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Abstract

Delay Tolerant Network (DTN) is emerging as a solution for supporting data
transfer in intermittently connected networks. In DTN, to cope with long discon-
nections, messages are buffered for a long period of time. Thus, according to the
queue management the performance can be affected significantly. Power is also a
scarce resource in DTN. Energy can be saved by putting mobile nodes into sleep
during long delayed connections. In this thesis, a Medium Access Control (MAC)
protocol that supports adaptive sleep scheduling of a mobile node is proposed.
Based on the MAC layer operation, an adaptive power management framework
is developed. The framework considers power saving and buffer management to-
gether in order to minimize power consumption while minimizing the performance
degradation of buffer management for the mobile node. Variations of the perfor-
mance of a traffic source node which are affected by diverse network parameters

are also investigated.
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Chapter 1

Introduction

In the past decade, there has been an extraordinary growth in wireless commu-
nications due to the advantages of providing great flexibilities in our everyday
lives. The growth has been accelerated with the development of wireless network
infrastructures, applications, and mobile devices. On the other hand, recent tech-
nology advancements enable new services and thus impose new requirements on
system capabilities that were not taken into consideration in the development of

the current 3G system design.

Not to limit the service availability in infrastructured areas, wireless networking
has to be provided where infrastructure is not available. High mobility has to
be fully supported for the network transparency, such as dynamically changing
network addresses and device locations. Various wireless networks need to be inte-
grated in order to provide seamless wireless services. Very high data transmission
speed has to be supported in order to enable multimedia services on mobile de-

vices. Battery power has to be extended to support enhanced portability. To meet



these new requirements and overcome the limitations and problems of current 3G
systems, new architectures and capabilities are needed for the next-generation

wireless systems.

Recently, many research efforts have been devoted to extending the services to
challenged environments such as deep space, disaster areas, highways, sensor fields,
battle fields, and rural areas. Ad hoc wireless networking is a technology that
enables wireless services to be provided in these situations. This ad hoc technology
allows network nodes to communicate directly to each other without any fixed
infrastructure. This is a very distinguishing feature of ad hoc networks with
respect to the traditional wireless networks, such as cellular networks and wireless
LAN, in which nodes communicate with each other through base stations. Due to
its non-infrastructure nature, ad hoc networking, including both fixed and mobile
scenarios, is expected to become an important part of the future wireless network

architecture.

Mobile Ad hoc Network (MANET) is a transient network formed dynamically by
a collection of arbitrarily located wireless mobile nodes without the use of existing
network infrastructure or centralized administration [1]. In MANET, nodes can
directly communicate with each other if they enter into each other’s communica-
tion range. In addition, MANET provides multihop communication inside a group
of mobile nodes. However, end-to-end connectivity is not a natural property of
MANET. As the nodes are mobile, the network structure changes dynamically
and this may lead to undesired situations of nodes becoming disconnected from

parts of the network. High nodes mobility makes hard to establish and maintain



multihop routes, resulting in low performance. The traditional store-and-forward
routing protocols cannot be employed in highly disconnected ad hoc networks.
In traditional MANET nodes are assumed to be deployed dense enough to pro-
vide end-to-end paths among source and destination nodes and node mobility
is assumed to be low. While this approach provides a way to deliver data fast,
deploying a dense network could be unnecessarily expensive or even not allowed
in challenged environments. Differently from other wireless ad hoc networks,
MANET has faced, until now, poor commercial deployment despite of the signif-

icant amount of research work.

Delay Tolerant Network (DTN) is emerging as a solution for supporting asyn-
chronous data transfer in such intermittently connected networks. Applications
of such networks can be found in disaster relief networks, rural networking, envi-
ronmental monitoring networks, vehicular networks, and interplanetary networks
2][3][4][5]. On the other hand, there are many challenges that must be addressed

before DTN is put into practice.

1.1 Motivation

As in other wireless mobile communication architectures, power is a scarce re-
source for many DTN architectures. The capacity of the battery determines how
long the device can be used before replacing or recharging the battery. Unlike
other network architectures, DTN is characterized by frequent disruptions and
disconnections between nodes. However, existing routing protocols in DTN as-

sume radio is always turned on where nodes waste energy during idle modes. Many



researches have been conducted on power saving methods in wireless networks,
such as 802.16 and MANET. However, there have been limited studies addressing
the mechanism of power saving in DTN. Therefore, considerable savings in energy
can realized by putting mobile devices into sleep during long delayed connections

and when frequent connection is not necessary.

The major issue in designing power management for DTN is that a node needs
to determine when it must communicate with other nodes, so that it can sleep
during the rest of the time. The effect of power saving is even more pronounced
in DTN than in MANET. The main assumption in MANET is that nodes are
deployed densely enough to form a connected network most of the time while a

network may become partitioned for a long time in DTN.

Another important issue in DTN is queue management. In DTN, to cope with
long disconnections, messages are buffered for a long period of time. However, the
assumption of availability of infinite buffer is not realistic. So, in this thesis the
buffer size available at each node is limited . This implies that at certain point of
time buffer capacity will be reached and messages arriving after that time will be
dropped. Thus, according to the queue management employed, the performance

of network could be affected significantly.

Along with the important issues in DTN, there are several important parameters
that greatly affect network performance. An important parameter of DTN is the

so-called contact opportunity between nodes. Two nodes are said to be in contact



if they are within transmission range of one another and thus packet exchange
between them is possible. The duration of a contact impacts the performance
under such a networking approach. Another key factor for the performance is the
inter-contact time, which is defined as the time duration between two consecutive
contacts of node pairs. The number of neighbor nodes in the radio range of a node
is also important since it affects the message transmission rate and connection
availability in MANET as well as in DTN. These parameters, such as contact
opportunity, inter-contact time, and number of neighbor nodes affect the queuing
performance of nodes and mainly depend on the mobility of the nodes. The
mobility of the nodes can be characterized by network parameters, such as radio

transmission distance of a node, node speed, and node density in the networks.

In this thesis, an adaptive power management framework is developed that con-
siders power saving and buffer management together in order to minimize power
consumption while minimizing the performance degradation of buffer manage-
ment for a mobile node. Diverse variations of the performance of DTN are also

investigated, which are affected by network parameters described above.

The power consumption can be reduced by employing proper methods for dis-
covering contacts. In DTN structure, a periodically broadcasted beacon signal
is used for a mobile node to find the contact of source node or destination node.
Therefore, energy can be saved by putting mobile nodes into sleep during the time
nodes are not in the contact range of traffic sources or destinations. The adaptive
power saving mechanism is based on sleep scheduling of mobile nodes in Medium

Access Control (MAC) layer that determines when a mobile node should switch



between active and inactive states. The choice of sleep interval also affects the
performance of the protocol since tradeoffs exist between power consumption and
contact discovering probability, and the effects are resulted in the performance of

buffer management.

1.2 Thesis Contributions

In the following, we describe the main contributions of this thesis:

e A MAC protocol that can support adaptive sleep scheduling of a mobile
node is proposed. The MAC protocol describes when a mobile node starts
to sleep or when it is awake; how long the node keeps sleeping; and, how the
node communicates with the source or the destination node. The mechanism
includes three different sleep interval scheduling schemes with two different
channel access scheduling schemes. Based on the MAC layer operation,
an adaptive power management framework is developed. The framework
considers power saving and buffer management together in order to minimize
power consumption while minimizing the performance degradation of buffer

management for the mobile node.

e The proposed sleep interval scheduling schemes are analyzed to investigate
the relation between power saving and queueing performance of a mobile
node. In the analysis, three-dimensional discrete time semi-Markov chain is
considered for the mobile node’s location, buffer level of the mobile node,
and the stage of mobile node’s operating mode. Through the model, the

impact of sleep scheduling and traffic rate on power saving, packet loss,



delay, and throughput is investigated.

e The performance of a traffic source node for the proposed MAC protocol
is analyzed by an embedded Markov chain. Two-dimensional discrete time
semi-Markov chain is considered for the number of mobile nodes in the con-
tact area of source node and buffer level of the source node. Through the
numerical example, the impact of MAC parameters, node mobility, and traf-
fic rate on packet loss, delay, and throughput is investigated. In addition,
admissible buffer size of source node and admissible mobility parameters
of mobile nodes that satisfy QoS requirements are determined. From the
results of the analysis of mobile node and source node, the end-to-end per-

formance of DTN is also investigated.

e Finally, in order to reflect more realistic network environment in our perfor-
mance analysis, the details of DTN parameters are investigated. The node
arrival rate, node’s contact time, and inter-contact time from node’s mobility
parameters, such as radio transmission distance of a node, node speed, and
node density in the networks are derived. Then, for tractable use in analysis
the parameters are expressed as Phase Type (PH) model. The performance
of a mobile node using this general model is analyzed and compared with

the results using exponential expression of contact and inter-contact time.

1.3 Organization of the Thesis

The rest of the thesis is organized as follows: We summarize related works in

chapter 2. In Chapter 3, we describe proposed power saving and MAC scheme



with performance analysis of a mobile node. In Chapter 4, we analyze the queueing
performance of a source node for the proposed MAC scheme. We state derivation
of the node arrival rate, contact time, and inter-contact time in chapter 5. In
this chapter, we also evaluate the performance analysis of a mobile node using
general PH parameter model. Finally, we summarize the results of this thesis and

discusses the future works in chapter 6.



Chapter 2

Literature Review

2.1 Examples of DTN Scenarios

Burgess et al. [2] introduced a vehicular network made up of 30 buses equipped
with 802.11b wireless interfaces and GPS devices. The objective of the network
is to provide real DTN test bed for experimental and research studies. The buses
move on regular trajectories on campuses and surrounding areas. When two buses

pass near each other, they transfer data to each other.

Juang et al. [3] designed ZebraNet as a wireless sensor networking architecture to
support wildlife tracking for biology research. In ZebraNet, the network consists
of sensor collars that are attached to zebras, and log movement patterns of the
zebras. Research base stations mounted on cars which move around sporadically
monitor the data from these movements. When two zebras meet, the correspond-
ing sensors exchange collected data for a potential data delivery back to research

base stations.



Brewer et al. [4] proposed DakNet. DakNet is a wireless ad hoc network that
has the capacity to provide asynchronous Internet access to remote rural residents

using motorcycles and buses to carry users email and web search messages.

