Chapter 1

Introduction

1.1 General Description

Wireless mobile communications for personal use is alic¢dontinue to be a part of our
everyday life. Standards for wireless communicationsehéwosted the market;
manufacturers equip everything, from powerful laptops tollsseaices, with hardware
support for different radio technologies. With the depaient of|EEE 802.11wireless
standards [1], the popularity of wireless networks hasased dramatically over the last
few years, both in industry and in home networkilyiletooth[2] is another technology,
which aims at being small, cheap and built-in in alnearything. Both IEEE 802.11
and Bluetooth utilize the license-free 2.4 GHz band [3]. Wbek presented in this thesis

uses IEEE 802.11 based wireless cards for deploymglale Ad hoc Network (MANET)

[4].



The term “ad hoc” often means improvised or for thedee®f the moment for a
specific purpose. A MANET is a collection of self-orgaad wireless mobile hosts
forming a network without the aid of any established infecsire or centralized
administration stations unlike cellular wireless natkg [5]. Since the mobile hosts move
around causing the network topology to change frequethiéyhosts must rely on each
other to relay the data packets in such a multi-hop ituafihe type of devices in
MANET can range from embedded systems like sensorswerpd computers inside
vehicles.

A typical usage scenario for MANET is a disasteraawehere pre-existing
communications infrastructure has been eliminated deegto an earthquake or a terror
attack. In an emergency situation, the rescue teanastoespiickly establish connections
to the other rescue teams for saving lives. Given the matofr the technology, a
MANET would be a good choice for deployment. All nodesafried by people and/ or
vehicles — would continuously organize themselves and caeperarder to forward
each other’s traffic when needed. Another usage woulduevarsity campus area or a
Small Office HOme (SOH®etworkwith no, or limited, wireless LAN coverage, where
groups might wish to establish temporary wireless ndiwiar order to work on
collaborative projects. A MANET can also be connddie other networks such as an
Internet or aGeneral Packet Radio Servig€PRS)[6] network, via a gateway with
minimal changes. Possible applications in a MANET docadirse, depend on the
scenario. In a disaster area or military scendricould be voice communication or
transmission of camera snap shots. In a SOHO or uriyessenario, it could be

spontaneous meeting; the applications could be filarghaor in case where the Internet



connectivity is present. The surrounding physical environmsg@nmificantly attenuates

and distorts the radio transmissions, and the signaltyuslinversely proportional to

distance. So the effective transmission area of aale s limited and thus the effective

throughput may be less than the radio’s maximum trassmicapacity. The research in

MANET is primarily simulation studies, which may notarporate all the factors of

nature, so it is necessary to evaluate MANET in vealld scenarios for commercial

availability.

1.2 Resear ch Problems Addressed in this Thesis

The following are the issues that were investigated stttasis.

(i) Comparing two MANET implementationsThe two implementations by Uppsala

(ii)

(iii)

University (UU) and University of California, Santa Badg@uUCSB) were tested
with node mobility.

Comparing the performance of MANET in an indoor/outdoasirenment- The
effect of the real world environment on the routing protogas assessed by
comparing the experimental results obtained in an indooraemaent (building)
with an outdoor environment (parking lot).

Key parameters in determining MANET performance network designer needs
to select appropriate metrics and a methodology to evahamtenetworks. The
metrics used in this thesis are throughput and latency.oDtiee key parameters
that affect these metrics is block size in additiowéd-known system parameters

such as link bandwidth, link error rate, traffic intensapd node mobility. This



thesis presents a unique and a more visual means to aM#NETs and find
the optimal block size.

(iv) Differences between simulations and the real werkithough simulations can
reduce the time of development of any research, sometitncan mislead the
research path, so it is important to conduct real woxfiteemental results and
compare it with simulation results to assess theiloitéd of the simulator.

(v) Analyzing the effects of interference in a small MANRISing simulation-
Interference is a common problem particularly in MANE@enarios, so this
thesis presents scenarios that affect the routing mlotmc MANETs and

investigates the results.

The rest of this paper is organized as follows. Chaptirs2ribes an overview of
MANET routing protocols. Chapter 3 describes experimetetstl bed and presents the
results, addressing the issues (i), (ii) and (iii) atetl above. Chapter 4 describes

simulation methodology and presents the results orssies (iv) and (v).



Chapter 2

Routing in Mobile Ad-Hoc Networks with

AODV

This chapter describes the routing prototdthoc On Demand Distance Vector (AODV)
[7] used in MANETS. Section 2.1 gives a brief introductdnout the routing protocols in
MANETSs. Sections 2.2 and 2.3 describe key featurd3estination Sequence Distance
Vector (DSDY [8] and Dynamic Source Routing (DSR9J], which offer the basic

building blocks of AODV. Section 2.4 describes AODV algun.

2.1 General Description

Conventional routing protocols are based on eittetance vectoror link state
algorithms [8].Distance vector protocol makes shortest path decisiossdban a hop

count metric, while link state makes decisions based oh @b®ach link. These



algorithms assume that links between routers occdbioga down or come up, and
sometimes the cost of a link may change due to congesti routers do not generally
move around dynamically, shifting major portions of tlework topology back and
forth.

However, they are not designed for the type of dynawpology changes that
may be present in MANET. A natural method to provide nguin an ad hoc network is
to simply treat each one of mobile hosts as a routdrta run a conventional routing
protocol among them [10]. For example, mobile host 2igufé 2.1 acts as a router
between the “network” directly reachable by mobile hbsind the “network” directly
reachable by mobile host 3, i.e. mobile hograhsmits its packets for mobile host 3

through mobile host 2.
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Figure 2.1 A typical ad hoc network.

