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Energy Saving and Partition Bridging using
Directional Antennas in Mobile Ad Hoc Networks

Amit Kumar Saha

Abstract

In this thesis, I present the design and evaluation of new techniques for using directional

antennas to save energy and to bridge network partitions in amobile ad hoc network. This

thesis advocates close but simple collaboration between the routing layer and the Medium

Access Control (MAC) layer and shows through simulations, the effectiveness of this de-

sign by modifying the Dynamic Source Routing (DSR) protocol, an on-demand ad hoc

network routing protocol based on source routing. First, inorder to save energy, Route

Requests and data packets are transmitted directionally. Extensive simulations show that

without affecting the behavior of the routing protocol noticeably, energy savings of up to

75% is achieved. Second, in order to bridge network partitions, the routing protocol is

modified to use the ability of a directional antenna to transmit directionally over longer

distance as compared to an omnidirectional antenna, both antennas using the same power.

Again, through simulations, the protocol is shown to be ableto bridge network partitions.

Also, when no partitions are present, the protocol is otherwise equivalent to the version

without the partition bridging modifications.
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Chapter 1

Introduction

An ad hoc network is a group of mobile wireless nodes that dynamically forms a network

without the aid of any existing centralized administrationor network infrastructure. Since

a wireless node has limited transmission range, nodes need to cooperate to forward packets

for each other so that a node can send packets to another node not in its direct transmission

range. Among other issues, there are two primary concerns ina mobile wireless environ-

ment, the power consumed by the nodes and the creation of network partitions due to the

change in relative distance between nodes, both of which canrender a network useless.

1.1 Motivation

In this thesis I present the design and evaluation of the use of directional antennas to save

power and to bridge network partitions in a mobile ad hoc network. In doing so I make

the routing layerand theMedium Access Control(MAC) layer to closely collaborate with

each other, and I show that there is much to be gained by such a cooperation. Traditionally,

omnidirectional antennas have been used for wireless transmission. However, in recent

years, directional antennas have become practical, and there has been considerable inter-

est in harnessing the potential of using a directional antenna in a mobile ad hoc network.

The relevance of directional antennas for ad hoc networks have been explained, for exam-

ple, by Ramanathan [14]. Some of the advantages that a directional antenna has over an

omnidirectional antenna are as follows:
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• A directional antenna can transmit directionally and hencecause less interference to

receivers that are not in the direction of transmission. This is unlike an omnidirec-

tional antenna, which causes equal interference in all directions around itself. This

property of a directional antenna has the potential to increase the effective throughput

of the network. However, in this thesis I do not attempt to address this issue.

• For a given transmission power, a directional antenna can transmit over longer dis-

tance in a particular direction as compared to an omnidirectional antenna. This is

because a directional antenna is able to use most of its powerin the direction of

transmission, whereas an omnidirectional antenna uses thepower to transmit equally

in all directions and hence transmits over shorter distances. This also implies that a

directional antenna will use less power than an omnidirectional antenna to transmit

over a given distance in a particular direction. In this thesis I use this property to

achieve my goals of saving power and bridging network partitions in a mobile ad hoc

network.

1.2 Related Work

Most of the effort towards using directional antennas in mobile ad hoc networks has been

concentrated on and limited to the MAC layer and have been targeted towards increasing

the throughput of the network. For example, Ko et al [9] have designed new MAC proto-

cols for use in an ad hoc network using directional antennas and have shown throughput

improvements for these protocols. Nasipuri et al [12] designed a MAC protocol to extract

higher throughput from the network. Nasipuri et al [11] designed an on-demand routing

protocol for use with directional antennas for reducing thenumber of routing packets trans-

mitted duringroute discovery. However, their simulations do not model the MAC layer or
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the physical layer, and hence the effects of collisions and interference are not reflected in

their results. Ramanathan and Hain [15] used directional antennas coupled with adjusting

the transmission power to control the topology of multi hop wireless networks.

However, in this thesis I target two other uses of a directional antenna,saving power

andbridging network partitions, which follow immediately from the fact that a directional

antenna is better able to channel its energy in the directionof transmission. Some work

has been done in this field as well and are as follows. Wieselthier et al [19] considered

connection orientedmulticasttraffic and quantitatively analyzed the benefits obtained in

saving power by using a directional antenna. Spyropoulos and Raghavendra [16] presented

an energy efficient routing and scheduling algorithm in which they minimize the total time

for all possible transmitter-receiver pairs to communicate with each other. However, their

protocol unrealistically assumes predictability of end-to-end traffic pattern. Moreover, their

protocol has not been tested under realistic mobile scenarios. My hypothesis is that in order

to get the maximum benefits from using directional antennas in mobile ad hoc networks,

we cannot rely on just the MAC layer taking intelligent decisions. Rather, we should utilize

cooperation between the routing layer and the MAC layer, as will be proven by this thesis.

