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CHAPTER |

INTRODUCTION

Wireless networks are an emerging technology thatalaiv users to access information
and services electronically, regardless of their geogrdpbation. As the applications

using the Internet are increasing and as people areetied to the advantages of
having frequent Internet access, they expect to use retagplications even in the

situations where the Internet itself is not availaléreless networks provide solution to
such requirements by allowing users with wireless comeoation devices to access the
Internet to meet the communication needs of the manineless networks [1] can be

classified in to two types.

* Infrastructured networks

» Infrastructureless (ad hoc) networks



1.1 Infrastructured and Ad Hoc Networ ks

Infrastructured networks a network with fixed and wired gateways. In thesevogks,
communication takes place between mobile nodes andctessapoint but not directly
between two mobile nodes. The access point acts adgelio other wireless or wired
networks. Several small wireless networks can fomngelavireless network with the help
of access points forming a wired network in betweene Thobile unit can move
geographically while it is communicating. When it goesafutange of one base station,
it connects with new base station and starts commumgcahirough it. This is called
handoff As most of the network functionality lies in thecess point, the design of an
infrastructured network is relatively simple. The stuuetof the infrastructured network
is similar to that of the switched Ethernet in whiclcentral element called Switch
controls the flow. The infrastructured networks havesgohe disadvantages over the ad
hoc networks. They do not give the flexibility that slib be offered by a wireless
network. They cannot be used in places where no tnficiare is available. Examples of
such situations are disaster relief, battlefields, and e

An ad hoc networks a collection of mobile nodes forming a temporaryvoek
without the aid of any existing infrastructure or centraliadministration. Each node can
communicate with other nodes without using any accesd pwminontrol the medium
access. In order to communicate with each other, tdesnbave to be in the radio range
of each other. In ad hoc networks, the complexity effireless node increases. This is
because all nodes of these networks behave as routertsikan part in discovery and
maintenance of routes to other nodes in the netwohlesd networks offer a great

flexibility when needed for unexpected meetings and in ¢émencunication scenarios far



from any infrastructure. Typical applications of mobilehad networks (MANETS) [2]
include conferencing, home networking, emergency servicesprArea Networks,

Embedded applications, and PC interaction.

1.2 Energy Efficient MANET

In ad hoc networks, each mobile node acts as both arrantl an end node that takes
part in route discovery and maintenance. So, the fadtieenode can greatly affect the
performance of the network. As wireless networking hasinecan integral component
of modern communication infrastructure in recent yearggaapplications in mobile and
personal communications, energy efficiency will bei@portant design consideration
due to the limited battery life of mobile terminals. Tégsence of using wireless devices
is that they can be used anywhere at anytime. One=ajrdatest limitations to that goal
is finite power supply. Since batteries provide limitedvpn a general constraint of
wireless communication is the short lifetime of mebikerminals. Therefore, power
management is one of the most challenging problemsrélass communication.

This thesis surveys and analyzes the research dotiee abuting layer. The
energy aware routing protocols can be classified intotyges. The goal of the first type
of routing protocols is to minimize the total energy sstmed when transmitting packet,
which minimizes the energy consumption per packet fttowever, the routing protocols
using these approaches may also use the same paths dgpdate to their minimal
energy consumption, thus reducing the overall networkritet This approach is called
transmission power control approaciihe goal of the other type of protocols is to

maximize the system lifetime which is the duration from the beginning of the



transmission to the first node’s energy depletionsTipe of protocols put more focus
on load balancing among the nodes in the network rather rtiiaimizing the energy
conservation for individual packet transmission. This apgrascalledload-balancing
approach

Even though this thesis addresses the incorporation ofj\ermenservation at
various layers of the protocol stack, the main goal sr&yze the performance of some
existing load balancing routing protocols for ad hoc netwokkshe protocols used for
this study use energy efficiency schemes at the uéger on top of the standard
Dynamic Source Routing (DSR1] protocol. [28], [30], and [31] describe the protocols
used for this study.

The metrics used to compare the performance of thedecpis are end-to-end
delay, packet delivery ratio, variance in the remainingeba levels of all the nodes in
the network, and the peak-to-mean ratio of energy copsan of all the nodes.
Reducing the variance in the battery power levels autoailgtiincreases the average
network lifetime. The energy efficient protocols showeetter performance in terms of
variance in the energy consumption and the peak-to-nagian while the performance is

worse in terms of the delay and packet delivery ratio.

1.3 Thesis Organization

The thesis is organized as follows. It is divided inte thapters. Chapter 2 surveys the
various schemes used to achieve energy efficiency atugalayers of the protocol stack.
The layers include MAC sublayer, LLC sublayer, transjayér and application layer.

Chapter 3 describes the traditional routing protocolsaébhoc networks and the energy

10



efficient routing protocols used for this study as wElapter 4 presents the simulation
results and gives the discussion of the observations oratlee results. Chapter 5 gives

the conclusions for this thesis.
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CHAPTERII

ENERGY EFFICIENCY SCHEMESFOR

WIRELESSNETWORKS

This chapter discusses various techniques used to achiegy efieciency at different
layers of the protocol stack. The main areas of coregorirare Medium Access Control
(MAC) sublayer, Logical Link Control (LLC) sublayer, tgport layer, and application
layer. Section 2.1 gives an overview of some existingrgn efficiency schemes
implemented at the MAC sublayer. Section 2.2 describese senergy efficiency
schemes implemented at the LLC sublayer. Section 2s&mpi®some energy efficiency
schemes implemented at the transport layer. Sectdbbprgsents some energy efficiency
schemes implemented at the application layer. Enecgyservation schemes

implemented at the network layer are addressed in thechapter.
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2.1 Medium Access Control (MAC) sublayer

The medium access contrdMAC) layer is a sublayer of the data link layer and is
responsible for controlling the medium access. This ag@bl allocates the medium
among a number of mobile nodes competing for accessingnéskum. This section
describes some MAC layer protocols that take energgierity into consideration.
These protocols includlEEE 802.11[1] [3] (Section 2.1.1)Dynamic Power Saving
Mechanism (DPSM) [5] (Section 2.1.2),Power Aware Multi-Access protocol with
Signaling (PAMAS)6] (Section 2.1.3)Geographic Adaptive Fidelity Routing (GAF)]
(Section 2.1.4),Span [8] (Section 2.1.5), andPower Aware Routing Optimization

(PARO)[9] (Section 2.1.6).

2.1.1 |EEE 802.11 standard

ThelEEE 802.111] protocol for wireless LANs is a multiple accasshnique based on
CSMA/CA(Carrier Sense Multiple Access/Collision Avoidan@e)d is derived from the
MACA protocol described in [4]. This is a random accesesehwith carrier sense and
collision avoidance through random backoff. This accebeme is called Distributed
Coordination Function (DCF). The basic mechanism isvehia Figure 2.1.

When a mobile node has some packets to transmitnsesethe channel first. If
the channel is idle for duration BAFS (DCF Inter-Frame Spacingthe mobile accesses
the channel and transmits all pending data packets. Oggrtie node waits for duration
of DIFS before it enters the contention phase. Eaolbile node chooses rndom
backoff timewithin acontention windovand defers transmission for this random amount

of time. The node senses the channel again aftenitietlf the channel is busy, the node

13



enters the backoff state again until the channel & foll at least DIFS. Otherwise, the
node can get access to the channel.

Contention window
(randomized back-off
mechanism)

DIFS DIFS

A
\ 4
A
\ 4

mediumbusy ~ . ............ next fram

AL Direct access if medium Ak

free> DIFS slot time

Figure 2.1 Contention window.

For infrastructured networks, the IEEE 802.11 [1] standard umedotlowing
technique for power conservation. The mobile node thas doewant to participate in
forwarding the packets switches to sleep mode and irsfdhm base station about its
decision. The base station buffers all the packetsnaesto this node. The base station
sends periodic beacons to inform the sleeping node adi®wbutfered packets. When the
node wakes up, it listens to the beacon and contactsagee station to retrieve the data
packets.

For ad hoc networks, the power management scheme delscaibeot be applied
since the ad hoc network does not have an access pbanfollowed scheme is used for

power management in ad hoc networks and is shown in Fig2ire
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ATIM window

B N
ATIM-ACK ACK ATIM window
ATIM window Dozinc ATIM window

beacon intervi
Figure 2.2 Power saving mechanism used in DCF for ad hoc networks.

The nodes that have packets to be received are annousiogdAd hoc Traffic
Indication Map (ATIM)and the announcement period is calléllM window All the
nodes stay awake for duration of ATIM window at the beigipof the beacon. If nod&
has a packet to send to noBeit sends amATIM frameto nodeB. upon receiving the
ATIM frame, nodeB stays awake for the entire duration of the beacdw ffodeC,

which did not receive any ATIM frame, goes to sleep arkewgp for the next beacon.

2.1.2 Dynamic Power Saving M echanism (DPSM)

Dynamic Power Saving Mechanism (DPSJH) is an optimization to the power saving
mechanism used by the DCF in IEEE 802.11. In IEEE 802.11 powemsade (PSM),
the duration of ATIM window is fixed. The size of the AMlwindow affects the energy
consumption greatly. If it is too small, there may hetenough time to announce all the

packets. If it were too large, the time for data transimis would be less than that is
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required. Thus, the dynamic sizing of the ATIM window wWdobe very useful in
improving the lifetime of the network and throughput.

Based on the observed network conditions, each nodesebats own ATIM
window size. Even the dozing time is longer than th&3M in IEEE 802.11. The node
enters doze state as soon as it completes all ahermissions announced in the ATIM
window. The scheme is described in Figure 2.3. If fbtlas a packet to send to ndgle
both nodes enter the doze state after the transmigsicompleted, if they do not have
any other packets to transmit or receive. They do gt @tvake for the entire beacon
interval as in PSM. When nodesends an ATIM frame to nod it includes the number

of packets it will be sending to no&e Thus, nodd3 knows how many packets it should

receive.
ATIM window ATIM window ATIM window
ATIV ATIM DATA
B — A
Dozinc
v
< - ATIM-ACK ACK  iincreased ATIM windo
Dozing
beacon intervi beacon intervi
Figure 2.3 DPSM.

