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Abstract

M obile communications have become very popular nowadays, especially with the advent
of light-weight portable devices that made it convenient to perform many types of tasks
while on the move. This has |ed to rapid advances in the mobile ad hoc network
(MANET) field of research. Ad hoc networks are composed of mobile wireless nodes
that are generally moving freely within a certain area. These nodes cooperate together in
order to route traffic from a source to a specific destination. Several routing protocols
have been devised to handle the routing duties within ad hoc networks.

Battery energy isthe most scarce resource on which the continued functionality of a
mobile ad hoc network depends. Several schemes have been developed to address the
issue of energy efficiency with varying degrees of success. In thisthesis, we present a
new energy-efficient algorithm that we call PIES, which stands for Protocol-Independent
Energy Saving. The PIES agorithm presents a new energy saving technique that helps
conserve energy that is consumed by the wireless interfaces of the network nodes. PIES
is not arouting algorithm, rather it is an algorithm that works in conjunction with existing
routing protocols and hel ps those protocols make decisions regarding energy
conservation. PIES functionality conformsto the principle of energy fairness amongst
network nodes and does not intervene with the core functionality of the routing protocol.
It is adistributed a gorithm whose functionality does not depend on any single node or
set of nodes within the network. In addition, PIES does not introduce any significant

additional traffic or energy costs to the network and its nodes and can be configured to



have no additional traffic or energy costs. Our experimental results show that PIES
introduces considerable energy savings and works equally well with various categories of
routing protocols. Thisis donein afair manner to al nodes within the network. Our
experiments al so show that PIES functionality is consistent with the increase of network
traffic and population and increases network lifetime by about 70%.

In addition to the simulation studies, we analyzed the impact of PIES major parameters
on protocol performance and validated them through simulation. This provides guidance

to network operators in setting these parameters.
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Chapter 1. Introduction

This research presents a solution to some of the energy efficiency issuesin connection
with communications in Mobile Ad hoc Networks (MANET). In this chapter, we give a
brief introduction to mobile ad hoc networks and the elements that affect their operation.
We limit our attention to those MANET aspects that are directly linked to the research
covered by this study. We then describe our research motivations and goals and present a

list of thesis contributions. Finally, we describe the organization of thisthesis.
1.1 Mobile Ad Hoc Networks: Characteristicsand Applications

Recently, mobile communications have flourished extensively with the technological
advances made in areas of new portable devices and wireless communications. This has
led to many advancesin the area of mobile ad hoc networking. A mobile ad hoc network
consists of mobile devices communicating with each other viawireless connections to
both exchange information of mutual interest as well as to maintain the network
connectivity in general. These devices are generally free to move about arbitrarily, and
could be located on airplanes, in cars, with people, etc. We refer to these mobile devices
as “network nodes’ within this study. Therefore, an ad hoc network is generally
considered an infrastructurel ess network that relies on its nodes to maintain its topology.
Thisimplies that the different nodes are expected to perform, in addition to their normal
function e.g. as a computing device, the routing function that is normally done by routers

within the Internet infrastructure networks. An example of an ad hoc network is



illustrated in Figure 1-1. The figure shows a network that consists of seven mobile nodes.
The wireless links between the nodes that lie within range of each other areillustrated by
bi-directiona arrows. In this network, if node 1 needs to communicate with node 2, for
example, it will need to do so vianode 4, as one of the possible communication paths. If
anode is within range of another node, for example nodes 4 and 7, they can communicate
with each other directly. But, if node 7 decides to move out of range from node 4, this
direct communication would no longer be possible and the two nodes would have to

continue their communication via one or more other nodes.
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Figure 1-1: A mobile ad hoc Networ k

In this thesis, we focus on ad hoc networks that conform to the following characteristics
[8l. [32]:
* Thenetwork nodes are using IP, the Internet Protocol
* Thenodes could be far apart in such away that not all of them are within range of
each other
* Thenodes are generally mobile and therefore two nodes that are within range

from each other at some point of time may be out of range later



» Thenodes are able to contribute to the topology maintenance operations of the
network

» Thenetwork is generaly bandwidth constrained as wireless links generally have
lower capacity than wired links. Thisis alarge factor of consideration in the
design of the protocols that are used for the operation of these networks

* Thenodes generally possess alimited amount of battery energy

There are numerous applications of the MANET technology. Here are some examples of
their use [32]:

» Conferencing: where a network infrastructure is missing while conference or
meeting attendees still require exchanging emails and information regarding a
certain project or task at hand.

» Emergency Services: for search and rescue missions, for example, where severd
emergency workers need to exchange information over a vast searching area
with no existent network infrastructure.

* Military Operations. similar to the previous case, a group of military personnel
may require exchanging operational information while in the field with no
access to afriendly network infrastructure.

» Sensor Networks: in which a set of sensors with wireless transceivers can be
randomly spread over an areafor which terrain or environmental information
gathering is needed. These sensors can cooperate in collecting and assembling
thisinformation for analysis purposes.

* Wireless Mesh Networks: A mesh network allows nodes or access points to

communicate with other nodes without being routed through a central switch



point, eliminating centralized failure, and providing self-healing and self-
organization. Intelligence is distributed from switches to access points by
incorporating a grid-like topology. Network nodes act as routers. This type of
networks can be used where wired LANS cannot be established easily, or where

cost of establishing them istoo high.

1.2 Factors Affecting the Operation of MANETS

There are many factors that affect the operation of a mobile ad hoc network. These
factors have to be considered while designing any solution or protocol that addresses
MANET related issues. In this section the main factors are presented together with their
effect on the network operation.

1.2.1 WirelessCommunication

Ad hoc networks exhibit reduced data rates as compared to wired networks, with an order
of magnitude difference between ad hoc and wired networks. Therefore, this limited
bandwidth should be an important factor to consider in the design of any ad hoc network
protocol. It isimportant to reduce packet transmission overheads (e.g. protocol-specific
control packets) between network nodes. In addition to this bandwidth limitation,
wireless media also experience higher error rates in comparison to wired networks. This
presents a problem especially with protocols such as TCP which were designed to
interpret alost packet as an indication of network congestion. This, in case of ad hoc
networks, causes an even larger performance issue to users when transient noise, for

example, causes atemporary increase in errors.



1.2.2 Scalability

Node mobility in ad hoc networks introduces scal ability issues due to the fact that routing
changes as nodes move. This requires control messages to be sent around the network in
order to update connectivity information. The quicker the movements of nodes relative to
each other, the more often the control messages have to be sent to maintain network
topology information. Thisimposes additional load on network bandwidth which is
already limited, as explained in the previous point. Therefore, the number of control
messages required by a protocol intended for ad hoc networks should be an important
design factor. Evaluation of such agorithms should include their ability to scale with the
growth of network population, traffic and node mobility. From this point of view, the
lower the control traffic of a protocol, the more accepted it isfor operation within
wireless ad hoc networks.

1.2.3 Energy Limitations

Generally speaking, nodes within ad hoc networks rely on limited energy sources, usually
batteries, for their operation. While energy is consumed by different aspects of the
functionality of amobile node, we focus our attention in this study on those aspects that
relate to communication between network nodes. Nodes consume energy when they
transmit data to a desired destination, when they forward data while acting as
intermediate nodes between source and destination nodes, or when they listen to a
channel. Since nodes cannot operate without energy, and since energy in mobile nodes
could be highly limited due to the generally limited battery power, this can be considered
one of the most important limiting factorsin operating an ad hoc network. Every time a

node transmits, receives or listens to a communication medium, it consumes energy as



will be explained in detail later in this thesis. This underscores the importance of energy
conservation in connection to communications in ad hoc networks.

This research focuses on creating an energy efficient technique that works in conjunction
with existing ad hoc routing protocols.

1.2.4 Routing Techniques

Generaly, nodes within an ad hoc network perform the routing duties that are handled by
fixed routers in wired networks. Therefore, nodes that are willing to contribute to routing
duties within the network perform them in addition to their original functions. These
nodes would therefore have to run a certain routing protocol in order to be able to
contribute to the routing function. Several routing protocols have been created for ad hoc
networks; each of which possesses its own characteristics that differentiatesit from the
others. The routing technique is an important factor that affects the performance of the ad
hoc network. Thisis because the strategy of the routing protocol determines such
important aspects of the network operation as latency, congestion, power consumption,
etc.

Routing protocols can be divided into two categories [38]: table-driven (or proactive) and
source-initiated on-demand driven (or reactive) protocols. The table-driven protocols
strategy is to maintain up-to-date routing information in routing tables that are maintained
at each network node. These protocols respond to changes in network topology by
propagating updates throughout the network to maintain a consistent network view.
Example protocols are the DSDV routing protocol [33] and the OL SR routing protocol
[21]. Source-initiated on-demand routing protocols on the other hand create routes only

when desired by the source node. When a source node needs to communicate with a



destination node, it initiates a route discovery process within the network. The processis
completed when at |east one route is discovered. Once arouteis established, it is
maintained by some sort of maintenance procedure until the route is no longer needed or
the destination is not at all accessible. Example protocols are the DSR [24] and the

AQODV [34] routing protocols.
1.3 Performance Metrics

Several algorithms have been developed in support of ad hoc networks' operation. Some
of these agorithms are purely routing algorithms, and some of them areused in
conjunction with routing algorithms for other complementary functions such as energy
conservation. In order to evaluate these algorithms and to test their performance relative
to each other, severa metrics have been widely used [32], [35]. Examples of these
metrics are as follows:

» Average packet delivery ratio: ratio of the data packets received at the destination
nodes to the packets that were sent by the sources.

* Average packet latency: includes all the delays encountered by the packet at the
different hops from the time it was sent by the source until the time it was
received at the destination.

* Route acquisition time: the average time period between requesting aroute and
acquiring it. This metric is of particular concern to routing protocols that belong
to the “on-demand” category of routing algorithms.

* Routing load: number of routing packets (and supporting protocol control

packets) transmitted per data packet delivered at the destination.



Asfar as network context is concerned, the following parameters are also essential in the

evaluation and comparison of ad hoc network algorithms:

Network size: Measured in the number of nodes.

Network area dimensions. This also includes the shape of the area

Rate of Change of network topology: Thisis reflected by the speed of nodes as

well as pause time between movements

Traffic load: Thisincludes the following parameters:
o Traffictype (e.g. CBR versus TCP)
o Dataratein packets per second
0 Packet sizein bytes. This parameter combined with the datarateis
sometimes referred to as the throughput and is usually measured in Kbps
0 Number of source/destination pairs
* Node energy parameters. This depends on whether an energy efficient agorithm
isin use and generally includes parameters such as sleep times, frequency of the
sleep state, number of sleeping nodes at atime, etc.
Throughout this study, we will be using some of these metrics and parameters as well as
other energy-efficiency related metrics that will be discussed in the next chapter to
evaluate our approach.
1.4 Motivations and Goals of this Research
Energy is the most scarce resource for the operation of the mobile ad hoc networks. As
we will seein Chapter 2, idle energy consumption is responsible for alarge portion of the
overall energy consumption in the wireless interfaces of the mobile nodes. Therefore, it is

crucial to energy conservation efforts that this source of energy is eliminated or reduced.



Our goal in thisresearch isto create a new energy conservation scheme that works on
reducing idle energy consumption. This scheme works with existing routing algorithms
of all categories. It aims at achieving energy conservation in amanner fair to all network
nodes. It is distributed in nature, and its functionality is independent of the strategy and
architecture of the routing protocol. We will discuss our research objectivesin more

detail in Chapter 2.
1.5 Contributions of thisThesis

The main contribution of this thesisis investigating energy-efficiency issues that relate to
communication in mobile ad hoc networks. Mobile nodes generally possess limited
sources of energy on which the health of these nodes and the network is mainly
dependent. Therefore, conserving this energy is crucia for the extended functionality of
such networks, and hence thisis the target of our research.

The contribution of this research can be summarized in the following points:

1. Studying energy-efficiency issues associated with communication between nodes
that constitute a mobile ad hoc network. This includes a case study [16] that
illustrates these issues and highlights the existence of an opportunity to address
them (Chapter 2).

2. Classification and evaluation of energy-conserving techniques in mobile ad hoc
networks (Chapter 3).

3. Design of anovel energy-conservation technique [17] that works in conjunction
with existing routing protocols. This techniqueisfair, modular in nature,

distributed (does not depend on a single node or set of nodes for its functionality)



6.

7.

10

and its functionality is independent of the nature and semantics of the routing
protocol (Chapter 4).

Implementation of the new algorithm in the ns2 simulator [13] aswell as
integrating it with the AODV, OLSR and DSR routing algorithms (Chapter 5).
Full evaluation of the performance of the new technique which includes its
performance with different types of routing protocols, scalability, effect on
network lifetime, its performance with different traffic types, the effect of
changing its parameters on performance and a comparison with another energy-
conserving agorithm of the same category (Chapter 5).

Analytical study of the effect of the new technique on latency [18] and a
comparison with experimental results (Chapter 6).

Analytical study of the effect of the algorithm on network throughput and a

comparison with experimental results (Chapter 6).

This research has resulted in the following publications so far:

Y. Gadalah and T. Kunz, “A Protocol Independent Energy Saving Technique for
Mobile Ad Hoc Networks’, accepted for the special issue on Mobile and Wireless
Networking, International Journa of High Performance Computing and
Networking (IJHPCN). Expected to be published early 2005.

Y. Gadallah and T. Kunz, "PIES: Protocol independent energy saving algorithm",
Proceedings of the 2004 Workshop on Mobile and Wireless Networking,
Montreal, Canada, pages 4-12, August 2004, IEEE Computer Society Press 2004,

ISBN 0-7695-2198-3.
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* Y. Gadalahand T. Kunz, "Energy consumption in ad-hoc routing protocols:
Comparing DSR, AODV and TORA", Proceedings of the 1st International
Conference on Ad-Hoc Networks and Wireless, Toronto, Canada, pages 161-176,

September 2002.
1.6 Organization of thisThesis

Thisthesisis organized as follows. Thisintroductory chapter briefly describes the ad hoc
network concepts and entities that are used throughout this work. In Chapter 2, some ad
hoc networking environment energy-related background is given and the issues
associated with energy conservation are discussed in detail. This includes a description of
the network operation from an energy point of view, energy models and energy metrics.
It aso includes a case study that paves the way to the description of the problem that this
work addresses. It concludes with a description of our research objectives. Chapter 3
includes a description of related work. It includes a discussion of some of the most
important techniques that have been published to address energy-efficiency issues.
Chapter 4 includes a description of our solution to address the energy-efficiency
problems that we presented in Chapter 2. Chapter 5 includes detailed evaluation
experiments of our solution. Chapter 6 presents an analytical discussion of the
algorithm’s dominant parameters as well astheir effect on latency and network

throughput. Chapter 7 concludes the study and suggests areas for future research.



Chapter 2: Energy Efficiency Issuesin
Mobile Ad Hoc Networ ks

2.1 Introduction

Aswe mentioned in the previous chapter, nodes within an ad hoc network generally rely
on batteries (or exhaustive energy sources) for power. Since these energy sources have a
limited lifetime, power availability is one of the most important constraints for the
operation of the ad hoc network. There are different sources of power consumptionin a
mobile node. Communication is one of the main sources of energy consumption [43].
Since the rate of battery performance improvement is rather slow currently, and in the
absence of breakthroughs in thisfield, other measures have to be taken to achieve the
goal of getting more performance out of the currently available battery resources. Within
this study, we focus our efforts on methods to reduce the power consumed in
communications between ad hoc network nodes.

Communications in ad hoc networks are done via using the RF transceiver at the source,
intermediate and destination nodes to exchange information. The source node sends
control and data messages which are received by one or more receiving nodes, depending
on the message type. The receiving node could be the intended receiver of a packet, or it
could be on the path to the end destination (when the destination is not within range from
the source) and in this case it acts as a forwarder of the traffic. In order to address the

energy efficiency issues in the communications within ad hoc networks, it isimportant to

12
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understand the energy model which represents the power consumption behavior in the ad

hoc network node wireless interfaces.
2.2 Energy Models

Several studies have dealt with measuring energy consumption in the wireless interfaces
of mobile nodes, e.g. [14][15],[28],[43] to determine the exact sources of energy
consumption in the wireless interfaces. These studies examined the different modes of
operation of the wireless interfaces. It was found that a mobile node’ s wireless interface
consumes energy not only while communicating with other nodes, but also whileinidle
mode, i.e. when the node is listening to the medium but not handling packets. Following
are the types of energy consumption that have been identified:

» Energy consumed while sending a packet

» Energy consumed while receiving a packet

* Energy consumed whilein idle mode

» Energy consumed while in sleep mode which occurs when the wireless interface

of the mobile node is turned of f

It should be noted that the energy consumed during sending a packet is the largest source
of energy consumption of all modes. Thisis followed by the energy consumption during
receiving a packet. Despite the fact that while in idle mode the node does not actually
handle data communication operations, it was found that the wireless interface consumes
a considerable amount of energy nevertheless. This amount approaches the amount that is
consumed in the receive operation. Later in this chapter we present the results of some

simulation studies that we have performed to determine the ratio of the average energy
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consumed in idle mode relative to the overall energy consumption. Idle energy isa
wasted energy that should be eliminated or reduced through energy-efficient schemes.
Through energy consumption measurements studies, experiments have aso been
conducted to determine the power consumption patternsin the different active modes. In
some experiments, the instantaneous power consumption per communication mode, e.g.
send, receive, idle and sleep modes, has been measured. Some experiments went even
further to include more detail s about the energy consumption pattern per subtype of the
operation [14],[15]. For example, the cases of unicast and broadcast are considered to
have different costs. This has been explained based on the fact that unicast operationsin
|EEE 802.11 involve the exchange of control packets between the sending and receiving
nodes while broadcast operations do not involve such an exchange. However, these
studies did not directly address cases of repeated resending of control packets that may
happen due to glitches in the transmission operations over the wireless communication
channels. It has been shown [39] that energy consumed in the retransmit operationsis
responsible for a considerable amount of energy consumption. Since this case cannot be
avoided with the use of energy-efficient algorithms, especially in the transition between
node wakeup and sleep times, using the model described by [14],[15] may introduce
some inaccuracies.

Throughout this study, we have benefited from [14] and other measurements studies in
the usage of the values that they measured for the energy consumption of the wireless

interfaces during the different modes.
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2.3 Energy Consumption Over head

Asindicated above, energy consumption through communicationsin MANET is caused
by several sources. Some of these sources are useful while others are considered a waste
that should be eliminated or reduced in future designs for energy efficient schemes. Some
of the main sources of wasted energy in wireless interfaces can be attributed to the
following [20]:

» Idlecondition: With interfaces sitting idle most of the time especially in
applications such as e-mail or web-browsing [43].