Since topology changes at any time in MANET scenadosyergence to stable
routes may be quite slow, particularly with distangector algorithms. Link state
protocols will take a path which has more hops, but thed adaster medium over a path

using a slower medium with fewer hops. But distance vealgorithms require less



processor overhead, compared to link state. The speedwdrgence, in distance vector
algorithms, may be improved by sending routing updates mogeently, but such a
shift only wastes more bandwidth and battery power wb@oldgy does not change

much.

Figure 2.2 A mobile ad hoc network (MANET).

The primary function of a MANET routing protocol is tceate, maintain and re-
create routes. To run a MANET (as in Figure 2.2) smooihlyequires a quick and
adaptive routing protocol, at the same time it shoulccansume too much of bandwidth.
Some of the desired properties for such a protocol atebdigd operation, loop free,
demand based operation, unidirectional link support, secysibyer conservation,
multiple routes and quality of service support [11, 12} Hifficult to incorporate all the
properties mentioned above into one protocol.

The initial approaches for routing in MANETS wepmactivei.e. the routes are
established and updated even if they are never needed andythisgehe protocol to
exchange control messages periodically. However, in BA$ channel bandwidth and
node energy are two important limiting factors and henisea good idea to useactive
routing, where routes are established as and when ne&bedAd-hoc On-demand
Distance Vecto(AODV) [7] is one such algorithm, which is a combinata@frproactive

andreactiverouting.



The initial design of AODV was undertaken to improve ugon deficiencies in
DSDV, a proactive protocol. The main goal of AODV wasdduce the need for system-
wide broadcasts to counter the problems due to the cheastics of wireless medium.
Since it is necessary to conserve the bandwidth ashras possible, the architects of
AODV found it necessary to incorporate the on-demanderalgcovery and route
maintenance mechanisms from DSR, a reactive protohbelfdllowing sections illustrate

the development of AODV, based on DSDV and DSR.

2.2 DSDV (Destination Sequence Distance Vector)

DSDV [8] is a hop-by-hop distance vector routing protoeuiring each node to
periodically broadcast routing updates. DSDV is an dptpmactive protocol. All nodes
keep a routing table that holds the routes for all rd@ehaodes. The advantage of this
approach is that a packet can be forwarded immediatetigeile is an entry for its
destination in the routing table.

DSDV routing protocol is derived from a classical disgrvector algorithm,
Distributed Bellman-Ford DBF) algorithm, where in each node maintains thetskor
distance to all destinations through all of its neighbBesiodically each node creates a
vector containing shortest distance to each destinatiod, sends this vector to its
neighbors. Upon receiving a vector from a neighbor, a node egpd& minimum
distances to all the destinations via this neighbor. BM8E designed for fixed networks,
where the links are stable. But in wireless networkslitikes are not stable so routing
loops are formed. Imagine X, Y, Z are connected imeadte as shown in Figure 2.3. X's

preferred route to Z is via Y while Y's is direct. Nowe t¥i-Z link fails; Y will see that X



is advertising a route to Z, and so Y's new preferred nouiewill be via X. So we get
the routing loop Y-X-Y-Z, which is incorrect.

Q Node Y X's preferred route to Z is via Y,

since the X-Z link is not stable

Node X O o . .
After some time if Y-Z link fails,
it leads to a loop Y-X-Y-Z

Figure 2.3 Basic functioning of DSDV.

Enhancements are made in DSDV in order to avoid thisrigggoblem. DSDV
includes a sequence number with each route. Each nodéipaitp broadcasts its own
routing table. The transmitted routing table includessdegpuence number created by the
source. A route decision is based on the sequence nuiabger sequence number
means a more recent route which is favorable). If taudes have the same sequence
number then the decision is based on the metric (lovegric is favorable).

While loops are usually formed due to stale routes, DSDV tleesequence
numbers to remove stale routes from the routing tabdacth node. Consider the network
shown in Figure 2.3; let S(X) and S(Y) be the destinasequence numbers for node Z
as stored at node X and node Y respectively. As node &vescrouting information
from node Y about a route to node Z, node X verifesfollowing:

» If S(X) > S(Y), then node X ignores the routing infation received from

node Y.
= If S(X) = S(Y), and cost of going through node Y is serathan the route

known to node X, then node X sets node Y as the ngxtdnode Z.



» If S(X) < S(Y), then node X sets node Y as the next hode Z, and S(X) is

updated to S(Y).

2.3 DSR (Dynamic Sour ce Routing)

DSR [9] uses source routing rather than hop-by-hop roufifigen using source routing,
each packet to be routed carries in its header the letanprdered list of nodes through
which the packet must pass. A key advantage of sourcagastthat intermediate nodes
do not need to maintain up-to-date routing information @eoto route the packets they
receive, since the packets themselves already contairthal necessary routing
information. This fact, coupled with the dynamic, on-denh nature of the DSR’s route
discovery, completely eliminates the need for the ookei route advertisement and
neighbor detection packets, present in other protocols.

The DSR protocol consists of two mechanismsute discoveryand route
maintenance Route discovery is the mechanism whereby a soumbe wishing to send
a packet to a destination node obtains a source routete Roaintenance is the
mechanism, where the source node is able to deteet iifatwork topology has changed,
such that it can no longer use the route to the destinabde. When route maintenance
indicates a source route is broken, the source nodemtieo use any other route it
happens to know, or invokes route discovery again to firelaraute.