Burleigh et al. [5] introduced Inter-planetary network (IPN). IPN is a deep space
network of regional Internets. An example of regions includes the terrestrial In-
ternet as a region or a ground-to-orbit region. IPN aims to achieve end-to-end
communication through multiple regions in disconnected, variable-delay environ-

ments.

2.2 Routing in DTN

Jain et al. [6] introduced and modeled an architecture of a sparse network con-
stituted by fixed sensors and extended by mobile nodes called MULEs (Mobile
Ubiquitous LAN Extensions). The MULE architecture involves a very simple and
extremely lightweight data routing protocol for the sensors because sensors are
the bottleneck of the system. The MULE architecture does not require any syn-
chronization or location information. MULEs move in the network area according
to a random mobility model. Their task is to collect data from sensors, buffer
them and drop them off later to a set of fixed base stations representing data

sinks.

Zhao et al. [7] introduced a controlled-contact routing mechanism that is based
on a proactive approach. The approach is termed proactive in the sense that
the trajectories of the special mobile nodes, termed as message ferries (MF), are

already determined and fixed. Under the assumption of mobility of network nodes,

10



the authors consider two schemes of messages ferries, depending on whether nodes
or ferries initiate the proactive movement. In the Node-Initiated Message Ferrying
(NIMF) scheme, ferries move around the area according to known routes, collect
messages from the nodes and deliver the messages later to their corresponding
destinations. In the Ferry-Initiated Message Ferrying (FIMF), the ferries will

move upon service requests to meet the nodes.

Vahdat et al. [8] proposed an epidemic routing protocol which is basically a
flooding mechanism accommodated for mobile wireless networks. It relies on
pair-wise exchanges of messages between nodes as they get in contact with each

other to eventually deliver the messages to their destinations.

Davis et al. [9] considered history-based routing in sparse mobile networks. The
objective of their work is to study the impact of different buffer management
techniques on an extended variant of the epidemic protocol For the buffer man-
agement, they used likelihood meeting values for every other nodes which is based

on the history of node contacts.

2.3 Inter-Contact Time between Mobile Nodes

As opposed to extensive research works that have analyzed the properties of mo-
bility models, there are a few works that have addressed the properties of inter-

contact times between two mobile nodes or between a mobile and a fixed node.

By using Markov chain to model the data dissemination process between two
whales or to model the offloading process between a whale carrying a message

and a fixed station, the authors [10] implicitly assumed exponential distributions

11



for both inter-contact times. They estimated their values using simulations.

Groenevelt et al. [11] showed through extensive simulations that one may accu-
rately model the successive meeting times by Poisson processes when both nodes
move according to the same random mobility pattern. They also derived approx-
imation formulas for the intensity of the Poisson processes for both the RWP and

the RD mobility models.

Using real traces of six distinct experimental data set, Chaintreau et al. [12]
observed that the inter-contact times between two wireless devices carried by

humans have a heavy tailed distribution.

Spyropoulos et al.[13] studied the expected meeting times between two mobile
nodes, and between a mobile and a static node when mobile nodes are moving
according to the RWP and RD models. By considering that the number of travel
trips separating two meetings between a pair of nodes is geometrically distributed,
the authors provided closed form and approximated expressions for the expected

meeting times.

2.4 Power Saving in Wireless Networks

Existing power management protocols for different wireless environments, MANET,

Wireless Sensor Networks (WSN), and DTN are presented in this section.

Considering mobility of nodes, the power management mechanisms in MANET
are presented in different categories. They are wake-up on-demand based [14] and

coordinator based [15].

WSN is a wireless network with distributed autonomous sensors to cooperatively

12



monitor physical or environmental conditions. Replacing or recharging exhausted
batteries is impractical in most WSN scenarios. Some examples of power man-
agement mechanisms are presented in [16], [17], and [18] to maximize the network

lifetime.

However, existing power saving mechanisms in MANET and WSN assume dense
deployment and low mobility of nodes. Therefore, existing power saving mecha-
nisms rely on well connected nodes with few disconnections and disruptions, and

cannot be directly applied to DTN.

Several researchers proposed power saving mechanisms in IEEE 802.16e [19] sys-
tem. For adaptive power saving mechanisms in IEEE 802.16e system, the initial-
sleep window and final-sleep window are adjusted according to the average traffic
overload or remaining energy state in [20], [21], and [22]. However, it is assumed

that communication channel is always available.

A knowledge based framework in sparse connected DTN networks is presented by
Jun et al. [23]. In the zero knowledge scenario, assuming a synchronized clock,
periodical beacon interval is determined by finding the maximum interval that
satisfies the traffic load requirement. In the partial knowledge scenario, searching
intervals are estimated using mean and variance values of contact durations and
waiting times. However, such statistical information may not be readily available

in many real life scenarios.

13



2.5 Performance of DTN

Guo et al. [24] presented a new kind of delay tolerant network where each node
owns a dedicated pigeon/messenger. Specifically, they examined the impact of

message batch size on the system performance.

DTN based on the vehicular communications which is referred to as vehicular
delay tolerant network (VDTN) was considered by Niyato et al. [25]. The per-
formance of a mobile router in a vehicle was studied by formulating the queueing
model. The transmission resources of a mobile router are shared among multiple
traffic sources. In this analytical model, the behavior of the traffic source in a

competitive environment was also studied.

Wang et al. [26] introduced a generic queuing analytic model for delay /fault-
tolerant mobile sensor networks (DFT-MSN) which aims at providing an insight
into the queuing characteristics for DF'T-MSN with various data delivery schemes
and mobility patterns. These authors found that each individual sensor can be
approximated as an M/M/1/K queue and the whole network can be treated as

a network of queues.

However, the current literature on DTN performance does not consider the buffer
management and the power saving together. In addition, the impact of node mo-

bility on the queueing performance and power saving in DTN was not considered.
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2.6 Performance of MANET

The performance of multimedia traffic have been tested in various network condi-
tions. Shen et al. [27] proposed an analytical framework for evaluating the quality
of service (QoS) of TCP-Friendly Rate Control protocol (TFRC) in hybrid wire-
less/wired networks. For the wireless network, a link-level truncated Automatic
Repeat reQuest (ARQ) scheme is deployed to reduce the packet losses visible to
the transport layer protocol. The network performance was analyzed in terms
of wireless link utilization, flow throughput, packet loss rate, and probability of

end-to-end delay exceeding a prescribed threshold.

Park et al. [28] developed a two-phase loss differentiation algorithm, which cap-
tures both collisions and transmission errors for cross-layer optimization to im-
prove the performance of transport layer protocols (e.g., TFRC and TCP) over
IEEE 802.11 WLANS.

Eshghi et al. [29] proposed a modified IEEE 802.11 WLAN to support real-time
traffic in ad hoc mode by limiting the number of retransmission time fragments.
The system performance, such as throughput, delay and probability of fail to
deliver were measured. However, this paper as well as the previous two, [27] and
28], focused on MAC layer issues or poor channel conditions, such as fading and

shadowing.

The performance of mobile ad hoc networks also has been studied through sim-
ulations for the common mobility models in [30], [31], [32], [33], and [34]. In
the simulations, node mobility including both node location and moving speed
is implemented as pseudo-random events with certain probability distributions.

However, the weakness of such simulation based evaluation methodology is the

15



requirement of huge computing power to achieve the statistics of steady state

performance.

Tan et al. [35] presented performance results of differentiated service in MANET
through priority buffer management. Based on a similar framework, Dong et al.
[36] added the MAC delay and packet collision probability metrics to perform
preferential packet dropping/marking schemes to support QoS of real-time traffic.

However, the paper assumed a Rayleigh-fading channel as a network parameter.

2.7 Node Mobility

An effort to measure the degree of mobility was made by Kwak et al. in [37]. This
measure has a linear relationship with the rate of link change in the network.
This makes it useful to measure the performance of various routing protocols
under different mobility models. The physical dimensions of the network and
the number of nodes were also considered as parameters influencing mobility in

addition to the velocity of nodes and transmission range.

The properties of common mobility models were also studied in opportunistic
network (ON). The relative velocities for common mobility models are used to
analyze inter-contact times of mobile nodes in [38] and [39]. It is shown that
the inter-contact times in these mobility models can be closely approximated as
exponential distribution under opportunistic network conditions. In opportunistic
network, the node behavior in the transmission range is not considered since the
transmission area is insignificant compared to the distance of nodes and can be

ignored.

16



The period of time that a route is available between source and destination pair
is called route duration or path duration. The first attempt to formulate path
duration analytically was made by Sadagopan et al. [40]. By using simple analyt-
ical models and with the case study of Dynamic Source Routing (DSR) protocol,
the correlation between average path duration and the throughput and reactive
routing protocols was established. Han et al. [41] developed a model to explain

the exponential distribution for path duration based on hop length.
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Chapter 3

Performance Analysis of a Mobile

Node

3.1 Introduction

Recently, researchers have considered many power saving mechanisms. However,
they mainly have considered how to maximize the throughput performance. More-
over, there have been limited studies for the mechanism of power saving in DTN
and the current literature on DTN research does not consider the buffer manage-

ment and power saving at the same time.

In this thesis, we consider power saving and buffer management together in or-
der to develop an adaptive power management framework that minimizes power
consumption and also minimize the performance degradation of buffer manage-

ment for a mobile node. The adaptive power saving mechanism is based on sleep

18



scheduling of mobile nodes in MAC layer. In this chapter, we propose a MAC
protocol that supports the adaptive sleep scheduling mechanism and we also de-
velop an analytical model to obtain the performance of power saving and queue

management.

For the tractable scheduling of the sleep intervals of mobile nodes, a time slot
frame based MAC protocol is proposed. A mobile node (MN) decides to sleep
or be awake at the beginning of the frame according to the condition of network
resources and decides the sleep intervals as multiples of the default beacon interval.
According to the different increment method of sleep intervals three different
power saving schemes are proposed. The proposed MAC protocol also describes
scheduling of the channel access between multiple mobile nodes in the contact
range of a source node (SN) or destination node (DN). In the literature of frame
based MAC protocols, users contend for every packet transmission. In order to
reduce collisions in channel access and to improve the transmission throughput,
we consider multiple packets transmission in a frame with one channel access

scheduling.