» Collisions: In these situations, which happen mainly at high load conditions, data
involved in the collision become useless and the energy used to communicate this
dataislost.

* Protocol overhead: This refers to protocol-specific control messages which
impose additional energy requirements on top of what is necessary to transmit
payload traffic. Managing this source adds a design requirement to MANET
targeted protocols.

» Higherror rate: Thisistypical for wireless links. This source of energy
consumption overhead actually has three componentsto it:

o Datainvolved in erroneous transmissions becomes invalid and hence
energy consumed in their communication is wasted.
0 Energy isused for error control mechanisms such as those used at the data

link level to reduce the impact of errors.
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0 Some routing protocols may interpret delays due to temporary error
conditions as routes becoming invalid. This leads to flooding the network
with route requests to substitute for existing valid routes that are thought
to have become broken. This could be alarge source of wasted energy.

Energy efficient schemes are needed to address the first issue. Possible solutions would
be to put nodes to sleep for periods of timein order to avoid wasting energy inidle
conditions. In this case, several questions would need to be answered by such agorithms,
for example:

*  When anodeis put to sleep?

*  When doesit wake up?

* How would other nodes know if a certain node is asleep?
The second issue may be unavoidable with heavy load conditions and in high mobility
conditions and is best handled by MAC level back-off strategies such as the one available
with the IEEE 802.11 MAC [50]. The third issue should be handled through a
conservative design strategy of ad hoc network protocols by restricting control messages
to the narrowest possible limits. The fourth issue can be handled at different layers; in
particular the MAC and network layers. At the MAC layer, a possible solution would be
to increase the transmission power upon the detection of error conditions so that the SNR
would increase in the hope of overcoming the erroneous conditions. At the network layer,
the routing protocol should have enhanced fault tolerance in order to handle such error
conditions. However, this should be balanced with the need to detect “real” fault

conditions so that unnecessarily long delays can be avoided.
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2.4 Energy Efficiency Metrics

Energy efficiency metrics are needed to both devise and evaluate energy conservation

schemes. Throughout this work, we assume the following:

* Only unicast routing is considered (i.e. multicast is not covered in this study).

* Alink layer acknowledgements mechanism (such as that provided by an IEEE 802.11
wireless LAN) isavailable.

* Only energy consumed during node communications will be focused on.

Some studies, e.g. [42], discuss metrics for energy efficiency in ad hoc networks. Several

distinct metrics can be used to compare the energy-efficiency of arouting protocol. The

selection of appropriate metrics depends on the overall goa of the ad-hoc network

deployment. Examples of the metrics that are used to manage energy consumption are:

* Minimize energy consumed/packet,

* Maximizetime to network partition,

» Minimize variance in node energy levels,

* Minimize cost/packet, and

*  Minimize maximum node cost.

For routing algorithms that find shortest paths, the first and fourth metrics are used. The

“Minimize energy consumed/packet” metric basically addresses the average energy

consumed per packet, over the number of hops that are traversed by this packet. Hence, if g

is the energy consumed in transmitting one packet between nodesi and j, then the energy

consumed for packet x, e, transmitted from source to destination over n hops, is:
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&= inéla,m (2-1)
Asfor the “Minimize cost/packet” metric, a cost function has to be defined. The total cost (or
energy) of sending a packet along some path is the sum of node costs along that path. This
metric is generally used if we are trying to derive an agorithm that maximizes the life of all
nodesin the network. There is an important difference between this metric and the first one
(Minimize energy consumed/packet). The former makes sure that the nodes that are low in
energy do not lie on many paths while the latter does not consider the energy level of the
nodes as long as the path a packet takes will result in minimum energy consumption for that
packet.

If ensuring fair energy distribution amongst network nodesis of concern, then the “Minimize
variance in node energy levels’ metric must be used. This metric ensures that all nodesin the
network remain up and running together for aslong as possible. A way to achieve this could
be via selecting the routing path (if severa are available) based on the energy levels of the
different nodes on the path. That is, one would determine the smallest value of node energies
on acertain path, and compare it with the corresponding value on the other paths. The path
with largest bottleneck energy value is selected. We will show later that, as one of the aspects
of our energy conserving strategy, we have opted to using this method as one of our
measures to ensure fairness amongst network nodes.

In the next section, however, since we are only comparing existing routing algorithms with
regard to the energy consumption, we will be using the average overall energy consumed

combined with the ratio of packet delivery for our comparison and conclusions. That is, we
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compare the algorithms with regard to average overall amount of energy used to route
packets together with packet delivery performance. We also use the standard deviation of
remaining node energies as a measure for energy distribution between network nodes, when

comparing the algorithms.
2.5 An Exampleto lllustrate Energy Consumption | ssues

To get an idea about the nature of some of the energy consumption issues that are
encountered in ad hoc networks, we performed a comparison study of some popular ad hoc
routing algorithms [16]. In this section, we present the results of comparing the DSR [24] and
AODV [34] routing agorithms. This gives some insight into the issues we are trying to
addressin this research.

These two algorithms use the shortest-path routing strategy and do not have an energy
conservation technique. We demonstrate the difference between the algorithmsin terms of
their energy consumption. We used the ns2 ssmulator [13] to conduct our investigation. We
also used the CMU Monarch Project’ s [12] wireless and mobility enhancements to ns2.

We use arelatively high value for the maximum node speed and run simulations for
different pause time values for this speed. Our goal isto examine and compare the energy
consumption patterns at a mobility condition that would cause the topology to change
relatively fast. Note that the only reasonable energy consumption comparison that can be
performed is at the system level, i.e. average energy comparison. It does not make sense
from the point of view of examining different routing strategies to perform the

comparison at the individual node level, since the different algorithms may select

different nodes to route packets. We did not perform detailed performance comparisons
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of the algorithms in terms of their ability to deliver packets under different conditions
since this was the subject of other studies e.g. [6],[23],[35]. We only compared their
energy consumption patterns under different conditions and the corresponding packet
delivery ratios. Thiswas to ensure that alower energy consumption did not come at the
expense of the agorithm'’s packet delivery performance. Tables 2-1 and 2-2 show the
values that we used for the different simulations. Table 2-1 shows the common
simulation parameters. The results of our simulations represent the average of 5 runs each
with different mobility scenario. We used the same traffic pattern for all simulation
experiments. Our movement scenarios are characterized by a pause time. Each node starts
the simulation by remaining stationary for “pause time” seconds. It then movesto a
selected random destination at a speed that is uniformly distributed between zero and the
maximum speed that we selected for the simulation. This pattern then repeats itself over
and over until the end of the simulation. We ran the ssmulations for different pause times
for each of the mobility scenarios. The power consumption values for the different modes

of operation are listed in Table 2-2.

Table 2-1: Simulation parametersfor the case study

Number of nodes 50

Dimensions of simulation area (mxm) | 1500x300

Initial node energy (Joules) 1000

Simulation time (seconds) 600

Traffic type CBR, 3 packets/s
Packet size (bytes) 512

Number of traffic connections 20

Maximum speed (m/s) 20




Table 2-2: Energy model parametersfor the case study

Rx Power Consumption 10W

Tx Power Consumption 14W

Idle Power Consumption 0.83W

We selected CBR for traffic instead of TCP to be able to perform the comparison
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between the algorithms under equal conditions since TCP changes the load (the number

of packetsit sends) based on the network conditions, which would prevent a direct

comparison between the algorithms. With these simulation conditions, we obtained

results that are plotted in Figure 2-1. The results indicate that the energy consumption

patterns of DSR and AODV are quite close, with DSR performing slightly better than

AODV especialy with high mobility conditions. As part of the energy performance, we

also measured the standard deviation of remaining node energies in order to see how the
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Figure 2-1: Energy consumption patternsfor DSR and AODV
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nodes are utilized in both AODV and DSR. It is worth mentioning that the lower the standard
deviation, the more balanced node utilization is. Figure 2-2 shows these results. The figure
also shows that DSR and AODV perform quite closely with AODV showing slightly better
results than DSR especially at higher mobility. Thisis due to the fact that all nodes have to
send AODV HELL O messages periodically. This implies more equal utilization of network
nodes.

However, if we only consider these energy consumption measures, the picture is incomplete.

Therefore, packet delivery ratios are important for a complete understanding of the results.
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Figure 2-2: Node utilization under the AODV and DSR routing protocols
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Figure 2-3 shows the corresponding performance of the algorithms in terms of the packet
delivery ratios. From this chart, we see that the data delivery performance is amost identical
for DSR and AODV, for the conditions of our simulation. From this we see that for the
simulation cases that we have studied, the DSR algorithm offers the best combination of
energy consumption performance and the data delivery performance. It isfollowed quite
closely by the AODV agorithm to the extent that they both seem to be amost identical for

most of our cases.
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Figure 2-3: Packet delivery ratio for AODV and DSR

We also measured the two algorithms with respect to idle energy consumption, see Figure 2-
4. In general, idle energy consumption is an obvious candidate for energy conservation

efforts. We found that AODV and DSR are similar in thisregard. The idle energy
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consumption constitutes well above half of the energy consumption for both algorithms. Itis
worth mentioning that the results concerning idle energy are somewhat different from those
obtained through other studies e.g. [47]. The reason is the difference in the used energy
model in these particular smulations. In any case, it is clear from most studies that idle
energy accounts for at least 50% of total energy consumption in ad hoc network operation.
So identifying when nodes can go from arelatively high-energy idle state to alow-energy
sleep state is one important avenue for energy conservation. Also, despite the fact that idle
energy provides an inherent source of energy balance between different nodes to some
extent, we can still see some energy imbalance between network nodes. Energy fairness,
therefore, is another areathat needs to be focused on. This becomes of specia importance as
idle energy gets reduced due to some energy conservation strategy, as this undesired source
of balance that exists with agorithms with no energy conservation strategies would be

reduced or eliminated.

2.6 Objectives of this Research

Asindicated in the discussion and results above, many routing algorithms have been created
based on various strategies with no policy to address energy efficiency issues. We have seen
some examples of these algorithms in which the nodes spend a large percentage of their
energy in idle mode, which is considered a source of large energy waste. We have aso seen
that despite the existence of idle energy which, in away, introduces a source of energy

balance between network nodes, there still exists some imbalance between node energies.
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Figure 2-4: Energy consumption with and without idle energy in DSR and AODV
(pause 400 sec)

In order to address these issues, a different strategy that takes energy efficiency into
consideration needs to be followed. The possibilities for this strategy range from creating
new energy-efficient routing protocols to enhancing existing ones to become energy efficient.
There have been several studies that explored thisissue and we will be discussing some of
these studies in the next chapter. Emerging from the discussions so far are the following main
issues that we would like to address within the scope of this work:

* A large amount of energy iswasted while the wireless interfaces of the mobile nodes

areidle
» Energy imbal ance between network nodes

» Existence of routing protocols with energy-inefficient characteristics
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Considering these issues as well as our discussion around wireless ad hoc network issues,
our goal in thisresearch isto create an energy efficient algorithm that achieves the
following main objectives:

* Fair energy conservation.

* Fully distributed operation: this algorithm does not depend on a particular node or
set of network nodes for its functionality. This ensures a robust operation of the
algorithm especially in case of node failures.

* Modular architecture: enablesit to integrate relatively easily with existing routing
protocols without the need to make custom modifications to it or major
maodifications to the routing algorithm upon integration.

Therefore, our focusis to create an algorithm that can be used in conjunction with
existing routing protocols as opposed to replacing them. This algorithm will integrate
with these protocols and complement their functionality from an energy-efficiency
perspective. Its design will avoid the issues that we outlined and answer the questions
that we raised in Section 2.3.

2.7 Summary

In this chapter, an overview of energy efficiency issuesin ad hoc networks was given.
Energy models widely used in analyzing and devising ad hoc protocols were discussed.
The sources of energy consumption that pertain to communications in ad hoc network
were shown to exist in four main modes of operation: transmitting, receiving, idle and
sleep modes. The sources of energy consumption overhead such asidle condition,

collisions and protocol control messages have been discussed. The metrics used for



27

energy-efficiency strategies have also been explored briefly. We presented a case study
which sheds light on some of the energy inefficiency issues encountered in ad hoc
networks. We concluded the chapter by outlining the objectives of this study based on the

issues that we presented earlier.



Chapter 3. Energy Conservation Schemes

3.1 Introduction

Several techniques have been developed to address the energy efficiency issuesin ad hoc
networks. These techniques differ in the methodology as well as the layer of the protocol
stack at which they function [25]. Energy conservation mechanisms can be classified
along different lines depending on the area of focus. For example, we can classify them
as geography-dependent versus geography-independent, synchronous versus
asynchronous, etc. Our focusin this research is devoted to energy conservation
mechanisms in conjunction with existing routing protocols. From this point of view, we
can classify energy-efficient agorithms as routing and non-routing algorithms. The
routing a gorithms category includes both routing algorithms that were created with a
strategy to address energy efficiency issues as well as energy efficient schemesthat are
centered around the routing strategy of existing routing protocols. Non-routing
algorithms, on the other hand, are algorithms that were created to address energy
efficiency issues, but they work with existing routing algorithms without directly
affecting their routing strategy. Algorithms belonging to the latter category may operate
at the MAC layer level, network layer level, or in between. In the following sections, we
cover the most significant algorithms that belong to these categories. We discuss their

characteristics aswell as their limitations

28
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3.2 Energy-Efficient Routing Algorithms

In this section, we review some of the energy-efficient routing algorithms. Thisincludes
routing algorithms, or algorithms that affect the routing strategy to achieve better energy

efficiency.

3.2.1 Flow Augmentation and Flow Redirection Energy-Conserving Routing

In [8], the authors propose two a gorithms with the aim of extending the network lifetime
via optimizing the routing from an energy consumption perspective. Their solutions are
targeted toward networks with static or slowly changing topology. They define the
problem as maximizing the minimum lifetime of all nodes. The goal isto find the best
link cost function which will lead to the maximization of the system lifetime. Their first
algorithm, the flow augmentation (FA) algorithm, is based on creating alink cost
function. Thisfunction considers the following parameters: energy cost for unit flow over
the link, theinitial energy and the remaining energy at the transmitting node. A good
candidate for the selected path should consume less energy and should avoid nodes with
low remaining energy. Since both goals cannot be achieved together, the link cost
function is such that when the nodes have plenty of remaining energy, the energy cost is
emphasized, while when the remaining node energy becomes small, the remaining energy
parameter should be more emphasized. The path cost is the summation of link costs along
the path. The algorithm can be implemented with any existing shortest path algorithms
and the authors have implemented it using the distributed Bellman-Ford algorithm.

The second algorithm, the flow redirection (FR) algorithm, is based on the following

idea. If we have multiple sources and destinations, then under the optimal flow (i.e.



30

minimum lifetime over al nodes is maximized) the minimum lifetime of every path from
the source to the destination is the same. When the minimum lifetimes of the paths to the
destination are not all identical then thereis a set of paths whose minimum lifetimeis
shortest. The minimum lifetime of this set of paths can be increased by redirecting an
arbitrarily small amount of flow to the paths whose lifetime is longer than these paths
such that the minimum lifetime of the latter path after the redirection is still longer than
the system lifetime before the redirection. The distance comparison part of Bellman-Ford
algorithm is modified to obtain the shortest length paths (where the shortest path isthe
path that has the node with minimum lifetime of all nodes) in a distributed manner. The
algorithm should also calculate the longest path which is the one with biggest capacity.
This one will be assigned more flows than any other path in order to balance its minimum
lifetime with those other paths. The FR algorithm was shown to have best efficiency (FR
system lifetime/optimum lifetime) of 1/3, and it can be arbitrarily worse depending on
network size. The authors showed through simulations that their algorithms perform
better compared to minimum transmitted energy algorithms. Their simulation study,
though, was done in very limited conditions: small area, small number of nodes, no
consideration for idle energy consumption, and no indication of protocol performance

aspect other than from a system lifetime perspective.

3.2.2 Power-Awar e Routing

In [42], the authors explore power-aware metrics to use with routing protocols on top of
their MAC power savings protocol, PAMAS [37]. They indicate that the strategy

followed by the different routing protocols that are not power conscious would lead to
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fast depletion of battery power and hence quick degradation of the network operation. We
have aready discussed these metricsin Section 2.4. The authors implemented the first
and fourth metrics (minimize energy consumed per packet and minimize cost per packet,
respectively). In their ssimulations, the authors used sparsely popul ated networks and they
did not consider mobility in their ssmulations. Their reason behind not using mobility is
that the evaluation is done for power management and not routing. In our view, mobility
has a considerable effect on the performance of power efficient mechanisms. For
example, mobility constantly invalidates a node' s knowledge of the power management
modes of its neighbors as they keep changing, which makes it more challenging to make
decisions as to when to communicate with a neighbor and when to wait until it awakes.
The authors do not seem to have considered idle energy consumption in their smulations
either. For the fourth metric, minimizing cost per packet, the authors experimented with a
linear and quadratic cost functions based on some battery discharge curves. The
simulations were run with PAMAS [37] enabled which gives a source of power
consumption reduction. The authors show an added improvement of 5-15% on top of
what PAMAS offers. The results also show that the improvements are best when the load

conditions are moderate and are negligible in case of low or high load conditions.

3.2.3 Maximum Battery Life Routing

In [46], a power-aware routing protocol that distributes power consumption evenly over
nodes and minimizes the overall transmission power is proposed. This protocol uses the
conditional max-min battery capacity routing (CMMBCR) scheme. It uses battery

capacity instead of acost function as a route selection metric. When all nodes on some
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possible routes between a source and a destination have sufficient remaining energy
above a certain value, vy, the route with the minimum total transmission power (MTRP)
among these routes is chosen. If al routes have nodes with low battery capacity, routes
that include nodes with the lowest battery capacity should be avoided to extend the
lifetime of these nodes. If the value of y is zero, the CMMCBR reduces to MTRP. If the
value of y is equal to the maximum (100), the CMMBCR scheme reduces to the Min-
Max battery cost routing (MMBCR) scheme. Simulations show that atrade-off between
fairness and maximizing lifetime of most nodes in the network has to be achieved, as
achieving both goals simultaneously is not possible. The author asserts that adjusting the
value of y will influence which of the two goalsis reached: high values of y achieve
fairness while low values achieve extended node lifetimes. We argue though that fairness
achieves longer network lifetime as it delays network partitioning, and hence from this
point of view, the two goals are not mutually exclusive. It is aso not clear what the
recommended value of y is from the study and it seems that the author leavesit to the
user to determine based on the need. If the need is the differentiator, we argue that the
user can choose one of the original schemes (MTRP or MMBCR) rather than a new one
with a speculative value of the dominant parameter which may push the resultsin a

direction opposite to what is desired.