1.3 Contributions

I modified DSR to use directional antennas for energy savingsand have shown that this

modified protocol provides substantial energy savings (as high as 75%) without noticeably

changing the overall behavior of the protocol. In order to bridge network partitions, I

modified DSR to use directional antennas to transmit directionally over longer distance.

I have shown, through simulations, that this modified protocol is able to deliver packets

across network partitions. Also, in the absence of partitions in the network, this protocol is

otherwise essentially equivalent to the version without the partition bridging modificiations.
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To enable me to do realistic simulations I extend thens-2network simulator [13] to

include:

• the ability of a node to use a directional antenna,

• a realistic directional antenna model, and

• a propagation model that takes into consideration not only the transmission power

but also the direction of transmission.

The simulator does not model the time required to change the attributes (Chapter 2)

of a directional antenna. The simulator also does not model any energy loss that might

occur when a directional antenna changes its attributes. Also, I assume an electronically

steerable directional antenna and neglect both the energy spent to steer the antenna beam to

a particular direction and the energy spent to change the transmission power of the antenna.

The results in this thesis are based upon simulations of various scenarios in an ad hoc

network of 50 mobile wireless nodes communicating with eachother.

1.4 Organization

The rest of the thesis is structured as follows. In Chapter 2,I describe the mathematical

model of a directional antenna that I have used. In Chapter 3,I explain the Dynamic Source

Routing (DSR) protocol, the routing protocol that I have used for evaluating my design. In

Chapter 4, I present the design and evaluation of my protocolto save power in a mobile

ad hoc network. Then, in Chapter 5, I present my design to bridge network partitions and

also evaluate my design. Finally, in Chapter 6, I conclude and describe areas for further

improvements.
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Chapter 2

Background: Antenna Model for Directional Antenna

The concepts needed to better understand the differences between a directional antenna

and an omnidirectional antenna are presented by Ram Ramanathan [14]. However, since

the concepts are fundamental to justifying my design decisions, this chapter revisits the

concepts in an intuitive manner. Readers interested in going to the depths of this field can

refer to [3].

An ideal omnidirectional antenna transmits as well as receives energy equally well in

all directions. An ideal directional antenna transmits andreceives more energy in one

direction called theprimary directionof the antenna. Thegainof a directional antenna [3]

in a particular direction~d is given by

G(~d) = η
U(~d)

Uavg

where,

U(~d) is the power density in direction~d

Uavg is the average power density over all directions

η is the efficiency of the antenna that accounts for energy losses.

The maximum gain taken over all directions is called thepeakgain of the antenna.

An antenna patternis the specification of the different gain values in each direction in

space. A directional antenna has amain lobeof peak gain and severalside lobesof lesser

gain, as shown in Figure 2.1. For the purpose of analysis all the side lobes are collectively
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Figure 2.2: Approximate Hypothetical 2D Directional Antenna Pattern

approximated by a single side lobe, as shown in Figure 2.2. This is actually a simplification

into 2 dimensions of the actual antenna pattern in 3 dimensions as shown in Figure 2.3.

Thebeamwidthof a directional antenna is the angle subtended by the two directions on

either side of the direction of peak gain that are 3 dB lower ingain, as shown in Figure 2.2.

An antenna is more directional if it has a higher gain and a smaller beamwidth. However,

two antennas with different beamwidths can have the same gain.

Main lobe

Side lobe

Figure 2.3: Approximate Hypothetical 3D Directional Antenna Pattern
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For this work, an approximate model for a directional antenna. The antenna pattern

for a given gain valuegm consists of a main lobe of beamwidthθm and a side lobe of

beamwidth360o − θm, as shown in Figure 2.2. For simplicity I do not model the 3 dB loss

in gain on either side of the primary direction but consider the gain to begm for the entire

beamwidth. The maximum beamwidth [14]θmax for a given gaingm is given by

θmax = 2tan−1

√

4

gm

The gain for the side lobe (gs) is given by

gs =
η4− gm

4− 1
where 4 =

4

tan2( θm

2
)

If θmax is considered to be180o then the maximum value ofgm turns out to be 0 dB =

1.0 (absolute value). So, if the required gain beg with beamwidthθ > 180o in directiond

then the antenna has to be directed in a direction diametrically opposite tod and should use

a main lobe gaingm < 1.0 with beamwidth360o − θ. If gm is chosen correctly, then the

gain of the side lobegs (which has beamwidth360o
− (360o

− θ) = θ) matches the desired

gaing.
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Chapter 3

Background: The Dynamic Source Routing Protocol

In this chapter I give a brief overview of the basic functionality of the Dynamic Source

Routing (DSR) protocol [5, 7, 6], the routing protocol upon which I have based my design

and implementation. I use DSR in my experiments since the theprotocol was shown to

perform well in simulation studies carried out earlier [1, 4].

DSR is a totallyon-demand(or reactive) routing protocol for mobile ad hoc networks.