We analyze the proposed sleep interval scheduling schemes to investigate the rela-
tion between power saving and queueing performance of a mobile node. Through
the model, we first investigate exact amount of power saved by adopting a sleep
scheduling mechanism. Then, we also investigate the impact of different sleep

intervals on power saving and queueing performance.

19



The rest of this chapter is organized as follows: In section 2, we describe the
proposed MAC algorithm for power saving. In section 3 and section 4, we present
an analytical model of three-dimensional Markov chain for a mobile node. In
section 5, we present derived performance metrics from the analytical model. The
numerical results of analytical models are given in section 6. The results are

summarized in section 7.

3.2 Proposed MAC Protocol for Power Saving

in DTN

In this section, General traffic delivery between traffic source and destination
without power saving mechanism is described. In DTN, the traffic source and
destination do not have a direct transmission path among each other. However, a
mobile node is used as a carrier to carry the data from traffic source to destination.
We assume that the mobile node moves among locations in the network randomly
with a random speed. When a mobile node moves into the transmission range of
a traffic source, the traffic source transmits data to the mobile node. This mobile
node can travel among places and once it moves into the transmission range of
the destination, the mobile node transmits data in its buffer to the destination.
The details of our frame structured MAC protocol are described in the following
section. In power saving scenarios, two operating mode of nodes are considered:
a sleep mode and an awake mode. The details of our proposed awake mode
operation in the contact area and sleep/awake mechanism for power saving are

described.

20



3.2.1 Frame Structure and Awake Mode Operation

The channel is time-slotted and the time-slot is denoted by a frame. A frame is
composed of four or five sub-parts, as depicted in Figure 3.1 and Figure 3.2.Those
parts are for beacon broadcasting, advertising, advertising response, and data
transmission. The structure of frames is the same in all areas but the operation
of the sub-parts is different according to whether the MN is in SN area or in DN

area.

The first part is the beacon broadcasting which is used for the MN to listen to
the broadcasted beacon signal from other nodes. The second part of a frame is
the advertising window consists of a fixed number W of mini-slots. Prior to the
advertising window, each MN in the transmission range of an SN selects a random
waiting time in the range [0, W — 1]. To avoid contention, after its own selected

random delay, each MN generates a mini-slot length advertising signal.
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Figure 3.1. Awake mode operation in SN area

In the contact area of SN, through the advertising signal, each MN asks SN if
there are packets addressed to the MN in the buffer of the SN. When the adver-

tising of each MN finishes, the SN broadcasts an advertising response message,
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which carries a corresponding MN id and slot location for the data that will be
transmitted to the MN in the following data transmission window. The SN trans-
mits packets to each MN in sequence at the final part of the frame, the packets

transmission window. We assume that all the data packets have a fixed size.
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Figure 3.2. Awake mode operation in DN area

In the contact area of DN the random waiting mechanism is the same as in the SN
case. In this case, through the advertising signal, if there are packets addressed
to the MN in the buffer of the SN, each MN informs DN that there are packets

addressed to the DN in the buffer of the MN.

When the advertising of each MN finishes, the DN broadcasts an advertising
response message which carries the corresponding MN id and slot location for the
data that will be transmitted to the DN in the following data transmission window.
Each MN transmits packets to the DN in sequence at the packet transmission

window.

In all cases of awake mode, to find out whether a packet has been successfully
transmitted or not the receiver sends an acknowledgement (ACK) packet to the

sender upon a successful data packet reception at the end of each packet transmis-
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sion. If the ACK packet is not received, the packet is regarded as a fail transmis-
sion. This ACK mechanism is useful especially when MNs get out of the contact

region because the channel can be unavailable during the packet transmissions.

3.2.2 Sleep and Awake Mechanism

In our mechanism, beacon signal is used for an MN to discover the contacts of SN
or DN and to synchronize its operation to them. That is, SN and DN periodically
broadcast messages called beacons. An MN goes to sleep mode when there is no
action required to save energy. If the MN receives a beacon from SN or DN while
traveling, it considers that a new contact starts. If it fails to receive the beacons
from the corresponding node, the node assumes that the contact is terminated.
We assume that nodes have synchronized clocks and can all use a common time
period to control when to wake up. Thus MN wakes up during the beacon interval,

and continues to check the beacons from SN or DN.

Consider that an MN is out of the contact range of SN or DN, and the MN enters
the sleep mode for an interval defined by initial sleep window. When the sleep
interval finishes, the MN wakes up and, during the following beacon interval,
checks the beacon sinal level again. If the MN is still out of the contact range
of SN or DN the MN takes the next sleep interval as defined and returns to the

sleep mode.

If the MN receives a beacon from SN or DN, the MN considers that it is in the

contact range of corresponding node. In the contact of SN, if there are packets
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addressed to the MN in the buffer of the SN, the MN goes to the awake mode
and receives the packets from the SN. In the contact of DN, if there are packets
addressed to the DN in the buffer of the MN, the MN goes to the awake mode
and delivers the packets to the DN. Although the MN is in the contact range of
SN or DN, if there is no packets to receive or deliver in the buffer of the MN, the
MN returns to the sleep mode. In the following section, we present an analytical
model for the proposed power saving mechanism using our MAC protocol and

also present the performance analysis results.

3.3 System Description of an MN operation

Figure 3.3 illustrates an MN operation for proposed power saving scheme. The
proposed scheme allows local packet arrivals to the MN buffer during sleep pe-
riods. In addition, the proposed schemes allow variable length of sleep intervals

according to the location and buffer level of the MN.

MN
LocationV out of Contact /] Contact of SN or DN [ A=
T T T T T T T T T A A A A A T
Uniform
nterval T T [ T2 | T3 | T4 | Ts | Te | .. [ Tm | Twet | Twet | Twet | Twes | To |
T T T T T A A A A A T
Linear
nerement T T | T2 | [ Tm TheL | TMeL | Tt | TMe | To |
T T T T T A A A A A T
Exponential /
nerement o T 11 | T2 o ™ Tt | TM+L | TM+1 | Twez | To |

Figure 3.3. Increment Method of Sleep Intervals

The sleep intervals are defined as multiples of the default beacon interval. Accord-
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ing to the different increment method of sleep intervals we consider three power
saving schemes. T denote the initial sleep interval and the length of the kth sleep
interval, Ty, is the kth sleep cycle. The sleep cycle includes a beacon duration but
we assume the length of beacon duration is small to be ignored compared to the
length of a sleep cycle. The assignment of sleep intervals for each power saving

scheme is described as below:

e Uniform Length Scheme: T, =T, 0 < k < M,

e Linear Increment Scheme: T, = (k + 1)T;,, 0 < k < M,

e Exponential Increment Scheme: T}, = 2873, 0 < k < M,

where, T} is base interval and M is the final sleep interval index. In addition to
the final stage, state (M+1) is a supplementary state named transmission state
and is used to describe the packet transmission stage of the SN or MN. Thus, the
operation of three schemes is the same in the contact area though each scheme has

different sleep interval incrementing method when it is out of the contact area.

3.4 Markov Chain Model

Depending on the location and the buffer state of an MN the MN alters its oper-
ating mode. Thus, in order to monitor the state of an MN we analyze the three
parameters, the location of MN, the number of packets buffered in the MN, and
the sleep/transmission stage of the MN, as a Markov chain model. We assume

that the MN residence time in the contact area of SN, DN, and outside of contact
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area is exponentially distributed with rate «, £, and +, respectively. In addi-
tion, we assume that the packet arrival process from network to the MN follows
a Poisson process with arrival rate X\. The service time of a packet is assumed
to be generally distributed. An embedded Markov chain is considered at the fol-
lowing embedded points: immediately before the end of the sleeping period and

immediately after the time epoch where an MN packet completes its transmission.

c(t), b(t), and s(t) are set as the stochastic processes representing the location of
MN, the number of packets buffered in the MN, and the sleep/transmission stage
of the MN at time ¢. Then, the three-dimensional random process {c(t), b(t), s(t) }

is an M/G/1/K type discrete-time embedded Markov chain with the state space
A = {(c(t),b(t),s(t))|c(t) € {0,1,2},0 < b(t) < K,0 < s(t) < M+1}, (3.1)

where, K represents the buffer size (in packets) of the MN and the location 0,1,2
corresponds the contact area of SN, contact area of DN area, and out of the

contact area, respectively.

To simplify the presentation, the transition probability P{c(t+1) =4, b(t+1) =
g, s(t+1) =K|c(t) =14,b(t) = j,s(t) = k} is denoted by P j i (ir,jr k). Then, the
transition probability matrix is given by
Py Po Po
P=1Py, Py Pp
Py P P
where P; ; represents the changes of MN location in the network. That is, the

MN is in 7 state in the current time, and the node will be in ¢’ state in the next

time. In P; s, each element P; ;1) (i ;7 &) indicates the transition of the number of
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queuing packets from j to j’ and the transition of sleep/transmission stage from

k to k' when the node location is changed from 7 to 7'.

Due to the Poisson arrival, with mean rate A, the probability that n packets arrive

in time interval T}, is given by

P{N(T}) =n} = e*TkMZ—’;)n. (3.2)

The transition probabilities of sleep/transmission stages are explained in the fol-
lowing. When an MN is in the contact area of SN or DN, if the remaining contact
period is greater than current wake-up interval then the node stays in the contact
area at the end of wake-up time, otherwise the node moves out of the contact

area.

Since the distribution of remaining period is same with the whole distribution of
contact period by the memoryless property, the probability of the node stays in

the contact area of SN during current wake-up interval T}, is

P{Remaining Contact Period > T}} = e~k (3.3)

Similarly, the probability of the MN moves out of contact area during current

wake-up interval T}, is

P{Remaining Contact Period < T},} = 1 — e Tk (3.4)

The probability for DN is obtained if 5 is used instead of a.

