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ABSTRACT

Ad hoc networks have revolutionized wireless comitations in the past
few years, by complementing more traditional nekmsaradigms such as, internet,
cellular networks and satellite communications. &yploiting ad hoc wireless
technology, various portable devices such as eellphones, Personal Digital
Assistants (PDAs), laptops, pagers etc., can benemied together with fixed
equipment like base stations, wireless interneésgpoints, etc., to form a sort of
‘global’, or ‘ubiquitous’, network. Although ad hagetworks were used to setup
communication for specialised, customised and eptganeous applications during
large scale natural calamities or military openadicthe nodes in the network are not

engrossed to observe the physical happening.

Researchers realised the need to develop a warskssor technology to
sense the physical phenomenon when nodes are déploy hostile environment.
The recent technological advances have enabledebhelopment of low-cost, low
power, and multifunctional sensor devices. Thesdescare autonomous devices
with integrated sensing, processing, and communitaapabilities. Sensor nodes
are severely constrained by the amount of battemyep available and are left
unattended after deployment, thus limiting thetilifie and quality of the network.
This concept of non-renewable or disposable nodeghshed energy consideration

to the forefront of sensor network research.

Further, the distributed nature wireless commuimoanetworks give rise
to many challenges related to their analysis, obnamd management. The selfish
nature of the nodes, development of decentralizedral mechanisms, and fair
allocation of system resources are the major issimesarea of networks.
Consequently, game theoretic methods are incrdgsuigized to gain a deeper
understanding of these complex problems and syst8pexifically, game theoretic
models have been used in the context of internieingy flow and congestion

control, routing, power control, and security.



When a sensor node routes the data from senshydirectly to the sink
or destination, the node consumes larger energyafasling, interference and radio
irregularity. To achieve high energy efficiency,r&r Control Coding (ECC) has
gained significant interest for large scale wirslsensor network. In this dissertation
the applicability of game theory for power contppbblems with ECC in WSN has
been investigated. In this approach, error detectiad error correction ensure
reliable delivery of data over these unreliable mamication channels. Reducing
the power consumed by the sensor nodes can be phisbed by selecting

appropriate ECC.

Deployment of nodes in Wireless Sensor Network WS a challenging
task due to its characteristics such as dynamicaltignging topology, lack of
centralized authority and decentralized architectuk proper node deployment
scheme can lessen the complexity of problems likeimg, data aggregation and
communication in WSN. Moreover, it can extend tlietime of WSNs by
minimizing energy consumption. A sensor network ¢endeployed either with
deterministic placement, where a particular qualitgervice can be guaranteed; or
with random placement, where sensors are scatigosdibly from an aircraft.
Although the random node deployment is preferablemany applications, it is
currently infeasible in most situations as the wvidiial sensors are generally too
expensive for this level of redundancy. Hence mottheployment schemes are
investigated. A game theoretic model with pricireg power control taking into
account the residual energy of the nodes in a samswork considering various

deployment schemes have been propounded.

The throughput of the WSN however reduces duaedading effects and
interference of wireless medium. This is generaihjtigated through spatial
diversity techniques. Spatial diversity employs tiplé cooperative nodes at the
transmitter and receiver and is very promisinggeiit does not increase the transmit
power and signal bandwidth. This can be efficiemtkploited through Multi Input
Multi Output (MIMO) systems, i.e., system with mple transmitting and multiple
receiving cooperative nodes. This dissertation lesith the study of MIMO

techniques to enhance the lifetime of WSNs by emptpappropriate power control



solution. The power control problem in virtual MIM@MIMO) WSN is modelled
as a coalitional game to select the cooperativeesiotbr enabling packet
transmission and obtain better utility by formingpgps and controlling the power

cooperatively rather than individually.

Another way to combat fading is the use of adaptivodulation which
allows a wireless system to choose the highestr araelulation depending on the
channel conditions while ensuring that no harmfiéiference is caused to other
nodes. Since the non-adaptive methods requirexed fimargin to maintain
acceptable performance when the channel qualfigds, adaptive approaches result
in better efficiency by taking advantage of thedanable channel conditions. An
energy efficient adaptive modulation and coding pawer control and lifetime
enhancement in WSN using game theoretic approakimgtanto account the
residual energy of the nodes has been analysedgdime is designed such that,
appropriate modulation and coding is selected basedthe current channel
condition. After the physical layer sets the optimmdulation level, it adjusts the
transmission power to stabilize at the optimal $maission power by the feedback

based power control scheme.

To summarise, an attempt has been made in therresrk to enhance
the network lifetime of WSN through game theoretipproach by employing
efficient error control coding technique, deploymeschemes, VMIMO and
Adaptive Modulation and Coding (AMC). The relatedither study is to provide an
energy efficient solution by using other power cohtechniques such as water

filling algorithm in the game based approach.
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CHAPTER 1

INTRODUCTION

11 GENERAL

Wireless communication has been experiencingagtest growth period in
history, due to enabling technologies which permitiespread deployment [1].
Wireless technology now reaches or is capable aghiag virtually every location
on the face of the earth. Hundreds of millions ebple exchange information every
day using laptops, personal digital assistants (®Dpagers, cellular phones, and
other wireless communication devices. Success ¢foou and indoor wireless
communication networks has led to numerous appdieatin sectors ranging from
industries and enterprises to homes and univessitdo longer bound by the
harnesses of wired networks, people are able tesacand share information on a

global scale nearly anywhere they venture.

There are two distinct approaches of enabling lesése communication.

They are infrastructure or centralised topology addhoc or distributed topology.
The first paradigm is to let the existing cellufatwork infrastructure carry data as
well as voice [2]. The major intricacy is the diffity in handoff smoothly from one
base station to another base station without retbieedelay or packet loss. Another
snag is that networks based on the cellular strecawe limited to places having
cellular network infrastructure. The second appho&c to use Wireless Ad hoc
Networks (WANET) which consist of mobile nodes coomicating over a shared
wireless channel [3, 4]. Contrary to cellular netkgy where the nodes communicate
with a set of carefully placed basestations, tle@eeno basestations in wireless ad
hoc networks. Any two nodes are allowed to commateidirectly if they are within
each other's communication range, and also nodesmudtihop routing to deliver

their packets to distant destinations. These itriretireless networks have many



potential applications from Personal Area NetwoBRAN) to search and rescue

operations.

Subsequently, the Mobile Ad hoc Networks (MANETBave been
developed to support scalability, mobility, adagtsb and guarantee network
performance [5]. It is an autonomous system in tvhiwobile hosts connected by
wireless links are free to move randomly and oftkrse to humans. Such devices
can communicate with another node that is immelgiatéthin their radio range
(peer-to-peer communication) or one that is outdiuEr radio range by using
intermediate nodes to relay the packets from thecsoto the destination. Power
consumption is not of prime importance in MANETStasnergy sources have high

capacity and can be rejuvenated or replaced.

Technological progress enabled the spreading dfedaed control in our
daily life a step further. Eventually, a vision‘@mbient Intelligence” was realized,
where many different devices gather and processrnrdtion from many different
sources to both control physical processes andnteraict with human users.
Therefore, a new class of network namely Wireleeas8r Network (WSN) has
emerged in the last few years [6, 7]. This netwaoksists of individual nodes that
are able to interact with the environment by semsar controlling physical
parameters. The sensor nodes collaborate to ftiffdlr tasks by using wireless
communication, as a single node is incapable ofopaing the task. WSNs are
amenable to support a lot of different real-wonigblecations such as environmental

monitoring, surveillance, military, health and sety8-10].

1.1.1 Wirdess Sensor Network M odel

WSNiis a particular type of ad hoc network, in whicke thodes are ‘smart
sensors’. These nodes are small devices equipped wadvanced sensing
functionalities, a small processor and a shorteangreless transceiver [11-14].
Sensor devices are deployed in strategic areaatteigdata about the changes in
their surroundings and report the changes to asiaka Also, they are expected to

operate for several months to years. The data sk be a fixed or mobile node



capable of connecting the sensor network to wisetetwork infrastructure or to the

internet where a user can access the reportedrigta.1).

mternet

L sink

VAR
SeNsor SCI1SOT

task manager field

nodes
node

Uuscr

Fig.1.1. Basic sensor network model

1.2 GAME THEORY FOR WSN

As the demand for wireless services increasessjagit use of resources is
significant. Though, reducing node energy consionpts important in ad hoc
networks, it becomes very vital in WSN. In fack @vailable energy is very limited
in WSN due to low capacity battery. It is becaubéhe reduced size of the sensor
nodes. Despite this scarcity of energy, the netwserlexpected to operate for a
relatively longer time. As the replacing/refillimgtteries are usually impossible, one
of the primary design goals is to use this limigedount of energy as efficiently as

possible.

Data transmission consumes the most energy aniengadrious tasks of
sensors such as sensing, computing and commumicdinerefore, transmission at
the optimal transmit power level is very crucidlisl due to the fact that a node will
always try to transmit at high power levels justniake sure that the packets are
delivered with a high success probability. Thouttis increases the successful
packet delivery, it proves to be counterproductisesnergy is depleted faster. Also,
transmitting at higher power levels increases tierference to other nodes, which

in turn, will increase their power levels to comiia¢ interference. This creates a



cascade effect, where the nodes will continue tremse their power levels in
response to the increased interference. Moreawarsinission at lower power levels
will compromise the quality of communication. Hencemart power control

algorithms must be employed that find the optimmahsmit power level for a node
for a given set of local conditions. The problermadfusting the transmission power

of the nodes in a sensor network can be solvedsinguame theoretic framework.

Game theory [15-17] is the theory of decision mgkiuinder conditions of
uncertainty and interdependence which was basicelgd in economics and now
has been predominantly used in wireless networks.decision makers (players) in
the game are the sensors and they have to copdimitéd resources that impose a
conflict of interests. In an attempt to resolvestleonflict, sensors make certain
moves such as transmitting now or later, adaptinggansmission rate or changing

their transmission power to maximize their payeifslity).

Each player in the game maximizes some functiautibty in a distributed
fashion. The game settles at Nash Equilibrium (NlBpe exists. A set of strategies
(in this case transmit powers) is said to be atifiNt® node can gain individually by
unilaterally altering its own strategy. Since, tlsensors act selfishly; this
equilibrium point is not necessarily the best opagapoint from a social point of
view. Hence pricing is introduced to improve efiecy of network. It appears to be

a powerful tool for achieving a more socially dabie result.

Though there are several centralised game theomgbwer control
approaches for cellular networks [18], these céistd algorithms suffer from major
drawbacks. Typically, centralization requires sahsal communication overhead
within a hierarchical architecture. Hence thesetredimed algorithms for power
control cannot be applied for sensor networks. Riédea number of decentralized
schemes for efficient power management in sendwrories have been proposed [19].
These solutions have an ad hoc flavor as they &en onspired by heuristic
arguments that typically work well for very specificenarios but lack more general
theoretical support for their performance. Anothgproach is to provide energy

efficient power management by finding the optinransmission power level with



which a sensor node can transmit. The problem aeses due to the difficulty in
characterizing the information that each sensoertwat about the others. Hence, it
is essential to arrive at the desired operatingitpm the incomplete-information

scenario to enhance the lifespan of WSN.

1.3 SIGNIFICANCE OF POWER CONTROL

In a WSN, nodes share a single medium for comnatioic. The
performance of the sensor network depends on hbieresitly and fairly the nodes
in the network share this communication medium.ighi§icant amount of node’s
energy is spent on data transmission making convation the most energy-
consuming event in WSN. One way to considerablyicedenergy consumption is
by applying transmission power control techniquesdiynamically adjust the

transmission power.

The nodes of a WSN carry extremely low energy uesss and are mostly
unattended after deployment. The node lifetime @N\entirely depends on how
energy can be conserved during communication. Gmedattery of the nodes are
exhausted, the nodes are abandoned. Therefoseyety essential to use the power

of the battery efficiently to improve the longivitf the sensor network.

Although, some exhausted nodes could be compehsaiag redundant
neighbouring nodes, certain situations may arisvitg a part of the network
completely inactive or making that part of the natkvinaccessible as well as
isolated from the other parts. Such scenarios cddd averted by avoiding
unnecessary transmissions and having longer lpteiods for node activities that

consume the highest amount of power.