DSR is based onsource routing, in which the originator of a packet decides the entire

sequence of hops through which the packet is to be forwarded to the final destination.

The protocol usesRoute DiscoveryandRoute Maintenanceto maintain source routes to

arbitrary destination nodes.

If a node does not have a source route to a destination node, then it initiates Route

Discovery by locally broadcasting a ROUTE REQUESTpacket containing the address of the

destination (known as thetarget of the Route Discovery). The ROUTE REQUEST packet

also contains arequest identifierfrom the source (also known as theinitiator) of the Route

Discovery. The Route Discovery is uniquely identified by therequest identifier, the source

node address, and the target address. Apart from these fields, the ROUTE REQUEST also

has a list of nodes, used to record the route through which theROUTE REQUESThas been

forwarded.

When a node receives a ROUTE REQUEST, it first checks to see if it has previously for-

warded a ROUTE REQUEST from this Route Discovery, by examining the source address,

the target address, and the request identifier. If the node has recently seen this identifier,



9
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Figure 3.1: Route Discovery example : NodeA is the initiator and nodeE is the target.

A D ECB

Figure 3.2: Route Maintenance example : NodeC is unable to forward a packet fromA to

E over its link to next hopD.

or if its own address is already present in the list of nodes that this ROUTE REQUEST has

traversed, the node silently drops the packet. Otherwise, the node appends its address to

the list and locally rebroadcasts the ROUTE REQUEST, as shown in Figure 3.1. When a

ROUTE REQUEST reaches the target node, the target node replies with a ROUTE REPLY

packet destined to the source of the ROUTE REQUEST. This ROUTE REPLY packet con-

tains a copy of the node list from the ROUTE REQUEST. When the initiator of the request

receives the ROUTE REPLY, it adds the newly acquired route to its Route Cache.

In Route Maintenance, a node forwarding a packet for a sourcetries to verify that

the packet successfully reached the next hop in the route. A node confirms this by either

using a link-layer acknowledgment (such as is provided in IEEE 802.11 [2]), or a passive

acknowledgment [8], or by means of a network-layer acknowledgment.

If a packet is not acknowledged, after a limited number of retransmission attempts, the

forwarding node assumes that the next-hop destination is unreachable over this link (as

shown in Figure 3.2), and sends a ROUTE ERROR packet indicating the broken link to the
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source of the packet. A node receiving a ROUTE ERROR removes that link from its Route

Cache.
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Chapter 4

Energy Saving using Directional Antenna

4.1 Protocol Modifications

In this Chapter, I describe how I modify the behavior of the protocol to achieve energy sav-

ings. Figure 3.1 illustrates a Route Discovery where nodeA is trying to find a source route

to nodeE. The protocol modification is based on the fact that nodeB need not transmit

the ROUTE REQUEST packet omnidirectionally, since there is essentially no benefit to be

obtained from transmitting the ROUTE REQUEST in the direction from which it arrived at

B. However, this is not entirely true and there are cases in which a node which is present

in the overlap region of theideal transmission range ofA andB can be reached only by

a transmission fromB and not by a transmission fromA. I explain later how the protocol

handles such cases. With a directional antenna,B can transmit the packet in all directions

apart from the direction of arrival of the packet. It is assumed that upon reception of a

packet, a directional antenna can identify the direction ofarrival of the packet with reason-

able accuracy. Additionally, upon reception of any packet from a nearby node (irrespective

of whether the packet was sent directly to the receiver or thereceiver promiscuously re-

ceived that packet), the receiver maintains, in some data structure, the estimated direction

of that nearby node.

Specifically, in order to save energy using directional antennas, I made the following

changes to the basic operation of DSR.

When a nodeA receives a ROUTE REQUEST from directiond1, nodeA forwards the
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Figure 4.1: ROUTE REQUESTusing directional antenna (r is the omnidirectional transmis-

sion range)

ROUTE REQUEST in a directiond2 that is diametrically opposite tod1. Also, A transmits

the ROUTE REQUEST with beamwidth360o − θ, where θ
2

is the angle on either side of

d1 where the ROUTE REQUEST need notbe transmitted, as shown in Figure 4.1 (The fig-

ure shows the maximum value ofθ
2
, θmax

2
). However, there is the minute possibility that

there exists a nodeC that lies in the region of overlap of the omnidirectional transmission

ranges ofA andB but C is not directly reachable from nodeA (maybe due to a physical

obstruction) and is reachable fromB only if B transmits omnidirectionally. The protocol

handles such possibilities simply by reverting back to omnidirectional transmission. I now

mathematically deduce the maximum value ofθ (θmax), required for correct behavior of

the routing protocol when used with a directional antenna.