When an MN is out of the contact area of SN or DN, if the remaining inter-contact
period is greater than current sleep interval then the node stays out of the contact

area at the end of sleep time, otherwise the node moves into the contact area.
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Thus, the probability of the node stays out of the contact area during current

sleep interval Ty is

P{Remaining Inter-contact Period > T},} = e "%, (3.5)

In addition, the probability of the MN moves into the contact area during current

sleep interval T}, is

P{Remaining Inter-contact Period < T},} =1 — ¢ 7%, (3.6)

Consequently, the transition probability from state (0,n,k) to state (0,n+3,k+1)
is the probability that no packets arrive in the kth sleeping state and MN remains
SN area until the end of current sleeping period. Then, the transition probability

is given by

\T3)3
P{N(Ty) = 3} - P{MN remaining in SN area > T} = e)‘T’“% e~k

Node collision probability can be considered as follows: In awake mode, to avoid
contention between nodes in the contact area of an SN or a DN, each MN generates
an advertising signal after its own selected random waiting time in the range
[0, W —1]. A collision occurs when multiple MNs choose the same random waiting

number. Thus, the collision probability P,., is represented by

L

Po=Y (%)L > 9, (3.7)

i=2
where W is the advertising window size in mini-slot and L is the number of MNs
in the contact area of an SN, respectively. In this chapter, we assume L is the

same with the frame size since the information for the number of MNs in the
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contact area of an SN is not given. The collision probability is different according
to the number of the MNs as well as the size of frame. The practical collision
probability according to the number of MNs will be considered in Chapter 4.
If there are collisions between MNs during the advertising time, all the MNs

participated in the advertising go to sleep mode during the frame.

We assume SN and DN are located apart far enough so that the contact area
of SN and DN is not overlapped each other. Thus, MN does not move directly
between SN and DN. The only non-zero one-step transition probabilities for each

sub-block are represented as follows:
Pgo: MN stays in SN

Pook),000 = P{N(Ty) = 0}e T, k=0,M + 1;

Pio,0,m+41),(0,0,0) = P{N(Tar41) = 0fe~*Tar+1;

Poo o4 m+1) = (1 = P) P{N(T};) = j'ye T, 0<j <K —-1k=0,M+1;
P00 = Pt P{N(Ty) = j'ye= ", 0<j <K —1,k=0,M+1;
Poo,0,x0+1) = (1= Peot) 30l i PAN(Ty) = a}e T,k =0,M + ;

P0,0k), 0,50 = Peot Yoo ic PAN(T3) = ate ™, k=0,M + 1;

Piojm,0-1.m+1) = (1 = Peot) P{N(T};) = 0}e =T, k= 0,M + L;

Poj),0-10) = P P{N(T};) = 0}e~ T,k =0,M +1;

Pojmyojtim+1y = (1 — Po) P{AN(T) = 1+ 1}e Tk, 0<I< K—j—1k=
0, M +1;

Pojn 0110 = P P{N(Ty) =1+ 1}e T, 0<I<K-—j—1,k=0M+1;
Pojm o) = (1= Peot) 202 PAN(T}) = afe T, k=0,M +1;

P0,j),0.56.0) = Peot D oe e PAN(T}) = ate ", k=0,M +1.
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Po2: MN moves from SN to Outside

Poox),200 = P{N(T;) =0} - (1 —e "), k=0,M+1;
Poon.2i0=P{N(Ty) =4}-(1—e), 0<j<K-1k=0,M+1;
Pk k0 = 2aeg PAN(T) = a} - (1 —e™*T), k=0,M +1;

Plojm,@j-10 = PN(T;) =0} - (1 —e™T¥), k=0,M +1;

Pojm.@ito = PIN(Ti) = 1+1} - (1—e "), 0<I<K—j—1,k=0,M+1;

P(O,j,k),(Q,K,O) = ZZO:K P{N(Tk> = a’} ' (1 - e_OCTk)’ k = 07 M + 17

P1:: MN stays in DN

Puok,a00 = P{IN(Ty) = 0}e ™, k=0,M + 1;

P,o,m+1),(1,00) = P{N(Ty11) = 0}6_5TM“;

Paop,amsy = (1= Po) P{N(Ty) = j'Ye ™, 0<j <K —1,k=0,M+ 1;
Pao),1,500) = Pea PAN(T}) = j'ye PTe, 0<j/ < K—-1k=0,M+1;
Paop,axmrt) = (L= Peot) 3ol g P{N(Ty) = aYe ™,k =0,M + 1
Paow),,50) = Peot 3o e PAN(Ty) = ate P, k=0,M +1;

Pu w11y = (1 = Po) P{N(T},) = 0}e PTe, |k =0,M +1;

Pujn),j-1,0 = Pa P{N(Ty) = 0}e =T, k=0, M + 1;

P jr),a+i,m41) = (1 — Po)P{N(T}) =1 + 1}6_5T’“, 0<I<K-j—-1k=
0, M +1;

P jm o) = PeaP{N(T}) =1+ 1}e T, 0<I<K-j—1,k=0,M+1;
Pajm, iy = (1= Peot) ot e PAN(T}) = a}e T, k=0,M +1;

P jr),x0) = Peot oo e PAN(T}) = a}e ™o, k=0, M + 1.
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Pi2: MN moves from DN to Outside

Puok)200) = PAN(Ti) = 0}(1 —e7¥),  k=0,M +1;

Paosy,eio =PIN(T) =71 —e ), 0<j <K-1Lk=0M+1
Paow,@x0) = 2oger PIN(T) = a}(1 —e77T*), k=0,M +1;

P10 = PAN(Ty) = 0}(1 —e™7T*),  k=0,M +1;

Pajwy o) = P{N(Tp) =1+1}(1—e M), 0<I<K-j—1,k=0M+1;

P20 = 2ouei PAN(Tk) = a}(1 — e FT) k= 0, M + 1;

P2y, P21: MN moves from Outside to SN or DN

Pioow)0/1,0k+1) = P{N(T}) = 0}(1 — e k) /2, 0 <k < M;

Poow,o/nm+1) = P{N(Ty) = jHl —e*) /2, 0< <K —-1,0<k < M;
Poow)o/150m41) = 2aeg PAN(Ty) = a}(1 —e7*) /2, 0 <k < M;

P g o/rim+) = PAN(T;) = 0}(1 —e77"4) /2, 0 <k < M;
Pojm o/t jritiminy = P{N(Ty) =1+ 1}(1—e ) /20 <I < K —j—-2,0<
k< M:

P g0ty = 2oee g PAN(Ti) = a}(1 —e %) /2, 0< k< M.

P3s: MN stays Outside

Po.ox),00k+1) = P{N(T}) =0}e e, 0<k<M-—1;

Po,o,m),00,m) = P{N(Thr) = 0fe 7"

Poor, 0kt = P{IN(Ty) = j'te ™, 0< 7/ <K—-1,0<k<M—1;
Pooy o = P{N(Ty) =j'te ™, 0<j <K —1;

P, 0,5k+1) = 2gere PIN(T}) = a}e T, 0<k <M -1
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Plojm,0gk+1) = P{N(T) = 0fe 7k, 0< k<M —1;

Po gy, 040 = P{N(Ty) = 0}e 77,

Pojiy0j+i16+1) = PAN(T},) = 1+ 1}e 7, 0<I<K—j-20<k<M-1;
P, o+ = P{N(Ty) =1+ e, 0<I< K —j -2
Pojy0.5k41) = 2o gy PAN(T) = ate T 0<k <M —1;

P(O’j’M)7(07K,M) = ZZO:K_l P{N(TM) = a/}ef'yT]w‘

3.5 Performance Analysis

In this section, we describe performance metrics that can be derived from the
analytical model. Let 7(, 7, k) = limy_,o P{((c(t),b(t),s(t))) = (i,7,k)} denote
the steady state probability vector for the embedded Markov Chain which satisfies
m =7nP and 71 = 1. The steady state vector for the CTMC of its corresponding
embedded DTMC is the proportion of time that the process spends in state (i, 7, k)

and is given by
71—(%]7 k)Tk(Z7.]7 k)

> i T 5, k)T, 5, k) (38)

(i, 7, k) =

As mentioned in the introduction, the key purpose of employing sleep mode op-
eration in DTN is to conserve the power consumption of MN. To quantify the
power saving in the proposed sleep mode operation, two parameters are intro-
duced, contact discovering probability p.., and average power consumption F,,q.
The contact discovering probability pe., is defined as the average fraction of the

awake time for total operation time and is given by

. S g m(i, g, M + 1)T(i, §, M + 1)
ZZ OZ] 022/1_81 7'['(@ Js )Tk<27jak>
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Energy will be saved at the expense of missed contacts when p,,,, is small, whereas

it will be expended when p,,, is large.

The average power consumption can be computed by the probability sum of the
power consumption in each state. Let Fyyqre and Py, be the average power
consumptions in the awake state and the sleep state, respectively. Then, the

average power consumption F,,, is obtained as following:

Pavg:

Z?:O Zf:o (ZIZY:OW(Z j7 k)Tk(Z j? k)PSleep + 7T<Z j? M + 1)Tk(z>]7 M + 1)Pawake>
Zl OZ] 02244(_)1 ﬂ-(l j’ )Tk(l,j, k) .

(3.10)
Clearly, the smaller the average power consumption, the more efficient the sleep
mode operation. For a non-power saving MN, the transceiver is always working
and the average power consumption is P,qk. Therefore, by comparing F,,, and
P, ware the amount of saved power can be observed by adopting the sleep mode

operation.

The rest of metrics are related with the queueing performance of power saving
mechanism. Packet loss in the MN buffer occurs if the number of packets reaches

the limit of buffer size K. Therefore, the packet loss probability P, is given by

2 M+1
Pross =Y > 7 (i, K, k). (3.11)

=0 k=0

To obtain the average packet transmission delay mean number of packets in the

queue is needed to be calculated. The average queue length for total packets is
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given by

L:ij (i, 5, k). (3.12)

The average packet transmission delay is obtained by Little’s law as

L
W - m. (313)

Average Sleep Time is defined as the average time of beacon interval which is in
sleep mode and given by
2 K M
S=33 @i, k)T, . k). (3.14)
i=0 j=0 k=0
The throughput of an MN is defined as the effective packet arrival rate without
loss. It is given by

T = A1 = Poss). (3.15)

3.6 Numerical Examples

In this section, numerical results are presented to validate and demonstrate the
performance of the proposed analytic model. The numerical validation is con-
ducted using MATLAB program. The node contact times and inter-contact time

are assumed to have exponentially distributed periods, where the mean periods

Q=

, % and % are set to 10sec, 10sec and 20sec, respectively. The scenario is consid-
ered with the base beacon interval, T, = 500msec, the beacon interval for packet
transmission stage, 7, = 500msec, and size of MN buffer, K = 20. The power
consumption values are borrowed from the IEEE IEEE 802.16e because power
consumption information of DTN is not given currently. We assume the following

power consumption values in each state: Ppyare = 700mW, Pyeep = 50mWV.
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Figure 3.4 shows the average power consumption of the exponential increment
scheme for different inter-contact times. When the inter-contact time is large
the MN stays in the sleep mode long and MN saves more power. If the sleep
mode scheme is not adopted then MN is always awake and the average power
consumption is P,eke = 750mW, constant regardless of the packet arrival rate.
Thus, the power consumption is significantly reduces when the inter-contact time
is large. The average power consumption varies in the range 50mW ~ 250mW
when the inter-contact time is 20sec. That is, MN consumes 6.7% ~ 33% of power
compare to that of non-power saving operation. When the inter-contact time is
80sec, the average power consumption varies in the range 50mW ~ 110mW and

consumes 6.7% ~ 15% of non-power saving mode.

