of hops to reach them and a destination sequence number that is created by the

destination. Sequence numbers are used in DSDV to distinguish obsolete routes from fresh ones

and provide loop free routes. DSDV requires that each mobile node broadcasts its own routing

table to its adjacent nodes in order to keep an up-to date route to its neighbors. Each broadcasted

DSDV packet consists of the following information:

 The destination address

 The number of hops reaching to the destination and

 The latest sequence number known for the destination

DSDV broadcasted routing information periodically however when any new or

substantial change occurs in between, this information is transmitted soon to maintain the

freshness of the routing table. During table creation the route with the most recent sequence

number is always used. For instance, when a node receives a broadcast packet from node i, it

updates the sequence number of the entry relative to node i in its routing table, and then

rebroadcasts its own routing table. When node j, which is not a neighbor of node i, receives the

broadcast from node k, it evaluates its own routing table with the received one, and if the
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sequence number of the entry relative to node i is newer, then node j updates its entry relative to

node i. Hence, node j updates the sequence number for the received one and node k becomes the

next hop to reach node i. After updating its routing table, node j rebroadcasts the updated routing

table to its neighbors and the retransmission of newly information continues till all nodes of the

network notifies the change.

Figure 2.2 depicts how the mobility of node 3 affects the routing table of node 2 on a

network of six nodes. In DSDV, each node in the network broadcasts the routing information to

all other nodes and also establishes its own routing table. For example, Table 2.1 shows the

routing table of node 2. But, when node 3 changes its position as shown in Figure 2.2 the link

between node 2 and node 3 and node 1 and node 3 will be broken resulting in the assignment of

infinity metric at node 2 for node 3 and the sequence number will be changed to odd number in

the routing table at node 2 to indicate infinity metrics. The same is true for node 1 as well. Odd

sequence number is used to indicate infinity metrics for unknown number of metrics for a

destination node otherwise even sequence number is used.

In the next step the change will be re-transmitted to its neighbors’ nodes. Since, there is a

new neighbor host for node 4 and node 6; they modify their routing table information and

rebroadcast it. If node receives fresh routing information from its neighbors with the same

sequence number but different metrics, a route having smaller number of hop count will be

selected. Table 2.2 shows how DSDV routing table is constructed by a node.
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a) Example  of DSDV before the movement of node 3

b) Example  of DSDV after the movement of node 3

Figure 2.2: Illustration of routing table maintenance in DSDV routing protocol

Table 2.1: Construction of routing table of node 2

Destination Next hop Metric Sequence

number

1 1 1 SQN402-1

2 2 0 SQN98-2

3 3 1 SQN110-3

4 4 1 SQN546-4

5 4 2 SQN322-5

6 4 2 SQN726-6

1

2

3

5

6

4

5

6

4

3

2

1



35

Table 2.2: Construction of routing table of node 2 after the mobility of node 3

Destination Next hop Metric Sequence

number

1 1 1 SQN402-1

2 2 0 SQN98-2

3 4 3 SQN118-3

4 4 1 SQN546-4

5 4 2 SQN322-5

6 4 2 SQN726-6

Though each node tries to maintain routing information for every other node in DSDV,

DSDV routing protocol has the following shortcomings. One problem is the so called “count-to-

infinity" problem. In unfavorable circumstances, it takes up to N iterations to detect the fact that

a node is disconnected, where N is the number of nodes in the network [65, 83]. Another

problem is that excessive communication overhead is incurred due to periodic and triggered

routing updates with mobility. Generally, DSDV routing protocol does not scale well to large

networks and mobile environment.

Summary

In this chapter routing protocols for both wired and ad hoc networks, classification of

routing protocols of MANETs have been briefly described along with their shortcomings. The

justification of why the existing routing protocols of traditional wired routing protocols is not

valid for MANETs has also been discussed. The chapter has also provided background
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information about the most widely used routing protocols of MANETs namely; AODV, DSR

and DSDV that will be used in this dissertation work to evaluate their respective energy

efficiency in various scenarios.

The next chapter will described in details the justification of selection of simulation

platform as a methodology for our dissertation work, network models, assumptions, and

evaluation performance metrics.
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CHAPTER III : RESEARCH METHODOLOGY AND APPROACH

This chapter presents a methodology and parameters used for evaluating the developed

protocols in a mobile ad hoc network environment which includes method of the study,

simulation systems, evaluation metrics and assumptions used for analyzing and comparing

protocols later in this dissertation. The chapter is structured as follows. Section 3.1 describes

justification of the method and the type of simulation used while simulation model and system

parameters are discussed in section 3.2. Section 3.3 presents a brief description of the

performance metrics employed for the evaluation of the proposed protocols and existing routing

protocols. Section 3.4 lists the assumptions that apply throughout this dissertation work. Network

and energy consumption models are provided in section 3.5 and section 3.6.

3.1. Justification of Method of Study

In this research, a series of extensive simulations are carried out to evaluate and study the

performance of an existing routing protocols and proposed energy aware routing protocols of

MANETs. Simulation has been chosen in this research work as the method of evaluation due to

the following reasons:

 It provides a reasonable tradeoff between the accuracy of observation in experimental test

bed implementation and the insight and completeness of understanding provided by

analytical model [84].

 Simulation provides the comparison between different protocols under the same scenarios

[85].

 It allows us to exactly control the environment in which each protocol runs, and explore

the impact of different performance metrics. This aids the protocol developer to make
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changes to the network protocol and re-test it in the same scenario which will help in

deeper understanding of how the changes affect the performance results.

 It allows us to independently vary input parameters such as mobility, density, traffic load

etc. and measures each protocol’s sensitivity to those parameters.

 Analytical model provides an ability to study a system consists of large number of mobile

devices than simulation but at the price of numerous simplifications and assumptions.

Hence it restricts their validity to a specific kind of scenarios. On the contrary, simulation

can mimics several real-world scenarios in more details [85, 86]. Furthermore,

Simulation is widely accepted and commonly used to evaluate proposed protocols

efficiency as it can provide a more realistic model for the evaluation of energy

consumption rather than an assumption of oversimplified and idealized hypotheses in the

mathematic based theoretical models [87].

 Simulation also allows a wide variety of scenarios and network configurations to be

evaluated on a reasonable scale, time frame and budget unlike experimental test bed [88].

A number of network simulators have been proposed for Mobile Ad hoc Networks

(MANETs) to analyze system performance. Some of the most popular ones are NS-2 [89],

GloMoSim [90], QualNet [91], OPNET [92] and OMNET[93]. However in this dissertation

study NS-2 (v.2.35) simulator [89] has been chosen to analyze the performance of the proposed

solutions. This is due to the following reasons:

 NS-2 has been developed as a university research project that is well documented, open

source and compatible with Linux operating system [94].
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 NS-2 is a proven simulation tool utilized in many previous studies on MANETs and has

been validated and verified in [95-97]. Table 3-1 shows the popularity of simulators used

by MANETs research study [98].

 NS-2 consists of detailed, comprehensive and up-to-date infrastructure library for most

important operations of MANETs ;

 It is suitable for designing new protocols, comparing different protocols and generating

traffic source and mobility scenario files ;

Table 3.1: The popularity of different simulators used for MANETs study

Name Popularity Licence

NS-2 88.8% Open Source

GloMoSim 4% Open Source

OPNet 2.61% Commercial

QualNet 2.49% Commercial

OMNet++ 1.04% Free for academic and educational use

NAB 0.48% Open Source

J-Sim 0.45% Open Source

SWANS 0.3% Open Source

GTNets 0.13% Open Source

pdns < 0.1% Open Source

DIANEmu < 0.1% Free

Jane < 0.1% Free
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The researcher implements the proposed energy aware gossip protocols using both C++

and the Tool Command Language (TCL). Furthermore, trace files of the simulation results are

analyzed by using Awk programming language. The overall procedure of implementation and

evaluation of protocols are depicted in Figure 3.1.
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Figure 3.1: Flow diagram for implementation and simulation of routing protocols in NS2
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3.2. Mobility Model and System Parameters

In this research and in other studies as well [12, 33, 34, 98], the key elements of the

simulation consists of: number of nodes, simulation area, mobility model, maximum speed,

number of traffic flows and data rates. The simulation model contains two set of scenario files:

traffic pattern/generation and topology scenario files. The topology scenario files define the

mobility model which governs the distribution of mobile nodes within the simulation area over

the simulation period. On the other hand, the traffic pattern file consists of information such as

packet type, data packet size, generation rate of the data packet and the number of traffic flows.

The random waypoint mobility model [99-100] is used to generate all mobility scenarios

for this research because it is a general-purpose mobility model that has been used extensively in

MANET research work. Furthermore several academic research works use it as benchmark for

experimental test beds [33,101-105]. The implementation of the random waypoint mobility

model is as follows: when the simulation begins, each mobile node randomly chooses a

destination point in the simulation area and a velocity between [0,Vmax] ,where the parameter

Vmax is the maximum velocity for a mobile node. It then travels towards this destination. The

speed and direction of a mobile node are chosen independent of other mobile nodes. Upon arrival

to the intended destination, the mobile node stops for a duration of ‘pause time’ i.e. T. If pause

time is 0, the mobile node continuously moves with in the simulation field. After this duration, it

again chooses another random destination in the simulation area and moves towards it. The

process is repeated continuously until the simulation time ends. Figure 3.2 shows an example of

the node movement in the Random Waypoint Model where the starting point is the black dot.
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Figure 3.2: Example of node movement in the Random Waypoint Model

In the Random Waypoint model, the key parameters that determine the mobility of

mobile nodes are maximum velocity Vmax and pause time T. If the pause time is long and node

mobility is small, the network topology is relatively stable. On the other hand, if Vmax is large

and the pause time T is small, the network topology becomes dynamic. Hence in Random

Waypoint model different mobility scenarios can be generated by varying these two parameters,

especially the Vmax parameter [106].

The researcher has created various node movements and traffic scenarios by using the

following parameters in NS-2. The node movement parameters include: the number of nodes in

the network (-n), the pause time between node movements (-p), the maximum speed of each

node in meters per second (-s), the total simulation time in seconds (-t), the boundary in the x

axis in meters (-x) and the boundary in the y axis in meters (-y). The traffic scenario parameters

also consist of: the type of traffic (-type), number of nodes in the network (-n), the maximum

number of source destination connections between them in the network (-mc) and the

transmission rate of packet in packets per second (-rate).
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In this research work to specify the physical radio characteristics of each node each nodes

such as the transmit power, signal to noise and interference ratio and antenna gain, we have

examined which LAN technology is widely used by MANET devices in the literature. We have

found that Lucent LAN technology is popularly used in MANETs due to an affordable price,

availability of the technology on the market, and a shared-media radio capability of the

technology that is compatible with the IEEE 802.11 standard. Hence the parameters used in this

dissertation work are tuned to mimic the commercial lucent LAN technology [107,108].

Therefore, a nominal bit rate of 2 Mb/s and a transmission range of 250 meters with an Omni-

directional antenna will be used during simulation. Nodes are assumed to be equipped with a

wireless transceiver operating on IEEE 802.11 wireless standard [19, 108, 109].

The initial energy for each node during the simulation is randomly set values between 60

and 200 Joules. Those values are obtained using an extensive simulation experiments by keeping

the simulation time constant while varying initial energy of each node so that some nodes will

exhaust its battery during the simulation period. This is because, if the initial energy of nodes is

too large, we could not see the impact of performance metrics such as network lifetime, delivery

ratio, and so on in both the proposed energy efficient and existing routing protocols as each node

has ample capacity of residual energy at the end of the simulation. For instance, if the initial

energy of each node is too large, one could not obtain nodes which exhaust its energy at the end

of the simulation. Hence the network lifetime metric is no more an evaluation metric for

performance comparison. The same is true for delivery ratio and other metrics. On the other

hand, initializing each node with very small value of energy has made several nodes died during

the simulation period and thus the evaluation metrics like network lifetime, normalized energy

consumption, delivery ratio and so on will not have various performance measurement values.
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Though it is possible to make the residual energy very large by increasing the simulation time,

the amount of time required to obtain a single output will take considerable number of days.

Moreover, the dissertation requires an enormous number of simulation results. Therefore, to

obtain an adequate trace files for the dissertation work at a reasonable time, we have made the

simulation time and residual energy relatively proportional.

The IEEE 802.11 MAC layer has two access methods to the wireless medium: the Point

Coordination Function (PCF) and Distributed Coordination Function (DCF) [19, 108, 109],

where the former is contention-free and the latter is contention-based. The DCF is the

fundamental MAC access method of MANETs that performs in a distributed fashion. PCF is an

optional access method where a central node coordinates in accessing the wireless channel and

hence appropriates for infrastructure wireless network. DCF follows the Carrier Sense Multiple

Access with Collision Avoidance (CSMA/CA) scheme based on the concept of listen-before-talk

to prevent collisions and retransmissions. Hence in order to accurately model the contention of

nodes for the wireless channel in MANETs, the DCF medium access control method is used

All mobile nodes are identical and operate in a simulation area of 1500m x 1500m. The

application layer at each node generates CBR traffic at a rate of five packets per second with a

packet payload size of 512 bytes. For all the scenarios, each simulation runs for a period of 1000

seconds and each data point represents an average of twenty different experimental trials with

different seeds to minimize effects of randomness. A sample screen shot of MANET

representing a 60 node topology is as shown in figure 3.3.
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Figure 3.3: A screen short of MANET visualization representing a 60 node topology

The above settings could represent a MANET of real life scenario; e.g. a University

campus, festive location or battlefield. Note that the number of mobile nodes and simulation time

could be larger than the one presented in these scenarios. However, the values chosen are to keep

the simulation running time manageable while still maintaining enough traces files for analysis.

Furthermore, the parameters used in this simulation research study have been adopted from

existing performance evaluation studies of MANETs [74, 80, 110-114], and are summarized in

the following Table 3.2.
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Table 3.2: Simulation Parameters used in the simulation experiments

Simulation Parameters Value

Simulator NS-2 (v.3.35)

Transmitter range 250 meters

Bandwidth 2 Mbps

Interface queue length 50 Packets

Traffic type CBR

Traffic Sources 3 to 15

Packet size 512 bytes

Simulation time 1000 sec

Number of trials 20

Geographical areas 1500m x 1500m

Number of nodes 20 to 200

Mobility Model Random way point

Maximum speed 5m/s to 25m/s

Pause time 20 sec

Initial Energy 60 to 200 Joule

Transmission Power 0.33 watt

Reception Power 0.28 watt

Tmax 0.1 sec

C1 2
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C2 1

Node degree Threshold 8

In this research study, the impact of different network operating conditions are

considered. These are network density, traffic load, and mobility (in terms maximum speed). The

impact of each condition is examined by varying one condition while keeping the other

parameters constant to avoid the effect of the other conditions on the performance result of the

varying condition. Each of the operating conditions is discussed as follows:

Network Density: This refers to the total number of mobile nodes in the network. It is

used to examine the impact of different number of mobile nodes on the performance of the

mobile ad hoc network. The simulation area is kept constant in all scenarios of network density.

Simulation has been conducted by deploying 20, 40, 60,80, …, 200 nodes while fixing the

maximum speed to 20m/s and the traffic load to 9 source-destination connections and 5 packets

per second data generation rate for the scenario.

Traffic Load: This is used to examine the effect of different number of source destination

connections or traffic load on the performance of the mobile ad hoc network. During route

discovery process, traffic load of 6, 9, 12, and 15 random source-destination connections with

data generation rate of 5 packets per second were used. The optimal network density is kept 140

nodes which represent dense network for the simulation area of 1500mx1500m with a maximum

speed of 20m/s.

Mobility: This is used to examine the effect of different node mobility (in terms of

maximum speed) on the mobile ad hoc network performance. Maximum speeds of 5, 10, 15,

20m/s, and 25m/s were used to simulate human (slow, fast walking and running) speed, bicycle
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speed and vehicle speed. A network density of 140 nodes, traffic loads of 9 source-destination

connections and 5 packets per second data generation rate were used to avoid the effect of both

network density and traffic load.

3.3. Performance Metrics

The performance of routing protocols is largely dependent on the efficiency of the route

discovery method used [111]. In this research, new energy aware routing approaches are

incorporated in some existing routing protocol and their performance are evaluated using the

following performance metrics. These performance metrics have been widely used in the

literature [33, 35, 47, 74, 110-113, 115-122]:

Normalized routing overhead: It is the ratio of the total number of routing bytes

propagated by every node in the network to the number of received data packets in bytes by the

destination nodes. This value shows the protocol efficiency.

Average collisions rate: the total number of RREQ packets dropped in bytes by the

MAC layer as a result of collisions per unit simulation time.

Delivery ratio: the ratio of data packets reaching the destination node to the total data

packets generated at the source node.

Network lifetime: the time it takes for the first node to deplete its energy.

Energy consumption per delivered data packet or Normalized energy consumption:

It is defined as the ratio of the total amount of energy consumed by each node in the network to

the number of data packets received by the destination nodes. Energy consumption is calculated

as the difference between the initial energy of the node and the residual energy of the node at the

end of simulation. A less value of normalized energy consumption means that most of the data
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packets being received with less energy and is an indication of attainment for an energy efficient

protocol.

Standard deviation of residual energy of all nodes: shows how much remaining energy

variation or "dispersion" exists at the end of the simulation time. The computed value reflects

whether the routing protocol overused any number of nodes or not. The idea behind this metric is

that less energy capable mobile nodes in a network operate at high priority level so that all the

mobiles in the network remain powered-on together for as long as possible. The value calculated

indicates whether the routing scheme has overused any number of nodes or not. This is a very

important performance metric because it is a measure of protocol fairness. Therefore, the sought

value for this metric is one that is as close as possible to zero. The smaller value of this metric

indicates that all nodes in the network are running up together and no one node must be

penalized more than any of the other nodes.

Average end to end delay: the average interval time between sending by the source node

and receiving by the destination node, which includes buffering during route discovery delay, the

processing time and queuing time at the interface queues and retransmission delays at the MAC,

propagation and transfer times.

3.4. Assumptions

The following assumptions, which have been widely adopted in the literature [49, 50, 74,

75, 83, 123, 105] have been used throughout this research.

 Each mobile node wireless transceivers are active at all times.

 All nodes keep track of their initial and remaining energy at all times and only nodes with

nonzero remaining energy can participate in the network.
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 Transmissions may interfere with each other (i.e. affect each other if they occur in close

proximity); however a node within the transmission range of the sender will always

successfully decode a transmission provided that there is no interfering transmission.

 All mobile nodes are homogeneous, i.e. all nodes are equipped with IEEE 802.11

transceivers with the same nominal transmission range and interface cards.

 All nodes participate fully in the routing protocol of the network with no greedy node. In

particular each node participating in the network should also be willing to forward

packets to other nodes in the network.

 A route discovery process can be initiated by any source node which has a data packet to

be transmitted.

3.5. Network Model

A Mobile ad hoc network can be modeled using a bi-directional graph G = (N, L), where

N represents the set of all mobile nodes/vertices, n, that comprise the network and L is the set of

links or edges, l. Each link represents an edge between connected nodes currently within the

transmission range of each other. Let us assume that source node S has k number of routes

reaching to destination node D and R be set of paths or routes , ri , reaching to destination node D,

where i = {1 , 2 , 3 ...k}. Hence, R= {r1 , r2 , r3 , ... rk}. Each path is composed of a set of links

li,j, where i,j connects node i and node j. Therefore a path r from the source node S to the

destination node D is symbolized by rk={lS,1 , l1,2 , ..., lD-2,D-1 , lD-1,D}, where lS,1 is the first link

that connects the source node S and node 1, l1,2 is the next link which connects node 1 and node

2, lD-2,D-1 is the preceding link from the last that connects node D-2 and node D-1 and lD-1,D is the

last link reaching to the destination node D. Figure 3.4 depicts an illustration of a route.
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Figure 3.4: A path between Source node S and Destination node D

The weight function maps the edges to a positive integer domain I, (L → I). We assume

that each node calculates its remaining energy ei. The weight for node i from source node S to

node I is minimum residual energy and summation of residual energy between source node S and

node I. Therefore, the weight of route ri from a source node S to a destination node D, W(ri), is

either the ratio of the sum of all residual energy to hop count or the ratio of minimum of residual

energy to hop count between source node S and destination node D.

