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

Amit Kumar Saha

Abstract

In this thesis, | present the design and evaluation of netwigaes for using directional
antennas to save energy and to bridge network partitionsriotdle ad hoc network. This
thesis advocates close but simple collaboration betwesrothting layer and the Medium
Access Control (MAC) layer and shows through simulatiohe, gffectiveness of this de-
sign by modifying the Dynamic Source Routing (DSR) prote@si on-demand ad hoc
network routing protocol based on source routing. Firstprder to save energy, Route
Requests and data packets are transmitted directionattgnEive simulations show that
without affecting the behavior of the routing protocol metbly, energy savings of up to
75% is achieved. Second, in order to bridge network panstighe routing protocol is
modified to use the ability of a directional antenna to tramslmectionally over longer
distance as compared to an omnidirectional antenna, bé#im@as using the same power.
Again, through simulations, the protocol is shown to be ableridge network partitions.
Also, when no partitions are present, the protocol is otisrwequivalent 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 ohyoally forms a network
without the aid of any existing centralized administratwmetwork infrastructure. Since
a wireless node has limited transmission range, nodes nemsperate to forward packets
for each other so that a node can send packets to another abiddts direct transmission
range. Among other issues, there are two primary concerasnobile wireless environ-
ment, the power consumed by the nodes and the creation obriepartitions due to the

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

1.1 Motivation

In this thesis | present the design and evaluation of the tideectional antennas to save
power and to bridge network partitions in a mobile ad hoc étw In doing so | make
therouting layerand theMedium Access Contr¢MAC) layer to closely collaborate with
each other, and | show that there is much to be gained by sumbypeeation. Traditionally,
omnidirectional antennas have been used for wirelessrigs®n. However, in recent
years, directional antennas have become practical, amnd iz been considerable inter-
est in harnessing the potential of using a directional argeén a mobile ad hoc network.
The relevance of directional antennas for ad hoc networks haen explained, for exam-
ple, by Ramanathan [14]. Some of the advantages that aidimatantenna has over an

omnidirectional antenna are as follows:



e A directional antenna can transmit directionally and heraugse less interference to
receivers that are not in the direction of transmission.sTiunlike an omnidirec-
tional antenna, which causes equal interference in alttimes around itself. This
property of a directional antenna has the potential to esedhe effective throughput

of the network. However, in this thesis | do not attempt toradd this issue.

e For a given transmission power, a directional antenna earsitnit over longer dis-
tance in a particular direction as compared to an omnidoeat antenna. This is
because a directional antenna is able to use most of its powee direction of
transmission, whereas an omnidirectional antenna usgmther to transmit equally
in all directions and hence transmits over shorter distantais also implies that a
directional antenna will use less power than an omnidioeeti antenna to transmit
over a given distance in a particular direction. In this thésise this property to
achieve my goals of saving power and bridging network pantitin a mobile ad hoc

network.

1.2 Related Work

Most of the effort towards using directional antennas in ieoéed hoc networks has been
concentrated on and limited to the MAC layer and have begetad towards increasing
the throughput of the network. For example, Ko et al [9] hagsighed new MAC proto-

cols for use in an ad hoc network using directional antenndshave shown throughput
improvements for these protocols. Nasipuri et al [12] destja MAC protocol to extract

higher throughput from the network. Nasipuri et al [11] desid an on-demand routing
protocol for use with directional antennas for reducingrtbmber of routing packets trans-

mitted duringroute discoveryHowever, their simulations do not model the MAC layer or



the physical layer, and hence the effects of collisions aberference are not reflected in
their results. Ramanathan and Hain [15] used directionaireras coupled with adjusting
the transmission power to control the topology of multi hapatess networks.

However, in this thesis | target two other uses of a direeti@mtennasaving power
andbridging network partitionswhich follow immediately from the fact that a directional
antenna is better able to channel its energy in the directidransmission. Some work
has been done in this field as well and are as follows. Wieselét al [19] considered
connection orientednulticasttraffic and quantitatively analyzed the benefits obtained in
saving power by using a directional antenna. Spyropould€sRaghavendra [16] presented
an energy efficient routing and scheduling algorithm in \kleey minimize the total time
for all possible transmitter-receiver pairs to commureoaith each other. However, their
protocol unrealistically assumes predictability of enekend traffic pattern. Moreover, their
protocol has not been tested under realistic mobile saehavly hypothesis is that in order
to get the maximum benefits from using directional antennasabile ad hoc networks,
we cannot rely on just the MAC layer taking intelligent deéans. Rather, we should utilize

cooperation between the routing layer and the MAC layer,ild@/proven by this thesis.

