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Abstract of Bachelor’s Thesis

A Proximity-based Routing Scheme for Multi-Hop

Wireless Networks

This thesis describes the design and implementation of a proximity-based routing protocol,
called OR2. OR2 is an adaptive route path tuning technique for wireless mobile ad hoc
networks. In OR2, active route paths adapt dynamically to node mobility without any link
failures based on the local link quality. Most conventional routing protocols accommodate
the change of network topology only when the link fails. Unless the movement of intermediate
nodes leads to any link failures, they cannot adapt to the network topology even if other
routes with less hop count become available. In contrast, OR2 skips the upstream node in
a prorimity area that indicates the nearness of two communicating nodes and continues to
shorten an active route as possible.

We have implemented OR2 as an extension to DSR on FreeBSD. Some simple experiments
demonstrate that OR2 is effective in enhancing TCP throughput and reducing end-to-end
delay for all relevant flows. Furthermore, we propose the two novel algorithms to generate the
realistic node mobility: the random oriented model and the random escape model. Simulation
studies for several scenarios of node mobility and traffic flows reveal that adding dynamic
path shortening to DSR and AODV significantly reduces the number of routing packets and

the packet latency in most cases.

Masato Saito

Faculty of Policy Management

Keio University
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Chapter 1

Introduction

1.1 Motivation

The recent growth in the number of wireless alternatives to gain access to the Internet
has been remarkable. These technologies enable desktops, laptops and hand-held Personal
Digital Assistants (PDAs) (e.g., Palm [22]) to gain access to information sources on the
Internet without any tethered connection. Figure 1.1 shows the current tendency of the

Internet access by several main devices in Japan [16].
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Figure 1.1: How the Internet is accessed.
Sources: Ministry of Public Management, Home Affairs, Posts and Telecommunications, Japan

The access by cell phones and Personal Handy-phone System (PHS [26]) handsets are

becoming increasingly popular. Furthermore, as the recent remarkable characteristic of



Japanese telecommunications, Figure 1.2 shows that the subscribers of the Internet Service
Providers (ISPs) for cell phones are much more than that of the main leading ISPs in Japan
[17]. Surprisingly, NTT DoCoMo already recorded 30 million subscribers on Dec. 25, 2001

[20].
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Figure 1.2: Subscribers of main ISPs in Japan.
Sources: Ministry of Public Management, Home Affairs, Posts and Telecommunications, Japan

Not only in Japan but in all the world, the number of mobile internet users are rapidly
increasing. These rapidly growing trends of the wireless internet access users are shown in
wireless LAN areas as well as in cellular phone areas. Currently, in wireless internet access
areas, there are a number of wireless access methods enabling the internet access even while
moving around. Figure 1.3 shows the examples (e.g., 802.11b [10], Bluetooth [30], IMT-
2000 [11]) and each characteristic position in the matrix of the covering mobility and the
raw bandwidth. We could expect that the advancement of technologies realize the high data
throughput and high node-mobility simultaneously in the near future.

When wireless devices are becoming ubiquitous around our environments, we believe that
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Figure 1.3: Positions of Wireless Access Systems

these wireless devices automatically connect each other and make the distributed novel type
of mobile networks called mobile ad hoc networks. Recently there has been a renewed
interest in the mobile ad hoc networks due to the common availability of relatively low-
cost laptops and palm-tops with wireless interfaces. The interest is also caused by growing
enthusiasm in running TCP/IP protocol suites in dynamic wireless environments without
specific infrastructures for emergency disaster situations after earthquake or a hurricane, or
the battlefield.

There are several scenarios where ad hoc networks are useful. One major application is a
military-use communication in a battlefield where a centralized configuration is difficult (e.g.,
in the enemy jungle). Another application is emergency communication in disaster areas. In
addition to these large-sized applications, we can use ad hoc networks when several people
have meetings with computers that are equipped with wireless interfaces. Also, it can be

interesting research for supporting intelligent transport systems and sensor networks.



However, since the network nodes are mobile, ad hoc networks will typically have dynamic
topology which will have serious effects on network characteristics. Network functions such
as routing, address allocation, authentication, and authorization must be designed to cope
with dynamic and temporary network topology. We should also think the mechanisms
to provide the Internet connectivity with mobile ad hoc networks. Additionally, wireless
network nodes will often be limited battery powered, which limits the capacity of CPU,
memory and bandwidth. This will require network functions that are resource effective.
Also, the wireless media will affect the behavior of the network due to fluctuating link
bandwidth resulting from relatively high bit error rates.

In this thesis, we identify and solve the fundamental problems of the routing protocols

not adapting node mobility in mobile ad hoc networks.

1.2 Challenges and Research Goal

As popularity for mobile computing increases, cooperative communications with wireless
devices are becoming an attractive technology. A key challenge to succeed in such com-
munications is adapting to node mobility. A mobile ad hoc network is a group of mobile
computing devices (nodes) which communicates with each other using multi-hop wireless
links. It does not require any stationary infrastructure such as base stations. Each node in
the network can act as both a host and a router forwarding data packets to other nodes.
One important issue for achieving efficient network resource utilization is to update route
information reactively depending on a change of network topology and connectivity. Since
node mobility in an ad hoc network causes frequent, unpredictable and drastic changes
to the network topology, it is especially important for communicating nodes to grasp the
change of the network topology and find an efficient route between two communicating

nodes. A number of research for mobile ad hoc networks has focused on the development



of their reactive routing protocols (e.g., DSR [3], AODV [25], LAR [15], SOAR [28]). The
key advantage behind reactive (on-demand) protocols is the reduction of routing overheads
so that on-demand routing protocols maintain only active paths to those destinations to
which data must be sent. Minimizing the routing overhead is effective in such a dynamic
environment of ad hoc networks due to limited available bandwidth, unpredictable nodes
mobility, battery outages, interference and high bit error rates.

These above on-demand routing protocols accommodate route changes only when an active
path is disconnected. They cannot adapt to the change of network topology even if another
route with less hop count becomes available by the movement of intermediate nodes unless
any link is disconnected. DSR protocol [3] only has the mechanism that shorten an active
path which is not driven by link failures but by overhearing packets by operating the network
interfaces in promiscuous receive mode. This promiscuous mode, however, requires greater
CPU cycles, power consumption and sending delay due to overheard packets. In contrast to
the conventional protocols, we propose Optimized Re-Routing (OR2) algorithm that tunes up
an active path adaptive to node mobility without any link disconnection based on Smoothed
Signal-to-Noise Ratio (SSNR) as a link quality value indicator. OR2’s adaptation to node
mobility leads to the reduction of a hop count and path delay which significantly improves
the performance of Transmission Control Protocol (TCP) flows.

Our research goal is that OR2 should have the improving effects in enhancing the
throughput and reducing end-to-end delay for all relevant flows (e.g., TCP, UDP,

etc) while the routing overhead incurred with OR2 being sufficiently negligible.

1.3 Structure of Thesis

The rest of this thesis is organized as follows.

Chapter 2 describes background material in the area of wireless networks and mobile ad



hoc networks, and some related work in dynamically adapting to node mobility in mobile
ad hoc networks. In Chapter 3, we discuss the design and the detailed description of our
OR2, and Chapter 4 explains the implementation of OR2 in the experimental networks and
in the packet-level simulator. In Chapter 5, we present the results and the analysis of several
experiments, and the improving effects of adding OR2 to DSR and AODV routing protocols.