3.2.4 Energy Drain Rate Based Routing

In [27], the authors propose route selection mechanisms for routing protocols based on a
new metric, the drain rate. They propose the Minimum Drain Rate (MDR) mechanism

which incorporates their new metric into the routing process. They also introduce the
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Conditional Minimum Drain Rate (CMDR) as MDR by itself does not guarantee that the
total transmission energy is minimized over agiven route. CDMR attempts to enhance
the nodes and connections lifetime while minimizing the total transmission energy
consumed per packet. Each node monitors the energy consumption and cal cul ates the
drain rate (DR) for every sampling period of T seconds. The drain rateis calculated using
an exponential weighted moving average method. The cost function for anodeis
calculated as the ratio between the remaining battery energy and the drain rate. The route
is then chosen based on the highest lifetime value of the different paths where max
lifetime of a path is calculated as the minimum value of the cost function over the path.
Dueto variationsin energy drain rate over time, MDR requires the underlying routing
protocol to periodically obtain new routes that take into account changing energy states
of the network. Therefore, if used with an on-demand routing protocol, the protocol will
have to perform periodic route discovery even if there is no route breakage. This
requirement, in our view, presents a significant drawback and undermines any potential
usefulness of the proposed scheme as it introduces a huge amount of unnecessary traffic
in the network viaflooding it with route requests and resulting replies. This affects the
bandwidth, may result in severe collisions and will waste energy unnecessarily. Thisis
particularly wasteful in the situation where the topology is static or changes slowly. The
Conditional MDR (CMDR) chooses a path with minimum total transmission energy
among all paths constituted by nodes with a lifetime higher than a certain value. When no
route matches this condition, MDR is used. The authors used the DSR routing algorithm
[24] to implement their algorithm. They used the energy model of [15] with

modifications to the parameters. They did not include some of the model’ s elements and



they did not include the idle energy in their calculations of the drain rate. Instead of idle
energy, they included energy consumed in overhearing only. We consider thisto be a
source of significant inaccuracy in their method that would affect the results especially in
the case of sparse networks. Amongst other modifications to the DSR agorithm, they had
the source node periodically refresh its cache and trigger aroute recovery process every
10 seconds to better reflect the energy condition of all nodes. In the simulation results,
when overhearing is considered, their algorithm shows no improvements over DSR
alone, which isintuitive since energy consumed in overhearing (and idle mode) presents
asource of balance by itself. In their results with no overhearing (which is not redlistic),
however, it seems that one of the other a gorithms under comparison such asMTPR and
MMBCR perform better in each of the different comparison aspects. It is not clear if they
applied DSR with their modifications, especially the periodical flooding, to the other
schemes that they are using in their comparison as well. If this was the case, that would
skew the resultsto their advantage as some or al of the other schemes may not need such

excessive flooding that their scheme requires.

3.2.5 Power-Aware Virtual Base Stations

In [40], the authors propose a modification to their virtual base stations (VBS) protocol of
[19] to make it power aware (PA). The VBS protocol is a cluster-based protocol in which
avirtual base station back bone is formed. Each mobile node selectsits VBS based on the
smallest node ID it becomes aware of. In the VBS scheme, any node that receives a
reguest to be a VBS of the requesting node just accepts the request. In the PA-VBS

scheme, this acceptance is conditional on some energy-constraints. The energy possessed
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by the requestor should be less than that of the potential VBS. The energy of the potential
VBS should also be above a certain threshold. Also, if the requestor currently hasa VBS,
the energy of the current VBS should be below that threshold. The authors show that their
PA-VBS scheme achieves energy balancing that is clearly better than that of the original
VBS scheme. The PA-VBS scheme does not offer a solution to reduce idle energy
consumption. It also seems that the authors have not included idle energy consumption in

their experiments which affects the energy balance results.

3.2.6 L ocalized Power-Awar e Routing

In [44], localized power aware routing a gorithms are devised on the assumption that
each network node has accurate information about the location of its neighbors and the
destination node. This could be the case in static networks or ones in which a strong
location update scheme is utilized. Nodes exchange location information via control
messages. Three algorithms are proposed: power-efficient routing, cost-efficient routing
and power-cost efficient routing algorithms. In the power-efficient routing algorithm,
each node decides to forward packets that are intended for a certain destination to a
neighbor based on the minimum transmission power between this sending node and its
neighbors. In the cost-efficient routing algorithm, the node chooses the neighbor to send
to, if the destination is not within reach, based on a cost function that can consist, for
example, of the sum of the cost of sending to this neighbor plus the estimated cost of the
route from the neighbor up to the destination. This latter part of the cost is assumed to be
proportional to the number of hops in between. The power-cost efficient routing

algorithm uses a combination of the two above metrics, in the form of either the product
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or the sum of these metrics. The authors ran their experiments on networks with high
connectivity. In their evaluation, the authors showed all their methods to have limited
success with large area sizes. Therefore, they modified them to get nodes to forward to
neighbors only if they are closer to destination. This increased delivery rate to around
95% from highest of 59% before modification. Their results showed that nodes with the
cost-efficient and power-cost efficient methods last longer than with the power-efficient
method. And of al methods, the power-cost routing methods provide highest energy
savings. The authors do not seem to have included idle energy consumption in their
experiments, which would certainly affect the accuracy of the results especially for the

cost-based agorithms.

3.2.7 Distributed Power Control Routing

In[2],[3], adistributed power control (DPC) mechanism to improve energy efficiency is
proposed. It operates at the routing layer level. It estimates the amount of energy that is
needed for reliable communications over any link. This transmit power information can
then be used to determine lower energy paths when looking for aroute. That is, transmit
power is used as the link cost function in the path discovery and selection. This schemeis
built on the assumption that the transmit power is the dominant source of energy
consumption. Idle energy consumption was ignored in the discussions of this scheme.
The scheme requires that the different nodes can record in a suitable packet format field
the power level that was used to transmit the packet. It also requires that the radio
transceiver estimates the power used to receive the. With the estimate of these two

guantities, a node can estimate the link attenuation. Therefore the calculated transmit
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power for alink would be the difference between the transmitted and received power plus
the minimum power level required for correct packet reception plus a security threshold
that takes into account channel and interference power level fluctuations. This last
guantity should be set as a function of network density, terminal speed and channel
conditions. It is not clear to us from the study how would this function be structured or
what weight would the different factors have in its structure. Based on the estimated
power transmission associated with each link, the routing algorithms can select the packet
path that results in energy saving at the end-to-end level. While implementing it with
AODV, the authors have modified AODV in such away that a destination would reply to
all RREQs received within acertain time. Thisisto support their scheme which requires
all possible routes that may connect the source and destination so that they can get the
best route from energy perspective. This, in our view, can introduce additional significant
traffic that can offset any benefit their algorithm may be able to introduce. In addition,
the scheme ignores the power level that the different nodes have and only focuses on
transmit power needed per link which can result in energy imbalance. To evaluate the
scheme, the authors ran the simulations for relatively light density, small area and light
load conditions. Their simulations showed improved energy performance over the routing
algorithms without their modification, without much degradation in protocol
performance, in the static case. With mobility and especially with AODV, their
simulations showed that the performance of the routing protocol degrades significantly

when applying their scheme.
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We notice from the previous discussion that most of the routing-related energy-efficient
algorithms focus mainly on the balance between the different routes and do not take into
consideration idle energy consumption. The existence of the idle energy introduces an
undesired source of energy balance between nodes. Therefore, including idle energy is
crucia inthediscussion asit islikely to show that the effectiveness of such algorithmsis

limited in the absence of a mechanism to reduce or eliminate idle energy consumption.

3.3 Energy-Efficient Non-Routing Algorithms

In this section, we discuss some of the energy-efficient non-routing algorithms. These are
the algorithms that focus on conserving energy but without interfering with the

functionality of the underlying routing agorithm.

3.3.11EEE 802.11 MAC Power Management

|[EEE 802.11 MAC [50] includes power management capabilities that attempt to reduce
power consumption of network nodes. The idea behind IEEE 802.11 power management
[41] isto switch off the node' s transceiver whenever it is not needed. Since thereisno
way to predict in advance when the transceiver should expect to receive packets, it has to
wake up periodically. Two power management states exist: deep and awake. Data get
buffered in the senders when the receivers are in the sleep state. In ad hoc mode, all
nodes in the network are synchronized to wake up at the beginning of each beacon
period. Messages are sent during the period when all nodes are awake. Data transmission
is done by signaling the existence of data that needs sending inside asmall interval called

ATIM at the beginning of each beacon interval. During the ATIM interval, if a node has
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datato be sent to other nodes, it sends an ATIM message indicating the receivers of this
data. If any node receives a message indicating that there is data for it, it acknowledges
and stays awake for the rest of the beacon interval. Other nodes that do not receive such a
message can go to sleep after the ATIM window is over. Nodes that have buffered data
can then transmit this data during the rest of the beacon interval. This power management
scheme has some drawbacks. For example, it requires a complete synchronization of all
network nodes to wake up at exactly the sametime. It can lead to severe collisionsin case
of heavy traffic networks especialy during the ATIM window. This could lead to severe
delays and reduced throughput. This calls into question the scalability of this power

management scheme.

3.3.2PAMAS

PAMAS [37] isamulti-access protocol for ad hoc networks. It is based on the MACA
protocol [26] but its functionality relies on the existence of a separate signaling channel
on which RTS/CTS packets are transmitted. For power conservation, PAMAS requires
nodes to shut themselves off if they overhear transmissions over the data channel. Also, if
anode does not have packets to transmit, it should power itself off. If there was packet
transmission going on while the node is going to sleep, it powersitself off for the period
of this packet transmission. If it wakes up and hears packet transmissions, it sends a
probing message (if its send queue is empty) asking other nodes for the length of the
current transmission. Transmitters would respond with a message specifying the time at
which their current transmission ends. If anode powers on with a non-empty send queue,

it sends an RTS message instead of a probing one. In the cases where the nodes turn
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themselves off only for the exact period while neighbors are transmitting data packets,
there would be no effect on packet delays. The authors have shown that PAMAS reduces
power consumption by almost 50% in the case of high loads (0.5 - 3 packets/sec/node)
for complete networks (fully connected networks) and below 10% for line networks. The
simulations were run for networks with 10 and 20 nodes with packets sizes of 512 bytes.
The authors al'so measured the throughput (packets/sec) transmitted in the network as a
function of the load (packet/sec/node). The authors have shown PAMAS to achieve 50%
of the theoretical maximum throughput for sparse networks (10 nodes) and 70% of the
theoretical maximum throughput for dense networks (20 nodes). There was no indication
of the corresponding results for the case without PAMAS. PAMAS operates with the
assumption that when the node isidle (idle medium), no power is consumed. This limits

the power conservation advantages of the PAMAS protocol.

3.3.3 Geography-informed Energy Conservation (GAF)

In GAF [47], the network is divided into virtual grids whose sizes are dependent on
nodes’ nominal radio range. Each node uses its location information to determineits grid.
All nodes within a particular grid have equal packet forwarding ability. Nodes can be in
one of three states, active, discovery or sleeping. Nodes in a specific grid decide which
node will remain awake while the rest go to sleep via a certain node ranking system that
takes into consideration a node' s state, then anode’s energy level and finally node ID as
atie breaker. GAF can achieve node energy balancing within a specific grid only. Thisis
done during the discovery period of anode that was in active state, where other nodes can

take over routing duties during this period. Asfar asrouting is concerned, GAF does not
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interact with the routing protocol at all, it leavesit to the routing protocol to recover from
breakages that result from an active node that was involved in routing deciding to go to
sleep based on GAF' s criteria. The authors also exclude traffic nodes from the forwarding
functions or from even running GAF. Thisisunrealistic sincein reality, all network
nodes are expected to share routing functions and it may not be possible to know in
advance which nodes are traffic nodes. In addition, if it turns out that all nodesin the
network will be sources or destination of traffic at different points of the time, thiswould
render GAF unusable. The simulation results that the authors presented were based on
very aggressive conditions. Y et, their results (when we consider well known cases e.g.
AODV aone without GAF) seem to strongly contradict with previous studies as well as
our own findings. For example, in some of their key simulations they used maximum
node speeds of 20m/s and send rates of 20 packets/sec, with data packet sizes of 512
bytes. The simulation area was 1500m x 300m, which is the same as the simulation area
size used in our simulations and other studies that we are referring to ([6] and [35]).
Under these conditions one would expect congestion to affect normal protocol
performance severely as we have experienced in our own simulations and as has aso
been indicated in these previous studies. Thiswas not the case in their study. The authors
maintained throughout the study that traffic load levels do not affect the results, aclaim
that is rather odd in our view. However, according to their simulations and under the
above mentioned conditions and different pause times, GAF seems to extend network
lifetime to a degree that depends on the mobility level (pause time). The authors reported
that after the end of their simulations, 30-40 % of the nodes were still alive while with

AODV aone, al nodes ran out of energy mid-way through the ssmulation. They found
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that the shorter the pause time, the longer the network life time. They attributed this to the
fact that higher mobility resultsin better load balance. The energy savings have been
shown to be 50-60 % over AODV aone. Asfor PDR, with alower send rate (10
packets/sec), GAF has noticeably worse PDR than AODV aone and this can reach as

low as 85% versus 95% for AODV aonein high mobility conditions. The average

latency can reach 0.35 seconds versus 0.16 seconds for AODV aone.

3.3.4 Energy-Efficient Coordination for Topology Maintenance (SPAN)

In SPAN [10], routing duties are performed by “coordinator” nodes. A node’s decision to
become a coordinator is based on the amount of remaining energy it possesses and the
number of pairs of neighbors it can connect together. Therefore, coordinators stay awake
continuously and perform multi-hop packet routing within the network while other nodes
remain in energy saving mode and periodically check to seeif they should wake up and
become coordinators. SPAN requires modifications to the route lookup process at each
node. At any time only those entries in anode’ s routing table that correspond to currently
active coordinators can be used as valid next hops. This implies potentially pervasive
changes for some routing protocols. Asfar as energy fairness among network nodesis
concerned, we have comments on SPAN similar to what we mentioned about GAF. The
energy balance that SPAN can perform is based on local conditions in the coordinator
neighborhood. A candidate node for becoming a coordinator now that gets actually
selected for this role may be forced to remain a coordinator for an extended period of
time due to network topology changes. Also, since coordinators need to stay awake all

the time, thiswill result in wasting their energy when there is no traffic to be handled. In
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their ssimulations, the authors organized the nodes in such away that the traffic nodes
never move and are not involved in forwarding. Therefore it seems like there were
excluded from the normal function and behavior of the rest of the nodes, asin the GAF
case. The authors have experimented with traffic rates of 3 packets/sec with data packet
sizes of 128 bytes. To examine the effect of packet send rate on SPAN’ s performance,
experiments showed that with no motion, packet delivery rate started to suffer noticeably
at packet send rates of 4 kbps. To measure the effect on packet delivery latency, the
authors ran simulations with no motion and send rates of 3 kbps and changed the
simulation area size. The results varied with the size of the simulation area. Asan
example, with an area of 1000m x1000m, the delay was 40.5 ms with SPAN versus 16.9
ms for the underlying geographic forwarding routing protocol alone. Asfar as energy
savings are concerned, at the end of the simulation, with SPAN enabled, the percentage
of the remaining energy was 60% versus 20% without SPAN. It isnot clear what level of
mobility, if any, was used for these energy saving calculations. With a 500m x 500m area
of simulation, they showed that SPAN extends network life time by amost a factor of 2.

Again, it isnot clear what level of mobility was used to obtain these results.

3.3.5 Asynchronous Wakeup Scheme for Ad Hoc Networks

In [48], the authors devised an asynchronous wakeup schedule for mobile ad hoc
networks. In their design, the authors rely on the existence of sufficiently overlapping
active time slots between communicating nodes. Their agorithm is composed of two
main procedures: neighbor discovery and neighbor bookkeeping. The neighbor discovery

procedure is based on each node selecting its own active and sleeping time slot with a



wakeup scheduling function common to al nodes. At the beginning of the active slot, a
node transmits a beacon message that hasits ID and other scheduling related information.
The authors indicated that the algorithm used will ensure that two neighbors will be able
to have overlapping active periods which will ensure that they hear each other’ s beacon
messages. Each node keeps a neighbor list that has neighbor information such as ID,
clock, schedule, etc. When a node hears a neighbor’ s beacon message, it knows that it
will remain active for a specific known period of time and can therefore transmit any data
that it has buffered for it during this active period. This may not be sufficient due to
collisions that beacon messages may suffer. Therefore, and in low mobility scenarios, the
bookkeeping procedure is beneficia in helping a node in keeping track of neighbor’s
schedules in order to determine its neighbors wakeup schedules. The authors examined
their protocol by simulating it using a greedy geographical routing protocol that they
implemented. They used two power management algorithms with their scheme: oneis
slot-based which is mainly based on MAC 802.11 power management and triggers the
receiver to remain awake during the next sot if there is traffic above a certain threshold
gueued for it. The other power management algorithm that they used is the on-demand
power management algorithm [49] that we will discuss in some detail later. In the
absence of power management, node discovery is done using HELL O messages with an
interval of 1 second. Using a static network and on-off traffic sources, their algorithm
with glot-based power management showed lower PDR than when there is no power
management. The difference was 2-6% and decreased with the increase of the traffic
load. Energy consumption in this case was significantly lower than without power

management, (less than 0.3W versus above 0.8W). Using on-demand power management
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under these simulation conditions produced a PDR that is close to the PDR in the case of
no power management (differenceis slightly above 1%) but the energy consumption was
above 0.4W. The authors also experimented with the case of mobile networks. They used
node speeds of 20m/s and 10 long-lived CBR connections. With slot-based power
management, the PDR deteriorated significantly by 12-15% compared to that of the case
of no power management (loss decreases with the decrease of mobility). Power
consumption remained at the same levels asin the static case. With on-demand power
management, the PDR was actually better than without power management. Thisis
attributed to two reasons. First, the HELLO neighbor discovery messages interval
without power management is larger than with power management (1 second versus 0.7
seconds). Second, the greedy geographical forwarding protocol that was used for routing
does not attempt to salvage packets for neighbors that moved away. As for energy
savings with on-demand power management in the case of mobility, it was significantly
less than in case of static networks (the consumption was between 0.6-0.7 W versus

dlightly above 0.8 W without power management).