1.3 Contributions

| modified DSR to use directional antennas for energy savamgshave shown that this
modified protocol provides substantial energy savings i@s d&s 75%) without noticeably
changing the overall behavior of the protocol. In order tmide network partitions, |

modified DSR to use directional antennas to transmit diveeliy over longer distance.
| have shown, through simulations, that this modified protas able to deliver packets
across network partitions. Also, in the absence of pant#tio the network, this protocol is

otherwise essentially equivalent to the version withoefgartition bridging modificiations.



To enable me to do realistic simulations | extend tise2 network simulator [13] to

include:

¢ the ability of a node to use a directional antenna,
e a realistic directional antenna model, and

e a propagation model that takes into consideration not dmyttansmission power

but also the direction of transmission.

The simulator does not model the time required to change tthibudes (Chapter 2)
of a directional antenna. The simulator also does not mauelemergy loss that might
occur when a directional antenna changes its attributeso,Alassume an electronically
steerable directional antenna and neglect both the enpeyy ® steer the antenna beam to
a particular direction and the energy spent to change theriission power of the antenna.

The results in this thesis are based upon simulations cbwsiscenarios in an ad hoc

network of 50 mobile wireless nodes communicating with ezttier.

1.4 Organization

The rest of the thesis is structured as follows. In Chaptérd2scribe the mathematical
model of a directional antenna that | have used. In Chaplex@lain the Dynamic Source
Routing (DSR) protocol, the routing protocol that | havedig® evaluating my design. In
Chapter 4, | present the design and evaluation of my protiacséve power in a mobile
ad hoc network. Then, in Chapter 5, | present my design tabritetwork partitions and
also evaluate my design. Finally, in Chapter 6, | conclude @escribe areas for further

improvements.



Chapter 2
Background: Antenna Model for Directional Antenna

The concepts needed to better understand the differentesdre a directional antenna
and an omnidirectional antenna are presented by Ram Rahnaanjdi4]. However, since
the concepts are fundamental to justifying my design decssithis chapter revisits the
concepts in an intuitive manner. Readers interested inggoitthe depths of this field can
refer to [3].
An ideal omnidirectional antenna transmits as well as veseenergy equally well in

all directions. An ideal directional antenna transmits aackives more energy in one
direction called therimary directionof the antenna. Thgain of a directional antenna [3]

in a particular direction/ is given by

where,

U(cf) is the power density in directiof
U..g is the average power density over all directions

7 is the efficiency of the antenna that accounts for energyekss

The maximum gain taken over all directions is called peakgain of the antenna.
An antenna patternis the specification of the different gain values in eachatiom in
space. A directional antenna hamain lobeof peak gain and severaide lobesf lesser

gain, as shown in Figure 2.1. For the purpose of analysitalside lobes are collectively



Side lobes

Figure 2.1: Hypothetical 2D Directional Antenna Pattern

Side lobe

Figure 2.2: Approximate Hypothetical 2D Directional AntenPattern

approximated by a single side lobe, as shown in Figure 2.&. i$lactually a simplification
into 2 dimensions of the actual antenna pattern in 3 dimessas shown in Figure 2.3.
Thebeamwidthof a directional antenna is the angle subtended by the tveeiitins on
either side of the direction of peak gain that are 3 dB loweyam, as shown in Figure 2.2.
An antenna is more directional if it has a higher gain and dlsmaeamwidth. However,

two antennas with different beamwidths can have the sanme gai

Figure 2.3: Approximate Hypothetical 3D Directional AntenPattern



For this work, an approximate model for a directional anteniithe antenna pattern
for a given gain valugy,, consists of a main lobe of beamwidf}), and a side lobe of
beamwidth360° — 6,,,, as shown in Figure 2.2. For simplicity | do not model the 3 d8sl
in gain on either side of the primary direction but considher gain to bey,, for the entire

beamwidth. The maximum beamwidth [14}]... for a given gairy,, is given by

/4
Oppaw = 2tan™ 1y [ —
Im

The gain for the side lobey() is given by

gs = ni%?m where A = @
If 6,... IS considered to b&80° then the maximum value @f,, turns out to be 0 dB =
1.0 (absolute value). So, if the required gaingoeith beamwidthy > 180° in directiond
then the antenna has to be directed in a direction diamiyragaposite tod and should use
a main lobe gairy,, < 1.0 with beamwidth360° — 6. If g,, is chosen correctly, then the

gain of the side lobe, (which has beamwidtB60° — (360° — #) = #) matches the desired

gaing.



Chapter 3
Background: The Dynamic Source Routing Protocol

In this chapter | give a brief overview of the basic functibtyaof the Dynamic Source
Routing (DSR) protocol [5, 7, 6], the routing protocol upohieh | have based my design
and implementation. | use DSR in my experiments since thetbwcol was shown to
perform well in simulation studies carried out earlier [1, 4

DSR is a totallyon-demandor reactive) routing protocol for mobile ad hoc networks.
DSR is based omsource routing in which the originator of a packet decides the entire
sequence of hops through which the packet is to be forwarodtet final destination.
The protocol usefRoute Discoverand Route Maintenancé maintain source routes to
arbitrary destination nodes.