W(ri)= {e1 + e2 + ... + eD-1 } / hop count or min { e1 , e2 , ... ,eD-1 } /hop count

The problem now is reduced to finding either a maximum or minimum cost route in a

weighted graph, where the cost is related to energy. This implies that if a node has more than one

way to reach a destination, the route i with either the maximum sum or the minimum residual

energy weight is chosen, W(ri)= max (W(ri )) or min (W(ri )) where i ε k .

3.6. Energy Consumption Model

According to the specification of the lucent IEEE 802.11 WAVELAN PC card

characteristics; the current value using an energy supply voltage of 5.0V is 280mA and 330mA

in receiving and transmitting mode respectively with data rates of 2 Mbps [74, 96, 110]. Thus,

The energy consumption needed to transmit or receive a packet p is: E(p) = i * v * tp Joules,

where i is the current value, v the voltage, and tp the time taken to transmit or receive the packet
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p. Furthermore the packet transmission time tp is calculated by (ph/(2 *106) + pd/(2 * 106))sec,

where ph is the packet header size in bits and pd the payload size.

The following equations represent the energy used (in Joules) when a packet is

transmitted (Eqn. 1) or received (Eqn. 2);

Energy-Tx = (0.33*5*(ph+pd))/2*106 (1)

Energy-Rx = (0.28*5*(ph+pd))/2*106 (2)

Summary

This chapter has discussed the justification of using simulator as a research method for

this dissertation work to evaluate the performance of the routing protocols. We also presented the

reason for choosing NS-2 as a simulation platform for the research work. The performance

metrics used to evaluate the efficiency of each protocol have also been examined. The chapter

has listed some assumptions that apply throughout the dissertation. Finally, network and energy

consumption model that will be used during the simulation have described.

In the next chapter, we describe in details the performance comparison of AODV, DSR,

and DSDV routing protocols using NS-2.35 simulator. Justification for the decision to develop a

more energy efficient protocols that reduces the energy consumption, maximizes network

lifetime and distributes energy consumption across mobile nodes based on AODV routing

protocol will also be given.
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CHAPTER IV: PERFORMANCE EVALUATION OF EXISTING AD HOC ROUTING

PROTOCOLS

This chapter presents detail simulations results of two reactive ad hoc routing protocols

(AODV, DSR) and one proactive routing protocol (DSDV) by means of NS-2.35 simulator [89].

The main objective of the simulation is to evaluate the relative performance analysis among

existing routing protocols and explain why AODV routing protocol is selected from the large set

of candidates for the implementation of our proposed work. Moreover, it provides a response to

one of this dissertation research question “Which traditional routing protocol of MANETs is an

energy efficient protocol?”

The choice of these protocols for comparison is due to the fact that they cover a variety of

design choices:-

 The use of periodic message transmission (DSDV) versus an on demand route

discovery process (DSR, AODV).

 The feedback mechanism used for route maintenance to indicate a link failure:

forward a packet to the next hop in the case of DSR, AODV i.e. a broken link is only notified to

those nodes along an active route which affects due to the broken link versus flooding broken

link message throughout the network i.e. network wide broadcast in the case of DSDV.

 The algorithm used to find a route, such as distributed Bellman-Ford (DSDV,

AODV) versus a pruned breadth-first search of connectivity links (DSR).

 The forwarding algorithm used to find a route, such as hop-by-hop routing

(DSDV, AODV) versus source routing (DSR).

The evaluation metrics used for performance comparison among the aforementioned

MANETs routing protocols are energy consumption, network lifetime and delivery ratio. The
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chapter starts with Section 4.1 by presenting a description of the simulation scenarios considered.

Section 4.2 presents simulation results gathered from the different simulation scenarios. Section

4.3 discusses the results obtained, followed by a summary of the chapter in Section 4.4.

4.1. Simulation Environment

The simulation scenarios consist of 60 to 140 mobile nodes placed on an area of 1500m x

1500m with 9 number of traffic flows (i.e. source-destination connections). The transmission

range of each node is 250m and each simulation runs for a period of 1000sec. A Constant Bit

Rate (CBR) of 512 bytes data packets with sending rate of 5 packets per second has been used

[124]. Identical traffic loads and environmental conditions are used in order to maintain direct

and fair comparison among the routing protocols. Each data point for each routing protocols

represents an average of twenty randomly generated traffic scenario files.

In this study, mobile nodes move according to the widely used random waypoint mobility

model [100, 125], where each node at the beginning of the simulation remains stationary for

pause time seconds, then chooses a random destination and starts moving towards it with a speed

randomly selected from [0, Vmax] . After the node reaches its destination, it again waits for t sec

and picks up a new random destination and speed. This cycle continues until the simulation ends.

The maximum speed Vmax is 20m/sec and pause times of 20 seconds are considered. The

parameters used in this simulation research study have been adopted from existing performance

evaluation studies of MANETs [74, 110-115].

4.2. Analysis of DSDV, AODV and DSR MANETs routing protocols

The results of a comparison among AODV, DSR and DSDV routing protocols are

presented in this section in terms of normalized routing overhead, delivery ratio, network

lifetime, energy consumption and normalized energy consumption.
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Normalized routing overhead

Figure 4.1 compared the normalized routing overhead of AODV, DSDV and DSR

routing protocols across different number of nodes. Figure 4.1 shows that the normalized routing

overhead increases with an increase in number of nodes. Furthermore in each network density,

the normalized routing overhead generated by AODV is lower compared with those of the

DSDV and DSR routing protocols.  The performance advantage of AODV over the DSDV and

DSR is further increased in dense networks. This is due to the fact that AODV activate the route

discovery process only when a source node needs to communicate data packets with another one

unlike DSDV and each data packet does not carry each node’s address along the path unlike

DSR. As a result, the battery of each node relatively getting depleted at a slower rate compared

to DSDV and DSR routing protocols thereby reduces frequency of broken link due to battery

exhaustion, leading to minimum routing overhead.
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Figure 4.1: Normalized routing overhead with different number of nodes

Delivery ratio

Figure 4.2 depicts the delivery ratio against network density of AODV, DSDV and DSR

routing protocols. The figure shows that the percentage of packets delivery ratio for each of the

considered routing protocols decreases when the network density increases. It could be also

noticed that the percentage of packets delivered to the destination nodes is considerably higher in

AODV than the others routing protocols. This is due to the fact that DSR and DSDV induced an

excessive control packets (e.g. RREQ packets) as shown in figure 4.1 thereby increases channel

contention, packet collisions and buffer overflow and hence decreases the bandwidth available

for data transmission, leading to more drop in data packets. The other reason is that AODV is

aggressively maintaining active broken links with minimal overhead unlike DSR and DSDV.
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Hence, it provides better chances to avoid usage of stale routes for data transmission. DSR has

also poor packet delivery ratio compared to DSDV because each DSR data packet carries the

address of each intermediate nodes on the route between source and destination and thereby

proportionally increases the size of the data packet propagated through the network, leading to

packet collision, channel contention, buffer overflow, and exhaustion of node’s battery.

Figure 4.2: Deliverey ratio with different number of nodes

Network Lifetime

Figure 4.3 illustrates the life time of the network versus network density of AODV,

DSDV and DSR routing protocols. In the figure when the number of node increases the network

lifetime in all the routing schemes decrease. This is because as the number of node increases, the

routing packets generated and disseminated through the network increases. As a result, a
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considerable amount of node’s energy is consumed by each node’s of the network and hence

decreases the network lifetime. As can be seen in Figure 4.3, AODV successfully runs the

network for a longer period compared to DSDV and DSR routing protocols. This is because

AODV reduces a considerable routing overhead than DSDV and DSR routing protocols as

shown in figure 4.1.

Figure 4.3: Network lifetime with different number of nodes

Energy Consumption

Figure 4.4 illustrates the energy consumption versus number of nodes of for the

considered routing protocols. From the graphs we noticed that as the number of nodes increase

the total energy consumption is also increased. This is due to the fact that when the number of

nodes increase, a large number of nodes are more likely to participate in forwarding and
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generating routing packets, thereby increasing total energy consumption. Moreover, the energy

consumption of AODV is smaller than both DSR and DSDV routing protocols. Unlike AODV,

the packet size in DSR is variable. This is due to the fact that in DSR, routing table is not

maintained by each intermediate node, hence each data packets originating from the source

appends all the route information on the data packets during transmission which results in an

increase in energy consumption across all tracing nodes. On the other hand, DSDV has the

disadvantage of introducing more control packets that is continuously needed to update stale

route entries even if no traffic is affected by the changes, leading to a considerable amount of

energy consumption.

Figure 4.4: Energy consumption with different number of nodes
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Normalized energy consumption

The simulation result of normalized energy consumption as a function of number of

nodes for AODV, DSR and DSDV routing protocols is depicted in Figure 4.7. The figure shows

that AODV has minimum normalized energy consumption compared to DSR and DSDV routing

protocols. This is because AODV increases delivery ratio and decreases energy consumption

compared to DSDV and DSR as shown in figure 4.2 and figure 4.4.

Figure 4.5: Normalized energy consumption with different number of nodes

Summary

This chapter has made a simulation comparison among three existing routing protocols

and described the performance of each routing protocols by using a number of evaluation

metrics. From the comparison of the three routing protocols, it can be seen that AODV routing
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protocol performs better in all the considered performance metrics. Even though AODV is an

efficient MANET routing protocols, AODV and most of the routing protocols have two major

drawbacks. The first one is  they employ a broadcast scheme referred to as “simple flooding”

whereby a route request packet originating from a source node is blindly disseminated to the rest

of the network nodes. This leads to excessive redundant re-transmissions, causing high channel

contention and packet collisions in the network, a phenomenon called broadcast storm, leading to

high power consumption. Reducing the flooding will reduce the protocol overhead and routing

load and therefore the power consumption. The second drawback of AODV uses minimum hop

count as a cost metric to select a route for data packet transmission. However, shortest hop count

technique did not consider energy as a cost metric and hence less energy capable nodes could be

part of an established route, leading to frequent broken link. Consequently, most of the mobile

nodes could exhaust their energy before attaining the desire objectives.

Thus our research study concentrated on making AODV more energy efficient routing

protocol.
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CHAPTER V: RELATED WORKS

The power conservation techniques have been addressed in the literature by several

scholars. This chapter discus some of the existing power saving routing methods and techniques

developed for mobile ad hoc networks. Management of energy resources in wireless ad hoc

networks is of paramount importance for battery driven mobile nodes due to the limited

availability of energy capacity. The methods have been developed to minimize the energy costs

of communication since wireless communication consumes a considerable amount of energy

and/or to find an energy efficient route for data communication by practicing energy aware

routing strategies. The ultimate goals of such routing strategies are to increase the network

lifetime, reduce energy consumption and/or distribute energy usage among mobile nodes.

The problem of energy efficiency in MANETs can be addressed at different layers of the

protocol stack such as power saving medium access control layer protocols, energy efficient

routing protocols, and power sensitive network architectures. However, this chapter mainly

discussed an energy efficient approaches which have been developed at the network layer. The

chapter is organized as follows. Section 5.1 discusses previous studies which minimize energy

consumption of mobile node battery indirectly by reducing number of flooding packets and

section 5.2 describes energy efficient techniques that minimize energy consumption and

maximize network life time in ad hoc networks using energy aware metrics.

5.1. Energy efficient approach using broadcast schemes

Route discovery in mobile ad hoc networks is done by flooding. Flooding is the

technique in which a node, receiving flooded packet m for the first time, retransmits it once

[126]. In Classical Flooding [33, 47, 127], a source node broadcasts a message to all of its

neighbors and each of these neighbors will examine whether the message has been seen as
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previous broadcast or not. If yes, the message will be dropped; otherwise the message will be

rebroadcasted to their neighbors. The process will continue till every node on the network

receives the message. Although flooding routing approaches are simple to implement, they create

redundant retransmissions, channel contentions, packet collisions, packet loss, and resource

blindness (e.g. exhausts mobile node battery, bandwidth) problems, leading them neither

effective nor efficient for message dissemination in mobile ad hoc networks. Collectively the

aforementioned problems are referred to as the broadcast storm problem [33, 47]. Each of the

drawbacks of flooding approach is described in details as follows:

Redundant rebroadcast: This phenomenon occurs when a node retransmits the packets

to its neighboring nodes that have already received. Figure 5.1 illustrates a sample network with

5 mobile nodes. When node A broadcasts a packet then neighbor nodes of A, i.e. nodes B, C, and

D, receive the packet. Node B, C and D then rebroadcast then the packet is redundant to nodes A,

C, D as nodes A, C and D have received a copy of the packet already from A’s transmission. In

this scenario, rebroadcasting the packet only by nodes A and B is enough for the broadcast

operation.

Contention: This happens after a node broadcasts a packet and if each neighbors of the

sender node compute each other to use the shared physical channel for retransmission of the

packet. This will result in delay during the dissemination of data packets.

Collision: As nodes contend for shared channel, if more than one node tries to transmit at

the same time on the medium, collision is more likely to happen.
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Figure 5.1: Example of redundant transmission for a five node MANET

However, to mitigate the negative impact of blind flooding, a number of broadcast

schemes have been proposed. Typical proposed broadcast schemes which have been used to

reduce redundant retransmission of packets are classified into five categories: probabilistic,

counter based, location based, Area based and Gossip based flooding schemes.

Probabilistic Based Methods [11, 121, 78]

Probabilistic broadcasting is one of the most efficient broadcast methods that have been

proposed in [33, 44]. In probabilistic approach, instead of retransmitting packets to all of its

neighbors as a case in flooding, a node only rebroadcasts received packets with a predetermined

forwarding probability of Pi upon receiving it for the first time. In probabilistic approach, the

choice of forwarding probability is an important parameter for its effectiveness. To select an

appropriate forwarding probability, the authors in [128] have proposed the use of random graphs

[72] and percolation theory [129] in MANETs. They claimed that there exists a probability value

Pi < 1, such that by using Pi as a forwarding probability, almost all nodes receive a flooding

packet, while a forwarding probability of p greater than Pi is not yield any significant

improvement. Due to the non-existence of mathematical technique for estimating forwarding

probability Pi for any type of mobile ad hoc network, many probabilistic approaches use various

predetermined value forwarding probability for Pi to retransmit a newly received packets.
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The probabilistic schemes proposed in [31, 47] are an approaches that aim at reducing

routing packet redundancy. In these schemes, when a node receives a broadcast message for the

first time, it rebroadcasts the message with fixed and pre-determined probability p regardless of

node’s energy level and neighbor information. The researchers have shown that, the optimal

value of p in terms of high reachability and saved rebroadcast is approximately equal to 0.65 to

0.7. Their approaches reduce overheads but might suffer from frequent broken link and energy

consumption due to negligence of the impact of node degree/ number of neighbors and energy

level of each node i.e. the assignment of the forwarding probability is fixed irrespective of each

node conditions.

The advantage of probabilistic broadcasting over the other proposed broadcast methods

[33, 47, 62, 130, 131] is its simplicity. Even if probabilistic broadcast methods can significantly

reduce the impact of the broadcast storm problem, an early death of packet is a snag for the

approaches [33, 47, 128]. However the authors in [105, 132] have argued that poor reachability

of packets occurred by the probabilistic broadcast algorithms in [33, 47, 128] is due to the
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assignment of the same forwarding probability at every node in the network regardless of the

number of its neighbors. Thus, to resolve the reachability problems, references in [105, 133]

have proposed fixed pair of probabilistic broadcast scheme where the forwarding probability p is

adjusted based on node degree information. Node degree is obtained by periodical exchange of

“HELLO” packets between neighbors. However, an adaptive probability based on number of

neighbors regardless of node battery level exhausts node battery because the rebroadcasting

probability is adjusted irrespective of node’s residual energy which lets low battery capacity

nodes equally participate during path construction.

Another study that focused on an adaptive probability value based on number of

neighbors was proposed by [134-136]. The authors tried to overcome the drawbacks of fixed

probability. On receiving the first flooding packet by a node, if the node degree of the node is

smaller than node degree of the network then the node re-forwards the message with high

probability otherwise it re-forwards with smaller value of probability. The approach has two

shortcomings. First, the scheme did not consider energy level of the intermediate nodes and

hence low capacity of node’s battery might be part of a route during route discovery process. The

second one is the difficulty of obtaining the value of an average node degree of the network.

Counter-Based Methods

In a counter based method, when a mobile node receives a broadcast packet, it initiates a

random assessment delay (RAD) timer and a counter which counts the number of received

copies C for each packet [47]. The RAD time is a randomly chosen time between 0 and Tmax

seconds in which a node should wait for additional packets, where Tmax is the maximum possible

waiting delay for a node. This delay has the following advantage. First, it allows nodes to receive

sufficient amount of redundant packets so that a node will decide to retransmit or not. Second,
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the randomized selection of delay time reduces the probability of packet collision. When the

RAD timer expires, the node re-forwards the packet only if the counter is below a particular

threshold value C. If the counter exceeds the threshold value after expiration of RAD timer, the

node assumes that all its neighbors have received the same packet, and drops the flooding packet.

The predetermined counter threshold C is the key parameter in this scheme. The authors in [33,

37, 47] have demonstrated that broadcast redundancy associated with simple flooding can be

reduced by choosing a threshold value between 1 and 4 while maintaining comparable

reachability in a network. The author in [137] is also recommended 0.1 sec as an optimal time

for RAD which minimizes end-to-end delay and rebroadcasted packets by achieving an

acceptable reachability. However the approach did not have notion of nodes remaining battery

level.
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Area-Based Method

Area based method allows a mobile node to forward a broadcast message based on the

additional coverage area which is determined by a distance-based scheme or location-based

scheme. For example, if a node receiving the message is located a few meters far from the

sender, the additional area covered by forwarding the message is quite small [33, 47]. On the

contrary, if the mobile node receiving the message is located at the boundary of the sender’s

transmission range, then a retransmit would reach a significant additional area, 61%, as

suggested in [57]. We note that area based schemes only consider the coverage area of a
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transmission; they don’t consider whether nodes exist or not within that area. The following is

the discussion of the two ways of distributing a message using area based scheme.

The first type of area based scheme is using the distance based scheme. A node using the

distance based scheme [33, 47] requires that nodes know the distance between itself and each

neighboring node that has previously rebroadcast a given packet. This could be handled by a

GPS receiver, where each node adds their location information during packet transmission or by

physical layer parameter such as the signal strength at a node from the received packet. Upon

reception of the first unseen packet by node B from node A, the distance ||AB|| is calculated. If

the distance ||AB|| is below the threshold distance value, the message is dropped otherwise a

node initiates a random assessment delay timer (or RAD for short) and waits for redundant

packets from any node C. When the RAD timer expires, the distance ||BC|| for each node C is

examined to see if any of the sender nodes is less than the threshold distance value. If true, the

node does not rebroadcast. Otherwise, the node retransmits it. This is because the authors

assumed that only a small portion of the area can be covered when a nearby neighbor already

transmitted the message. However the distance-based scheme suffers from redundant number of

broadcast packets. This is due to the fact that every node that received a broadcast packet still

rebroadcast the packet if all of the transmission distances are above threshold value. Furthermore

the scheme didn’t have notion of energy.
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The second type of Area based method is Location based Scheme, such as [33, 47, 57]. In

location based scheme, each node must have the means to know its own location e.g. A Global

Positioning System (GPS). Whenever a mobile node originates or rebroadcasts a packet it adds

its own location to the header of the packet it broadcasts. When a neighboring node initially

receives the packet, it records the location of the sender and calculates the additional coverage

area. If the additional area is less than a threshold value, the node will not rebroadcast, and all

future receptions of the same packet will be ignored. Otherwise, the node initiates a RAD timer



72

and waits for redundant packets. For each received redundant packets during the RAD, the node

recalculates the additional coverage area and updates the stored value of the additional covered

area. The packet is dropped as soon as the re-computed additional coverage area falls below the

threshold value otherwise the packet is forwarded after its timeout. The authors note that when

multiple copies of packets are received from node’s neighbors, the additional coverage

approaches zero rapidly. The most challenging task for such scheme is the cost of calculating an

additional coverage, which is related to calculating many intersections among several circles.