Finally, in Chapter 7, we present our conclusions and discuss several future work.



Chapter 2
Background and Related Work

This chapter describes a summary and characteristics of wireless
LAN technologies. Next, We describe the overview of mobile ad
hoc networks and the four main routing protocols in mobile ad hoc
networks in detail. Then we discuss some protocols using link-state
information and the promiscuous mode as related work.



2.1 Wireless Technology

Foremost, let us review the overview of wireless networks. The wide range of wireless net-
works includes in-room Infrared networks, building-wide wireless LANs, campus-area packet
radio and wireless networks, metropolitan-area cellular wireless networks, regional-area wire-
less cable networks and broadcast satellite networks. These wireless networks are different
from each other in terms of maximum raw bandwidth, channel access mechanisms, link pro-
tocols, frequency, power and covering mobility. Among them, we regard the conventional

campus-area wireless LAN networks as the basis of our research target.

2.2 Wireless LAN Technology

This section describes wireless LAN technologies throughly. First, we present the overview
of wireless LAN technology and then describe several important wireless technologies related

to this thesis.

2.2.1 Overview

Wireless LANs are mainly in-room and in-building networks that provide maximum band-
width between 1 and 54 Mbps over a relatively small range. Examples of these include IBM’s
infrared, Lucent’s WaveLAN [21], IEEE 802.11b, IEEE 802.11a, Bluetooth, HyperLAN and
MMAC technologies as shown in Figure 1.3. Most of these operate in the unlicensed Indus-
trial, Scientific and Medical (ISM) bands at 915 MHz, 2.4 GHz and 5 GHz that have been
set aside by the national regulations for experimental purposes.

Below, we outline some related wireless technologies briefly.



2.2.2 CSMA/CA

CSMA/CA is the channel access mechanism used by most wireless LANs in the ISM bands.
For example, IEEE 802.11 [10] and WaveLAN [33] specifics use this mechanism. A channel
access mechanism is one part of the protocol which specifies how the node uses the medium.

The basic principles of CSMA /CA are listen before talk and contention. This is an asyn-
chronous message passing mechanism (connection-less), delivering a best effort service, but
no bandwidth and latency guarantee. The main advantages are that it is suited for network
protocol s such as TCP/IP, adapts quite well with the variable condition of traffic and is
quite robust against interferences.

CSMA/CA is derived from CSMA/CD (Collision Detection), which is the base of Ethernet.
The main difference is the collision avoidance : on a wire, the transceiver has the ability
to listen while transmitting and so to detect collisions (with a wire all transmissions having
approximately the same strength). But, even if a radio node could listen on the channel
while transmitting, the strength of its own transmissions would mask all other signals on
the air . So, the protocol cannot directly detect collisions like with Ethernet and only tries

to avoid them.

2.2.3 WaveLAN

WaveLAN operate in either the 902-928 MHz or the 2.4-2.8 GHz ISM license-free band.
WaveLAN employs a CSMA /CA MAC protocol and WaveL AN interface contains a standard
Intel 82593 single-chip CSMA /CD LAN controller, custom logic for signal processing and
modem control, and a custom radio transceiver. The transmitter applies DQPSK modulation
to a 2 megabit/s data stream, yielding a 1 megabaud signal. This signal is further modulated
by an 11 chip per bit sequence to produce an 11 MHz wide signal which is transmitted with

a power antennas and multiple incoming signal paths to combat multi-path interference.



2.2.4 IEEE 802.11

When 802.11 was eventually released, 1 and 2 Mb/s was no longer considered as decent
speed for Wireless LAN and people were already talking of using the 5 GHz band for higher
throughput. However, the migration from 2.4 GHz to 5 GHz requires to change all nodes
and does not provide back ward compatibility.

Therefore, people producing 2.4 GHz products tried to find way to extend the life of their
technology (mostly WaveLLAN). They cheated with the Spread Spectrum rules, and got away
with it, enabling them to offer 5 and 11 Mb/s systems.

Basically, a Direct Sequence (DS) system generate signal which occupies around 22 MHz
of bandwidth. They designed their 11 Mb/s system to generate signal similar to a standard
DS system.

Then, they went to the Federal Communications Commission (FCC) and claimed that
as their new system was generating the same type of signal as a DS system and its impact
on other systems in the band was the same, it should be authorized as well. After a bit
of negotiation, the FCC did accept this extension of the rule. Note that some Frequency
Hopping (FH) vendors also tried to get 5 MHz FH channels in the 2.4 GHz band but failed

to obtain it.

2.2.5 Wireless Network Characteristics

Networks based on wireless technologies have many characteristics in comparison to networks
based on more traditional technologies such as optical fiber, coaxial cable or twisted pair

wiring [8]. Wireless network characteristics can be summarized in two points:

e Wireless transmission are subject to interference from outside sources, absorption,

scattering, fading, and inter-symbol interference.

10



e Due to mobility or intermittent interference sources the error environment will also

change: Location dependent error occurrence.

2.3 Mobile Ad Hoc Networks

This section describes the overview of mobile ad hoc networks and previously proposed chief

routing protocols. Then, we discuss several related work profoundly.
2.3.1 Overview

A mobile ad hoc network is a group of mobile computing devices (nodes) which commu-
nicates with each other using multi-hop wireless links. It does not require any stationary
infrastructure such as base stations. Each node in the network can act as both a host and
a router forwarding data packets to other nodes.

One important issue for achieving efficient network resource utilization is to update route
information depending on a change of network topology and connectivity. Since node mobil-
ity in an ad hoc network causes frequent, unpredictable and drastic changes to the network
topology, it is especially important for communicating nodes to grasp the change of the
network topology and find an efficient route between two communicating nodes.

A number of research for mobile ad hoc networks has focused on the development of their
routing protocols (e.g., DSR [3], AODV [25], TORA [23], ZRP [9], OLSR [12], TBRPF [1],
LAR [15], SOAR [28]). These routing protocols can be classified into three types: pro-active,
reactive and hybrid. Pro-active protocols attempt to continuously evaluate the routes within
the network, so that when a packet needs to be forwarded, the route is already known and
can be immediately used. On the other hand, reactive protocols invoke a route determination
procedure on an on-demand basis. Lastly, hybrid protocols are mixture of reactive/pro-active

scheme.

11



Some comparisons between these different protocols have been published [4], [13]. Both
reported results based on simulations show that the reactive protocols perform significantly
better than traditional pro-active protocols (DSDV [24] and ZRP) in most situations. The
key advantage behind on-demand protocols is the reduction of routing overheads so that
on-demand routing protocols maintain only active paths to those destinations to which data
must be sent. Minimizing the routing overhead is effective in such a dynamic environment of
ad hoc networks due to limited available bandwidth, unpredictable nodes mobility, battery

outages, interference and high bit error rates.
2.3.2 Routing Protocols

We present the descriptions of the four remarkable proposed routing protocols for mobile ad
hoc networks. These routing protocols have been submitted to the Mobile Ad-hoc Networks
(MANET) working group [18] within the Internet Engineering Task Force (IETF). DSR and

AODYV are on-demand protocols, OLSR and TBRPF are pro-active protocols.

e DSR

The Dynamic Source Routing protocol (DSR [3]) is a simple and efficient routing proto-
col designed specifically for use in multi-hop wireless ad hoc networks of mobile nodes.
DSR allows the network to be completely self-organizing and self-configuring, with-
out the need for any existing network infrastructure or administration. The protocol
is composed of the two mechanisms of ” Route Discovery” and ”Route Maintenance”,
which work together to allow nodes to discover and maintain source routes to arbitrary

destinations in the ad hoc network.