In DPSM, a specified set of ATIM window sizes are djetifor each node with
the minimum window size being equalAd@IMminand each allowed window is called a
level The transmission of ATIM frames is done using tI&V&/CA with randomized
backoff as specified in IEEE 802.11. The ATIM window sigepiggybacked on the

packets transmitted by all nodes. Thus, all nodes knovATh® window size of the
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other nodes. The buffered packets are sorted by the glizée ATIM window of the
destination. The destinations with small ATIM windowesiare preferred. Dynamic
adjustment of ATIM window size is done depending ugidrthe number of pending
packets that could not be announced during the ATIM windowthe overheard
information about the ATIM window sizes of the otheides(iii) receiving the ATIM

frame after the ATIM windowiv) failure to deliver a packet

2.1.3 PAMAS protocol

The Power Aware Multi-Access protocol with Signaling (PAMAE)) is an energy
efficient media access control protocol for ad hoevoeks. This protocol uses a separate
signaling channelapart from the channel used for data transmissioe. RRS/CTS
messages are transmitted using this separate channel.

When a node has a packet to transmit, it sends a Rdketpand waits for the
CTS packet to be received. If the node gets the CTS paickidrts transmitting the data
packets. Otherwise, it goes into exponential backofé fidteiving node waits for the
data packets after transmitting the CTS packet. If th&gbadoes not arrive within a
particular amount of time, it goes to the idle st#téhe packet starts arriving, the node
transmits a busy tone over the signaling channel andvescéhe packet. When the
receiving node hears a transmission of RTS message lwesignaling channel, it
transmits the busy tone of duration equal to double th&T& message. Thus, the CTS
message the neighbor is expecting will collide withlitbey tone and is lost. This is how

the receiving node makes sure that no other transmisg@mupts its data reception.

17



Nodes consume power while transmitting data, receiving @eitd while
overhearing other nodes’ transmissions. PAMAS achigwegioal of energy efficiency
by making the nodes power themselves off whenever thededet® be. The node can
power itself off under two situations: (i) if a nodesh@ packets to transmit and one of
the neighbors starts transmitting (ii) if one neighl®transmitting and another one is
receiving. The node can know that its neighbor is tratsg by hearing the
transmissions over the data channel. It can also khatva neighbor is receiving a data
packet by listening to the busy tone transmitted over itiabng channel. Each node
decides whether to power itself off or not. But the darafor which the node should be
powered off is decided by thprobe protocoldescribed in [6]. The authors tested
PAMAS protocol in a random network topology, a line togyl and a fully connected
network topology. The protocol seemed to show besttresdense networks and the
power savings were low in sparse networks. Also, PAMAS eshltest performance

under light loads and low savings under high loads [6].

2.1.4 Geographic Adaptive Fidelity (GAF)

Geographic Adaptive Fidelity Routing (GAF) keeps a constant level of routing fidelity
by turning off unnecessary nodes. GAF implements this pblcysing the system and
application level information. The node density is alsed to adjust routing fidelity. The
source and destination nodes are always ON and thengdete nodes are turned OFF
after making sure that the connectivity is still maiméai in the network. In GAF, the
whole network area is divided into small virtual gridsclkaiode in the network is

associated with a virtual grid. The nodes in the same godiel®n which nodes should
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sleep and which nodes should be awake. GAF assumesathah@de knows its location
information relative to other nodes. All the nodesigrid are supposed to be in range
with all the nodes in any adjacent grid. That meanthallhodes in a grid are equivalent
while forwarding packets.

In GAF, nodes can be in one of the following thregestaleeping discovery
and active Initially, the nodes are imliscoverystate. In this state, nodes exchange
discovery messages to know the other nodes present mathe grid and the nodes in
this state are awake. The discovery message containsichogied id, node state, and
node active time. The node stays in the discovery &iate duration offy seconds and
then enters the active state. The nodes in the atttere-broadcast discovery messages
everyTy secondsThe node stays in the active state Tarseconds and then switches to
the discovery state. The nodes in the sleeping staiteh to discovery state aftdi

seconds. The state transitions are shown in Figure 2.4.

Rec;h

Figure 2.4 State transitions in GAF.

19



The nodes in active or discovery states switch tgsigestate when they find out
that some equivalent node is awake to handle routing. SNddeide on which node
should handle routing depending on the node ranking. Tovacloiad balancing in GAF,
the node are ranked depending on their remaining battegisleThus, the nodes with
less remaining battery capacity decide to sleep, giving acetfanthe other nodes in the
grid. The values of the parametéfg T4, and Ts can be chosen depending on the

application.

2.1.5 Span

Span[8] is a power saving algorithm in which nodes make local @awson whether to
participate in forwarding packets on behalf of the othedes. The node makes its
decision depending on how many of its neighbors are aaa#iets remaining battery
level. Some of the nodes in the network are electecdbaglinators. These nodes stay
awake continuously and participate in packet forwardirfge femaining nodes in the
network will be in power save mode and periodically waketo see if they need to
become a coordinator.

Span is a proactive protocol and each node periodicallgdbests HELLO
messages containing the node’s status, its neighbors amdrtleat coordinators. Each
node maintains information about the coordinators, thghbers and the coordinators of
neighbors. Span runs on top of link and MAC layers andsd accesses the routing
protocol. A non-coordinator node decides if it has to bedbmeoordinator according to
the coordinator eligibility rule. The rule is thattiwo neighbors of a non-coordinator

node cannot reach each other, the node should becomer@inator. The algorithm
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maintains the network so that every populated radio raagea coordinator. If all nodes
announce to become a coordinator at once, there iss@biibs of contention. To avoid

contention, the announcements are delayed with a ramddrbackoff delay. Each node
selects a random value of delay and waits for the durafidmat delay. If it does not hear
any HELLO messages from the other nodes by the end todahation, the node sends a
HELLO message. A node withdraws as a coordinatorafyepair of its neighbors can

reach other directly or through some other nodes.

2.1.6 PARO

PARO[9] is a power aware routing optimization that minirsizBe transmission power
needed to forward packets between nodes in an ad hoorkefdARO is based on the
principle that transmission at higher power to a node ih far away is less energy
efficient compared to the transmission at lower powex node that is nearer. In PARO,
one or more intermediate nodes act as redirectovgebatsource and destination nodes
even if the source and destination nodes are in dir@ssmission range of each other.
This reduces the transmission power necessary to delackets between source and
destination nodes. This protocol assumes that the rati®scapable of adjusting
transmission power used for communication.

In PARO, before transmitting a packet a node updategpdlcket header to
indicate the power required to transmit the packet. Theratbdes overhearing this
node’s transmission use this overheard information amddbeived power to calculate
the minimum transmission power needed to reach this.rladdhe same way, nodes

know the minimum transmission power to reach all nodSRO does not maintain
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routes to other nodes in advance, but the routes arvdrstl on a per-node basis. In the
first iteration, the source node communicates withdgmsination without the use of any
forwarding nodes. The node capable of overhearing dwthsburce and destination
computes if the packet forwarding reduces the transmigsiover compared to direct
transmission. If it is so, the intermediate node @gome a forwarding node and send a
route-redirect message to the source and destination about the pofisentfroute.
More redirecting nodes can be added to each route atthriteration of PARO as shown

in Figure 2.5.

2> route-redirect message

(c) Third iteration (d) Fourth iteration

Figure 2.5 Route-redirect mechanism in PARO.

PARO comprises of overhearing, redirecting, and route-maintenance
mechanisms. The overhearing algorithm uses the overindardhation to know about

the current range of other nodes. Then the overheardtpakepassed to the redirecting
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algorithm to see if the power optimization can be aadeby using the intermediate
nodes. If it is the case, the node becomes a redirantl sendsoute-redirectmessages
to the source and destination nodes and also updatesliitsct table. Then the classifier
module processes the overheard packet according to tl@@ anéd IP addresses. When a
packet is received by PARO, it searches the redirect taldee if a route towards the
destination exists. If the node cannot find any route, tlukegbais transmitted using
maximum transmission power. When the destination nogdiese then the route

optimization is done as described above.

2.2 Logical Link Control (LLC) sublayer

Logical Link Control (LLC)is a sublayer of data link layer and is responsibldréming,
flow control, and error control. In this section, @eus on the error control functionality
of the LLC sublayer. Common techniques used for errotr@ébmclude Automatic
Repeat Request (ARQ) and Forward Error Correction (FEBrses. But these schemes
try to achieve this by the retransmission of data, whesults high power consumption
and increases overhead. Section 2.2.1 describes an entoolscheme with adaptive
ARQ. Section 2.2.2 describes a scheme that uses adap@®&ARQ for error control.
Section 2.2.3 gives a discussion on the efficient opgragimints in terms of source
distortion and energy consumption. Section 2.2.4 descabla layer technique that

controls the frame size adaptively.
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2.2.1 Adaptive error control with ARQ

An ARQ strategy that includes an adaptive error coptratocol is presented and studied
in [10, 11]. The authors introduced a new metric in [10] and the total number of
correctly transmitted packets during the lifetime of aargy source. They suggested an
adaptive version of Go-Back-N ARQ protocol, which canapglied to any protocol
having a Markov model. The research was done with thergd®un that the energy is
having a flat power profile. That means the source mamtai constant output power
until the battery is dead. The classic ARQ schemercowee errors by retransmitting the
packets that were in error. But as the number of netngssions increases, the energy
expenditure will be more, thus making the transmisslmat even if the channel is in
good condition. So, this protocol avoids the persistamciata retransmission.