Figure 3.5 represents the contact discovering probability of MN for different sleep
interval scheduling schemes when the contact time and inter-contact time is fixed
for all the schemes. The uniform interval scheme shows higher contact discover-
ing probability than other schemes since this scheme more frequently checks the

beacon signal than other schemes.

Figure 3.6 show the average power consumption of MN when the contact time and
inter-contact time is fixed for all the schemes. The exponential increment scheme
consumes the least power because it has the lowest contact finding probability
and has more opportunities to stay in sleep mode. Figure 3.5 and Figure 3.6
shows the tradeoff relation between power consumption and contact discovering
probability. Thus, power consumption can be reduced by the choice of longer
sleep interval scheme. Figure 3.6 also shows that the power consumption of MN
with higher packet arrival rate is more than that of MN with lower packet arrival

rate. Higher packet arrival rate makes system utilization larger, so the total awake
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time becomes longer.

Figure 3.7 represents throughput for each scheme. The result shows there is only

slight throughput performance degradation as the sleep interval increases.

Figure 3.8 show the packet loss probability. Longer sleep interval rate scheme
shows slight higher loss probability than others. However, the level is not quite
different between the proposed schemes in the effective low range of loss proba-

bility.

From Figure 3.7 and Figure 3.8 we can see that with the longer sleep inter-
val scheme lower power consumption can be achieved without packet loss and
throughput degradation. The results of throughput and packet loss for different
inter-contact times in Figure 3.4 also follow Figure 3.7 and Figure 3.8 because

there are no data transmitting actions when MN is out of the contact area.

Figure 3.9 is the mean packet delay in the MN buffer. The exponential increment
scheme has the highest packet delay because it has the lowest packet transmission
opportunities. Whereas there is not much difference in packet loss between sleep
interval schemes, delay performance shows somewhat difference between proposed
sleep interval schemes. However, if there is no message loss delay is not a signifi-

cant problem since this network is for the service that is tolerant for delay.

Figure 3.10 and Figure 3.11 show the performance results for the linear increment
scheme, which is tested with three different final sleep interval index, M: 4, 16,
and 32. Similarly, Figure 3.12 and Figure 3.13 show the performance results
for the exponential increment scheme, which is tested with three different sleep
sensing interval index, M: 2, 4, and 6. Both results show the packet loss increase

when the final sleep interval index M increases.
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3.7 Summary

In this chapter, an adaptive power saving mechanism was designed that minimizes
power consumption while maintaining the throughput performance of MN. In
addition to the throughput performance, the queueing performance of the MN for
the proposed beacon schemes is evaluated and compared. In summary, there is no
significant performance difference between beacon schemes, thus it is effective to
choose a scheme which has lower beacon rate, but it is not necessary to increase

the final sensing interval index to cause packet losses.
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Chapter 4

Performance Analysis of a Source

Node

4.1 Introduction

In Chapter 3, an adaptive power management framework based on the MAC layer
operation is developed. In the framework, power saving and buffer management
are considered together to minimize power consumption and performance degra-
dation of buffer management for a mobile node. Through the analytical model,
we observed power consumption is significantly reduced by employing a sleep
scheduling while maintaining queueing performance of the mobile node. In this
chapter, an analytical model for a traffic source node is developed to investigate
variations of the performance which are affected by diverse network parameters,

such as MAC protocol and node mobility parameters.
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As the data delivery mechanism is described in Chapter 3, MNs carry data from
traffic sources to destinations since there are no direct transmission paths among
the traffic sources and destinations in DTN. In this research, multiple MNs are
assumed traveling among locations in the network. It is also assumed SN packets
can be delivered to the DN by any MN and SN transmits one packet for each MN
in a frame. Therefore, when MNs move into the contact area of an SN, if there
are packets addressed to the MNs in the buffer of the SN, corresponding MNs go

to the awake mode and the SN transmits data to each MN in sequence.

Unlike MN analysis in Chapter 3, power is not a scarce resource in SNs or DNs
because in this research those nodes are assumed to be fixed and the power is
supplied from other resources. However, when an SN transmits data to each
MN the number of packets that can be transmitted in a frame is limited by the
maximum frame size. Therefore, in the performance analysis of an SN we have to
consider the number of packets that can be transmitted according to the number
of MNs in the contact area of an SN. As in MN analysis, collision between MNs
should be also considered in SN analysis because SN does not transmit packets
when there is a collision between MNs and the collision is affected by the number

of the MNs.

In this chapter, we analyze the queueing performance of an SN for the proposed
MAC protocol. Two-dimensional discrete time semi-Markov chain is considered
for the number of MNs in the contact area of the SN and the buffer level of the
SN. The number of MNs in the SN area is directly associated with MN’s arrival

rate. With different node’s arrival rate, the number of MNs in the steady state
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becomes different, which will affect the queueing performance of the SN. Since
the MN’s arrival rate at the SN is determined by the MN’s mobility parameters,
we can observe the impact of node mobility on queueing performance of the SN.
In Chapter 5, we present how to derive the node arrival rate from node’s mobility
parameters, such as node velocity, radio transmission range, and node density in

the network.

Packet loss, throughput, and average packet delivery delay are considered in the
SN as performance measures. Through numerical examples, we examine the im-
pact of MAC parameters, node mobility, and traffic rate on the performance of the
SN. Using the analytical results, the system parameters can be optimized while
satisfying the QoS constraint. Admissible buffer size of the SN and admissible
mobility parameters of the MN that satisfy QoS requirements are determined.
From the results of the analysis of MN and SN, the end-to-end performance of

DTN is also examined.

The rest of this chapter is organized as follows. In section 2, we present an
analytical model of two-dimensional discrete time Markov chain for the number of
MNs in the SN area and buffer level of the SN. In section 3, we present performance
metrics of the analytical model. The numerical results of analytical models are

given in section 4. The results are summarized in section 5.
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4.2 Markov Chain Model

Each MN arrival process and the packet arrival process from network to the SN
is assumed to follow a Poisson process with arrival rate A, and \,, respectively.
A discrete-time embedded Markov chain is considered at the following embedded
points: immediately before the end of the beacon period, immediately after the
time epoch where an MN completes its departure from the SN area, and immedi-

ately after the time epoch where an SN packet completes its transmission.

X(t) is set to the number of MNs in the contact area of an SN and J(¢) is set to
the number of packets in the SN buffer at time ¢. An M/M/1/K type queue is
assumed for the SN buffer. Let X,, = X (¢t,+),n =0,1,2,...and J, = J(t,+),n =
0,1,2,.... Since t, is the completion time of the nth departure of an MN, X, is the
number of MNs in the contact area of an SN, immediately after the nth departure
completion. .J, represents the number of packets in the buffer immediately after
the nth service completion. Also, it is observed that {(X,,J,) : n =0,1,2,...}
is a Markov process with state space {0,1,2,..., N} x {0,1,2,..., K}, where N
and K represent the limit of the number of MNs and buffer size (in packets) of

the SN, respectively.

Now we consider two additional conditions for more realistic analysis. Those are
selection probability and collision probability of MNs. Before the collision proba-
bility is considered it is needed to limit the number of MNs that can participate
in advertising during a frame time of MAC operation. SN packets are assumed to

be delivered to the DN by any MN and SN transmits one packet for each MN in
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a frame. Thus, if n MNs are in the contact area of SN, SN transmits n packets in
sequence in a frame, one for each MN. However, the number of packets that can
be transmitted in a frame is limited by the frame size W. That is, if the num-
ber of MNs at the current frame is less than or equal to W all the MNs always
participates in advertising at the current frame. On the other hand, if n is larger
than W at the current frame only W MNs participate in the advertising. An SN
is assumed to select the MNs uniformly out of n MNs. Thus, the probability that
the selected MNs participate in advertising is

% ifn>W,
Psel = (41)

1  otherwise.

Node collision probability was considered when an MN operation is analyzed in
Chapter 3. However, in Chapter 3 the number of MNs is assumed to be the same
with the frame size since the information for the number of MNs in the contact
area of an SN is not given. The collision probability is different according to the
number of the MNs as well as the size of frame. In this chapter, practical collision
probability is considered according to the number of MNs since the the number

of MNs in the contact area of an SN can be traced.

As in Chapter 3, a collision occurs when multiple MNs choose the same random
waiting number which is in the range [0, W — 1] in awake mode. Thus, when the
number of MNs in the contact area, n, is given the collision probability P,., is

represented by

n ifn<W,

L .
Po=Y" (%) . L>2 L= (4.2)
=2 W ifn>W,
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where, W is the advertising window size in mini-slot. If there are collisions in
the advertising part, all the MNs participated in the advertising go to sleep mode
during the frame and SN does not transmit data to the MNs. The probability of

collision becomes large when n is large and W is set to small.

For the arrival process of MNs and packets, due to the Poisson arrival, with mean

rate \,, the probability that a,, MNs arrive in time interval T is given by

AT (A T)en

ay,!

P{N,(T)=a,} =¢ (4.3)

and with mean rate A,, the probability that a, packets arrive in time interval T’
is given by

P{N,(T) = a,} = e—ApTw, (4.4)

a,!
respectively. The departure process in the steady state is also a Poisson process

with rate parameter A, and \,, respectively.