3.3.6 On-demand Power M anagement

In [49], the authors propose an on-demand power management framework that integrates
routing information from on-demand ad hoc routing protocols and power management
capabilities from the MAC layer. Energy conservation is achieved by turning on and off
the radios of specific nodes in the network, which is driven by active communicationsin
the network. Connectivity is only maintained between pairs of senders and receivers and

along the route of data communication. The transitions between power management
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modes are done via establishing and maintaining a soft-state timer by control and data
packets in the network i.e. by communication events. The timer value is determined by
the packet type. The soft-state timer is refreshed by events similar to those that trigger the
move from power save mode to active mode. A node keeps track of its neighbors power
management modes either by HEL L O messages or by snooping transmissions over the
air. On-demand power management uses the capabilities of MAC protocols e.g. IEEE
802.11 MAC to switch power management states of nodes and buffer data for sleeping
nodes. It uses routing info to decide when to turn nodes on and off. A node can bein one
of two power management modes: active mode (AM) where the node is awake, or in
power save mode (PS) where the node is sleeping and wakes up periodically to check for
pending messages. If a certain path will be used, nodes aong this path are kept awake.
The commitment to a path is determined by the types of messages. Knowledge of the
semantics of the messages hel ps with the power management decisions. For example,
control messages (e.g. route request, link-state, location updates, etc) should not trigger
the node to stay in active mode. Data packets on the other hand should trigger active
mode. The keep-alive timer value should be set according to the packet inter-arrival times
to prevent the node from going to sleep while in data transmission. This aso appliesto
some control messages such as route reply messages which indicate that there are some
packetsto follow in this route. We see two issues with this strategy. First, if any delay is
encountered due to collisions or other network non-fatal issues, the timer may expire
prematurely leading to packet losses. The second issue is the potential significant changes
to the power management algorithm with the change of the underlying routing protocol

due to the need to incorporate new message semantics. The authors indicate that the way
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the algorithm determines the power management mode of the neighbor is through passive
inference. Thisis doneto save energy that would otherwise be consumed in HELLO
messages. Thisworks viatwo indicators. The first islack of communicationsin a specific
period of time. The second is packet delivery failure e.g. RTSretry timeout in IEEE
802.11. In our view this method of passive inference is not robust as there may be many
reasons why the neighbor is not communicating other than being in power save which
can lead to many issues such as unnecessary delays. Thelist of neighbors with their
power management modes is maintained via snooping transmissions in the air when they
are awake. It seems that the a gorithm focuses on whether the neighbor is asleep or awake
but does not seem to have away to know when that neighbor will become awake. This
can imply more delay and energy waste since the neighbor may be awake and idle while
the sender is not aware of this. It is not clear to usif synchronization is required with this
protocol, asit uses the IEEE 802.11 MAC power management which functions based on
node synchronization. The authors ran some simulation experiments to demonstrate the
performance of their algorithm. With on-off traffic load (on for 10 sec and off for 100
sec) and no mobility, the PDR started to drop noticeably at around 1500 bps send rate,
which isarather low send rate in our view. Their energy goodput (total bits
transmitted/total energy consumed) increases amost linearly with traffic load according
to their diagrams, at a slope higher than without their agorithm (example of the
difference is 1000 bits/J at traffic rate of 1500 bps). They also examined packet delivery
latency in the static case with on-off traffic of 1kbps. As an example, with one 3-hop
connection, spikes of about 0.6 sec delays resulted with their algorithm versus almost

zero delays without their algorithm. With mobility, simulations showed that energy
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savings are considerably less than in the static case. For example, energy goodput ranged
between 200 — 1500 bits/J depending on the mobility (increases as the mobility
decreases). PDR is also noticeably lower than the case with no power management even
with relatively low send rate (1kbps). Asfor packet delivery latency, with 10 CBR
connections and 1kbpstraffic, packet delivery latency can reach 4 seconds versus almost

zero without their algorithm.

We can see that each of the discussed energy-efficient non-routing algorithms has some
advantages over the others and also some drawbacks. In our assessment, the SPAN [10]
algorithm as well asthe GAF [47] algorithm to some extent, use a deterministic way to
hand over routing duties among the forwarding nodes. This determinism gets affected
significantly by mobility conditions as nodes that were elected for forwarding may move
away from their posts, potentially resulting in lost connections for a period of time until
other nodes wake up and take over. The two algorithms also suffer from some unrealistic
assumptions that were incorporated into their designs. An example of thisis excluding
traffic nodes from running the algorithms altogether. The On-demand Power
Management [49] algorithm, on the other hand, does not make such unrealistic
assumptions. It has aso been adapted for testing with some of the well-known routing
algorithms. Its mgor drawback, in our view, is the heuristic method of deciding on the
dleep state of the neighbors and this seems to affect its results, especially in the case of

mobility.
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3.4 Summary

In this chapter we discussed some of the energy-efficient algorithms for mobile ad hoc
networks. Based on the relevancy to our research, we divided the agorithms into two
categories: routing and non-routing energy-efficient algorithms. The routing a gorithms
are the ones that are created as energy efficient routing algorithms or the ones that were
created with the sole purpose of influencing the routing strategy from an energy
efficiency standpoint. The non-routing algorithms are the ones which are not related
directly to routing but aim at integrating with existing routing algorithms to achieve an
overall energy-efficient operation. Most studies that focused on balanced energy-
efficient routing either ignored the idle energy factor, or found their techniques
ineffective on their own. Thisis because idle energy presents a source of balance. Studies
that belong to the non-routing category achieved their goals with varying degrees of
success, especialy when considering the limitations of the agorithm at hand. Almost
none of the studies of this category focused on energy fairness as a primary goal.
Therefore, we see an opportunity to create a scheme that focuses on the energy fairness
aspect as aprimary goal. It should also cover the shortcomings that we have outlined for
some of the algorithms that we discussed. This includes distributed functionality, realistic
network assumptions and arobust method of determining the sleep state of the

neighboring nodes.



Chapter 4: PIES - Protocol I ndependent
Energy Saving Algorithm

4.1 Introduction

It is evident that energy efficient schemes are of crucial importance in the context of ad
hoc networks. Since the goal isto save energy, and since one of the main sources of
unwanted energy consumption is idle energy, the need to eliminate or reduce this energy
becomes one of the main targets of such schemes. This requires the energy efficient
mechanism to introduce some arrangement that includes sleep periods of the network
nodes’ wireless interfaces to lower this unwanted source of energy consumption.
The introduction of such schemes hasits challenges. For example, how would a node
know whether a neighbor is awake so that it can communicate with it? How can it make
such determination without introducing significant amount of traffic to the already
bandwidth-limited networks? To answer these questions, we summarize the main
requirements that should be fulfilled by an ad hoc energy conserving mechanism in the
following points:

» Theagorithm should not have a significant impact on the network operation such

as throughpui.

* It should not introduce sources of significant energy consumption to the network.

50
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* It should not introduce sources of significant traffic to the network.
* It should have arobust method of determining the mode of operation of the
neighbors.
* It should befair. Network nodes should be treated equally. This both provides the
same level of service to network clients and prolongs network lifetime.
* It should be distributed. This avoids having single points of failure, bottlenecks
and energy unfairness.
In this chapter, we propose a new energy conserving algorithm [17]. Thisagorithmis
intended to work in conjunction with existing ad hoc routing protocols of the different
categories. It addresses the above requirements and others as we will indicate. We call
this algorithm PIES, which stands for “Protocol Independent Energy Saving”. This name
reflects the nature of the algorithm. Its design is modular and can be used by the different
routing algorithms without making changesto it. Thisis because, by design, the goal isto
make the a gorithm independent of the nature and semantics of the routing protocol. The
routing protocol would interact with PIES to incorporate the energy efficiency services
that it provides. We have also ensured in the design, as much as possible, that PIES in
turn does not impose core design changes to the routing protocol. The description of the

design and elements of PIES is covered in the following sections.

4.2 PIES Design Philosophy and Goals

Aswe have shown earlier, idle energy consumption constitutes a significant percentage
of the overall energy consumed by the wireless interfaces of network nodes. Therefore,

reducing this energy should be a cornerstone in any energy conservation efforts. As will
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be seen, our proposed algorithm, PIES, addresses the issue of idle energy consumption in
amanner fair to all network nodes. Different nodes are given equal opportunitiesto
conserve idle energy. When idle energy is addressed, another factor remains that may still
affect energy fairness within the network. Thisis explained as follows.

Since ad hoc network nodes also assume the role of traffic routers, some nodes may need
to cooperate in order to direct traffic that may not have been intended for them in the first
place. Many routing strategies aim at finding the fastest and shortest routes for the traffic
between two nodes that need to communicate. This may penalize some nodes that happen
to bein alocation that causes it to be part of several optimal routing paths. As an

example, consider the network topology of Figure 4-1.

Figure4-1: Topology with a nodein the middle on all shortest routesfor the
network

If the decision is to use the shortest path, node 7 would be the obvious choice when
routing data between node pairs (1,4), (2,5) and (3,6). Thiswill aways be the case as

long as node 7 is alive, despite the existence of other routes. For example, if we want to
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route packets between nodes 2 and 5, and assuming that all adjacent nodes are within
radio range of each other, we can use the routes (2-1-6-5) or (2-3-4-5), in addition to (2-
7-5). The problem with continuously using node 7 for packet routing is that it will run out
of energy much faster than other nodes in the network. From an energy point of view, this
causes two issues:

* Nodes are not treated as equal, which means that some nodes will run out of
energy faster than the others due to their strategic location, thus causing them to
cease to serve their own users faster than others. This presentsa‘local’ problem
that affects node users.

» Network partitioning may occur. Since some nodes may be critical for routing
between certain nodes at some point of time, if these critical nodes run out of
energy, routing between these nodes can no longer be done. This presents a
‘global’ problem that affects parts of the network or the whole network depending
on the case.

The PIES algorithm helps address these issues. It provides the underlying routing
protocol with the capability to make and implement routing decisions that take into
consideration the energy state of the nodes that can be used for routing traffic. This can
transform the existing routing algorithm into an energy-conscious one. This strategy
helps to maximize the lifetime of network nodes and hence the network operation as a
whole[7].

The main goals of the PIES agorithm can be summarized as follows:

* Fair energy conservation via:



0 Rotating sleep periods equally among network nodes thus giving nodes
equal opportunity for reducing energy consumption
0 Assisting routing agorithms in making routing decisions based on energy
fairness
» Littleimpact on network operation, for example, PIES introduces slight or no
additional traffic or energy cost
» Distributed processing of the algorithm which ensures robust operation that is not
affected by the failure of one or more nodes
* Modular nature which facilitates integrating it with existing routing algorithms

4.3 PIES Algorithm Functional Description

From afunctional point of view, PIES can be considered to consist of two main units.
One of these units handles the energy conservation operation. Thisis done through
managing the nodes’ sleep and wakeup periods. The other unit or aspect of the algorithm
takes care of supporting the routing protocol, as far as energy management decisions are
concerned. It helpsto ensure the routing protocol makes routing decisions that serve a
specific goal. For example, whenever possible, nodes carry out routing duties that are
proportional to their energy levels compared to each other. Figure 4-2 shows the

interactions of PIES with the network and MAC/PHY layers.
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Figure4-2: PIESinteractionswith the network and MAC/PHY layers
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4.3.1 PIES Energy Consumption M anagement

When PIES is enabled, nodes operate in one of two main modes: “asleep” or “awake”. In
order to ensure maximum energy fairness, PIES enforces a configurable two-step cycle of
operation for each node of the network. One portion of the cycle is amandatory sleep
period while the other portion is a mandatory wakeup period. While awake, a node can
communicate normally with other nodes as per the routing protocol that isin use. The
length of the mandatory wakeup period affects the connectivity of the network as nodes
establish their knowledge of the current neighbors and network conditions during this
period. While “asleep”, a node cannot exchange data with the externa world. The only
exception is sending broadcast messages that pertain to the routing protocol. In this case,
the node goesto what is called “ sleep-pending” state, where it wakes up for the duration
of the broadcast and then it goes back to the “asleep” state to resume sleeping for
whatever isleft of the current sleep period. The reason behind not allowing unicast traffic
and allowing only the sending of broadcast traffic is as follows. If we are to alow the
node to send unicast messages during the sleep period, the node will have to abort the
sleep and make sure it remains awake for the period of exchanging the control messages
(RTS, CTS and ACK) as well as the data with the other end. Thiswill not only
complicate the operation of the algorithm, but will also potentially deprive the node from
having a decent sleep period since the amount of time taken by this exchange can be
unpredictably long in cases such as transmission errors. This contradicts with the goal of
fair energy conservation for all nodes. However, we still allow broadcast messagesto be

sent by the sleeping node since the interruption of the sleep mode will be minimal in this
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case and at the same time this permission will help preserve healthy operation of the
routing algorithm. Figure 4-3 gives a description of how transitions between modes
occur.

While the node is asleep, other nodes may have some traffic that they need to send or
forward to it. In order to make sure that this traffic will not be lost, nodes need to know
when the node in question will start its sleep period and when it will become awake again
which in turn determines if the node is asleep or awake. With this knowledge, the sending
nodes buffer the traffic going to the sleeping node during its sleep period and then release
it when it wakes up. This can be achieved via going-to-sleep and waking-up notifications
that the node can send to the outside world upon going to sleep and waking up,

respectively.

Sleep-pending
Broadc

Adleep Awake

Sleep period Wakeup period

Figure 4-3: PIES modes of operation
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However, this method, besides being unreliable, introduces an additional energy and
traffic cost to the network operation. Alternatively, PIES relies on each node being aware
of the sleep status of any node in the network viathe following formula:
Sc ={[int(NOW-,)/(W; + §)) + 1] x (Wi + )} + S, (4-1)
Where:
Scisthe end of the current, if currently asleep, or next sleep period
Syisthe end of any known previous sleep period of the node
W:is the PIES mandatory wakeup period in seconds
Siisthe PIES mandatory sleep period in seconds
NOW s the current time
This formula can be derived as follows:
Let us assume that a node ends its sleep time at some point of time, S, It wakes up for
W and it then sleeps for S;and the cycle is repeated. Therefore the total cycle length is (S
+W,), or for smplicity, T.
Therefore, to get the next sleep end time, S;+1, we use the following equation:
Smt1= Sm + (Sm+1 — Si) and,
Smi2 = Smir+ (Snez — Sma)
=Sn+ (Sne2 — Sn)
and so on.
To generalize, if we want to calculate the next sleep end time S;, using any sleep end time
Snmwhere S, > Sy, the equation to use is:

Shi=Sn+(S-Sn)



58

= Sn+ [(S = Sw)/T] xT

=Sn+[(Sa—-SW)/T+T/M] xT (4-2)
where S, =S 1+ T
Attime, t, where S,.1 <t < S,, to be ableto get S, using (t) and any known sleep end time
S, we proceed as follows.
Since S1<t<Sandt—-S,1<T, therefore {(t — Sy)/T — (Sh.1 — Sv)/T} ispositivereal
number that islessthan 1.
Therefore, the integer portion of (t — S;,)/T isequal to (Sy.1 — Sy)/T or,
Int[(t — Sm)/T] = (Sha = SW)IT (4-3)
Therefore, and since we know t but not S,,.1, (4-3) can be substituted in (4-2) to get the
following:
Si=SmH[In((t-Sw)/T) +1] xT

= [int((t — Sn)/(S + W) + 1] x (S + Wy)] + S,
which is equation (4-1).
By determining the end of the current sleep period (if the node is asleep) or the next one
(if it is awake), the sending node can determine whether it can send traffic to the node or
if it should buffer it and send it later when it becomes awake. This formula makes it
possible for any node to know the sleep state for any other node that it is aware of,
regardless of the mobility conditions of the network. If no prior sleep period of the node
isknown, theinitial sleep period can be used. Thefirst or initial sleep period for all nodes
can aways be a function of aknown unique parameter of the node. This mechanism
assumes that there is no time shift between the two communicating nodes and we have

based our experimental simulations on this assumption. This can be the casein
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coordinated operations that rely on the participants having the same time knowledge. It
can a so be the case where the different nodes have their clocks synchronized with one
common external time source [45]. However, if atime shift exists between two
communicating nodes, the time of each of them can be piggybacked on routing protocol
messages. As datawill only be sent after aroute has been discovered, this clock shift can
then be factored into equation (4-1) and a slight slack time can also be introduced in the
beginning and end of the slegp time as an extra precaution. It is worth mentioning that
PIES maintains atable at each node that we call the PIES table which includes
information about network nodes sleep period and energy info for easy lookup. Thistable
gets updated periodically and upon any new relevant knowledge that the node obtains to
make sure the information stays fresh. Once a node needs to communicate with another
node, it usesits own PIES table to obtain the sleep period and energy info of that node. If
it does not find the sleep info in the table, it can use the above formulato determine the
slegp status of that node. This method allows compl ete predictability of the other nodes
dleep status in away that is robust and at the same time does not introduce traffic or
energy consumption costs to the network operation.

Despite the fact that several nodes of the network may be asleep at the same time at
certain points of time, we have found it important to make sure that not all nodes of the
network have fully overlapping sleep periods (that start and end at the same time). For
that reason, PIES uses a sleep separation parameter which represents afactor in
determining the start of theinitial sleep period of the node. The sleep separation factor
can be of aconstant value or afunction of some parameter. In our experiments, we used

it asafunction of the sleep time. It is important to choose the sleep separation factor as
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well as the slegp time/wakeup time combination in such away that it prevents two nodes
from having totally out-of-sync schedules. As a measure to ensure that, we recommend
avoiding the use of deep time and wakeup time of equal length. However, we
experimented with this case in our simulations to test the impact. For ssimplicity, we

sel ected the slegp separation factor in our ssmulations to be 10% of the sleep time. We
then calculated the initial sleep start delay of anode to be the sleep separation factor
times the node ID (with nodes being numbered by integers, starting at 0).

So, in summary, based on the node ID (which has to be known for routing purposes),
each node in the network can deterministically determine whether a node is awake or
asleep.