This problem will be worse when a node has many neighbors. Furthermore the scheme has no

notion of node battery capacity.
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Gossip based methods

Gossip algorithms [58, 83, 138-140] were primarily intended to reduce the number of

message flow within the network. Several variants of gossip-based protocols are proposed.

Examples of the designed Gossip-based protocols are Push & Pull [141, 142], Information via

Negotiation (SPIN) [140, 143], GOSSIP1(p, k), GOSSIP2(p1, k, p2, n) and GOSSIP3(p, k, m)

[139]. Each of the designed gossip based protocols utilizes local information in various ways.

For example, GOSSIP1 (p, k) retransmits each newly received messages with probability of 1 for
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the first k hops and with probability p for the remaining number of hops. When the value of both

parameters of GOSSIP1 (p, k) is 1 i.e. GOSSIP1 (1, 1), it is similar to flooding. In GOSSIP1 (p,

k), the parameter k is used to minimize the likelihood of an early death of gossiping packets. One

drawback of GOSSIP1 (p, k) approach is an early death of gossiping packet. However to

minimize shortcomings of GOSSIP1 (p, k), GOSSIP2 (p1, k, p2, n) was proposed. GOSSIP2 (p1,

k, p2, n) performs in a similar fashion to GOSSIP1 but it introduces two new variables p2 and n.

In GOSSIP2 (p1, k, p2, n) approach, if a node has fewer than n neighbors, a node retransmits

with probability p2 rather than p1 where p2 > p1. Finally GOSSIP3 (p, k, m) approach is also an

extension to Gossip1 (p,k) except if a node with n neighbors receives a message and does not

broadcast it, but then does not receive at least m= p*n duplicate messages from its neighbors

within a gossiping timeout period, the packet is forwarded to all its neighbors; otherwise it is

dropped. For instance, J.Haas et. al. [58, 139] showed that GOSSIP3 (p, k, m) protocol reduces

up to 35% messages than flooding in MANETs. In the networks they have considered gossiping

probability between 0.6 and 0.8 and shown that with a gossip probability of 0.65 i.e. GOSSIP3

(0.65, 1, 1) almost every node gets the message in every execution. Furthermore, their simulation

results showed that there is a bimodal effect with an average node degree of 8. The scheme has

good performance in reachability and reduction of message overhead as compared to other

flooding and gossiping approaches and it will be used for comparison for our proposed routing

protocols. However the major drawback of the scheme is an assignment of fixed gossiping

probability during the design time regardless of node energy and number of node neighbors.

As can been seen from this section the proposed broadcast routing schemes did not

consider node’s battery as a cost metric during route establishment. Hence, routing techniques

which did not consider energy as a metric tend to use energy inefficient path during data
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communications which results frequent broken link and network partition leading to poor packet

delivery ratio beyond consuming precious resources of node battery.

5.2. Energy efficient approach using energy aware schemes

The second category of energy efficiency of MANETs is based on energy aware routing

approach. The main goal of energy-aware routing protocols is: to minimize the energy consumed

by mobile nodes, increasing the network lifetimes and/or distribute loads among mobile entities.

In the recent past years energy efficient routing in Ad hoc network was proposed by many

research works. The majority of energy efficient routing protocols for MANET tried to reduce

energy consumption by means of an energy efficient routing metric instead of the minimum-hop

metric. Each and every protocol has its own advantages and shortcomings. None of them can

perform better in every condition. This section documents some of the many energy efficient

schemes developed by researchers in the field along with their shortcomings.

The minimum total power routing (MTPR) proposed in [121, 144-153] uses the

transmission power as the cost metric. The cost function is defined as follows:
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transmission power for route R.

Then, the MTPR scheme selects the route having the minimum cost value i.e. the

minimum summation of transmission power among each route between source and destination,

PMTPR.

In MTPR, the optimal route is found using the equation:

PMTPR = R
SR

C


min ; where S is the set containing all possible routes.
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Consider Figure 5.2 where the number above, inside and below the circle represents a

cost metric, node address and residual energy of each node respectively. In the figure below, the

cost of each node is the amount of transmission power required per bit. For instance node 1

requires .02 joule to transmit a bit to its neighbors. Hence the cost of path S-1-3-5-7-D and path

S-2-4-6-8-D is 0.09 and 0.11 joule respectively. Since MTPR selects a path having minimum

summation of transmission power per bit, path S-1-3-5-7-D will be selected for data packet

transmission. However, this path consists of node’s having very low residual energy which

results frequent broken link, leading to network lifetime reduction. Note that if all the wireless

devices have the same transmission power; the MTPR will be the same as the minimum hop

count routing protocol.

Figure 5.2: MTPR route establishment

In [154], the authors proposed the Minimum Battery Cost Routing (MBCR) based on the

reciprocal of remaining energy capacity as a cost metric. The idea of this metric is directly

related to an increase in reluctance of the node to participate in routing when the residual battery

power decreases and the cost metric function is defined as follows:
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r is the remaining energy of node i at time t.

MBCR selects routes with a minimum cost value, PMBCR, to ensure the route with the

maximum remaining energy capacity will be selected.

PMBCR = R
SR

C


min ; where S is the set containing all possible routes.

For instance in Figure 5.3, the cost of node 1 is .01 which is the reciprocal of the residual

energy of node 1. Hence, the Total Battery Cost (TBC) of route S-1-3-5-7-9-D and route S-2-4-

6-8-D is 0.7 and 0.72 respectively. Therefore, MBCR algorithm selects route S-1-3-5-7-9-D for

data transmission as it has the smallest cost metric among the possible routes. However, the

selected path for data transmission will be quickly broken after a few data packets sent through it

due to the inclusion of smaller residual energy node i.e. node 5. Since MBCR only considers the

summation of the reciprocal of remaining energy capacity, little energy capacity node can still be

included by the selected route. Hence some nodes could run out of battery leading to sparse

network connectivity and network partition. Furthermore, Flooding is used to find a route

between source and destination which results packet collision, channel contentions and battery

exhaustion [33].
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Figure 5.3: MBCR route establishment

In [155], Jin-Man Kim and Jong-Wook Jang proposed an enhanced AODV routing

protocol to maximize networks lifetime in MANET using an Energy Mean Value algorithms.

Here, energy remaining of each node in the path between source and destination is accumulated

and delivered to the destination by adding a field on a RREQ message. The destination node

does not give a RREP reply immediately for the first RREQ, rather it waits for 3 *

NODE_TRAVERSAL_TIME to receive duplicate RREQ packets destined for the node. Then

the destination node adds the accumulated residual energy of each path and divides by the

number of hops along the paths to obtain the mean energy of network. Finally the destination

node adds mean energy on RREP packets and unicasts it along the reverse path of the RREQ

message received first. Then, nodes hearing the RREP message store the mean energy on their

routing table. When a new path is explored, the mean energy stored in each node is compared

with the energy remaining in the node. If the remaining energy is less than the mean energy, the

delay time of RREQ message is set to be 0.5ms otherwise the delay time of RREQ message is set

to 0.05ms. The drawback of the scheme is twofold; first, flooding is used as a route discovery
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strategy. Second mean energy, which is difficult to obtain an average of the residual energy of all

nodes on the network, is used as a cost metric instead of residual energy of each node which

decreases the lifetime of the network.

In [110, 130, 156-158], proposed Local Energy-Aware Routing. When a node received a

RREQ message at time t, it compared its current remaining energy capacity with the predefined

threshold value or computed value. If the residual energy is less than the threshold or computed

value, the RREQ message is dropped. Otherwise, the message is processed and forwarded.

However in this scheme, the destination will receive a route request message when all

intermediate nodes along the route have enough battery levels. If all the paths to destination node

have less residual energy than the threshold, the RREQ message will not be reached at the

destination. For example in Figure 5.4, let us assume that the energy threshold (TH) value of the

scenario is 4.5 joule. From the scenario, even if node S initiates a RREQ packet to find

destination node D, the packet will not reach to destination node D because there are

intermediate nodes along the path (i.e. node 5 and node 6) whose residual energies are below the

threshold value.

Figure 5.4: Local Energy Aware Routing route establishment

The work done in [159] proposed Alternate Link Maximum Energy Level (ALMEL-

AODV) which considers node remaining energy as a routing metric to balance and extend the
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life time of the nodes in the network. The proposed algorithm adds a field, which keeps the sum

of residual energy of the route, on RREQ packets. The destination node chooses two highest

summations of residual energy paths for data transmission and sends back to the source node.

The second path will be used as a backup if the first path fails. This algorithm will be used for

comparison with our proposed routing protocols. Although the metric used is important, a node

which has very low residual energy might be selected for data transmission as they consider the

maximum summation of remaining energy. Hence the remaining capacity of each host should be

consider as a metric beyond summation of residual energy to prolong the life time of the network

and distributes loads among the mobile nodes. Furthermore, flooding is used as a route discovery

mechanism, leading to exhaustion of each mobile node battery. Finally, the second path, which

will be used later for data transmission if the first one fails, could not be an active path at the

required moment due to the mobility of nodes in MANETs.

In [160], to mitigate the energy saving problem, an energy-aware routing for Ad Hoc

networks is proposed. The algorithm selects routing according to the dynamic priority-weight (β)

and takes the hop count as optimization condition. The dynamic priority weight is determined

using the square of the ratio of residual battery energy(R) and consumed energy(C) of a node at

time t as shown below.
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The destination node selects two maximum summation of priority-weight which spends

less energy and owns larger capacity based on synthetic analysis among possible routes and

propagates the route reply (RREP) messages to the source node. The second path will be used

when the primary path fails. Since the work considered the summation of priority-weight without
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a threshold, the selected path for data transmission might contain a node which has less

remaining energy. Moreover the second path, which will be used later for data transmission if the

first one fails, could not be an active path at the required moment due to the mobility of nodes in

MANETs.

The authors in [161] proposed a PS-AODV routing protocol based on load conditions of

a node to balance uneven nodes energy consumption of the traditional AODV. The authors made

an improvement during route discovery process. Node checks its load value when it receives an

RREQ packet before retransmission. If the load is too high, it refuses to forward the RREQ

packet until the load is reduced. The metric value of load balance at the ith node is calculated as

follows:

mi = bi x li ; bi is the percentage of usable energy of node

li is the length of the waiting or used queue

Based on the product of used energy and load value of node, each node in the network

has three states as follow:

Paralysis: m >= a;

Congestion: b <= m <= a;

Normal: m < b; Where a, b are a predetermined congestion factor.

Using the above metric each intermediate node decides whether a received RREQ packet

is forwarded or not. When a node is in a "paralyzed" condition, it will drop all received RREQ.

When a node is in "congestion" condition, it will reply an RREP only if there is an existing route

in the routing table otherwise the RREQ packets will be dropped. When a node is in “normal"

condition, it compares the value m in the RREQ and the metric value of the node itself. Then, the

maximum value of m is recorded on the routing table before forwarding. For duplicate RREQ
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packets, a node will compare the value of m on the RREQ with mt in the routing table. If the

value of m is smaller than the value of mt on the routing table, a node drops the RREQ packet

otherwise it will update the value of mt in the routing table and sent node pointer back to the

previous hop. Furthermore to minimize congestion, RREQ is not forwarded. When a destination

node receives the first RREQ, it waits for some time to obtain more routes, then choose the route

having the minimum value of m and reply a RREP packet back to the source node. Since the

technique considers the product of queue and energy as a cost metric, there is a high probability

of choosing a node having less energy with smaller queue load. Hence the product metric could

not give guarantee to protect nodes with little battery capacity which affects network life time.

Furthermore if the intermediate nodes are in a paralyzed or congestion state no routing packet

reaches to destination node. The update mechanism of the approach during normal state for

duplicate packets is also not effective as congested node on the route replaces the node on the

route having relatively less congested.

The paper in [162] proposed an energy saving AODV called AODVI. AODVI integrates

residual energy and hop count as a cost function. They introduce a total power of the link (P)

field in RREQ, RREP and routing table which keeps an updated routing cost value. The

proposed algorithm categorizes each node in to N levels by residual energy. The routing cost

function of node j at time t is calculated as:

Metricj = αMin(Li) + 1/Hj ; α is a coefficient (0<= α <= 1) ,

Li is the energy level of node I at time t,

Hj is the hops of path j.

Then the destination node selects an optimal routing price function as follows:

Metric = max{Metricj | j ∈ G}; G is the set of possible routes
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When each intermediate node receives an RREQ packet, first it determines its own cost

value and compare with the cost value on the RREQ. The cost value of the RREQ packet is

updated by the minimum cost value before retransmitted to its neighbors. Moreover each

intermediate node keeps an updated cost value on the routing table for repeated RREQ packets.

When receiving the same RREQ packet, the node compares the Metric and sequence number

with the information stored in the routing table. If receiving larger sequence number, or the same

sequence number but larger routing cost value, the node will update reverse routing information,

and then retransmit the RREQ again to its neighbors, otherwise discard the RREQ. However the

algorithm did not consider fair distribution of energy usage across nodes on the network.

Furthermore flooding method is used for route discovery process and a node could retransmit the

same packets several times leading to more number of routing overhead.

The authors [163] introduce an algorithm which combines Transmission Power and

Remaining Energy Capacity and integrates these metrics into AODV so that the Ad hoc network

has a better life time and the energy consumption across the nodes is reduced. During route

discovery process the transmission and remaining energy values along the route are kept in the

RREQ packets. At the destination or intermediate node these values are copied into the RREP

packet and then transmitted back to the source node. The source node uses the maximum

remaining energy capacity route and minimum transmission route alternately every time it

performs route discovery. Since the metric did not consider hop count during selection of

optimal route and transmission power is used for route selection, the selected link for data

transmission could be frequently broken which causes more energy consumption and small

network lifetime. Furthermore flooding is used as a route discovery technique between source

and destination.
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Kumar and Banu [164] present an energy Efficient Ad hoc on Demand Vector

(E2AODV) scheme to balance load distribution of nodes. A threshold value is used to judge if

intermediate node was overloaded or not. Here, an intermediate node receiving the RREQ will

compare its current queue length with its threshold before rebroadcasting it. If queue length is

greater than the threshold, the RREQ will be dropped. Otherwise, the node will broadcast it. In

their scheme, the threshold value plays the key role in selecting nodes whether or not to forward

RREQ. Every time an intermediate node receives a RREQ, it will recalculate the threshold

according to the average queue length of all the nodes along the path to the node itself.

Therefore, the threshold is variable and changing adaptively with the current load status of

network. However the scheme did not consider residual energy as a cost metric which causes

frequent broken link and retransmission of routing packet leading to energy consumption.

The authors in [165] proposed an energy based AODV (EBAODV) protocol. In

EBAODV, when a source node transmits a route request packet it specify the amount of energy

that each intermediate node should have during the transmission of data packets. When the

intermediate node receives a RREQ packet, first it checks if it has enough available residual

energy for the request. A node which does not satisfy the energy constraint will avoid

retransmitting of RREQ packet. The approach entirely related to the amount of energy required

by the source node to transmit its data packet. Therefore the path which consists of small amount

of node battery level could be selected. For instance, if the source node requires a small amount

of energy to transmit its data packets, the minimum residual energy node might be part of the

route for data transmission which minimizes network lifetime leading to frequent broken link

and node failure. The route discovery process could be flooding if the source node assigns small
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amount of residual energy as most of intermediate nodes’ residual energy is expected above it.

Furthermore the source node should know the amount of transmitting data ahead.

The approach proposed in [166] referred as EA-AODV classified nodes into the

following three energy zones based on their remaining energy capacity:

 Normal Zone: The remaining energy capacity of a node is above 20% of its initial

value.

 Warning Zone: The remaining energy capacity of a node is between 10% and

20% of its initial value.

 Danger Zone: The remaining energy capacity of a node is below 10% of its initial

value.

The cost function is defined as:
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C(i) represents the cost of node vi and C(i) could be Cnormal , Cwarning or Cdanger , which is

calculated based on the energy zones defined above. Cnormal , Cwarning or Cdanger are predefined

values such that Cnormal < Cwarning < Cdanger . In addition to the residual energy, the authors also

consider number of neighbors during calculating cost function when a node is either in warning

or danger state. The cost function of node vi is calculated as:

C(i) = Cnormal , ki Cwarning or ki Cdanger : where ki is proportional to the number of neighbors

of node vi , i.e. the number of neighbors divided by five.

The destination node selects a route having minimum value of CR from the possible

routes. In the scheme, even though a node is in the Warning or Danger Zone, it can still be

chosen on a route due to the summation cost metric used by the scheme. Hence frequent link
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failure might be occurred due to the selection of energy incapable nodes, leading to reduction of

network lifetime and depletion of node energy. Furthermore flooding is used to discover route

between source and destination during route discovery process.

In the work proposed by [167], they presented a scheme which considers power during

route discovery. The scheme deals with mobile ad hoc network having large number of nodes

and handles a different data traffic levels. Their scheme modified AODV protocol by assuming

that battery status has three states as shown below:

 If (battery status < 20%), then it is in danger state.

 If (20% < battery status < 50% ), then it is in critical state and,

 If (battery status > 50%) it is in active state.

The proposal by [167] indicate that only the node in active state are participating during

route discovery and the rest nodes go to in a sleep state. However when the radio interface of a

destination node is switched off, establishing a route to destination node is impossible which

makes a source node reinitiate the route discovery process. Furthermore intermediate nodes

could be in a sleep mode so that the intended destination node could be unreachable.

Consequently a number of re-initiation of route discovery process could be occurred leading to a

considerable amount of node’s battery consumption.

The authors of PEER protocol in [79] introduce a route discovery technique along with

progressive route maintenance procedure. PEER finds a set of shortest hop paths available and

chooses the one having lowest energy consumption. During route discovery  PEER first searches

a path near the most energy efficient route between the source and the destination quickly, and

then adjusts the nodes progressively so that the route would be energy efficient every time. A

link cost table is used at each node to discover a more energy efficient route. Since the protocol
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did not consider residual energy during route discovery, low residual energy node could be part

of the route which causes reduction of network lifetime and more number of retransmission of

packets.

The Location Aided Routing (LAR) proposed by [168] assumes that each node knows its

location through a GPS. LAR improves the efficiency of the route discovery procedure by

limiting the scope of route request flooding by using location information. In LAR, a source

node estimates the current location range of the destination based on information of the last

reported location and mobility pattern of the destination. In LAR, an expected zone is defined as

a region that is expected to hold the current location of the destination node. During route

discovery procedure, the route request flooding is limited to a request zone, which contains the

expected zone and location of the sender node.

[168] proposes two different schemes. In the first scheme, the source node calculates the

expected zone which defines a boundary where the route request can travel to reach the

destination in the request packets, and then starts a route discovery. Receiving the route request,

a node forwards the request if it falls inside the request zone; otherwise it discards the request.

When the destination receives the request, it replies with a route reply that contains its current

location, time and average speed. The size of a request zone can be adjusted according to the

mobility pattern of the destination. When speed of the destination is low, the request zone is

small; and when it moves fast, the request zone is large.