The use of source routing allows packet routing to be trivially loop-free, avoids the need
for up-to-date routing information in the intermediate nodes through which packets are

forwarded, and allows nodes forwarding or overhearing packets to cache the routing

12



information in them for their own future use. All aspects of the protocol operate
entirely on-demand, allowing the routing packet overhead of DSR to scale automatically
to only that needed to react to changes in the routes currently in use. This document
specifies the operation of the DSR protocol for routing unicast IP packets in multi-hop

wireless ad hoc networks.
AODV

The Ad hoc On-Demand Distance Vector (AODV [25]) routing protocol is intended
for use by mobile nodes in an ad hoc network. It offers quick adaptation to dynamic
link conditions, low processing and memory overhead, low network utilization, and
determines unicast routes to destinations within the ad hoc network. It uses destination
sequence numbers to ensure loop freedom at all times (even in the face of anomalous
delivery of routing control messages), avoiding problems (such as ’counting to infinity’)

associated with classical distance vector protocols.
OLSR

The Optimized Link State Routing (OLSR. [12]) protocol is intended for mobile ad hoc
networks. The protocol is an optimization of the pure link state algorithm tailored to
the requirements of a mobile wireless LAN. The key concept used in the protocol is
that of multi-point relays (MPRs). MPRs are the selected nodes which forward the
broadcast packets during the flooding process. This technique substantially reduces the
packet overhead as compared to pure flooding mechanism where every node retransmits

the packet when it receives the first copy of the packet.

In OLSR protocol, the information flooded in the network 'through’ these multi-point
relays is also ’about’ the multi-point relays. Hence, a second optimization is achieved

here by minimizing the ’contents’ of the control packet flooded in the network. Hence,

13



as contrary to the classic link state algorithm, only a small subset of links with the
neighbor nodes are declared instead of all the links. This information is then used by
OLSR protocol for route calculation, and therefore the routes contain only the MPRs as
the intermediate nodes from Source to Destination. It results in providing the optimal
routes (in terms of number of hops), and hence another optimization. The protocol is
particularly suitable for the large dense networks as the technique of multi-point relays

works well in this context.
¢ TBRPF

The Topology Broadcast based on Reverse Path Forwarding (TBRPF [1]) is a pro-
active, link-state routing protocol designed for mobile ad-hoc networks, which provides
hop-by-hop routing along minimum-hop paths to each destination. Each node running
TBRPF computes a source tree (providing paths to all reachable nodes) based on par-
tial topology information stored in its topology table, using a modification of Dijkstra’s

algorithm.
2.3.3 Active Adaptation

Here, we discuss related work in active path shortening protocols.

Dynamic Source Routing (DSR) [3, 31] is an on-demand routing protocol which uses
aggressive caching and source routing headers to obtain the topology information. A DSR
node is able to learn routes by overhearing packets not addressed to it by operating its
network interfaces in promiscuous receive mode. This scheme also automatically shortens
the active paths as well as our OR2 scheme while sending data packets. The feature can
achieve the dynamic multi-hop path shortening, thus it leads the drastic improvement of
the packet latency. However, this scheme requires an always-active transceiver mode of

the network interfaces and more CPU cycles to process overheard packets, which may be

14



significantly power consuming. This is especially inefficient in environments where battery
power is a scarce resource. Also, because DSR does not take the link quality into account, it
possibly leads to inefficient and frequent route change and the great degradation of the link
quality.

Roy [28] presents the source-tree on-demand adaptive routing protocol (SOAR) based on
link-state information. SOAR incurs much less overhead of control routing packets than
DSR under various scenarios, ranging from high mobility to low mobility. SOAR also has
the mechanism to shorten the active paths, but it achieves that by periodically exchanging
link-state information in which a wireless router communicates to its neighbors the link
states of only those links in its source tree that belong to the path it chooses to advertise
for reaching destinations with which it has active flows.

As this partial topology broadcast algorithms exchange control packets of relatively larger
size including the minimal source tree, total byte overhead due to control packets has been
found to be 2 — 3 times more in SOAR compared to the previous ad hoc routing protocols
(e.g., even DSR). High control packet overhead is undesirable in low-bandwidth wireless envi-
ronments. Additionally, periodical exchanging messages could collide with the data streams,
thereby may degrading the performance. The mechanism to maintain and synchronize the
minimum source tree of its own neighbor nodes with the varying network conditions is fairly
complex and computational overhead.

In contrast to the above works, “OR2” does not lead to the weak-connectivity shortened
routes or inefficient frequent routes switching since it is based on local link quality, and
does not need periodic information advertisements or any overheard packets by making the
network interfaces promiscuous receiving mode. OR2 adapts effectively to node mobility
using local link quality in wireless ad hoc networks which are scarce bandwidth and battery

environment.
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Chapter 3
Design of OR2

This chapter describes the detailed design of OR2. First, we explain
some scenarios in which OR2 effectively shorten active paths. Sec-
ond, we introduce the notion of proximity to identify two near nodes
by using link quality and discuss deeply the link quality . Finally,
we explain OR2 protocol to perform active one-hop shortening in
detail and outline the simple multi-hop shortening scheme.
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3.1 Path Inefficiency

In a mobile ad hoc network, due to node mobility, we encounter a situation shown in Fig-
ure 3.1. In this case, we pay attention to node mobility without link disconnection. For such
node mobility, we possibly find the less hop route (i.e., direct hop route shown in Figure 3.1)

than the current route in use.

@
3'_\_\
i 2 3 1 2

Figure 3.1: Node 1 sends packets to Node 3 through Node 2. At the next step Node 3 moves
into the cell of Node 1 without link failures. Although Node 1 can directly send packets to
Node 3, Node 1 still sends packets to Node 3 through Node 2.

Figure 3.2: Node A sends packets to Node F in a multi-hop network. By using OR2’s
algorithm, Node D and E can shorten the path currently in use preserving the consistency
of the active path.

This scenario in particular is likely to occur frequently in the realistic environment with
pedestrian or slow vehicle speed in our daily life. However, the most of the previous routing

protocols cannot accommodate the change of network topology without any link failures.
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Thus, there exists the path inefficiency in respect to the hop count, network capacity and
power consumption while communicating with other nodes in an ad hoc network. We elimi-
nate the inefficiency by using local link information and the concept of prozximity in the next
section.

On the other hand, OR2 also finely accommodates large-scale and dense networks since
it is decentralized algorithm using local link quality information. Figure 3.2 shows a more
complicated scenario in which OR2 is tuning up the active path adapting to node mobility. In
the figure, some less hop routes are available in the active path from source to destination.
If each neighbor node simultaneously shortens the active path (in Figure 3.2 D—B and
E—C(C), it leads to the isolated routes and deadlocking. As a result, the active path from
source to destination is failed and the sender node must re-initiate a new route discovery.

We describe how to overcome this problem later.