Generally, all nodes in the WSN are assumed tadhessame transmission
power. Increasing the transmit power provides higbignal to Interference Noise
Ratio (SINR). This offers higher data rate and iintaly enhances the network
throughput. However, high transmission power wiloaincrease the interference to
other nodes. Therefore, it is required to find ptial transmit power that achieves

maximum network throughput.



The design of efficient power control is constesirby a variety of factors,
such as path loss, shadowing and fading which eaersly degrade the Quality of
Service (QoS). Further, when mobility is introducettie problem becomes
inevitably more difficult to solve. Existing poweontrol mechanisms for WSNs
may be classified into two main categories - Paspower control (PPC) and Active
power control (APC) [20]. PPC seeks to save endrgyswitching the radio
(transceiver) interface module off when not in uaPC adjusts the transmission
power according to the network operating conditibpkeeping the radio interface

active.

Transmission Power Control (TPC) techniques imerthe performance of
the network in several aspects. First, power coéntechniques improve the
reliability of a link. Upon detecting that link fability is below a certain threshold,
the MAC protocol increases the transmission poweproving the probability of
successful data transmissions [21-23]. Second, wodes which really must share
the same space will contend to access the medi@treasing the amount of
collisions in the network. This enhances networikization, lowers latency times
and reduces the probability of hidden and exposedinals [23]. Finally, by using a
higher transmission power, the physical layer cae modulation and coding
schemes with a higher bit/baud ratio [24, 25], @éasing the bandwidth in the

presence of heavy workloads, or decreasing it teinmae energy savings.

Unlike wired channels, which are static and predite, wireless channels
are subjected to time varying impairements suchase, interference and fading.
A proven way to mitigate these effects is by emplgydiversity techniques. Current
diversity techniques include space (antenna) diyerfsequency diversity and time
diversity. Space diversity uses two or more physicseparated antennas to create
multiple independent fading channels. Frequencgmdity takes advantage of the
fact that different carrier frequencies, sufficigrgpaced out, will undergo different
fading characteristics over a channel. In time N, signals representing the same
information are sent over the channel at differemtes under different fading
conditions.



Recent breakthroughs in Digital Signal Procesgid§P) have allowed
wireless communication systems to utilise both epaud time diversity to address
system performance needs by employing multiple rente at transmitter and
receiver to create a system with independentlynfadhannels. A system employing
more than one transmitting and receiving antenr@lied MIMO system. MIMO
systems have been shown to reduce the retransmigsimbability and lower

transmission energy than that of Single Input Sir@utput (SISO) systems [26,27].

The transmission delay and energy are of primeontapce in the process
of evaluation of wireless communication systemsefisure reliable communication
over the radio channel, a system must overcomedaald interference and this can
be achieved using MIMO technique. However, incoatiog MIMO directly in
WSNs is impractical as the node is usually limitedize. Fortunately, if multiple
nodes collaborate or cooperate, a virtual antemray &an be formed to achieve
spatial diversity, even though each node has omyamtenna in WSN. Moreover, if
8 nodes near the sender and receiver cooperabenosending and receiving group,

the amount of channel estimation at the receivé&/8N can be reduced from 64 to 8.

MIMO can be easily realised through Space Timei@pdSTC) which
transmits multiple copies of data stream acrosshauraf antennas [28]. The design
of these codes takes into account a trade-off mstwlecoder complexity at receiver,
maximising the information rate and minimising deicg errors. Copies of the
signal received through multiple antennas are coatbin an optimal way to extract
information from each of them. This ensures optimateption of data in a
potentially difficult environment with noise, inference and fading associated with

wireless scenario.

In addition, the clustered architecture can sifpplietwork management
and routing with large number of sensor nodes. thrs greatly reduce the energy
consumption and transmission delay of sensor ned#sut compromising the

quality of the network.



Since, the sensors are miniature battery poweesttes, it is essential to
conserve the battery resources to enhance thpdifiesf WSN. This improvement in
lifetime can be achieved through efficient powentcol techniques. Game theory is
one of the promising technique to be applied fowego control in WSN.
The centralised power control algorithms for celtuhetwork cannot be directly
applied to WSN because of the communication ovethieaurred. Hence, there
arise a need for designing efficient decentraligadthe theoretic power control
techniques for WSN to improve the lifetime of tretwork.

14 SCOPE OF THE WORK

Energy saving is the most important issue in reteand development of
WSN. Sensor networks have their limitations on gneatue to interference, radio
irregularity and fading. The search to accomplisis requirement is to consider
power control mechanism with ECC, MIMO, appropriatele deployment schemes

and AMC, which can reduce the power consumpticth@iodes in the network.

Initially, iterative power control algorithms wengroposed for cellular
networks. These centralised algorithms investigaténd the power vector for all
the nodes that minimizes the total power with gamshvergence. But, these

centralised algorithms cannot be directly appleéeddnsor networks.

Subsequently, MIMO schemes have been used to icatedthe actions of
distributed sensors to combat fading and radio mblamterference of wireless
medium. A drawback of MIMO techniques is that tlieguire complex transceiver
circuitry and large amount of signal processing @owesulting in large power
consumptions at the circuit level. This fact hasasoprecluded the application of
MIMO techniques to wireless sensor networks comgjsdf battery-operated sensor
nodes. In WSN, the MIMO is realised virtually withe cooperative sending and
receiving groups. Diversity gain is achieved thiowgpace time code to reduce
channel fading, interference to improve the perfomoe of wireless communication
systems.



Another approach to combat fading is to use adaptiodulation. It refers
to the automatic modulation adjustment that a WShh eanake to prevent
weather-related fading from causing communicationtiee link to be disrupted.
The radio system automatically changes modulatepedding upon the prevailing
channel condition. Since communication signals aredulated, varying the
modulation also varies the amount of bits that temesferred per signal, thereby
enabling higher throughputs and better spectradieficies. As a higher modulation
technique is used, a better Signal-to-Noise R&NRS) is needed to overcome

interference and maintain a tolerable Bit ErroreRBER) level.

The game theory has been used to study variousctsspf ad hoc and
sensor networks. However, attention has not beeostm on the power control
problem in WSN using game theoretic approach. T¢e af Reed Solomon (RS)
and Multivariate Interpolate Decoding RS (MIDRS)des in the power control
game has not yet been analysed. Also, a proper depl®eyment scheme that can
extend the lifetime of WSNs by minimizing energynsamption has not been
attempted. Furthermore, space time codes with ggopeach are yet to be explored
for enhancing the performance of VMIMO based WSNpdwer control game for

AMC considering the energy of the nodes has not lieley analysed in WSN.

Hence, in the present work, an attempt is mad#et@lop game theoretic
framework that helps the nodes to decide on thienappower levels for a specified
objective given by the utility function. The poweontrol in WSNs is done with
efficient power control games using ECC, proper enateployment schemes,
VMIMO schemes using cooperative Space Time BlockHeC(5TBC) schemes and
AMC.

1.5 OBJECTIVE OF THE WORK

An attempt is made in the present work to enhaineeanetwork lifetime of
WSN through game theoretic approach by employirficiet ECC technique,
deployment schemes, MIMO and AMC. The objectivdsirs¢he present work are

as follows.



. To develop a game theoretic framework for powetm@bmising error
control coding and evaluate the performance meguch as utility,
power efficiency and energy consumption of senstwark.

. To propound appropriate node deployment schemesraedtigate
the network performance using game approach camsideesidual
energy check to achieve minimum energy consumpatiehenhanced

network lifetime.

" To design a VMIMO scheme based on STBC using gdmeerétic
approach to accomplish energy savings and to eehtheautility.

" To incorporate adaptive modulation and coding andlyse the
system performance in terms of utility and energnstimption to

prolong the network lifetime.

1.6 ORGANISATION OF THE THESIS

The Chapter 1 provides an overview on WSN sysfém. need, scope, the
principal objectives pertaining to the present warkl the organisation of the thesis
are presented in this chapter.

Extensive literature associated to the power ocbrapproaches for WSN
system and game theory has been critically revieavetlis presented in Chapter 2.
Summary of the review of literature is also fureidhat the end of the chapter.

Chapter 3 narrates an energy efficient power obaigorithm using ECC
with game theoretic approach in WSN. The utilitpdtion devised mathematically
for the proposed system is also presented. A @etaliscussion on power control
with the aid of simulation results for the systempéoying RS and MIDRS codes

are incorporated in this chapter.

Chapter 4 deals with the analysis of various dgpknt schemes for WSN.
A detailed discussion on the simulation results #ra performance is succintly
offered for the system. Utility and energy consumptemploying game theoretic
approach with and without energy check are alsorpuarated.

1C



Cooperative MIMO system model using STBC with gaapproach is
described in Chapter 5. The game theoretic appré@mghower control in VMIMO
WSN using MIDRS code is also presented. The matheatanodel to evaluate the
performance of the system is cogently presentedh&uy the simulation results in
terms of utility, power efficiency, energy and tifae analysis of both STBC and

uncoded scheme for different diversity orders #e furnished.

Chapter 6 deals with the adaptive modulation anding for energy
efficient communication in WSN. The mathematicabdel representing the
proposed system is devised and presented. Usm@piproach the energy efficiency

to maximise the network lifetime is studied andmjifeed with results.

Chapter 7 concludes the thesis by emphasizingndger implications of
the study. A summary of research contribution dredgcope for the future studies

are also furnished in this chapter.
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CHAPTER 2

LITERATURE REVIEW

21 GENERAL

An extensive literature associated with the energy management in WSN
was collected, critically reviewed and presented in this chapter. A comprehensive
review of literature on evolution of game theory for WSN, MIMO and adaptive
modulation to maximise the lifetime of sensor network are also presented. Further,
the summary of the review of literature is furnished at the end of the review to

justify the scope of present work.
2.2 REVIEW OF LITERATURE

Right from the inception of WSNS, there has been a great zeal to minimize
overall power consumption in order to maximise operationa lifetime of sensor
nodes. F. Akyildiz et al. [6] studied profoundly on WSNs to improve the lifetime
and suggested the protocols and algorithms for sensor network applications. Sensor
networks find many diverse applications ranging from low data rate event driven
monitoring to high data rate rea time industrial applications.

Gomez and Campbell analyzed the benefits of transmission power control
in wireless multi-hop networks [21]. The outcome proved that per-link range
adjustments outperform global range transmission adjustments by 50%. Thus,
instead of globally defining a transmission range that keeps the network connected,
wireless networks should adjust transmission ranges on each link. Also, it has been
demonstrated that the average traffic capacity per node is constant on a TPC-aware
network even if more nodes are added to a fixed-size area. However, thisis not true
in the case of fixed transmission range. For such networks, the traffic capacity

decreases on adding more nodes due to increased interference.
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Ammari and Das developed analytical models to evaluate how the
transmission power affects latency and energy consumption in WSNs [29] and
proved that increase in the distance traveled at each hop, decreases the end-to-end
latency at the cost of a higher energy consumption. However, for a small distance
per hop, energy consumption is less, but the latency increases as more hops must be
traversed. Further, the creation of QoS classes was proposed with different latency
and energy guarantees based on the transmission power employed on the
communication. The analytical models, however, do not consider the effects of

collisions on the communication.

Agarwal et al. proposed a distributed power control algorithm for
MANETs [30]. Further, Jung and Vaidya proposed the adjustment of the
transmission power for each frame in order to mitigate asymmetric links caused by
transmission power variation [22]. Subsequently, Pires et al. extended this algorithm
by adding a table in each node, which stores the transmission power used on
previous transmissions [31]. Shan Lin et al. proposed a closed-loop TPC protocol
for WSNs that approximates the ideal transmission power using linear
equations [32]. Based on empirical data, it has been proved that link quality can be
roughly approximated by the received signal strength using alinear relation.

Span [33] is a power saving technique for multi-hop ad hoc wireless
networks, which reduces energy consumption without significantly diminishing the
capacity or connectivity of the network. It is a distributed, randomized algorithm to
turn off and on the battery in order to save power to the maximum. But, it uses fixed
transmission power range and the algorithm is applicable for the low density

wireless nodes such as | EEE 802.11 networks.