In second scheme, a source node stores the coordinates of the destination in the route

request packets and the relative distance among them. When a node receives a route request, it

calculates its distance to the destination node and forwards the request only if the relative

distance to the destination becomes smaller than the distance on the request packet; otherwise it
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discards the route request. Before forwarding the request, each node replaces the relative

distance on the route request packet by its own distance. Both schemes limit the control overhead

transmitted through the network and hence conserve energy and bandwidth. The disadvantage of

LAR is that each node is required to have a GPS and obtaining precise location information may

be difficult in some environments (for instance, GPS does not work well indoors, and proximity

does not guarantee connectivity). Another drawback is (especially for the first method), that the

protocol may conduct similar to flooding protocols in highly mobile networks.

The Energy Efficient Location Aided Routing (EELAR) Protocol in [73] was proposed

based on the Location Aided Routing (LAR) [168] to reduce the energy consumption of the

mobile node power. The protocol partitions the network area into six sectors with an assumption

of a circular space centered at a reference node (base station). It uses location information to

limit the flooding of routing packets during route discovery process on a sub-area (sector)

containing the destination node instead of flooding throughout the network. Base station is used

to maintain locations of mobile nodes in a position table. Despite the reduction of control packet

overhead, feasibility of the protocol in mobile scenarios is doubtful. Furthermore, the need to

update position table requires high energy consumption overheads. Moreover, each node requires

additional hardware like GPS for the successful operation of the algorithm.

The Power-aware Localized Routing (PLR) protocol [169] implements a localized, fully

distributed energy aware routing algorithm by avoiding global view information such as power

level information of all nodes. However PLR assumes that a source node has the location

information about the destination node and its neighbors. It is same as having the link costs from

itself to the destination node and to its neighbors as well. Based on this information, the source

node chooses the next hop through which the overall transmission power to the destination node
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is minimized but cannot find the optimal route. In data communication, a direct communication

(i.e. from source to destination) may require more energy than an indirect communication (i.e.

through intermediate nodes) due to the association between transmission energy and distance. In

Figure 5.5, when node A has a packet to send to node D, it can either send it directly to D or

through one of its neighbors (N1, N2, or N3). Note that A to Ni is a direct transmission while Ni

to D is an indirect transmission with some number of intermediate nodes between Ni and D.

Therefore to choose the optimal route, node A evaluates and compares the power

consumption of each route candidate and selects one of its neighbors (N1, N2, or N3) as the next

hop node which minimizes p(|ANi|) + q(|NiD|) where p and q are the respective route costs.

Disadvantage of PLR protocol is that a route which has less amount of remaining energy might

be included during route establishment which results frequent retransmission of packets.

Moreover, since hop count is not considered during route discovery, latency becomes another

drawback.

Figure 5.5: PLR route establishment

The authors of [99, 170, 171] propose a sleep/power-down mode technique. The main

focus in sleep/power down approach is to minimize energy consumption during inactive time of
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communication. The authors argue that since most radio hardware supports a number of low

power states, it is important to put the radio subsystem into the sleep state or simply turn it off to

save energy. To reduce an early death of packet before reaching to destination during route

discovery when some mobile nodes are in a sleep state, the papers propose an efficient node

called a master node. The master node coordinates the communication on behalf of its

neighboring slave nodes. Thus slave nodes, which is neighbor of master node, can safely sleep

most of time and hence reduces battery energy consumptions. Each slave node periodically

wakes up and communicates with the master node to check whether it has data to receive or not

and go to sleep mode again if it is not addressed.

In a mobile ad hoc network, more than one master node would be required because a

single master cannot cover the entire network. Figure 5.6 shows the master-slave network

architecture, where mobile nodes except master nodes can save energy by putting their radio

hardware into low power mode. The master-slave architecture in Figure 5.6 (a) is based on

symmetric power model, where master nodes have the same radio power and thus the same

transmission range as slave nodes. On the other hand, Figure 5.6 (b) shows the asymmetric

power model, where master nodes have longer transmission range. Though master-slave type of

network architecture has been widely studied for different reasons, such as interference reduction

and ease of location management [29], the problem of selecting master nodes and maintaining

the master-slave architecture under dynamic node configurations is still a challenging issue.

Furthermore managing packets destined to slave nodes by a single master node is another big

challenge as each mobile nodes of MANET are less capability in terms of memory, energy and

processing. Examples of master-slave architecture are SPAN protocol [170] and Geographic

Adaptive Fidelity (GAF) protocol [171] and put slave nodes in low power states to save energy.
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Whereas, Prototype Embedded Network (PEN) protocol [99] employs the sleep period operation

in an asynchronous way without involving master nodes.

Figure 5.6: Master-slave MANET architecture

Generally, the summary and comparison of most of the aforementioned developed

routing protocols are shown in Table 5.1, Table 5.2 and Table 5.3

Table 5.1: Summery of proposed routing protocols by scholars
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AODV Very
High

Shortest Path No Sparse Minimize hop count

ALMEL-AODV
[159]

High Maximum
summation of

residual energy

No Sparse Maximize network
Lifetime

EBAODV[165] High Shortest path No Sparse Maximize network
lifetime

E2AODV[164] High Minimum of
reciprocal of

residual energy

No Sparse Maximize network
lifetime
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PS-AODV[161] High Shortest path No Sparse Load balance

MTPR[121, 144-
153

High Transmission
Power

No Sparse Minimize the total
transmission energy

Local Energy
Aware [110, 130,
156-158]

High Minimum of
reciprocal of

residual energy

No Sparse Maximize network
lifetime

AODVI[162] High Transmission
Power

No Sparse Maximize network
lifetime

LAR[168],
EELAR[73],

PLR[169]

Mediu
m

Shortest path Yes Dense Minimize routing
overhead

Sleep/Power-down
approach PEN[99],
SPAN[170],
GAF[171]

Mediu
m

Shortest path Yes Dense Minimize routing
overhead

Probabilistic
scheme[133, 134]

Low Shortest path No Dense Minimize routing
overhead

Counter based
Scheme [133]

Low Shortest path No Dense Minimize routing
overhead

Gossip based
scheme
(Gossip3[58,139]

Low Shortest path No Dense Minimize routing
overhead

Distance based
Scheme[33,47]

Low Shortest path Yes Dense Minimize routing
overhead

Location based
Scheme[33,47,57]

Low Shortest path Yes Dense Minimize routing
overhead
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Table 5.2: Comparison of energy aware proposed schemes by scholars using energy aware

metrics
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ALMEL-AODV[159] 50 500m X 500m 95.1%

Reference 167 50 500m X 500m 92%

EBAODV[165] 50 500mx 500m 80%

E2AODV[164] 50 800m x 800m Almost
similar to
AODV

PS-AODV[161] 50 500m x 500m 85%

AODVI[162] 50 500m x 500m 92%

EA-AODV [ 166] 50 1500mx300m 87%

LAR[168], EELAR[73],

PLR[169] Requires additional  equipments for location
information

Sleep/Power-down approach

PEN[99], SPAN[170], GAF[171]

Table 5.3: Comparisons of energy efficient techniques using broadcast schemes based on AODV
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Probabilistic scheme [133, 134] 10 to 50 800m x 800m 30%

Counter based Scheme [133] 20 to 50 600m x 600m 25%

Gossip based scheme [Gossip 3] 150 nodes 3300m x 35%



94

600m

Distance based Scheme

Requires additional  equipments for location
information

Location based Scheme

In this dissertation, ALMEL-AODV and GOSSIP 3 i.e. GOSSIP (0.65, 1, 1) routing protocols

are chosen from the existing routing protocols to evaluate the performance of our proposed

routing protocols due to the following reasons. First the performance these routing protocols are

relatively better than other existing routing protocols as shown in table. Second, the routing

protocols do not require additional devices such as GPS during route establishment. Third, the

metrics used in ALMEL-AODV is residual energy which is similar to our proposed routing

approach. Though residual energy is used by other scholars as well, they have been used as a

variable of a function with other parameters. Hence, the impact of residual energy could be

influenced by the value of other parameters. Fourthly, Gossip3 routing protocol is the most

widely used routing protocols for comparison and several research scholars claimed that the

approach fully represents a gossiping technique.

Summary

This chapter investigated related research works that have been developed to reduce

energy consumption of MANETs at the network layer. In MANETs, flooding strategy is used to

find a route between source and destination. Flooding route discovery process consumes

enormous amounts of network resources due to the propagation of RREQ packets into the

network, the so called the broadcast storm problem. Furthermore, MANET devices are energy

constrained nodes. Hence the number of control messages transferred and received in the

network dramatically affects the nodes’ availability and consequently the existence of the
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network. Therefore, the chapter has explained flooding route discovery mechanism along with its

performance drawbacks and the techniques used to alleviate the problem of broadcast problem.

Generally we categorized the proposed energy efficiency mechanisms at the routing level in to

either of the broadcast schemes or energy aware schemes. This chapter has shown that both the

broadcast schemes and energy aware metrics have great potential in overcoming the broadcast

storm problem associated with flooding. However, the performances of these approaches rely on

either the appropriate selection of the broadcast decision parameter or an energy efficient path. In

the proposed broadcast methods, the forwarding probability is selected based on fixed

probability or number of neighbors regardless of nodes battery capacity whereas in energy aware

schemes energy inefficient node could be part of an established path. Therefore, in an attempt to

remedy the paucity of research and to address the gaps identified in this area, a study examining

the impact of residual energy on forwarding probability and how to exclude small amount of

residual battery level during route establishment are critically important. Therefore, the next two

chapters will examine the performance of the proposed energy efficient routing protocols against

existing routing protocols for MANETs on different evaluation metrics.



96

CHAPTER VI: BALANCED BATTERY USAGE ROUTING PROTOCOL (BBU)

In this chapter, a new balanced battery usage routing (BBU) based on AODV is

introduced. The selection of AODV to implement our proposed algorithm is based on the

performance results obtained in chapter 4. The new approach maximizes network lifetime and

distributes energy consumption of mobile ad hoc networks by choosing an energy efficient path

which consists of mobile nodes having an ample amount of energy capacity. This is achieved by

integrating residual energy and hop count metrics during route discovery and route selection

process. The chapter is organized as follows. In section 6.1, we describe modification of the

route discovery process, mathematical model and algorithm of BBU routing protocol. Section

6.2 discusses the selection of optimal value of Energy Threshold for the proposed routing

protocol. Finally section 6.3 describes the simulation environment and the performance results of

BBU against two existing MANET routing protocols, namely AODV and ALMEL-AODV.

6.1. Balanced Battery Usage routing (BBU)

In AODV, route request (RREQ) packets are disseminated throughout the entire network

in search of an intended destination. In particular, each node retransmits any newly received

RREQ packet until a destination is encountered or an intermediate node that knows the

destination is received. When the destination node or an intermediate node that knows the

destination receives the first RREQ, the node generates and sends back a route reply (RREP)

packet to the source host through the route having minimum hop count between source and

destination. Since minimum hop count is used as a cost metric in AODV during route selection, a

node having small residual energy could be included on the path. This may create a frequent

broken link due to an early exhaustion of node’s battery. As a result, frequent broken link creates

unnecessary broadcast transmission, reduces network lifetime, consumes significant amount of
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energy and finally leading to network partition [47]. In order to alleviate these problems due to

node’s battery failure, the routing metric used during route selection should also consider the

battery capacity of each node beyond hop count. Therefore, the main objective of this chapter is

to develop a routing protocol that increase the life time of network and fairly distribute an energy

consumption of hosts in MANET. The protocol which we develop combine summation of

residual energy, minimum residual energy and hop count as a cost metric and integrates these

metrics into AODV in an efficient way. These metrics ensure that all the nodes in the network

remain up and running together for as long as possible. The modified energy aware routing

protocol is named as Balanced Battery Usage AODV (BBU-AODV) and described in the

following sub section.

6.1.1. Modification on RREQ Packet of BBU-AODV

The proposed energy aware AODV named as BBU-AODV modifies route request

(RREQ) packet for route discovery process as shown in Figure 6.1. The RREQ packet of AODV

is modified by adding minimum residual energy (MRE) and sum of residual energy (SRE) fields

which records the minimum remaining energy and sum of remaining energy each node along the

transverse path respectively. An EnergyDifference (D) field, which stores the difference between

either average minimum residual energy (AME) and threshold (Th) or average sum of residual

energy (ASE) and threshold (Th), is also added on the routing table of each node.
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TYPE Reserved Hop Count

Broadcast ID

Destination IP Address

Destination Sequence Number

Source IP Address

Source Sequence Number

Minimum Residual Energy(MRE)

Sum Residual Energy(SRE)

Figure 6.1: Modified RREQ Packet format

In BBU-AODV, when all nodes in some possible routes between a source-destination

pair have large remaining energy than the threshold then a route having maximum of the

difference of average sum of residual energy and threshold among the possible routes is selected.

Otherwise the maximum difference of the average minimum residual energy and threshold

among the routes is selected. Furthermore, the route with the shortest hop number will be chosen

if there are multiple paths having the same cost metric.

6.1.2. Mathematical Model of BBU-AODV

If we consider a generic route rj = n0 , n1 , n2 , … , nd, where n0 is the source node and nd

is the destination node , h is the number of hop between n0 and nd and  a function r(ni) denotes
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the residual energy of node ni then the average minimum residual energy(AME)  and  average

summation of residual energy(ASE) for the route rj is calculated as:

AME(rj)= j
hinr

jrin
/))(min(

 (6.1)

ASE(rj) = j
h

jrin inr /))(( 
 (6.2)

The BBU-AODV algorithm selects an optimal route k Ok(D) which verifies the following

condition:

If (there exists a path having minimum residual energy greater than or equal to the

threshold i.e. Th
j

hjr
Ajr

AME 


)( )

Choose a route having maximum of the difference of average residual summation and

threshold i.e.

Ok(D) = )))(((max ThjrASE
Ajr


 (6.3)

else

Choose a route having maximum difference of average minimum residual energy

and threshold i.e.

Ok (D)= )))(((max ThjrAME
Ajr


 (6.4)

Where A is the set of all routes under consideration and Th is a predefined energy

threshold.
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6.1.3. Algorithm for RREQ handling in BBU-AODV

The algorithm in Figure 6.2 shows how to search for the desired path at the intermediate

and destination nodes in BBU-AODV protocol whereas Figure 6.3 illustrates the generic flow

chart of the proposed BBU-AODV protocol.

The intermediate nodes process each receiving RREQ routing packet as follows:

Step 1: On receiving a RREQ packet, a node checks whether the RREQ packet is new by

looking up the source node id and broadcast ID in a routing table

Step 2: If the RREQ packet is the first or duplicate but having greater Sequence Number,

a node updates MRE and SRE fields of RREQ as shown below and then

retransmits the RREQ packet. Where, MRE is the minimum residual energy and

SRE is the sum of residual energy.

MRE=min (residual energy of current node, MRE of RREQ received) (6.5)

SRE= (residual energy of current  node + SRE of RREQ received) (6.6)

Step 3: If RREQ routing packet is not the first or Sequence Number is not greater than

the sequence number received before in the routing table, then the coming

RREQ packet is discarded.
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The destination node processes each receiving RREQ routing packet as follows:

Step 1: The node checks whether a RREQ routing packet is arrived for the first time or

not by looking up the source node id and broadcast ID in a routing table.

Step 2: If the RREQ is the first packet, it calculates an EnergyDifference(D) or routing

cost and keeps the value on the routing table as shown below. Then, the node

waits δ waiting time for another redundant RREQ’s routing packet.

Let the threshold (Th) be some constant energy E

if (MRE >= Th)

D= ((SRE/hopcount) - Th)

else

D= ((MRE/hopcount) - Th)

Step 3:  If RREQ routing packet is not the first, then the node checks its waiting time δ.

Step 4: If RREQ waiting time is not expired, then the algorithm calculates an

energyDifference (routing cost) for the newly received RREQ and compares it

with an EnergyDifference value which has been recorded on the the routing

table. If the route cost (D) of the newly arrived RREQ is greater or equal

but with smaller hop count than an EnergyDifference (D) in the routing table,

then the destination node replaces the routing table entry of an existing RREQ by

the incoming copies of RREQ otherwise the incoming RREQ is discarded.
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Step 5: If the node receives another copy of RREQ routing packet, it executes step 4 till

its waiting time δ expires.

Step 6: If waiting time expires, a destination node sends a RREP packet back to the

source node which initiate the route discovery process on the path which has

larger value of EnergyDifference (routing cost).

Figure 6.2: Algorithm on how node process RREQ
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Figure 6.3: Flow diagram for the operation of BBU-AODV
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6.1.4. Comparisons of Routing Protocols

In this sub-section we illustrate the working of our proposed BBU scheme through an

example and analytically compare it with two existing routing protocols of MANETs namely

AODV and ALMEL-AODV. To initiate the route discovery process, a source node generates

and broadcasts a RREQ packet. The RREQ packet carries information such as: source-id,

destination-id, sequence number, minimum residual energy, sum residual energy etc. We

consider Figure 6.4 to illustrate how the route discovery process in BBU-AODV is handled. Let

us assume that S is the source nodes and D is the destination node. Source S broadcasts a RREQ

packet. In Figure 6.4, we have shown node-id inside the circle and remaining energy of the node

above the circle. An intermediate node on receiving the RREQ packet, first compute its

minimum residual energy and sum residual energy from source to the node itself. Then the node

updates the minimum residual energy and sum residual energy in RREQ packet based on

equation 6.5 and 6.6. Let us assume that the residual energy value of nodes 1 and 2 be 27 and 3

joule respectively as shown in Figure 6.4. Hence the minimum residual energy at node 2 is 3

because node 2’s residual energy is less than the value of the minimum residual on the RREQ

packet received from node 1 which is 27. Therefore, node 2 updates the minimum residual field

with its own residual energy and the sum residual energy field with the sum of node 1 and node

2, which is 30, and then retransmits the RREQ packet. No change is made in the minimum

residual energy field if the residual energy value at a node is equal to or greater than the value in

the RREQ packet. For example, the minimum residual energy of node 7 is 5, which is greater

than the value in the minimum residual energy on the RREQ packet receiving from node 6.

Therefore, no change is made in the minimum residual energy field of RREQ packet at node 7.
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The above process continues until the RREQ packet reaches at the destination node.

When the first RREQ packet reaches at the destination node, the destination node starts a timer

and waits for duplicate RREQ message. After the expiry of the timer the destination node sends a

RREP packet back to the source node through an optimal path i.e. through the route having

maximum value of EnergyDifference as discussed in Section 6.1.2.

To understand the operations of the proposed protocol, we compare the aforementioned

three routing protocol based on Figure 6.4 with an assumption of 10 joule as an energy threshold

for the network.

Figure 6.4: The flow chart of RREQ handling by BBU-AODV

Case 1: Choose a route with minimum hop count between source and destination, AODV

routing protocol. Since route < S-6-7-8-D > has the smallest hop count of 4, AODV

selects route < S-6-7-8-D > for data packet transmission from the possible routes.
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Case 2: Choose a route with largest Summation of residual energy (ALMEL-AODV)

routing protocol. The cost function of ALMEL-AODV for path S-1-2-3-4-5-D, S-6-7-8-

D, S-9-10-11-12-D and S-13-14-15-16-17-18-D is 111, 20, 83 and 108 respectively.

Hence, route <S-1-2-3-4-5-D> has the largest summation of among the possible routes

received by the destination node. Therefore, the ALMEL-AODV algorithm selects route

<S-1-2-3-4-5-D> for data packet transmission.

Case 3: Choose a route with large summation of residual energy and less hop count if

possible; otherwise choose a route with largest minimum residual energy and less hop

count (our proposed routing protocol i.e. BBU-AODV). Our proposed algorithm selects a

route with largest value of EnergyDifference (D). The cost function (D) of BBU-AODV

for path S-1-2-3-4-5-D, S-6-7-8-D, S-9-10-11-12-D and S-13-14-15-16-17-18-D is -9.5, -

9.25, 6.6 and 5.4 respectively. Hence BBU-AODV selects path S-9-10-11-12-D, which is

the largest value of D i.e. 6.6, for data transmissions.