With energy consumption management as described above, it is possibleto limit idle
energy consumption to lower levels as we have effectively condensed the sending and
receiving activities in shorter time periods, reducing energy consumption by putting the
nodes to sleep for the rest of thetime. The only visible side effect of this strategy isthe

possible impact on latency, which also depends on the network traffic.

4.3.2 PIES Energy Balance M anagement

The PIES algorithm also interacts with the routing algorithm to balance energy
consumption that occurs during the routing operations. It does so by helping the routing
protocols to balance the routing duties in afair manner such that no node will be over-
utilized while others that can lead to the same destination remain under-utilized. For this
to happen, there needs to be some means for signaling the need for a switch from one

route to others. For this purpose we use what we call the PIES “rotation threshold”.
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4.3.2.1 PIES Rotation Threshold

Many routing algorithms’ selection of the routing path is based on the number of nodes
on the path. This helps keep latency at a minimum under normal conditions. Therefore
and to try to both balance energy consumption and at the same time maintain an
acceptable degree of packet latency, the criteriato be used for switching nodes has to be
considered carefully. For example, node switching should not occur unlessthereisa
considerable difference between node energies. For this purpose, PIES uses energy
thresholds, or rotation thresholds, to help the routing a gorithms make this decision. The
initial value of the rotation threshold can be preset to a certain percentage of the node’'s
initial energy, say 80%, as an example. However, once the initial threshold is reached by
any of the nodes, a new value of the threshold needsto be set for this node and
announced to its neighbors. There are several possibilities for setting new threshold
values. One way isto use constant decrements. For example, if theinitia value of node
energiesis 100 Joules, the threshold will be decremented by 20 Joules every time it needs
to be updated. Another way of doing thisis by setting the threshold linearly. That is, we
decrease with a certain factor of the previous value of the rotation threshold. For

example, if the current value of the threshold is“e;”, the new threshold, e,, would be:

e=p X6y, (4-4)
Where“p” istherotation factor. The linear approach alows us afiner granularity in
rotating the routing duties. However, once we reach a certain small threshold value, it

would become more efficient to decrement thresholds in constant values to avoid
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threshold messages getting sent too often, if PIES was configured to send such messages.
Announcing new threshold values can be done via either sending PIES specific messages
to neighbors or piggybacking this information on other packets the node sends using a
PIES specific header that gets populated upon sending the packet. The method is
configurable and it depends on the underlying routing protocol. It should be noted,
however, that even if the chosen method is PIES' specific messages, the cost is still
minor as the messages are sent only when athreshold changes which generally does not

happen frequently.

4.3.2.2 Routing Protocol Energy Management I nteractionswith PIES

There are different points of interaction that can exist between PIES and the routing
protocol. The routing protocol needs to interact with PIES to determine node sleep state
and hence forward delays. In addition, the routing protocol can make energy-conscious
decisions using the data provided by PIES. It is worth mentioning that a variety of
decisions can be made based on this data. For example, the routing protocol can use the
route that has nodes with highest average overall energy, based on the different energy
rotation threshold levels.

Since our goal isto ensure maximum energy fairness, we have focused on experimenting
with having the routing algorithms differentiate between routes based on the minimum
rotation threshold values of the nodes on the route. Therefore, when the routing protocol
has the choice between several routing paths, the decision is made based on minimum
threshold values on these paths. This requires the interaction between the routing protocol

and PIES upon making this decision to obtain the necessary data. Thisimplies slight
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modifications to the routing protocol, to involve some PIES APIsif PIES is enabled.
These APIs then trigger the necessary cal culations and enable the routing protocol to

decide accordingly.
4.4 Summary

In this chapter, we presented our proposal for energy conservation in ad hoc networks.
We first outlined the requirements that should be fulfilled by an energy conserving
algorithm. We then presented PIES, which is an energy saving agorithm that worksin
conjunction with existing ad hoc routing algorithms. We described the design strategy of
PIES and we presented its two main components. PIES has a distributed mode of
operation that aims at achieving fair energy conservation for all network nodes. It does so
in two steps. First, it ensures that all nodes equally share in the energy conservation mode
and hence achieve an equa amount of idle energy reduction. Then it helps the routing
protocol with energy-aware routing decisions via making the energy conditions of nodes
along the different paths available. PIES ensures packet delivery by allowing network
nodes to determine the sleep state of neighbors with certainty. This way, they manage
their communication with neighbors based on their proper mode of operation. By design,
PIES does not introduce a significant cost, both from atraffic and an energy point of

view, to the network operation.



Chapter 5. PIES Performance Evaluation

5.1 Introduction

In the previous chapter, we introduced PIES, which integrates with existing ad hoc
routing algorithms and helps with overall balanced energy conservation. In this chapter,
we introduce the results of evaluating the PIES algorithm performance from different
perspectives. We first assess its performance when it is integrated with routing protocols
of different categories. We then show its ability to scale with higher network population
and traffic. We aso evaluate its performance with different types of traffic and
demonstrate the effect of changing its parameters on performance. We then show the
effect of using PIES on enhancing network lifetime. Finally, we perform a comparison

with the on-demand power saving agorithm.
5.2 Evaluation Method and Environment

In order to evaluate PIES in different conditions, we will be using simulation
experiments. Simulation is one of the most important methods in evaluating networking
related algorithms and protocols. The use of simulation has many benefits that makeit a
very powerful tool [1],[22]. For example, it allows repeating scenarios, experimenting
with different parametersindividually and investigating a variety of parameter
combinations. It also alows us to understand and rectify the behavior of an algorithm or a
system in conditions in which we may not be able to easily experiment with the scenarios

of interest in thereal environment.
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To achieve steady-state performance results, we have to run ssmulations for long enough.
Compared to experimental set-ups reported in the literature, and based on the fact that we
use relatively high node motilities, we determined 600 seconds as being sufficient for this
purpose.

In these evaluation experiments, we use the ns2 simulator [13] to conduct our
performance evaluation. This includes the CMU Monarch Project’s [12] wireless and
mobility enhancements to ns2. In the following, we describe the simulation conditions
that we generally used in our simulation experiments. Unless otherwise specified while
discussing a certain experiment, these are the conditions under which the experiment was
conducted. We ran our simulations for different pause times at a selected high maximum
speed to test the impact on PIES operation. This represents different mobility conditions
of network nodes. Each data point is an average of five simulation runs with different
randomly generated mobility scenarios. For all runs, we used identical traffic models. We
used the same mobility and traffic scenarios across all the cases under comparison. Table
5-1 shows the values that we used for the simulation runs. In general, astatistical analysis
based on the corresponding confidence intervals confirms the trends observed by looking
at the experimental averages. We will be discussing these intervals when experimenting
with the different routing categories, as examples. For the rotation threshold, we applied
eguation (4-4), with p = 0.9. However, when the energy reaches a certain low threshold
(we selected 30 Joules), we switch to constant decrements of 15 Joules. In our
simulations, threshold information is exchanged via the routing protocol control

messages (piggybacking) as well as PIES announcements upon threshold changes. We
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have verified that piggybacking is sufficient for this purpose, however, we included the

PIES overhead aso in our simulations to get worst-case condition results.

Table5-1: Simulation parameters

Number of nodes 50
Dimensions of ssimulation area (mxm) | 1500x300
Initial node energy (Joules) 1000
Simulation time (seconds) 600
Traffic type CBR
Number of traffic connections 20
Maximum node speed (m/s) 20

With these conditions, we ran our simulations using different values of PIES mandatory
wakeup time (WT) and mandatory sleep time (ST) pairs to examine the effect of
changing these dominant PIES parameters on the network operation and results. For the
experiments where we wanted to check the effect of changing PIES ST/WT values, we
used ST/WT values in seconds of: 0.5/0.5, 0.75/1.0 and 0.25/0.5.

Asfar asthe evaluation criteria are concerned, we measure two main aspects. the energy
performance and the network operation performance. For energy performance, we
measure the energy savings and the standard deviation of node energies. The standard
deviation is used as means of measuring energy fairness. the lower the standard
deviation, the fairer the energy consumption across nodesis. For network operation
performance, we use the packet delivery ratio and packet delivery latency as evaluation

measures.
5.3 Energy M odel

In our simulations, we consider energy consumption in the sending, receiving, idle and

sleep modes of operation. Experiments e.g. [14],[43] have been conducted to measure
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and determine the power consumption patterns in the different operation modes. In our
simulations we use the power consumption values for send, receive, idle, and sleep
modes that were obtained through measurements in previous studies e.g. [14]. Table 5-2

shows the values that we used.

Table 5-2: Power consumption parameters

Rx Power Consumption 10W
Tx Power Consumption 14W
Idle Power Consumption 0.83W
Sleep Power Consumption 0.13W

5.4 PIES Performance with Reactive and Proactive Routing Protocols

In this section, we examine the performance of PIES with the different categories of
routing protocols, namely the on-demand (or reactive) routing and the proactive routing
algorithms. The intent is to ensure its ability to function properly with the different types
of routing strategies and to provide an assessment of the required modifications of the
routing algorithm in each case. For this purpose, we integrated PIES with the AODV
(reactive routing) and the OL SR (proactive routing) routing protocols. We aso show later
in this chapter the performance of PIES with the DSR routing protocol, which belongs to

the reactive routing category, as part of one of our comparison experiments.

5.4.1 Evaluation Resultswith a Reactive Routing Protocol: AODV

The functionality of the AODV protocol [34] is based on maintaining a vector of paths
(i.e. routing table) that lead to the different destinations at each node. A given node does
not have full knowledge of any of the routes. It only knows the next hop along any given
route. Each node keeps only one route (the one that has the smallest number of hopsi.e.

shortest route) to any given destination. AODV aso uses periodic HELLO messages to
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keep neighbors aware of the other nodes in the neighborhood. This process is used for

route maintenance. Our goal is to assess the effect of introducing PIES with its periodic

node sleep states on this process.

For this purpose, we modified AODV so that it can function in cooperation with PIES.

The main modifications included:

* Interaction between AODV and PIES to determine node sleep states and hence
forward delays

* Inclusion of the determination of minimum threshold values on routing pathsin
AODV

* Inclusion of route selection based on minimum threshold values on routing paths

* Piggybacking of PIES info on AODV control packets

With atraffic datarate of 12kbps per sender, we ran the smulations for different pause
times with AODV active aone and then with PIES enabled together with AODV.

With PIES enabled, and for the selected values for the mandatory sleep and wakeup times
as indicated above, the energy performance was better than in the case of AODV aone as
shown in Figure 5-1. We were able to reach energy savings close to 50% over the routing
algorithm alone. The degree of improvement varied with the values of the ST and WT
times used. In this figure, we notice that PIES energy consumption reduction for a given
ST/WT pair valueis consistent regardless of the mobility conditions of the network
nodes. The figure also shows that PIES energy saving performance increases with the
increase of the ST:WT ratio. When considering the 95% confidence intervals in the case

where ST/WT = 0.75/1.0 with pause time = 600 sec as an example, we find that the
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energy savings are between 38.12% and 40.25%. This result shows that the energy
savings that are achieved by PIES are statistically significant.

We aso found that the standard deviation of node energies, which we use as an indicator
for energy fairness between nodes, is better with PIES enabled. Thisis despite the fact
that with PIES disabled, idle energy consumption presents an inherent source of energy
balance between the nodes to some extent since wireless interfaces would consume
energy even whileinidle state. With PIES enabled, we were able to reduce idle energy

consumption significantly and at the same time achieve balanced energy consumption
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Figure 5-1: Energy savings with PIES enabled with AODV
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Figure 5-2: Standard deviations of node energiesfor AODV with and without PIES

between network nodes, exceeding the case when PIES is disabled. Figure 5-2 compares
the standard deviation of node energies without PIES and with PIES enabled. We notice
from the figure that the standard deviation decreases (and hence energy fairness
increases) with the increase of the ST:WT ratio. We notice that energy fairness generally
increases with increased mobility, as more nodes share more equally in the routing duty.
Considering the 95% confidence intervals with ST/WT values of 0.75/1.0 and pause time
=600 sec, we found that without PIES enabled, the range of the standard deviation of
node energiesis[8.03, 10.41]. When PIES is enabled, the standard deviation range is
[5.98, 7.31]. Aswe can see, there is no overlap between the two ranges which means that
the difference in energy fairness between the two cases is statistically significant.

We have aso measured the packet delivery ratios without PIES and then with PIES

enabled. We found that, with PIES enabled and for the ST/WT pair values that we used,
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the impact on the packet delivery ratio (PDR) is not significant especially as the pause
time increases (lower mobility). It also tends to drop slightly with the increase of the
ST:WT ratio. Thisis clearer in the case where ST/WT=0.5/0.5 over the two cases where

ST <WT inwhich PDRs are closer to each other, see Figure 5-3. We notice from this
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Figure5-3: Packet delivery ratio for AODV with and without PIES
figure that packet delivery ratios become amost the same in the case where nodes are
static both in case of AODV aone and in al the PIES cases.

We aso measured one other aspect of the performance which is packet delivery latencies.
Here we found that PIES performs worse to varying degrees than when PIES is disabled
(AODV done). Thisisdueto the fact that packets may have to wait before they get
transmitted over several hops due to the next-hop neighbor being asleep. One possible
way to reduce thisimpact is by the proper choice of the ST and WT parameters of PIES

aswe will discuss later. Figure 5-4 gives the packet |atency comparison between the
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cases where PIES is enabled and without PIES. From this experiment, we see that a
higher ST:WT ratio resultsin a better energy performance with no significant impact on
packet delivery ratio but with increased packet delivery latency, for the values we used.

We will be discussing the PIES additional latency analytically in Chapter 6.
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Figure5-4: Packet delivery latency for AODV with and without PIES

5.4.2 Evaluation Results with a Proactive Routing Protocol: OL SR

Through Optimized Link State Routing (OLSR) [11], [21],[29], nodes exchange topol ogy
information on aregular basis. Selected multipoint relay (MPR) nodes announce this
information periodically to the network. These nodes are aso used in calculating the
route from any network node to a given destination. MPR node selection depends on
periodical exchange of HELL O messages between nodes. Also, topology control

messages are sent periodically (or upon MPR node changes) by nodes to maintain



73

topology information throughout the network. PIES operation relies on periodical sleep
operations. Therefore, it isimportant to investigate its effect and adaptability to the
operation of OLSR in which periodical message exchangeis crucia to the health of the
network.

To test the performance of the PIES algorithm with OLSR, we used atraffic data rate of
3kbps. Thisislower than what we used with AODV to avoid congestion which results
from the combination of the proactive OLSR route maintenance control messages and
high traffic rates. In order to enable OL SR to function with PIES, we modified OLSR in a
way similar to our modifications to AODV. In addition, we adapted the frequency of
sending the OL SR control packets that are crucial to the health of route maintenance to
the dleep cycle of PIES. Thisis done by resending copies of the control messages after
ST seconds. We ran OL SR with PIES disabled and then with PIES enabled to compare
the performance in both cases. In general, we found the results to have similar trends as
in the case of AODV with slight differences. The energy savings are slightly lower than
the case of AODV, see Figure 5-5. The reason is the proactive nature of the OLSR
protocol which requires the periodic exchange of topology maintenance messages which
consumes more energy when nodes are awake than would be the case with areactive
routing protocol. When we consider the 95% confidence intervals of energy savings, and
considering the case where ST/WT = 0.75/1.0 and pause time = 600 sec, we found that
the range of energy savingsis[36.28, 37.08] which isatight range. Asfar asenergy
fairnessis concerned, we found that PIES helps achieve considerably better results than
in case of OLSR alone, see Figure 5-6. This can be attributed to the fact that relay nodes,

which are the nodes that are used for routing dutiesin OLSR, are also given afair share
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of slegp time and consequently energy savings when PIES is enabled. When we consider
the 95% confidence intervals as above, we find in the case where PIES is disabled, the
range of the standard deviation of node energiesis[5.2, 5.63] while with PIES enabled it
is[3.65, 4.13]. We can see that there is no overlap between the two ranges and the result
istherefore statistically significant. Asfar as packet delivery performance is concerned,
enabling PIES resulted in a comparable packet delivery ratio with the case where PIES is
disabled especialy with lower ST:WT ratios. Asin the AODV case, the PDR tends to
drop with the increase of the ST:WT ratio, see Figure 5-7. Asfor packet delivery latency,

we found that it increases with the increase of the sleep time, ST, as shown in Figure 5-8.
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Figure5-5: Energy savingswith PIES enabled with OL SR
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Figure5-8: Packet delivery latency for OL SR with and without PIES

5.5 Scalability of the PIES Algorithm

In this section, we examine the ability of the PIES algorithm to scale with the increase of
the network population as well as with the increase of traffic datarate. The goa hereisto
measure the ability of PIES to continue to deliver operational performance that is
comparable to that of the routing protocol aone, and energy performance that is superior

to that of the routing protocol aone for bigger networks.

5.5.1 PIES Scalability Performance with Higher Network Population

We performed the experiment of Section 5.4.1 with networks that have 75 and 100

network nodes, respectively. We used the mobility scenarios based on this number of
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nodes, and the rest of the simulation conditions are kept the same. We used AODV asthe
routing protocol. For PIES, we used ST/WT values of 0.25/0.5.

The increase of network nodes increases possibility of collisions with each network node
trying to advertise its presence according to the routing protocol strategy, in this case
AODV HELLO messages. Also, the possibility of more routes and route replies to

requests increases, hence increasing the traffic load on the network.
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Figure 5-9: Energy savingswith PIES enabled with AODV in a network with 50, 75
and 100 nodeswith ST/WT =0.25/0.5

Asfar as energy performance is concerned, we see from Figure 5-9 that PIES in this case
resulted in around 30% energy savings over AODV aone for this ST/WT pair for both

cases. Thissavings level is amost the same as what we saw previously in the case of 50
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nodes. We have included the trend for the 50-node network casein this figure for easy
comparison.

The standard deviation trend shown in Figure 5-10 is also more or less the same asin the
case of 50 nodes, for both the 75 and 100 node cases. Looking at the network operation
performance, we see that the packet delivery ratios are comparable in the case when PIES
is enabled to that where AODV isfunctioning alone, see Figure 5-11. We notice a
dightly better PDR performance in genera in all cases than in the case with 50 nodes due
to the fact that more nodes are available which results in more routes to destinations due
to the denser nature of the network. By examining the packet delivery latency trend in the
case where PIES is enabled and where PIES is disabled, we find that the trend is again
similar to that in the 50 nodes case but with a narrower latencies difference between the
case of PIES and that of AODV aone. We attribute this again to the denser network that
enables shorter routes with more possibilities of nodes awake on these routes which can
reduce the time aroute is discovered and used.