Burd et al.[34], Im, et al. [35., Sinha and Chandrakasan [36] and Pantazis
et al. [20] proved that the application of PPC techniques can produce substantial
energy savings by reducing the energy usage of the Central Processing Unit (CPU)
in idle system states. Robin Kravets and Krishnam [37], Singh and Raghavendra
[38], Srisathapornphat and Shen [39] and Ye et al. [40] proposed a number of

heuristic algorithms for PPC to decide when to turn off the radio interface. However,

13



since a large amount of power can be consumed in switching the transceiver back
ON each time, this operation can sometimes prove inefficient. Therefore, operation
in a power saving mode can only be energy efficient, if the time spent in the idle
mode is greater than a certain predefined threshold [6].

Power-aware routing protocol is atypica APC technique that has received
much attention of researchers. The reduction in transmission power levels can be
achieved by managing data transmission paths [41, 42]. However, in order to obtain
a satisfactory level of system performance in terms of power consumption, exact
information in relation to the wireless channel gain is required [43]. Moreover, the
use of intermediate hops to divide the distance between source and destination into
shorter segments will not guarantee minimal transmission power [44]. An alternative
APC technique which works based on the use of handshake signalling such as
RTS/ICTS (Request to Send/Clear to Send) frames have been proposed for
optimizing power [45]. Since centralised information of the neighbour sensor nodes
is a prerequisite here, the APC based on the use of handshake signalling is often

complicated and time consuming.

In wireless environments, channel fading, interference and radio
irregularity often degrade the signal transmisson and increases bit error rate.
Diversity technigues have been widely used for suppressing the channel fading and
interference in such harsh environments. MIMO systems were proposed to use
multiple transmitting and receiving antennas for signal transmission in physical
layer. A. Paulrg) et al. [46] demonstrated that multi input multi output systems
support high data rates under the same transmit power and bit error rate performance
requirements as that of single input single output system with minimum energy

consumption.

MIMO techniques require complex transceiver circuitry and signa
processing, leading to large energy consumption at the circuit level. This has
precluded the application of MIMO to energy limited WSNs. Moreover, physica
implementation of multiple antennas in a miniature sensor node may not be realistic.

As a solution to the problem, cooperative MIMO has been explored by Shuguang
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Cui et al. [47] to incorporate MIMO capability in a network of elements with single
antenna where the individua single antenna nodes cooperate on information
transmission and reception for energy efficient communication. Also, relative
performances of MIMO and SISO systems in terms of total energy and delay have
been critically evaluated. It has been established that cooperative MIMO based
sensor network provide better energy savings and end-to-end delay reduction than

SISO scheme for transmission distance larger than a given threshold.

Subsequently, Sudharman K. Jayaweera [48, 49] developed a semi-
analytical method to obtain the energy consumption values of both virtual MIMO
and SISO based sensor networks taking into account the effect of extra overhead
required in MIMO systems. The energy and delay efficiencies of the virtual MIMO
based sensor network for different channel propagation condition were computed
and compared with traditional SISO based sensor network. It has been proved that
the virtual MIMO based communication architecture offers substantial energy
savings in a wireless sensor network. However the system needs to be designed
judicioudly taking into account the transmission distance, transmission rate and time

period.

Further, George N. Bravos et al. [50, 51] examined the energy efficiency of
a MIMO based sensor network in comparison to SISO multihop network. The
energy efficiency mainly depends on the channel conditions and the distance
between the transmitter and receiver node. Hence, an attempt has been made to
arrive at analytical expressions to compute threshold values of above parameters
which determine the areas where the MIMO based structure outperforms simple
SISO multihop system. It has been demonstrated that the MIMO outperforms
multihop system when distance (d) between the source and destination node and
path loss factor (n) are greater than 50m and 2.7 respectively. However, simple
SISO multihop approach shows better performance than MIMO in terms of energy
consumption, when d < 10m and n < 2.4. Subsequently, a smple Cooperative Node
(CN) selection agorithm has been proposed to achieve additional energy gains in
the MIMO approach.
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Yong Yuan et al. [52] examined a multihop virtual MIMO communication
protocol using cross layer design to jointly improve the energy efficiency, reliability
and end-to-end QoS provisioning in WSN. The protocol extends Low Energy
Adaptive Clustering Hierarchy (LEACH) scheme suggested by Wendi R.
Heinzelman et al. [53] by incorporating the cooperative MIMO communication,
multihop routing and hop-by-hop recovery schemes. The overal energy
consumption per packet transmission is modeled using the protocol to arrive at
optimum set of transmission parameters. The end-to-end latency and throughput of
the protocol are modeled in terms of BER performance of each link by cross layer
design. A nonlinear programming model is developed to find the optimal BER
performance of all links. The particle swarm optimisation algorithm is also
employed to solve the problem. This approach is effective in minimising energy

consumption and end-to-end delay.

Subsequently, Azzedine Boukerche and Xin Fel [54] presented a multihop
virtual MIMO scheme [49, 50] and analysed the energy cost affected by the
construction process of virtual MIMO in a large WSN. However, the impacts of
transmission synchronisation error and additive noise in cooperative reception

techniques have not been considered in the study.

The energy efficiency of cooperative MIMO transmissions is achieved
using Alamouti and space time codes. The space time block code and space time
trellis code are two outstanding transmit diversity schemes for multiple antenna flat
fading channel. V. Torakh et al. [55] devised space time block code to operate on a
block of input symbol producing a matrix output whose columns and rows represent
time and antennas respectively. Unlike traditional single antenna block codes for the
Additive White Gaussian Noise (AWGN) channel, most space time block codes do
not provide coding gain. Their key feature is the provision of full diversity with
extremely low encoder/ decoder complexity. Subsequently, Andrej Stefanov and
Tolga M. Duman [56] presented space time trellis codes that operate on one input
symbol at a time producing a sequence of vector symbols whose length represents
antennas. Similar to traditional Trellis Coded Modulation (TCM) for the single
antenna channel, Space Time Trellis Codes (STTC) provide coding gain. The
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disadvantage is that they are extremely difficult to design and also requires a

computationally intensive encoder and decoder.

S. Sandhu et al. [57] compared the performance of STBC and STTC in
terms of frame error rate keeping the transmission power, spectral efficiency and
number of trellis states fixed. It is stated that a simple concatenation of space time
block codes with traditional AWGN trellis codes, outperforms some of the best
known space trellis at SNRs of interest. The above space time coding techniques
considered neither the impact of transmission synchronisation error nor the additive

noise in cooperative reception.

Sumanth Jagannathan et al. [58] investigated the effect of time
synchronisation errors on the performance of the cooperative M1SO systems. It was
reported that the cooperative MISO scheme has good tolerance up to 10% clock
jitter. However, this study is limited to two transmission antennas only. Also, the
Channel State Information (CSl) was considered to be known in the receiver and the
effect of synchronisation error is presented for low range SNR. Moreover, the
impacts on multihop networking, reliable transmission and QoS provisioning for the

virtual M1SO scheme, have not been considered.

Tuan Duc Nguyen et al. [59] extended the MIMO cooperative principle to
3 and 4 transmission antennas using Tarokh STBC to evaluate the system
performance. The cooperative reception technique quantizes the received symbol
and forwards the bit sequences to the destination node. This increases the amount of
data transmitted and the circuit energy consumption. Hence cooperative reception
techniques derived from amplify and forward strategies were developed to achieve
better energy efficiency. It is proved that the performance degradation in cooperative
MIMO is negligible for a small synchronisation error range a cooperative
transmission and a reasonable amplification factor in reception. Zhang and Dai [60]
described STBC and spatial multiplexing code on optimal transmission strategy. The
scheme reduces the critical distance for virtual MIMO. The authors have also
investigated the switching parameters of coding system for energy saving high rate
datatransmission in MIMO.
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The key challenges faced in WSNs are node coordination in sending and
receiving group, distributed space time coding in sender and data combining at the
destination. In cooperative MIMO transmission, the destination needs to combine
multiple receiving signals and make signal detection. In the link layer, code
combining technigques have been considered. Su Yi et al. [61] investigated the coded
cooperation with multiple receiving nodes in a cluster based cooperative network. In
this scheme, sending node transmits packet to the receiving cluster and each cluster
member relays its signal copy to the destination. The destination node uses code
combining techniques to decode the origina information bits. However, the link
layer reliability in cluster based network is greatly improved with the same power

consumption.

Subsequently, T.E. Hunter and A. Nosratinia [62] devised coded operation
for transmission between two sending node and one receiving node. In each time
slot, only one of the sending nodes transmit a data block that contains N1 bits from
its own coded bits and N bits from its partner. The receiver then combines the
received bits from the two senders by code combining. However, the coded

cooperation for cluster based network was not clearly defined.

Hsin Yi Shen and Shivkumar Kalyanaraman [63] developed an
asynchronous cooperative MISO scheme to address the node coordination problem
in sending and receiving group. Instead of using perfect synchronisation technique,
cooperative transmission is considered to be asynchronous. Each member in
transmitting cluster relays signal to the receiving cluster after obtaining information
from source node. A general decision feedback equalizer is used in the receiving
cluster members to equalize the received MISO signal and detect as soft symbols.
The receiving cluster members send soft decision outputs to the destination node.
The decision node combines the soft decision outputs and makes hard decision
detection for transmitted information. A simple capacity analysis has been
developed to evaluate the performance of cooperative MIMO transmission system
and direct system in terms of capacity ratio. It was reported that cooperative system

has larger capacity than direct transmission.
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Subsequently, Hsin Yi Shen et al. [64] devised a concrete scheme that
combines STBC and cooperative code combining. The uses of STBC and code
combining address the issues of transmitter and receiver diversity in cooperative
MIMO system. Once the sending and receiving groups are formed, STBC are
deployed in the sending group to utilise transmitter diversity. The error control code
combining is used in the destination to combine the signals from nodes in receiving
group to achieve receiver diversity. It has been proved that the system provides

reliable and efficient transmission by leveraging MIMO diversity gains.

Further, Hsin Yi Shen et al. [65] formulated a distributed system for
cooperative MIMO transmissions that utilises space time block coding and code
combining in the sending and receiving groups. A pseudo noise sequence based
uncorrelated pilot symbol generation with iterative updates has been incorporated to
estimate the multiple Carrier Frequency Offsets (CFO) from received mixed pilot
signals. Also, the Minimum Mean Square Estimator (MM SE) detector for receiving
STBC coded data under multiple CFO was evaluated. The BER and total energy
consumption of the system is estimated and compared with other cooperative

designs. The proposed approach significantly improves BER and energy efficiency.

To facilitate cooperative MIMO transmissions with high degree of
performance improvement, Jong Whoi Shin et al. [66] developed a threshold based
MAC protocol for distributed wireless systems. The protocol uses a threshold
scheme that is updated dynamically based on the queue length at the sending node.
Transmissions in the protocol proceed only when the expected transmission BER is
lower than the cooperative threshold BER value. The sending and receiving group
sizes are selected on the basis of cooperative threshold to achieve the minimum
energy consumption. The performance of the protocol is compared with that of point
to point and fixed group size MIMO MAC protocols in terms of energy
consumption and transmission delay. However, an efficient coding scheme has not

been considered with the protocol to improve energy efficiency.

Furthermore, attempts have been made to design an efficient routing

scheme for sensor networks to maximise the lifetime. Conventional routing
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techniques such as direct and multihop transmission schemes incur energy loss that
is quite extensive depending on the location of sensor nodes relative to sink.
Jamal N. Al-Karaki and Ahmed E. Kamal [67] critically reviewed various routing
protocols for sensor networks and grouped the protocols based on the network

structure and protocol operation.