Case 1 selects the shortest path without considering residual energy of nodes. Thus, case

1 does not give guarantee for long network lifetime and balanced energy usage among mobile

nodes. Case 2 selects a route with largest summation of residual energy but it has serious

problem in terms of lifetime and hop count as it may still choose a route having nodes containing

small remaining battery capacity as shown in Figure 6.4. Case-3 improves the drawbacks of Case

1 and Case-2 by considering both residual energy and hop count as a cost metric. Hence, the

proposed algorithm always chooses a route which extends network lifetime by taking energy

capable nodes and distributes load among mobile nodes using either large summation of residual

energy or maximum of the minimum residual energy.
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6.2. Selection of Optimal value of Energy Threshold D

The goal of this section is to select an optimal value of energy threshold for our proposed

energy efficient routing protocol named as BBU-AODV. In order to obtain an optimal energy

threshold D value for the proposed BBU-AODV which maximizes network lifetime and

distributes energy usage across mobile nodes, we have conducted an extensive NS-2 simulations

by varying an energy threshold value from 0% of initial energy to 100% of initial energy in a

step of 10%.

The performance metrics that have been used to select an optimal Energy threshold value

include the network lifetime and standard deviation of residual energy of all nodes. We choose

these metrics because the metrics guarantee the efficiency of a routing protocol in terms of load

distribution and network lifetime. These metrics have been defined in Chapter 3 (Section 3.3).

Therefore, the simulation scenario is designed to assess the impact of energy threshold on

the performance of network lifetime and load distributions of nodes. In this study 20 to 200

nodes are deployed over an area of 1500mx1500m with each node moving according to the

random waypoint mobility model with a maximum node speed of 20m/s. For each simulation,

identical movement and traffic scenarios are used across different value of energy threshold. The

initial energy of each node was randomly set between 60 and 200 Joules and all the simulation

experiments were run for a period of 1000sec. The expiration time of D at the destination routing

table is set randomly between [0, 0.1] sec and 9 source-destination number of connections is

used [139, 159]. The rest simulation parameters used in this section are the same as the

simulation model and parameters outlined in chapter 3 (section 3.2).
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Impact of energy threshold on network lifetime

Figure 6.5 demonstrates the effect of energy threshold value on the performance of

network lifetime of BBU-AODV routing protocol. The result in Figure 6.5 shows that as the

value of energy threshold increases the network lifetime also increases. This is due to the fact

that BBU-AODV protects less capable battery node before exhaust their residual energy using

minimum residual energy technique.

Figure 6.5: The impact of energy threshold on network lifetime

Impact of energy threshold on distribution of energy usage across mobile nodes

The result in Figure 6.6 shows the impacts of energy threshold on energy usage across

mobile nodes in MANETs. Figure 6.6 reveals that as the percentage of energy threshold

increases from 0% to 30% the standard deviation of energy of all nodes slightly decreases
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however when the percentage values keeps on increasing the value of standard deviation

increases. From the result we can reveal that when the energy threshold value is around 30% of

the initial node energy almost all nodes are running up together. Hence the energy consumption

across mobile nodes on the network is fairly distributed. This is due to the fact that as the

percentage increases, the sum of each node residual energy metric of BBU-AODV scheme has

less impact on the selection of the route and hence the selection of an optimal route depends on

the minimum residual energy of a node metric. Consequently a large capacity of energy nodes

could be excluded being part of the route during route selection which results an increase in

standard deviation.

Figure 6.6: The impact of energy threshold on distribution of mobile node’s energy usage
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From Figure 6.5 and Figure 6.6, we can see that the performance of both network lifetime and

distribution of energy usage of nodes is optimal at the energy threshold value of around 30% of

the initial energy of nodes. Hence we are selecting an optimal energy threshold value of 30% for

the BBU-AODV routing protocol.

6.3. Performance Analysis

The goal of the following simulation experiment is to evaluate the performance of BBU-

AODV routing protocol against AODV and ALMEL-AODV routing protocols under various

network density.

Each mobile nodes in our scenarios moves according to random way mobility model [54]

deployed in a topology of 1500m x 1500m area with different number of nodes ranging from 20

to 120 for each simulation. All the simulation experiments were run for a period of 1000sec. In

the simulation the Propagation model is Free Space Propagation Model, Queuing model is Drop

Tail/Priority Queue, and MAC protocol is 802.11. Each packet starts travelling from a random

location to a random destination with a randomly chosen speed. When a node reaches a

destination, it moves to another randomly chosen destination after a pause time. To emulate the

dynamic environment, all nodes move around in the entire region with maximum speed of

20m/sec. Constant Bit Rate (CBR) traffic source with packet size of 512 bytes is used. Traffic

scenarios with 9 source-destination pairs were used to establish the routes. The initial energy of

each node was set randomly between 60 and 200 Joules with transmission and reception power

of 0.33 W and 0.28 W respectively. The Energy threshold value for the simulation is set to 60

Joule and the expiration time of D at the destination routing table is set randomly between [0,0.1]

sec. Identical movement and traffic scenarios are used across the considered routing protocols.
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Each data point for each routing protocols represents an average of twenty randomly generated

traffic scenario files. The parameters used in the simulation are summarized in Table 6.1.

Table 6.1: Simulation Parameters

Simulation Parameters Values

Number of Nodes 20 to 120

Geographical areas(m2) 1500mX1500m

Packet Sizes(Bytes) 512

Pause time(sec) 20

Simulation Time(sec) 1000

Initial Energy(Joule) 60 to 200

Transmission Energy(Watt) 0.33

Reception Energy(Watt) 0.28

Traffic Sources 9

Maximum Speed(m/s) 20

Energy Threshold(Joule) 60

Expire-Time of D (sec) 0.1

Number of Trials 20
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6.3.1. Performance Evaluation

To evaluate the performance of the new balanced battery usage scheme (BBU, for

short)), the implementation of the AODV routing protocol in NS-2 simulator [89] has been

modified to incorporate the functionality of BBU routing algorithms i.e. minimum residual

energy, sum residual energy value and energy difference. The simulation results of BBU-AODV

are compared against the Ad hoc Distance Vector (AODV, for short), and Alternate Link

Maximum Energy Level Ad Hoc Distance Vector Scheme (ALMEL-AODV, for short).

The evaluation metrics that have been used for performance comparison include the

normalized routing overhead, average collision rate, delivery ratio, normalized energy

consumption, network lifetime, standard deviation of residual energy of all nodes, and average

end-to-end delay. These metrics have been defined in Chapter 3 (Section 3.3). The simulation

scenarios in this chapter designed to assess the impact of network density on the performance of

balanced battery usage scheme.

Impact of Network Density

This section shows the impact of network density on the performance of the three

protocols namely; AODV, ALMEL-AODV and BBU. The network density has been varied by

changing the number of nodes from 20 to 120 nodes for each scenario. In the figures presented

next, the x-axis shows the variations of network density, while the y-axis shows the

corresponding results of the performance metric of interest.

Normalized Routing Overhead

Figure 6.7 depicts the performance of the three routing protocols, namely AODV, BBU-

AODV and ALMEL-AODV, in terms of normalized routing overhead versus network density.

As shown in the figure, the normalized routing overhead generated by each of the considered
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routing protocols increases almost linearly as the network density increases. This is due to the

fact that the larger network density in a network the more RREQ packets generated and

retransmitted. The results also reveal that for a given network density, the normalized routing

overhead generated by BBU-AODV is lower compared to both AODV and ALMEL-AODV

routing protocols. For instance, compared with the AODV and ALMEL-AODV routing

protocols, the generated routing overhead in BBU-AODV can be reduced by approximately

30.65% and 16.97% respectively when the nodes are relatively medium (e.g. 80 nodes). The

good performance behavior of BBU-AODV is due to the fact that the scheme integrates energy

capacity of each node and hops count as a cost metric unlike AODV and ALMEL-AODV and

hence minimizes frequent broken link due to node’s battery failure. However, the performance

advantage of BBU-AODV over AODV and ALMEL-AODV is getting decreased as the network

becomes dense. For example, in figure 6.7, when the nodes increased to 120 nodes, the

performance advantage of normalized routing overhead in BBU-AODV reduced by

approximately 15.36% and 10.17% compared to AODV and ALMEL-AODV respectively. The

performance reduction can be explained by the fact that when the nodes increase, there is no

means of controlling the routing overhead in any of the routing protocols. General speaking,

BBU-AODV reduces the normalized routing overheads by an average percentage of 17.68%

than AODV and 11% than ALMEL-AODV.
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Figure 6.7: Normalized routing overhead with different number of nodes

Average collision rate:

Figure 6.8 shows the average collision rate at the MAC layer versus the network density.

When the network density is increased, the collision rate for each of the three routing protocols is

increased. For instance when the network density is relatively low (e.g. 20 nodes), BBU

performed about 17.93% and 12.77% better than AODV and ALMEL-AODV respectively.

However, in a relatively medium network, BBU has a clear performance advantage over the

AODV and ALMEL-AODV by 42.71% and 27.48% respectively. When the network is getting

dense, the performance advantage decreased to 15.49% and 7.93% compared to AODV and

ALMEL-AODV routing protocols. This is because in MANETs, the transmission of RREQ

packet is not in accordance with the request-to-send and clear-to-send protocol of the MAC layer
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rather each node transmit only when the communication medium has been sensed idle [1]. As a

result, when the number of nodes increases, the probability of nodes transmitting at the same

time becomes increased, leading to an increase in packet collisions. In general, BBU-AODV

reduces the collision rate by an average of 22.48% and 13.38% compared to AODV and

ALMEL-AODV respectively.

Figure 6.8: Average collision rate with different number of nodes

Delivery ratio:

Figure 6.9 shows the delivery ratio against the network density. The figure shows that the

percentage of packets delivered for each of the routing protocols decreases when the network

density is set high (e.g. 120 nodes) and low (e.g. 20 nodes). Specifically, BBU, AODV and

ALMEL-AODV performs maximum delivery ratio of 88.67%, 85.87% and 86.41% respectively.
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The minimum packet delivery ratio of BBU-AODV, AODV and ALMEL-AODV are 76.28%,

72.85%, and 73.18% respectively. This is because, in a dense network there is an excessive

redundant retransmissions of control packets (e.g. RREQ packets) due to channel contention and

packet collisions, thereby lowering the available bandwidth for data transmission whereas in

sparse network, the route request packets fail to reach to destination nodes due to poor

connectivity i.e. finding a route between source and destination of nodes is difficult in sparse

networks. As shown in Figure 6.9, BBU outperforms AODV and ALMEL-AODV when the

network is relatively medium. Generally, we see an average increment of 3.95% and 2.86% in

the percentage of packets delivered by BBU than AODV and ALMEL-AODV respectively. For

medium network the improvement reaches to 7.34% and 5.4% than both AODV and ALMEL-

AODV respectively. The improvement of BBU-AODV in a medium network is due to the fact

that a destination node has received several energy efficient candidates’ routes to select the best

energy capable route with relatively fair amount of routing overhead. Furthermore the selected

energy efficient route for data transmission spans longer period of time there by reduces the

retransmissions of RREQ packets due to node’s battery failure. As a result, the BBU-AODV

protocol minimizes routing overhead, channel contention and packet collision as shown in Figure

6.7 and Figure 6.8. Consequently, our developed routing protocol increased the available

bandwidth for data transmission and hence delivered more data packets during the entire

simulation time.
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Figure 6.9: Delivery ratio with different number of nodes

Normalized energy consumption:

The results in Figure 6.10 depict the normalized energy consumption versus network

density. The results in Figure 6.10 reveal that BBU has less energy consumption per delivered

packet than the other routing protocols in each of the network density. As shown in Figure 6.10

BBU routing protocol reduces energy consumption per delivered packet by an average

percentage of 4.54% than AODV and 2.9% than ALMEL-AODV. The improvement reaches to

7.57% and 4.9% than AODV and ALMEL-AODV routing protocols respectively. This is due to

the fact that BBU uses an energy efficient path for data communication so that an established

route could still wait for longer period of time without node’s battery failure than the other

routing protocols and thereby reduces frequent re-initiation of route discovery process. Hence,
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our proposed routing protocol reduced an energy requirement for redundant routing packets.

Furthermore, the proposed protocol has also increased the data packets delivered to the intended

destination nodes as shown in figure 6.9. As a result, reduction of routing packets and more

delivered packets contribute a reduction in energy consumption per delivered data packets in

BBU-AODV routing protocol compared to the considered routing protocols.

Figure 6.10: Normalized energy consumption with different number of nodes

Network lifetime

The results illustrated in Figure 6.11 show the network lifetime under varying number of

network density. In the figure when the number of node increases the network lifetime in all the
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routing schemes decrease. This is because as the number of node increases, the routing packets

generated and disseminated through the network increases. As a result, a considerable amount of

node’s energy is consumed by each node’s of the network, leading to a decrease in the network

lifetime. Figure 6.11 shows that BBU-AODV routing protocol outperforms both AODV and

ALMEL-AODV by successfully runs the network for a longer duration of time before the first

node exhausts its energy.

In a simulation scenario of 1000 sec, the minimum network lifetime is 156.14 sec in BBU

where as 129.98 sec and 137.37 sec for AODV and ALMEL-AODV routing protocols

respectively when the number of nodes in the network is 120. Generally BBU-AODV improves

the network lifetime by an average of 9.15% compared to AODV, while an average of 6.83%

compared to ALMEL-AODV. The performance improvement in network life time is due to the

fact that our enhanced energy aware AODV prevents small residual energy nodes as a relay node

during route selection and hence the time when the first node exhausts it’s battery spans longer

duration of time. Furthermore, the protocol will also conserve node energy consumption by

reducing the number of routing packets, leading to an increase network lifetime.
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Figure 6.11: Network life time with different number of nodes

Standard deviation of residual energy of all Nodes

Figure 6.12 shows the standard deviation of remaining energy of all mobile nodes at the

end of the simulation for each of the three routing protocols as the number of node increases. In

BBU-AODV as the value of residual energy of each node on the route is above the threshold,

maximum summation of energy path with less hop count will be used. This made energy capable

nodes become part of the route for data transmission during route establishment and hence loads

are distributed along energy efficient nodes. As a result less energy capable nodes are not

penalized and hence nodes on the network are running up together. Therefore, the deviation of
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residual energy of all nodes becomes smaller in BBU-AODV than both AODV and ALMEL-

AODV. For instance as shown in figure 6.12, BBU_AODV minimizes standard deviation of

remaining energy by an average of 15.77% and 11.4% compared to AODV and ALMEL-AODV

routing protocols respectively.

Figure 6.12: Standard deviation of residual energy of all nodes with different number of nodes

Average End to End Delay:

Figure 6.13 plots the impact of network density on the performance of the three routing

protocols in terms of end-to-end delay. The figure shows that the end-to-end delay for each of

the routing protocols increases for both sparse and dense networks. This is due to the fact that in

dense network more number of routing packets is generated and transmitted and hence the
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interference between neighbor nodes, packet collisions and channel contention increases.

Therefore, the time required to reach to destination increases. On the other hand when the

network is sparse, due to poor connectivity the routing packets fail to reach to destination nodes

and thus increase the end to end latency.

In Figure 6.13, we observe that the average end to end delay of AODV is smaller than

both BBU-AODV and ALMEL-AODV. For instance, the average end-to-end delay of AODV is

less than that of BBU-AODV and ALMEL-AODV by approximately 5.75% and 10.04%

respectively. The reason is that AODV only finds shorter routes during route discovery

irrespective of other parameters. Furthermore, the average end to end delay of ALMEL-AODV

is higher than BBU-AODV. This is because ALMEL-AODV does not consider hop count as a

cost metric. As a result, a path which has more hops could be selected for data transmission

during route discovery which results an increase in end to end delay.
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Figure 6.13: Average end to end delay with different number of nodes

Summary

This chapter has proposed a new energy aware routing approach which combines the

minimum residual energy, sum residual energy and hop count as a cost metric. The approach

utilizes minimum residual energy, sum residual energy and hop count to select an energy

efficient route that maximize network lifetime and distribute loads evenly among the mobile

nodes.

The NS-2 implementation of the AODV routing protocol has been modified to

incorporate the new energy efficient routing protocols which has been referred to in this chapter

as the Balanced Battery Usage (BBU) routing protocols (BBU-AODV, for short).
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Several simulation runs have been conducted on the BBU-AODV routing protocol and

the performance results have been compared with the traditional AODV and its energy aware

variant of AODV, namely ALMEL-AODV. The performance analysis has been conducted in

terms of normalized routing overhead, average collision rate, delivery ratio, normalized energy

consumption, network lifetime, standard deviation of residual energy, and average end to end

delay.

The performance analysis results have shown that in terms of normalized routing overhead,

average collision rate, delivery ratio, normalized energy consumption, network lifetime and

standard deviation of residual energy of all nodes, the new balanced battery usage routing

protocol, BBU-AODV, achieves relatively better performance than both AODV and ALMEL-

AODV at the expenses of higher end to end delay. Table 6.2 shows the performance results of

BBU compared to AODV and ALMEL-AODV. Furthermore BBU-AODV still uses flooding as

method for route discovery process. However flooding technique consumes energy and other

resources of MANETs.
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Table 6.2: Performance comparison among AODV, ALMEL and BBU over varying number of

nodes.

Metrics
Improved performance of
BBU compared to AODV

Improved performance of
BBU compared to ALMEL

Normalized routing overhead -17.68% -11%

Average Collision Rate -22.48% -13.38%

Delivery ratio 3.95% 2.86%

Normalized Energy Consumption -4.54% -2.92%

Network Lifetime 9.15% 6.83%

Standard deviation of residual
energy of all nodes

-15.77% -11.4%

Average end to end delay 5.75% -4.85%

Hence in the next chapter, we propose an energy efficient gossip based protocol for

MANETs that alleviate the shortcomings of BBU-AODV flooding method of route discovery.
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CHAPTER VII: GOSSIP BASED BALANCED BATTERY USAGE ROUTING (GBBU)

In Chapter 2, the traditional routing protocols for MANETs were discussed. In

traditional/classical routing approach, any newly RREQ packet received at a node is

retransmitted with probability of one regardless of node density and node’s energy level. In

Chapter 5, a number of related works which addressed the energy inefficiency of traditional

routing mechanisms were discussed. The proposed approaches tune the retransmitting

probability either as a function of node degree or assigning a fixed probability value regardless

of node’s residual energy information.

In MANETs, the network topology is dynamic and the level of residual energy of each

node varies over time [48, 55]. Therefore, the forwarding probability used in probabilistic

broadcast schemes for the dissemination of broadcast packets should be set dynamically to

reflect the local and global information about the network (i.e. neighborhood information and the

residual energy of a route). To achieve this, a new energy aware gossip based routing approach

referred to as Gossip based Balanced Battery Usage Scheme (GBBU, for short) is proposed in

this chapter. Unlike the fixed and adjusted probabilistic route discovery approaches that utilize

predetermined forwarding probabilities (See Chapters 5), the nodes in GBBU dynamically

compute their forwarding probabilities using a probability function which depends on the

minimum residual energy of nodes along a route from source to the forwarding node and the

local neighbor density at a forwarding node.

7.1. Gossip Based Balanced Battery Usage Routing Protocol

In chapter 6, we developed a BBU energy aware routing protocol [80]. The proposed

work maximizes network lifetime and distributes battery usage across mobile nodes in a network

than the prior related works. However the route discovery process of BBU still uses flooding to
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search a route between source and destination nodes. For example, if N is the total number of

nodes in the network and the intermediate node does not have a valid route to destination, the

number of possible broadcasts of an RREQ packet in both AODV and BBU is N-1.