I assume that the omnidirectional antenna is ideal (i.e. hasa spherical transmission

range, circular in a two-dimensional plane) and that the transmission range of all the an-

tennas used is the same, denoted byr in Figure 4.1. From Figure 4.1, it is clear that

θmax

2
= 180

o

3
= 60o since all the sides of the triangle are of lengthr, the transmission range

of the antenna. Hence, the maximum value ofθmax = 360
o

3
= 120o. Thus, nodeB can

safely leave outθmax from the direction of arrival of the ROUTE REQUESTpacket. This is

because that part of space was already covered by the ROUTE REQUEST transmitted byA.

When a nodeA has a unicast packet to send to nodeB which is in the directiondAB
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relative toA, thenA transmits the packet directionally towardsB with a beamwidthθAB.

However, ifA does not have an estimate of the direction ofB with respect to itself, thenA

behaves conservatively and transmits the packet omnidirectionally. θAB is a network-wide

beamwidth used by any transmitting node when transmitting aunicast packet. (I experi-

mented with several values ofθAB in Chapter 4.2.) The channel access protocol is based

on the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) approach.

However, when using a directional antenna as opposed to an omnidirectional antenna, the

MAC layer uses information provided by the routing layer in order to decide whether to

transmit the packet directionally or omnidirectionally. Since Request-To-Send (RTS) and

Clear-To-Send (CTS) [2] packets are effectivelybroadcastpackets, they are transmitted

omnidirectionally, as is any packet that has to be retransmitted. Although, transmitting

RTS and CTS packets omnidirectionally means that most of thethroughput improvements

of transmitting directionally would be lost, I consider this to be a separate MAC layer is-

sue, which has been handled previously [9, 12]. Additionally, Address Resolution Protocol

(ARP) packets, which are very few in number, are also sent omnidirectionally.

Intuitively, it follows that the smaller the beamwidthθAB, the higher the directionality

of the antenna and the lower the energy required to transmit over a given distance. To illus-

trate the energy savings by using a directional antenna, I considered two commonly used

propagation models, theFree space modeland theTwo-ray ground reflection model[13]. In

both these models, the received signal power [18] at a distancePr(d) from the transmitter

is given by

Pr(d) ∝ PtGtGr

wherePt is the transmitted signal power, andGt andGr are the antenna gains of the trans-

mitter and the receiver, respectively. In this case,Gr = 1.0 for both omnidirectional anten-
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Figure 4.2: Power control to keep the transmission range same as omnidirectional antenna

(r is the omnidirectional transmission range, andd is the directional transmission range,

the transmission power is controlled to maked equal tor)

nas and directional antennas. To achieve a fixed received signal power level at a particular

distance from the transmitter,Pr(d) is a constant and thus:

Pt ∝
Pr(d)

Gt

∝
1

Gt

that is, required transmission power is inversely proportional to the gain of the transmitter.

In both of these modifications (transmitting a ROUTE REQUEST packet and transmit-

ting a unicast packet), the transmitting node decreases itspower such that the effective

distance over which the packet can be received (in the direction of transmission) remains

the same as in the case of omnidirectional transmission, as shown in Figure 4.2. Even in the

presence of obstacles, the distance covered by a directional transmission in the direction of

the obstacle will be the same as the distance covered by an omnidirectional transmission in

the direction of the obstacle. This happens because the obstacle attenuates both the trans-

missions equally. A similar technique has been previously used by Takai et al [17] along

with directional carrier sensing to increase the throughput of an ad hoc network rather than

to save energy.
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4.2 Evaluation Methodology

I based my evaluation of the use of directional antennas on the base version of DSR, which

uses omnidirectional antennas, as described in Chapter 3. Iused thens-2network simu-

lator, with mobility extensions from the Monarch project [10]; version 2.1b8a ofns-2was

used, with the standard path cache data structure for the Route Cache [1]. Additionally,

I extended the antenna model and the propagation model to simulate the antenna pattern

of a directional antenna. This version ofns-2simulator models the physical layer and the

MAC layer and includes modeling of contention, collisions,capture, backoff, and propaga-

tion, both for omnidirectional antennas and directional antennas. The network interface is

modeled after the Lucent/Agere WaveLAN/ORiNOCO IEEE 802.11 product, which has a

nominal transmission range of 250 m and a data rate of 2 Mbps; for the omnidirectional an-

tenna case, the network interface uses the IEEE 802.11 Distributed Coordination Function

(DCF) [2] MAC protocol, which employs physical and virtual carrier sensing for collision

avoidance. When a directional antenna is used, the behaviorof the simulator is changed to

simulate the physical layer and the MAC layer, as explained in Chapter 4.

I present simulation results based on 40 randomly generatedscenarios (for each pause

time, explained below), each involving 50 mobile nodes moving about in a rectangular area

1500 m× 300 m for 900 simulated seconds. Nodes in the simulations move according to

the Random Waypoint model [1]. In this model each node beginsat a randomly chosen

position, picks a new random position to which to move, and moves there in a straight line

at a randomly chosen speed. This behavior is repeated independently by each node for the

duration of the simulation run.