Data-centric routing is a commonly utilised approach that uses attribute
based addressing to perform the collective sensing task for sensor network. In this
routing, sensor nodes are assigned tasks based on interest disseminations that
originate from another node in the network. The Sensor Protocol for Information via
Negotiation (SPIN) [68] and directed diffusion [69] are the two protocols based on
data-centric routing. In SPIN, the sensor nodes that have data to send, broadcast an
advertisement to their neighbours and send the actual data only to those nodes that
are interested. To reduce the energy expended in the broadcast of advertisements,
the SPIN protocol family use meta-data descriptors, which describe the actual sensor
data in a more compact size. The directed diffusion paradigm, however, uses a
dlightly different type of data-centric routing. In this scheme, the sink broadcasts the
interest to all sensor nodes in the network. Each sensor node stores the interest in a
local cache and uses the gradient fields within the interest descriptors to identify the
most suitable path to the sink. Although, data- centric routing approach provides a
reliable and robust solution to wireless sensor networks, there are still some
shortcomings associated with protocols utilising this technique. In the worst case,
both SPIN and directed diffusion suffer from the amount of overhead energy spent
in activities such as advertising, requesting and gradient setup. Furthermore, the
excessive time spent in such activities might not suit some applications that require

the sensor nodes to respond quickly in an emergency situation.

The more apt solution for such scenarios is a clustering based protocol.
However, the application of conventional clustering to WSN does not improve the
network lifetime. It is due to the fact that the conventional clustering scheme
assumes the cluster heads to be fixed and thus makes them to be high energy nodes.
To alleviate this deficiency, an adaptive clustering scheme is proposed by Fan
Xiangning and Song Y ulin [70] that employs the technique of randomly rotating the
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role of acluster head among al the nodes in the network. It has been shown that this
scheme provides significant energy savings and prolonged network lifetime over

fixed clustering.

Moreover, MIMO techniques are incorporated in the cluster based sensor
network to overcome the effects of channel fading and interference. Aitor del Coso
et al. [71] explored cooperative diversity in multihop WSN for clustered topology.
Multihop transmission is carried out by concatenating single cluster-to-cluster hops.
A time division relaying scheme has been devised to exploit transmit diversity.
At the receiving cluster, a distributed multiple antenna reception protocol is analysed
based upon the selection diversity algorithm. The end-to-end outage probability has
been evaluated for the multihop WSN. The proposed multihop scheme is effective to
provide diversity equivalent to a MIMO system and significantly reduces the energy

consumption with respect to the non-cooperative channel.

Zhong Zhou et al. [72] suggested a cooperative transmission scheme based
on distributed space time block coding. The performance was analysed with the
assumption that error detection is done at the packet level and nodes decode received
packets cooperatively. Based on the performance analysis, an optimisation technique
has been adopted to minimise the overall energy consumption. It is evident that
having more nodes in a cluster may not be energy efficient due to extra circuit
energy consumed by potential cooperative nodes. Also the optima number of
sensors in the cluster varies depending on Packet Error Rate (PER) requirements.
However, significant energy savings can be achieved even with strict requirements

on throughput and delay than non-cooperative transmission.

An energy efficient adaptive rate cooperative MIMO selection scheme was
developed by Irfan Ahmed et al. [73, 74] for uniform load distribution in cluster
based wireless sensor network. The intrinsic data flow direction in multihop cluster
based sensor networks cause uneven load distribution in the network. The transmit
clusters and the clusters near the sink carry more network traffic than the other
clusters. Hence, the load based joint adaptive selection of rate and cooperative nodes

in cluster render uniform energy consumption in the network. The proposed
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communication architecture offers substantial energy savings in the wireless sensor
network maintaining the required BER.

Although cooperative diversity enhances transmission energy efficiency,
the involvement of more than one transmitting sensor increases electronic energy
consumption. So far, cooperative transmission has been studied mostly under the
assumption of perfect synchronisation. The overhead synchronisation, complexity
and energy efficiency are to be justified. Xiaohua Li et al. [75] suggested a typical
networking/communication protocol for WSNs i.e, LEACH to address
asynchronous condition without loss of generality. LEACH protocol supports
cooperative transmissions well because of formation of clusters and cluster head
than other routing protocols. The energy efficiency of the scheme is analysed as a
tradeoff between the reduced transmission energy consumption and increased
electronic and overhead energy consumption. The proposed LEACH protocol with

cooperative transmission can enhance energy efficiency and lifetime of WSNSs.

However, the protocol does not take into consideration the multihop routing
and distributed operation in WSNs. Hence, Yong Yuan et al. [76] devised the
scheme extending the LEACH protocol to enable the multihop transmissions among
clusters by incorporating a cooperative MIMO scheme into hop-by-hop transmissions.
The scheme gains effective performance improvement in terms of energy efficiency
and reliability with adaptive selection of cooperative nodes and coordination
between multihop routing for cooperative MIMO transmissions. The optimal
parameters to minimise the overall energy consumption are established using the
devised energy consumption model. The suggested multihop routing scheme can

effectively save energy and prolong the network lifetime.

Though multihop transmissions were used among clusters for virtual
MIMO protocol, the results indicate that performance of the system decreases
dramatically, when the location of sink node is far away from the network
deployment area. Subsequently, Wenging Cheng et al. [77] studied the impacts of
cooperative MIMO techniques on cluster formation and developed a cooperative

MISO transmission scheme based on LEACH protocol. An optimisation model was
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developed to find the optimum network parameters. The proposed protocol has
shown remarkable improvement in terms of energy efficiency and the network
lifetime than traditional LEACH scheme.

Although Wenging Cheng et al. [77] investigated cooperative transmission
in LEACH protocol; the assumption of perfect data aggregation based on ideal data
correlation is not practical in most applications. Hence, Tianshi Gao et al. [78]
suggested a new load balanced cluster based cooperative MIMO transmission
scheme for remote environment surveillance taking imperfect data aggregation into
consideration. In this scheme, a two layer hierarchy is formed by clustering and the
cluster heads perform local data aggregation to balance communication loads and
transmit data back to the sink. It was reported that the cooperative MIMO scheme
can distribute the energy dissipation more evenly throughout the network and

achieve higher energy efficiency.

Hui Tian et al. [79] proposed mathematical formulation for maximizing
network lifetime in grid-based WSNs. The method of placing minimal number of
sensor nodes to maximize the coverage area when the communication radius of the
sensor node is not less than the sensing radius was presented. Wint Yi Poe and Jens
B. Schmitt [80] investigated random (uniform random) and deterministic (a square
grid and a pattern-based Tri-Hexagon Tiling (THT)) node deployments for large-scale
WSNs, considering the performance metrics such as coverage, energy consumption,
and message transfer delay. The formulated simple energy model proved that THT is
awell performing node deployment strategy for WSN applications.

Subsequently, Jun Xiao [81] proposed a hexagonal grid-based sensor
deployment algorithm, using the method of hexagonal grid plot and ant colony
algorithm to deploy sensor nodes to the appropriate positions of wireless sensor
network.

Y. Yuand V. K. Prasanna [82] proposed the use of modulation scaling over
a multi-hop communication path to minimize the maximal energy consumption over

all sensors along the path while satisfying a specific end-to-end latency constraint.
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Bravos and Kanatas [83] evaluated different modulation schemes for sensor
networks. However, attempts are not made to investigate on multi-hop nature of
sensor nodes. Adaptive modulation techniques can be used to optimize the energy
consumption caused by communicating under different conditions. Shuguang Cui
et al. [84] investigated an adaptive modulation scheme for a point-to-point path loss
AWGN channel considering circuit energy in the total energy budget to create a
trade-off. Transmitting at a high rate requires more transmission power. However,
shorter period of time is required to transmit the packet, thereby saving circuit

energy, and vice versa.

Liang et al. [85] proposed a noncoherent FSK based modulation scheme
which is suitable for implementation using low power integrated circuitry. The
proposed scheme possesses adequate flexibility to support adaptive modulation and
multiple simultaneous accesses. The FSK based modulation scheme proved to be
potential to save energy by simplifying circuitry and alowing flexibility.
Yu Yadong et al. [86] analyzed the impact of the coding and modulation on the
transmission energy based on wireless channels modeled as a uniform distribution.
Through adjusting channel coding and modulation mode in time according to the
change of the quality of the wireless channel, the averages number of retransmission

of package can be reduced to save the average power consumption of the radio.

Along with the competitive inclinations in various wireless scenarios,
game-theoretic approaches to radio resource allocation have been attracted much
attention. Substantial work has been done to solve the power control or spectrum
sharing problem as a strategic and extensive game (cooperative [87, 88] or
non-cooperative fashion [89-92] auction-based [93] and bargaining [94]), where

simply the actions are imposed on each individual user (player).

Allen. B. MacKenzie and Stephen B. Wicker provided motivation for using
game theory to study communication systems, and in particular power control [95].
The basic concepts of game theory and also the reason for using game theory as an

appropriate tool for analyzing some communication problems have been addressed.
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Zhu Han and K.J. Ray Liu modeled power control as a non-cooperative
game in which users choose their transmit powers in order to maximize their utilities [96].
Subsequently, Farhad Meshkati et al. [97] proposed a game theoretic approach to
energy-efficient power control in multi-carrier CDMA systems. Later, a game-theoretic
approach to power control for wireless data networks in frequency selective

multipath environments was proposed by Giacomo Bacci et al. [98].

A game-theoretic model has been proposed to study the cross-layer
problem of joint power and rate control with QoS constraints in multiple-access
networks [99]. The utility function considered here depends on both transmission
rate and power and the existence of NE in the non-cooperative joint rate and power
control game (NRPG) is studied. Farhad Meshkati, Andrea J. Goldsmith, H. Vincent
Poor, and Stuart [100] propounded a game-theoretic framework to derive the
best-response strategies and Nash equilibrium solution to study the effect of congellation
size on the energy efficiency of wireless networks for M-QAM [83, 101]
modulation. Using this framework, the tradeoffs among energy efficiency, delay,
throughput and constellation size are quantified for a CDMA network [102,103].
These schemes are not capable of optimizing both the transmission rates and power

to maximize spectral efficiency.

The research work done in the area of MIMO game is quite
insignificant [104-109]. M. F. Demirkol and M. A. Ingram [104], S. Ye and
R. S. Blum [105], C. Liang and K. R. Dandekar [106], considered the rate
maximization game in MIMO interference channels and provided only numerical
results to support the existence of a NE of the game. However, the uniqueness of the
equilibrium and convergence of the proposed algorithms are not taken into
consideration. Consequently, G. Ardlan et al. [107], showed that the MIMO rate
maximization game is a concave game, implying the existence of a NE for any set of
arbitrary channel matrices. Subsequently, E. Larsson and E. Jorswieck focused on
the competition and collaboration on the MISO interference channel, where only
single output was considered [108]. Gesualdo Scutari et al. [110] proposed a game

theory based competitive maximization of mutual information in noncooperative
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interfering networks in a fully distributed fashion. The proposed framework has also
been generalized to the (square) MIMO case.

Wei Liu et al. [111] applied the NUM approach to the cooperative MIMO
sensor network and jointly optimized the network utility and lifetime. Initialy,
energy consumption model and the link capacity restriction of cooperative MIMO
transmission was analysed. Then, the primal optimization problem was solved by
using the dual decomposition technique to propose a subgradient based distributed
optimization algorithm. It has been established that, by using the distributed
algorithm, the cooperative MIMO sensor network lifetime and utility can converge
to Pareto optimal tradeoff values only with the requirement of neighbourhood price
information exchange. Further, to regulate transmit-power and enhance the tota
throughput, Cheng shi-lun and Yang zhen [112] proposed a novel transmit-power
control game (TPCG) agorithm and M-TPCG algorithm which combines adaptive
modulation and transmit power control. It has been proved that TPCG algorithm can
regulate their transmit powers and enhance the total throughput effectively, whereas

M-TPCG algorithm can achieve maximal system throughpui.

Further, Pau Closas et al. [114] addressed the issue of network topology
control in WSN and proposed a fully distributed algorithm to adjust the transmission
power of each node so as to make the network connected with an energy efficient
solution. The agorithm proved to provide the probability of connectivity close to onefor a
relatively low node density. Subsequently, Hongliang Ren and Max Q. H. Meng [113]
proposed a game theoretic modeling of joint topology control and power scheduling
for wireless heterogeneous sensor networks. Three desirable characteristics such as
reliability, connectivity and power efficiency are considered in designing the
topology and power control game. A static complete-information game for power
scheduling is formulated and the existence of NE is evaluated. Further, the outcome
shows the ability to maintain reliable connectivity, reduced power consumption
while achieving the desirable network performances. Gao Peng et al. [115] have
proposed a non-cooperative power control game for AMC. However, the energy of

the nodes has not been taken into consideration while designing the game.