These techniques of route discovery can seriously affect the performance of the routing

protocol in terms of communication overhead, channel contention, packet collision, end-to-end

delay and energy consumption [47, 80]. Of course to reduce the routing overhead associated with

the traditional route discovery process of MANET routing protocol several approach was

introduced as it is reported in chapter 5. However none of them consider both minimum residual

energy and node density level as a cost metric to maximize network life time and minimize

energy consumption though they are very important energy efficiency metrics for MANET

routing protocols. Furthermore, in the proposed routing protocol we tackled the fundamental

question of why a node forwards a packet with only by its own residual energy while an

established route lifetime depends on the minimum residual energy of the individual intermediate

nodes that constructs the path?.

The proposed gossip based energy aware routing approach is developed on top of BBU

and named as Gossip based Balanced Battery Usage Scheme (GBBU, for short). The GBBU

routing protocol tried to overcome shortcoming of BBU and traditional routing protocols of

MANET by introducing gossiping as a function of normalized minimum residual energy and

node density level. In GBBU scheme, upon receiving a broadcast packet for the first time, the

probability P is calculated based on the normalized minimum residual energy from source to the

node itself. Then, a node forwards the packet with a gossip forwarding probability P. If it fails to

retransmit the packet, the GBBU protocol examines whether node’s neighbors receives the

packet or not depending on the number of neighbors in order to protect an early death of the
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routing packet. Therefore the proposed protocol has two advantages. Firstly, it excludes the

minimum residual energy node during route establishment by assigning small retransmitting

probabilities for each energy hungry intermediate node. For example, let us assume that path S-

A-B-C-D is one possible route to destination node D from source node S in traditional routing

protocol (i.e. each node retransmits any newly received RREQ packets). Moreover, Node A has a

smallest residual energy. In GBBU, since node A has a smallest residual energy, node B and

node C rebroadcast the routing packet with a probability related to node A’s residual energy.

Hence the probability of Path S-A-B-C-D reaching to destination node D in GBBU is minimal as

each intermediate node rebroadcasts the packet with probability related to the smaller residual

energy i.e. node A. As a result node A is protected from an early death. Secondly; it minimizes

an early death of routing packets using neighborhood information. In GBBU, when a node Y

with n neighbors receives a broadcast packet for the first time and fails to rebroadcast a packet, it

sets a timer and waits a copy of the number of received RREQ i.e. C from its neighbor nodes. If

a node does not receive C11 or C22 number of RREQ packets within a gossiping timeout period,

it retransmits the packet otherwise it drops.

The algorithm of GBBU and its corresponding flow chart is depicted in Figure 7.1 and

Figure 7.2 respectively. The route reply and route maintenance procedure of GBBU is similar to

BBU. More importantly, the new gossip based energy efficient scheme:-

a) adjusts the gossiping probability P based on the global and local

neighborhood information such as minimum residual energy and neighbor density level.

1 Number of received route request packet in sparse regions

2 Number of received route request packet in dense regions
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b) sets the value of P during the run time rather than during the design time

to make it more reactive to operating conditions,

c) does not require an additional hardware to operate it for example GPS.
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Figure 7.1: Algorithm of GBBU scheme for broadcasting RREQ at the intermediate nodes

Up on receiving an RREQ packet at node Y
if ( the RREQ packet is received for the first time)
Add the RREQ packet ID to the received packet list
Get the number of neighbor’s n of node Y
Generate a random number r over the range [0, 1]

if (n=1) // Node Y has no other neighbors
Drop the RREQ packet

endif
Get the minimum residual energy ey of node y between source and node Y
Set the rebroadcast probability Pi =ey/ei ; ei is an initial energy of node Y

if (r > Pi )
if ( n<=nth) // Node Y is in a sparse area

C=C1;
else // Node Y is in dense area

C=C2;
end if

Initialize the packet counter count to 1
Set and wait for RAD gossiping time to expire

While waiting:
-For every duplicate RREQ packet received
-Increment count by 1

if (RAD expires)
if( count<=C) // to increase the successful delivery of RREQ

Rebroadcast the RREQ packet
else

Drop the RREQ packet
end if

end if
else
Rebroadcast the RREQ packet
end if

else // the RREQ packet is a duplicate packet
if (waiting for RAD timer not expire)

Go to while waiting step
else

drop the RREQ packet
end if

end if
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Figure 7.2: Block diagram for the operation of GBBU-AODV
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7.2. Analytical Comparisons of Routing Protocols

For a better understanding of the concept of the proposed GBBU protocol, consider the

topology presented in Figure 7.2. In this network topology, the numbers inside the circles

represent the node numbers (identity or address). The numbers below each node represent their

respective residual energy. Let us assume that node S has three possible routes reaching

destination node D using flooding approach as shown in Figure 7.2 and the initial energy of each

node is 50 joule.

In conventional AODV, S broadcasts a RREQ packet and all its neighbors receive it (i.e.

nodes 1, 2 and 3). Nodes 1, 2 and 3 will retransmit the route request packet with probability 1.

The process of retransmitting will continue till the packet reaches destination node D and finally

destination node D receives the RREQ through three different routes as shown in Figure 7.2.

However, in our proposed scheme, i.e. GBBU, node 1, node 2 and node 3 will re-forward with

its respective normalized residual energy. But, node 4, node 5 and node 6 will check its residual

energy related to node 1, node 2 and node 3 respectively. For instance, if node 6 finds that it has

lower residual energy or a level below node 3 residual energy, it will re-forward by its own

normalized residual energy otherwise it retransmits with normalized residual energy of node 3.

Hence in the figure shown, node 6 retransmits with gossip probability of 3/50=0.06 which is the

minimum normalized residual energy of node 3 and node 6. The same process is used for the rest

intermediate nodes. In the given example, node 4 retransmits with its own normalized residual

energy 16/50=0.32, node 5 retransmits with normalized residual energy of node 2, i.e.

19/50=0.38, and so on.
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Figure 7.2: Example of Gossiping Probability operation

7.3. The Node Degree in GBBU

In a network of random distribution of mobile nodes in MANETs, there are regions of

varying node density (i.e. sparse and dense regions) and node energy levels. In fixed

probabilistic approach, the same value of probability P is assigned regardless of their local

topological characteristics which results unfair distribution of probability P among nodes on the

network leading to a negative impact on the performance of the network. For instance, if a node

has few numbers of neighbors and the rebroadcasting probability is set to low then the route

request packet may not reach the intended destination. On the other hand, if a node has less

residual energy and used as an intermediate node for data transmission then the duration of the

route will be short, leading to re-initiation of route discovery. Hence, it is essential to identify

and categorize mobile nodes in the various regions and energy levels on the network and

appropriately adjust their forwarding probabilities.

The work on [128, 139] classified regions based on number of neighbors in to two:

sparse area and dense area. Furthermore, a node should be assigned a low and relatively high
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counter values in dense and sparse regions respectively. To achieve this, the neighborhood

information at each node is used from the existing hello protocol implementation [120, 139].

Research works in [128, 139, 134, 137, 171] were also identified node degree of 8 as an

optimal number of node densities to categorize whether a node is in sparse or dense region. Thus

node degree 8 is used for GBBU protocol as a node degree threshold (nth) for the optimal

number of neighbors at each node. Furthermore, the authors have showed that nodes in sparse

networks should retransmit at a higher chance than nodes in dense networks to minimize an early

death of the broadcasting packets. This could be achieved by altering the threshold value C to

adapt to network density in such a way that a large threshold value of C1 is used for sparse

networks and a small threshold value C2 for dense networks. They claimed that a value between

1 and 2 is enough to guarantee the reachability of the broadcasting packets for dense and

between 2 and 4 for sparse network. Furthermore the waiting time, i.e. RAD, for duplicate

packets is randomly chosen from [0, 0.1] sec. Hence in this dissertation we have seen the effect

of counter threshold values on reachability and average collision rate by varying the value of

counter threshold from 1 to 4 with an increment of 1 per simulation trial. We choose a counter

value of 1, i.e. C2=1, for dense network whereas a counter value of 2, i.e. C1=2, for sparse

networks as the values provides an optimal results for both reachability and collision rate as

shown in appendix A.1 and appendix A.2.

7.4. Performance Analysis

To evaluate the performance of the gossip based balanced battery usage routing protocol

(i.e. GBBU), the implementation of the BBU routing protocol has been modified to incorporate

the functionality of the GBBU algorithm. Since GBBU developed on top of BBU and every

concepts of BBU are on GBBU, the simulation result of GBBU is compared against the
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traditional AODV and Gossip, i.e. GOSSIP3 (p, k, m) or GOSSIP (0.65, 1, 1), routing protocols.

The simulation models and system parameters used for the performance analysis in this chapter

are similar to those that have been used in Chapters 3, 4 and 6. The evaluation metrics used to

conduct the performance analysis include the normalized routing overhead, Average collision

rate, delivery ratio, normalized energy consumption, network lifetime, and average end to end

delay. These metrics have been defined in Chapter 3 (see Section 3.3).

In reality, the performance of mobile ad hoc networks will depend on many factors such

as node mobility, traffic pattern, network topology and so on [148, 173]. Thus the simulation

setups consist of three different settings, each specifically designed to assess the impact of a

particular network operating condition on the performance of GBBU routing protocol. First, the

impact of network density is examined by varying the number of mobile nodes placed on an area

of 1500m x 1500m. The second simulation scenario investigates the effects of node mobility on

the performance of the routing protocols by varying the maximum speed in a fixed number of

mobile nodes placed on an area of 1500m x 1500m. The third simulation scenario evaluates the

performance impact of traffic offered or load density on the protocols by varying number of

source-destination pairs for a fixed number of nodes placed on a 1500m x 1500m topological

area. Since the network load increases in this chapter due to an increase in number of nodes (e.g.

goes to 200 nodes), offered loads (e.g. goes to 15 source destination connections) and maximum

speed (e.g. goes to 25 m/s), more packets are injected in the network. Therefore, to handle the

situation and avoid an early network partition, we increase the minimum initial energy of nodes

from 60 joules (in chapter 6) to 100 joules. Thus, the initial energy of each node was randomly

set between 100 and 200 Joules for all the network conditions.
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Impact of Network Density

This section examines the impact of network density on the performance of the three

protocols namely; AODV, GOSSIP (0.65, 1, 1) i.e. Gossip, and GBBU. The network density has

been varied by changing the number of nodes deployed over a 1500m x 1500m area from 20 to

200 nodes for each simulation scenarios. Each node in the network moves with a random speed

chosen between 0 and 20 m/sec. The pause time is 20 sec. For each simulation trial, 9 identical

randomly selected source-destination connections (i.e. traffic flows) and 5 data packets per

second generation rate are used. The packet size is 512 bytes. In the figures presented below, the

x-axis shows the variations of network density, while the y-axis indicates the corresponding

results of the performance metric of interest.

Normalized Routing Overhead:

Figure 7.3 depicts the performance of the three routing protocols in terms of average

normalized routing overhead versus network density. As shown in the figure, the normalized

routing overhead generated by each of the three routing protocols increases almost linearly as the

network density increases. Furthermore for each network density, the normalized routing

overhead generated by GBBU is lower compared with those of the AODV and Gossip routing

protocols. For instance, compared with the AODV and Gossip routing protocols, the generated

routing overhead in GBBU can be reduced by approximately 18.35% and 16.38% respectively

when the number of nodes is relatively small (e.g. 20 nodes). The performance advantage of

GBBU over the Gossip and AODV is further increased in dense networks. For example, in figure

7.1, when the number of nodes is increased to 200 nodes, the generated normalized routing

overhead in GBBU could be reduced by as much as 19.01% and 66.44% less than Gossip and

AODV respectively. Generally, GBBU reduces the normalized routing protocols by an average



138

percentage of 45.91% than AODV and 21.62% than Gossip. The performance achievement of

the GBBU can be explained by the fact that when the forwarding probability at a node is set

according to its local density and minimum residual energy node, the redundant retransmissions

of the RREQ packet is reduced. Furthermore GBBU establishes an energy efficient route during

route discovery process thereby decreases frequency of broken link due to battery failure, leading

to an overall reduction of routing packets.

Figure 7.3: Normalized routing overhead with different number of nodes

Average collision rate:

Figure 7.4 shows the average collision rate at the MAC layer versus the network density.

When the network density is increased, the collision rate for each of the three routing protocols is

increased. For instance, when the network density is relatively low (e.g. 20 nodes), GBBU
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performed about 15.24% and 38.99% better than Gossip and AODV respectively. However, in a

relatively dense network, GBBU has a clear performance advantage over the Gossip and AODV

by as much 24.47% and 58.23% respectively. Generally, the average collision rate of GBBU

reduced by approximately 21.27% and 51% compared to Gossip and AODV routing protocols.

In MANETs, the transmission of RREQ packets i.e. the broadcast packet is not in accordance

with the request-to-send and clear-to-send protocol of the MAC layer rather each node transmit

packets only when the communication medium has been sensed idle [1]. As a consequence,

when the number of nodes increases, the probability of more than two nodes transmitting at the

same time becomes increased which can lead to an increase in the number of packet collisions.

On the other hand, by using a gossiping broadcast approach, some nodes are forced to

suppress their retransmit leading to the reduction of RREQ packets in the network. As a result

the average collision rate is reduced in GBBU routing protocol.
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Figure 7.4: Average collision rate with different number of nodes

Delivery ratio:

In Figure 7.5, the delivery ratio is plotted against the network density. The figure shows

that the percentage of packets delivered for each of the routing protocols decreases when the

network density is set high (e.g. 200 nodes) and low (e.g. 20 nodes). Specifically, GBBU,

Gossip and AODV performs maximum delivery ratio of 93.70%, 90.36% and 90.22 %

respectively. The minimum packet delivery ratio of GBBU, Gossip and AODV are 60.66%,

56.54% and 39.19% respectively. This is due to the fact that, in a dense network there is an

excessive redundant retransmissions of control packets (e.g. RREQ packets) because of the

channel contention and packet collisions, thereby lowering the bandwidth available for data

transmission whereas in sparse network, the request packets fail to reach to destination nodes due
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to poor connectivity. As shown in Figures 7.5, AODV relatively performs better than both

GBBU and Gossip by an approximate value of 2.45% and 8.4% respectively in sparse networks

(e.g. 20 nodes). However, GBBU outperforms both AODV and Gossip when the network density

increases. We see an average increment of 13.83% and 6.48% in the percentage of packets

delivered by GBBU than AODV and Gossip respectively. For dense network the improvement

reaches to 10.66% than Gossip and 54.76% than AODV. The improvement of GBBU in a dense

network is due to the fact that a destination node has received several energy efficient candidates

to select the best energy capable route so that the selected energy efficient route for data

transmission spans longer period of time there by reduces the retransmissions of RREQ packets.

Hence The GBBU protocol minimizes channel contention and packet collision.

Figure 7.5: Delivery ratio with different number of nodes
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Normalized energy consumption:

The results in Figure 7.6 depict the energy consumption per delivered data packet versus

network density. The results in Figure 7.6 reveal that GBBU has less energy consumption per

delivered data packet than the other routing protocols in each of the network density. As shown

in the figure GBBU routing protocol significantly reduces energy consumption per delivered data

packet by an average percentage of 6.39% than Gossip and 12.36% than AODV. The

improvement further increases as the network becomes dense. This is due to the fact that GBBU

uses an energy efficient path for data packet transmission so that an established route could still

wait for longer period of time without node failure than the other routing protocols and thereby

reduces frequent re-initiation of route discovery process. Furthermore, the proposed protocol has

also reduced the routing packets injected to the network during route discovery by using

gossiping retransmitting probabilities which contributes for the reduction of normalized energy

consumption.
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Figure 7.6: Normalized energy consumption with different number of nodes

Network lifetime

Figure 7.7 illustrates the Network Lifetime results for AODV, Gossip and the proposed

GBBU routing protocols over different network density. In the figure we also see an

improvement in network lifetime in GBBU than the other routing protocols.

In a simulation scenario of 1000 sec, the network is alive for a minimum value of 535.10 sec for

GBBU where as Gossip and AODV make the network alive for a minimum of 498.35 sec and

451.10 sec respectively. Generally in GBBU we see an average improvement of 5.46% in

network lifetime than AODV, while an average improvement of 3.06% is gain by GBBU over

Gossip. This improvements gained by GBBU seems insignificant but GBBU delivered an

average of 3,158.48 and 2,114.85 more data packets than both AODV and Gossip routing
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protocols respectively. Under these circumstances there is still a lifetime improvements in

GBBU. This is because the GBBU routing protocol selects an energy efficient nodes for data

transmission which protects the nodes from an early death due to their energy draw off.

Furthermore, the protocol will also conserve node energy consumption by reducing

rebroadcasting packets using gossiping probability which contributes as well for the enhanced

network lifetime.

Figure 7.7: Network lifetime with different number of nodes

Average end to end delay:

Figure 7.8 plots the impact of network density on the performance of the three routing

protocols in terms of end-to-end delay. The figure shows that the end-to-end delay for each of

the routing protocols sharply increases for both sparse and dense networks. This is due to the fact
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that when the network is dense more routing packets is generated and disseminated through the

network, as a result the interference between neighbor nodes, packet collisions and channel

contention increases. Hence the time required to reach to destination also increases. This

situation results a cumulative effect of an increase in the end to end delay of the protocols. On

the other hand when the network is sparse, due to poor connectivity the routing packets fail to

reach to destination nodes and hence increase an end to end delay.

In a sparse network, AODV performs better than both Gossip and GBBU followed by GBBU

compared to Gossip. The reason is that AODV could easily establish path between source and

destination using flooding and hence decrease the amount of time searching an end to end path

than both GBBU and Gossip routing protocols. However in a dense network, Gossip performs

better than the two protocols, moreover, GBBU outperforms AODV. This is because of the

significant reduction in both the routing overhead and the collision rate in Gossip and GBBU

routing protocols as shown in Figures 7.3 and 7.4 respectively compared to AODV. Generally

GBBU routing protocol increased the average end to end delay by approximately 2.55% and

4.19% compared to both AODV and GBBU routing protocols respectively.
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Figure 7.8: Average end to end delay with different number of nodes

Impact of Offered Load

This section considers the effects of traffic load on the performance of GBBU, Gossip

and AODV routing protocols. In this study, 140 nodes are deployed over 1500m x 1500m and

each node is moving according to the random way point mobility model with a maximum speed

Vmax of 20m/s. To investigate the impact of traffic load, the numbers of source-destination

connections (or flows) have been varied over a range of 3 to 15 flows. The source destination

pair for each of the connections is chosen at random but having a sufficient energy to generate

data packets.
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Normalized routing overhead:

In Figures 7.9, the normalized routing overhead generated by the three routing protocols

is plotted against the offered load. The figures show that the routing overhead of each of the

three routing protocols increases as the offered flows increases. This is because when the offered

load is increased by increasing the source-destination pairs, the routing packets generated and

transmitted through the network is also increased. Additionally, each node depletes its energy at

a faster rate and hence rerouting of route request packet is relatively more frequent.

The results in Figure 7.9 also reveal that GBBU-AODV has a clear performance

advantage over both AODV and Gossip across all offered loads. The average reduction of

normalized routing in GBBU is 26.24% and 42.10% than Gossip and AODV routing protocols.