The energy efficient scheme proposed in [11] is aevi@ll The transmitter sends
the data one block per slot and receives acknowledgeméatsna slots from the
beginning of the transmission. It continues the trarsions as long as it receives the
acknowledgements properly. Once it notices some errmorthe transmissions, the
transmitter enters probe modeassuming that the channel condition is bad. In this mode,
the transmitter sends a probing packet evesgconds. The probing packet is a small
packet with a header and a very little payload and corswemall amount of energy.
When the receiver sends an acknowledgement for theingrgpacket saying that the
channel condition is improved, the sender entergrenal modeand resumes its previous
state. The receiver sends an ACK packet wheneveratvesca valid packet and a NAK
whenever it feels the packet is invalid. When the transnméiceives a NAK, it enters the

probe mode
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2.2.2 Low Power Error Control with adaptive FEC/ARQ

This subsection describes an energy efficient ernsirabscheme proposed by Lettieri et
al. [12] that combines ARQ and FEC strategies. Thouglexising FEC and ARQ
strategies are very useful in reducing the effect ofendite schemes do not adapt to the
QoS requirements and varying channel conditions. Ther ezomtrol architecture
proposed in this section makes each packet stream adegbacontrol scheme by itself
depending on the QoS requirements. The channel characseaiee observed at runtime
and necessary steps will be taken in order to maintapeprenergy efficient error
control.

This protocol is based on the fact that no singlerecontrol scheme can be
applied for all traffic types and channel impairments. @her control scheme should be
able to adapt to changes in QoS requirements and chanagi@m maintaining energy
efficiency at the same time. The scheme works asvisll The wireless link interface is
modeled such that the packets arrive in multiple stredfash packet stream is
associated with service quality parameters, which arel uee select the proper
combination of ARQ and FEC schemes. These combinatiocisdan Go-Back-N,
Cumulative Acknowledgement (CACK), and Selective Acklgmgement (SACK). The
basic idea is that a packet is retransmitted if itsiaskedgement is not received within a
certain amount of time. This duration is calculatedetasn the number of packets
waiting in the transmission pipeline. In order to maintanergy efficiency, the error

control scheme may also be adapted at run time ifttherel conditions are varying. The
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hardware can also be made reconfigurable by using FPGAsgjen to support high data

rates. The paper also presents the results and anatgeis different scenarios.

2.2.3 Energy Efficient Coding and Transmission

This subsection discusses a scheme that provides optoperating points in terms of

the end-to-end source distortion and the energy consumpfithe mobile node due to
compression, channel coding and transmission. The optisttategy proposed in [13] is
based on the location of the mobile node. In [13], dbthors incorporate the energy
consumption due to signal processing and due to tranemjssto joint source channel

encoding problem and provide mathematical tools to ca&elfficient operating points.

The goal was to allocate the energy between sourc@ression, channel coding and
transmission to minimize the total energy dissipatidiie keeping the source distortion
constant.

Two optimization problems were considered: In the fssenario, various
compression algorithms were considered, which provide diffexempression rates for
some fixed distortion. In this scenario, the authordltt® optimize the total energy
consumption for transmission and scheduling strategreixted distortion as the signal
travels through the channel. When the mobile is closeedase station, the best strategy
is to compress less and focus on the transmission. \Yieemobile goes away from the
base station, emphasis should be on data compression.

In the second scenario, the transmitter is not &bwo choose among different

source coders and works with a single compression technldow, changing the
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compression rate makes the distortion to follow tperational rate distortion curve of

the encoder. As the channel quality degrades, optimats@oding becomes smaller.

2.2.4 Adaptive Frame Length Control

This technique [14] is based on the dynamic sizing of the Mi&@e. It is always
advantageous to use large frames to reduce the header amhplayer overhead and to
use small frame lengths to reduce frame error rates wiha&nnel is noisy. So, the MAC
frame length should be changed dynamically accordingaatiannel conditions. This
also improves the energy efficiency. In order to aehighis, changes should be made to
the data link layer.

The packet length adaptivity is achieved by inserting anfeagation and
reassembly unit, which fragments the IP packet atrémsmitter and reassembles them at
the receiver. The transmitter adds some overhead tofesgment in order to recognize
which packet the fragment belongs to. The size of thgnifent is decided according to
the channel conditions. Even though the smaller paeketiess prone to errors, an ARQ
scheme is implemented to make sure the fragments arén rerror. When all the
fragments are received at the other end, the IP paclextasstructed and is passed to the
higher layers. The channel estimator measures the peckeiption and monitors the
feedback from the radio to get the statistics ofdh@nnel. The channel estimator can do
this by monitoring the packet loss by using the sequence nwhbe packet. Thus, the
BER can be calculated from the packet error rate (PER3} entity decides the packet
size in order to achieve the required BER and passegahise fragmentor at the

transmitter.
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2.3 Transport Layer

The basic function of theransport layeris to accept data from the upper layer, split it
into smaller units if needed, pass these to the netvayds land ensure that the pieces
arrived correctly at the other end. Transmission Corfraitocol (TCP) is the most
reliable, end-to-end transport protocol designed for wikgdiorks, where packet loss is
mainly due to congestion and buffer overflow. So, thagmol might not be optimal for
wireless links, where the mobile nodes run with batpewyer and energy efficiency is a
major concern, besides throughput. The congestion canigohanism implemented by
TCP uses a backoff algorithm and tries to reduce theo$idee flow window, thereby
allowing fewer amounts of data to enter the network. $tieme also helps in achieving
energy efficiency in case of correlated errors. Bet tétransmissions increase energy
consumption and it is not always a good idea to use thisnse for wireless links.
Several modifications were made to TCP in OldTaho&o&aReno and NewReno and
their energy conservation characteristics are aadlym [15]. This section briefly
describes some techniques implemented at the transport tayachieve energy
efficiency. Section 2.3.1 describes th&ave & Wait Protocol (WWH)L6] designed to
achieve energy efficiency at the transport layer. i&e@.3.2 gives an overview of an
intelligent suspension/resumptigaheme. Section 2.3.3 describes how energy efficiency

can be achieved based on the buffer utilization.
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2.3.1 Wave & Wait Protocol

The Wave & Wait Protocol (WWP]L16] is designed to achieve energy efficiency by
controlling the number of packets transmitted and can baodly the non-real-time
applications. Short description of the protocol is givericdlows. The protocol transmits
500 bytes assuming that the data of interest to the Usewfthin that limit. If the user
wants more data, he reestablishes the connection faretkte500 bytes. The protocol
conserves battery power at the cost of amount of trisieshaata.

In WWP [16], the connection is established using six-wayl$laeike. The current
network congestion condition is also determined usingsilisvay handshake as shown
in Figure 2.6. The transmitter sendsvave consisting of a fixed number of segments to
the receiver, and awaits the response. The numbeegrhents in the wave is set
depending on thevave levelwhich in turn is decoded by the estimated congestion. level
The higher the congestion is, the lower the wavel lisve

Sender Receiver

PROBE!:
PROBE_ACk

PROBE:
P_S_ACkK

DATA

Figure 2.6 Probe cycle.
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The receiver estimates the network congestion using tlee/egcwave level and
sends one negative acknowledgement (N-S_ACK) in resporike ntire wave. The N-
S_ACK gives an estimate of the amount of data lostpegif/ing the level of the next
wave. The transmitter retransmits those parts ofdata as a part of the next wave. If the
N-S_ACK specifies the next level as zero, that meaesnetwork is too congested.
When the sender receives such N-S_ACK, it waits fanesamount of time. Then, it
sends a PROBEL1 packet and waits for the acknowledgenretftef®ROBE1 packet. It
keeps sending these packets till it receives the acknoereeigt. Once it receives the
acknowledgement for the PROBEL packet, it immediatelgséme PROBEZ2 packet and
awaits the acknowledgement P-S_ACK for the PROBE2 padket.P-S_ACK packet
also contains the wave level of the next wave theivec is expecting. When the network
condition gets better, transmitter starts transmissigain at the wave level specified by

the receiver.

2.3.2 Intelligent Suspension/Resumption Scheme

Lilakiatsakun and Seneviratne proposed a scheme [17] that ceshdhe energy
efficiency and performance for TCP by minimizing the @tality of packet loss. This
scheme suspends transmission when the link character@se poor in terms of error
probability and resumes transmission when the link ¢mmdimproves. This scheme
needs no modification to TCP, but is designed as anti@d function. The
implementation of this scheme is as follows. Fis¢, channel condition is determined by
measuring the SNR. The channel can be in eijoexd state orbad state. When the

channel is in bad state, the node stops transmittingtrdhemission is resumed when the
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channel condition becomes good. This is implemented by usitignacontrol layer

between the network layer and the transport layer aslgoiwn in Figure 2.7.

Application Layer

Transport Layer

Stop/Sen Decision Process

?
Collecting Process

Control Layer

Network Layer

Link Layer ¥
: SNR Device Driver
TCP/IP Suit Intelligent Plane

Figure 2.7 The use of control layer and intelligent plane.

An intelligent planedoes the collection and analysis of SNR measuremengs.
intelligent plane consists of a collecting process ardecision process. The collecting
process gathers the SNR information through a devicerdriterfacing function. The
decision process decides what the scheme should doTHextSNR is compared to a
threshold value. If it is stable and higher than thestiwél, the channel is meant to be in
good state. Then, no signal is sent to TCP. If the $N&hges and is decreasing, the
node is assumed to be in motion. If the SNR is lban the threshold, the control layer
sends a signal to TCP so that it stops generating anyaekets. The signaling is done
by using a receiving window of size zero. The control meceuffers all the
acknowledgements for the previously transmitted packetshill channel condition
improves. When the channel condition is good, the robayer sends the buffered

acknowledgement packets to the TCP. This indicates that@® can start transmission.
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2.3.3 Low-Power TCP Buffering

This scheme [18] achieves energy efficiency by reduciegpitwer consumed by the
wireless network interface. By monitoring the TCP et parameters, the idle periods
for the network interface can be decided accurately. TuiegrCP parameters is also
done in order to achieve energy efficiency. This schexmoits the TCP buffering
mechanisms to improve the TCP energy efficiency. Bkitapat the TCP receive buffer
utilization; the network interface can be put in sleep mddeng the periods of
inactivity. In this scheme, the network interface needwete up periodically to check
for any transmissions addressed to it. TCP experiencetsvibaeither when the buffer is
full or when the buffer ismpty The scheme is described below.