From this experiment, we see that PIES continues to perform well with higher network
node population. In fact, it shows some improvement with regard to the packet delivery

latency as we explained above.

5.5.2 Scalability of PIES with Different Traffic Rates

In this section, we measure the performance of PIES as the network traffic increases. In
order to perform this evaluation, we use the same network conditions as indicated
previously but with several datarates. At each of the chosen send rates, we measure both

the energy performance and network operation performance and compare the case when
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Figure 5-10: Standard deviations of nodes energieswith AODV in networkswith 75
and 100 nodes
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Figure 5-11: Packet delivery ratioswith AODV in networkswith 75 and 100 nodes
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PIES is enabled with that when it is not. We used AODV as the routing protocol and ran
the ssmulations for the case where pause time = 600 seconds, i.e. with no motion.

From Figure 5-13, we see that the energy savings of PIES over AODV aone is consistent
regardless of the traffic send rate. Thisis also generally the case as far as energy fairness
is concerned which is evident from the trend shown by Figure 5-14.

Considering network operation performance, Figures 5-15 and 5-16 show the packet
delivery ratios and packet delivery latencies respectively with the different traffic send
rates. From these figures, we see that the packet delivery ratio performances when PIES
enabled and when it isdisabled are identical. At avery high rate, 15 Kbps, we start seeing
aslight drop when PIES is enabled. This drop is due to interface queue overflow that

occurs as the data rate increases together with the fact that PIES causes packet buffering
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while nodes are asleep. It is worth mentioning that when we increased queue sizes, we
were able to lower this drop which is aready very small. We have not reflected thisin the
results, however, since thisincrease in the queue size is not needed in the case of the
routing protocol alone. Asfor the packet delivery latencies, we see that the differenceis
consistent for low, medium and relatively high data send rates. Asthe traffic datarates
get higher, we see that the latencies with PIES enabled start to increase at a higher rate.
This can be attributed to increased contention at the communication channel due to the
buffered traffic that results from nodes having been in sleep state combined with the
aready constantly high traffic rate.

From this experiment, we see that the PIES performance is consistent with the higher
network traffic both from energy and network operation points of view. Asthe traffic

becomes quite high, the PIES-induced latency increases further.
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Figure5-13: PIES energy savingsover AODV alone with different traffic rates
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5.6 PIES Performance with On-Off Traffic Sources

On-off traffic represents a bursty traffic model that is frequently used to characterize
traffic in data networks. In this model, traffic sources switch between on and off traffic
sending states. They remain in each state for a certain period of time, namely the busy
and idle periods, respectively. Thistype of traffic can result in a higher rate of collision,
delays and network congestion [31],[36]. We found it important to study the effect of
enabling PIES under these traffic conditions to measure its ability to cope with harsher
network conditions.

We have experimented with this traffic model with AODV as the routing protocol. The

busy and idleintervals of the traffic follow exponential distributions with means of 10
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and 100 seconds respectively. In this experiment, we used 20 traffic connections with 3
Kbps data rate for each traffic source during busy intervals.

If we consider the energy performance, we find that PIES provides consistent energy
savings over AODV aone regardless of the mobility conditions of network nodes, see
Figure 5-17. Also, PIES still shows ahigher degree of fairness over AODV aloneevenin
this bursty condition which implies higher degree of node utilization in general to
establish routes and recover from collisions. Figure 5-18 shows this trend. It isworth
mentioning that the standard deviation trends as shown in Figure 5-18 are generaly lower
than the cases with CBR traffic (e.g. asin Section 5.4.1). Thisis due to the fact that node
utilization is generaly higher across network nodesin the case of bursty traffic thanin

the case of CBR traffic.
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Figure5-17: PIES energy savings over AODV alone with on-off traffic
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Considering network operation performance, we found that the PDR with PIES enabled

is comparable to that when AODV active alone, see Figure 5-19. With AODV aone,
packet delivery latency seems to be high with higher mobility conditions due to
collisions. This narrows the difference between this case and the case when PIES is
enabled considerably, since PIES mandates that nodes sleep periodically and hence
reduces contention. Figure 5-20 shows the packet delivery latency behavior.

From this experiment, we see that PIES continues to show good energy performance that
issimilar to that of the case of long-lived traffic connections. As for network operation
performance, PIES seems to adapt well to the conditions imposed by bursty traffic and
seems to behave even better than in the case of the long-lived traffic connections relative

to AODV aone especialy under higher mobility conditions.
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5.7 Effect of Changing PIES Parameters on the Performance

PIES has three important parameters: mandatory sleep time (ST), mandatory wakeup
time (WT) and sleep separation factor. We have already seen the effect of changing the
ST/WT pairs while we were experimenting with the different kinds of routing protocols
earlier in this chapter. However, from this perspective, there is still an interesting case to
be investigated: fixing the ST:WT ratio while changing the absolute values. This can give
us agood insight into the relationship between the ST:WT ratio and the network
operation performance as well as the energy performance. We aso need to investigate the

effect of changing the sleep separation factor on performance.
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Figure5-19: Packet delivery ratios with on-off traffic
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5.7.1 Changing ST/WT Pair while keeping the same ST:WT Ratio

In this experiment, we ran simulations with AODV as the routing protocol for a pause
time of 400 sec and used the following ST/WT combinations: 0.25/0.5, 0.5/1.0, 1.0/2.0,
1.5/3.0, and 2.0/4.0. The datarate per connection is 12 Kbps. We found that energy
savings over AODV aone are dmost the samein al cases, as shown in Figure 5-21. The
standard deviation of remaining energies generally decreases as the values of ST and WT
increase. This can be attributed to higher utilization of the wakeup period in handling
traffic while addressing idle energy more aggressively with longer sleep times. This
situation results in forcing amore fair distribution of routing duties at this mobility
condition as the difference in node energies become more visible between nodes that just

woke up and others that have been awake over the past period of time. Figure 5-22 shows



88

thistrend. Asfar as packet delivery ratio and packet delivery latency are concerned, the
use of small valuesfor ST and WT yields the best results for the load conditions that we
used. The ST/WT = 0.25/0.5 in our experiment gave the best results for these metrics. For
these network conditions, as the sleep time (ST) increases, the number of buffered
packets increases which increases the chance of collisions and hence packet loss. The
relatively short wakeup time does not affect route establishment as the load conditions
leave reasonabl e room for exchanging route information within this time. Figure 5-23
shows the packet delivery ratio behavior. The latency also increases with the increase of
sleep time of nodes along the path between the source and destination. Figure 5-24 shows
the packet latency trend.

This experiment gives us some good insights into the choice of the ST/WT values. It
shows that energy performance generaly remains the same for the same ST:WT ratio.
Thisisthe case while the network operation performance is affected more by the value of
ST in particular. Asthis value increases, the latency tends to increase and the PDR tends
to drop. Therefore, we should choose relatively small values for ST while keeping the
same ST:WT ratio in order to achieve a certain level of energy performance. This hasthe
down side of achieving less fairness as shown in Figure 5-22. However, PIES in this case

still achieves better fairness than in case of the routing protocol alone.

5.7.2 Effect of Changing the Sleep Separation Factor
Aswe mentioned in Chapter 4, it isimportant to ensure that not all nodes of the network
have fully overlapping sleep periods. Therefore, we introduced what we call the sleep

separation factor which determines the start of theinitia sleep period of each node.
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In this experiment, we need to determine the effect of choosing the value of the sleep
separation factor on performance. For this purpose, we ran simulations with AODV as
the routing protocol for static network conditions and used the ST/WT pair of value
0.25/0.5. Under these conditions, we changed the sleep separation factor to take the
values 0.05ST, 0.1ST, 0.15ST and 0.2ST. The datarate per connection is 12 Kbps. From
an energy performance perspective, we found that energy savings over AODV alone are
not affected by the change of the value of the sleep separation factor, see Figure 5-25.
The standard deviation of the remaining energies does not seem to be affected much

either, see Figure 5-26. The packet delivery ratio and the packet delivery latency are
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Figure 5-21: PIES energy savingsfor different valuesof ST and WT but with same
ST:WT ratio



90

10

o

'§,9.5

<]

s 9

£85

=

£ 4

5

275

o

c 7

2

565

>

(53

T 6

= 0.2505 051  1.020 1530  2.0/4.0 [——AODV with PES

PIES Sleep time/Wakeup time —=—AODV alone

Figure5-22: Standard deviations of remaining energy for different values of ST and
WT (same ST:WT ratio)

—eo— AODV with PIES
—a— AODV alone

0.25/0.5 0.5/1 1.020 1.5/3.0 2.0/4.0
Sleep Time/Wakeup Time

Figure 5-23: Packet delivery ratiosfor different values of ST and WT but with same
ST:WT ratio



91

2
1.6 1
2 12 /
= —e—AODV with PES
e —=— AODV alone
3 0.8 -
@
-
0.4 -
0 B : 0 0 0 3
0.25/0.5 0.51 1.0/2.0 1.5/3.0 2.0/4.0
PIES Sleep time/Wakeup time

Figure 5-24: Packet delivery latency for different valuesof ST and WT but with
same ST:WT ratio

amost unaffected by the value of the sleep separation factor, see Figures 5-27 and 5-28
respectively.

From this experiment, it seems that PIES performance is not sensitive to the choice of the
value of the sleep separation factor. Aslong it is chosen to be of medium value (e.g.

small fraction of the ST ~ 0.1-0.2 ST), there is no considerable resulting effect on
performance. Thisis awelcome result since it makesit easier on the network operator to
make a decision on the choice of the parameter without fearing negative impacts of their
choice.

5.8 Effect of PIES on Network Lifetime

To examine the effect of PIES on extending the network lifetime, we ran simulations

with AODV as the routing protocol with and without PIES enabled. We used a pause

time value of 400 sec, initial node energies of 300 Joules and we ran the simulations for
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600 seconds. Thetraffic rateis 12 Kbps per traffic source. For PIES, we use
ST/WT=0.75/1.0. In the case when PIES is disabled, nodes start to die after 334.6
seconds of the simulation. At around 352 seconds, network operation comes to a
complete stop with all the nodes vital to the operation failing. With PIES enabled, the
first node failure occurred at around 514.6 seconds. Other nodes started to fail until the
network operation ceased with the nodes vital to the network operation running out of
energy around 542 seconds of the simulation. This presents a network lifetime extension
of about 54% over AODV aone. This percentage extension in network lifetimeis higher

than the percentage energy savings that we obtained in earlier experiments. Thisis
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because the energy savings are calculated as average across all nodes while the lifetime
of the network may depend on some remaining nodes that possess energy higher than the
average remaining network node energy. In addition, the higher imbalance of energy
consumption in the case of AODV alone (without PIES) causes faster depletion of the
energy of some critical nodes which aso contributes to this result. We also measured the
percentage increase of the payload delivery with PIES in this case and we found it to be
68% over the case with AODV aone.

With higher ST:WT ratio, we can get better energy performance, i.e. more energy
savings, which resultsin even longer network lifetime. To see this, we repeated the same
experiment with ST/WT=0.5/0.5. Thefirst node in this case started to die around 568.5

seconds with total operation stopping at around 593.7 seconds, which represents a
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roughly 69% lifetime extension. As for the percentage increase of payload delivery, we

found it to be 79.5% over AODV donein this case.
5.9 Comparison with the On-demand Power Management Algorithm

In this section, we compare the performance of the PIES algorithm with that of the on-
demand power management algorithm [49]. We have selected this algorithm for our
comparison since it both addresses the main source of energy waste, idle energy
consumption, and its operation is based on arealistic network model. The on-demand
power management algorithm selects a routing backbone that remains turned on, based
on the route discovery strategy of the routing protocol. We use DSR as the routing
protocol in this comparison experiment.

The DSR routing protocol belongs to the reactive routing category. Its functionality
depends on including the full route to a destination in the header of each packet intended
for this destination. Each node may keep severa routes to a given destination in its route
cache. The route selection is based on the shortest path. DSR uses promiscuous mode to
enhance its path discovery and maintenance capabilities. This way, nodes can learn about
routes to different destinations and include this route information in their routing cache.
Asfar as PIESis concerned, it isimportant to see the effect of node sleep modes on their
ability to acquire such additional route knowledge and therefore the effect on DSR’s

performance with PIES enabled.

5.9.1 Qualitative Comparison

In order to pave the way for the experimental comparison between the two algorithms,

we first perform abrief comparison between the functionality of both PIES and the on-
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demand power saving algorithm which we reviewed in Section 3.3. The following table

compares the main features of both algorithms:

Table 5-3: Comparison between PIES and On-demand power saving algorithm

PIES On-demand
Use of broadcast messages Optional Beacon messages
Dependent on the nature of the routing protocol | No Yes
Method of determining neighbor sleep state Deterministic Inference
Energy fairness by design Yes No
Modularity Yes No
Routing protocolsit can operate with Any Any
Separation between traffic nodes and routers No No

We see from this comparison that PIES provides a method to determine the node sleep
state that is far more robust than that of the on-demand power saving algorithm. Also
unlike the on-demand power saving agorithm, PIES has a modular architecture that
enablesit to fit easily with existing routing agorithms. Moreover, this structure does not
need to be changed with the change of the routing algorithm in use. PIES also does not
require supporting broadcast messages to be sent separately, which means that it does not

impose additional traffic burden on the network.

5.9.2 Performance Evaluation

In order to compare the operation of PIES to that of the on-demand routing protocol, we
selected the ST/WT pair value for PIES to be equal to 0.3/0.5. Thisisto achieve energy
savings that are comparable to that of the on-demand algorithm in static scenarios, so that
we do not focus the discussion solely on the amount of achievable energy savings.

We measured both the energy performance and network operation performance in our
comparison. Asfar as energy performance is concerned, and for the selected ST/WT

value of PIES, we found that PIES results in consistent power savings of about 35%
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regardless of the mobility conditions of network nodes. The savings that PIES provides
are higher than those of the on-demand power management scheme until the network
becomes almost static. At static conditions, the on-demand algorithm provides marginally
higher savings (about 37%), see Figure 5-29. As we have seen before, PIES can provide
even higher savings than the on-demand scheme, including in the static case, if we
increase the ST:WT ratio.

Considering energy consumption balance and fairness, the on-demand power
management algorithm does not seem to pay any attention to this aspect. It seemsthat the
nodes that are on some routes are severely penalized and are kept on for most if not al
time while the other, less strategically positioned nodes, are allowed to enjoy extensive
energy savings. This strategy can be detrimental to network operation in such cases
where some nodes that are critical to the operation of the whole network are over-utilized
and hence get depleted much faster than others. In the case of PIES, it shows energy
performance that is fairest considering DSR alone and DSR with on-demand power
management, see Figure 5-30.

Asfar as packet delivery is concerned, both PIES and the on-demand algorithm seem to
perform comparably to DSR aone especially at lower mobility, see Figure 5-31.
Considering packet delivery latency, we found that the on-demand power management
algorithm performs clearly better than PIES, see Figure 5-32. The reason is that it keeps
the nodes that are on active routes always on with no attention given to conserving their
idle energy. Therefore, it can provide better packet delivery latency performance at the

price of wasting energy and in an unbalanced manner for some nodes.
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5.9.3 Effect on Network Lifetime

In order to complete the comparison, we also examined the performance of both PIES
and the on-demand power saving algorithm under reduced initial energy conditions. For
this purpose, we performed the above experiment with initial node energies of 300
Joules. We examined the effect on network lifetime. Figure 5-33 shows the results. From
thisfigure, we see that PIES performs clearly better than the on-demand power saving
algorithm even in the static network case.

Since network lifetime extension alone does not give a sufficient indication about the
network health in low energy conditions, we also examined the effect on network
capacity. For this, we measured the number of delivered payload packets for both PIES

and on-demand power saving relative to DSR alone. Figure 5-34 shows this comparison.
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The results are rather interesting. It seems that, despite the longer lifetime that the on-
demand algorithm gives over DSR aone, the corresponding increase in packet delivery is
quite low especialy at high mobility conditions. Theincreasein delivery iswell below
10% at its highest point. In the case of PIES, the increase in packet delivery over DSR in
these conditionsis considerably higher and reaches above 60% in the static case. In high
mobility conditionsit is still high and is close to 50%.

From this comparison, we see that overall, PIES performs clearly better than the on-
demand power saving algorithm. It provides consistent power savings regardless of
network mobility conditions. It does so in afair manner to all network nodes which
resultsin healthy network conditions for a considerably longer period of time over the

on-demand power saving algorithm.
5.10 Summary

In this chapter, we presented some simulation results to demonstrate the functionality of
the PIES a gorithm and its effect on the energy and network operation performance. First,
we showed that PIES performs equally well with the AODV and OL SR routing protocols
which belong to the reactive and proactive categories of routing algorithms, respectively.
We showed that PIES does not affect the core functionality of the routing algorithm.
Simulations have shown that PIES introduces significant energy savings that reach about
50%. It does not achieve this at the expense of the energy balance between nodes and it
actually enhances this balance. Simulations have also shown that with PIES enabled,
packet delivery ratios are comparable to those achieved with the routing protocol alone

(PIES disabled). Our experiments have shown that PIES has some effect on packet
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latency. We aso demonstrated the ability of PIES to scale well with increased network
scale both from node population and traffic level perspectives. Finaly, PIES performs
well with bursty traffic which introduces new challenges to network operation.

We also tested the effect of changing PIES parameters on energy and network
performance. Thisincluded experimenting with different ST/WT pair values that have the
same ST:WT ratio. Our simulations showed that with these ST/WT values and the chosen
load conditions, the energy performance is almost the same for all ST/WT vaueswhile
the PDR and packet delivery latency performance is better with smaller ST values. These
tests also involved experimenting with different values of the sleep separation factor. Our
experiments showed that energy performance and network operation performance are
generally insensitive to the value of this parameter.

We tested the effect that PIES has on extending the network lifetime. The routing
algorithm alone failed to keep the network functioning beyond a certain point of time due
to node failures while with PIES enabled, the network continued to function normally for
aconsiderably longer period that reached almost 70% in our simulations. The percentage
increase in delivered payload traffic reached almost 80%.