If a node does not have a source route to a destination noele,itlnitiates Route
Discovery by locally broadcasting eoRTE REQUEST packet containing the address of the
destination (known as tharget of the Route Discovery). Thed®UTE REQUEST packet
also contains eequest identifiefrom the source (also known as timétiator) of the Route
Discovery. The Route Discovery is uniquely identified by teguest identifier, the source
node address, and the target address. Apart from these tisddBOUTE REQUEST also
has a list of nodes, used to record the route through whicRthere REQUEST has been
forwarded.

When a node receives DR TE REQUEST, it first checks to see if it has previously for-
warded a RUTE REQUESTfrom this Route Discovery, by examining the source address,

the target address, and the request identifier. If the nogedtently seen this identifier,
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Figure 3.1: Route Discovery example : No#les the initiator and nodEg is the target.
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Figure 3.2: Route Maintenance example : N@les unable to forward a packet frofto

E over its link to next ho.

or if its own address is already present in the list of nodestthis ROUTE REQUEST has
traversed, the node silently drops the packet. Otherwigenode appends its address to
the list and locally rebroadcasts th@ & REQUEST, as shown in Figure 3.1. When a
RoUTE REQUEST reaches the target node, the target node replies witb@rR REPLY
packet destined to the source of thedRE REQUEST. This ROUTE REPLY packet con-
tains a copy of the node list from theoRTE REQUEST. When the initiator of the request
receives the BUTE REPLY, it adds the newly acquired route to its Route Cache.

In Route Maintenance, a node forwarding a packet for a souireg to verify that
the packet successfully reached the next hop in the routeod®& confirms this by either
using a link-layer acknowledgment (such as is provided BEB02.11 [2]), or a passive
acknowledgment [8], or by means of a network-layer ackndgmeent.

If a packet is not acknowledged, after a limited number afaretmission attempts, the
forwarding node assumes that the next-hop destinationrisaghable over this link (as

shown in Figure 3.2), and sends @a®RrE ERROR packet indicating the broken link to the
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source of the packet. A node receiving @lR E 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, | describe how | modify the behavior of thetpcol to achieve energy sav-
ings. Figure 3.1 illustrates a Route Discovery where nddgetrying to find a source route
to nodeE. The protocol modification is based on the fact that nBdeeed not transmit
the ROUTE REQUEST packet omnidirectionally, since there is essentially nodfi¢ to be
obtained from transmitting thedTE REQUESTIn the direction from which it arrived at
B. However, this is not entirely true and there are cases ichvlinode which is present
in the overlap region of thaeal transmission range & andB can be reached only by
a transmission fronB and not by a transmission frof | explain later how the protocol
handles such cases. With a directional anteBnzgn transmit the packet in all directions
apart from the direction of arrival of the packet. It is asgahthat upon reception of a
packet, a directional antenna can identify the directioaraf/al of the packet with reason-
able accuracy. Additionally, upon reception of any packatfa nearby node (irrespective
of whether the packet was sent directly to the receiver ordleiver promiscuously re-
ceived that packet), the receiver maintains, in some dedatate, the estimated direction
of that nearby node.

Specifically, in order to save energy using directional manées, | made the following
changes to the basic operation of DSR.

When a nodeA receives a RUTE REQUEST from directiond;, nodeA forwards the
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Figure 4.1: RUTE REQUESTusing directional antenna (s the omnidirectional transmis-

sion range)

ROUTE REQUESTIn a directiond, that is diametrically opposite t@,. Also, A transmits
the ROUTE REQUEST with beamwidth360° — 6, Whereg is the angle on either side of
d; where the BUTE REQUEST need nobe transmitted, as shown in Figure 4.1 (The fig-
ure shows the maximum value éf G"T) However, there is the minute possibility that
there exists a nod€ that lies in the region of overlap of the omnidirectionahgeission
ranges ofA andB but C is not directly reachable from nodke (maybe due to a physical
obstruction) and is reachable frohonly if B transmits omnidirectionally. The protocol
handles such possibilities simply by reverting back to atiractional transmission. | now
mathematically deduce the maximum valuedd®,,....), required for correct behavior of
the routing protocol when used with a directional antenna.

| assume that the omnidirectional antenna is ideal (i.e. ehapherical transmission
range, circular in a two-dimensional plane) and that thesimsission range of all the an-
tennas used is the same, denotedrbn Figure 4.1. From Figure 4.1, it is clear that

"m% = % = 60° since all the sides of the triangle are of lengilthe transmission range

of the antenna. Hence, the maximum valuggf, = %~ = 120°. Thus, nodeB can

safely leave out,,., from the direction of arrival of the ®UTE REQUEST packet. This is
because that part of space was already covered byadlua RREQUESTtransmitted byA.