Before a node begins moving to its next chosen position, it remains stationary for a pe-

riod called the Pause Time. In the simulations, the movementspeed of each node is chosen

with a maximum speed of 20 m/s, and Pause Time is varied between 0 s (a continuously
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moving network) and 900 s (a stationary network). Specifically, the following Pause Time

values were used in the simulations: 0, 30, 60, 120, 300, 600,and 900 s.

The communication model between nodes used in the simulations is Constant Bit Rate

(CBR) traffic. 10 different flows (each from a different source) send 4 packets per second

each to a different destination chosen randomly for that flow. Each packet carries 512 bytes

of data payload, making the minimum packet size including anIP header 532 bytes.

For DSR with directional antennas, I report results for beamwidths (for transmitting

unicast packets) of40o, 60o, 80o, and100o. The beamwidth used for forwarding ROUTE

REQUESTs is fixed at240o since that is the minimum angle required for correctness of the

protocol, as proven in Chapter 4.

I computed five metrics for each simulation run:

• Packet Delivery Ratio: The total fraction of application-level data packets sentthat

are actually received at the intended destination node.

• 95th Percentile Packet Latency: Computed as the 95th percentile of the packet deliv-

ery latency, which is the time elapsed from when a data packetis first sent to when it

is first received at its destination.

• Packet Overhead: The number of transmissions of routing packets; for example, a

ROUTE REPLY sent over three hops would count as three overhead packets inthis

metric.

• Path Optimality: Compares the length of routes used to the optimal hop lengthas

determined by an off-line omniscient algorithm that assumes a maximum distance of

250 m per hop.

• Total Energy Consumption: The total energy, in Joules, consumed for all packet
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Figure 4.3: Total Energy Consumption for DSR using directional antennas for energy sav-

ings

transmissions (including overhead packets) in a scenario.The energy to transmit a

single packet is calculated by multiplying the transmission power and the transmis-

sion time for that packet. I did not consider the energy spentin receiving packets.

4.3 Results

I present results averaged over 40 randomly generated scenarios. The error bars in the

figures represent 99% confidence intervals of the averages shown.

Figure 4.3 shows the total energy consumption for the base DSR protocol and for four

versions of the modified protocol that use directional antennas for energy saving; the four

versions each use a different beamwidth for directional transmissions. Since the energy

required to transmit over a fixed distance decreases with increase in directionality of a

directional antenna (Chapter 4), the total energy consumeddecreases substantially with the

decrease in beamwidth used for directional transmissions.The energy savings over the

base DSR protocol vary from 35% when using a beamwidth of100o, to about 75% when
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transmitting with a beamwidth of40o. With the advancement of technology, directional

antennas will likely be able to transmit with even narrower beamwidths, thus achieving

even more energy savings. The total energy savings depends primarily on the directionality

of the antenna, not on the rate of mobility of the nodes. In allthe runs, the protocol delivered

similar number of packets.

Figure 4.4 summarizes the basic operation of the routing protocol while achieving these

energy savings. Figure 4.4(a) shows the packet delivery ratio for the base DSR protocol

and the four modified versions of the protocol, Figure 4.4(b)shows the corresponding path

optimality, Figure 4.4(c) shows the packet overhead, and Figure 4.4(d) shows the 95th

percentile packet latency. All results in Figure 4.3 and 4.4are taken from the same set of

simulation runs.

Directional transmission marginally reduces packet delivery ratio (Figure 4.4(a)). When

a node transmits directionally, it uses an estimate of the direction of the next hop based on

the last time the sender received (or overheard) any packet from that next hop. Between the

time the direction was estimated and the time the packet is sent, the receiver node might

have moved out of the area covered by the sender’s beamwidth.As the beamwidth used for

directional transmission decreases, the probability of the next-hop node moving out of the

covered area increases.

The path length optimality decreases marginally for narrower beamwidths (Figure 4.4(b)).

As the beamwidth used decreases, nodes are less likely to overhear packets from other

nodes. Since DSR uses the headers of overheard packets to learn additional routing in-

formation, the protocol is less able to take advantage of such information for shortening

routes in use. In addition, DSR also uses overheard packets to detect when two nodes in

a route have moved close enough together such that an intermediate node between them is

no longer needed in the route; for narrower beamwidths, the protocol is likewise less able
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to take advantage of this automatic route shortening optimization.

Packet overhead generally increases with narrower beamwidths (Figure 4.4(c)). As

mentioned above, for narrower beamwidths, a next-hop node is more likely to move out

of the area covered by the previous hop’s transmission in theknown direction toward that

node, causing this node to return a ROUTE ERROR to the original sender. If the sender has

no other route to the destination in its Route Cache, it must initiate a new Route Discovery,

increasing the packet overhead. However, the base DSR protocol, which uses omnidirec-

tional transmissions, has higher packet overhead than any of the modified versions that use

directional transmissions. This higher overhead for the base version is likely due to the in-

creased probability of packet collisions from the omnidirectional broadcast transmissions

of ROUTE REQUEST packets, relative to the narrower directional transmission of these

packets (and thus fewer nodes at which a collision could occur) with the versions of the

modified protocol.