26



Shamik Sengupta et al. [116] proposed a game theoretic framework for
power control in WSN and found that Nash equilibrium exists, if minimum and
maximum threshold are assumed for channel condition and power level,
respectively. However, a node should transmit only when its channel condition is
better than the minimum threshold and its transmission power level is below the
threshold power level. Subsequently, Yujian Li et al. [117] proposed a game
theoretic approach to joint modulation, rate and power control for cognitive CDMA
communications. An adaptive utility function which links modulation (non-coherent
frequency shift keying (NFSK) and binary phase shift keying (BPSK)), rate and
power control is adopted. It was proved that each user changes its modulation to
achieve higher performance according to its achievable rate. The nearer users select
the full rate, NFSK and less power. However, farther users use full power, BPSK

and lessrate.

Selfish behaviour of nodes in wireless sensor networks may lead to socially
undesirable equilibriums. So, incentive mechanisms were developed to force nodes
to an optimal equilibrium and encourage participation. Incentive mechanism can be
examined broadly in two categories such as credit exchange systems and reputation

based systems based on their way of incentivizing nodes.

One of the techniques for nodes to behave in away that is socially desirable
is to adopt a mechanism of change and reward [118]. In this technique, nodes are
rewarded with credit for participation and this credit is debited when requesting
cooperation from other nodes. However, this method requires tamper proof
hardware to prevent nodes from cheating during credit exchange. In addition, such
techniques may be cumbersome to implement as charges and rewards are calculated

on a per packet basis[119].

Another technique used for creating an incentive mechanism among nodes
is to tag non participating nodes as misbehaving and to gradually isolate them from
the network. Game theory has been used for the analysis of a reputation exchange
mechanism [120]. According to this mechanism, a node assigns reputation values to

its neighbours based on its direct interaction with them and on the indirect reputation
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information obtained from other nodes. This reputation mechanism is modeled as a
repeated game among nodes. The analysis of this game aids in assessing the
robustness of the reputation scheme against different node strategies and in deriving

conditions for cooperation.

The introduction of an external centralized authority is another different
approach for shifting to a desirable equilibrium [95]. Typically, the externd
authority evaluates the strategy that will lead to a system wide beneficial state and
inform the nodes about it. It may also change the rules of the game dynamically to
ensure optimality of the system. Such an agorithm is of limited applicability to a
wireless sensor network because of the assumption of a centra control. However, it
may be possible to use an existing cluster head selection algorithm to select
authorities as referees and thereby adapt this external equilibrium inducing

mechanism to wireless sensor networks.

All the research work mainly focused on the application of game theoretic
approach to power control problem and spectral efficiency in centralised networks.
So far very little work has been done on the problem of applying game approach and
pricing to distributed sensor networks to effectively handle the power control
problem to maximize the network utility. However, in WSN, due to varying channel
conditions, the measurements obtained are, in general, not accurate. Furthermore, it
is also difficult to obtain the complete statistics of input traffic. As a result, the
decision has to be based on the imprecision and uncertain measurements. To this
end, game theoretic approach provides an approximate but effective means of
describing the behaviour of the systems that are too complex and not easy to tackle
mathematically [121-126]. It also provides a platform for handling uncertainty and
imprecise knowledge. Having the nature of coping with uncertainty and imprecision
problems, game theoretic approach is expected to provide a good solution to the

power control and spectral efficiency scheme.
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2.3 SUMMARY

It is evident from the critical review of literature that exhaustive research
has been already done by severa researchers to efficiently utilise the battery
resources of sensor nodes deployed in a harsh environment. The challenges and
research issues at the physical, data link, network and application layer of the
protocol stack of the sensor network has been extensively studied. Several efforts
have been made to overcome interference, radio irregularity and channel fading to
improve the lifetime performance of the WSNs. Various power control schemes
have been explored for packet transmission. Further, to coordinate the actions of
sensor network in a fading environment, site diversity techniques have been

exhaustively investigated to enhance the performance of WSN.

However, attention has not been focused on the power control problem in
WSN using game theoretic approach. Further incorporating ECC in the power
control game and diversity schemesin MIMO based game have not been explored to
effectively handle the energy consumption issue of the sensor network. Hence, in the
present work, an attempt has been made to enhance the energy efficiency of WSN
by employing appropriate ECC, VMIMO schemes, proper node deployment scheme
and AMC.
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CHAPTER 3

POWER CONTROL GAME USING ECC

3.1 INTRODUCTION

Wireless sensor networking is a novel communicagaradigm involving
devices with low complexity that has limitations processing capacity, memory
and severe restrictions on power consumption [6g flesource constraint nature of
these ultra small devices poses an immediate needelource management.
Generally energy is consumed only in operating aaglrcuitry and bit stream
transmission at the physical layer. Energy consubethe radio circuitry is fixed
whereas the energy spent to transmit the data eay vased on channel loss,
interference and transmission distance. The datesinitted from the sensor nodes is
highly susceptible to error in a wireless environmehich increases the transmit
power. Proper power control algorithm is neededhtoimize energy consumption
during data transmission. So a power control smhutising game theoretic approach
with ECC is introduced to enhance the lifetime le# hode by reducing the energy
consumption in this chapter. The game with costtion or pricing is formulated as

a utility maximizing power control game.

3.2 ERROR CONTROL CODING FORWSN

In WSN, the communication channels are prone tanoll impairments
and errors are introduced during data transmidsoon the source to the destination.
Error control coding which includes error detectiand error correction ensures
reliable delivery of data over these unreliable ommication channels. Error
detection allows detection of errors while errorreotion enables reconstruction of

original data.

3C



The three fundamental schemes of ECC used norrasdly~orward Error
Correction (FEC), Automatic Repeat Request (AR@)Hybrid ARQ (HARQ) [127]. In
FEC parity check bits are added to each transmittedsage to form a codeword
based on the code used by the system. A decodiagisrcommitted if the receive
node either fails to detect the presence of erooréails to determine the exact
location of the errors. In either case, an erroseward is delivered to the receive
node. When the receive node detects the presenegast in a received word, it
attempts to locate and correct the errors. Aftex #rror correction has been

performed, the decoded word is then delivered eadstination.

The main problem encountered in a sensor netwe@kagio is the fact that
in most cases erroneous packets are completelyogledtdue to synchronization
problems between the sender and the receiver duhegradio transmission.
Because of these burst error, FEC would be adwsather than ARQ. The main
advantage with FEC is that there are no delayseassage flows. Further, energy
constrained transmission issue of WSN makes FEGpalar technique to be used
in such networks compared to ARQ and HARQ [128-130]

Among the most popular FEC's, Reed-Solomon (RS)esoare widely
used in digital communication systems and storagécds because of its relatively
simple decoder, which are also very appropriaterMogless sensor networks [131].
RS code is considered to be the best choice for Wi&Nng maximum energy
efficiency in proper channel conditions or whenayelnodes are sufficient in

numbers i.e. greater than five.

321 Reed Solomon Coding

Reed Solomon codes [127] are non binary cycliorecorrecting codes.
The original message is split in to fixed lengthdis which is further sub divided

into m-bit symbols. Each symbol is of fixed widtigually 3 to 8 bits wide. Since
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the power of RS code lies in being able to coraesymbol with all its bits in error,

this code is more suitable for correcting bursbesr

RS code is generally represented as RSkER,dninrg), and @hinrs=Nrs-Krs+l

where
nrs IS the length of the code word
Krs is the number of information symbols
Ominrs 1S the minimum hamming distance of the code

The code is capable of correcting any combinatibtks errors anddsis

given by

tes = {—d”“"gs '1J (3.1)

The RS coded bit error rate (BER) of QPSK modafais expressed as

m-1  nNgs i
BER. <2 $' L‘RS[”FS]ps (L-py (3.2)

RS jFtrstl nRS J

where
p. is the coded symbol error probability

j is the number of errors in a block gfgsymbols
3.22 Multivariate Interpolation Decoding RS Code

Since Bleichenbacher, Kiayias, and Yung (BKY) abdppersmith and
Sudan (CS) decoders of RS codes fail for certaiar gratterns, the Multivariate
Interpolation Decoding RS (MIDRS) code was intragiiby Parvesh and Vardy [132] to
improve the error correcting capability. In MIDRB,, number of RS codes are

transmitted together and decoded using (M+1) \ariaterpolation. This MID
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algorithm attempts to list-decode uptgpks errors, in RS code of lengthkérand
rate R. This improves the decoding radius by aelangrgin especially for high rate

codes.

The error-correcting capabilityybrs of the MID algorithm is given by,

1_&[“@]} (3.3)

If nviprsis the length of the code word for MIDRS, BER iscodated as

2m-1 Nvibrs mﬂ[anPRs ]pcj (1_ Q)nwgps’j (34)

nMIDRS =tviors t1 nMIDRS J

BER,ors <

MIDRS —

Since the error-correcting capabilityidrs of the MID algorithm is greater
than ks of RS codes for all rates, the energy efficientyMSN is maximized. This
ability of MIDRS to correct errors in the receiveelquence can provide better BER

performance for the same SINR compared to RS cegsdm.

3.3 GAME THEORETIC APPROACH FOR POWER CONTROL

Formally, the game is defined as G=[N, B&] and has the following three

components[15, 116]
The set of players, N ={1,2,3... x}

The set of actions (strategy profile), Available for a player ‘i’ to make a

decision.
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The payoff (utililty) function Wresulting from the strategy profile.

The model considered for the analysis of the garpbasists of N
homogeneous nodes in the sensor network. The plajehe game are considered
as nodes in WSN. The set of actions (strategies)adole for the player ‘i’ to make a
decision, consist of all possible power levels mggrom the minimum transmit
power s,n to maximum transmit powep,s. The nodes in the network play repeated
game. The game is played by having all the nodasil®neously choosing their

individual strategies. This set of choices resulthe payoff (utility) of the game.

Each round in WSN consists of data collection phaggregation phase
and transmission phase. The information availatdenfprevious rounds is used to
work out strategies in future rounds. A source nedth potentially as many
neighbour nodes within the interference range iasswered. The number of

interfering nodes depends on the node depsity/A, where A is the network area.

Since the nodes are considered as homogeneoutibies allowed by the
nodes are the same. All the nodes can transmit avishpower level to make its
transmission successful. If the nodes transmit aitharbitrary high power level, it
will increase the interference level of the othed@s. To overcome the effect of this
high interference, the neighbouring nodes in tuilhtransmit at higher power. This
happens as a cascade effect and soon leads teaoperative situation. To control
this non cooperative behaviour, an equilibrium gasteategy which imposes
constraints on the nodes to act in cooperative eraemen in a non-cooperative

network is devised.

The existence of some strategy seis ®, S . . ., § for the nodes
(1, 2,3, ..,x)is assumed. In this game, ifeédhooses its power level[ 5, and
node 2 chooses its power levgllS,, and so on, then the set of strategies chosen by

all ‘’x’ nodes is given by,
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s={s,,S ,..cee-. S (3.5)

This vector of individual strategies is calledtiategy profile. The set of all

such strategy profiles is called the space ofegsaprofile S

At the end of an action, each no@®¥ireceives a utility value as given by

u, (s)=y (5 .8 (3.6)

where
s is the strategy profile of th& node

siis the strategy profile of all the nodes but fax finode

The utility of each node depends not only on thategy it picked, but also
on the strategies of the other nodes. In the powesmtrol game, each node
maximizes its own utility in a distributed fashiorhe transmit power that optimizes
individual utility depends on transmit powers dftake other nodes in the system. It
is necessary to characterize a set of powers wtherplayers are satisfied with the
utility. Such an operating point is called Nash ilguum (NE). At a NE, given the
power levels of other players, no player can imprat¢ utility level by making

individual changes in its power.

The flow chart for the proposed game is giveniq B.1.
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Check any node has
data to transmit?