To perform route discovery, the source node broadceRtsite RequesRREQ)
packet as shown in Figure 2.4. Each node that hears tB& RBcket forwards a copy
of the request, if appropriate, by adding its own addresstu@e route being recorded

in the request packet and then rebroadcasts the RREQ .pBlckdbrwarding of RREQs

10



is constructed so that copies of the RREQ propagate hbpoyputward from the source

node, until it reaches the destination node or it rea@imdther node that can supply a
route to the destination. The RREQs are forwarded ¢(hginode is not the target of the
request, (2) if the node is not already listed in thend®d source route in this copy of
the request, and (3) if the node has not recently @sether RREQ packet belonging to
this same route discovery. When the destination nockaves the RREQ, the recorded
source route in the request identifies the sequend®ps$ over which this copy of the

request reached the destination. Destination node cdyseetorded source route into a

Route ReplyRREP) packet and sends this RREP packet back to the smalee

Intermediate node prepares a RREP,
because it has the route to the destination

Sour ce node invokes Route in itsroute cache
Discovery by flooding RREQ ‘

o @ O
e ®—9. O

Degtination node
‘ sends RREP to the

Inter mediate node propagates the sour ce node
RREQ, because there is no route

to the degtination in its route

cache

Figure 2.4 DSR’s route discovery mechanism

All source routes learned by a node are kept inuke cache which is used to
reduce the cost of route discovery. Further, whentannmediate node receives a RREQ

packet it searches its own route cache for a routéh@odestination node. If the

11



intermediate node finds a route, it will not propagdie RREQ packet, but instead it
sends a RREP to the source node (as shown in Figyréd® doncatenating the recorded
source route contained in the RREQ packet to the cached to the destination node

present in its route cache.

2.4 AODV (Ad-hoc On-Demand Distance Vector)

AODV [7] is essentially a combination of both DSR an8@Y. It borrows the basic on-
demand mechanism of route discovery and route maintemaachanisms from DSR,
plus hop-by-hop routing, sequence numbers, and periodiofie&om DSDV.

When a source node needs a route to a destination mndaeadcasts a RREQ
message to its neighbors, including the last known sequemober for that destination.
The RREQ is flooded in a controlled manner through the aré&twntil it reaches a node
that has a route to the destination. Each node thaafds the RREQ createseverse
route for itself back to source. When the RREQ reachegléstination node, this node
generates a RREP that contains the number of hopssaegée reach the destination
node and the sequence number most recently seen by the noeetgen the RREP.
Each node forwarding the RREP packet to the originatdh@fRREQ (source node),
creates dorward routeto the destination node. The state created in eachalodg the
path from sourcéo destinations hop-by-hop state; i.e., each node remembers only the
next hop and not the entire route, as would be donairtsaouting.

In order to maintain routes, AODV requires that eackenperiodically transmit a
HELLO message, with a default rate of once per sec&aglure to receive three

consecutive HELLO messages from a neighbor is takem asd&ation that the link to

12



the neighbor in question is down. Alternatively, theDADspecification briefly suggests
that a node may use physical layer or link layer methodtect link breakages. When
a link goes down, any upstream node that has recenthafded packets to a destination
using that link is notified via a Route Error (RERR) camtag an infinite metric for that
destination. Upon receipt of such a RERR, the source node awquire a new route to

the destination node using the route discovery mechanism.

Source Destination
O © O O
HELLO
RREQ

RREP

Data

RERR

Figure 2.5 Basic functioning of AODV.
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Chapter 3

Evaluation and Test Bed

Routing in MANET is a difficult problem and has receivadot of attention. Many
routing protocols such as DSR [9], AODV [7], DSDV [8],damORA [13], have been
proposed for MANETSs. Most of these protocols are aéd based on simulation study.
However it is necessary to validate MANET routing poots in real world. This chapter
discusses the implementation and performance evaluati@anMANET in real world
scenarios with AODV routing protocol. Section 3.1 deswilbhe survey of existing
AODV implementations. Section 3.2 describes differexat world scenarios tested, and
their significance. Section 3.3 describes the evaloaol used to assess the MANET

performance. Section 3.4 presents experimental resultdisacussion.
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3.1 Survey of Existing | mplementations

Few implementations of AODV are publicly availabiead-hod14], AODV-UIUC|[15],
AODV-UU [16] andAODV-UCSB[17], which are user space implementation kewhel
AODV [18], which is a kernel space implementation. The mostigdyllecommended
implementations of AODV are kernel AODV, AODV-UU amdODV-UCSB [19].
Kernel AODV, a kernel space implementation, has fdwaatages; it operates faster than
user space implementation and it does not require any msohéor transferring packets
from kernel to user space and vice versa. However, AODVabd) AODV-UCSB were
chosen in this thesis because it kernel AODV is leswapler and difficult to maintain,
and reduces the protocol functionality and weakens memaryagement. Also kernel
AODV has some known bugs like memory leaks, mishandlinjomd) function,

assertion failures, routing loops and etc [21].