3.2 Link Quality

It is desirable for a node on a path to determine whether or not it can shorten the path based
on some indicators of the quality of the link between the node and its neighbors on the path.
For such an indicator, we use the Signal-to-Noise Ratio (SNR) of the link associated with
receiving packets. By definition, SNR represents a channel condition and is expressed as the
ratio of signal to noise in electrical power. When the value of SNR becomes higher, the link
communication quality will also be relatively higher. However, it should be noted that the
SNR could change dynamically with a high frequency due to electro-magnetic effects.
From the point of view of measuring the link quality, OR2 uses a smoothed value of SNR in
a time domain. This value, Smoothed SNR (SSNR), can be computed using a weighted mov-
ing average technique as follows: ssnr = (1 — «) x old_ssnr + « * cur_snr, where cur_snr

and old_ssnr represent the value of SNR on receipt of a packet and the previously computed
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SSNR, respectively. The constant value of « is a filtering factor and is set to 1/8 in this
paper. It is because we could adapt to the large fluctuation of SNR and use a shift operation
in our experimental implementation. In OR2, the filter calculates SSNR whenever a node
receives the frames.

Below, we explain our assuming SNR model used in this work. In simulation experiments,
we use the theoretical analysis of SNR, on the other hand, we use our empirical analysis of

SNR in real experimental implementation.
3.2.1 Theoretical SNR Analysis

The signal power at any point is the sum of the main signal transmitted by the antenna in
addition to components of the signal that reflect off-of the surrounding features (multi-path
effect) [27] plus the thermal (receiver) noise. This resulting power is used as the basis of SNR,
which determines the probability of successful signal reception for a given frame packet.

To theoretically predict the received signal power of each packet, several radio propagation
models are proposed. Mainly, the three propagation models are generally used [27]: the free
space model, two-ray ground reflection model and the shadowing model. We present a
summary of them shortly. The free space model assumes the ideal propagation condition
that there is only one clear line-of-sight path between the transmitter and receiver, hence,

it basically represents the communication range as a circle around the transmitter.

_ PGG\

P = Coant (3.1)

where P, is the transmitted signal power. (G; and G, are the antenna gains of the trans-
mitter and the receiver respectively. L(L > 1) is the system loss, and A is the wavelength.

It is common to select G; = G, = 1 and L = 1 in ns2 simulator.

19



The two-ray ground reflection model considers both the direct path and a ground reflection
path. It is shown [27] that this model gives more accurate prediction at a long distance than
the free space model. In contrast, it does not give a good result for a short distance due to
the oscillation caused by the constructive and destructive combination of the two rays. At
the last,

The free space model and the two-ray model predict the received power as a deterministic
function of distance. They both represent the communication range as an ideal circle. In
reality, the received power at certain distance is a random variable due to multi-path propa-
gation effects, which is also known as fading effects. In fact, the above two models predicts
the mean received power at distance d. A more general and widely-used model is called the
shadowing model.

The shadowing model consists of two parts. The first one is known as path loss model,
which also predicts the mean received power at distance d, denoted by TM) It uses a

close-in distance dj as a reference. P,(d) is computed relative to P,(dy) as follows.

huy _(2) 52

[ is called the path loss exponent, and is usually empirically determined by field measure-
ment. From Equation. (3.1) we know that 3 = 2 for free space propagation. Table 3.1 gives
some typical values of 3. Larger values correspond to more obstructions and hence faster
decrease in average received power as distance becomes larger. P,(dy) can be computed from
Equation. (3.1).

The path loss is usually measured in dB. So from Equation. (3.2) we have
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Table 3.1: Some typical values of path loss exponent

Environment 154
Outdoor Free space 2
Shadowed urban area | 2.7 to 5
In building | Line-of-sight 1.6 to 1.8
Obstructed 4t06

Table 3.2: Some typical values of shadowing deviation o,p

Environment o4 (dB)
Outdoor 4 to 12
Office, hard partition 7
Office, soft partition 9.6
Factory, line-of-sight 3t06
Factory, obstructed 6.8
P,(d) d
[Pr(do)hB 108 log (d()) (3.3)

The second part of the shadowing model reflects the variation of the received power at
certain distance. It is a log-normal random variable, that is, it is of Gaussian distribution if

measured in dB. The overall shadowing model is represented by

d
X do)]dB = —1031log (d—0> + Xup (3.4)

where X,p is a Gaussian random variable with zero mean and standard deviation oyp.
og4p is called the shadowing deviation, and is also obtained by measurement. Table 3.2
shows some typical values of o45. Equation. (3.4) is also known as a log-normal shadowing

model.

21



The shadowing model extends the ideal circle model to a richer statistic model: nodes can

only probabilistically communicate when near the edge of the communication range. In our

simulation, we use the shadowing propagation model.
3.2.2 Empirical SNR Analysis

Let us consider the situation which two nodes approach each other. If the distance between
two nodes is associated with the SSNR of the link between the two nodes, one of the pair
can determine whether the other one is near the own position. In order to investigate this
assumption (i.e., the relationship between distance and SSNR), we transmitted a constant
rate UDP stream at 1 Mbps between two wireless nodes and changed the location of the
receiver. Fig.3.3 and 3.4 show the results. We found that the values of SSNR larger than

10 dB were stable enough for the threshold value (S,,4;). In these experiments we used the

WaveLAN NICs.
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Figure 3.3: SSNR vs. throughput Figure 3.4: SSNR vs. loss ratio

Next, we traced the relationship between SSNR and the communication distance in a
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wireless outdoor environment. This experiment was performed in our flat rectangular ground
(300m x 300m) with no obstacles or walls. Fig.3.5 shows the transition of SSNR as a function
of the distance. At small distance (< 10m), we have obtained the significantly increasing
values of SSNR. As we can see from the figure, the values of SSNR increase considerably
when the distance is smaller than 10m. In addition, even when the distance is farther than
10m, the values of SSNR monotonically decrease with respect to the distance. In this case,

we used the IEEE 802.11b NICs.
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Figure 3.5: SSNR vs. Distance

By deciding some optimal threshold value of the receiving SSNR, we can possibly estimate
the nearness of the other node. Thus we assume that some highly receiving SSNR value
indicate the nearness of the two nodes or the good condition of the link. In OR2, we
assumes that transmission power can not be varied and all nodes in an ad hoc network have

the same network interfaces.
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3.3 Proximity

To argue the “nearness” of two nodes more formally, we introduce the notion of proximity
based on the observation of the relationship between the distance and the SSNR between

two nodes. Let us define the following symbols.

e S(ap): The SSNR value observed at Node B for received data packets from Node A.
® S,u: A threshold value of SSNR.

e P(4): The proximity of Node A.

e R,;(A): The upstream adjacent node of Node A for flow f.

e R4(A): The downstream adjacent node of Node A for flow f.

We hypothesize that S4p) = S(ga). This is not impractical since homogeneous nodes are
assumed in many mobile ad hoc networks. We will discuss a case in which this assumption
does not hold in the future. If S4By > Smaz, Node B is said to be in the proximity of Node
A, or B € Py). Based on the above hypothesis, if B € P4), then A € P(p).

Let us assume that a flow traverses Node A, B, and C' in this order. This can be written
as A = Ry;(B) = Rus(Ruy(C)) = R%;(C). If C € Pp), there is a possibility that the path of
the flow can be changed: A = R,;(C). As shown in Figure 3.6, each node is associated with
its own proximity. When Node C moves to the proximity of Node B, Node A can directly
send data packets to C. This motivates us to design our scheme described in the next section.

In practice, we need a hysteresis mechanism around the threshold value to avoid oscillation.