Furthermore, in a dense network GBBU performs better than Gossip and AODV by reducing the

routing overhead by as much 41.29% and 58.86% respectively. These reductions could be

explained by the fact that beyond reducing the retransmitting packets using gossip rebroadcasting

probabilities according to local density and residual energy, GBBU-AODV implements a route

discovery operation that selects a relatively energy capable intermediate nodes as router between

source and destination nodes. The selection of energy capable intermediate nodes makes an

established route active for longer period of time which reduces the frequency of retransmission

of routing packets due to battery failure.
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Figure 7.9: Normalized routing overhead with different number of offered loads

Average collision rate:

In Figure 7.10, the average collision suffered by the network per unit simulation time for

all the three routing protocols is plotted against the offered load. In the figure, the average

collision rate increases almost linearly as the offered load increases. This is because when the

offered load is increased by increasing the source-destination pairs, the RREQ packets generated

and disseminated through the network is also proportionally increased. As a consequence, the

probability of two or more nodes transmitting at the same time is increased and hence the packet

collision rate is increased. For instance, compared with the Gossip and AODV, the average

collision rate of GBBU is reduced by as much as 25.27% and 46.88% respectively.
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Figure 7.10: Average collision rate with different number of offered loads

Delivery ratio:

Figure 7.11 shows the performance of the routing protocols in terms of delivery ratio

when the offered load is varied from 3 to 15 flows. The figure reveals that the delivery ratio for

all the routing protocols decreases as the offered load increases. The reason is that when the

offered loads are increased, the number of nodes initiating route discovery processes is also

increased. As a result, more routing and data packets are generated and disseminated through the

network. Consequently packet collisions, channel contention and intermediate node’s battery

consumptions are increased. This phenomenon reduces the available bandwidth for actual data

transmission, thereby causing degradation of the overall network delivery ratio.
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It can be seen in figure 7.11 that the superiority of GBBU-AODV over the other routing

protocols becomes more noticeable when the offered load is increased (e.g. 15 flows). Generally,

the average delivery ratio of GBBU is approximately 7.33% and 14.12% better than the Gossip

and AODV routing protocols respectively. This is due to the fact that GBBU selects an energy

efficient route for data communication which is active for longer period of time so that the

number of dropped data packets due to node’s battery failure at the intermediate nodes decreases.

Furthermore, the reduction of routing overhead in GBBU provides more data packets are

transmitted through the available bandwidth.

Figure 7.11: Delivery ratio with different number of offered loads
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Normalized energy consumption

Figure 7.12 plots the performance properties of GBBU, Gossip and AODV routing

protocols in terms of normalized energy consumption against offered loads. In Figure 7.12, the

normalized energy consumption increases almost linearly as the offered load increases. This is

because when the offered load is increased by increasing the source-destination pairs, the routing

and data packets generated and disseminated through the network is also increased. As a result,

the amount of normalized energy consumption is also increased. For example, when the offered

load is increased from 9 to 12 flows (i.e. at a high offered load), the energy consumption per

delivered packet of GBBU, Gossip and AODV is increased by approximately 11.98%, 21.86%

and 23.45% respectively.

The simulation results in Figure 7.12 show that GBBU consumes less amount of energy

per delivered data packet than both Gossip and AODV routing protocols. For instance, compared

with the Gossip and AODV, the normalized energy consumption of GBBU is reduced by as

much as 0.81% and 1.46% respectively when light offered load is used (e.g. 3 flows) and about

21.96%, and 30.97% respectively when the offered load is heavy (e.g. 15 flows). This is due to

the number of improvements applied in it. The first one is selection of energy capable route

among the possible routes. This mechanism avoids link failure due to battery drain off thereby

minimizes frequent re-discovery process and hence increases delivery ratio as shown in figure

7.11. The second one is reduction of routing packets. GBBU reduces routing overhead during

route establishment using gossiping approach. The mechanism saves unnecessary energy

consumption due to frequent retransmission of routing packets in the network. Generally, GBBU

decrements the normalized energy consumption of the network by approximately an average of

9.16% and 13.34% compared to Gossip and AODV routing protocols respectively.
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Figure 7.12: Normalized energy consumption with different number of offered loads

Network lifetime:

Figure 7.13 shows the network lifetime of GBBU, Gossip and AODV routing under

varying connection or traffic loads. From the figure we can reveal that as the number of

connections increases the life time decreases. This is because as the offered load increases the

retransmitted and distributed routing and data packets increase which causes depletion of each

mobile node’s battery and hence decreases network life time.

The figure shows that GBBU gives a better network life time than both Gossip and

AODV routing protocols. The reason for this is that the end-to-end path returned by GBBU

elapses longer period of lifetime in comparison with Gossip and AODV due to the selection of

nodes having the highest residual energy level by running localized and distributed algorithms.
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However, in the case of AODV and Gossip, the network nodes are not capable of capturing the

residual energy, and hence the protocols cannot distinguish among mobile nodes that has

sufficient amount of battery, leading to minimum network lifetime due to the selection of nodes

having low residual energy during route establishment.

Furthermore the network life time increment in GBBU seems not significant. It increases

by an average network life time of 2.93% and 4.3% than Gossip and AODV respectively. This is

due to the fact that an established route by GBBU delivers an additional 3224.55 and 4923.5

more data packets to the destination than Gossip and AODV respectively which contributes to a

small network lifetime increment than both Gossip and AODV routing protocols.

Figure 7.13: Network lifetime with different number of offered loads
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Average end to end delay:

In Figure 7.14, the numerical results in terms of average end-to-end delay are plotted

against the offered load. The results in the figure 7.14 show that as the number of source

destination pairs increases, the end-to-end delay also increases by each of the routing protocols.

This is because when the source-destination pair’s increases, the packets flows through the

network also increases, thus more packets are generated and disseminated in the network which

results an increase in contention, interference between neighbor nodes and packet delay at

intermediate nodes queue. These phenomena lead to an increase in end to end delay.

The figure also shows that GBBU-AODV performs better than the other two routing

protocols when the offered load getting high (e.g. 12 and 15 flows). However in small offered

load both AODV and Gossip outperforms GBBU routing protocol. This is because in high

offered load a significant amount of routing overhead is generated and packet collision is

occurred in both AODV and Gossip as shown in figure 7.9 and figure 7.10. Hence the average

time required to establish a path increases. Moreover, each data packet generated by source node

is buffered at the source node until a path is discovered. Eventually, the average end to end delay

increases. For instance, GBBU reduced the end to end delay by approximately 2.86 % and 11.56

% compared to Gossip and AODV respectively when the offered load is 15. Whereas in an

offered load of 3, GBBU increased an end to end delay by approximately 10.16% and 11.95%

compared to Gossip and AODV routing protocols respectively. Generally, GBBU reduces an

average end to end delay by 0.4% compared to AODV and increased by 2.43% compared to

Gossip routing protocol.



155

Figure 7.14: Average end to end delay with different number of offered loads

Impact of node mobility

This section presents the effects of node mobility on the performance of the three

protocols. In this study, a set of simulation experiments has been conducted by deploying 140

nodes over a 1500m x 1500m with each node moving according to the random waypoint

mobility model with a maximum node speed of Vmax. The maximum speed Vmax in the network

has been varied from 5m/sec to 25m/sec. We study each movement scenario under three

different speeds; Low, medium and high-speed. In the low-speed case, nodes move at speeds not

faster than 5 m/s. This speed is assumed to model walking or brisk walking speed. In the

medium-speed, nodes move at a speed not faster than 15 m/s. This speed is analogous to driving
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in a neighborhood and bicycle movements. In the high-speed case, nodes move at speeds not

faster than 25 m/s, which are assumed to model vehicular movement, from motion in urban areas

to fast motion on highways. An offered load of 9 flows has been considered in each simulation

scenario [99].

Normalized Routing Overhead:

Figure 7.15 plots the normalized routing overhead generated by the three routing

protocols against the maximum node speed. The results depict that the routing overhead

generated by each of the routing protocols increases with increased maximum node speed. This

is because when node mobility increases, the frequency of breaking routes/ route discontinuity

increases, thus more RREQ packets are generated and disseminated to maintain broken paths or

to establish new paths. These activities potentially contributed an increase on the overall routing

overhead.

However, the results in the figure 7.15 show that GBBU has a clear performance

advantage over the AODV and Gossip routing protocols across all node speeds. For instance at

high speed (e.g. 25 m/s) the GBBU protocol reduces the routing overhead by approximately

48.81% and 22.9% when compared against Gossip and AODV routing protocols respectively.

This is because, GBBU uses node density and an intermediate nodes’ residual energy as a tuning

parameters during retransmitting of routing packets unlike Gossip and AODV routing protocols.

Hence, there is no means of excluding less residual energy node during route discovery in

AODV and Gossip; as a result the frequency of broken link increases, leading to retransmission

and dissemination of more routing packets to maintain the broken links. In general, GBBU

reduces the normalized routing overhead approximately by an average of 17.09% and 41.07%

compared to Gossip and AODV routing protocols respectively.
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Figure 7.15: Normalized routing overhead with different number of maximum speeds

Average Collision rate:

In Figure 7.16 the average collision rate for each of the three protocols is plotted against

the maximum node speed. The results in the figure show that the average collision rate increases

linearly as the node mobility increases. This is because when the mobility is increased by

increasing the maximum speed, frequency of broken links and node failures due to battery

exhaustion is increased and hence significant number of RREQ packets regenerated and

disseminated through the network to repair the broken link, leading to an increase in packet

collisions. For example, when the maximum node speed is increased from 20m/sec to 25m/sec,
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the average collision rate of GBBU, Gossip and AODV is increased by around 8.33%, 14.58%,

25.52%.

In general, it can be noticed from Figure 6.12 that GBBU outperforms Gossip and AODV

by reducing the collision rate approximately by an average of 32.16% and 52.88% respectively.

This is because a large percentage of the RREQ packets are reduced because of the gossiping

probability and selection of an energy capable path, thereby reducing the channel contention.

Figure 7.16: Average collision rate with different number of maximum speeds

Delivery ratio:

Figure 7.17 depicts the comparative network delivery ratio of each of the three routing

protocols against varying maximum node speed. The results in Figure 7.17 show that the
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network delivery ratio of each of the protocols decreases with increased node mobility. This is

obviously due to the following reasons. Firstly, when node mobility increases, the network

topology changes more frequently and unpredictably which increases the number of link

breakages, thereby exhausts node’s energy. Secondly, the broken routes resulting from the

frequent topology changes trigger more re-launching of route discovery and maintenance

processes which also increases the RREQ packets generated and disseminated in the network.

Consequently, a significant packet loss has occurred due to the eventual use of obsolete routes

and packet collisions as shown in figure 7.16, resulting in reduced delivery ratio.

The figure also shows that the average delivery ratio of GBBU-AODV performs 4.51%

and 6.94% better than both Gossip and AODV routing protocols. Even if mobility creates more

overheads in all routing protocols, GBBU reduces the routing packet in the network by selecting

a path having energy capable nodes for data transmission and hence minimizes node failures and

packet drops, leading to an increase delivery ratio.
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Figure 7.17: delivery ratio with different number of maximum speeds

Normalized energy consumption

Figure 7.18 shows the results of the three routing protocols in terms of energy

consumption per delivered data packets versus the maximum node speed. The figure shows that

the average energy consumption per delivered data packets rate for each of the protocols

increases as the node mobility increases. This is because when the node mobility increases, the

number of RREQ packets generated and disseminated in the network is also increased; thus the

energy consumption also increases accordingly. This could be due to the fact that at high speeds

route breaks at a faster rate than at low-speeds, which makes nodes continually try to establish

routes as they break. Thus the frequency of breaking and maintaining routes consumes energy in

the network.
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However, even if the frequency of broken link increases as mobility increases, the energy

consumption per delivered data packets of GBBU still outperforms the other two routing

protocols. The reason is that the retransmission of routing packets in GBBU is controlled by

gossiping techniques which in turn leads nodes to save power and delivered more data packets to

destination with little collisions and interferences and hence reduces the amount of energy

consumption per delivered data packets. Moreover, unlike GBBU route is discovered in both

AODV and Gossip without node’s energy levels and therefore links between nodes might be

frequently broken. However, node failures will cause the traffic flow to be interrupted until a

new route is discovered, which leads to buffer overflow thereby leads to packet loss. For

instance, compared with the Gossip and AODV routing protocols, the average energy

consumption per delivered data packet of GBBU is reduced by as much as 8.99% and 10.18%

respectively when low speed (e.g. 5 m/s ) is used and about 7.17% and 15.39% respectively

when high speed (e.g. 25 m/s) is used. In general, GBBU reduced the normalized energy

consumption approximately by an average of 6.23% and 10% compared to Gossip and AODV

routing protocols.
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Figure 7.18: Normalized energy consumption with different number of maximum speeds

Network Lifetime

The results in Figure 7.19 depict the impact of node mobility on the performance of

GBBU, Gossip and AODV in terms of network life time. The figure shows that the network

lifetime in each of the three routing protocols decreases with increased maximum node speed.

This is because when the node speed increases more routing packets are re-initiated and

disseminated through the network due to frequent broken links and hence consumes node’s

battery, thereby reduces the network lifetime.

For instance, even if GBBU protocol delivered an average of 1657.10 and 2506.9 more

data packets than Gossip and AODV routing protocols, it still prolongs the network lifetime

approximately by 5.75% and 7.36% than Gossip and AODV routing protocols respectively. This
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is because GBBU protocol selects paths having enough residual energy by running localized and

distributed algorithms. The minimum residual energy technique used by GBBU prevents low

level residual energy during route construction as a forwarding node. This is because if the path

is constructed by those nodes, the established path becomes quickly unavailable due to

exhaustion of node’s battery. Therefore, GBBU minimizes many critical nodes from data packet

forwarding nodes thereby maximize node’s lifetime. Moreover, the selection of more energy

capable paths in the case of GBBU means that fewer control packets are needed for path

maintenance and thus reduced energy consumption. On the other hand, in both Gossip and

AODV schemes there is no mechanisms of protecting low energy level nodes and hence these

nodes could be part of the route during the route discovery stage. As a result, the network

lifetime of both AODV and Gossip routing protocols decrease due to exhaustion of node’s

battery at an early stage of the simulation.
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Figure 7.19: Network lifetime with different number of maximum speeds

Average end to end delay:

The average end-to-end delay of GBBU, Gossip and AODV for different speeds is

reported in Figure 7.20. The figure shows that the average delay incurred in each of the three

protocols increases with increased maximum node speed. This is because in a relatively high

speed, most of the originated RREQ packets fail to reach their destinations due to the increased

probability of packet collisions and channel contention caused by excessive redundant

retransmissions of the RREQ packets. This potentially increases the time required for data

packets to be transmitted from the source to destination nodes due to the delay of data packets

waiting at the source and intermediate nodes’ queue. Moreover, frequent broken links can also
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lead to stale routes at mobile nodes which can result in an overall increase in the end-to-end

delay of data packets.

From the figure we can reveal that the average end to end delay incurred in GBBU-

AODV is higher than both Gossip and AODV routing protocols. For instance, at 25m/s, the

delay incurred by GBBU is increased by approximately and 7.47% and 4.755 % compared to

Gossip and AODV routing protocols respectively. In general both Gossip and AODV routing

protocols reduce an end to end delay by approximately 3.94% and 3.94% respectively compared

to GBBU-AODV routing protocol.

Figure 7.20: Average end to end delay with different number of maximum speeds
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Summary

This chapter has presented new gossip based energy aware routing approach for

MANETs, named as Gossip based Balanced Battery Usage (GBBU), where the gossiping

probability at a node is dynamically computed based on its neighbor density and minimum

residual energy from source to the node. The chapter has compared the performance of GBBU

against two existing routing protocols. The routing protocols examined in this chapter include

GBBU-AODV, GOSSIP3 (0.65, 1, 1) (i.e. Gossip), and AODV routing protocols.

The performance of the routing protocols is measured in terms of the most widely used

performance metrics in the existing performance analysis of MANETs routing protocols that

include normalized routing overhead, average collision rate, delivery ratio, normalized energy

consumption, network life time, and average end-to-end delay. Performance analysis has been

conducted considering various system parameters. First, the impact of the network density on the

performance of the routing protocols is conducted by varying the number of nodes placed in a

fixed area. Second, the impact of the offered load on the performance of the routing protocols is

examined by varying the number of source-destination connections (offered load/flows for

short). Finally, the performance analysis of the routing protocols has been studied under varying

node mobility by varying the maximum node speed in the network.

The simulation results confirm that routing protocols which do not consider node’s

energy as a cost metric lead to excessive redundant re-transmissions, causing high channel

contention and packet collisions, reduces network life time and consumes more energy per data

packet in the network. However by introducing gossip based energy aware routing protocol we

reduce the overhead, routing load, power consumption by increasing network life time at the
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trade off a smaller amount of end to end delay. Table 7.1 shows the performance results of

GBBU compared to AODV and GOSSIP.

Table 7.1: Performance comparison among AODV, GOSSIP and GBBU over varying number of

nodes, different offered load and different mobility.

Network Conditions

Network density Offered load Maximum Speed

Metrics

Improved
performance
of GBBU
compared to
AODV

Improved
performance
of GBBU
compared to
Gossip

Improved
performance
of GBBU
compared to
AODV

Improved
performance
of GBBU
compared to
Gossip

Improved
performance
of GBBU
compared to
AODV

Improved
performance
of GBBU
compared to
Gossip

Normalized
Routing
overhead

-45.91% -21.62% -42.10% -26.24% -41.07% -17.09%

Average
collision  rate

-51% -21.27% -46.88% -25.27% -52.88% -32.16%

Delivery ratio 13.83% 6.48% 14.12% 7.33% 6.94% 4.51%

Normalized
Energy
Consumption

-12.36% -6.39% -13.34% -9.16% -10% -6.23%

Network
Lifetime

5.46% 3.06% 4.3% 2.93% 7.36% 5.75%

Average end
to end delay

4.19% 2.55% -0.4% 2.43% 3.94% 6.07%
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CHAPTER VIII: CONCLUSIONS AND RECOMENDATIONS

Mobile Ad hoc Networks (MANETs) have gained a lot of attention among the research

community over the past few years. This is due to the recent advancement in mobile computing

devices, wireless technology and the potential applications that could be used by such networks

that span from simple civil and commercial applications to complicated high-risk emergency or

disaster recovery and military operations. Although MANETs nodes have many common

characteristics to the wired network, they possess certain unique challenges arising from the

inherent nature of the wireless communication medium, multi hop and self organize nature of

communication because of the non existence of a pre-established infrastructure, the frequent

topology changes associated with their mobility and the limited capability of mobile devices in

terms of battery, memory and so on. A considerable research effort has been devoted to

overcome the inherit problem of mobile ad hoc networks over recent years.

The design of efficient routing protocols that can cope with the limited battery powered

devices is one of the most significant challenges for MANETs and it is crucial for the basic

operations of the network. Currently, a number of routing protocols have been proposed, which

could be broadly categorized into reactive, proactive and hybrid routing protocols. The proactive

routing protocols are neither scalable nor energy efficient because of the excessive routing

overhead associated with the periodic propagation of routing tables throughout the network

regardless of whether the route is needed or not. On the other hand, the reactive routing

algorithms are more scalable and energy efficient than their proactive ones on an account of an

initiation of route discovery process based on need basis by the source node. Even if reactive

routing protocols reduce routing overhead compared to proactive routing protocols, it still uses

the flooding approach and minimum hop count during route discovery process which severely
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degrades the performance of the network due to the excessive retransmissions of route request

packets.

To reduce the excessive retransmissions of route request packets in reactive route

discovery process, a number of protocols have been proposed. Examples include probabilistic

schemes, sleep/power down modes and location-based approaches. However, some of these

protocols need the services of GPS to collect the location information of mobile nodes, and/or

they require backbone to collect global topological information of the network at the cost of

additional control overhead and/or they do not have the notion of energy during route

establishment.

In this dissertation, two important stages of energy efficient routing protocols have been

discussed; the first stage is the selection of an energy efficient route phase and the second one is

gossiping probability phase. The first strategy has been used to avoid less energy capable nodes

along the route that makes the network active for long period of time. The second one has been

employed to reduce the number of overhead incurred during route discovery process. The first

approach uses the combination of minimum residual energy, sum residual energy, hop count and

energy threshold as a cost metric to select an optimal energy efficient route for data

communication between source and destination nodes and the second approach is implemented

on top of the first approach by integrating the parameters minimum residual energy and node

degree.

This research has also examined extensive survey of related literature by pointing out the

advantages and disadvantages of existing mobile ad hoc routing protocols. Furthermore, several

simulation software were existed and NS2 (version 2.35) was chosen as simulation platform.