Implementation of AODV-UU and AODV-UCSB

AODV-UU and AODV-UCSB are implemented in the Linuxdanritten in C. The basic
logical structure of AODV-UU and AODV-UCSB is the samAODV-UU is based on
packet handling support provided bgtfilter [20] and two kernel modulds route and
libipg. Netfilter's ability to process packets in user-spacehat makes it effective in
developing AODV. Netfilter queues packets in kernel spacksamds the information
about the packet to user-space over a netlink socket. Tketpaare queued so as to
allow the AODV-UU routing daemon to process the packetser-space. This approach
is independent of kernel modifications. The k_route medohstantly updates the kernel

routing table depending on the information sent by the X routing daemon after
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the packet processing. Routes may be added, changed or dé&leésé. are all the
functionalities used at the kernel level. The libipquged for use-space queuing of IP
packets.

AODV-UCSB at the kernel level implements similar ilggbut it does not use
netfilter, instead they developed their own schemes maptment the functionality of
netfilter. For instance when a packet arrives atlkhdayer, AODV-UCSB queues the
packet, and then sends the information about the packiietéODV-UCSB routing
daemon in the user-space for packet processing, and inetle ime it creates a dummy
route table for the packet with a short expiry timed avhen the AODV-UCSB routing
daemon sends a desired action the kernel routing tabpel&ged accordingly.

The packet processing in both implementations is quitdasi and is performed
in user space. All the incoming and outgoing packets areepsed; route discovery and
packet buffering are performed as needed. If a packet imelk$or another node, and an
active node is available, the packet is forwarded usingéRke hop information from the

AODV routing table.

Differences between AODV-UU and AODV-UCSB

AODV-UCSB and AODV-UU are basically the same [21], except that AGDY
supports unidirectional link detection and avoidance. In MANET scenarios,
unidirectional links originate either due to difference adio transmission power level
(or receiver sensitivity) of the nodes or due to the difiee in interference (or noise).
Both these cases frequently occur in MANET scenarids.important to note that these

unidirectional links formed can be transient in natueethe effective throughput is
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reduced. This thesis provides an insight into the effethisffeature in AODV-UU by

comparing with AODV-UCSB that does not support unidirectitinks.

3.2 Test Bed

Three Toshiba laptops (with Intel Pentium Il procesyaounning the Red Hat Linux
operating systems (version 7.1) were used for these imxg@s. To evaluate the
performance of a MANET, it is important to design @dlogy that characterizes the
properties of a MANET. The basic idea was to study théopeance of a MANET
protocol according to the changes in the physical environnfent.this purpose, the
experiments are conducted in an outdoor environment ameaar environment using
AODV-UU. Also, we compare AODV-UU and AODV-UCSB to @bse the effect of
unidirectional links on the MANET protocol when all thedes in the network are static.
The effect of the physical structure on the MANETdeadiscovery time is also analyzed
by implementing the protocol for a particular mobility tteen. The topologies

implemented are explained in detail in the below.

Experiment Environment
The experiments are conducted for both the static andersd®narios; and repeated for
indoor and outdoor environments. The experiments for thloor scenario are
implemented in a parking lot and those for the indoor easemplemented in a college
building.

= Static scenario: All the laptops in this scenario wstedic and the experiment was

conducted for varying packet sizes. The arrangementsdaftops for outdoor
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and indoor scenarios are shown in Figures 3.1 and 3.2. Lapigs blaced at
position A while laptop 2 and laptop 3 were placed at mosi and position C

respectively such that laptop 1 and laptop 3 are ouingera

— —
Position A Position B 2
bosition C

Figure 3.1 Experimental scenario: outdoenvironment (static and mobile scenarios).

Hallway
Path
2 |
Hallway 3
1 N =
— | Position C
Position A Path :
| 2

Figure 3.2 Experimental scenario: indoenvironment (static and mobile scenarios).

* Mobile scenario: Initially, the laptops were kept in th@me positions as in
previous case. Then, Laptop 3 was made to traverse towasison B and

simultaneously. Laptop 2 was made to traverse towardsopo€ as shown in
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Figures 3.2 and 3.3. After Laptop 3 and Laptop 2 reach positemdBposition C
respectively, they stay there for some amount of tafter which they are taken
back to their original position. When Laptop 3 is at posiB, it is in direct
contact with Laptop 1. Laptops 2 and 3 were moving at nowatiing speed and

the experiment was conducted for a fixed packet size.

3.3 Evaluation T ool
The protocol was evaluated using software called NetP2RE NetPIPE helps answer
the following questions, which surround network communicationherent to
communication bound applications,

a) How soon will a given data block of sikarrive at the destination?

b) Which network and protocol will transmit sikédlocks the fastest?

c) What is a given network’s effective maximum throughput satdration level?

d) What is block sizé for which the throughput is maximized?

All these questions are answered by analyzihgpbughput graph network
signature graph saturation graphand mobility graph The NetPIPE software sends
packets with increasing size and provides us with the faligvunformation:time taken
to transfer the blogkthroughput in bits/seaumber of bits in the block transferreahd
number of bytes in the block transferrddhe idea behind increasing the packet size is to
measure and compare the throughput for various packet sizes.

NetPIPE performs simple ping-pong tests, bouncing messagiecreasing size

between two nodes, across a network. Each data pemilves many ping-pong tests to
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provide an accurate timing. Latencies are calculated bdidgithe round trip time in

half. The following four graphs were used to analyze MANR®itk NetPIPE.

* Throughput graphplots throughput versus block size; it is used to obsthee

throughput for a network.

» Network signature grapiplots throughput versus response time. This graph is a
new and unique way of viewing network performance datakéyeis to use a
logarithmic time scale horizontally instead of the $fan block size. Although
unconventional, this graph represents perhaps a betteraappto visualize
network performance. All the necessary data are lgleasible and easy to
extrapolate. The network latency coincides with thestohthe first data point on
the graph. The maximum attainable throughput is clearlywshas the maximum

point on the graph.