3.4 Design of OR2: One-Hop Shortening

We set two design goals to OR2: reducing the hop count of a path, and minimizing the

number of additional control packets. The first goal is obvious in the context of the problem
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e Proximity of Node C

Proximity of Node A

Figure 3.6: Proximity of node

aforementioned. In addition to the first goal, we aim at a scheme that does not produce
many control packets. In particular, we do not allow transmission of control packets when
active flows do not exist. This is an important consideration for an ad hoc network since
nodes in the network need to reduce their power consumption.

We design a scheme in which control packets are transmitted only when a node determines
that a path should be changed based on the proximity. We call this scheme OR2. In designing
OR2, we made an assumption that each node in ad hoc networks has the original routing
information concerning upstream two-hop-away nodes. Since a node attempts to transmit
the control packet to the upstream two-hop-away node, the node needs to retain the route
information of its upstream two-hop-away nodes of the active flows as well as its neighbors.

Let us now explain the fundamental messages passed among three nodes. OR2 uses three
kinds of messages: OR2_REQ, OR2_REP, and OR2_RREQ); they are shown in Figure 3.7.
OR2_REQ and OR2_RREQ are newly generated control packets, while OR2_REP can be
piggybacked on a data packet. Let us assume that A = R,;(B) and B = R,;(C) for flow f

as shown in Figure 3.7.
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OR2_RREQ | Redirect Request tif(k) via Ruf(k) to shorten route

Figure 3.7: Three OR2 control packets

When Node C determines that it has moved into the proximity of Node B, it sends
OR2_REQ to Node A. The intent is to observe whether or not a packet can be directly
exchanged between Node A and C. Upon receipt of OR2_REQ, Node A sends OR2_REP to
Node C. Unlike OR2_REQ, OR2_REP is not sent as a single control packet. Rather, Node
A inserts it as a DSR option header into the data packet of flow f. Therefore OR2_REP
reaches Node A via Node B. By receiving OR2_REP, Node C knows that Node A can send
packets directly to Node C; Node C sends OR2_ RREQ to Node A to initiate a change of
route. The extra packets of OR2_REQ and OR2_RREQ may temporarily interfere with data
packets. However, the overhead incurred with the packets is still negligibly small compared
with an alternative scheme using HELLO messages.

There is concern about a race condition; simultaneous attempts by each adjacent nodes
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to shorten the same path may occur as shown in Figure 3.2. We solve this problem in a
way similar to TCP’s three-way handshake but in a more delicate way to handle mutual
exclusion. Considering the above problem, let us describe the protocol of OR2. The state
transition at node K of flow f is shown in Figure 3.8 and the handling of the race condition

is shown in the following Figure 3.9.

Received OR2 RRE®om Riif(k)
UpdateRdf(K) = shortening

Tir(r)1reout Received OR2_RRE®om Rdf(K)
=. Forward OR2_RREQ tBuf(K)

or

=" Timeout
OR2_REP_SENT) |
(OR2_REP_SENT) @Rz REP FWD

Received OR2 RE@om Réf(
Send OR2_REP tBii(K) via Ruf(K

(or2_ LISTED

SK RuK)) = Smax eceived Data Pack&bm Ruf(k)
Send OR2_REQ tRAH(K) Timeout UpdateRuf(K)
Timeou

@Rz REQ SEN OR2 RREQ_ SE@

Received OR2 RERom Rif(K) ViaRuf(K)
Send OR2_RREQ tuf(K) via Ruf(K)

Received OR2_ RERom Ruf(K)
Forward OR2_REP tBdf(K)

Figure 3.8: OR2 state transition diagram at node K

Let us assume that A = Ry (B), B = Ry (C), and C = Ry (D) for flow f. When Spcy > Smas,
Node C sends OR2 REQ to Node R;(C) (i.e., Node A) to locate the direct hop route. As
long as S(p¢y > Smas, Node C continues to send OR2_REQ every time OR2’s timer ex-

pires until Node C receives OR2_REP. Upon successful receipt of OR2_REP, Node C sends
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node K :
Received OR2_REQ, OR2_REP or OR2_RREQ

if (timeout)
goto OR2_LISTEN

else if (or2-state(,)&condition q))
exec action q)

else drop the message

Figure 3.9: OR2 solution of race condition

OR2_RREQ to Node A to ask for the redirection of the path of flow f. Upon success in the
above process, Node A can directly send data packets to Node C.

If we consider a case in which Node D is also attempting to make a short cut between
Nodes B and D, Node D sends OR2_REQ to Node B. When Node B receives OR2_REQ),
the state of flow f at Node B moves to OR2_REP_SENT. If there is an OR2_REP message
from Node A to C, it traverses Node B. When this OR2_REP message reaches Node B and
the state is OR2_REP_SENT, the message is discarded since the short cut between Nodes
B and C is on-going. Thus the short cut from Node B to C is prioritized. In contrast, if an
OR2_REP message from A to C reaches Node B ahead of an OR2_REQ message from B to
D, the state of B changes to OR2_REP_FWD and suppresses the short cut from Node B to

C.

3.5 Multi-Hop Shortening

In the previous section, we described the mechanism of one-hop shortening scheme. This
one-hop shortening algorithm is simply workable and can also continue to shorten an active
route as possible, not only one-hop route. However, multi-hop shortening scheme is ideally
the best way to optimize the active path than repeating one-hop shortening in such a case

as Figure 3.10.
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Figure 3.10: Typical Multi-Hop Shortening Scenario

Currently, we think that dynamic multi-hop shortening schemes may be realized only by
promiscuous listening mode. Thus, to perform multi-hop shortening, we cooperate OR2 with
DSR feature which overhears packets not addressed to it by operating its network interfaces
in promiscuous receive mode. This collaboration enables the routing protocols enhanced by
OR2 to conduct both the active (by OR2) and reactive (by the promiscuous mode) multi-hop
path shortcut. Presently, though this multi-hop shortening mechanism is only provided to
DSR protocol which has the feature operating by the promiscuous mode, other protocols
can also perform the multi-hop shortening if they can do the promiscuous listening.

However, this feature requires an active receiver in the nodes, which may be rather
power consuming. In networks were nodes have limited power the aim is to shut down
the transceiver as often as possible to conserve power. Thus, in this thesis we mainly pay
attention to the one-hop shortening scheme and show the remarkable benefit of our one-hop
shortening scheme, though we will perform the preliminary experiments and evaluation of

the multi-hop shortening scheme.
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3.6 Protocol Parameters

In OR2, the configurable protocol parameters are S,,,;, the threshold value of SSNR, which
determines whether OR2 performs the path shortening, and the time-out value of the state
for shortening active paths which affects the spacing between sending OR2_REQs. As to
Smaz, We typically set the value assuming wireless devices in the ISM bands (such as Lucent
WaveLANs) and to be conservative for the protocol performance. Also, determining this
value is dependent on what simulator we use.

On the other hand, we set the time-out value to three seconds considering some scenarios
in relatively large mobile ad hoc networks. This three seconds was determined by using a

number of heuristics from the real experiments and our simulation.
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Chapter 4

Implementation of OR2

This chapter describes the implementation of a proximity-based
routing scheme (OR2). We explain the management implementa-
tion of received signal power to envision a proximity area. Next,
we describe our implementation of OR2 as an extension to DSR
on FreeBSD OS. Last, we present the description of OR2 simulator
implementation and describe the implementation of our proposed
two node mobility generation models.
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4.1 Management of Link Quality State

We describe the implementation of local proximity checking mechanisms retrieving the SNR
value form wireless network interfaces.