In the two-dimensional transition probability matrix, each element F; j) (i ;) indi-
cates the transition probability of number of packets from j to 7' when the number
of MNs is changed from i to /. Packet increment and decrement are represented
by all possible combinations of packet arrivals and departures. Let a,, d,, i,, and
e, denote the number of packet arrival, departure, increment, and decrement, re-
spectively. The non-zero one-step transition probabilities for the packet increment

and decrement are represented in Equation 4.5 and 4.6.

K-1-k

Pl ey (nb+ip) = Poet(1 = Peot) Z P{Nu(T) = ap} P{Na(T) = a, — i}

ap=ip+1

+ (1= Put(1 = P))P{NL(T) =i,}, 0<i, <K —1—k, (4.5)
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min(n,k)—ep

Plugnk—ey) = Po(1 = Paot) Y P{Nu(T) = a,}P{Na(T) = @ + ¢},

ap=0

1 <e, <min(n, k). (4.6)

In Equation 4.5, the number of packet increment is i, = a, — d, (a, > d,). Thus,
the probabilities of packet increment are represented by the sum of all possible
combination of packet arrival and departure probabilities, where n (0 < n < N—1)
and k£ (0 < k < K — 1) are current number of MNs in the contact area and
current number of packets in the buffer of SN, respectively. In equation, the left
term represents packet increment when MNs are selected and there is no collision
between them while the right term represents packet increment when MNs are
not selected or there is a collision between them. The number of packet arrivals
can not exceed the remained buffer capacity and the number of packet departures
can not exceed the number of current MNs in the contact area or the frame size
W, that is, (a, —i,) < L (L =W ifn > W else L = n). If MNs are selected
and there is no collision between them packet increment is represented by the
differences of packet arrivals and departures. On the other hand, if MNs are not
selected or if there is a collision between MNs, packet increment is represented

only by the packet arrivals since there is no packet departures.

The number of packet decrement in Equation 4.6 is e, = d, — a,, (d, > a,). The
probabilities of packet decrement are also represented by the sum of all possi-
ble combinations of packet arrival and departure probabilities. However, packet
decrement occurs only when MNs are selected and there is no collision between
them. In this case, the number of packet arrivals also can not exceed the remained

buffer capacity and the number of packet departures can not exceed the number
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of current MNs in the contact area or the frame size W, that is, (a, +¢,) < L
(L =Wifn > W else L =n). If MNs are not selected or if there is a collision
between MNs, the number of packets does not decrease since there is no packet

departure.

Similarly, the increment and decrement of MNs are also represented by all possible
combinations of MN arrivals and departures. Let a,, d,, i, and e, denote the
number of MN arrival, departure, increment, and decrement, respectively. The
non-zero one-step transition probabilities for the increment and decrement of MNs

are represented in Equations 4.7 and 4.8.

N—1—-n
Pokysinty = 9 PANGT) = ap} P{NA(T) = a, — in},
ap=in+1
0<in, <N—1—n, (47)
Py n—eay = Y PANL(T) = a,} P{N4(T) = a,, + €, },
an=0

1<e,<n. (4.8)

In Equation 4.7, the number of MN increment is i,, = a, —d,, (a, > d,,). However,
unlike packet departures, there is no limit to the number of MN departures. All

the number of current MNs can depart in a frame duration.

The number of MN decrement in Equation 4.8 is e, = d,, — a,, (d, > a,). The
probabilities of MN decrement are also represented by the sum of all possible

combinations of MN arrival and departure probabilities.
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4.3 Performance Analysis

Denote by
7rm~EtIL%OP{(Xn,Jn):(i,j)}, 1=0,1,... N,j=0,1,... K

the limiting probability of the Markov process {(X,, J,) : n = 0,1,2,...} which
satisfies m = 7P and 71 = 1. Let m; = (pio, pi1, - - - Pikc ), = 1,2,..., N, and 7; is
the steady state vector for the level of node is 7. Thus, the stationary distribution

of the Markov process {(X,, J,) : n=0,1,2,...} is given by

mw = (7T0,7T1,7T2,...77TN).

The steady state vector for the CTMC of its corresponding embedded DTMC is
the proportion of time that the process spends in state (7, j) and is given by

(1, J)T( J)

) S T (49

Packet loss in the buffer of SN occurs if the number of packets reaches the limit

of buffer size K. Therefore, the packet loss probability P, is given by
Pross = Y _ (i, K). (4.10)

To obtain the average packet transmission delay in the SN mean number of packets
in the queue is needed to be calculated. The average queue length for total packets

is given by
K N
L=>Y 7Y m(ij). (4.11)
§j=0 =0

The throughput and the average packet transmission delay for the SN packets are

given by T'= (1 — Plyss) and W = 7 respectively.

L
A(l_Bos
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In addition to the packet loss in the SN, we can obtain total packet loss in DTN.

Combining the packet loss in MN, total packet loss in DTN is given by

Ploss,DTN - ]Dloss,SN + (1 - Bos&SN)Ploss,MN' (412)

Total packet delay in DTN is sum of the delay in each MN and SN, and expressed
as

WDTN = WSN + WMN- (413)

4.4 Numerical Examples

In this section, numerical examples are given to validate and demonstrate the
performance of SN for diverse combination of parameters. We set the base beacon

interval, T;, = 500msec, the beacon interval for packet transmission stage, T, =

500msec, and size of SN buffer, K = 20.

To obtain admissible parameters that satisfy the required QoS constraint, we find
parameter pairs that satisfy packet loss probability under a required value €. That
is

P{Packet loss with (parameterl, parameter2) pairs} < . (4.14)
Figure 4.1, Figure 4.2, and Figure 4.3 represent queueing performance metrics
of packet loss probability, packet delay, and throughput for different MN arrival

rates. Packet loss and delay are high when MN arrival rate is low because SN

packets have less opportunity to be serviced when MN arrival rate is low.
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Figure 4.4 and Figure 4.5 show total packet loss and total packet delay in DTN
system, respectively. The traffic served in DTN is tolerant for delay. However,
delay performance is important to determine the size of data storage which is

directly related with the system cost.

It is possible to find minimum buffer size for different packet arrival rates that
satisfies a certain QoS requirement. In this thesis, we take the packet loss bound
e = 0.05 in Equation 4.14. Figure 4.6 depicts the admissible region consisting of
pairs (K, \,) which are the buffer size of SN and the packet arrival rate of SN
with required constraint on P{Packet loss with (K, \,) pairs} < 0.05. Note that
the boundary points of admissible region are the pairs which can be admitted
with packet loss bound. In this figure, when A\, is 1.5packet/sec, K = 3 is the

minimum buffer size that keeps the packet loss probability under 0.05.

In Figure 4.7 the admissible region consisting of pairs (A, A,) with required con-
straint on P{Packet loss with (\,, \,) pairs} < 0.05 is depicted. It shows that in
order to keep packet loss rate below 0.05, the packet arrival rate should not be
over 1.8packet/sec and 2packet/sec when MN arrival rates are 0.5node/sec and
0.6node/sec, respectively. It can also be interpreted in terms of mobility param-
eters. When the packet arrival rate is 2packet/sec, the maximum MN velocity
should not be lower than 1.6m/sec, which corresponds to an MN arrival rate of
0.6node/sec, to keep the packet loss rate below 0.05. The relation of relative ve-
locity, arrival rate, and maximum velocity setting of nodes is depicted in Figure

4.12. Details of the relation is discussed in Chapter 5.
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In Figure 4.9, the packet loss probability affected by the frame size W is shown.
Packet loss is reduced according to the increment of the frame size because SN
has more chances to send packets to MNs when the frame size is large. However,

the effect is almost insignificant when the value W is greater than 6.

Figure 4.10 represents collision probability of MNs for different frame window sizes
and different number of MNs. The collision probability of MNs is reduced accord-
ing to the increment of the frame size. Both collision probability and selection
probability of MNs are automatically decided in the analytical model according
to the number of MNs. Therefore, it is difficult to see the effect on performance
by different probability values. In order to see the effect we separately assign
those probability values and observe the results in the following. Figure 4.11 and
Figure 4.12 show the packet loss probability by MN collision probability and MN
selection probability, respectively. However, the actual probability values are too

small to change the performance of packet queueing.

4.5 Summary

In this chapter, we evaluated the performance of SN as well as the end-to-end
performance of DTN. Based on the analytical results, admissible system param-
eters, such as buffer size of the SN and arrival rate of the MN, that satisfy given
packet loss probability are decided. It means more parameters can be optimized
in the same way. For a more exact analysis, selection probability and collision

probability of MNs are also considered. However, we observed that the perfor-
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mance variation by the collision probability and selection probability of MNs is

not significant.
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Chapter 5

Phase Type Model for Contact

Time and Inter-Contact Time

5.1 Introduction

In addition to the important issues in DTN, there are several important param-
eters, such as contact time and inter-contact time, that greatly affect network
performance. In Chapter 3, it was observed that node’s contact time and inter-
contact time are very important parameters in the performance analysis of power
saving mechanism. However, these parameters are assumed to follow exponen-
tial distribution and arbitrary numbers are assigned for numerical examples. In
Chapter 4, it is also observed that number of nodes in the transmission range of
SN affects the performance of data transmission from SN to MN. The number of
nodes in the transmission range is directly associated with node arrival rate in

the node’s transmission range.
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In order to reflect more realistic situations, the details of the node arrival rate,
contact time, and inter-contact time are investigated in this chapter. These pa-
rameters mainly depend on the mobility of the nodes. The mobility can be char-
acterized by network parameters, such as radio transmission distance of a node,

node speed, and node density in the network.

First, the node arrival rate, contact time, and inter-contact time are derived from
node’s mobility parameters rather than assigning arbitrary numbers. Derived
parameters allow us to observe the variations of DTN performance by the mobility
parameters. For the distribution of node contact time and inter-contact time,
there are different arguments as described in the literature review for the inter-
contact time in Chapter 2. In the literature, it has shown that the parameters
follow exponential distribution, heavy tailed distribution, or other distributions.
Thus, we need to investigate the performance of DTN when the contact time and
inter-contact time have general distributions. In this research, we express the
parameters as PH model. The PH model is flexible, so that most distributions
can be represented or approximated by a PH distribution [42]. In addition, the
PH model is also tractable to be used in the performance analysis. Finally, using
this general model the performance of DTN is analyzed, which has performed
using exponential expression of contact time and inter-contact time in Chapter 3.