Idle state

Calculate SINR

\4

Calculate efficienc
function fy) for RS/ MIDRS codes

Calculate utility of node ‘i’ with pricing
without pricing at
transmit power;gor RS/ MIDRS codes

No

S=S+1

Yes

Power of ' node at NE=s

!

Transmit the data

Fig.3.1. Flowchart of the power control game using ECC scheme

Consider node ‘i’ is transmitting data to node ‘Khe " node has control

over its own power level snly.

The SINR of the"inode is given as,

h.
SINR, =y, = (PG)——— 1 (3.7)
h.s +o°

k=1,k#i
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where,

PG is the processing gain given by

PG =— (3.8)

W is channel bandwidth

R is data rate

s is the strategy profile (transmission power)"dfibde
s is the transmission power of kode

hi is the path gain of node ‘1’

hg is the path gain of node ‘K’

o° is the noise spectral density

Based on the information available to a nodesigch as its own power

level, channel condition, and expected SINR of inleagiring receive nodes (which

is obtained through periodic acknowledgment reaBivéhe utility function using

FEC for this sensor node is formulated as given by

where

u(s.s F s (6 (3.9)

L is the number of information bits in a paic&ksize F bits

f(y) is the efficiency function

For RS code the efficiency function is expressed a

(¥, )rs = (1- 2BERGs f (3.10)
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For MIDRS code the efficiency function is modifiad

f(Yk)MIDRS = (1-2BERyprs J (3.11)

Substituting eqgn. (3.10) in egn.(3.9), the utifipction of a node using RS

code becomes
05§ k= Fa (1-2BER) (3.12)

Substituting eqgn. (3.11) in eqgn. (3.9), the wtifiinction of a node using
MIDRS code becomes

LR
U, (S .S hiors :K (1-2BER)ors ) (3.13)

The utility function is used to arrive at the opal power at which the node
should comply with to reach the NE.

3.3.1 Pricing of the Gamewith ECC

Although the NE provides power control solution for the sensor node, it is
not necessarilyhe best operating point for the whole systéimatis, there exist
other power solutions such as pricing [116, 123htake the utilities of all the
nodes greater than those at NEhe pricing function defines the instantaneous
“price” a node pays for using a specific amounpaiver that causes interference in

the system.

In a WSN each sensor node tries to maximize its otility by adjusting
its power optimally as given by the utility funatioThe utility of a sensor node
depends on the interference it receives from otlogles, but it ignores its own
interference in terms of drainage of energy. Pgcimnction is effective in
regulating this externality. The pricing functionccaunts for the energy

consumed/drained by the sensor nodes with usatgensimission power.
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Generally three types of pricing functions suchliaear, quadratic and
exponential are considered. The pricing functioousthincrease monotonically with
the transmit power and should also be convex. Hemc@mple linear pricing
function which satisfies the above condition is s#m to understand the effect of

pricing on the power control problem.

If the strategy of the™i node is to transmit at powejdS, the pricing

function is given as,
A(s )=cs (3.14)
where c is the pricing factor.

Then the utility with pricing if a node is trangtirig is given by
u, (pricing) = y (5,5 )-A(s (3.15)

The concept of pricing provides the best operagiamt compared to the

game without pricing.
3.3.2 Power Efficiency of the Gamewith ECC

In WSNSs, since great importance is attached toréiseurce-constrained
feature, power control should be performed in tireation of enhancing power
efficiency, i.e., it is more important to maximidee number of bits that can be
transmitted per Watt of power consumed rather tilamaximize the throughput
[133].

The probability of successful transmission of @lgh containing F bits
from node ‘I’ to node ‘k’ for RS code is given by

P.=(1-BERf (3.16)

The probability of successful transmission of akea containing F bits

from node ‘I’ to node ‘k’ for MIDRS code is giveryb



Puiors = (l' BERMIDRS )E (3-17)

The power efficiency using the RS code is given by

- (1-BER:J (3.18)

I’]RS S

The power efficiency using the MIDRS code is miedifas

Muons = B Ronpss ] (3.19)

S
34 RESULTSAND DISCUSSION

The performances of the power control game ustEg@ssuch as RS code
and MIDRS code for WSN are evaluated using MATLAB i terms of utility,
power efficiency and energy consumption. The patarseconsidered for the

analysis of the power control game using FEC anensarised in Table 3.1.

Table 3.1 Simulation parametersfor the power control game using ECC

Par ameter Value
Network area (A) 100x100mM
Number of nodes (N) 100
Noise spectral density?) -171dBm/Hz
Channel bandwidth (W) 1MHz
Data Rate (R) 20 kbps
Transmit power (SSmax) (2-100)mw
Path loss component (h) 2
Length of the code word in RS codedn 31 bytes
Number of information symbols in RS codezdk 29 bytes
Length of the code word in MIDRS codey(gks) 62 bytes
Number of information symbols in MIDRS code(ks) | 58 bytes
Modulation technique QPSK
Number of encoders in MIDRS (W 2
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34.1  Utility of the Gamewith ECC

Fig.3.2 shows the utility of the transmitting nodéhout pricing with
increase of transmission power. As the transmisgiower increases the utility
increases and at one particular value of transamgsdwer sthe maximum utility is
attained and this point is called as the Nash Eguwim point. Beyond this point, the
utility decreases gradually. This figure servesaaguideline for calculating the
desired transmitting power that maximises utility the game using RS code and

MIDRS code and without coding.

Without error control coding, a maximum utility 4f346x18 bits/joule is
achieved for a transmission power of 36mW. With B&ling the utility of
5.549x10 bits/joule is achieved for a transmission powe28mW, whereas with
MIDRS coding utility of 6.4x1®bits/joule is achieved for a minimum transmission
power of 24mW. The increase in utility and decreasgansmission power of the
game with MIDRS coding is due to the greater ecanrection radiusyiprs of the

MID algorithm.

—<— uncoded
—©— RS coded
—+— MIDRS coded

Utility in bits/J

50
Transmission Power in mW

Fig.3.2. Utility of the game using ECC without pricing
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Fig.3.3 elucidates the utility with pricing as anttion of transmission
power. It is discerned that, without ECC, a maximuiitity of 4.706x10 bits/joule
is achieved for a transmission power of 36mW, wWRB coding an utility of
5.829x10 bits/joule is achieved for a transmission powe28mW, whereas with
MIDRS coding an utility of 6.65xTits/joule is achieved for a transmission power
of 24mW. By introducing the concept of pricing, thiglity has been increased for
the same amount of transmission power when compgaréuht of without pricing
scheme. Increase in the system performance (utbligy6% is established through
pricing, by implicitly inducing cooperation and ymfintaining the non cooperative
nature of the resulting power control solution.

——&— uncoded
—©— RS coded
—— MIDRS coded

Utility in bits/J

| |

| |

| |

1 |
50 80 90 100
Transmission Power in mW

Fig.3.3. Utility of the game using ECC with pricing
34.2 Power Efficiency with ECC

From Fig.3.4 it is inferred that at high SINR ieasing the transmitting
power unnecessarily decreases the power efficibetyw the maximum. Hence at
high SINR, a node should transmit at low power taximise its power efficiency.
At low SINR the power efficiency is very low forlgower levels and hence the
node should not transmit under such worse charoraitons. It is also observed
that RS and MIDRS codes provide an improvementawgy by 31% and 43%
respectively over uncoded scheme for a particuldRSsalue of 7dB.
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It is evident from this figure that, on considgria distance of 50m, the
game with RS and MIDRS codes provide 28.6% and 38lé¥ease in energy
consumption respectively. MIDRS provides 10% de@&dasenergy consumption
compared to RS code.

3.5 SUMMARY

A game-theoretic approach with error control cgdio solve the power
control problem encountered in sensor networksdsgnted. The utility maximizing
power control game is formulated and the existesmog uniqueness of the Nash
Equilibrium are studied. The utility, power efficey and energy consumption of
nodes employing RS codes and MIDRS codes are ceahpdhe outcome shows
that the proposed game with pricing employing MIDR&les attains the best
response for the sensor nodes by consuming leserpdWe reduction in transmit
power is due to the error correcting code whiclovedl the system to operate at
significantly lower SINR than an uncoded systenn, tie same BER. Further, the
game with pricing provides increase in utility bseating cooperation among the

competent nodes.

44



CHAPTER 4

POWER CONTROL GAME WITH DEPLOYMENT SCHEMES

4.1 INTRODUCTION

Deployment of nodes in WSN is a challenging tasé tb its characteristics
such as dynamically changing topology, lack of died authority and
decentralized architecture. A proper node deploynmssheme can lessen the
complexity of problems like routing, data aggregatand communication in WSN.
Moreover, it can extend the lifetime of WSNs by imizing energy consumption [134].
A sensor network can be deployed either with datestic placement, where a
particular quality of service can be guaranteedywith random placement, where
sensors are scattered possibly from an aircrafthodgh the random node
deployment is preferable in many applications,sitcurrently infeasible in most
situations as the individual sensors are genetally expensive for this level of
redundancy. Hence other deployments should besiigaged since an inappropriate
node deployment can increase interference in thevamk. In this chapter,
adjustment of transmission power of each node WS considering the residual
energy of the nodes for various deployment scheme$ormulated as non

cooperative game with and without pricing.

4.2 DEPLOYMENT STRATEGY

Sensing coverage is an important issue in WSN. Sttedegy of how to
deploy sensor nodes in a large environment, widlcafthe utility of the network just

like the quality of communication.

A rectangular area ‘A’ is taken for the deploymehfthe sensors. Random,

square grids, triangular and hexagonal topologytlier deployment of sensors as
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shown in Fig.4.1 are considered. The set of actodes which are used for sensing

the data and communicating at any time lies onehiices of a regular polygon [135].

¥ T s x =]

o £ s’ = =]

(a) Hexagonal topology  (b) Square grid topology (c) Trlangular topol ogy
Fig. 4.1 Different regular network topologies

The number of nodes required for the random tappis given as

Pr[znin> z]=Pr[all nodes have at least z neighbours in thepteme range]

n N
[:1- 3 P":‘;) e“’aﬂJ (4.1)
n=0 .

where a-Tt rz%is the area covered by the receiving range of @ rewl g is the

receiving range of a node which is equal to the lamgth of a regular polygon.

The number of active nodes required for the sqgiaatdopology is given as

Ny =| (V3(2M+3) /(9 + 1| ((3m+3)/( 2+ 4 (4.2)

where M is an integer

The number of active nodes required for the tugengtopology is given as

a3 e 3
[(V3(2m+2)-1)(3+ 1| ((3m+3)-VF( &3+ 1

(4.3)
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For the hexagonal topology the number of activdesaequired is given by

Nper = 2(M +12)° (4.4)

hex

For M=4 the number of active nodes for the diffénegular topologies is

calculated and is given in Table 4.1.

Table. 4.1 Number of active nodesfor the different regular topologies

Random Squaregrid Triangular Hexagonal
100 67 76 50

From the Table 4.1, it can be inferred that thealyjenal topology requires
less number of active nodes compared to its copetes, which inturn reduces the
cost of the WSN. It is assumed that the receivargge of a nodexris equal to the

arm length of a regular polygon. The interferene@ge is considered to be

r :\/ErR. Within this interference range the number of rifgieng nodes for the

i
various topologies is obtained for a given ared[Ehd it is found to be 5 nodes for
hexagonal topology, 8 nodes for triangular topolo@® nodes for square grid
topology and around 22 nodes for random topolodye Tiexagonal deployment
scheme with 50 nodes provides better performanegaced to random deployment
scheme, because of the less number of interfeiags) Since the topology of the
WSN changes with the depletion of battery resouyrtespower control should take
into account the connectivity of the network toploBy considering the node’s
residual energy, the nodes with minimum residu&irgy are used less frequently,
thus prolonging lifetime of the node and hencertigvork.

4.3 GAME THEORETIC MODELLING

The game is an interactive decision making prodessveen a set of
self-interested nodes. At the beginning of the gafh@ode broadcasts a HELLO
message at maximum transmission power to its neaghbour nodes. The
neighbour nodes that have received the HELLO messam {" node, calculate the
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minimal transmission power with which it can bealeed and sends back an ACK

message. Upon receiving ACK messadesdde gathers neighbours information.