During the simulation process, mobility and traffic generation models are used to acquire node
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mobility and traffic load scenarios. TCL/OTCL and C++ programs were used to implement and

simulate the proposed routing protocols. Finally AWK program is used to analyze the trace files

which are obtained from the simulation.

8.1. Summary of the Results

The main objectives of this dissertation were to evaluate existing MANET routing

protocols for energy efficiency and to modify or develop protocol that will improve energy

efficiency of MANETs. The achievements made in this research study are summarized in

accordance with the research questions that have been described in chapter one section 1.5 as

follows:

 The first research question was to identify the metrics that was used to evaluate

the efficiency of our proposed routing protocols. To come up with the relevant metrics, the

researchers have examined various MANETs routing research works. Several scholars used a

number of metrics to evaluate the performance of their proposed protocols based on the objective

of their research study. Since the primary aim of our dissertation was to develop energy efficient

routing protocols for MANETs, we have assessed energy related metrics and identified seven

evaluation metrics. The metrics that have been identified to evaluate the performance of our

proposed routing protocols against the existing routing protocols are network lifetime,

normalized energy consumption, standard deviation of residual energy of all nodes, normalized

routing overhead, average collision rate, delivery ratio and average end to end delay.

 The second research question was selecting an appropriate methodology to

conduct the research study. The study employed simulation as a research method. Furthermore,

Network simulator-2 (NS-2) was chosen as a simulator for this study to compare the proposed

routing protocols against the existing routing protocols. This is because the NS-2 simulator is a
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proven simulation tool popularly used in many previous studies on MANETs, well documented

open source software, its compatibility with Linux operating system, and an up-to-date

infrastructure library for most important operations of MANETs.

 The third research question was investigating the transmission and reception

powers that are required to transmit and receive a bit respectively by a node. In this research, to

identify the transmission and reception power required per bit, we have examined which LAN

technology is widely used by MANET devices in the literature. We have found that Lucent LAN

technology is popularly used in MANETs due to an affordable price, availability of the

technology in the market, and a shared-media radio capability of the technology that is

compatible with the IEEE 802.11 standard. Hence, the parameters, which also include

transmission and reception power, used in this dissertation are tuned to mimic the commercial

lucent LAN technology.

 The fourth research question was determining the possible parameters that affect

the gossiping or forwarding probability of a node during forwarding of packets and efficiency of

the routing protocols. This research investigated numerous efficient routing techniques that have

been studied by research scholars. The proposed techniques used by researchers could be

categorized into two types. The first technique is to develop energy efficient routing protocols

using the variables transmission power, residual energy, hop count and sleep / power down

approach. The second approach was using probability or gossiping technique. The probability or

gossiping approach mainly focused on reducing the number of duplicate packets by using either

degree of nodes or duplicate packets as tuning parameters for gossiping.

 The fifth research question was investigating the possible network conditions that

have an impact on routing protocols. This dissertation has been pointed out three network
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conditions that could affect the performance of routing protocols. These are number of nodes;

maximum node speed and network offered load i.e. number of source destination connections.

 The sixth research question was identifying a routing protocol that consumes less

energy per delivered packet among the existing traditional routing protocols. This research

evaluates the existing traditional routing protocols for power efficiency. Most ad hoc network

protocols in the literature have been studied to investigate the impact of traditional routing

protocols on delivery ratio, routing overhead and packet collisions on small networks where the

number of nodes on the network limited to 50 nodes. There has been relatively very few

investigation on the effect of such flooding algorithms on networks having more number of

mobile nodes. Furthermore, the energy consumption and network lifetime of such network was

not thoroughly studied. Motivated by this observation, a comprehensive analysis and comparison

has been made between one proactive (i.e. Destination-Sequenced Distance-Vector Routing

(DSDV)) and two reactive (i.e. Dynamic Source Routing (DSR), and Ad hoc On-Demand Vector

(AODV)) routing protocols using five different evaluation metrics namely Normalized routing

overhead, energy consumption, normalized energy consumption, delivery ratio, and network life

time in order to find out which routing protocol consumes less energy. From the simulation

results, AODV has been found more energy efficient routing protocol compared to the

aforementioned routing protocols and hence selected for further enhancements. Though AODV

is an energy efficient protocol compared to other routing protocols, it can be noted that in case of

AODV, the selection of route is based on minimum number of hop between source and

destination nodes, regardless of intermediate nodes’ residual energy on the route. However, an

optimal route selection based on minimum hop count metrics might consist of nodes having

small residual energy during route establishment which results frequent broken links, leading to a
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smaller network life time and an unbalanced energy consumption of mobile nodes. Motivated by

this, a new energy aware routing approach that aims to maximize network lifetime and balance

energy consumption across all nodes of MANETs has been proposed. The new approach,

referred to as BBU, combines minimum residual energy, sum residual energy, hop count and

energy threshold to select an energy efficient route. During selection of route, a route having

maximum sum residual energy and minimum hop count are privileged to forward a packet when

the minimum residual energy is above the energy threshold otherwise the maximum of minimum

residual energy with smaller hop count is selected.

The last research question was evaluating the performance of our proposed routing protocols.

Simulation experiments have been conducted by varying the network density to compare the

performance of the proposed BBU with that of the traditional AODV and its AODV variant,

referred as ALMEL-AODV. Several performance metrics have been used in the analysis,

including normalized routing overhead, collision rate, delivery ratio, normalized energy

consumption, network lifetime, standard deviation of all nodes and average end to end delay.

Simulation results have shown that, BBU exhibits superior performance advantage in terms of

Normalized routing overhead, collision rate, delivery ratio, normalized energy consumption,

network lifetime, and standard deviation of all nodes at the trade off an average end to end delay.

For instance, the simulation results showed that the average collision rate of BBU is reduced by

22.48% and 13.38% compared to AODV and ALMEL-AODV respectively. A 17.68% and 11%

reduction in normalized routing overhead is also achieved. In terms of Normalized energy

consumption, BBU reduces energy consumption by an average of 4.54% and 2.92% compared to

AODV and ALMEL-AODV respectively. Furthermore, an average improvement of 9.15% and

6.83% network lifetime is achieved in BBU compared to AODV and ALMEL-AODV routing
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protocols respectively. Load is also evenly distributed in BBU by an average of 15.77% and

11.4%.  However, BBU increases end to end delay by an average of 5.75% compared to AODV

but still achieved a 4.85% better performance than ALMEL-AODV routing protocol.

 In AODV, BBU, and ALMEL-AODV routing protocols, each intermediate node

forwards any newly received RREQ packet once i.e. flooding is used during route discovery

process. However, a routing protocol that has been used flooding as a route discovery process

consumes energy of each node and reduces the network life time. Inspired by this observation, a

new gossip based balanced battery usage routing protocol, which is abbreviated as GBBU, has

been suggested. The GBBU adds gossip forwarding probabilities techniques on top of BBU

routing protocol to mitigate the broadcast storm problem of flooding. The gossiping forwarding

probabilities at a node is determined based on node density and minimum residual energy. The

performance of GBBU has been compared with GOSSIP3 (0.65, 1, 1) i.e. Gossip and AODV

routing protocols. The impact of different network conditions, including network density, offered

load, and node mobility has been examined in the simulation experiments. The results have

revealed that GBBU outperforms the other two protocols in terms of normalized routing

overhead, collision rate, delivery ratio, normalized energy consumption, and network lifetime at

the trade off an increase in end to end delay by 6.07% and 2.55% under various network density,

3.94% and 4.19% under different mobility compared to AODV and GOSSIP routing protocols.

8.2. Recommendations

Although the present findings offer insight into the associations between residual energy,

number of neighbors and gossiping probability, there are many more issues related to routing that

could expand the proposed routing in several ways. These are briefly listed below:
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 This dissertation has presented extensive performance analysis of BBU and

GBBU routing protocols based on AODV as a base routing protocol. Since existing routing

protocols have implemented flooding techniques during route discovery, it will be an interesting

prospect to examine the effects of these dynamic gossiping broadcasting algorithms on any of the

existing routing protocols of MANETs such as Destination-Sequenced Distance-Vector Routing

(DSDV), Optimized Link State Routing (OLSR), Dynamic Source Routing (DSR), Zone-based

routing protocol (ZRP) and so on.

 This research has extensively used random waypoint mobility model [100] in

order to simulate node mobility and its impact on the performance of the proposed protocols i.e.

BBU and GBBU. There are other new models for different motion patterns which have recently

been proposed in [100]. For instance, the Manhattan Grid mobility model [100] is developed to

model vehicular mobility on structured roads in a city; and Group mobility model (e.g. reference

point group mobility (RPGM) model) is developed to model the movement patterns of the

members of a subset of the network entities (called a group) are highly correlated. Thus, the

research will be continued by examining the two proposed routing protocols BBU and GBBU for

other mobility models.

 This research mainly used residual energy of a node as a cost metric. Since the

proposed routing protocols did not consider available node’s queue size and number of crossing

flows through the node during route establishment, there were cases where a node could act as a

router/bridge for more than one source-destination pair and have more waiting packets for

retransmission on its queue. These phenomena might cause an early exhaustion of node’s

residual energy. Hence, the research could be extended by incorporating number of paths

crossing a node and queue load of a node during route discovery processes.
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 This dissertation did not consider the speed and direction of node movement i.e.

node velocity during route establishment. Hence a node having maximum speed and moving in

opposite direction could be selected as a router for data transmission. Therefore, it would be

interesting to explore the impact of link stability on the performance of the proposed routing

protocols during route discovery process for further study.

 Simulation has been used as a tool for evaluating the performance of the proposed

algorithms against existing MANET routing protocols. Though simulation is a vital tool for

performance evaluation of MANET routing protocols, it cannot cover all possible scenarios like

MANETs with large number of nodes. Additionally it also requires assumptions to manage the

complexity of various models such as radio propagation models, mobility models and so on. As a

result, a natural extension of the research would be helpful to deploy and measure the

performance of our proposed routing protocols on an actual MANET’s configuration. Moreover,

the performance of our proposed routing protocols could be tested for large networks having

more nodes by analytical method at the expense of over simplifying assumptions.
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APPENDIX A: Selection of Counter Threshold

A.1 Performance evaluation of counter threshold on reachability and average collision

Figure A.1: Reachability in terms of counter threshold value
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Figure A.2: Average collision rate in terms of counter threshold value
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APPENDIX B: TCL Scripts

################################################################
This tcl script is used to simulate a multi hop wireless
scenario consisting of 20 to 200 mobile nodes in Mobile Ad hoc
Networks. The mobile nodes move within the boundaries of a
defined topology 1500m*1500m. The node movements and the traffic
flows for this simulation are made by the user using 'setdest'
and cbrgen.tcl generators.
################################################################

if {$argc !=2} {

puts "Usage: ns manet.tcl takes Traffic Pattern and Scene
Pattern file "

puts "For instance :ns manet.tcl  cbr-120-8-9-5  scen-120-20-
15r2 "

exit

}

set par1 [lindex $argv 0]

set par2 [lindex $argv 1]

#===============================================================
# Define options
#===============================================================

set opt(chan) Channel/WirelessChannel ;# channel type
set opt(prop) Propagation/TwoRayGround ;# radio-

#propagation model
set opt(netif) Phy/WirelessPhy;#network interface type
set opt(mac) Mac/802_11;# MAC type
set opt(ifq) Queue/DropTail/PriQueue ;# interface

#queue type
set opt(ll) LL;# link layer type
set opt(ant) Antenna/OmniAntenna;# antenna model
set opt(ifqlen) 50;# max packet in ifq
set opt(nn) 120;# number of mobile nodes
set opt(adhocRouting) GBBU;# considered routing protocol

if {$opt(adhocRouting)=="DSR"} {
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set opt(ifq) CMUPriQueue; # interface queue type
} else {
set opt(ifq) Queue/DropTail/PriQueue;# interface queue type
}

set opt(cp) $par1;
set opt(sc) $par2;
set opt(x) 1500;# x coordinate of topology
set opt(y) 1500;# y coordinate of topology
set opt(stop) 1000 ;# time to stop simulation
set opt(energymodel) EnergyModel ;# Energy Model

#===============================================================
# Main Program
#===============================================================

# Initialize variables

# Define simulator instance

set ns_ [new Simulator]

# create trace object for ns and nam

set tracefd [open terace120g.tr w]
set namtrace [open terace120g.nam w]
$ns_ trace-all $tracefd
$ns_ namtrace-all-wireless $namtrace $opt(x) $opt(y)

# create topography object

set topo [new Topography]

# define topology
$topo load_flatgrid $opt(x) $opt(y)

# create God
set god_ [ create-god $opt(nn) ]

# set channel

set chan [new $opt(chan)]

# define how node should be created
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# configure mobile nodes

$ns_ node-config -adhocRouting $opt(adhocRouting) \
-llType $opt(ll) \
-macType $opt(mac) \
-ifqType $opt(ifq) \
-ifqLen $opt(ifqlen) \
-antType $opt(ant) \
-propType $opt(prop) \
-phyType $opt(netif) \
-channel $chan\
-topoInstance $topo \
-wiredRouting OFF \
-agentTrace ON \
-routerTrace ON \
-macTrace ON \
-movmentTrace OFF\
-energyModel $opt(energymodel) \
-initialEnergy 200\
-rxPower 0.18 \
-txPower 0.28

# Create the specified number of nodes [$val(nn)] and "attach"
# them to the channel.

for {set i 0} {$i < $opt(nn)} {incr i} {
set node_($i) [$ns_ node]
if {$i <= 140} {

set energy($i) [expr 200-$i]

} else {
set energy($i) [expr 270-$i]

}
$ns_ node-config -initialEnergy $energy($i) \

$node_($i) random-motion 0            ;# disable random motion
}

# Define node mobility model

puts "Loading connection pattern..."

source $opt(cp)
# Define traffic model

puts "Loading scenario file..."
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source $opt(sc)

#
# defines the node size for nam
#
for {set i 0} {$i < $opt(nn)} {incr i} {
$ns_ initial_node_pos $node_($i) 20.0
}
# 20 defines the node size, must adjust it according to your
#scenario for visibility

# tell all nodes when the simulation terminates

for {set i 0} {$i < $opt(nn) } {incr i} {
$ns_ at $opt(stop).0 "$node_($i) reset";
}

$ns_ at $opt(stop).0004 "stop"
# $ns_ at $opt(stop).0002 "puts \"NS EXITING...\" ; $ns_ halt"

# ending nam and the simulation

proc stop {} {
global ns_ tracefd namtrace
$ns_ flush-trace
close $tracefd; close $namtrace
exec nam terranet60g4.nam &

exit 0
}

$ns_ run
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APPENDIX C: AWK Scripts for Performance Evaluation Metrics Calculations

C.1 Packet Delivery Fraction

BEGIN {

sends=0;

recvs=0;

}

{

# CALCULATE PACKET DELIVERY RATIO

if (( $1 == "s") &&  ( $7 == "cbr" ) && ( $4=="AGT" )) {

sends++; }

if (( $1 == "r") &&  ( $7 == "cbr" ) && ( $4=="AGT" ))   {

recvs++; }

}

END {

PDR = (recvs/sends)*100; #packet delivery ratio

printf("Packet Delivery Function = %.2f\n",PDF);

}

C.2 Normalized Routing Overhead and Average Collision Rate

BEGIN {

recvs=0;

routing_bytes=0

droppedrouting_bytes=0

macdroppedrouting_bytes=0

droppeddataBytes=0

macdroppeddatabytes=0

}
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{

# CALCULATE TOTAL RECEIVED DATA PACKETS

if (( $1 == "r") &&  ( $7 == "cbr" ) && ( $4=="AGT" ))   {

recvs++; }

# CALCULATE TOTAL ROUTING OVERHEAD and COLLSION in BYTES

if (($1 == "s" || $1 == "f") && $4 == "RTR" && ($7 =="GBBU" )) {

routing_bytes= routing_bytes + $8;}

if (($1 == "D") && $4 == "RTR" && ($7 =="GBBU" ) {

droppedrouting_bytes= droppedrouting_bytes + $8;}

if (($1 == "D") && $4 == "MAC" && ($7 =="DSR" )) {

macdroppedrouting_bytes= macdroppedrouting_bytes + $8;}

# DROPPED DATA PACKETS in BYTES

if (( $1 == "D" ) && ($4 == "RTR") &&( $7 == "cbr" )  && ( $2 >

0 )){

droppeddataBytes=droppeddataBytes+$8;

}

if (( $1 == "D" ) && ($4 == "MAC") && ( $7 == "cbr" )  && ( $2 >

0 )){

macdroppeddatabytes=macdroppeddatabytes+$8;

}

}

END {

NRO = routing_bytes/recvs;  #normalized routing overhead

printf("Received Packets = %.2f\n",recvs);

printf("Routing Packets = %.2f\n",routing_bytes);

printf("Dropped routing (Bytes)= %.2f\n",

droppedrouting_bytes++);

printf("Mac Dropped routing (Bytes) = %.2f\n",

macdroppedrouting_bytes++);

printf("Normalised Routing Overhead = %.2f\n",NRO);
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printf("No. of dropped data (bytes) = %d\n",

droppedbytes);

printf("No. of mac dropped data (bytes) = %d\n",

macdroppedbytes);

}

C.3 Network Lifetime

BEGIN {

lifetime=1000

resenergy=0

}

{

# Trace minimum residual energy from all

if ($1 == "N" && $7 < resenergy && maxtime > $3) {

resenergy= $7

maxtime= $3

node = $5

}

}

END {

print("Network Lifetime",lifetime)

print("Residual Energy", resenergy)

print("Node Number", node)

}

C.4 Normalized energy consumption and standard deviation

BEGIN {

initialenergy=200-$5

totalenergy=0

remaining=0

maxenergy=0
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n=number of nodes

sum = 0;

sumsq=0;

dev=0;

recvs=0;

}

{

# CALCULATE RECEIVED DATA PACKETS

if (( $1 == "r") &&  ( $7 == "cbr" ) && ( $4=="AGT" ))   {

recvs++; }

# TRACE ENERGY CONSUMPTION AND STANDARD DEVIATION

if ($1== "N") {

node_id = $5

energy = $7

}

# Store remaining energy

finalenergy[node_id] = energy

}

END {

# Compute consumed energy for each node

for (i in finalenergy) {

if (node_id<140){

consumenergy[i] = (200-i)-finalenergy[i]

}

else {

consumenergy[i] = (270-i)-finalenergy[i]

}

remaining+=finalenergy[i]
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totalenergy += consumenergy[i]

}

}

for (i=0; i < n; i++  ){

sum+=finalenergy[i];

}

for (i=0; i < n; i++  ){

sumsq+=((finalenergy[i]-(sum/n))^2);

}

dev=sqrt(sumsq/n);

###COMPUTE AVERAGE and NORMALIZED ENERGY CONSUMPTION

averagenergy=totalenergy/n

NEC=totalenergy/recvs; NEC is Normalized energy consumption

####OUTPUT OF EACH PARAMETER

for (i=0; i<n; i++) {

print("node",i,”energy consumption is”, consumenergy[i])

}

print("+===========+")

print("average energy consumption",averagenergy)

print("+===========+")

print("total energy consumption",totalenergy)

print("+===========+")

print("total remaining energy",remaining)

printf ("Standard Devaition of residual energy :\t%f\n",dev);

}
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C.5 Average end to end delay

BEGIN{

recvnum=0;

}

{

time = $2;

packet_id = $6;

# CALCULATE end to end DELAY

if ( start_time[packet_id] == 0 )  start_time[packet_id] = time;

if (( $1 == "r") &&  ( $4=="AGT" )) {  end_time[packet_id] =

time;  }

else {  end_time[packet_id] = -1;  }

END {

for ( i in end_time )

{

start = start_time[i];

end = end_time[i];

packet_duration = end - start;

if ( packet_duration > 0 )

{    sum += packet_duration;

recvnum++;

}

}

delay=sum/recvnum;

printf("Average end to end delay(ms)= %.2f\n",delay*1000);

}
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