Packet latency is only slightly affected by the use of directional transmission or the

choice of beamwidth (Figure 4.4(d)). Across the different versions of the protocol, there

is generally a small (but not statistically significant) increase in latency with decreasing

beamwidth, again due to the probability of the next-hop nodemoving out of the area cov-

ered by a directional transmission.
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Chapter 5

Bridging Network Partitions

5.1 Protocol Modifications

The mobility of nodes in a mobile ad hoc network allows the relative distance between

any two nodes to change. This mobility might lead to network partitioning, as shown in

Figure 5.2. Figure 5.3 illustrates how we adaptively use theability of a directional antenna

to transmit over longer distances (as compared to the transmission range of an omnidirec-

tional antenna using equal transmission power) to bridge such partitions when needed. To

achieve these goals, we modify DSR while still maintaining the basic mechanisms of Route

Discovery and Route Maintenance. In the modified protocol, however, each node addi-

tionally maintains a Passive Acknowledgment Table recording information about ROUTE

REQUESTs (with theforce omnidirectionalflag set) it has received. Each entry in some

nodes Passive Acknowledgement Table contains the following fields:

• Target address: The address of the node to which a source route is sought.

• Timer: Depending upon whether or not the timer has expired the owner node of this

Passive Acknowledgement Table decides whether to send a ROUTE REQUEST with

the long hopflag set.

• A list of angular ranges around this node in which this node should search for the

target address. An angular range is specified by a direction and equal angular widths

on each side (clockwise and counterclockwise) of the direction.
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• A list of ROUTE REQUEST packets having different source addresses but each tar-

geted for the same target address.

Space for entries in the table is maintained in a Least Recently Used (LRU) fashion, and

entries expire and are automatically deleted after a timeout.

The source route header present in a packet is also modified tohave two additional

flags, calledforce omnidirectionandlong hop.

We first explain how, by modifying Route Discovery in DSR, we are able to find a

source route containing at least onelong hop. The hop between two nodes is called a long

hop if the protocol has determined that a directional transmission that goes over a greater

distance is necessary to transmit from one node to the other.Otherwise, we consider the

hop to be anormalhop.

A source node that has a packet to send to a destination node checks its own Route

Cache for a source route to that destination. If present, thesource node uses that source

route for sending the data packet to the destination node. Otherwise, the source node

initiates Route Discovery as follows.

If the source node does not have any pending ROUTE REQUESTs (i.e., awaiting re-

sponse from the network) for the destination node, then the source node sends a ROUTE

REQUEST packet omnidirectionally (as in the base DSR protocol) withthe force omnidi-

rection flag cleared. The flag is cleared so that an intermediate node can leave out120o

from the direction of arrival of the ROUTE REQUEST, as explained in Chapter 4. If, how-

ever, the initiator node has already sent a ROUTE REQUEST for that destination and that

ROUTE REQUEST has timed out, then the initiator node sends a new ROUTE REQUEST

for the same destination with theforce omnidirectionflag set. A node receiving a ROUTE

REQUESTpacket behaves as follows.
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If the receiving node’s Passive Acknowledgment Table does not contain an entry for

the target of the ROUTE REQUEST, it does the following. If theforce omnidirectionalflag

in the ROUTE REQUEST is not set then the node transmits the ROUTE REQUEST packet

in a direction opposite to the direction of arrival, and witha beamwidth of360o
− 120o =

240o. If, however, theforce omnidirectionalflag is set, the node forwards the ROUTE

REQUEST omnidirectionally and enters the target address of the ROUTE REQUEST in its

Passive Acknowledgement Table; simultaneously, the node starts the timer in the new entry

and also adds a copy of the ROUTE REQUEST to the list of ROUTE REQUEST packets

present in this new entry. Additionally, the node initializes the list of angular ranges for

this entry to all directions within240o of the direction opposite to the direction of arrival

of the ROUTE REQUEST. If the long hopflag in the ROUTE REQUEST is set, then the

receiving node stores the address of the previous hop of the ROUTE REQUEST so that the

node knows to send any packets to the previous hop (such as theROUTE REPLY) with a

transmission power level ofLong Hop Transmit Power. This power level is chosen as a

tradeoff between the power consumed transmitting over a long hop and the ability of this

transmission to bridge large partitions. Additionally, the receiving node clears thelong hop

flag in the ROUTE REQUEST, and re-transmits the packet omnidirectionally.

Otherwise, (if this node’s Passive Acknowledgement Table contains an entry for the

target of the ROUTE REQUEST), this node adds the ROUTE REQUESTpacket to the list of

ROUTE REQUESTpackets for that entry since this node might need to reply with a ROUTE

REPLY to the source of the received ROUTE REQUEST. If the timer in the entry has not

expired, the list of angular ranges for the entry is updated to leave out the overlap between

the list of angular ranges currently present and60o on each side of the direction of arrival

of the ROUTE REQUEST, as shown in Figure 5.1. If the timer has expired, it means that

this node has transmitted one or more ROUTE REQUESTs for this Route Discovery with
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the long hopflag set has already been transmitted by this node and hence nofurther action

is taken by this node.