» Saturation graphplots block size versus response time on a logarithoates
The key feature of this graph is to identify the satunagoint. This is the point
after which an increase in block size results in a-heear increase in transfer
time, effectively the knee of the curve. The time wébetween the saturation
point and the end of the recorded data is referred tbeasaturationnterval. In
this interval, the graph monotonically increases airestant rate i.e., the network
throughput cannot be improved upon by increasing the block $izas the

saturation point is nothing but the best suitable blockfeizthe network.
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* Mobility graph plots response time for each packet. This graph is unigue t
MANETS, because it analyzes the route discovery Sm&ANETs, and this

graph provides the necessary information to monitor theerdiscovery time.

Throughout the experiments, we also concerned aboupfitefiate block size
that optimizes MANET performance. Block size is theesof each data packet
transmitted. The block size actually affects the peréomre of the protocol quite a bit,
and it is essential for the network designer to choth& correct packet size to be
transmitted to achieve optimal performance. At higloads$, the latency can be quite
large with high degree of variability, which affects tperformance of higher layer
protocols such as UDP or TCP due to long packet delaylewatr loads, the number of
packets required to transmit a file is high, so the avetfageighput achieved would be
quite low when compared to the high load. So it is venyartant to choose appropriate
block size to achieve the best results. This is probdglymost neglected metric, since
most of the researchers fix a block size usually 512 kanesperform experiments or
simulations. This thesis aims to at finding the appropridibek size for MANET

scenarios.

3.4 Results and Discussion

This section presents the results obtained from tperarents conducted. Section 3.4.1

discusses the test to verify the basic network connictiSection 3.4.2 compares
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AODV-UCSB and AODV-UU. Section 3.4.3 deals with AODV-Uhlit for different

environments i.e. outdoor and indoor environment as explainszttion 3.2.

3.4.1 Network Connectivity Test
We usedping command in our tests to see if all the nodes areeacivd to monitor the

node’s ideal performance especially during mobile scenarios

Hello
Each node periodically broadcasts HELLO messages. dimeected node receives the
HELLO messages, and installs a route to the other nblde.following actions are
verified:

= Correct reception of neighboring HELLO messages.

» Correct installation of route to neighboring node.

=  Deletion of route when nodes are disconnected.

2-hop RREQ/RREP
Consider the network as shown in Figure 3.1, where in dpt@de 2 and node 3 form
an ad hoc network. It is necessary to ensure if the@QIRREP procedures are performed
correctly. So, the following actions are verified:

* Node 1 issues a RREQ for node 3.

* Node 2 receives the RREQ, and replies with a RREP.

* Node 1 receives the RREP, install the route, and @irggsorrectly received.
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RERR
After creating a route between node 1 and node 3the iprevious test, the link between
node 2 and node 3 was disconnected. The correct receipRotite Error (RERR) at
node 1 demonstrates the correct operation of precursor.rnbuegollowing actions are
verified:

* Node 2 issues a RERR for node 3 and removes its rontel® 3.

= Node 1 receives this RERR, and removes its route to 21adfo.

Successfully running all the above tests ensured thaA@i@V software was

working properly. Later, the NetPIPE software was usethédyze the network.

3.4.2 Comparison of AODV-UCSB and AODV-UU

This thesis aims at observing the effect of unidireetidmks on the performance of
AODV, by comparing AODV-UCSB and AODV-UU software. It isecessary to
extensively test the MANET routing protocols for thenboused in reality. The testing

of AODV was limited to 3 nodes due to various administeationstraints.

Resultswith Static scenario

The Laptop 1, 2 and 3 were static and placed at positioB And C respectively as

shown in Figure 3.1. Laptop 3 transmits packets to Laptop laysop 2.
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Throughput graph

The throughput graph is a plot of throughpstblock size, used to observe the maximum
obtainable throughput of the protocol. As seen from Figure tBe3,throughput for
AODV-UCSB and AODV-UU gradually increases and stabiliziésra certain value of
the block size. AODV-UCSB stabilizes around 0.2 Mbps whi@DA-UU stabilizes

around 0.5 Mbps.

Throughput Graph
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Figure 3.3 Throughput graph comparing AODV-UU and AODV-UCSB.
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Network Signature Graph

The network signature graph is a plot of throughfsutesponse timeised to observe the

latency. The scale on the x-axis of the graph is lttwaic while the one on the y-axis is

a normal scale. The scale on x-axis was changedgarilbmic so that the latency

between AODV-UCSB and AODV-UU can be seen distinchly seen in the Figure 3.4

the latency associated with AODV-UCSB is greater tifan of AODV-UU. The latency

associated with AODV-UU was found to be 0.002938 seconds witmilt in AODV-

UCSB was 0.03200 seconds.

Signature Graph
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Figure 3.4 Network signature graph comparing AODV-UU and AODV-UCSB.
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Saturation Graph

The saturation graph is a plot of block sizeresponse tim& transfer a block, used to

find the suitable block size for the network. As seelfrigure 3.5; as the block size is

increased, the response time is constant till cextalme of block size, after which the

response time increases linearly with the block sizes pint is called saturation point.

The interval between the saturation point and the étiteaecorded data is referred to as
the saturation interval. Essentially the saturatiomtpmdicates the suitable block size
that should be used. In case of AODV-UCSB the suitablekbgize is around 2000

bytes, and for AODV-UU it is around 800 bytes.