The results is also compared with those of Chapter 3.

The rest of this chapter is organized as follows: In section 2, we describe the

derivation of node arrival rate and inter-contact time. We derive node contact
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time in section 3. In section 4, we present PH Model for node contact time and
node inter-contact time. The numerical results of analytical models are given in

section 5. The results are summarized in section 6.

5.2 Node Arrival Rate and Inter-Contact Time

In this section, node arrival rate and inter-contact time are derived from the
mobility parameters. To compute the node arrival rate A for a reference node,
the concept of link generation rate and link breakage rate are adopted as in [43],
[44]. Consider a network with multiple mobile nodes N; and a reference node Ny
as shown in Figure 5.1, where all nodes have the same transmission distance of R

and move with their own velocity v;.

N

N4 N1
N3
No No Vo
R R
N2
\ Vot |

Figure 5.1. Concept of node arrival rate.

As a reference mobile node Ny is moving on the network plane, its circular com-
munication region sweeps the network plane. If the node moves with a velocity
vy for time ¢ the swept area is Agyeep = 2Rvpt. Therefore, the expected number
of nodes entering the area Agye., with velocity vy within the next ¢ seconds is

2Ruvgto, where o denotes node density in the network. The rate of total node
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arrivals to the reference node is the expected number of nodes entering the trans-
mission area per second. Thus, the average rate of the total node arrival can be

expressed by integrating 2Rowv, over all possible value of 6.

A= ! /” 2Rov,.(0)do (5.1)

A

where, v, is the relative velocity between nodes.

The relative velocity v, is defined by Equation (5.2), considering two nodes NV;
and N; with velocity vectors 0; and v}, respectively. The relative velocity vector

of N; with respect toNN; is defined as v; = v; — 0; with a magnitude of [43]

v, = |U| & \/vf + vF — 2v;v5c080, (5.2)

where, 0 is the relative angle between v; and v}, measured counter-clockwise from

the direction of ;.

The relative velocity can be adapted from the Random Direction (RD) [45] mo-
bility model in order to reflect general and realistic mobility parameters in node
arrival rate. The stationary distributions of nodes have been shown to be uniform
in the RD model irrespective of the boundaries being reflecting or wrap around

[33] whereas nodes are more likely to be concentrated near the center of the area

in the RWP mobility model [46].

In the RD model, the destination is chosen uniformly in the finite moving area,
and the movement speed v is uniformly chosen from [V,in, Umaz], Where 0 < vy, <
Umaz < 00. The direction 6 is uniformly chosen from [0, 27], and the time dura-

tion of the travel is chosen from an exponential distribution with average epoch
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duration [38]. The velocity and direction are assumed to be independent of each
other. Both the velocity and direction change in each epoch but are constant for
the duration of an epoch. Therefore, the expected value of relative velocity is

given by

Umaz Umaz 2
- / / / vy frv,e (v, v, 0) dO dv; dv;. (5.3)
0

Umin Umin

where fy,v,0(vi,vj,0) is the joint probability density function (pdf) of v;, v; and
0. Let fv,(vi), fv,(v;) and fo(0) denote the pdf of v;, v; and 6, respectively. Since

v;, v; and 6 are independent variables, the joint pdf can be obtained as
fvive(vi,v5,0) = fv,(vi) fv, (v;) fe (0). (5.4)

The distribution of relative movement direction is given as fo(#) = 1/27 for both

mobility models.

In addition, the average velocity of a single node is given in [47] as

= M (5.5)

The pdf fy(v) under RD mobility model is also given in [47] as

1
fv(?)) = 5  Umin <v< Umazx- (56)

Umaz — Umin

Thus, the average relative velocity of two nodes is given as follows [38]:

B 1 Umax Umazx 2T
Uy = SR N /Umm /Umm /0 \/vf + UJ2' — 2v,v;c0s0 df dv; dv;, (5.7)

where 0 is the angle between two movement directions.

After arranging the Equations (5.1) ~ (5.7) we have the expected node arrival

rate under RD mobility model as

_ Ro- VUmax VUmazx 27
A= T(Vmaz — Vmin)? /vmm /vmm /0 \/U,2 + U]Z — 2uv;c0s0 d dv; dvj.  (5.8)
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The inter-contact time also derived from the node arrival rate since inter-contact
time is defined as the time duration between consecutive contacts of node pairs.
Therefore, the expected inter-contact time between mobile nodes under the RD

model is approximated as

71-(/Umaac - vmin)2
tintc

== v ) . 27 ‘ (59)
RO_ f max j‘ max 0 \//022 + sz — 21)in6089 de d/Ui dvj

Umin Umin

~
~

>l —

5.3 Node Contact Time

Next, the contact time among mobile nodes is considered. The contact time is de-
rived from the inter-contact time. Let f(z,y) denote the node spatial probability
density function for the given node and A,,.; denote the size of the whole network
area. The node is assumed to move randomly inside the area A,.; following uni-
form distribution. Then, the density function of the random variable that a node

7 is at an arbitrary location in A, is

f(r,y) =

) 1
Anet (5 0)

Thus, the probability that a given node will be within a certain area A;, in the

network is given by

Ain
Ain Anet
In a similar manner, the probability that a given node will be outside of the area
A;, in the network is given by %, where A, = Anet — Ain-

When considering a long enough time interval T', the time spent in area A;, for

a given node can be obtained as t;, = P;,T. In addition, if the time spent out of
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the area A;, for a given node is considered as t,,; = P,;1, the t;, is arranged as

I . A

(L S N S 5.12
Pout ! Anet - Azn ! ( )
Therefore, if a source node which has transmission area A;, is considered the

contact time of a mobile node for this source node can be obtained as

_ Aip -
tcon = tzn cs 5.13
t A t ( )

out

where t;,,;. is the outside area of A;, and inter-contact time of nodes, respectively.
Consequently, the contact time is expressed as the ratio of network size from

inter-contact time.

5.4 Phase Type Model for Contact Time and

Inter-Contact Time

In order to capture a general stochastic behavior, we assume that the contact time
and inter-contact time of node follow continuous PH distributions. A continuous
PH distribution is the distribution of the time to absorption in a finite continuous
time Markov chain. The transition probability matrix P of dimension m + 1 is

given by

T t
P = (5.14)

0 0

where T is the (m x m) matrix grouping the transition probabilities among the
transient states, t is the l-dimensional column vector grouping the probabilities

from any transient state to the absorbing one, and 0 is a zero row vector.

The contact time of node for SN is assumed to have the PH(ea, T') distribution

of order m, where « is an initial probability vector such that al = 1. Every
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element of T has the following property; 0 < 7;; < 1 and T1 < 1 with at least
one of the rows strictly less than 1, where 1 is a column vector of ones. In a
similar manner, the contact time of node for DN and the inter-contact time of
node has the assumed to have the PH(3, S) distribution of order m and PH(~, R)

distribution of order n, respectively.

The transition probabilities of sleep/transmission stages using PH distribution is
described below. In Chapter 3, the probabilities using exponential distribution
was obtained. The condition of node movement between contact and inter-contact
area is same as in Chapter 3. That is, when an MN is in the contact area of SN
or DN if the remaining contact period is greater than current beacon interval it
means the node stays in the contact area at the end of beacon time, otherwise it

means the node moves out of the contact area.

In the PH model, the remaining contact period can be expressed using complement
of cumulative distribution [48] and the probability of the MN stays in the contact

area of SN during current wake-up interval T} is
P{Remaining Contact Period > T},} = 1 — ae™*1. (5.15)
Similarly, the probability of the MN moves out of contact area during current
wake-up interval T}, is
P{Remaining Contact Period < T3} = ae™?*1. (5.16)

The probability for DN is obtained if PH(3, S) is used instead of PH(ex, T).

When an MN is out of the contact area of SN or DN, if the remaining inter-contact

period is greater than current sleep interval it means the node stays out of the
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contact area at the end of sleep time. So, the probability of the node stays out of

the contact area during current sleep interval T}, is

P{Remaining Inter-contact Period > T}} = 1 — ye®+1. (5.17)

In addition, the probability of the MN moves into the contact area during current

sleep interval Ty is

P{Remaining Inter-contact Period < T},} = ve®%#1. (5.18)

The only non-zero one-step transition probabilities for PH distribution are rep-
resented in the Appendix. Next, the performance of Chapter 3 for PH model is

examined.

5.5 Numerical Examples

The node arrival rate A for different mobility parameters is observed first. In
Chapter 4, the node arrival rate A for different v,,,, settings was shown in Figure
4.8 when R = 300m and o = 1/2000m?. In addition to that, the node arrival
rate for different radio transmission range and node density is depicted in Figure
5.2 and Figure 5.3, respectively. The node arrival rate is also proportional to the

radio transmission range and node density.

Once the PH model for contact time and inter-contact time is established, it is
needed to fit model parameters to the actual distributions. The density functions
of contact time and inter-contact time are approximated with PH distributions.

First, the density function of node arrival rate is obtained using the closed form
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expression of density function for relative velocity given in [49]. Then, through
the numerical calculation, the density functions of node contact time and inter-
contact time are obtained from the density function of node arrival rate. Figure
5.4 shows the density function of node arrival rate. The obtained density function
and distribution function of node inter-contact time are compared with exponen-
tial distribution and fitted PH distribution in Figure 5.5 and Figure 5.6, respec-
tively. In the figures, the PH model is more closer to the actual distribution than

exponential model.

For fitting PH distributions, existing EMpht program [50] is used. The program is
an implementation of the EM (expectation-maximization) algorithm which is an
iterative method for maximum likelihood estimation. The order of PH distribution

is given by the user and that is selected as 3.

The fitted continuous time PH distribution of node contact time for SN that
corresponds to the actual distribution with mean periods 10sec is given by PH(«,

T), where

—0.6612 0.0044  0.3955
o= {O 1 O], T= 0.6163 —0.6298 0.0135

0.0051  0.6490 —0.6655

The phase type parameter for DN, PH(/3, S), is assumed to be the same as that
of SN.