If the timer in an entry in the Passive Acknowledgment Table expires, then the node (the

owner of the Passive Acknowledgment Table) checks the list of angular ranges in that entry.

For each angular range in the list, the node sends one or more ROUTE REQUESTs with the

long hopflag set. More than one ROUTE REQUESTs may be necessary if the angular range

is wider than the beamwidth of the ROUTE REQUEST packets. Each of these packets are

sent with a beamwidth ofLong Hop Beamwidthwhich, for the sake of uniformity, is kept

equal to the beamwidth used for the directional transmission of unicast packets. However,

these ROUTE REQUESTs are sent with a transmit power ofLong Hop Transmit Power, so

as to transmit each over a longer distance.

When a node receives a ROUTE REQUEST targeted to itself, it sends a ROUTE REPLY

back to the source of the ROUTE REQUEST, as in the base DSR protocol. An intermediate

node receiving a ROUTE REPLY checks its Passive Acknowledgment Table for all ROUTE

REQUEST packets with a target of the originator of the ROUTE REPLY and creates a new

ROUTE REPLY packet. Each of these ROUTE REPLY packets has the reply route as the con-

catenation of the route from the originator of the ROUTE REQUESTto the intermediate node

and the route from the intermediate node to the intended target of the ROUTE REQUEST,

leaving out loops if any. Additionally, the intermediate node deletes from its Passive Ac-

knowledgement Table, the entry corresponding the source ofthe ROUTE REPLY. However,

if there is no entry for the source of the ROUTE REPLY in the Passive Acknowledgment

Table, then the intermediate node forwards the packet as in the base DSR protocol.

Once a source route has been found to the intended destination node, Route Mainte-

nance takes over. The basic mechanism of Route Maintenance remains the same as in

the base DSR protocol, with the following changes. If an intermediate node forwarding a
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packet for a source finds the next hop to be a long hop (since, during Route Discovery, the

intermediate node stored the next hop as a long hop), then thenode transmits the packet

with the long hopflag set (it also sends the RTS and CTS directionally) and transmits the

packet with the transmit power ofLong Hop Transmit Power. If, however, the next hop

is not a long hop, this node sends the packet directionally (omnidirectionally if this node

does not have an estimate of the direction of the next hop), asexplained in Chapter 4. If the

next hop is not a long hop and the transmitted packet is not acknowledged (with a MAC

acknowledgement), then the forwarding node retransmits the packet in the estimated direc-

tion of the next hop (if such an estimate is available) but with a beamwidth ofLong Hop

Beamwidthand with transmit power ofLong Hop Transmit Power. If the intermediate node

receives an acknowledgement, the intermediate node storesthe next hop to be a long hop.

If, however, the intermediate node still does not receive anacknowledgement, it returns a

Route Error to the original sender of the packet. If the forwarding node does not have an

estimated direction for the next hop, then the forwarding node returns a ROUTE ERROR

after a limited number of omnidirectional retransmissions. If there is no acknowledgment

to a packet sent withLong Hop Transmit Power, then after a limited number of retrans-

missions, the intermediate node assumes that the next-hop destination is unreachable and

sends to the source of the packet a ROUTE ERROR indicating the broken link. As in the

base DSR protocol, a node receiving a ROUTE ERROR removes the indicated link from its

Route Cache.

As explained above, whenever a node considers the next hop tobe a long hop, the node

uses higher transmit power. Without a feedback mechanism tocontrol this transmission

power, the node would waste power when the receiving node moves nearer and would

also needlessly interfere with other nearby nodes. To address this problem, whenever a

node receives a packet with thelong hopflag set, the node calculates the path loss for this
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transmission as the difference between theLong Hop Transmit Powerand the received sig-

nal strength. If this path loss is less, by at least a threshold, than the transmission power

required for a directional transmission to transmit over the omnidirectional transmission

range, then the receiving node piggybacks on the MAC acknowledgement packet an indi-

cation that the next hop need no longer be considered a long hop. This threshold is key

to avoiding oscillations between treating the next hop as a long hop and treating it as a

normal hop. Upon receiving indication, the sender treats the next hop to be a normal hop.

However, we do not implement this modification in the simulation and hence do not report

results for the energy usage of the protocol. In addition, wedisabled DSR’s automatic route

shortening optimization, since packets transmitted at theLong Hop Transmit Powerpower

level may falsely trigger this optimization.