When a nodeA has a unicast packet to send to ndlevhich is in the directioni
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relative toA, thenA transmits the packet directionally towarBlsvith a beamwidthd 4 5.
However, ifA does not have an estimate of the directioBafith respect to itself, theA
behaves conservatively and transmits the packet omniatiredly. 6 45 is a network-wide
beamwidth used by any transmitting node when transmittingieast packet. (I experi-
mented with several values 6f z in Chapter 4.2.) The channel access protocol is based
on the Carrier Sense Multiple Access with Collision Avoidar{CSMA/CA) approach.
However, when using a directional antenna as opposed to ardoettional antenna, the
MAC layer uses information provided by the routing layer niler to decide whether to
transmit the packet directionally or omnidirectionallyn& Request-To-Send (RTS) and
Clear-To-Send (CTS) [2] packets are effectivblpadcastpackets, they are transmitted
omnidirectionally, as is any packet that has to be retrattechi Although, transmitting
RTS and CTS packets omnidirectionally means that most afhtfeeighput improvements
of transmitting directionally would be lost, | considergho be a separate MAC layer is-
sue, which has been handled previously [9, 12]. AdditighAltldress Resolution Protocol
(ARP) packets, which are very few in number, are also sentidinectionally.

Intuitively, it follows that the smaller the beamwidéh z, the higher the directionality
of the antenna and the lower the energy required to transmitaogiven distance. To illus-
trate the energy savings by using a directional antennandidered two commonly used
propagation models, tHegee space modaind theTwo-ray ground reflection modg3]. In
both these models, the received signal power [18] at a distBr{d) from the transmitter

is given by

PT(d) X PthGT

whereP; is the transmitted signal power, atd andG,. are the antenna gains of the trans-

mitter and the receiver, respectively. In this case~= 1.0 for both omnidirectional anten-
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Main lobe| d

= Side lobe

Figure 4.2: Power control to keep the transmission rangesemomnidirectional antenna
(r is the omnidirectional transmission range, ahi the directional transmission range,

the transmission power is controlled to makequal tor)

nas and directional antennas. To achieve a fixed receivedlgigwer level at a particular

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

P 1

P, -
t X Gt X Gt

that is, required transmission power is inversely propodil to the gain of the transmitter.
In both of these modifications (transmitting @&re REQUEST packet and transmit-
ting a unicast packet), the transmitting node decreasgwiter such that the effective
distance over which the packet can be received (in the drecf transmission) remains
the same as in the case of omnidirectional transmissiomagrsin Figure 4.2. Even in the
presence of obstacles, the distance covered by a directianamission in the direction of
the obstacle will be the same as the distance covered by animeational transmission in
the direction of the obstacle. This happens because thaabsittenuates both the trans-
missions equally. A similar technique has been previousgdiuby Takai et al [17] along
with directional carrier sensing to increase the througlopan ad hoc network rather than

to save energy.
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4.2 Evaluation Methodology

| based my evaluation of the use of directional antennas@baise version of DSR, which
uses omnidirectional antennas, as described in ChapteuSed thens-2network simu-
lator, with mobility extensions from the Monarch projecO]lversion 2.1b8a ofis-2was
used, with the standard path cache data structure for theeRtache [1]. Additionally,
| extended the antenna model and the propagation model tdatigrthe antenna pattern
of a directional antenna. This versionmg-2simulator models the physical layer and the
MAC layer and includes modeling of contention, collisiocapture, backoff, and propaga-
tion, both for omnidirectional antennas and directionaéanas. The network interface is
modeled after the Lucent/Agere WaveLAN/ORINOCO IEEE 8@%ioduct, which has a
nominal transmission range of 250 m and a data rate of 2 Mbp#)& omnidirectional an-
tenna case, the network interface uses the IEEE 802.1liliditgd Coordination Function
(DCF) [2] MAC protocol, which employs physical and virtuarder sensing for collision
avoidance. When a directional antenna is used, the behaivilbe simulator is changed to
simulate the physical layer and the MAC layer, as explaingdhapter 4.

| present simulation results based on 40 randomly genesatemhrios (for each pause
time, explained below), each involving 50 mobile nodes mgwabout in a rectangular area
1500 mx 300 m for 900 simulated seconds. Nodes in the simulationseraogording to
the Random Waypoint model [1]. In this model each node begjiiresrandomly chosen
position, picks a new random position to which to move, andesdhere in a straight line
at a randomly chosen speed. This behavior is repeated indeptly by each node for the
duration of the simulation run.