Saturation Graph
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Figure 3.5 Saturation graph comparing AODV-UU and AODV-UCSB.
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Resultswith M obile scenario

Initially laptops were positioned as in the static scenaghfter, Laptop 3 was made to
traverse path 1 and brought to position B as showneirFigure 3.2, and then Laptop 2
was made to traverse the path 2 to position C. Thulinthbetween Laptop 1 and Laptop
3 was broken since Laptop 2 was not in range of Laptoagdtops 2 and 3 were moved
back and forth between position B and position C, do &svoke route discovery. Thus

the route discovery was analyzed for both AODV-UU a@DA/-UCSB.

Mobility Graph
As seen in Figure 3.6, time to send the packet decreasésallas/hen the two Laptops
are in direct transmission range of each other. €itcand Circle 2 represent the period

when the two laptops are in direct transmission rafgach other.

X,Y — Laptop 1 an(
Laptop 3 are two hops
away

—a— AODV-UU
—— AODV-UCSB

1, 2- Laptop 1 ant
Laptop 3 are one hop
away

Response Time in s

Number of packe

Figure 3.6 Mobility graph comparing AODV-UU and AODV-UCSB.
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The Dashed rectangles X and Y indicate the period fociwttie two laptops are
one hop away from each other. After approximately 25 packatl been transmitted
Laptop 3 and Laptop 2 were brought back to their originatipas. Laptop 1 and Laptop
3 are one hop away. After approximately 50 packets had tbeesmitted Laptop 3 and
Laptop 2 were made to traverse path 1 and path 2 respgawsedhown in Figure 3.6
which shows that both AODV-UU and AODV-UCSB respond tik Ibreakage quite

promptly since there is a steep fall and rise whenapps switch positions.

Discussion

Figure 3.7 compares the throughput obtained for AODV-UU and YAWOIOSB for
outside environment, i.e. in this scenario the unidireatidimks are not formed as
discussed in section 3.2. This shows that AODV-UU and XQIZSB both perform
similarly when unidirectional links are not formed. Bugure 3.3 shows that AODV-UU
achieves throughput almost double to that of AODV-UCSB, ilstrates that
unidirectional links are formed in the indoor environmekibng with throughput the
latency associated with AODV-UU is much better thzat bf AODV-UCSB as shown in
Figure 3.4. But the route discovery time is not muckaéd, since both AODV-UU and
AODV-UCSB respond to link breakage similarly as showrrigure 3.7. So it can be
concluded that unidirectional links formed due to the obstasround the mobile nodes
cannot be neglected and hence unidirectional link deteatidnavoidance improves the

performance of the protocol.
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Figure 3.7 Throughput graph comparing AODV-UU and AODV-UCSB for outdoor

environment.

3.4.3 Comparison of Outdoor and Indoor Environment

Section 3.4.2 clearly presents that AODV-UU is bettdtware than AODV-UCSB. So

AODV-UU was used for other tests. This thesis aimsveggtigating the effects of the
external environment on the performance of AODV proto8ol.comparing the results
obtained for both the environments, provides an opporttniyssess the performance
degradation of AODV in indoor environment. The rest of Heetion presents the

experimental results obtained using AODV-UU for indoor autidoor environment.
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Laptop 1, 2 and 3 were static and positioned at posijdd and C respectively as seen

from Figure 3.2. The scenario setup is explained in detaédtion 3.2.

Throughput graph

As seen from Figure 3.8, the throughput for indoor as welbwdoor environment
gradually increases and stabilizes after a certain valtieedblock size. The throughput
for outdoor environment stabilizes at 1 Mbps while the imdemvironment stabilizes
around 0.5 Mbps. The indoor environment plot follows ideddiyt the outdoor is not as
ideal as it should be. The throughput in indoor environmemonsiderably degraded

Thraughput Graph
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Figure 3.8 Throughput graph of AODV-UU for outdoor and indoor environment.

when compared to the outdoor environment.

30



Network Signature Graph

As seen in Figure 3.9, the latency associated with indogreiater than that of outdoor
environment, which is quite obvious. The mean latency cassal with indoor

environment and outdoor environment are 0.01252 and 0.006679 secqadsively.
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Figure 3.9 Network signature graph of AODV-UU for outdoor and indenvironment.

31



Saturation Graph
As seen in Figure 3.10 the saturation point for both theanenvironment and outdoor
environment is almost the same around 800 bytes (block Seejor AODV-UU the

ideal block size is between 750-800 bytes.

fi

Saturation Graph
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Figure 3.10 Saturation graph of AODV-UU for outdoor and indoor envirenin

Discussion

The results clearly indicate that MANET performs poanlyndoor environment. As seen
from Figure 3.8, the throughput for the outdoor environmealn®st doubled for all the
block sizes, but the throughput does not saturate idehll,may be due to different
factors such as birds, wind, etc. The mean latenaybasrved from Figure 3.9 for the

indoor environment is almost 1.87 times that of the outdagironment. The ideal block
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size seems to be independent of the environment andJBVAUU it is around 750-800

bytes.
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Chapter 4

Simulation Methodology

This chapter discusses the performance evaluation of MAdMNg simulation. Section

4.1 describes briefly about the simulator with the magbpiatterns and traffic patterns
implemented, which affect the MANET. Sections 4.2 andptesent and analyze the
simulation results. More specifically, section 4.2 panes the experimental results and
simulation results based on scenario without interfereri®ection 4.3 discusses the

results obtained for the scenarios wherein intenfegas involved.