5.2 Evaluation Methodology

We evaluate the partition bridging mechanism in two ways. First, we report results for how

this protocol performs in the same scenarios used for evaluating our energy saving protocol

in Chapter 4.2 (due to time constraints, we present results averaged over only 20 of these

scenarios). These scenarios do not have any permanent network partitions. Second, we

evaluate this mechanism for 20 scenarios that have a permanent partition, as explained

below. Unlike in Chapter 4.2, we present results only for beamwidth of 60o, since any
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beamwidth, which would allow a directional transmission totransmit over a longer distance

as compared to an omnidirectional transmission (both usingthe same transmit power),

suffices for the purpose of bridging a network partition. Varying the beamwidth while

keeping the transmission power fixed affects the distance that the directional transmission

is able to reach.

For evaluating the protocol in the presence of network partitions we modify the scenario

so that there are a total of 54 mobile nodes, 25 of which are moving about in an area

500 m× 300 m, while another 25 are moving about in a similar 500 m× 300 m area, with

the short ends of the area separated by 300 m (the nominal omnidirectional transmission

range is 250 m), as shown in Figure 5.4. Additionally, two stationary nodes are placed at

each of the facing edges of the rectangular areas. These nodes are required since, in the

absence of these stationary nodes, the Random Waypoint may not have any nodes close to

the facing edges of the two areas. This can increase the effective distance between the two

areas to a distance that could not be covered even with a directional transmission using the

transmission power ofLong Hop Transmit Power.

The communication model is also modified so that all the 10 different flows (each send-

ing 4 packets per second, each packet having 512 bytes data payload) are from nodes in

one rectangular area to nodes in the other rectangular area.

5.3 Results

Figure 5.5 summarizes the basic operation of the routing protocol including the modifica-

tions for bridging partitions, for scenarios in which no permanent partitions occur. Fig-

ure 5.5(a) shows the packet delivery ratio for the protocol with directional transmission

only (Chapter 4) and for the version also including modifications for partition bridging,

Figure 5.5(b) shows the corresponding path optimality, Figure 5.5(c) shows the packet
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overhead, and Figure 5.5(d) shows the 95th percentile packet latency.

The packet delivery ratio increase when using the partitionbridging modifications, rel-

ative to the protocol version using only directional transmission without partition bridging

(Figure 5.5(a)). Although in these scenarios, no permanentpartitions occur, the next-hop

on a route may move out of range of the transmitting node. The partition bridging code al-

lows the transmitter to reach the next hop node without creating a broken link and requiring

a new Route Discovery.

When using the partition bridging modifications, the path length optimality decreases

since we do not currently use DSR’s automatic route shortening optimization (Figure 5.5(b)).

If the implementation were modified to include this optimization, we expect the path opti-

mality to improve equal to the version without partition bridging.

Packet overhead decreases significantly when using the partition bridging modifica-

tions (Figure 5.5(c)). This decrease is due primarily to theabsence of the automatic route

shortening optimization since no gratuitous ROUTE REPLY packets are sent. In addition,

however, the ability to avoid a new Route Discovery when the next-hop node on a route

moves out of range of the transmitting node, as noted above, also contributes to this de-

crease in packet overhead.

Packet latency increases slightly when using the partitionbridging modifications (Fig-

ure 5.5(d)). Although the partition bridging allows the transmitting nodes to reach the

next-hop node when it moves out of normal transmission range, packets sent this way ex-

perience higher latency; such a packet is first transmitted at normal power level and then

retransmitted atLong Hop Transmit Powerafter the initial transmission times out.

Figures 5.6, 5.7, and 5.8 summarize the basic operation of the routing protocol in the

scenarios in which a permanent partition is present, as illustrated in Figure 5.4. These

results are similar to those with no permanent partitions (Figure 5.5), even though here all
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flows must bridge the 300 m separation between the two rectangular areas. We do not report

path optimality results for the scenarios in which permanent partition is present, since the

computation of path optimality considers only links up to length 250 m and is thus not

defined in these scenarios.
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Chapter 6

Conclusion

In this thesis I have presented the use of directional antennas for the purpose of energy

savings and for partition bridging in mobile ad hoc networks. The first part of the thesis

is based on the observation that, compared to omnidirectional transmission, directional

transmission takes radically less energy to transmit a packet over a transmission distance

in the intended direction of transmission. In order to observe the energy savings obtained

by using directional transmission, I modified DSR to use directional antennas for energy

savings and have shown that this modified protocol provides substantial energy savings (as

high as 75%) without noticeably changing the overall behavior of the protocol.

The second part of the thesis proposes a novell protocol to bridge network partitions

with the help of directional antennas. This protocol uses the fact that directional antennas

can transmit directionally over longer distance as compared to the transmission range of an

omnidirectional antenna. I implemented this protocol by modifying DSR to use directional

antennas to transmit directionally over longer distance. Ihave shown, through simulations,

that this modified protocol is able to deliver packets acrossnetwork partitions. Also, in the

absence of partitions in the network, this protocol is otherwise essentially equivalent to the

version without the partition bridging modifications.
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