The scheme is implemented on a Compaq iPAQ PDA wigtaCiAeronet
network adapter. The TCP buffer full condition is destoated by using an FTP
download to the FLASH memory of the PDA and the iPAQ iLingx. As the operation
of writing to FLASH memory is slow, the buffer getdl.fiiwwhen the buffer is full, the
receiver advertises zero windowand the transmitter do not send any more packets. As
the data is read by the application from the buffeg, window gets a non-zero value.
According to the normal TCP, the receiver advertisesnon-zero window only when the
window size is increased by at least a full sized segnigws, there is a period of
inactivity between the zero and non-zero window adsements. During this period, the
network interface can be switched off. Also, the budlecupancy threshold when a non-
zero window is advertised is a tunable parameter. Titteaza be in sleep mode until the

application completely drains the buffer, thus savingenaergy.
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Another situation of inactivity occurs when the bufisrempty. The energy
efficiency techniques should be implemented carefully in shisation, because some
packets might be in transit even if the buffer is gmfgtthe network interface is shut off
by the time the packet reaches the receiver, the paskietse lost. As the lost packets
can be recovered by retransmissions, some scheméd sb®umplemented so that the
network card is turned back on by the time the retrangmisseached the receiver. One
way to achieve this is by predicting the traffic flowrfrahe status of the outstanding
sockets. This uses the traffic profiles generated by pbécations. A timer is activated
whenever the receive buffer is empty. This is checkedheder a transport layer read
instruction is completed or when an acknowledgmenedgived. If the timer expires
before receiving any subsequent read or write operatibasnpdtwork interface is shut
off. The card is activated when a new TCP transmidsasnto be carried out. This policy

achieves high-energy efficiency for the applications gjesierate bursty traffic.

2.4 Application Layer

The application layer provides services that are specific to an applicatione T
application layer deals with file transfers, accegdine remote file systems etc. The
application directly deals with the application lay@&ihis section describes various
schemes used to achieve energy efficiency using thacapph-based information.
Section 2.4.1 describes a scheme that conserves thgy aeaiethe cost of application

quality and is application specific.
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2.4.1 Energy Awar e Adaptation for M obile Applications

This scheme [19] describes how applications can modify tiehavior dynamically to
conserve energy. Linux operating system provides this adaptatisave battery power
at the cost of application quality. To get a batteey dif specified duration, the operating
system can control adaptation by applications. This is don predicting the energy
demand from the past usage.

The implementation uses the tools PowerScope and &dyBswerScope is a
tool that determines the fraction of the total powerscomed by different processes. It
helps in knowing the components mostly responsibledaseming power. Adaptation in
Odyssey is done by sacrificing data quality to power copsom For example, a system
playing a full-color video can switch to black & white videwhen the bandwidth drops.
Odyssey uses an attribute calledelity to do this adaptatioridelity is the degree to
which the data at the client matches a copy at thesiseEach application specifies the
levels offidelity it supports.

Odyssey is built into the operating system. A compbgalledviceroy monitors
the availability of resources and manages their usereTaee also code components
called wardens for each type of application. They encapsulate thee-gpecific
functionality. There is oneiardenfor each data type in the system. Odyssey is integrat
into Linux as a VFS file system, along with a setA#l extensions for expressing
resource expectations. If the resource levels are tless the level specified by the
application, Odyssey notifies it through ampcall Then, the application adjusts its
fidelity level to match the new resource level anddsehese new levels to the Odyssey.

Energy can be saved significantly by lowering fidedifythe applications.
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CHAPTER |11

ENERGY EFFICIENT ROUTING PROTOCOLS

FOR AD HOC NETWORKS

This chapter presents the research done at the routiagftayad hoc networks. Section
3.1 gives an overview of the routing protocols for ad metevorks. Section 3.2 describes

different energy efficient schemes used at the rguéiger in mobile ad hoc networks.

3.1 Routing Protocolsfor Ad Hoc Networ ks

This section gives an introduction to the routing pro®doit ad hoc networks. Section
3.1.1 describes the table-driven routing protocols for ad ledwanks. Section 3.1.2
describes the on-demand routing protocols for ad hoc networ

The rules and conventions used in the conversation betwo nodes are
collectively known as grotocol It is an agreement between the two communicating
parties on how the communication should proceed. Eade mothe ad hoc network

participates in the formation of network topology. Rogtprotocols provide information
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necessary for each node to forward packets to thenog@xalong the way from the source
to the destination. Based on when and how the routegliacovered, these routing
protocols for ad hoc networks can be divided into two categ [2]:

* Table-driven routing protocols

* On-demand routing protocols

3.1.1 Table Driven Routing Protocols

Table-driven routing protoco]salso called proactive protocols are the protocolshitiv
the nodes keep track of the routes to all destinatiotieimetwork. Each node maintains
routing tables to store this information. These tablesupdated periodically in order to
keep the up-to-date routes to all the destinations. Whenlesee is a link breakage due
to node movement, the nodes send update messages throughounetivork. The
advantage of these protocols is that there is a minimitzal delay for applications,
because the route can be immediately selected fremotlting table. The disadvantage
of using these protocols is that additional traffimeeded in order to keep up-to-date
routing information. An example protocol of this catggsrdescribed below.

The DSDV (Destination-Sequenced Distance-Vector Routjg@) is a Table-
Driven Routing protocol. Each node in DSDV maintain®ating table containing the
“next hop” information to all the reachable destinasian the network. The sequence
number distinguishes the routes. The route with thbdsigsequence number is always
preferred, if multiple routes are known to a destinatiMienever an existing link to a
destination is broken, the node needing a new route asgeaigoute with infinite metric

and increased sequence number. All nodes hearing thigiadrernt update their routing
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tables to incorporate the infinite metric to that paar destination until they hear a

newly established route.

3.1.2 On-Demand Routing Protocols

On-demand routing protocolsre the protocols in which the routes are acquired as and
when they are needed. Whenever a source node has & jwasked to a destination, it
initiates a route discovery to find the path to the idasbn. These protocols use less
bandwidth compared to the proactive protocols, but thendgt for application will
increase. The route remains valid till the destinatsoreachable or until the route is no
longer needed. This section discusses a few existing onadenmating protocols.

Typical examples for on-demand routing protocols are XODORA, and DSR
and are explained in this section. As DSR is one of théopols implemented in this

thesis, it is explained in detail while the remaining pcote are explained briefly.

a) Dynamic Source Routing Protocol (DSR)

Dynamic Source Routing Protocol (DSE1] usesdynamic source routingo route
packets in an ad hoc network. Source routing is a techmigudich the source node
determines the entire sequence of nodes a packet hasstéhpaugh, when it is being
transmitted from source to destination. The source potke the list of addresses of all
nodes in the header of the packet, so that the packetvisrfled to the destination
through those specified nodes. However source routimg ke done statically or
dynamically,Dynamic Source Routing (DSHes it dynamically. This is done using a

procedure calledoute discovery Whenever a node has packet to send to some other
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node, the first node initiates the route discovery. Bamtte maintains a cache called
route cachdo store the routes it has gathered to different de&ing As the nodes in an
ad hoc network move from place to another, some of xistirgy links break and the
routes in the route caches of the nodes must be mddifihis is done using a procedure
called route maintenanceRoute discovery and route maintenance are two main

mechanisms used by DSR.

Route Discovery:

Whenever a node has a packet to send to another noteckscitsroute cachefirst. If
there is no existing route for the required destinatimatenin the route cache, the source
node broadcasts r@ute requesivith a sequence numbernd destination addressThe
sequence numbedentifies a particular route request. Each node maista table called
request tablewhich maintains the information about all the route regudg® node has
received beforeThe source node makes a note of the route requesst isem in the
request table.

When a node receives the route request, it checks itsstetginde. If the request
table already has an entry exactly the same asutinent route request, the node simply
ignores the route request. This prevents the route segaeket from looping. If the entry
iS not present in the request table and the node is dtimat@®n of the route request, it
sends a route reply back to the source node by simplyingpplye path from the route
request packet. If the node is an intermediate nodégetks its route cache. If it has a
route to the destination in its cache, the node sendsta reply to the source node by

copying the path from its cache and the path from théeroequest packet. If the
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intermediate node does not have any available routeetddstination in its route cache,
it rebroadcasts the route request packet.

After the receiving the first route reply, the sourcdendeletes the corresponding
entry in the request table. Then it sends all the datikepmdestined to the destined node
using the path retrieved from the route reply. If somermediate node receives this

route reply on the way to the source node, it sdwesdute in its route cache.

—> Route reque

Route repl

<§,1,2>

<S,4>
O

<§5,4,5:

Figure 3.1 Route Discovery mechanism in DSR.

Figure 3.1 shows the propagation of route request messagkeatarresponding
route reply message. Node ‘S’ is the source node and ‘e destination node. When
‘S’ broadcasts the route request packet, nodes 1,4, andefverdét When node 2
rebroadcasts it, nodes 3, 5 receive it. But the node Salhaady received the route
request from node 4. So, it drops the duplicate requestegciEom node 2. Finally, the
destination node receives the route request through §8 filst. So, it sends the route

reply using that path.
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Route Maintenance:

This procedure uses a new control message cedige error, which will be used for

maintaining the routes. Route maintenance is done thighhelp of the hop-by-hop
acknowledgements used by the data link level or the end-tagkmbwledgements used
by the transport or application layer. Whenever a noddssardata packet to the next
hop, it waits for the acknowledgement from the receivinge. For some reason, if the
node detects that the link to the next hop is in entosends a route error packet
containing the two node addresses which from the link in ¢ordne original sender of
the data packet. When the source node receives the rooteacket, it removes from
the route cache all the routes containing the error digka part of the route. If an
intermediate node receives the route error packelsat removes the routes containing

that link from its cache and forwards the route erroketio the next hop node.

Promiscuous Mode Operation:

The nodes in an ad hoc network can operate in promiscuods, nim which the wireless

interface of the node will be able to listen to thekeds destined to some neighboring
nodes also. If a node overhears a route reply patisaves the route from the reply in its
route cache, if it is not already present in the raaehe. If it listens to a route error
message, the node deletes all the routes from ite maghe containing the error link. If
the node overhears a data packet and the node has arisiteache that is shorter than
the source route contained in the packet, it sergtataitous route replyo the source of

the packet. A gratuitous route reply is nothing but daeaoeply message, except that it is
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not sent in reply to a route request. The node includesltorter path it has in the route

reply message.

b) Ad hoc On-Demand Distance Vector Routing Protocol (AODV)

Ad hoc On-Demand Distance Vector Routing (AO[R2) is the combination of DSR
and DSDV. It follows DSR in route discovery and maiatece and follows DSDV in
routing updates. In the case of link breakage, the infaom# sent to a neighbor, which
recently has sent packets to some destination usingjrtkaRoute maintenance is done
using Hello messages. Each node periodically sehtidlo message. If theHello
messages are not received from a specific node is caved, then the link is suspected

to be in error.