Before a node begins moving to its next chosen positionmtias stationary for a pe-
riod called the Pause Time. In the simulations, the movemsged of each node is chosen

with a maximum speed of 20 m/s, and Pause Time is varied bat@e&e(a continuously
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moving network) and 900 s (a stationary network). Speclfictiie following Pause Time
values were used in the simulations: 0, 30, 60, 120, 300,&8D900 s.

The communication model between nodes used in the simosasoConstant Bit Rate
(CBR) traffic. 10 different flows (each from a different sogysend 4 packets per second
each to a different destination chosen randomly for that fleach packet carries 512 bytes
of data payload, making the minimum packet size includingPaneader 532 bytes.

For DSR with directional antennas, | report results for beaiths (for transmitting
unicast packets) of0°, 60°, 80°, and100°. The beamwidth used for forwardingoRTE
REQUEST is fixed at240° since that is the minimum angle required for correctneshef t
protocol, as proven in Chapter 4.

| computed five metrics for each simulation run:

e Packet Delivery RatioThe total fraction of application-level data packets dbat

are actually received at the intended destination node.

e 95th Percentile Packet Latenc@omputed as the 95th percentile of the packet deliv-
ery latency, which is the time elapsed from when a data paskiest sent to when it

is first received at its destination.

e Packet OverheadThe number of transmissions of routing packets; for examapl
RouTE REPLY sent over three hops would count as three overhead pack#ts in

metric.

e Path Optimality Compares the length of routes used to the optimal hop leagth
determined by an off-line omniscient algorithm that asssimmaximum distance of

250 m per hop.

e Total Energy ConsumptionThe total energy, in Joules, consumed for all packet
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Figure 4.3: Total Energy Consumption for DSR using dirawicantennas for energy sav-

ings

transmissions (including overhead packets) in a scendie. energy to transmit a
single packet is calculated by multiplying the transmisgpower and the transmis-

sion time for that packet. | did not consider the energy sperdgceiving packets.

4.3 Results

| present results averaged over 40 randomly generated rsz&nd he error bars in the
figures represent 99% confidence intervals of the averagessh

Figure 4.3 shows the total energy consumption for the bade p8tocol and for four
versions of the modified protocol that use directional améasrfor energy saving; the four
versions each use a different beamwidth for directionalgmaissions. Since the energy
required to transmit over a fixed distance decreases wittease in directionality of a
directional antenna (Chapter 4), the total energy consuteerbases substantially with the
decrease in beamwidth used for directional transmissidiie energy savings over the

base DSR protocol vary from 35% when using a beamwidthof, to about 75% when
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transmitting with a beamwidth of0°. With the advancement of technology, directional
antennas will likely be able to transmit with even narroweamwidths, thus achieving
even more energy savings. The total energy savings depenuaiby on the directionality
of the antenna, not on the rate of mobility of the nodes. Itha@kuns, the protocol delivered
similar number of packets.

Figure 4.4 summarizes the basic operation of the routingppabwhile achieving these
energy savings. Figure 4.4(a) shows the packet deliveny fat the base DSR protocol
and the four modified versions of the protocol, Figure 4.4{mws the corresponding path
optimality, Figure 4.4(c) shows the packet overhead, amuliréi 4.4(d) shows the 95th
percentile packet latency. All results in Figure 4.3 andatetaken from the same set of
simulation runs.

Directional transmission marginally reduces packet @givatio (Figure 4.4(a)). When
a node transmits directionally, it uses an estimate of thectdon of the next hop based on
the last time the sender received (or overheard) any packatthat next hop. Between the
time the direction was estimated and the time the packetnis t#ee receiver node might
have moved out of the area covered by the sender’s beamviidithe beamwidth used for
directional transmission decreases, the probability efnéxt-hop node moving out of the
covered area increases.

The path length optimality decreases marginally for naemdweamwidths (Figure 4.4(b)).
As the beamwidth used decreases, nodes are less likely thearepackets from other
nodes. Since DSR uses the headers of overheard packetsriatigitional routing in-
formation, the protocol is less able to take advantage df suformation for shortening
routes in use. In addition, DSR also uses overheard paakelstéct when two nodes in
a route have moved close enough together such that an irdext@@ode between them is

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

Packet overhead generally increases with narrower beatmsv{g&igure 4.4(c)). As
mentioned above, for narrower beamwidths, a next-hop n®deore likely to move out
of the area covered by the previous hop’s transmission ikrlog/n direction toward that
node, causing this node to return alRre ERRORto the original sender. If the sender has
no other route to the destination in its Route Cache, it miate a new Route Discovery,
increasing the packet overhead. However, the base DSRcpiptehich uses omnidirec-
tional transmissions, has higher packet overhead thanfahg snodified versions that use
directional transmissions. This higher overhead for theebeersion is likely due to the in-
creased probability of packet collisions from the omnidiienal broadcast transmissions
of ROUTE REQUEST packets, relative to the narrower directional transmisgsibthese
packets (and thus fewer nodes at which a collision could Qagith the versions of the
modified protocol.