We also performed qualitative and experimental comparisons with the on-demand power
saving algorithm with DSR as the routing protocol. Overall, PIES showed superior results
to those of the on-demand routing protocol and was able to expand network life time far
beyond the on-demand power saving case. It was also able to show a much better packet

delivery performance under limited battery energy conditions.
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When we consider these results, we find that PIES produces good network operation
performance results with substantial energy savings and network lifetime extension. This
is done while achieving energy fairness which is our primary target. PIES also integrates
nicely with existing routing protocols and does not impose any unrealistic conditions on

network operations (i.e. separating traffic nodes from routing nodes).



Chapter 6: Delay and T hroughput
Analysisof PIES

6.1 Introduction

Introducing an energy conserving strategy that depends on putting network nodes to sleep
for periods of time hasimplications on important aspects of their operation. The most
visible effect is on the packet delivery latency and on the throughpui.

In the previous chapter, we ran extensive experiments that enabled us to measure the
effect that PIES has on such network operation aspects as latency and packet delivery
ratio under the conditions of these experiments.

In this chapter, we analyze the additional delay that PIES adds to the original packet
delivery latency. We also perform a comparison between our analytical results and the
results that we obtained through our simulation experiments. We also discuss analytically
the effect of PIES on throughput in saturation conditions. In this throughput analysis, we
consider the IEEE 802.11 MAC protocol. We also perform simulation experiments to
verify our throughput analysis. Finally, we discuss the effect of the PIES ST and WT

parameters on the overall performance.
6.2 PIES Delay Analysis

Since PIES introduces sleep periods, it is expected that the delay in sending packets

between different nodes will generally be affected. Each node within the network
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operates on acycle that is composed of a sleep time of duration ST seconds followed by a
wakeup time of duration WT seconds. To analyze the additiona end-to-end packet
delivery latency that isintroduced by PIES, let us first focus on any two communicating
nodes X and Y within the network. We assume a no-congestion state of the network and
that there is no contention on the communication channels for the nodes X and Y. We
also assume the following [18]:

Sisthe event that both X and Y are awake,
S isthe event that either of X or Y (or both) is asleep,
A isthe event that X is awake,

A isthe event that X is asleep,

B istheevent that Y is awake, and

B istheevent that Y is asleep

Note that the two events A and B are independent of each other. If D is the extra packet
latency that isintroduced by PIES between X and Y then, the expected value of D, E(D),

is given by the following:

E(D) = E(D|S) P(S) + E(D|S) P(S) = E(D|S) P(S) (6-1)

Since:
P(S) = P(AnB) = P(A|B) P(B) = P(A) P(B) = WT/(WT + ST) x WT/(WT + ST)
=WT?/ (WT + ST)?

Therefore,
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P(S)=1-P(S)=1-WT?/ (WT + ST)? (6-2)

Substituting from (6-2) into (6-1):

E(D) = E(D|S) x [1- WT?/ (WT +ST)} (6-3)
As mentioned above, the event S occurs in one of the fol lowi ng three cases:

e BothX andY areasleep

» Xisadeep

* Yisadeep
In order to evaluate the expected value of the delay in each of the above cases, we can
use the cycle of one of the nodes, say X, as areference without loss of generality, see

Figure 6-1. We use amoving point of time, t,, to point to the different possibilities of the

eventS.
* .
X 0 e o E
Awake Awake
0 WT iNT+ ST
Y :
Awake i Awake
Analysiscycle i

Figure 6-1. Sleep/Wakeup cycle of two communicating nodes, X and Y
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Therefore, the expected value of the delay given S can be calculated as follows:

E(D|§) =E(D1) PO<t, <WT) + E(D2) PWT<1t,< ST + WT) (6-4)
where E(D,) = E(D|S, 0<t,<WT), and,

E(D,) = E(D|S, WT<t, < ST + WT)

In thefirst period, 0 <t, < WT, the delay will happen only if Y isasleep. Since the sleep

event is uniformly distributed U[O , ST], therefore[30]:

E(D,) = ST/2 (6-5)

In the period (WT <t, < ST + WT), delay will happen in two cases:
D, X aslegpand Y asleep
D2 X asleep and Y awake

Therefore,

E(D2) = E(D21) P(D21) + E(D22) P(D2y)
=E(D,) P(A n B)+E(D2) P(A n B)
= E(D21) P(A) P(B) + E(D2) P(A) P(B)
= ST/2 x [ST/(ST+WT)]? + ST/2 x ST x WT/(ST + WT)?

= ST?/[2%(ST + WT)] (6-6)
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Substituting from (6-5) and (6-6) into (6-4):

E(D|S) = ST/2 x WT/(ST +WT) + ST¥[2x(ST + WT)] x ST/(ST + WT)

= {ST/[2(ST + WT)]} { WT + ST%(ST + WT)} (6-7)

Substituting from (6-7) into (6-3), the expected value of the delay between X and Y can

be obtained as follows:

E(D) = { ST/[2(ST+WT)?} {WT?+ WT x ST + STA{( ST?+ 2 WT x ST)/(ST + WT)3

= {STH2(ST +WT) }{ST + 2WT}{WT? + ST x WT + ST%} (6-8)

Equation (6-8) gives the expected value of the latency introduced by PIES for each
packet exchanged between any two nodes within the network. Therefore, to calculate the
additional end-to-end latency that isintroduced by PIES for a packet exchanged between
a source and destination with (n) intermediate nodes in between, we use the following

equation:

E(Dee) = (n+1) { ST/2(ST +WT) “}{ ST + 2WTH{WT? + ST x WT + ST?} (6-9)
where D¢ is the additional delay introduced by PIES. This value does not include the
original delay as obtained in the case of the routing algorithm alone. The above
derivation also assumes that each two communicating nodes will remain in range of each

other for the duration of this packet exchange.
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Using equation (6-9), one can obtain the expected PIES delay between a source and a
destination when using different values of sleep and wakeup times with different numbers
of intermediate nodes, see Figure 6-2. We notice from this figure that as far as PIES sleep
and wakeup times are concerned, the delay increases with the increase of the sleep time.
For the same sleep time, the delay also increases with the increase of the ST:WT ratio.
Therefore, for the same ST:WT ratio, the delay is lower with alower value of ST. Thisis
consistent with the experimental observations that we obtained previously. Since energy
savings are the same for the same ST:WT ratio as we have seen in previous experiments,
this gives us an indication that in general, smaller sleep times are preferable to achieve

the same energy savings with lower latencies.

3.5
L | sTEn W= P
—o—ST=1,WT=2
05 I | —a—ST=1,WT=3 /
—>—ST=05WT=15 / /
21 —m-ST=0.1,WI=03 //://.//‘

Delay (seconds)

0.5
. —

0 1 2 3 4 5 6 7 8 9 10
Number of intermediate nodes

Figure 6-2: PIES expected delay for different ST/WT values
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In order to compare the analytically obtained results against the ones obtained
experimentally, we ran PIES with AODV in the static case with simulation conditions as
in Section 5.4.1. Figure 6-3 shows the comparison between the results obtained in both
cases for different numbers of intermediate nodes between the source and destination.
We notice from this figure that the curves are following the same trend. If we consider
the curve that was obtained through our analysis and the curve that was obtained through
experiments, we find the experimental curve to be generally higher than the mathematical
curve. Thisis attributed to the fact that the delay in the experimental caseisthe sum of

original routing protocol end-to-end delay plus the delay introduced by PIES, while the

0.6
0.5
n \
° )
s 04 -
o
o
? 0.3
£ —e— Analytical values
E 02 - - PIES only
[}
(] —m— Experimental
0.1 values - PEES with
AODV
0 I T T T T T +Approx.
experimental
0 1 2 3 4 5 6 values - PIES only
Number of intermediate nodes

Figure 6-3: Analytical versus experimental delay with PIESfor ST/WT=0.25/0.5

analytical case shows only the PIES delay. For this reason, we also included in this figure
the approximate trend for the delay that was introduced by PIES only in the experimental

case. We calculated this trend from the experimental cases where AODV was active
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alone without PIES and then with PIES enabled. This trend shows to be generally close to

the one that we obtained anal ytically.
6.3 PIES Saturation Throughput Analysis

In previous studies [4],[5],[51], the throughput of the IEEE 802.11 MAC protocol has

been studied. In these studies, the case where n stations are contending for the

communication channel is considered. These studies have considered the case where al

nodes have traffic to send with each node being ready to send traffic immediately once it

gets the chance to transmit on the communication channel. Therefore, these studies did

not consider the case where energy saving algorithms are enabled with the strategy of

putting nodes to sleep to reduce idle energy consumption. In order to accommodate this

situation, this analysis needs to be modified in order to consider the case where one or

more of the n contending nodes go to sleep. We notice that the analysisin al these

studies follow the same procedure with results varying based on the state transition cases

considered. In the following analysis, we follow the analysis of [51] in terms of its

transition probabilities and we make our modifications based on the sleep model of the

PIES agorithm. Let us assume the following:

- B isthe probability that a node transmits during a slot time,

- tisthe probability that the backoff counter of anode equals zero at a certain slot
time,

- W isthe minimum size of the contention window,

- misupper limit of the backoff delay stage,

- nisthe number of contending nodes,

- pisthe probability that atransmitted frame collides,
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- ppisthe probability that the communication channel is busy, and,
- pcisthe probability that at |east one connection is activein a given slot time.

Following the analysis of [51], the probability t is defined as follows:

21-p,)A-2p)
=

= (6-10)
21- pb)2(1—2p)(1— p)+(p, * PP, )A-2P)W+D+ pPW(p +p-p, ))-(20)™)

When PIES is enabled, a node transmits when all of the following three events take place:
A: The sending node itself is awake, this event has a probability WT/(WT+ST)
B: The receiving node is awake, this event also has a probability WT/(WT+ST)
C: The backoff window is equal to zero, this event has a probability t whichis
calculated by equation (6-10).
Events A and B aswell as B and C are clearly independent. However, we will use the
approximation that events A and C are al so independent for simplicity. This can be
justified from the perspective that the sending node being awake does not directly imply
that the backoff window will be zero and that to reach this stage is independent from
when the node becomes awake. Therefore, the probability that a node transmits during a

time slot now becomes:

B = P[transmission during aslot time] =t x WT#(WT + ST)* <t (6-11)
This has implications on the probability of collision. Since atransmitted packet collides
when two or more nodes transmit during atime slot, the probability of collision, p, is

given by:
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p=1-(1-p)™ (6-12)
A communications channél is detected busy when at least one node transmits during a
dlot time. Therefore, the probability py that a channel is detected busy is given by:
po=1~(1-p)" (6-13)
Substituting equations (6-11), (6-12) and (6-13) into (6-10), we get an equation in one
unknown, t. Solving this equation we get . Knowing t, ST and WT, we can calculate py.
These values will help us calculate the throughput as follows. A transmissionis
considered successful when only one node transmits, given that thereis at least one

transmission. Therefore the probability Ps that atransmission is successful is given by:

p,= NBL-A™ (6-14)
1-@1-5)

When PIES is enabled, a connection is active when both ends of the connection are
awake. The probability, pc, that at least one connection is active during a certain time slot
isgiven by:

WT

wrest )V 619

Pe=1-{1—(

The mean number E[y] of consecutive idle slot times before atransmission takes placeis

therefore given by:
1

Elv] = -1 (6-16)
bMc

Asin [4],[5],[51], it is sufficient to cal culate throughput between two consecutive
transmissions. Therefore the normalized throughput, S, can be calculated as follows:

o EIT]
E[At]
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where T is the time used for successful transmission in an interval and At isthe length
between two consecutive transmissions. Therefore,

_ P.E[P]
 E[@]+PRT, +(1-P)T,

(6-17)

where E[P] is the average payload length, Ts is the average time that the channel is
captured by a successful transmission and T, is the average time where the channel is
captured by a collision. Assuming that payload packets have the same length, E[P] = P,
where P is the number of bits per packet. Tsand T are defined according to [4] asfollows

for RTS/ICTS CSMA/CA:

Ts=RTS+35+SIFS+CTS+36+SIFS+H+P+ 6+ SIFS+ ACK +8 + DIFS  (6-18)

T.=RTS+ +DIFS (6-19)

where H = MACyy + PHY g iSthe frame header, 6 is the propagation delay, SIFSisthe
short interframe space and DIFS is the distributed interframe space. RTS, CTS and ACK
in the last two equations are the times taken for transmitting RTS, CTS and ACK packets,
respectively. Note that since E[y] is measured in slot times, both Ts and T, in equation
(6-17) have to be calculated in slot times as well.

In order to perform our comparison between when PIES is active and when it is not, we
simply replace by t in equations (6-12), (6-13) and (6-14) for the case when PIES is not
enabled. We use the parameters as shown in Table 6-1. For the case where PIES is

enabled, we use several values of the ST/WT pair in order to gain an understanding of the
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effect of the choice of these parameters and their ratio on the throughput performance.
The values that we use for our comparison are: 0.25/0.5, 0.75/1.0 and 0.5/0.5.

With these parameters, and for the ST/WT values as specified above (in the case where
PIES is enabled), we solve equations (6-10), (6-11), (6-12) and (6-13) to get B (t in the
case where PIES is disabled) and p,. Consequently, we can get T. and Ts and hence the
throughput S for different numbers of nodes. We solve these equations for the initial
backoff window value, W=16 and max retry stages =4 (i.e. m=3). Figure 6-4 shows the
trend in the case where PIES is disabled and when it is enabled for all three ST/WT
values that we selected. We notice from this figure that the saturation throughput tends to
be almost the same for the case when PIES is disabled and in all cases when PIES is

enabled.

Table 6-1: Throughput analysis parameters

Payload packet size (Bytes) 512
Mac header size (Bytes) 24
Physical header size (Bytes) 24
ACK packet size (Bytes) 38
RTS packet size (Bytes) 44
CTS packet size (Bytes) 38
SIFS (u sec) 10
DIFS (i sec) 50
A (u sec) 1
Slot time (u sec) 20
Channel bit rate (Mbps) 2
H (Bytes) 48

We also repeat the same procedure for W=32 and m=5 to see the effect. Figure 6-5 shows
the results. Thisfigure shows that in this case, the throughput behavior continues to

follow the same trend in general as with the case of W=16 and m=3.
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By examining the elements of the throughput equation, (6-17), we find that the effect that
PIES has on the throughput value is represented by 8, which is calculated by equation (6-
11), aswell as the probability p. as calculated by equation (6-16). From this we can see
that fixing the ST:WT ratio yields the same throughput value. Therefore, the saturation
throughput is not affected by the change of the ST and WT parameters as long as the
ST:WT ratio remains the same.

In order to measure the throughput trend experimentally to verify our findings, we ran
simulation experiments with conditions as per Section 5.2 with AODV as the routing
protocol. We modified these conditions though in such away that enables us to simulate
saturation conditions as follows. We used a simulation area of dimensions of 175 x 175
sguare meters. Thisisto ensure that all nodes are within range from each other as the
nominal wireless range of each node is 250 meters. We run the experiments where we
have different numbers of nodes sending traffic simultaneously. We use the cases of 10,
20, 30, 40 and 50 traffic sending nodes. Each node sends traffic at the rate of 500 Kbpsto
ensure that nodes always have packets to transmit. For each case, we ran the simulations
with five randomly generated mobility scenarios. We use the same MAC parameters as
mentioned above, with W=32 and m=5. When PIES is enabled, we use three ST/WT
values: 0.25/0.5, 0.75/1.0 and 0.5/0.5. We ran these simulations with static network
conditions. With these conditions, we measured the throughput trend in al cases. Figure
6-6 shows the resulting trend. We notice that the experimental results show throughput
values that are lower than those shown by the corresponding theoretical results as shown
in Figure 6-5. This can be attributed to the overhead of the routing protocol, which was

not considered while devising the analytical model. Thisis also evident by the drop of the
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throughput as the number of nodes increase, which is due to the fact that the routing
protocol overhead (e.g. route discovery messages) increases with the increase of network
congestion. This occurs when nodes misinterpret delays that result from this severe
congestion as route breakages and start flooding the network with route requests in an
attempt to fix the routes that are thought to be broken. In case of PIES, the saturation
throughput is even lower due to the fact that when nodes go to sleep in these congestion
conditions, the routing overhead becomes even heavier due to routes that are thought to
have been broken more frequently leading to a further decrease in the saturation

throughput than in the case with PIES disabled.
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Figure 6-4: Throughput trend without PIES and with PIES enabled, W=16 and m=3



119

6.4 Selection of PIES ST and WT Parameters

The choice of the mandatory sleep time, ST, and mandatory wakeup time, WT,
parameters has a profound effect on the performance of the system when PIES is enabled.
The evaluation experiments in the last chapter as well as the analysis that we performed
in this chapter have given us agood insight into the effect of the choice of these
parameters on performance. It is clear that fixing the ST:WT ratio results in the same
energy performance. On the other hand, as this ratio increases, we get a better energy
performance with comparable packet delivery ratio. This, however, resultsin higher

packet delivery latency which isthe most visible side effect of increasing the ratio.
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Figure 6-5: Throughput trend without PIES and with PIES enabled, W=32 and m=5
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Figure 6-6: Experimental throughput trend without PIES and with PIES enabled

Packet delivery latency also decreases with the decrease of the value of the ST parameter
for the same ST:WT ratio. Therefore, the choice of these parameters highly depends on
the needs of the application at hand. For example, if it isimportant to enhance energy
performance without worrying about latency, then increasing the ST:WT ratio is the way
to go. If theaim isto keep latency below specific limits while having moderate energy
performance at the same time, then reducing the ST:WT ratio is the right choice.
However, we can always strike some balance if we want a certain level of energy savings
while still keeping latency at reasonable levels. This can be achieved by experimenting to
determine the ST:WT ratio that can achieve thislevel of energy savings and then fix this

ratio and start working on decreasing the ST value until we reach an acceptable latency
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value. Generally speaking, this strategy can be implemented but in some cases the two
goals may prove challenging to achieve at the same time.

Asfar asthe lower limit of these parameters is concerned, it is obvious that we should
keep the nodes awake for enough time to allow the transmission of at |east one payload
packet. This means that the length of the schedule overlap between two communicating

nodes should be long enough for this to occur.
6.5 Summary

In this chapter, we analyzed the effect of the PIES sleep time, ST, and wakeup time, WT,
on two aspects of the performance, namely the delay and saturation throughput. We have
derived an equation that can be used to calculate the expected value of the additional
delay that PIES introduces. We showed the effect of the choice of the relative values of
the ST and WT parameters on the packet delivery delay. We al'so compared the results
that we obtained analytically with those obtained through our simulation experiments and
showed that the resultsin both cases are close to each other.