71



The fitted continuous time PH distribution of node inter-contact time is given by

—0.3306 0.0022  0.1977
V= [O 1 0]7 R=| 03082 —0.3149 0.0067

0.0025  0.3245 —0.3328

It corresponds to the actual distribution with mean periods 20sec.

Figure 5.7 and Figure 5.8 compare packet loss and packet delay in MN with respect
to different contact time and inter-contact time models. From these figures, it
can be observed that the performance by PH distribution is better than that of

exponential model.

5.6 Summary

In this chapter, the relation of node arrival rate, contact time, and inter-contact
time was examined with node mobility parameters, such as node velocity, radio
transmission range, and node density in the network. Then, the node contact
time and inter-contact time are also expressed as PH model. Using this general
model the performance of mobile node was analyzed, and then the results were
compared with those of Chapter 3. It is examined that the PH model is more
closer to the actual distribution than exponential model and the performance by

PH model is better than that of exponential model.
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Figure 5.2. Node Arrival Rate (V0 = 5m/sec, 0 = 1/2000m?).
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Figure 5.3. Node Arrival Rate (v, = bm/sec, R = 300m).
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Chapter 6

Conclusions and Future Works

In this chapter, the results obtained in this thesis are summarized and some pos-
sible directions for future research are presented. In this thesis, a MAC protocol
that supports adaptive sleep scheduling of a mobile node is proposed. Based on
the MAC layer operation, an adaptive power management framework is devel-
oped. The framework considers power saving and buffer management together in
order to minimize power consumption while minimizing the performance degra-
dation of buffer management for the mobile node. Through the analytical model,
it is examined that power consumption is significantly reduced by employing sleep
scheduling while maintaining queueing performance of the mobile node. In ad-
dition to the throughput performance, the queueing performance of the MN for
the proposed beacon schemes is evaluated and compared. There is no significant
performance difference between beacon schemes, thus it is effective to choose a
scheme which has lower beacon rate, but it is not necessary to increase the final

sensing interval index to cause packet losses.
The performance of SN as well as the end-to-end performance of DTN are also
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evaluated. Variations of the performance of an SN are affected by diverse network
parameters. Through the numerical example the impact of MAC parameters,
node mobility, and traffic rate on packet loss, delay, and throughput is examined.
Admissible system parameters, such as buffer size of the SN and arrival rate
of the MN, that satisfy given packet loss probability are also decided. For a
more exact analysis, selection probability and collision probability of MNs are
also considered. However, the performance variation by the collision probability
and selection probability of MNs was not significant. The performance of proposed
MAC scheme is analyzed by modeling an SN and an MN using discrete time semi-

Markov chain.

For more realistic performance analysis, the relation of node arrival rate, contact
time, and inter-contact time was examined with node mobility parameters, such as
node velocity, radio transmission range, and node density in the network. Then,
the node contact time and inter-contact time are also expressed as PH model.
Using this general model the performance of mobile node was analyzed, and then
the results were compared with those of Chapter 3. It is examined that the PH
model is more closer to the actual distribution than exponential model and the

performance by PH model is better than that of exponential model.

Even though our research has dealt with several important issues that have not be
considered in the literature there are some subjects that are still not considered
in our research. These issues may be considered for further research and are listed

as follows:

e DTN can be implemented in various configurations according to its purposes,
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and thus to support it, there are diverse routing algorithms. Therefore, in
order to establish general power saving framework the algorithm is required

to be analyzed in some different routing scenarios.

e To consider the realistic network environment, we need to extend our re-
search to the source nodes which have different characteristics. That is, the
mobile source nodes. In this case, the source nodes also need to be equipped

with power saving mechanism.

e There are many parameters from node mobility to network configurations
that affect the performance of DTN. It is difficult to see the influences of
these parameters at the same time. In addition to the numerical evalu-
ations we have provided, simulation is another way to perform dynamic

experiments with more intense variation of parameter sets.

Even with limitations, we believe that our work can be helpful by providing some

insight on the DTN design.

79



Appendix

The only non-zero one-step transition probabilities for PH distribution are rep-
resented as follows. These probabilities correspond to the one-step transition

probabilities for exponential distribution in Chapter 3.

Pgo: MN stays in SN

Pook), 000 = P{N(Ty) = 0}(1 — ee™*1), k=0,M+1;

Po,0,1+1),000) = P{N(Thr1) = 0}(1 — ae™r11);

Poom g min = (1= Po) P{N(Ty) = j}1 — ae™1), 0<j <K -1,k =
0, M +1:

Po,0,0,0) = Pea P{N(T}) = j'}1 — ae™1), 0<j' <K —-1k=0,M+1;
Poox),0xm+1) = (1 = Pot) Yoo o PAN(T}) = a}(1 — ae™*1), k=0,M+ 1;
Po,0.),0,5,0) = Peot > e g PAN(T},) = a}(1 — ee™*1), k=0,M +1;

Pojr) 0j-1m+1) = (1 = Poy) P{N(T}) = 0}(1 — ae™*1), k=0,M + 1;
Po,jk),0j-1,0 = P.,P{N(Ty) =0}(1 — aeTTkl), k=0,M+1;
Pojm,0g+m+1) = (1= Peo) P{N(T};) = 1 + 1}(1 — ae™1), 0<I< K —j—
1,k=0, M+ 1,

Po,j),0j+10) = PaP{N(Ty) = 1+ 1}(1 — ae™*1), 0<I<K—-j—1k=
0, M +1;

Pojmyoxm+1) = (1= Peot) 3202 PAN(T);) = a}(l — ae™*1), k=0,M + L;

P(OJ,]C)’(O,K’O) =P ZZO:K P{N(Tk) = a}(l — aeTT’cl), k=0,M-+1.

Po2: MN moves from SN to Outside
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Pook).200 = P{N(Ty) = 0}ae™*1, k=0M+1;

P20 = PIN(Tx) = j'tae™ 1, 0<j/<K-1,k=0,M+1;
Poog),2k0) = D P{N(T}) = a}ae™*1, =0,M +1;

Pojr.2j-10 = PAN(T}) = 0}ee™*1, k=0,M + 1;

Pojwy 2410 = P{N(T) =1 + 1}ae™1, 0<I<K—-j—1,k=0M+1;

P(O,j,k),(Q,K,O) = ZZO:K P{N(Tk) = a}aeTTkl, ]C = 0, M + 1,

Pi1: MN stays in DN

Paow, 00 = P{N(Tx) = 0}(1 — Be5T+1), k=0,M + 1;

Paom+1),000) = P{N(Trr41) = 0}(1 — BeSTu11);

Paonr.agmsn) = (1= Pa) P{N(T},) = j'}(1 = Be5™*1), 0<j < K -1,k =
0, M +1;

P00 = Pea PAN(Ti) = j'}(1 — Be*1), 0<j <K—-1,k=0,M+1;
Paom,axmeny = (1= Po) 302 g PIN(Ty) = a}(1 — Be®1), k=0,M +1;
Pa,os),1,5,0) = Peot Yoae e PIN(T1) = a}(1 = Be¥+1), k=0,M + 1;
Paim,ai-1m1) = (1 = Peot) P{N(T};) = 0}(1 — Be5"1), k=0,M +1;

Pujm, 10 = P P{N(T};) = 0}(1 — Be3*1), k=0, M + I
Pajwyagrimsty = (1=Pu) P{N(T},) = I+1}(1-Be571), 0<I< K—j—1,k=
0, M +1;

Pujm i) = PaP{N(Ty) = 1+ 1}(1 = Be3*1), 0<I<K—j—1k=
0, M +1;

Pujmyarmrny = (1= Pot) Yool i PAN(T}) = a}(1 — Be®"1), k=0,M +1;

P(l,j,k),(l,K,O) = PCOZ ZZO:K P{N<Tk) = a’}(l - IB€STk]‘)7 k = 07 M + 1
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Pi2: MN moves from DN to Outside

Pao,200 = P{N(T;) = 0}Be57:1, k=0,M +1;

Paowy, 0 = P{N(Ty) = j'}Be51, 0<j <K-1,k=0,M+1;
Paow,2x0) = 2oaer PIN(Tk) = a}Be>*1,  k=0,M + 1;

Pujri-10 = P{N(Ty) = 0}8Be57x1, k=0, M + 1;

Pajw,j+10 = PAN(Ty) = 1+ 1}88e571, 0<I<K—-j—1,k=0,M+1;

Pji k0 = 2ux PAN(Ty) = a}BeST 1,k = 0, M + 1;

P2y, P21: MN moves from Outside to SN or DN

Pioow0/1,0k+1) = P{N(T},) = 0}yeR*1/2, 0<k < M;

Pk o/ = P{N(T) = j'}yeR1/2, 0< 7 <K —1,0<k < M;
Pooro/ i) = 2oe e PAIN(Ti) = a}ye®1/2, 0 <k < M;
Pojny,o/nm1) = P{N(T}) = 0}yyet1/2, 0 <k < M;

Py, oty = PIN(Ty) = 1+ 13yyef41/2,0 <I< K —j 2,0 <k <
M;

P05 0m+1) = 2oae g P{N(T) = a}yeRT1/2, 0 <k < M.

P3s: MN stays Outside

Poo,00k+1) = P{N(T},) = 0}y(1 — veR%1), 0<k<M-—1;

Poo,m),000m) = P{N(Tn) = 0}y (1 — yeR1);

Poow,0k+1) = PIN(T) = j}v(1—~ve®1), 0<j <K-1,0<k< M-
Pooy, 04,00 = PIN(Ty) = j3y(1 —vef™1), 0<j <K -1
P00k k+1) = 2oaei PAIN(Ty) = a}y(1 —veR 1), 0< k<M —1;

Poon ok = 3o i PIN(Ty) = a}y(1 — veR1);
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Pojm) k1) = PAN(T) = 0}y (1 — vef1), 0<k <M — 1

Pio a4 = P{N(Tar) = 0}y (1 — vyel1);

P 0j+i4the1) = PAN(Ti) = 1+ 1}y(1 —~veR+1), 0<I<K—-j—-20<
k<M -1,

Py ojri41a) = PAN(Ta) = 1+ 1}y(1 —ye®™1), 0<I< K —j—2;
Pk, 05 k1) = gy PAIN(Ti) = a}(1 —ve?*1), 0<k <M —1;

Pojan .50 = 2o P{AN(Tw) = a}(1 — veB1).
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