Packet latency is only slightly affected by the use of dige@l transmission or the
choice of beamwidth (Figure 4.4(d)). Across the differeatsions of the protocol, there
is generally a small (but not statistically significant) nease in latency with decreasing
beamwidth, again due to the probability of the next-hop nodeing 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 thetige distance between
any two nodes to change. This mobility might lead to netwaaktiiponing, as shown in
Figure 5.2. Figure 5.3 illustrates how we adaptively useathibty of a directional antenna
to transmit over longer distances (as compared to the tiasgmn range of an omnidirec-
tional antenna using equal transmission power) to bridgh partitions when needed. To
achieve these goals, we modify DSR while still maintainimgbasic mechanisms of Route
Discovery and Route Maintenance. In the modified protocoldver, each node addi-
tionally maintains a Passive Acknowledgment Table recaydinformation about BUTE
REQUESTS (with theforce omnidirectionaflag set) it has received. Each entry in some

nodes Passive Acknowledgement Table contains the foltp¥ietds:

e Target address: The address of the node to which a soureeismdught.

e Timer: Depending upon whether or not the timer has expiredtiner node of this
Passive Acknowledgement Table decides whether to sermla RREQUEST with

thelong hopflag set.

e 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 directidrequal angular widths

on each side (clockwise and counterclockwise) of the doact
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e 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 Riceised (LRU) fashion, and
entries expire and are automatically deleted after a tiheou

The source route header present in a packet is also modifiedvi® two additional
flags, calledorce omnidirectiorandlong hop

We first explain how, by modifying Route Discovery in DSR, we able to find a
source route containing at least doag hop. The hop between two nodes is called a long
hop if the protocol has determined that a directional trassion that goes over a greater
distance is necessary to transmit from one node to the o@therwise, we consider the
hop to be anormalhop.

A source node that has a packet to send to a destination ned&sclis own Route
Cache for a source route to that destination. If presentstliece node uses that source
route for sending the data packet to the destination nodder@ise, the source node
initiates Route Discovery as follows.

If the source node does not have any pendimyRe REQUESTS (i.e., awaiting re-
sponse from the network) for the destination node, then dliece node sends adRTE
REQUEST packet omnidirectionally (as in the base DSR protocol) whignforce omnidi-
rection flag cleared. The flag is cleared so that an intermediate nadédeave out 20°
from the direction of arrival of the ®UTE REQUEST, as explained in Chapter 4. If, how-
ever, the initiator node has already sent@URE REQUEST for that destination and that
RoUTE REQUEST has timed out, then the initiator node sends a ne@w R REQUEST
for the same destination with tlierce omnidirectiorflag set. A node receiving adTE

REQUEST packet behaves as follows.
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If the receiving node’s Passive Acknowledgment Table dasscantain an entry for
the target of the BUTE REQUEST, it does the following. If thdorce omnidirectionaflag
in the ROUTE REQUEST is not set then the node transmits theURE REQUEST packet
in a direction opposite to the direction of arrival, and watheamwidth oB60° — 120° =
240°. If, however, theforce omnidirectionalfflag is set, the node forwards theoRTE
REQUEST omnidirectionally and enters the target address of tbe e REQUESTIn its
Passive Acknowledgement Table; simultaneously, the nadsshe timer in the new entry
and also adds a copy of theoBTE REQUEST to the list of ROUTE REQUEST packets
present in this new entry. Additionally, the node initiglézthe list of angular ranges for
this entry to all directions withir240° 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 ther RREQUEST so that the
node knows to send any packets to the previous hop (such @&otbee REPLY) with a
transmission power level dfong Hop Transmit PowerThis power level is chosen as a
tradeoff between the power consumed transmitting over @ lhamp and the ability of this
transmission to bridge large partitions. Additionallye tieceiving node clears theng hop
flag in the ROUTE REQUEST, and re-transmits the packet omnidirectionally.

Otherwise, (if this node’s Passive Acknowledgement Tabletains an entry for the
target of the RUTE REQUEST), this node adds thedUTE REQUEST packet to the list of
RouTE REQUEST packets for that entry since this node might need to repllj &iROUTE
REPLY to the source of the receivedoRTE REQUEST. If the timer in the entry has not
expired, the list of angular ranges for the entry is updatdddve out the overlap between
the list of angular ranges currently present &fition each side of the direction of arrival
of the ROUTE REQUEST, as shown in Figure 5.1. If the timer has expired, it means tha

this node has transmitted one or morelRE REQUESTs for this Route Discovery with
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thelong hopflag set has already been transmitted by this node and herfoetiher action
is taken by this node.