4.1 Simulation Environment

To simulate the ad-hoc routing protocol AOD¥Ws-2 [23] was used. The network
simulator,ns-2,is a discrete event simulator developed by the Uniyeo$iCalifornia at

Berkeley and the VINT project [24]. It provides substdrsigport for simulating variety
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of protocols over conventional networks, and it also supgor simulating the physical
aspects of multi-hop wireless communication and thelegse MAC protocol mostly
based on IEEE 802.11 standard. The two-ray ground reflectioleln®used as a radio
propagation model not only to consider a single lineigifit path between nodes but also
the ground reflection. This model gives more accurate pire@aécof the received power
at long distances than the free space model.

Simulations in ns-2 can be logged toace files which include detailed
information about packets in the simulation and allowgost-run processing with some
analysis tool. It is also possible to let ns-2 genexeatpecial trace file that can be used by
NAM (Network Animator)a visualization tool that is part of the ns-2 distridat NAM
allows simulations to be replayed on screen. A largeustnof documentation exists for
ns-2, including a reference manual, several tutorials ftjns-usergmailing list [26].

The first step in the simulation study is to assessctiadibility of the simulator.
The scenarios implemented in real world experimentg sienulated using ns-2, and the
results were compared. Later under various traffic caims; the behavior of 5-node
MANET for interference effects was observed.

The rest of this section explains about the scenaemmunication model,
movement model and the radio propagation model used isitmgations. All these

models were chosen to make a reasonable comparisothevitbal world experiments.

M obility Pattern

The Mobility Patternsplay a major role in analysis of a MANET. The molilinodel

usually used is thRandom Waypoint Modefs per this model, a mobile node remains
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stationary for a specified pause time, after which gifg® to move with a randomly
chosen speed towards a randomly chosen destination withibefined topology. But in
the scenarios implemented in this thesis, the molphtiyerns were defined such that the
nodes move in a specific desired direction but not rangoml order to assess the
credibility of the simulator, a test bed as descrilpeskction 3.2 was simulated in ns-2 as

shown in Figure 4.1.

Node ¥ [ Node
o 4 NC S e

4 Node O is in a
session with node 2

via node 1.

Figure 4.1 Simple mobility scenario without interference.

Each node begins the simulation by staying at the lipiiaition for a predefined
pause time. Node 2 then selects a target position araudel Iis initial position in the
simulated area and moves towards it with a speed of Z2&rsfeec, after a certain time
when node 2 is about to reach the vicinity of node 1, rbdgarts to move in the
direction of node 2’s initial position with a speed of inédters/sec. Both nodes repeat
this mobility behavior during the simulated period of 300 sdson

To analyze the effects of interference on AODV twenscios as shown in Figure
4.2 and Figure 4.3 were developed. In Figure 4.2, there are BRoti@ffic sessions, one
uses AODV (node 0 and node 2) and another is a normgbemee session (node 3 and

node 4). This scenario provides the basic performancAGBV under interference.
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Another scenario, as shown in Figure 4.3 has two CB&mesone between node 3 and
node 4 and another between node O and node 2. Both tleigsamse AODV. In this
scenario, the effects of interference with respectAODV can be analyzed. The
simulations for all the above scenarios were impldegmwhere in both the sessions try
to access the medium at same time; i.e when nodedttriaccess the medium at the

same instance node 3 also tries to access the mezhusing a collision.

é “““““““ Node 0 is in session with node 2
via node 1 or directly.

Node 3 is in session with node 4
(always_directcommunication).

Figure 4.2 Mobility scenario with interference (Traffic Pattet).

.Node

/NS e
Node 0 is in session with node 2 4 _____________

via node 1 or directly.

Node 3 is in session with node 4
(always_indirecttommunication).

Figure 4.3 Mobility scenario with interference (Traffic Patte?).
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The communication model is determined by four factors: bminof sources,
packet size, packet rate and the communication type. Thiy suses the CBR
communication type, which uses UDP as its transportopoht Throughout the

experiment the packet size is varied. Other simulgi@ameters are shown in Table 4.1.

Table 4.1. General simulation parameters.

Parameters Values

Radio Char acteristics Transmission range 250 meters

Wireless bandwidth 1 Mbits/sec
Communication M odel Traffic type Constant bit rate

Packet size Varying
Mobility Pattern Node speed 0 m/s — 5 m/s (walking speed)
Simulation Parameters Simulation time 300 seconds

Number of nodes and network area 5 nodes in an area 1000m 100
Routing and MAC Routing protocol AODV
Protocols MAC protocol IEEE 802.11

The results obtained from all the above scenariog weed to plot thhroughput graph
network signature graphnd thesaturation graph A detailed analysis of these results is

discussed in the following sections.

4.2 Simulation Results without | nterference

The main aim of this thesis is to extensively test Eadlhoc networks in real world
environment. But it is very difficult to conduct the expagnts for all possible cases, so

simulation was chosen to analyze the performance ANEIT without interference in

38



this section based on the simple mobility scenaribigure 4.1 and with the effects of

Throughput Graph

-3 Simulation
- AODV-UT

Througput
(Mbps)

1 1 1 1 1

) 1 1.2 1.4 1.6 1.8 2
Block Size 5
(hits) LY

Figure 4.4 Throughput graph to assess the credibility of the simulat

interference in the next section with the scenawbgrein interference is involved as
shown in Figure 4.2 and 4.3.