We extended “wi” driver of IEEE 802.11b [10] wireless LAN cards to export the pairs of
the source IP address and the SSNR, which is supplied by the register on the interface cards
when a frame packet arrives, to the OR2 protocol layer ( in the /sys/i386/isa/if wi.c file).

Since the SNR value is retrieved every time a frame arrives, the SNR value accurately
reflects up-to-date link quality. Additionally, to control the oscillation of SNR values, we
computed Smoothed SNR (SSNR) using a weighted moving average technique as described in
the previous chapter. We compare the SSNR with S,,4; n times to initiate path shortening.
This n parameter is currently set to 10. Interestingly, the n parameter has the relatively

correlation to the frame data receiving rate. Figure 4.1 shows the or2_sigcache structure

which associates the IP address of R, (k) with the SSNR value.

4 ™
struct or2_sigcache {
char macsrc[6]; /* unique MAC address */
int ipsrc; /* IP source address */
int ssnr; /* Smoothed Signal-to-Noise Ratio */
}
\ /

Figure 4.1: or2_sigcache structure

Note that we need to modify the link layer frame routines of DSR to make use of the
standard link mechanisms, because Monarch DSR implementation uses the link broadcast

scheme to perform promiscuously listening.
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4.2 One-hop shortening

OR2 scheme was built on off-the-shelf wireless LAN technology. We have implemented
OR2 as an extension to DSR developed by the Monarch project [31]. Since the Monarch
DSR was implemented on FreeBSD 3.3-RELEASE OS platform with WaveLAN [21] driver
particularly, we have performed porting DSR to current FreeBSD 4.4-RELEASE OS. We
implemented DSR extended by OR2 on FreeBSD OS running on laptops as one of the kernel
protocol stacks.

More specifically, as control packets to initiate the shortening of active paths, we added
OR2_REQ, OR2_REP, and OR2_RREQ header options as one of DSR header option types:
/sys/dsr/ip6_opts.[h,c[. OR2_REP is always piggybacked on a data packet. Additionally,
we added some routines which send and receive OR2_REQ, OR2_REP, and OR2_RREQ
in /sys/dsr/dsr-output.c and /sys/dsr/dsr_input.c. Specifically, the DSR option header is
inserted following DSR header after IP header, followed by headers such as a transport layer
header. OR2 needs to hold the two state information of exchanging packets to shorten active
paths: the skipped node’s IP address and the shortening initiate node’s IP address (the first

OR2_REQ sender). Figure 4.2 shows the or2 reqThl structure which keeps the two state.

struct or2_seqTbl {
int32_t skipped; /* skipped node ip address */
int32_t xmit_at; /* OR2_REQ sender ip address */

Figure 4.2: or2_seqTbl structure

Also, OR2_REQ sender obtains IP address of the two-hop upstream neighbor from the
source routing header of receiving data packets. Since DSR is the source routing protocol,

we should report the changes of the active route to send GRATUITOUS_REPLY [3] to the
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source node when OR2 completes shortening of active paths. Furthermore, we implemented
the timer routine to reset the above states to compensate such cases as OR2 shortening
failures or incompletion due to dropping one of the three OR2 control packets, etc.

The pseudo-code summarizing the salient feature of our algorithm is shown in Figure 4.3.

This figure mainly depicts the action of the initiator which starts OR2’s procedures.

OR2 Notations:

is_reply() : Is this OR2_REP?

probe : Flag indicating probing now.

Smax : SSNR max threshold of Proximity.
Smin : SSNR min threshold for hysteresis.
conform() : Send OR2_RREQ for shorting route.
probe_route() : Send OR2_REQ.

Shortening path:

Each packet arrives

1 reply_flag = is_reply();

2 if (!reply_flag && probe)

3 return;

4 SSNR = calc_SSNR();

5 if (reply_flag && SSNR > Smin)
6 conform();

7 else if (SSNR > Smax)

8 probe_route();

9 probe++;

Figure 4.3: Pseudo-code of OR2

4.3 Multi-hop shortening

As discussed in the previous chapter, to perform multi-hop shortening, we only cooperate
OR2 with DSR feature which overhears packets not addressed to it by operating its network

interfaces in promiscuous receive mode.

4.4 Simulator Implementation

This section describes our implementation of OR2 adding to DSR and AODV, and the

realistic node mobility models we used in our simulations. We ran OR2 implementation in
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the ns-2 network simulator environment.

4.4.1 DSR Implementation Decisions

In contrast to the implementation on FreeBSD OS, we implemented the two protocols in
simulation: the fast shortening mode and robust shortening mode. The latter one is the
same as the scheme in real environments. In the former fast shortening mode, OR2 realizes
faster shortening at the cost of the completion probability of the shortening operation.
This scheme operates as follows. When a node enters the proximity area of his upstream
neighbor node, it sends OR2_REQ to the two-hop upstream neighbor node as the same way
in real implementation. However, the node which received the OR2_REQ promptly switch
the active route to directly forward data packets to the node which sent the OR2_REQ. Since
this scheme operates based on the optimistic policy, it cannot assure the consistency of the
shortening for the race condition problems as described in the previous chapter. Although
the performance of the fast shortening scheme were better than that of the robust mode in
preliminary some simulation scenarios, in the end, we chose the robust shortening scheme

policy as a conservative solution.

4.4.2 AODYV Implementation Decisions

To illustrate that OR2 is not specific to DSR protocol, we incorporated the dynamic path
shortening mechanism into AODV. The modifications we had to make for AODV were some-
what different than those incorporated for DSR. Specifically, data packets do not carry the
full source route in their header since AODYV is the distance vector routing algorithm. Thus,
the two-hop upstream neighbor is not available from their header. However, we can easily
cope with this problem to be forwarded OR2_REQ packets by the one-hop upstream neighbor

node. In other words, OR2_REQ packets travel two-hop journey via the upstream neighbor
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node as the intermediate node, instead of on-hop direct communication. In the intermediate
node, to distinguish own particular route, we needed the matching scheme based on the final
destination and the next hop node.

Also, AODV in ns-2 was implemented as a user-land application daemon, the final desti-
nation node cannot initiate the shorten route, unlike the cases in DSR. For comparison with
DSR based OR2, we chose to implement OR2 on AODV-LL (Link Layer) [4] using only link
layer feedback from 802.11 as in DSR, completely eliminating the standard AODV Hello

mechanism.

4.4.3 Realistic Node Mobility Models

To investigate how OR2 scheme perform in the realistic node mobility pattern, we proposed
the two node mobility models: the “random oriented model” and “random escape model”.
These models are based on the the random way-point model [14] used in most of the previous
simulation research.

In the random way-point model, each node begins the simulation by remaining stationary
for pause time seconds. It then selects a random destination in the specified field space and
moves to the destination at a speed distributed uniformly between 0 and some maximum
speed. On reaching the destination, the node pauses again for pause time seconds, selects
another destination, and proceeds there as previously described, repeating this behavior for
the duration of the simulation.