¢) Temporally Ordered Routing Protocol (TORA)

Temporally Ordered Routing (TORA)3] protocol is an on-demand routing protocol in
which the nodes keep multiple routes to a destinatiomode needing a route to a
destination broadcasts a QUERY packet. The node receiviag#icket broadcasts an
UPDATE packet specifying its height. The nodes receivingURBATE packet set their
height so that it is one greater than the heighthef eighbor from which UPDATE
packet was received. Thus, a directed acyclic graph iseckdéthe source node receives
more than one UPDATE packet, it considers the packeivegt&om the node with the
lowest height. When a node detects a link breakage, jtageies an UPDATE packet
with the height set to the local maximum. If it knottst there is some node with a

height greater than this height, that link is updated. i@tie, a new route is discovered
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as described above. When a node detects a networlkopartitsends a CLEAR packet

that refreshes the network status and removes aithtladid routes.

3.2 Energy Efficiency at the Network L ayer

The network layeris responsible for routing packets, establishing the n&twervice
type (connection-less versus connection-oriented), ams$ferring packets between the
transport and link layers. In a mobile environment, thierdnas the added responsibility
of congestion avoidance, rerouting packets and mobilityag@ment. This is done with
the help of routing protocols. This section presents aiskisgn on the energy efficient
routing algorithms developed for wireless ad hoc networks.

2

Figure 3.2 An example network topology.

Typical metrics used to evaluate ad hoc networks inciimetest-hop, shortest-
delay, location stability and link quality. These metnoay have a negative effect in
wireless networks because they result in the over usbgeset of nodes, thus reducing
network lifetime. For example, in the network shown in Fég8r2, all the routes to the

destination node 5 include node 4. So, the node gets exthaust&ly, thus reducing the
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overall network lifetime. Because of node mobility, fblem of routing becomes
difficult in ad hoc networks. To optimize routes, frequpology updates are required,
while on the other hand, frequent topology updates resuiigher message overhead.
This section is organized as follows. Section 3.2.1 de=ztibe metrics used to achieve
energy efficiency. Section 3.2.2 presents a classticabf energy efficient routing
protocols and describes protocols that implement enefiigieacy schemes at the

routing layer.

3.2.1 Metricsfor Power Aware Routing

In [24], routing of traffic is addressed with respect tergy consumption. The authors
proposed five new metrics that result in energy effitroutes.

1. Minimize energy consumed per packétis metric minimizes the average energy
consumption of the nodes in the network. If the netwerkghtly loaded, this
metric selects the path that is most probably the sentbe path selected by the
shortest path routing. Under heavy loads, this metris tdeavoid the congested
areas while routing packets. This might increase the dount sometimes. The
disadvantage of using this metric for routing is thatvdugance in energy levels
will be high, thus resulting in the death of some nodes.

2. Maximize time to network partitiofror a given network topology, there exist a
set of nodes whose removal causes the network to @artiill the routes
between the two partitions go through these nodes. Titthe, load is not divided

properly between those critical nodes, there is pdisgitihat some of these die
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causing the network to partition. This reduces the oveedWark performance.
This metric is of importance in battlefield networks.

3. Minimize variance in node power level$his metric ensures that all the nodes in
the network are equally used and none of the nodes ligs®et It tries to run the
nodes together as long as possible. The routing protorw usetric should be
such that the nodes send packets to the neighborseash mumbers of packets
waiting to be transmitted.

4. Minimize cost per packeilhis metric increases the life of all the nodes in the
network. The paths should try to avoid nodes with loergy levels. Such nodes
should not lie on many paths. The advantage of this enstrihat the battery
characteristics can be incorporated into the routingppol and it also reduces the
variation in node costs.

5. Minimize maximum node costhis metric minimizes the cost of a node when
routing packets through it. This also minimizes the maxmmode cost. Also, it
reduces the variance in the node power levels, thusasiogethe overall lifetime

of the network.

3.2.2 Classification of Energy Efficient Routing Protocols

The energy efficient routing protocols can be clasgdiinto three types according to Yu
et al. [25]. The classification is based on the eneansumption, which can be eitltbe
active communication energgquired to transmit and receive packets or itlaetive

energyconsumed when a mobile node stays idle but listens toédéum.Transmission
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power control approactandload distribution approactbelong to the former category

while thesleep/power down mode approdatlongs to the latter category.

a) Transmission Power Control Approach

In the transmission power control approacthe active communication energy can be
reduced by adjusting the node’s power just enough to reaalet¢bering node, but not
more than that. The protocols using this approach detertreneptimal routing path that
minimizes the total transmission energy required toiveleldata packets to the
destination. If the transmission power is controllalilels advantageous to have the
packet travel through more number of nodes, because thezedequower,p(d) 7 o,
where d' is the distance traveled. The protocols that use thisoapprincludeFlow
Augmentation Routing (FARR6], Online Min-Max Routing (OMM]}27], Maximum
Transmission Power Routing (MTPRB], Distributed Power Control (DPCR9]. Table

3.1 summarizes the protocols belonging to this category.

Table 3.1 Energy efficient routing protocols that use transmispimmer control approac

Protocol Summary

FAR [26] Uses the shortest cost path to the destinaticlydes node cost in the link
cost

OMM [27] Selects a path that maximizes the minimal resiploaer

MTPR[28] Chooses a route with minimum total transmission powe

DPC[29] Minimize the overall spent in the end-to-end transmisdign using
appropriate power level to transmit the packet
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i) Flow Augmentation Routing (FAR)

Flow Augmentation Routing (FAR6] protocol can be applied to either static networks
or to the networks whose topology changes slowly. In F&Reach iteration, each origin
nodeo/O(c) of commodityc calculates the shortest path to each of its desimaides

in D(c). Then the flow is augmented by an amount equal tismes the actual amount.
After the flow augmentation, the shortest cost patiesrecalculated and the procedure is
repeated until one of the nodes runs out of its inititebaenergy. By doing this, we can

obtain the flow which will be used at each node to prigpgiit the incoming traffic.

i) Online Max-Min Routing Protocol (OMM)

Online Max-Min Routing Protocol (OMMR7] is applicable to the sparsely deployed
networks. This protocol focuses on maximizing the lifetirhéhe network. The lifetime
of the network can be taken as the time to the expiraif the first node. This protocol
tries to optimize power consumption by selecting the pét minimum power
consumption and the path that maximizes the minimaluakpower of the nodes in the
network. The algorithm tries to relax the minimal powensumption for the message to
be z Rinwith parameter 2z 1 to restrict the power consumption for sending onssage
to z Ryin. This algorithm consumes at most z.mvhile maximizing the minimal residual

power fraction.

i) Maximum Transmission Power Routing (MTPR)

Maximum Transmission Power Routing (MTPRB] protocol minimizes the total

transmission power consumed per packet and is not codoeitiethe remaining battery
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power of the nodes. The transmission power needed to asgradket from source to
destination is directly proportional to the distanceMeein the source and the destination.
So, transmitting a packet to a node that is fartheomsumes more energy compared to
the transmission to a node that is nearer. Thus,deraio minimize the transmission
power this protocol prefers routes with more number pshban those with less number
of hops. This increases the end-to-end delay in transgifiacket, but reduces the

minimum transmission power to send the packet.

iv) Distributed Power Control (DPC)
In Distributed Power Control (DPCJ29], the sender uses an appropriate power level to
transmit its packets by reducing channel interference andeeensumption, and the
final path is selected by minimizing the overall power $pen the end-to-end
transmission. This is primarily based on selectingitalsle transmit power level, which
also reduces the interference. This transmit powered as the link cost function in the
path discovery and selection. This method assumesdbhtr®de can record the power
level to transmit the packeP{) and the received powePH). A good choice for the
transmit poweP 1+ would be

Pt =Pr-P:+S+Seg
WhereS is the minimum power level required for a correct packeeption andeg,
(Security Threshold) is a power margin introduced to take account channel and
interference power level fluctuations. TRe values are taken as the cost functions used
by the routing algorithm to select a path. Thus, the dlguoriries to implement power

saving mechanism.
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b) L oad Distribution Approach

The protocols using tHead distribution approactliry to balance the energy consumption
in the network by using less frequently used nodes, ingteabortest paths. The route
selected need not be the lowest energy route, but itemnshet the variance among the
node energy levels is reduced. Examples incluoleal Energy Aware Routing (LEAR)
[30], Min-Max Battery Capacity Routing (MMBCI)8], Conditional Max-Min Battery
Capacity Routing (CMMBCR])28], Request Delay Routing Protocol (RDRPL],
Energy Aware AODV\{32], Location-aided Power-aware Routing Protocol (LAPAR)
[33]. As the protocols implemented in this thesis Bfi@-Max Battery Cost Routing
(MMBCR) [28], Local Energy Aware Routing (LEAR30], Request Delay Routing
Protocol (RDRP)[31], they are explained in detail while the remaining prdtoeoe

explained briefly. Table 3.2 summarizes these protocols.

Table 3.2 Summary of energy efficient routing protocols using -balancing approac

Protocol Summary
LEAR [30] Route discovery procedure is modified to achieve energy balendke
network

MMBCR[28] Route reply is handled in a different way

CMMBCR[28] Combines MTPR & MMBCR

RDRP[31] Route discovery procedure is modified

Energy Aware Packets are routed around nodes with low power budgets
AODV[32]

LAPARJ[33] Packets are forwarded based on the physical locaftithe destination
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i) Min-Max Battery Cost Routing Protocol (MM BCR)

Min-Max Battery Cost Routing Protocol (MMBCR2B] is similar to DSR except for a
few modifications made in order to achieve energy eficye MMBCR tries to optimize
the overall lifetime of the network, instead of the emdbnd delay. It takes into
consideration the remaining battery capacity of thdesoin selecting the path to send
packets from a source to a destination.