Care was taken to re-simulate the real world expermhestenarios, so as to
make a credible comparison. This comparison aims assasgeif the simulator follows
the same pattern of results as obtained from expeteandhroughput graph is used to
plot throughput versus block size. In Figure 4.4 the throughpsitaken in log scale. For

simulation and real world experiments the throughputesses steeply with the block
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size and saturates after certain block size. But the&mmam and maximum throughput
levels are different for simulation and experime@sth the simulation and experiment
saturate for almost the same block size.

For MANETSs to be commercially successful there eavy need to conduct real
world tests more frequently. But a simulator can be usedatee educated guesses about
the performance of the MANETs in many different scmsarThis would save the
researchers time and money. As observed from theisesuthined, there is a strong co-

relation between the parametric values obtained thelaiimns and the real world.

4.3 Simulation Results with I nterference

The scenarios depicted in Figure 4.2 and Figure 4.3, are usedlye the effects of
interference. Figure 4.2 is depicted as Traffic Patteand Figure 4.3 is depicted as
Traffic Pattern 2, for further analysis. Traffic Raitt 1 uses two CBR traffic sources, one
uses AODV for communication while the other one usesctilink. Traffic Pattern 2
uses two CBR traffic sources, both of which use AODVcmmmunication. In both the
Traffic Patterns each CBR packet in different sessice sent at the same time, i.e. in
Figure 4.2 and Figure 4.3 node 0 sends packet at the samestimaa 3. Another
simulation was also implemented where in node 0 sencleepat different time when
compared to node 3. This is implemented, to investigatesifpgrformance of AODV
degrades, when two nodes try to access the medium gathe time, because such a

scenario induces collisions.
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As seen from Figure 4.5 the throughput does not change mutttefoterference
in both the Traffic Patterns. But the throughput of Ticaffattern 1 is almost double that

of Traffic Pattern 2.

Thraughput Graph
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Figure 4.5 Throughput graph to analyze effect of interference arigicols.

The response time is almost the same for both cesefyr the CBR traffic sent
at the same time and different time. But the resptmserecorded for the Traffic Pattern
1 is about 0 to 30 ms less than that for the Traffi¢elPat2 as shown Figure 4.6. For
small packet sizes the response time is almost san®tb the Traffic Patterns, but as

the packet size increases the response time for TRdftiern 2 is more.
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Delay Analysis Graph
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Figure 4.6 Delay Analysis graph to analyze effect of interfeeeand collisions.

The results presented show that as the links using thBVA@crease the
throughput and response time decreases proportionally.eshis also show that even if
the packets are sent at the same time or at a diffenesn by two different nodes, it does

not really degrade the performance of AODV.
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Chapter 5

Conclusions

This thesis aims at evaluating MANET in real world enwiment. It is important to test
MANET in real world environment for its commercial uSée two implementations of a
MANET routing algorithm by Uppsala University (UU) and Univgrsof California,
Santa Barbara (UCSB) were compared. As seen from &@h8pthis comparison tells
that different implementation gives a substantialijedent performance even though the
trend is the same. In these particular implementstiose consider it is due to the affect
of unidirectional links in a MANET. The next step in thigesis was to compare the
performance of MANET in an indoor (building) /outdoor (parkiogy environment; so as
to assess effect of the real world obstacles on tARET protocol.

This thesis presents a unique approach to analyze themeanice of a MANET.
As observed from the results, the throughput graph, netwmkature graph and

saturation graph assist in choosing a suitable block ®izeMANETs. The route
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discovery time for MANETS is also analyzed. We atemducted a simulation study to
assess the credibility of the simulator. The expentalescenarios were simulated also in
ns-2 simulation environment. Later the effect of ireezhce and collisions on MANET
was investigated. For this purpose, two scenarios widrf@ring communication traffic
were developed and tested.

According to the experimental results, as shown inp@&ha3, the MANET
performance degrades considerably for indoor environmentsthftveghput for indoor
as well as outdoor environment gradually increases and séghditer a certain value of
the block size. The throughput for the outdoor environmedbibled almost for all the
block sizes, but the throughput does not saturate idehll,may be due to different
factors such as trees, birds, winds, etc. The meamciater the indoor environment is
almost 1.87 times that of the outdoor environment. Thel idiegk size seems to be
independent of the external factor and is entirely depgratethe implementation. So it
can be concluded that the performance of MANET degradasiderably in indoor
environment. Probably one solution to improve the performanto install a static node
running a MANET routing protocol in critical areas where performance degrades.

According to the results, as shown in Chapter 4, tiwra strong correlation
between the parametric values obtained for simulatimh experiments. For simulation
and real world experiments the throughput increases th@hblock size and saturates
after certain block size. Both the simulation and eixpent saturate for almost the same
block size. But the minimum and maximum throughput leveddéferent for simulation
and experiments. Since the main bases of the simslatevelopment are mathematical

equations, the simulation results may not be the seavad the experimental results. But
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we can definitely use the simulator to make educated guabses the performance of
the MANETs in many different scenarios, which would s#we researchers time and
money. So it can be concluded that ns-2 can be usedvelyito analyze MANETS

performance.

Future work

MANETSs prove ideal in military, emergency and rescue djperavhere in there is lack
of readily available communication infrastructure. Depehent of such applications
demands rigorous performance evaluation procedures incluektensive change in
environments and population of mobile nodes.

The current work is based on experimental procedures invobnhg3 mobile
nodes. Future studies could involve more number of nodes (3@80jarious scenarios

to the test the performance of MANETS, thus taking isetdo the real world.
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