In contrast, our two node mobility model generate more realistic movement patterns. The
random oriented node mobility is assuming people pursuing something (e.g., peace, money,
hope, etc) or attracted something(e.g., gravity, power). On the other hand, the random
escape model is literally assuming people are escaping from something (e.g., disaster, ghost,

etc).
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More specifically, we explain these models. In our proposed models, mobile nodes are
classified into two types: CORE NODES and ORIENTED or ESCAPE NODES. CORE NODES
move around the simulation field based on the random way-point models accurately. The
other side, ORIENTED NODE select one destination from the destinations of CORE NODES
instead of a random destination and pursue one CORE NODE at a speed distributed uniformly
between 0 and some maximum speed (not all people require money). If one ORIENTED NODE
reaches the selecting destination, then it selects another destination among that of CORE

NobDEs. Figure 4.4 shows the snapshot of the random oriented model.

@ Core NodesO Oriented Nodes

9
9<\O

oa\oo © (2

Figure 4.4: Snapshot of Random Oriented Model

In the random escape model, ESCAPE NODES desperately leave from one particular CORE
NobDE. EscAPE NODES select the exact opposite side destination to the particular destina-
tion of one Core Node. By the random escape model, we consider human mobility in the
situations as disaster to where ad hoc networks expect to apply. Figure 4.5 presents the

snapshot of the random escape model. Note that, when the node mobility file is generate,
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we specify the ratio of ORIENTED NODES or ESCAPE NODES to CORE NODES as one ar-
gument. If the stated ratio is 0.0, the generated node mobility pattern is accurately based

on the random way-point model.
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Figure 4.5: Snapshot of Random Escape Model
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Chapter 5

Performance Evaluation

In this chapter, we show the experimental results of OR2 and de-
tailed simulation results. In the first evaluation, we build a small
wireless ad hoc network and perform several preliminary experi-
ments. Next, we simulate OR2 on several large mobile topologies to
qualify the scaling behavior of OR2 in Network Simulator (ns2) [32].
In addition, to study how OR2 scheme perform in realistic node mo-
bility patterns, we measure the effectiveness of OR2 using our two
practical mobility models.
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5.1 Experiments in Real Environments

In our experiments, mobile nodes are Pentium-based laptop computers running FreeBSD
4.4 and equipped with a MELCO IEEE 802.11b wireless network card. We installed DSR
and OR2 in these nodes and conducted two preliminary experiments: measurement of the
latency in re-routing paths, and quantification of improving TCP throughput by reducing

the number of hops.
5.1.1 Latency

To observe the overhead associated with path shortening, we conducted five trials of path
shortening among three nodes, Nodes A, B, and C. Node A sends UDP packets continuously
to Node C via Node B. For comparison, we measured the round-trip time (RTT) from C to
A. The result of measuring the RTT is shown as “Ping” in Figure 5.1.

To create the situation of path shortening, we moved Node C close to Node B. We measured
the duration from the time at which Node C sent the first OR2_REQ message to the time at
which Node C received data packets directly from Node A. As observed in Figure 5.1, the
overhead incurred with the exchange of OR2’s messages is sufficiently small; it is less than

5 ms.

5.1.2 TCP Throughput vs. Number of Hops

We also examined the relationship between TCP throughput and the number of hops. We
used netperf [19] to send TCP flows. Figure 5.2 shows the obtained results. As seen in the
figure, the TCP throughput dramatically decreases as the number of hops increases from 1
to 2. It is also observed that TCP throughput decreases monotonically with the number of
hops. Therefore reducing the number of hops performed by OR2 will leads to significant

improvement in TCP throughput.
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Figure 5.1: Network delay (ping) and latency time of OR2 to shorten an active path over
two-hop route

5.2 Detailed Simulation

In this section, we present the results of our simulation comparing the performance of DSR,

AODV, DSR and AODV extended by OR2. We verify the effectiveness of OR2.

5.2.1 Simulation Model

We use a detailed simulation model based on ns-2 in our evaluation. On ns-2, the Monarch
research group in CMU developed support for simulating multi-hop wireless networks com-
plete with physical, data link and MAC layer models [4]. The distributed coordination
function (DCF) of the IEEE standard 802.11 for wireless LANSs is used as the MAC layer.
The 802.11 DCF uses Request-to-Send (RTS) and Clear-to-Send (CTS) control packets [2]

for “unicast” data transmission to a neighboring node. The radio model uses characteris-
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tics similar to a commercial radio interface, Lucent’s WaveLAN [21, 33]. WaveLAN is a
shared-media radio with a nominal bit-rate of 2 Mb/sec and a nominal radio range of 250
meters.

The routing protocol model handles all data packets transmitted or forwarded, and re-
sponds by invoking routing activities as appropriate. The ROUTE REQUEST (RREQ) pack-
ets are treated as broadcast packets in the MAC. RouTE REpPLY (RREP), ROUTE ERROR
(RERR) and data packets are all unicast packets with a specified neighbor as the MAC
destination. DSR and AODV protocols detect link breakage using feedback from the MAC
layer. A signal is sent to the routing layer when the MAC layer fails to deliver a unicast
packet to the next hop. In this evaluation, no additional network layer mechanism such as
HELLO Messages [25] is used.

Table 5.1 and 5.2 provide all the simulation parameters of both protocol extended by OR2.
These parameters are remained default parameters of ns-2 current distribution except OR2

parameters.
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Table 5.1: DSR Simulation Parameters

Time between retransmitted Route Requests (exponentially backed off) 500 ms
Size of source route header carrying n addresses 4n + 4 bytes
Timeout for non-propagating search 30 ms
Time to hold packets awaiting routes 30 s
Max rate for sending gratuitous Replys for a route 1/s
Max rate for sending OR2 Request for a route 3/s
Table 5.2: AODV-LL Simulation Parameters
Time for which a route is considered active 50 sec
Lifetime on a Route Reply send by destination node 1 sec
Number of times a Route Request is retried 3
Time before a Route Request is retried 10 s

Time for which the broadcast id for a forwarded Route Request is kept | 6 sec

Time for which reverse route information for a Route Reply is kept 10 sec
Time before broken link is deleted from routing table 3 sec
MAC layer link breakage detection (Hello Packets OFF) yes
Max rate for sending OR2 Request for a route 3/s

Traffic and mobility models

Traffic and mobility models use similar to previous published results using ns-2 ([4], [13],

[6]) for appropriate performance comparisons. Traffic sources are CBR (constant bit rate).

The source and destination pairs are spread randomly over the network. Only 512 byte date

packets are used. The number of source-destination pairs and the packet sending rate in

each pair is varied to change the offered load in the network.

The mobility model uses the random way-point model, our proposed random oriented

model and random escape model in a rectangular area. One field configurations are used

- (i) 1500m x 300m field with 50 nodes. Thus, each node starts its travel from a random

location with a randomly chosen speed (uniformly distributed between 0—20 m/sec except in
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the random escape model). We vary the pause time, which affects the relative speeds of the
mobile nodes; in this thesis, we used the following pause times (0, 30, 60, 120, 300, 500 [sec]).
Simulation are run for 500 simulated seconds for 50 nodes. Each data point represents an
average of five runs with identical traffic models, but different randomly generated mobility
scenarios. For fairness, identical mobility and traffic scenarios are used across protocols.