Then the sensor node in WSN communicates withr atbde only when it
is within its communication range. Thus it is pbssito control the transmission

range of the individual node thereby ensuring ¢iffeqpower control and coverage.
4.3.1 Power Control Algorithm with Residual Energy Check

The model considered for the analysis of the gasoasists of N
homogeneous active nodes in the sensor network.[Thé number of active nodes
for each topology is given in Table 4.1. The gasian iterative procedure and all
the nodes play a repeated game. The game is playatl the nodes concurrently
picking their individual strategies. This set obates results in the payoff (utility) of
the game.

After every iteration, the power level change ohade influences the
overall topology of the network which is taken imtocount by the other nodes when
optimizing their utility function. The game considehe energy of the nodes and
connectivity of the network to estimate the optimpailver needed for transmission

of data from the source to the sink.

Consider node ‘i' is transmitting data to the gwokle. Node ‘i' receives the

N
sum of interference power)" h,s, from sink node. The SINR of th8 hode ¢, )

k=1,k#i

considering the residual energy is given as,

L (4.5)

where,

E is residual energy of th& hode
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E is residual energy of thé"lnode

En is the maximum energy of the node

The residual energy Eof the K" node is the difference between the

maximum energy of the node and the energy consomptithe previous round. In

order to achieve a NE in the strategic non-coop&aame, nodes iteratively decide

its transmission power level by maximizing its ittifunction. This utility function

is very important in non-cooperative power congame.

where

The utility of the 1 transmitting node is given by,

ul(ss) :g (1-2BER) (4.6)

The BER considering QPSK modulation is given as

-1 in| -~
BER = 5 erfc[m sm[ ~ j} 4.7)

b is the number of bits per symbol

my is the modulation order

The pricing function while considering residuakgayy is formulated as

Ag(s)=CRs M (4.8)
Ir

The utility of the " node with the pricing function included is given b

ui(pricing):% (1-2BER) -A (s (4.9)



If the pricing function is a convex function ofetmode’s power, and the
utility function is a concave function of the nodeswer, then the difference is

concave, which proves the existence of a fixedtjas.

The transmitted power of th® hode is obtained

s = argsrgs P( iS |S)} (4.10)
Consider square grid deployment scheme in whiehattive nodes are
placed on the vertices of the square grid. If angenhas data to sent, then the
network connectivity is monitored. If the netwoskdgonnected the residual energy
of the node is checked and the number of intejerindes for each deployment
scheme is calculated. The utility of the transmgfthode is calculated depending on

the residual energy and the deployment scheme.

The power at which maximum utility is obtainedtiee NE point. The
nodes comply with the power at which NE is obtaiaed transmit the data with
that optimal power. The same process is undertd&erthe other deployment

schemes.
432 Existence of Nash Equilibrium for the Proposed Game

For all N and g1Sui(s,si)2ui(s , si), then the power vector S is the Nash
equilibrium of the power control game G. A NE poatists in the game if the
power strategy i{Ss a non-empty, convex and compact subset of donndidean

space and, (s)is continuous in S and quasi-concave;in s

Differentiating the equation (4.5) with respectto

h —m
dy, _ W ;=
Mt ()= @11)
' Z hes " +o°
k=T kei E,
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Differentiating the equation (4.6) with respectto

L R T P P

Taking the second-order derivativetq(g S )With respect ta, yields

o u (s, . . . .
Since@< 0, u; (51 S, )ls concave I8, . This proves that NE exists
S

in the game with pricing and they are Pareto sopel5] compared to the

equilibrium of the game without pricing.
44 RESULTSAND DISCUSSION

The random, square, triangular and hexagonal ogped along with
residual energy check were considered to deteritiiaedeployment scheme that
provides better connectivity and power control. fegformances of the proposed
game are evaluated using MATLAB 7.0 in terms olityfienergy consumption and

network lifetime. The simulation parameters usedliated in Table 4.2.

Table 4.2 Simulation parametersfor various deployment schemes

Parameter Value
Network area (A) 100x100m
Number of nodes for random topology 100

Number of nodes for square grid topology 67
Number of nodes for triangular topology 76
Number of nodes for hexagonal topology 50

Maximum energy of a node 5J
Modulation QPSK
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4.4.1  Utility for Various Deployment Schemes

The utility as a function of transmit power foll #he four deployment
schemes, without residual energy check is shoviaigrt.2.
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Fig.4.2. Utility of the game without pricing without residual energy check

The random, square and triangular deployment sebkeprovide the
maximum utility of 4.346x1Dbits/joule, 4.88x1Dbits/joule and 5.97xFits/joule
at transmission power of 36, 32 and 26mW respdgtiv® maximum utility of
6.718x18 bits/joule is achieved at the minimum transmisgiomwer of 23mWw for
hexagonal deployment scheme. Hexagonal deploymenides 37% increase in
utility and 28% reduction in transmission power @ mpared to square grid
deployment and also provides 12.52% increase lityuéind 11.5% reduction in
power when compared with triangular deployment swheThis is due to the less
number of interfering nodes in hexagonal deploynseheme.

Pricing encourage the sensors to use resources eiftectively. If a
particular node in the network tends to increasetiansmit power, it creates
interference to the other nodes. The effect ofipgiadecreases the utility of that
node by pricing factor As) and increases the utility of the other nodes fginy
factor Ar(S).
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Fig.4.3. Utility of the game with pricing without residual ener gy check

From Fig.4.3 it is inferred that, hexagonal depteyt scheme with pricing

provides a maximum utility of 6.948x1®its/joule at the transmission power of

23mW. An increase in utility by 3.4% is obtained bgnsidering the pricing

strategy.
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Fig.4.4. Utility of the game without pricing with residual energy check
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Fig.4.5. Utility of the game with pricing with residual ener gy check

The utility of the game considering residual eyesfithe node is given in
Fig.4.4. The energy check algorithm effectivelyueess total transmitting power of
nodes. Hexagonal deployment provides maximum ywtitbmpared to other
deployment schemes. For the hexagonal deploymeht residual energy check a

maximum utility of 7.104x10bits/joule is achieved for a transmission powezZsnW\.

From Fig.4.5 it is observed that the maximum tytiland minimum
transmission power are achieved by the hexagonplog®ent scheme when
compared to triangular and square grid deploymemmses. It is also observed that
the hexagonal deployment with residual energy chao#t pricing achieves the

maximum utility of 7.324x10bits/joule for the minimum transmission power BN
442 Energy Consumption for Various Deployment Schemes

The energy consumption of various deployment seseare presented in
Fig.4.6.
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Fig.4.6. Energy consumption for various deployment schemes

When comparing the performance of the hexagonglogiment with the
other schemes it is observed that there is a sgnif reduction in energy
consumption because of less number of affectedpgrddence dividing the sensor
field into hexagonal grids ensures better powetrohn

443 Lifetime Analysisof Hexagonal Deployment Scheme

Fig.4.7. explains the impact of transmission disteon lifetime of the node.
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From this figure it is noted that the residualrggecheck scheme enhances
the lifetime approximately 55% and 66% for the alste of 20m and 35m
respectively when compared to that of without reaicenergy check scheme. It is
also inferred that lifetime of WSN with residualeegy check scheme and pricing
increases approximately 14% and 40% than that ©flual energy check scheme

without pricing for the same distances considered.

4.5 SUMMARY

A game theoretic model with pricing for power aohtaking into account
the residual energy of the nodes in a sensor nkteasidering various deployment
schemes have been analysed in this chapter. Thaecwvity is taken into
consideration and the existence and uniquenedsedNE are studied for the game
model. The utility of nodes without residual eneaieck and with residual energy
check are compared for all the deployment schers. maximum utility is
obtained at minimal transmission power for hexagdealoyment scheme. With the
inclusion of pricing the interference among thee®due to the optimizing behavior
of a particular node is suppressed. Further theoowt shows that employing
residual energy check with pricing achieves the besponse for the sensor nodes
by requiring lesser transmit power and thereby rektehe network lifetime

efficiently.
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CHAPTERS

POWER CONTROL GAME USING VMIMO

5.1 INTRODUCTION

Wireless sensor network requires robust and efficicommunication
protocols to save energy and enhance network nitetiHowever the adverse
impacts caused by radio irregularities and fadimgedase the energy consumption
and thereby reduces the WSN lifetime. To reducddbang effects and to improve
the energy efficiency in wireless channel, MIMO agte is utilised for sensor
network [46-52]. The lifetime of WSN can further beaximized by employing
appropriate power control solution. The power canproblem in VMIMO WSN is
modeled as a coalitional game to select the cotiperaodes for enabling packet
transmission and obtain better utility by forminggps and controlling the power
cooperatively rather than individually. The coopee sensors are dynamically
selected based on the residual energy of the seaadrits geographical location, to

reduce the overall energy consumption.
52 SYSTEM MODEL

In cluster based WSN the nodes are grouped inkiars with each cluster
having a Cluster Head (CH) node to transmit thessérdata to sink. To route the
sensed data from the cluster head to the destmatiow Energy Adaptive
Clustering Hierarchy (LEACH) [53] an applicationesjific protocol architecture is
exploited. In LEACH protocol, the cluster head &ested based on the residual
energy of the node in the cluster, thereby the madaieh has more energy than other
nodes and has not been cluster head previouslyme=ca cluster head. The
operation of LEACH protocol is divided into round&ach round begins with a set-
up process where the clusters are organised dalliowed by a steady-state process

where the sensed data is transferred to the clirgad and inturn to the sink.
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Multipath fading and radio irregularities pose g bhallenge for energy constraint
WSN. To mitigate the multipath effects, antennaediity has been proven to be
effective. Diversity can be leveraged in the nekydmk or physical layers to

provide reliable transmission with low power, re€uenergy consumption and
extend battery lifetime. However applying multiatennas directly to a sensor
network is impractical because of limited size ofsensor node which usually
supports a single antenna. Cooperative MIMO sclsdmge been proposed [73-79]

for WSNs to improve its performance.

The cooperative MIMO system model consists of evafive sender
having multiple sending nodes and receiver havingfiple receiving nodes, each
with a single antenna. In the sending group, theads from multiple sending nodes
are encoded by space time technique and transmdttéte receiving group. At the
receiver, space time decoding is used to sepdrateeteived signals and extract the

original information.
53 BASIC MIMO SYSTEM

A typical MIMO system consists of Mransmitters and Mreceivers

communicating over a wireless channel as showmngng-1.

Tx1 hoy Rx 1
Tx2 Rx 2

Transmitter : : Receiver

xM iRX M;

Fig. 5.1. Typical MIMO system model

Let h; be a complex number corresponding to the channal lgetween

transmit antenna j and receive antenna i.
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The received signal vector y is expressed in m&irm as

y=HG; +n (5.1)

where
H is the MIMO channel matrix,
Gr is the transmit symbol vector

n is the additive noise vector.

To improve the performance of MIMO WSN, space tioogling schemes
are generally used. The space time codes providefulh diversity over fading
channels and improve the quality of signal transiais Of the space time coding
schemes, STBC is more suitable [55, 75] for WSNhwidw encoder/decoder

complexity.
5.4 SPACE TIME BLOCK CODE

Space time block code operates on a block of isgatbols producing a
matrix output whose column represent time and rmpsesent antennas [28]. It is
defined by an (lVix Tyo) transmission matrix Ywhere T represents the number of
time periods for transmission of one block of codsmnbols [57]. The encoder

structure of STBC is shown in Fig.5.2.

X1 [ Tx1
Information Spece Time Block

> L .
Source Modulator Encoder T
T.M;

Xmt
Fig.5.2. Encoder for STBC

At each encoding operation, a block of ‘m’ infotioa bits are mapped

into the signal constellation [Rto select ‘q" modulated signals, x,,...,x,, where
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each group of m bits selects a constellation sighlaé ‘q" modulated signals are
then encoded to generate; Phrallel signal sequences according to the STBC

transmission matrix Y.

The P row of transmission matrix Y represents the symtohnsmitted
from the P transmit cooperative node consecutively jgriumber of transmission
periods, while the't column of Y represents the symbols transmittediameously
through Mtransmit cooperative nodes at time r. The eleméhtia the g row and
™ column, %n (Where p=1,2,....M r=1,2,..., &) represents the signal transmitted

from the cooperative node i at time r.