The MMBCR protocol works as follows. It is the sameD&R, except that the
route reply is processed is differently. In DSR, tbarse node uses the first route reply
to send packets to the destination node. It simply tisesshortest path. DSR never
considers the energy levels of the nodes. But in MMBIGR source node does not use
the route reply immediately after its arrival. Ititgafor some time for a better route and
then selects a path among all the existing paths, sohéhatariance of the energy levels
of all the nodes in that path is the least and alsthalhodes in that possess better energy
level. A node is said to bech if its remaining battery energy is greater thahrashold
value. Otherwise, the node is considepedr. The protocol is implemented as described

below.

Protocol Implementation:

Whenever a node has a packet to send to another nadigiaies the route discovery.
The route discovery procedure is exactly the same astibe discovery mechanism used
in DSR.

When a node receives a route reply and if the nodeigléstination of the route
reply, it checks the route cache for any duplicatee®present for the same destination

node. If there exists exactly the same route as tkecontained in the route reply, the

49



route reply is simply ignored. Otherwise, it insette toute contained in the reply into
the route cache. If all the nodes contained in tha ped¢ rich, it sends all the buffered
packets for the destination using that route. If sonmt&ehodes in the path are not rich,
the node waits for duration &ISR_MAX_WAITING_TIMB receive all possible replies.
After waiting for DSR_MAX_WAITING_TIMEhe node selects the path whose critical
node possesses the highest remaining battery level arhengritical nodes of all the
paths and sends all the buffered packets for the destinade using that path. If some

intermediate node receives the reply, the node sistphes the route into its route cache.

—> Route repl

Route reply use

80 85 <D,6,7> 85
g ____________ S Y 2 U —_— Paths from the route cac
) < 7)< — — —. —
A
s 70 75
OL <D> o <D,1> m <D,1,2> m <D 1 2 3/ ~N
D— (2) (3 10
<D,4,5>
.. 60 90

s <D,4>
O :

Figure 3.3 Route Discovery mechanism in MMBCR.

Figure 3.3 shows how this scheme works. The numbers aamfe node represent
the remaining battery level of that particular node. Sappbe threshold value is 80. The
source node receives the route reply packets through the gladwn above. Node ‘D’
replies through 1, 2, and 3. The intermediate nodes 4 als Bend route replies using

the paths already present in their route caches. Theisource node receives three route
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replies. None of the paths contained in the repliesalidgerich nodes. Each path has
one or morepoor nodes. So, according to MMBCR, the source node comphees t
remaining battery level of the critical node of eachhpand selects the path whose
critical node has the highest energy. The nodes shaddw idark gray color are the
critical nodes. Among these, node 6 has the highest\ereog the source node selects
the path that has node 6 in it.

The DSR_MAX_WAITING_TIMHEs set to be equal to one backoff period. The
backoff period is the amount of time for which the soutcde waits to reinitiate a route
request, if it does not receive any route reply within thagation. Route maintenance is

done as in the case of DSR using route error messages.

ii) Local Energy Aware Routing (LEAR)
Local Energy Aware Routing (LEARBO] is somewhat complicated compared to
MMBCR. It uses additional control messages besides theadanessages used by the
DSR protocol. LEAR tries to optimize the lifetime tife network by considering a
node’s willingness to forward packets to other nodes.kitddhe shortest path among
multiple energy rich paths. An intermediate decidesthdreto forward a route request
packet or not depending on its energy level. If its reingibattery level is greater than a
threshold value, it forwards the packet. Otherwise,apdrthe packet. Even though the
concept of threshold is also used in MMBCR, LEAR usesadyic threshold values
whereas MMBCR uses fixed threshold values.

LEAR is also a DSR-based protocol. It works on the sgroends as DSR except

for the use of additional control messages used to\azleirergy efficiency. In LEAR
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also, when a node has a packet to send to some nodedweksifiot know any route to
the destination, the source node initiates a route wBsgoprocedure. But if an
intermediate is not energy rich, it will not forwdathe route request packet. It simply
drops the packet. If all the intermediate nodes in akiptespaths drop the route request
packet, the route request will never reach the desimatde, thus blocking the network.
To avoid this, the new control messageROP_ROUTE_REQROUTE_CACHE
DROP_ROUTE_CACHEandCANCEL_ROUTE_CACHIRre used. The protocol works
as follows. Each node maintain©®&OP_ROUTE_REQ_TABL# maintain the log of

all the requests dropped previously.

Protocol Description:

The source node initiates the route discovery, whenewereds a route to a destination.
If the route request packet is received by the destindseti, it sends the route reply
immediately. If some intermediate node receivesrdgpiest and if the request is seen
before, it is simply ignored. If the request is narsbefore, the node makes an entry for
the request in the request seen table. If an entry éosdame request already exists in the
DROP_ROUTE_REQ_TABLHEe node reduces its threshold dsita If there exists a
route for the destination in its route cache and ifribde’s energy is greater than the
threshold, it initiatelROUTE_CACHEmMessage along the path contained in the cache.
Otherwise, it broadcasts tiROP_ROUTE_RE@essage and makes an entry for that
in the DROP_ROUTE_REQ_TABLHf the node does not have any route for the
destination and if its energy is greater than the hmlds it relays the route request

packet. Otherwise, the node broadcastfXROP_ROUTE_RE@nessage and makes an
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entry for that in theOROP_ROUTE_REQ_TABLIEigure 3.4 shows the route discovery

mechanism in LEAR.

Node 5 knows th —> ROUTE_REQ
route to the

@ @ destination D’ — ROUTE_CACHE
through 7,8 and 9

Destination
Source \@

Figure 3.4 Route discovery mechanism in LEAR.

Handling of control messages:

Whenever a node receivesDROP_ROUTE_REQnessage, it makes an entry in the
DROP_ROUTE_REQ TABLENnd forwards the packet. When a node receives a
ROUTE_CACHEmessage, the node checks its remaining battery leveie |battery
level is greater than the threshold, the node forwandsROUTE_CACHEmMessage.
Otherwise, it drops the ROUTE_CACHE message and sends the
DROP_ROUTE_CACHEHnessage back to the source &@ANCEL_ROUTE_CACHE
message to the nodes present in the path to the destindtas in its route cache. When

a node receives th®ROP_ROUTE_CACHEmMessage, they make an entry in the

DROP_ROUTE_CACHE_TABL#&Nd relay the packet. This is showed in Figure 3.6.
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Figure 3.5 Route maintenance in LEAR.

If the source node does not receive any reply within lihekoff interval, it
reinitiates the route discovery with an increased sempuaamber. When a node receives
the route request packet, it checks tBERROP_ROUTE_REQ TABLEand the
DROP_ROUTE_CACHE_TABLHf there is already an entry for the same source-
destination pair in one of the tables, the node reducethtbshold bydelta and acts
accordingly. The idea behind this is that the node camdsiow that some nodes are
already getting depleted of the energy and it shouldsmoply drop the packet. The

destination node uses the route reply that arrived first.

iii) Request Delay Routing Protocol (RDRP)

Request Delay Routing Protocol (RDRPL] is also a DSR-based routing protocol
designed to achieve energy balance among the nodesdh @t network. This protocol
tries to optimize the network lifetime. At the samedj it also uses the shortest path
among all the energy rich paths. The implementationthf protocol is very simple

compared to all the other protocols discussed till now.
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The protocol works similar to DSR except that the memtiate nodes do not
process the request immediately. The intermediate hottés the request packet for
some durationd’, which is inversely proportional to the remaining battmgrgy level
of the node. Each node maintains a request buffer to kemgoad of all requests
pending. This table keeps all the information about the stqoeluding the source and
destination addresses, sequence number. The protocol wdokis\as.

The source node initiates the route request packet whemawseds a route to
some node. A node that receives the request packet dhéclssthe destination of the
request packet. If it is, it will send a reply back te ttestination. If some intermediate
node receives the request, the node inserts the requgsiném the request table and the
request buffer. The entry in the request table is Justsequence number of the request
and is used to check if the request is a duplicate oneeifing in the request buffer
contains entire information regarding the request. Aftserting the entry in the tables,
the node sets an event callBEQUEST_DELAY_EVENS3o that it gets an aleft/
seconds after the time of entry into the request hu¥iéren the node gets the alert, it
checks the request buffer to check which entry the adedue to. Then the node

processes that particular request according to the raate égnformation it has.

Handling the REQUEST_DELAY_EVENT:

Whenever aREQUEST_DELAY_EVENIDr a node is generated, the node checks its
request buffer. It checks for an entry that matchesturce and destination address and

the entry for which the delay timer has expired. ¥ tiode finds such an entry, it
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processes the corresponding request as the DSR protocol Tdeeslestination node
sends the reply as soon as it receives the request.

The value ofd’ is figured out from the remaining battery level of tiogle and is
set to be inversely proportional to the battery levethef node. The idea behind this is
that the destination node always receives the route retimesagh energy rich nodes. As
the delay used by a node to forward a packet is inversepopional to the energy level
of the node, the nodes that are not energy rich weMen forward the request packet
before the energy rich nodes. This way, the destinainoie receives the request through
energy rich nodes first. As the destination respoadbé route request that arrived first,
it will always be the energy rich path among all #wailable paths. The protocol can be

explained using an example shown below.

—> Route reque

Route repl

10C 40

Figure 3.6 Example network topology for RDRP.

In Figure 3.6, the numbers below each node represengitigning battery level
of that node. When the source ‘S’ broadcasts the maofeest, nodes 1 and 3 receive it.