If the timer in an entry in the Passive Acknowledgment Talij@res, then the node (the
owner of the Passive Acknowledgment Table) checks theflextgular ranges in that entry.
For each angular range in the list, the node sends one or ntw& RREQUESTS with the
long hopflag set. More than onedUTE REQUESTS may be necessary if the angular range
is wider than the beamwidth of theoRTE REQUEST packets. Each of these packets are
sent with a beamwidth dfong Hop Beamwidtlvhich, for the sake of uniformity, is kept
equal to the beamwidth used for the directional transmissfainicast packets. However,
these RUTE REQUESTS are sent with a transmit power bbng Hop Transmit Poweiso
as to transmit each over a longer distance.

When a node receives a0RTE REQUESTtargeted to itself, it sends ao0RTE REPLY
back to the source of thed® TE REQUEST, as in the base DSR protocol. An intermediate
node receiving a BUTE REPLY checks its Passive Acknowledgment Table for atlR E
REQUEST packets with a target of the originator of th@ ®TE REPLY and creates a new
RouTE REPLY packet. Each of thesed®TE REPLY packets has the reply route as the con-
catenation of the route from the originator of thelR'e REQUESTt0 the intermediate node
and the route from the intermediate node to the intende@taithe FOUTE REQUEST,
leaving out loops if any. Additionally, the intermediatedeodeletes from its Passive Ac-
knowledgement Table, the entry corresponding the sourtteed®OUTE REPLY. However,
if there is no entry for the source of theoRTE REPLY in the Passive Acknowledgment
Table, then the intermediate node forwards the packet &®ibhdase DSR protocol.

Once a source route has been found to the intended destmaitte, Route Mainte-
nance takes over. The basic mechanism of Route Maintenancains the same as in

the base DSR protocol, with the following changes. If anrmiediate node forwarding a
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Figure 5.1: Example of updating of angular range on arri¥al BOUTE REQUEST
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packet for a source finds the next hop to be a long hop (sinec@glRoute Discovery, the
intermediate node stored the next hop as a long hop), thendtie transmits the packet
with thelong hopflag set (it also sends the RTS and CTS directionally) andsirétis the
packet with the transmit power @fong Hop Transmit Powerlf, however, the next hop
is not a long hop, this node sends the packet directionaityn{directionally if this node
does not have an estimate of the direction of the next hogxplained in Chapter 4. If the
next hop is not a long hop and the transmitted packet is nataeledged (with a MAC
acknowledgement), then the forwarding node retransmétp#itket in the estimated direc-
tion of the next hop (if such an estimate is available) buhveitbeamwidth of.ong Hop
Beamwidtrand with transmit power diong Hop Transmit Powellf the intermediate node
receives an acknowledgement, the intermediate node gtwewxt hop to be a long hop.
If, however, the intermediate node still does not receiva@mowledgement, it returns a
Route Error to the original sender of the packet. If the fadieg node does not have an
estimated direction for the next hop, then the forwardingenceturns a BUTE ERROR
after a limited number of omnidirectional retransmissiolfishere is no acknowledgment
to a packet sent withhong Hop Transmit Powerthen after a limited number of retrans-
missions, the intermediate node assumes that the nextdstmation is unreachable and
sends to the source of the packet @ RE ERROR indicating the broken link. As in the
base DSR protocol, a node receiving @R E ERROR removes the indicated link from its
Route Cache.

As explained above, whenever a node considers the next Higadong hop, the node
uses higher transmit power. Without a feedback mechaniscontrol this transmission
power, the node would waste power when the receiving nodeemaoearer and would
also needlessly interfere with other nearby nodes. To addtéas problem, whenever a

node receives a packet with tleng hopflag set, the node calculates the path loss for this
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Figure 5.4: Scenario used for evaluation of partition bindgprotocol (the filled black

circles represent stationary nodes)

transmission as the difference betweenltbeg Hop Transmit Poweaind the received sig-

nal strength. If this path loss is less, by at least a threshban the transmission power
required for a directional transmission to transmit over dmnidirectional transmission
range, then the receiving node piggybacks on the MAC ackedgdment packet an indi-
cation that the next hop need no longer be considered a lopg Tbis threshold is key

to avoiding oscillations between treating the next hop asng hop and treating it as a
normal hop. Upon receiving indication, the sender tresgsgxt hop to be a normal hop.
However, we do not implement this modification in the simolatind hence do not report
results for the energy usage of the protocol. In additiondisabled DSR’s automatic route
shortening optimization, since packets transmitted at.tmgy Hop Transmit Powepower

level may falsely trigger this optimization.