For the saturation throughput analysis, we used the analytical results of previous studies
of the IEEE 802.11 MAC saturation throughput and adapted it to incorporate the case
where PIES is enabled in the network. Analytically, the saturation throughput was shown
to have a constant value regardless of the number of contending nodes. This value was
not affected by enabling PIES. Through experiments, however, we showed that the
saturation throughput in general islower than in the analytical case due to the additional
routing protocol overhead. It also gets lower as the number of the contending nodes

increases.
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Finally, we discussed the effect of the choice of the ST and WT parameters on the overall

performance and offered some suggestions for the strategy of choosing these parameters.



Chapter 7. Summary, Conclusionsand
Future Work

7.1 Summary and Conclusions

Recently, mobile ad hoc networks (MANET) and their applications have become quite
popular with the proliferation of light-weight mobile devices that made it possible to
communicate and perform many types of tasks while on the move. Many protocols have
been developed to handle routing in ad hoc networks. Each of these protocol s has been
devel oped based on different design strategies with the purpose of obtaining the best
possible performance and robust data delivery in an environment with potentially
constantly changing topology. Many of these algorithms, however, have not considered
one important aspect of the operation of this type of networks which isthe generally
limited amount of energy that is available to its nodes. This can be considered the most
critical factor in the operation of these networks. In this thesis, we presented the main
characteristics of the mobile ad hoc networks as well as the factors that affect their
operation. Then, we described the energy efficiency issues that are encountered with this
type of networks and supported this discussion with a case study. This case study showed
that there exists alarge amount of energy (more than 50% of the overall energy that is
consumed in communication) that is wasted while the wireless interfaces of the network
nodes are in idle mode. We then described some of the schemes that were devised to

address energy efficiency issuesin MANETS. We classified such schemes as routing and

123
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non-routing energy-efficient schemes. According to this classification, the routing
schemes are either energy-efficient routing algorithms or algorithms that directly
influence the routing functionality of the routing protocol. The non-routing schemes, on
the other hand, are those that do not directly affect the routing functionality of the routing
protocol in use. We found from this survey that most of the routing-related energy-
efficient schemes focus mainly on energy balance between routes and do not take idle
energy consumption into consideration. The non-routing energy-efficient schemes had
various strategies for addressing the idle energy consumption. Most of these schemes,
however, did not pay attention to energy fairness, and some of them have been designed
based on rather unrealistic assumptions about network operation. We then presented our
solution to address the energy efficiency problem. We call our new technique PIES,
which stands for Protocol Independent Energy Saving. PIES was designed with energy
fairness central to its operation. It is not arouting algorithm. It integrates with existing
routing algorithms to complement their functionality and enhances the overall energy
efficiency of the node. PIES can be configured in such away that it imposes no
additional energy or traffic cost on the network. In addition, it does not affect the core
functionality of the routing algorithm. In addition, PIES is modular in design and can
therefore be integrated easily with routing protocols of different strategies. PIES does not
depend on one node or a set of nodes for its functionality. Rather, its functionality is fully
distributed, which ensures arobust functionality of the agorithm. PIES operation is based
on aredlistic network model and does not make any special assumptions about the

network configurations or the functionality of its nodes.
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In order to evaluate the functionality of our new scheme, we ran simulation experiments
to demonstrate its performance from different perspectives. First, we showed its
independence of the routing strategy by demonstrating its ability to function equally well
with routing algorithms that belong to the proactive and the reactive categories of routing.
We then showed its ability to scale well by showing that its performance is not affected
by the increase in network population as well as network traffic. We showed that PIES
performs well with bursty traffic conditions which introduce many challenges to network
operation. We a so experimented with the effect of changing PIES parameters on the
network performance. We demonstrated PIES' ability to extend the network lifetime and
showed that it can extend it by about 70% in our experiments. Finally, we performed
qualitative and experimental comparisons with the on-demand power saving agorithm.
We showed that, overal, PIES outperforms the on-demand power saving agorithm from
a combined energy performance and network operation performance points of view.

We then performed an analysis of the additional delay that PIES introduces to packet
delivery. Through this analysis, we established atrend that enabled us to understand the
effect that the choice of combination of the PIES sleep time and wakeup time has on the
resulting delay. We a'so analytically studied the effect that PIES has on network
saturation throughput. We compared al our analytical results with the results that we
obtained experimentally and we found that there is some difference due to the routing
protocol overhead in the experimental case. Based on these analytical studies, we offered
adiscussion around the choice of the PIES parameters depending on the type and nature

of the application at hand.
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Based on our experiments and analysis, we conclude that PIES performs well from
energy and network operation perspectives, independently of the type or nature of the
routing protocol. It resultsin substantial energy savings and network lifetime extension.
Its introduction to the network does not have a major impact on network operations. PIES
also scales well with increased network traffic and population. Its performance is not
affected by the type of traffic. It also has superior energy, network lifetime and data

delivery performance compared to energy conservation techniques of the same category.
7.2 Suggestions for Future Work

For future investigation, the effect of introducing energy-efficient techniques that depend
on putting nodes to sleep for periods of time on applications such as QoS and multicast
needs to be investigated. In connection to PIES, methods to adapt the regular
sleep/wakeup cyclesto the requirements of the different applications need to be
investigated such that they respond to the needs of such applications and at the same time

will not compromise significantly the gains achieved by having predictable sleep cycles.

Also, the possibility of using duty cycles with different sleep/wakeup patterns per cycle
instead of the current regular PIES operation cycles needs to be investigated. The
utilization of duty cycles of thistype, while adds complexity to the algorithm, may have

the promise of achieving even higher levels of energy savings.

Another areato investigate is the derivation of methods to control latency that results

from using sleep times as a means to conserve energy. For example, this can be done
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through investigating the possibility of influencing the routing protocol to route through

nodes that have similar sleep schedules.

A modified saturation throughput model that takes into consideration the overhead of the
routing protocol needs to be devised. This model needs to incorporate the needs of the
routing protocol aswell as any other component that adds overhead to the network

operation.

The lower limits of the sleep and wakeup times for PIES need to be further analyzed. The
effect of these lower limits on both the energy performance and network operation needs

to be studied and determined for the different categories of the routing protocols.

Finally, since there are severa agorithms that have been devised to affect the routing
strategy only from an energy-efficiency point of view without a strategy to addressidle
energy consumption, an areaworth investigating is the possibility of integrating PIES

with such a gorithms and measuring the resulting combined effect.



[1]

[2]

[3]

[4]

[3]

[6]

[7]

References

J. Banks, J. S. Carson and B. L. Nelson, “Discrete-Event System Simulation”,
Prentice-Hall, 1996, ISBN 0-13-217449-9.

P. Bergamo, A. Giovanardi, A. Travasoni, D. Maniezzo, G. Mazzini and M. Zorzi,
“Distributed Power Control for Energy Efficient Routing in Ad Hoc Networks”,
Wireless Networks, Volume 10, No. 1, January 2004, pages 29-42.

P. Bergamo, D. Maniezzo, A. Giovanardi, G. Mazzini and M. Zorzi, “Distributed
Power control for Power-aware Energy-efficient Routing in Ad hoc Networks’, in
Proceedings of European Wireless 2002, Florence, Italy, February 2002, pages 237-
243.

G. Bianchi, “|EEE 802.11-Saturation Throughput analysis’, IEEE Communications
Letters 2(12), 1998, pages 318-320.

G. Bianchi, “Performance Anaysis of the |EEE 802.11 Distributed Coordination
Function”, IEEE Journal on Selected Areas in Communications, Vol. 18, No. 3,
March 2000, pages 535-547.

J. Broch, D. A. Maltz, David B. Johnson, Yih-Chun Hu and Jorjeta Jetcheva,
“Performance Comparison of Multi-hop Wireless Ad Hoc Network Routing
Protocols’, Proceedings of the ACM Mobile Computing and Networking
Conference, Dallas, Texas, October 1998, pages 85-97.

T. X. Brown, H. N. Babow and Q. Zhang, “Maximum Flow-Life Curve for a
Wireless Ad Hoc Network”, Proceedings of the ACM Symposium on Mobile Ad

Hoc Networking and Computing, Long Beach, CA, USA, 2001, pages 128-136.

128



129

[8] J.-H Changand L. Tassiulas, “Energy Conserving Routing in Wireless Ad-hoc
Networks’, in Proceedings of INFOCOM, 2000, Tel Aviv, Isradl, pages 22-31.

[9] S. Corsonand J. Macker, “Mobile Ad Hoc Networking (MANET): Routing
Performance Issues and Evaluation Considerations’, IETF RFC 2501, January 1999.

[10] B. Chen, K. Jamieson, H. Balakrishnan, and Robert Morris, “Span: An Energy-
Efficient Coordination Algorithm for Topology Maintenance in Ad Hoc Wireless
Networks’, in Proceedings of the ACM Moabile Computing and Networking
Conference, Rome, Italy, 2001, pages 85-96.

[11] T. H. Clausen, G. Hansen, L. Christensen and G. Behrmann, “The Optimized Link
State Routing Protocol, Evaluation through Experiments and Simulation”,
Proceedings of the 4™ IEEE International Symposium on Wireless Personal Mobile
Communications, September 2001.

[12] The CMU Monarch Project’s Wireless and Mobility Enhancementsto NS.

http://www.monarch.cs.cmu.edu

[13] K. Fall and K. Varadhan, editors, “NS notes and documentation”, the VINT project,
UC Berkeley, LBL, USC/ISI and Xerox PARC, July 29, 2000.

http://www.isi.edu/nsnam/ns/ns-documentati on.html

[14] L. M. Feeney, “An Energy Consumption Model for Performance Analysis of
Routing Protocols for Mobile Ad Hoc Networks’, Mobile Networks and

Applications, Volume 6, Issue 3, June 2001, pages 239 - 249.



130

[15] L. M. Feeney and M. Nilsson, “Investigating the Energy Consumption of a Wireless
Network Interface in an Ad Hoc Networking Environment”, Proceedings of |IEEE
INFOCOM 2001, Volume 3, Anchorage AK, April, 2001, pages 1548-1557.

[16] Y. Gadallah and T. Kunz, "Energy consumption in ad-hoc routing protocols:
Comparing DSR, AODV and TORA", Proceedings of the 1st International
Conference on Ad-Hoc Networks and Wireless, Toronto, Canada, September 2002,
pages 161-176.

[17] Y. Gadallah and T. Kunz, "PIES: Protocol independent energy saving a gorithm",
Proceedings of the 2004 Workshop on Mobile and Wireless Networking, Montreal,
Canada, August 2004, pages 4-12, IEEE Computer Society Press 2004, ISBN 0-
7695-2198-3.

[18] Y. Gadallah and T. Kunz, “A Protocol Independent Energy Saving Technique for
Mobile Ad Hoc Networks’, accepted for the special issue on Mobile and Wireless
Networking, International Journal of High Performance Computing and Networking
(IJHPCN). Expected to be published early 2005.

[19] H. Hassanein and A. Safwat, “Virtual base stations for wireless mobile ad hoc
communications: an infrastructure for the infrastructure-less’, The International
Journal of Communication Systems, Vol. 14, 2002, pages 763-782.

[20] P.J. M. Havingaand G. J. M. Smit, “Energy-efficient wireless networking for
multimedia applications’, Wireless Communications and Mobile Computing, Wiley,
2001, 1:165-184.

[21] T. Clausen and P. Jacquet, “Optimized Link State Routing protocol (OLSR)”, IETF

RFC 3626, October 2003.



131

[22] Amit Jardosh, Elizabeth M. Belding-Royer, Kevin C. Almeroth, and Subhash Suri,
"Towards Realistic Mobility Models for Mobile Ad hoc Networks', Proceedings of
the ACM Mobile Computing and Networking Conference, San Diego, CA,
September 2003, pages 217-229.

[23] P. Johansson, T. Larsson, N. Hedman, B. Mielczarek, and M. Degermark, “ Scenario-
based performance analysis of routing protocols for mobile ad hoc networks”,
Proceedings of the ACM Mabile Computing and Networking Conference, Seattle,
Washington, August 1999, pages 195-206.

[24] David B. Johnson, David A. Maltz, and Josh Broch, “DSR: The Dynamic Source
Routing Protocol for Multihop Wireless Ad Hoc Networks’, in Ad Hoc Networking,
edited by Charles Perkins, Addison-Wesley 2001, ISBN 0-201-30976-9, pages 139-
172.

[25] C. E. Jones, K. M. Sivalingam, P. Agrawal and J. C. Chen, “A Survey of Energy
Efficient Network Protocols for Wireless Networks”, Wireless Networks, Kluwer
Academic Publishers, 2001, pages 343-358.

[26] P. Karn, “MACA —aNew Channel Access Method for Packet Radio”, in
ARRL/CRRL Amateur Radio 9" Computer Networking Conference, London, Ont.,
Canada, 1990, pages 134-140.

[27] D. Kim, J. J. Garcia-Luna-Aceves, K. Obraczka, J.-C Cano and P. Manzoni,
“Routing Mechanisms for Mobile Ad Hoc Networks Based on the Energy Drain
Rate’, IEEE Transactions On Mobile Computing, Vol. 2, No. 2, April-June 2003,

pages 161-173.



132

[28] R. Kravets and P. Krishnan, “Power Management Techniques for Mobile
Communications’, Proceedings of the ACM Moabile Computing and Networking
Conference, Dallas, Texas, October 1998, pages 157-168.

[29] A. Laouiti, P. Muhlethaler, A. Ngjid, E. Plakoo, “ Simulation Results of the OLSR
Routing Protocol for Wireless Network”, Proceedings of the 1st Mediterranean Ad-
Hoc Networks Workshop (Med-Hoc-Net), Sardegna, Italy, 2002.

[30] A. Leon-Garcia, “Probability and Random Processes for Electrical Engineering”,
Addison-Wesley, 1994, ISBN 0-201-50037-X.

[31] L. Leppéanen, J. Prokkolaand T. Braysy, “Performance of Ad Hoc Network under
Pareto Distributed Traffic Model”, Finnish Wireless Communication Workshop
(FWCW 2003), Oulu, Finland, October 2003, pages 21-24.

[32] C. E. Perkins, “Ad Hoc Networking”, Addison-Wesley, 2001, ISBN 0-201-30976-9.

[33] C. E. Perkins and P. Bhagwat, “Highly Dynamic Destination-Sequenced Distance-
Victor Routing (DSDV) for Mobile Computers’, Computer Communications
Review, October 1994, pages 234-244.

[34] C. E. Perkinsand E. M. Royer, “Ad-hoc On-Demand Distance Vector Routing”,
Proceedings of 2" |EEE workshop on Mobile Computing Systems and Applications,
February 1999, pages 90-100.

[35] C. E. Perkins, E. M. Royer, S. R. DAS and M. K. Marina, “ Performance
Comparison of Two On-Demand Routing Protocols for Ad Hoc Networks’, IEEE

Personal Communications, February 2001, pages 16-28.



133

[36] J. Prokkola, L. Leppanen and T. Braysy, “On the Effect of Traffic Modelsto Ad
Hoc Network Performance”, Proceedings of the Military Communications
Conference (MILCOM), Boston, USA, October 2003, pages 7-13.

[37] C.S. Raghvendra and Suresh Singh, “PAMAS — Power Aware Multi-A ccess protocol
with Signaling for Ad Hoc Networks”, ACM Computer Communications Review,
July 1998, Volume 28, Issue 3, pages 5-26.

[38] E. M. Royer and C-K Toh, “A review of current routing protocols for Ad-Hoc
Mobile Wireless Networks”, IEEE Personal Communications, Volume 6, Issue 2,
April 1999, pages 46-55.

[39] A. Safwat, H. Hassanein, and H. Mouftah, “ Energy-Aware Routing in MANETS:
Analysis and Enhancements,” Proceedings of The Fifth ACM International
Workshop on Modeling, Analysis and Simulation of Wireless and Maobile Systems
(MSWiM 2002) in conjunction with the ACM Mobile Computing and Networking
Conference, Atlanta, Georgia, USA, September 2002, pages 46-53.

[40] A. Safwat, H. Hassanein and H. Moftah, “Power-Aware Fair Infrastructure
Formation for Wireless Maobile Ad hoc Communications’, Proceedings of IEEE
GLOBECOM, San Antonio, Texas, USA, November 2001, pages 2832-2836.

[41] J. Schiller, “Mobile Communications’, Addison-Wesley, ISBN 0-201-39836-2,
2000, pages 182-186.

[42] S. Singh, M. Woo, and C. S. Raghavendra, “ Power-aware Routing in Mobile Ad
Hoc Networks’, Proceedings of the ACM Mobile Computing and Networking

Conference, Dallas, Texas, October 1998, pages 181-190.



134

[43] M. Stemm and R. H. Katz, “Measuring and reducing energy consumption of
network interfaces in hand held devices’, |EICE Transactions on Communications,
E80-B(8):1125-1131, August 1997.

[44] 1. Stojmenovic and X. Lin, “Power-aware localized routing in wirel ess networks”,
|EEE Transactions on Parallel and Distributed Systems, November 2001,
12(11):1122-1133.

[45] A. S. Tanenbaum, “Distributed operating systems’, Englewood Cliffs, N.J., Prentice
Hall, ISBN 0132199084, 1995.

[46] C.-K. Toh, “Maximum Battery Life Routing to Support Ubiquitous Mobile
Computing in Wireless Ad Hoc Networks”, IEEE Communi cations Magazine, June
2001, pages 2-11.

[47] YaXu, J. Heidemann and D. Estrin, “ Geography-informed Energy Conversion for
Ad Hoc Routing”, in Proceedings of the ACM Mobile Computing and Networking
Conference, Rome, Italy, July 2001, pages 70-84.

[48] R. Zheng, J. C. Hou and Lui Sha, “ Asynchronous Wakeup for Ad Hoc Networks”,
in Proceedings of the ACM Symposium on Mobile Ad Hoc Networking and
Computing, Annapolis, Maryland, USA, June 2003, pages 35-45.

[49] R. Zheng and R. Kravets, “ On-demand Power Management for Ad Hoc
Networks’, in Proceedings of INFOCOM, San Francisco, CA, April 2003, pages 1-
11.

[50] Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Specifications, 1999. |IEEE 802.11 Standard, LAN MAN Standards Committee of

the IEEE Computer Society.



135

[51] E. Ziouvaand T. Antonnakopoulos, “CSMA/CA Performance under High Traffic
Conditions” Throughput and Delay analysis’, Computer Communications, Volume

25 No. 3, 2002, pages 313-321.