According to RDRP, node 3 keeps the request packet for gerlotime without
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processing it. Node 1 forwards the route request to nodesad 4. Node 3 ignores it as
it is a duplicate request. Among nodes 2 and 4, node 4 isyemneing So, it forwards the

request earlier than 2 does. Node 4 forwards the requ@sand 5. Node 2 ignores the
duplicate request and node 5 forwards it to node ‘D’. Thaesrbute request packet is
received through (S, 1, 4, 5) first. As we can observm fthe figure, this is the energy

rich path among all the paths in the network.

iv) Conditional Max-Min Battery Capacity Routing (CMMBCR)

The Conditional Max-Min Battery Capacity Routing (CMMBJR$] considers both the

total transmission energy consumption of routes andetmaining power of nodes. The
remaining battery capacity of the nodes is comparedayifredefined threshold value. If
all the nodes in a route have sufficient remaining battapacity (i.e., above the

predefined threshold), the route is considered to be Ifithere is more than one rich

path among the available replies, the path with minirtramsmission power is chosen. If
none of the replies contain a rich path, the pathsehcritical node has the highest
remaining battery capacity among all the critical nodeshbsen. Thus, CMMBCR is a

combination of MTPR [28] and MMBCR [28].

v) Energy Aware AODV

Energy Aware AODV32] uses a two-step approach to conserve energy obttesnin
the first, the routing protocol tries to route the paskatoiding the nodes with low
energy levels. In the second, the radio interfadebe nodes turned off whenever they

needed to be to conserve energy further. The nodeglassified into three zones
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depending on their remaining battery levels. Normal zmmesists of nodes with battery
energy levels greater that 20% of their initial enefggrmal zone consists of nodes with
battery energy levels greater that 10%-20% of theirainénergy. The nodes that have
less than 10% of their initial energy are in the Darzgee.

The cost of routing packets through the Danger zoneeidighest, next comes
the cost of routing through the warning zone and theidaidte Normal zone. If a node
lies in the danger or warning zone and it has a large nuofbeeighbors, the cost of
routing packets through that node is directly proportiométhé number of neighbors.

In order to ensure that a route is recalculated ircdse of energy depletion of a
node, the node sends a warning packet to the sourcesla pliths using that node. This
warning packet is propagated much like a route error packet imaoycgprotocol, except
that the routes are not erased. The source node igitateute discovery as soon as it

receives a warning packet.

vi) Location-Aided Power-Aware Routing Protocol (LAPAR)

In Location-Aided Power-Aware Routing Protocol (LAPABJ], the forwarding nodes
make the routing of data packets based on the locatitreafeighbors. The forwarding
node sends the packets to the neighboring node whoseregian covers the required
destination. If the destination node falls into thayelegions of more than one neighbor,
the algorithm makes a greedy choice to select the heptto forward the packet
depending on the distance between the source and the doygvanode and the
destination node. The decisions are made locally anddiegnd on the location of the

neighbors.
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CHAPTER IV

PERFORMANCE EVALUATION OF ENERGY

EFFICIENT ROUTING PROTOCOLSFOR

MANETS

This chapter presents the results obtained by implengetiteDynamic Source Routing
Protocol (DSR)[21], Min-Max Battery Cost Routing (MMBCHZ2S8], Local Energy
Aware Routing (LEAR)30], andRequest Delay Routing Protocol (RDRB]] in the
GloMoSim 2.03[34] simulator. GloMoSim is a scalable simulation enviment for
wireless and wired networks and is basedParsec[35]. In this thesis, | have used the
existing implementation for the DSR protocol and modifilhe code for the DSR
protocol in order to implement MMBCR, LEAR, and RDRMisIchapter is organized as
follows. Section 4.1 describes the simulation environraaedtvarious parameters used in
the simulations. Section 4.2 explains the performanegics used in this thesis. Section

4.3 presents the simulation results and discussiorseTihelude standard deviation of the
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energy consumed by all the nodes (Section 4.3.1), peak&n-maio of the energy
consumption (Section 4.3.2), latency in delivering the pack®ection 4.3.3) and the
packet delivery ratio (Section 4.3.4) with respect to pause. tSection 4.4 describes

how the threshold value affects the performance ofREAd MMBCR.

4.1 Simulation Environment

Table 4.1 Configuration file for the simulator.

# Duration of the simulation: 900 seconds #Radio bandwidth (in bits per second): 200000(
SIMULATION-TIME  15M RADIO-BANDWIDTH 2000000

#Random seed #Packet reception model: SNR-BOUNDED
SEED 3 RADIO-RX-TYPE SNR-BOUNDED

RADIO-RX-SNR-THRESHOLD 10.0
# Terrain dimensions: 1500m x 300m
TERRAIN-DIMENSIONS (1500, 300) #Radio transmission power used (in dBm): 7.874
RADIO-TX-POWER 7.874
#Number of nodes used in the simulation: 50
NUMBER-OF-NODES 50 #Antenna gain (in dB): 0
RADIO-ANTENNA-GAIN 0.0
#Node placement pattern: random
NODE-PLACEMENT RANDOM #Sensitivity of the radio (in dBm): -91
RADIO-RX-SENSITIVITY -91.0
#Node movement model: random-waypoint
# pause times used: 0, 40, 80, 120, 200, 300{ #Minimum power for received packet (in dBm)

600, # and 900 seconds | RADIO-RX-THRESHOLD -81.0

# speed varies from 0 meters/sec to 20

meters/sec #MAC protocol used: IEEE 802.11
MOBILITY RANDOM-WAYPOINT MAC-PROTOCOL 802.11
MOBILITY-WP-PAUSE 0S

MOBILITY-WP-MIN-SPEED 0 #No promiscuous mode was used
MOBILITY-WP-MAX-SPEED 20 PROMISCUOUS-MODE NO
#0Other mobility parameters #Network protocol: IP

MOBILITY-POSITION-GRANULARITY 0.5 NETWORK-PROTOCOL IP
NETWORK-OUTPUT-QUEUE-SIZE-PER-
#Propagation limit (in dBm): -111.0 PRIORITY 100

PROPAGATION-LIMIT ~ -111.0
#Routing protocol: DSR

#Path loss model: two ray model ROUTING-PROTOCOL DSR
PROPAGATION-PATHLOSS TWO-RAY
#Statistics used

#Noise figure APPLICATION-STATISTICS YES
NOISE-FIGURE 10.0 TCP-STATISTICS NO
UDP-STATISTICS NO
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#Temperature of the environment (in K): 290 ROUTING-STATISTICS YES

TEMPARATURE 290.0 NETWORK-LAYER-STATISTICS NO
MAC-LAYER-STATISTICS NO

#Radio model used to receive and send packets RADIO-LAYER-STATISTICS YES

RADIO-TYPE RADIO-ACCNOISE CHANNEL-LAYER-STATISTICS NO
MOBILITY-STATISTICS NO

#Radio frequency (in Hertz): 2.4e9
RADIO-FREQUENCY  2.4e9

Table4.1 (Contd.)

Table 4.1 shows the simulation parameters and their salthe transmission power of
each node is set so that its radio range is 250 métecees move randomly and follow
random waypointmodel. The model is defined using the parametersnthenum speed
the maximum speedand thepause time Each node stays for the period of pause time
seconds at the initial position and moves to a randoectibn at a random speed varying
between the minimum and maximum speeds. The node répeatame procedure after
reaching the destination. The same process continues thrgutte duration of the
simulation. The random direction and speed are chosgendang on the seed number
used in the simulation.

Also, the simulations used Ifnstant bit ratg CBR) sources. The CBR source
can be defined using the following parameters: number of atkde sent per second,
packet size, duration of the transmission, start tife transmission, and end time of
the transmission. In this thesis, each source used $end512-byte packets per second
for the duration specified while defining the CBR source.

In this thesis, energy spent by the nodes while tramsgrdata is taken into
consideration. The expression to evaluate the en@egyt 1 transmitting a data packet is

E =i*v *t Joules, where is the current used to transmit the packes the voltage
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used to transmit the packet, and the duration of the transmission. In this, all tioeles
are assumed to be equipped with IEEE 802.11b network interdads. Also, the power

consumption during the reception and idling periods is as$toniee zero.

4.2 Performance Metrics

The metrics used in this thesis to evaluate the pedioce of the protocols in terms of
energy balance in the network are ghendard deviatior{SD) of the energy consumed
by all the nodes in the network and tpeak-to-mean ratigPMR) of the energy
consumption of the nodes in the network. Apart from achgegiood energy balance in
the network, a good network protocol should be able to delhesdata packet reliably
and quickly. The metrics used to evaluate the geperddrmance of a network protocol
are thepacket delivery ratigPDR) and the averagatencyin delivering packets from the
source to the destination.

Standard deviation (SD) of the energy consumed by théhalinodes in the
network gives an estimate of the different betweenretiergy levels of the nodes in the
network. A network is completely balanced only if i nodes in the network possess
equal energy level. A high value of SD means that sdrtteeonodes are being overused
while some nodes are not used at all. This metric redsesies energy balance in the
network and can also be used to estimate the ovéesiie of the network. The better
energy balance the network shows, the more the metiietime is.

Peak-to-Mean Ratio (PMR) is another metric used tonesti the energy balance
in the network. PMR is the ratio between the peak vallenergy consumed among all

the nodes in the network and the average value of grgeconsumed by all the nodes
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in the network. SD gives an idea about the differendée energy levels of the nodes in
the network, but does not give the average energy Iétbemodes in the network. It is
possible that all the nodes in the network possess vergub equal energy levels, giving
a low SD. In such cases, using SD itself as a metristimate the energy balance in the
network is not a good idea. SD and PMR both can givielean of the performance of a
protocol with respect to energy balance. A value of Pdltiger to 1 means that the
energy balance in the network is good.
Packet Delivery Ratio (PDR) is the ratio between thenber of packets

transmitted by the source node and the number of paclesived successfully by the

destination node. PDR gives a measure of the reliabiiitige protocol.

4.3 Simulation Results

In this thesis, the energy consumption of nodes usirig prBtocol is compared with that

of the nodes using MMBCR, LEAR, and RDRP protocols. Thalte presented here are
obtained by taking an average of the results from 80lation runs. The simulations are
done at 8 values of pause time. At each value of pamsg tihe simulations are repeated
10 times using 10 different seed numbers. The same seedinsenbers are used with
each pause time. The threshold value of energy usée simulations for MMBCR and

LEAR is equal to 99% of the initial battery level of thedes (see section 4.4). This
section presents the results in terms of SD, PMR, ,P&® the average latency in
delivering data packets with respect to pause time. Thetseastd presented at two

different node movement speeds: 20 meters/sec and 1 meter/s
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One important point should be noted before analyzirg résults presented
below. For the pause times below 100 seconds, ther®ioairregular variation in the
performance metrics considered. The reason for thiaviimhis that the nodes are in
constant motion at low pause times and thus the netvapildgy keeps changing
quickly. In such situations, it is difficult to optimizde performance of the network
because of frequent link breakage. So, the results atgzad only for pause times above
100 seconds. Also, the energy measurements are takemdiegclthe source and

destination nodes since those nodes should always be ON.