In all the below experiments, we assumed that the useful range of proximity should be

restricted below S,,,; = 0.000008 obtained from our preliminary analysis and experiments

of SNR.
5.2.2 Light Traffic Loads

First, we perform experiments using the light traffic loads to study the behavior of OR2
added DSR and AODV. For the 50 node experiments we used 10 traffic sources and a
packet rate 4 packet/sec. We found that OR2 improves the end-to-end delay as expected
and reduces the routing control packet overhead effectively (see Figure 5.3, 5.4 and 5.5).
However, in the packet delivery ration (PDR), OR2 loses about 5 - 10% packets. While we
are currently working the accurate reason of lost packets, we think that the reason is by the
failures of the path shortening. In Figure 5.5, note that the packet delivery fractions for
DSR are more than 100 %, we think that it may be caused by the retransmissions of data

packets performed by DSR protocol.
5.2.3 Heavy Traffic Loads

Here, to stress the traffic loads to OR2, we used 30 traffic sources. The other configuration
parameters are the same as the above the light traffic load experiments. In Figure 5.6, 5.7
and 5.8, we can see that DSR with OR2 achieves the significantly reduction of the packet

delay and routing overhead. Additionally, in contrast to the first simulation experiment, DSR
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with OR2 has the high performance of PDR. However, AODV with OR2 does not show the
improved performance as salient as DSR with OR2. We think that one of the reasons is the
potential feature of AODV protocol; AODV node holds many state information and uses the
timer-based routine frequently. Hence, under high node mobility, AODV may not operate
normally. In fact, such the simulation results were pointed out in the previous research

work [4, 6].
5.2.4 Realistic Mobility Model

To study the performance of OR2 under the high node mobility, we proposed two novel
realistic node mobility. These node mobility generate some network congestion points and

network partitioning areas reasonably.

Random Oriented Mobility Model

This model typically makes several network and node congestion points. Thus, we can
assume the effectiveness of the active shortening in such a area. In Figure 5.9, 5.10 and 5.11,
we can see that the improved delay reduction is significant. To generate heavy mobility
loads, we have set the ratio of oriented nodes to core nodes to 0.8 (i.e., in 50 mobile nodes

case, the number of oriented nodes is 40) .

Random Escape Mobility Model

In turn, this model makes some network partition areas intentionally. Thus, mobile ad hoc
nodes suffer from frequently link failure and relatively speedy node mobility. As Figure 5.12,
5.13 and 5.14 show, AODV protocol degrade its performance in the case. However, OR2
improved the performance of such a protocol as AODV. In this case, we used the ratio of

escape nodes to core nodes to 0.8.
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Chapter 6

Conclusions and Future Work

We conclude this thesis with a summary of our contributions and
directions for future work.

We have proposed OR2, an adaptive path tuning algorithm for mo-
bile ad hoc networks. While most other proposed routing protocols
have no dynamic path routing mechanisms, OR2 shortens an active
path adaptive to node mobility by using the notion of prorimity.
OR2 has shown its impressive effectiveness in reducing the routing
overhead and the end-to-end packet delay. We can also conclude
that our dynamic path shortening scheme is general and can be
used with other routing algorithms and optimizations to them.

We are currently working on providing the multi-hop path shorten-
ing and also plan to make the experimental routing protocols based
on signal quality metric.
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6.1 Summary and Contributions
We have argued the several points as our contributions in this thesis.

e Most conventional routing protocols do not adapt to node mobility.

Most previously proposed routing protocols in mobile ad hoc networks identify node
mobility as link failures. In other words, they adapt to topology changes only when an
active path is disconnected. Also, they cannot detect the nearness of communicating

nodes. It does not say that these protocols are truly suitable for node mobility.
e OR2 dynamically shortens the active path using the proximity.

In OR2, the active path adapts dynamically to node mobility based on local link
quality not triggered only by link failures. OR2 skips the upstream neighbor node in a
prozimity area that indicates the nearness of two communicating nodes, and continues
to shorten an active route as possible. There is no need to exchange periodic control

information such as HELLO messages.

e Previously proposed routing protocols were effectively extended by OR2.
As a case study, we extended conventional DSR and AODV to accommodate the
dynamic path shortening mechanism. Since these two protocols are on-demand routing
approaches, OR2 efficiently enhances the performance of them due to negligible routing
overhead of OR2.

e OR2 significantly reduced the routing packet overhead and packet latency.
The experimental results have shown that OR2 is effective in enhancing TCP through-
put and reducing end-to-end delay for all relevant flows. This scheme achieved a sig-
nificant reduction of a path delay while the links are still active. Similarly, simulation

studies for several scenarios of high node mobility and traffic flows have revealed that
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adding dynamic path shortening to DSR and AODV significantly reduces the number

of routing packets and the packet latency in most cases.

OR2 enabled more effective multi-hop shortening using the promiscuous

mode.

DSR has the feature which realizes multi-hop shortening by overhearing packets not ad-
dressed to oneself by operating network interfaces in promiscuous mode. Cooperating
with this feature as a supplement mechanism, OR2 greatly enhanced the performance

of multi-hop shortening in most scenarios of various node mobility.
We proposed the two realistic node mobility models.

In most previous simulation research of ad hoc networks, simulated nodes move accord-
ing to the random way-point model [14]. This model generates the random movement
of nodes based on a random destination and a speed distributed uniformly between 0
and some maximum speed. In order to investigate how OR2 scheme perform in more
realistic movement pattern, we proposed the two node mobility models: the “random
oriented model” and “random escape model”. These model generate the movement
patterns assuming people pursuing something (e.g., dreams, love, power, etc) and es-

caping from something (e.g., a fire, disaster, due date, etc).
We experimented in real world environments and by simulation .

Most of ad hoc routing protocol proposals are evaluated through simulation, although
a few of them through real environment. We have implemented OR2 as a extension
to DSR on FreeBSD OS and experimented in some simple scenarios. We believe that

evaluations of ad hoc routing protocols are incomplete without real-world experiments.
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6.2 Future Directions

We are currently working on examining much more effects of our multi-hop shortening
schemes with tapping network interfaces while taking into account its influences to power con-
sumption. Ideally, we believe that dynamic multi-hop shortening schemes without promis-
cuous listening is the better approach for power saving.

We also need to analyze the decision of the SSNR threshold S,,,, value and the comparing
frequency because these factors have important impact on its effectiveness of OR2. Although
we consider devices operating in the ISM bands (such as Lucent WaveLANs or IEEE 802.11b
wireless LAN cards) in this thesis, we hope to choose a flexible signal threshold value since
signal power of received packets is dependent on what wireless devices are used.

In addition, we are now working to extend the ns2 network simulator to accurately model
the physical layer behavior of the IEEE 802.11b and 802.11a wireless LAN standard [29], so
that we can simulate environments of the wireless raw bandwidth from 11 Mbps (802.11b)
to 54 Mbps (802.11a).

We also plan to add OR2 to Optimized Link State Routing (OLSR [12]) and Topology
Broadcast Reverse Path Forwarding (TBRPF [1]) and evaluate its effectiveness. Compared
with DSR and AODYV, these two protocols assume larger scale ad hoc networks by using
multi-point relays (OLSR) or pro-active link-state source tree computing (TBRPF).

We are presently building a blending testbed network of ad hoc networks and sensor
networks. We use some operational PDAs (iPAQs [5] running Linux) in the testbed and will
make such working testbed network around our office and campus as experimental multi-hop
wireless networks. We also plan to make the novel experimental routing protocol based on
signal power for the blending network. While signal stability based adaptive routing (SSA)

protocol already was proposed [7], our planning routing protocol is based on signal strength
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and supplemental location information using the Global Positioning System (GPS) in the

real world.
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