5.2 Evaluation Methodology

We evaluate the patrtition bridging mechanism in two waysstFwe report results for how
this protocol performs in the same scenarios used for etiratuaur energy saving protocol
in Chapter 4.2 (due to time constraints, we present resudisaged over only 20 of these
scenarios). These scenarios do not have any permanentrhkgiamitions. Second, we
evaluate this mechanism for 20 scenarios that have a pennpadition, as explained

below. Unlike in Chapter 4.2, we present results only fornbeadth of 60°, since any
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beamwidth, which would allow a directional transmissiotrémsmit over a longer distance
as compared to an omnidirectional transmission (both ugiegsame transmit power),
suffices for the purpose of bridging a network partition. Wwag the beamwidth while
keeping the transmission power fixed affects the distaredethie directional transmission
is able to reach.

For evaluating the protocol in the presence of network painis we modify the scenario
so that there are a total of 54 mobile nodes, 25 of which areimgogbout in an area
500 mx 300 m, while another 25 are moving about in a similar 50@ 1800 m area, with
the short ends of the area separated by 300 m (the nominatosutional transmission
range is 250 m), as shown in Figure 5.4. Additionally, twdistaary nodes are placed at
each of the facing edges of the rectangular areas. Theses aoeleequired since, in the
absence of these stationary nodes, the Random Waypoint obénave any nodes close to
the facing edges of the two areas. This can increase thdieffelistance between the two
areas to a distance that could not be covered even with aidimattransmission using the
transmission power dfong Hop Transmit Power

The communication model is also modified so that all the 1f@dht flows (each send-
ing 4 packets per second, each packet having 512 bytes ddtmp@pare 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 routingppad including the modifica-
tions for bridging partitions, for scenarios in which no p@nent partitions occur. Fig-
ure 5.5(a) shows the packet delivery ratio for the protocith wirectional transmission
only (Chapter 4) and for the version also including modifaag for partition bridging,

Figure 5.5(b) shows the corresponding path optimalityufegs.5(c) shows the packet



30

overhead, and Figure 5.5(d) shows the 95th percentile péatieacy.

The packet delivery ratio increase when using the parthigeiging modifications, rel-
ative to the protocol version using only directional tramssion without partition bridging
(Figure 5.5(a)). Although in these scenarios, no permapartitions occur, the next-hop
on a route may move out of range of the transmitting node. Hnttion bridging code al-
lows the transmitter to reach the next hop node without orgat broken link and requiring
a new Route Discovery.

When using the patrtition bridging modifications, the patigl optimality decreases
since we do not currently use DSR’s automatic route shar¢goptimization (Figure 5.5(b)).
If the implementation were modified to include this optintiaa, we expect the path opti-
mality to improve equal to the version without partitiondging.

Packet overhead decreases significantly when using thetiqgratridging modifica-
tions (Figure 5.5(c)). This decrease is due primarily toahsence of the automatic route
shortening optimization since no gratuitousWRE REPLY packets are sent. In addition,
however, the ability to avoid a new Route Discovery when thet#mop node on a route
moves out of range of the transmitting node, as noted abdse,cantributes to this de-
crease in packet overhead.

Packet latency increases slightly when using the partltirtatiging modifications (Fig-
ure 5.5(d)). Although the partition bridging allows thertsaitting nodes to reach the
next-hop node when it moves out of normal transmission rapgekets sent this way ex-
perience higher latency; such a packet is first transmittesamal power level and then
retransmitted atong Hop Transmit Poweatfter the initial transmission times out.

Figures 5.6, 5.7, and 5.8 summarize the basic operatioreafatliting protocol in the
scenarios in which a permanent partition is present, astifited in Figure 5.4. These

results are similar to those with no permanent partitionguife 5.5), even though here all
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Figure 5.8: Packet Overhead amsaha with all 10 flows tratisgécross a partition.

flows must bridge the 300 m separation between the two reglangreas. We do not report
path optimality results for the scenarios in which permampeanmtition is present, since the
computation of path optimality considers only links up tadéh 250 m and is thus not

defined in these scenarios.
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Chapter 6

Conclusion

In this thesis | have presented the use of directional aa®ifor the purpose of energy
savings and for partition bridging in mobile ad hoc networkée first part of the thesis
is based on the observation that, compared to omnidiregitibansmission, directional
transmission takes radically less energy to transmit agiamker a transmission distance
in the intended direction of transmission. In order to obsehe energy savings obtained
by using directional transmission, | modified DSR to usediomal antennas for energy
savings and have shown that this modified protocol providbstantial energy savings (as
high as 75%) without noticeably changing the overall betvawf the protocol.

The second part of the thesis proposes a novell protocolidgdmetwork partitions
with the help of directional antennas. This protocol usesfétet that directional antennas
can transmit directionally over longer distance as congptoéhe transmission range of an
omnidirectional antenna. | implemented this protocol bydifyang DSR to use directional
antennas to transmit directionally over longer distan¢®vie shown, through simulations,
that this modified protocol is able to deliver packets acresvork partitions. Also, in the
absence of partitions in the network, this protocol is othiee essentially equivalent to the

version without the partition bridging modifications.
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