4.3.1 Standard Deviation (SD)

Standard Deviation

—&— DR
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1] 100 200 300 400 s00 GO0 an |00 g00
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Figure 4.1 (a) Standard Deviation at node speed of 20 meters/sec.
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Figure 4.1 (a) shows the plot of standard deviation of tleegy consumed by all
the nodes in the network versus pause time at node sp26chwdters/sec. As we can see
from the graph, all the energy efficient protocols (B®R, LEAR, and RDRP) give less
standard deviation compared to the DSR protocol. If weerobs each protocol
independently, we can see that the standard deviation sesre@s the pause time
increases. This is because the node movement is rgjd&ss at higher pause times. So,
the links do not break quickly making the nodes use theooitks and thus reducing the
energy balance in the network. LEAR tries to avoidhstmutes by making the nodes
check their energy level every time they transmit gket If the energy level of the node
is less than the threshold, the node would not trangmipacket and it sends an error
message saying that it cannot transmit the packet. #dmasd deviation does not

increase drastically with LEAR, as that compared to gihatocols.
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Figure 4.1 (b) Standard Deviation at node speed of 1 meter/sec.
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Figure 4.1 (b) shows the plot of standard deviation vepswse time at node
speed of 1 meter/sec. As the pause time increasesjaheéasd deviation increases
slightly in the beginning and it becomes constant dfftat. This is because the network
acts more like a static network at higher pause timmelsthe nodes move at very low
speed. This causes more stable links and the energy ®fie@ocol does not affect the
standard deviation much. As we said before, the nodesAiRLEheck their energy level
every time it passes a packet to the upper layer. ThetsriZEAR most energy efficient

compared to the other energy efficient protocols.

4.3.2 Peak-to-M ean Ratio (PMR)
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Figure 4.2 (a) Peak-to-Mean Ratio at node speed of 20 meters/sec.
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Figure 4.2 (a) shows the plot Béak-to-Mean RatidAMR) of energy consumed by
all nodes in the network with respect to the pause anmode speed of 20 meters/sec. As
explained before, the value of PMR equal to 1 represemi$veork, which has complete
energy balance. The protocols LEAR, RDRP, and MMBC&wsthe PMR values closer
to 1 compared to DSR. The value of PMR goes away fromtheapause time increases.
This is because of the same reason explained for FyireAs the network becomes
stable, the nodes keep using the previously obtained rdotea long time, thus

overusing some nodes. This reduces the energy balarnte metwork, thus reducing the

value of PMR.
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Figure 4.2 (b) Peak-to-Mean Ratio at node speed of 1 meter/sec.

Figure 4.2 (b) shows the plot of PMR versus pause timeode speed of 1
meter/sec. Again, the curves are almost flat at losyered because of the increased

network stability.
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4.3.3 Latency
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Figure 4.3 (a) Average Latency in delivering the packets at node speed oéRfsfsec.

Figure 4.3 (a) shows the plot of average latency in defigetihe packets with
respect to pause time at node speed of 20 meters/sec.filgpathe irregular variations
at the pause times below 100 seconds; DSR shows bettermmence compared to the
energy efficient protocols. There is always a trafidsetween the energy conservation
and the delay and packet delivery ratio. As we have seehapter 3, the protocols
MMBCR, LEAR, and RDRP use some scheme to achieve ethaigynce in the network.
They do not use the route reply that is received finstead, they try to select the route

that optimizes the energy balance in the networkrdier to this, the nodes implementing
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these protocols wait till they detect that optimunuteo This causes the latency in
delivering the data packets. As we can see from the graghlatency keeps on
decreasing with the increase in pause time and goestéatsaime time. The reason for
this is that as the pause time increases, the netwardniss steadier, reducing the
number of link breaks and thus the nodes tend to use ttesrpreviously obtained. We
can also notice the highest latency with LEAR prokothis is due to the complex route

discovery procedure using more control messages in LEAR.
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Figure 4.3 (b) Average Latency in delivering the packets at node spetdnater/sec.

Figure 4.3 (b) shows the plot of average latency versusep@me at node speed
of 1 meter/sec. As we can see from the graph, teadgtis very low compared to that at
higher speed. This is because the nodes do not move fastismodering the routes

would not take too long. This reduces the average latertegriamitting the packet. The

69



protocols MMBCR and RDRP show the same performanceSag Bs these protocols do
not discover a new route unless the existing link breBls,. LEAR tries to keep the

energy balance in the network by checking the node’'ggrevel at every hop.

4.3.4 Packet Delivery Ratio (PDR)
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Figure 4.4 (a) Packet Delivery Ratio at node speed of 20 meters/sec.

Figure 4.4 (a) shows the plot of packet delivery ratio (PidRsus pause time at
node speed of 20 meters/sec. PDR is an important me@gsessing the performance of
a protocol. The PDR increases with the increase in paomse This is due to the

stabilized network conditions. The protocols MMBCR and RDflve a PDR almost
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equal to that of DSR, but the PDR of LEAR is signifitatower than that of DSR. This
can be explained as follows. Even though MMBCR and RDRplemment energy
efficient schemes at the routing layer, these protadolaot update the route until it is
broken. In that case, the route need not always attamgy balance in the network.
Unlike these two protocols, LEAR takes into considerati@nwillingness of the node to
forward data packets at each hop. If the node’s energl Ie level is less than the
threshold value, the packet is simply dropped before serg to the upper layer. This
causes the significant reduction in the PDR for LEAR. &uihe same time, we can see
the significant improvement in the standard deviatiorhMWEAR, thus improving the

energy balance in the network.
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Figure 4.4 (b) Packet Delivery Ratio at node speed of 1 meter/sec.
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Figure 4.4 (b) shows the plot of PDR versus pause timeodé speed of 1
meter/sec. Again, the curves are more flat comparebatoat higher speeds. Also, the
protocols MMBCR, and RDRP give the same performand@3, while LEAR gives
somewhat lesser PDR. This is due to the packets droppee Inptles before passing it

to the higher layer.

4.4 Effect of threshold value on the performance of LEAR &

MMBCR protocols

In chapter 3, it is explained that the battery level obde is compared to a threshold
value while implementing the protocols MMBCR and LEAReTvalue of the threshold
chosen has a significant impact on the performandeoprotocol. Table 4.2 shows how
the value of the threshold affects the Standard Dewiatitered by MMBCR and LEAR
protocols. The first column in Table 4.2 shows the valughi@shold as a percentage of
the initial battery level of the node, and the columnand 3 show the percentage
improvement in the SD compared to the DSR protocolth&svalue of the threshold
increases, the protocols show better performance. LEARshegular improvement in
the SD with increase in the threshold.

At the threshold of ‘0’, LEAR acts similar to DSR. #f#e threshold is increased,
LEAR does not show any improvement in the performanicend threshold is increased
above 50% of the initial battery level of the node. IEE8hows the best performance

when the threshold is increased to 99% of the initiakbatevel of the node.

72



Table 4.2 Effect of threshold on the SD offered by MMBCR and LEAR.

Threshold (in % of
theinitial battery

Per centage improvement in the Standard
Deviation compared to that offered by DSR

level of the nodes) MMBCR LEAR
100 % 2.7 % 20 %
99 % 7% 24 %
98 % 0% 14 %
90 % 2.6 % 14 %
83 % 2% 13 %
50 % 0% 2%
25 % 0% 2%
0% 0% 0%

MMBCR shows no improvement in the SD until the thidd is above 50% of
the initial battery level of the node. MMBCR showsegular variation when the
threshold is 98% of the initial battery level. AlsoMBCR shows best performance
when the threshold is 99% of the initial battery lew€lthe node. The reason for no
improvement in SD at lower threshold is that all tiweles are treated equally because
they all possess energy levels higher than the thigesiadue. In such cases, the effect of
using energy efficient protocols is less. Based on thesdts, the initial threshold value

was kept at 99% of the initial battery level of the nodlethe simulations used in this

thesis.
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CHAPTERYV

CONCLUSIONS

This thesis analyzes the performance of energy effidiouting protocols compared to a
protocol with no energy efficient scheme. As we hawense chapter 4, the energy
efficient protocols show better performance in termsérgy conservation. We can
observe from the results that there is always @etadf between the energy conservation
of a network protocol and the general performance imgesf PDR and latency. This
study will be useful in selecting a routing protocol dependinghenapplication. For
applications such as sensor networks, the lifetimerobhile node is very important. In
such applications, energy efficient protocols play gnificant role in enhancing the
network lifetime. For applications where the reliallied quick delivery of data is
important rather than the energy balance, ordinauimg protocols are preferred.
According to the simulation results with DSR, MMBCREAR and RDRP;

LEAR gives the best performance from the energy ceasien perspective. LEAR

shows improvement in the SD of up to 25% compared to D@fe the protocols
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MMBCR and RDRP show the improvement in SD by 6%-10% coedpty DSR. Also,
LEAR shows improvement in the PMR up to 32% compared t&,Dile the other two
protocols show improvement in PMR of 8%-15% compared to.O®R reason for the
better performance of LEAR compared to MMBCR and RD&FEhat LEAR takes the
node’s willingness to forward packets (both data and copackets) into consideration,
while the other protocols do not update the energy effigieute till it is broken. Even
though this causes additional delays, it achieves good ebelayce in the network. This
makes LEAR the best protocol in terms of energy conservamong all the protocols
considered in this study.

In this thesis, only the energy efficient schemesth& routing layer are
implemented and evaluated. There is also a lot of refsd®ing done in the other layers
of the protocol stack. This study can be extended to dpsidacols with hybrid schemes
with some energy efficient scheme implemented atdbéng layer and also with energy
efficient schemes at the other layers of the protstatk to achieve improved energy

efficiency.
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