In case of M=2, 3, 4 transmit cooperative nodes, the STBC trasson

matrix Y,, Y,,Y, are used and are defined by

. [(x, =X

Y, :( ! *ZJ (5.2)
X2 Xl
X, =X, =Xz —X, X, —X, X5 —X,

Yo =X, X; X, —X3 X, X, X, —Xj (5.3)
Xg =X, X X, Xz =X, XX,

X, =X, —X; =X, X; =X, —X; —X,
X, X X, —X. X, X X, =X
* _| "2 1 4 3 2 1 4 3
Y4 - * * * (54)
X3 X, 1 X, Xz =X, Xy 2
X, X3 X, 1 Xy X5 TX, 1

The entries of the transmission matrix Y are Imeambinations of the g

modulated symbolsx,,x,,...,.x, and their conjugateg,x,,...,%,. In order to

achieve the full transmit diversity of Mthe transmission matrix Y is constructed

based on orthogonal designs such that

YY P =a(x f+%F+.+ %] )'lﬂt (5.5)
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where
YH is the Hermitian of Y
a is the constant

IMt is an( M x My) identity matrix

When xi= (X1, X2, ..., 1o iS the transmitted sequence from tife i
cooperative node ang= (X1, X2, ..., X, Toe) IS the transmitted sequence from the |

cooperative node, the inner product of the sequen@eslx; is represented as
xi'xj:i‘ixiyt.xit =0, i#j,i,j0{1,2,..,M} (5.6)
t=

The inner product of the sequences enables the orthogonalitygioem

number of transmit cooperative nodes.
55 GAME FORMULATION

The game is formulated such that it allows dynamic formati@oalitions
among sensor nodes while maximising their utilities with pricligg game consists
of two phases. First phase is the coalition formation gamnich the cooperative
nodes are selected for MIMO communication. The power control gathe second
phase in which the cooperative nodes run a distributed power contratratgtrat
maximizes the utility at an optimal power. The cooperative ngtesld comply

with this power to reach the NE.
55.1 Coalition Formation Game

The selection of cooperative nodes which take part in MIMO
communication is modeled as a coalitional game [136, 137] andi@oattdone
based on the distance and residual energy of the nodes. If allpantiode in the
network is frequently used for sensing and transmitting informatien, the battery
of that node will be depleted fast. This makes the sensor nodedblenfsecritical

applications such as environmental monitoring, military applicati@mecision
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agriculture etc. To prevent a node from becoming dead soon, diteiakenergy
checking is done. The transmit power of the node is varied indaroce with the
residual energy of the node. This conserves the energy of teeamal prevents it
from getting depleted soon and prolongs the lifetime of the nodehandf the

network.
The coalitional game is modeled as (\NV)

where
N is the set of players (nodes), {1,2.....,x}
L is the characteristic function based on the networkriget
V is the partition of N, VI N.

Characteristic function of the system is modeled based on tia®rike
lifetime and is given by

u’ =T

net

v(V)) :{u”' ORM i va} (5.7)

where

U’ is the utility of the node within the coalitiory V

|Vj| is the number of sensor nodes jn V

Thet IS the network lifetime

The network lifetime is the period of time from the networkatisation to
the point when the first node runs out of energy and is given as,

T T

col’ "co2**?

Tnet = mln{ T non—co:!T non—coz'}' (58)
The lifetime of the sensor node which based on the residuajyeokthe
node g is given by

EO

?I (5.9)

co

62



If E;j is the initial energy of the node anddtthe energy consumption of the
node in the previous round, the residual energy of the node is
E,=E -EF

(5.10)

For the remaining nodes which do not take part in MIMO data
communication, the energy consumption is assumed to be negligibles difetiine

is infinite.

Merge and split algorithm is used in the coalition formationeyaburing
the coalition formation, the nodes form coalitions through an iteratiarbitrary

merge and split rules repeated until termination.

Merge and split algorithm

Sepl :  All the active cluster nodes in the cluster are considerddrim the
coalition.
Sep2 : A collection of coalitionsv ={v,,...,v,} is formed by the mutually

disjoint coalition \(taken from the Mactive nodes in the cluster.

Sep3 : An iteration of merge and split operation is repeated toesehihe

characteristic function defined in equation (5.7)

Mergerule: Any set of coalitions Vv={v,..Vv}is merged if

D(u;:lvj)>ju(vj); thus{V,,..., i} - UL_,V..

=1

|

Split rule: Any set of coalition U'jzlvjis split if v(U'j:1Vj)< u(Vj); thus
=1

ULV, - {V,...V}.

Sep4d The iteration ends by a final merged coalitik_incomposed of the

cluster head and none or several cluster nodes.
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A group of coalitions (nodes) decides to merge if it is ablenfwove its
total utility through the merge; while a coalition splits istoaller coalitions if it is

able to improve the total utility.
5.5.2  Utility Formulation for VMIMO WSN

Generally the utility function is defined as throughput (T) pransmit

power of node and it is expressed fdnbde as

T

:g: (5.11)

Vi
u’ (s.s)
The per-node throughput, in bits per second Hertz, of MIMO \i&Stie
sum of the normalized throughputs of the min,(M;) decoupled sub channels.

Then the throughput of'node is given as

" & LR,
T (s.s)= (f () (5.12)
' i1 F
The overall power consumption to transmit the data using cooerat

communication is modified as

min(M,,M,)

= —s 1
S|(M|Mo) Z min(Mt,Mr) (5. 3)

i=1

Hence the utility of the" transmitting node using MIMO communication

in WSN is obtained as

u’(s.s) = - LR, (f(yk)) (5.14)
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5.5.3 Pricing Formulation for VMIMO WSN

The utility function with pricing for power control game usiiylIMO is

expressed as

u’ (pricing) =u” (s,s, )-A" (3) (5.15)
where
min(M, ,M, )
A"(s)=c > S (5.16)

& min(M,M,)
554  Power Efficiency of VMIMO WSN

The power efficiency considering in VMIMO WSN is given as

_(1- BER)F
Nvmivmo ~ T (5,17)

min(M,, M, )

Consider node ‘i’ has data to transmit to node ‘k’. Thadde then selects
the cooperative nodes for communication based on the distance iaudlresergy
using the coalitional game. Then it runs a non cooperative poeverol game to
decide on the optimal power at which the cooperative nodes should bpito
reach the NE. The node ‘i'along with the cooperative nodes tiautisendata to
receiving cooperative nodes. The receiving cooperative nodesrdmsmit the data

to the node ‘k’ using this optimal power.

The flowchart of the proposed game is given below in Fig.5.3
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No

Check any node has

data to transmit?

Node ‘I' has data to transmit

A 4

Perform coalitional game telect
cooperative nodes (WM,) for
communication based on distance and

residual energy

»
»

Idle state

Calculate the utility of node ‘i' with/without
pricing at transmit power, s

S=S+1

No

Yes

Power of ' node at NE=s

Transmit the data with power s

Fig.5.3. Flowchart of the power control gameusing VMIMO
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5.6 RESULTSAND DISCUSSION

The analysis of the power control game using VMIMO isiedrout using
MATLAB 7.0. The number of transmit and receive antennas use@,&8eand 4.
The cooperative nodes (M) are 2x2, 3x3, 4x4. The performance of cooperative
MIMO with STBC using coalition game is evaluated in ternfisutility, energy
consumption incurred in the transmission of data packets from saardbe
destination node and network lifetime. The simulation parametsesl for the
analysis of VMIMO WSN is listed in Table 5.1.

Table 5.1 Simulation parametersfor VMIM O WSN

Parameter Value
Network area (A) 100x100m
Number of nodes (N) 100

Noise spectral density?) -171dBm/Hz
Channel bandwidth (W) 1MHz
Data Rate (R) 20 kbps
Transmit power (SSmax) (1-100)mwW
Path loss component (h) 2

Initial energy of the node (E 5J
Modulation technique QPSK

56.1  Utility for VMIMO WSN

The utility without pricing for various diversity orders (2>8%3 and 4x4)
is shown in Fig.5.4. It can be discerned from this figure thhtyubr 4x4 antenna
configuration is 4.97x0bits/joule at the transmission power of 0.016W whereas
3x3 and 2x2 MIMO configurations provides the utility of 3.534Xis/joule and
1.985x18 bits/joule at the transmission powers of 0.0217W and 0.0338W
respectively. The increase in utility is achieved duénéoreéduction of BER because

of MIMO configurations.
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Fig.5.5. Utility with pricing for VMIMO WSN
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Fig.5.5 demonstrates the utility with pricing of 4x4, 3x3 an@ BHMO
system using STBC schemes. It is evident from this digiiat the utility with
pricing is greater than the utility without pricing. An increaseutility by 4% is
obtained by introducing the concept of pricing. This is due to the cdapera

induced by the concept of pricing.
5.6.2 Power Efficiency of VMIMO WSN

Fig.5.6 shows the power efficiency attained in the caseooperative

MIMO scheme for varying SINR and transmitting power.

0.15

0.1

Power efficiency

100

SINR in dB

Power (mW)

Fig.5.6. Power efficiency for VMIMO WSN

It is discerned the power efficiency decreases below themman if the
transmit power is increased at high SINR. At low SINR posféciency is very low
for all power levels. 3x3 and 4x4 MIMO scheme provide a sigaiti¢mprovement
in power efficiency compared to 2x2 MIMO. Considering a SINR50B 4x4
MIMO scheme provides 11% and 6% increase in power efficiency cechga
2x2and 3x3 MIMO scheme respectively. This is due to the multiplenaats used

during transmission and reception.
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5.6.3 Energy Consumption Analysisof VMIMO WSN

The energy consumption of various diversity orders (2x2, 3x3 andfdix4)
STBC based cooperative MIMO scheme using coalitional gsmaresented in
Fig.5.7.

Energy consumption (J)

u] 20 a0 = 1] a0 100 120 140 180 180 200
Distance [m)

Fig.5.7. Energy consumption analysis for various diversity ordersfor VMIMO
WSN

From this figure it is evident that as the distance betwtbe transmitter
and receiver increases, the energy consumption of the node graithcadigses.
STBC based 2x2 MIMO considerably reduces the energy consumption by 54%
compared to SISO system, whereas 3x3 MIMO reduces the energyngaiion by
16% compared to 2x2 MIMO scheme. Incorporating 4x4 MIMO further redbees
energy consumption by 20% compared to 3x3 MIMO scheme for a distance of
100m. The decrease in energy consumption is due to the increasersgitgliorder.
However, the maximum number of cooperative nodes used for siomulet
restricted to four as further increase of it introduces hamela@mplexity and cost of
the system providing a little reduction in energy consumption.
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Ernergy consumption (1)
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Dristance (m)

Fig.5.10. Energy consumption analysis considering receive diversity for
4 transmit antennas

The energy consumption considering receive diversity fo8 Znd 4
transmit antennas are presented in Figs.5.8, 5.9 and 5.10 respettigbker order
MIMO scheme requires lesser transmission power, however witleasiog
antennas the circuit power increases. Furthermore the wariaih the
communication distance leads to different proportion between trasiesmiand
circuit energies. Specifically, with increase in distatibe transmission energy
increases while the circuit energy remains approximately thee.s&or smaller
distances, circuit power dominates, and hence lower diyesier is more energy-
efficient than higher orders, whereas for longer distancessrirission power

dominates and higher order MIMO schemes are energy efficient.
56.4 Network Lifetime Analysisof VMIMO WSN

Fig.5.11 shows the network lifetime of VMIMO WSN with theia#ion in
distance. As the diversity order increases, the energy consanagicreases and the

network lifetime increases.
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network lifetime (hr)

Distance (m)

Fig.5.11. Network lifetimefor VMIMO WSN

For a distance of 100m, it is inferred from Fig.5.11 that incotpay&x3
MIMO increases the network lifetime by 93% compared to 2x2 MIstheme. 4x4

MIMO increases the network lifetime by 15% compared to 3x3 Mi8¢heme.

5.7 POWER CONTROL WITH MIDRS CODES IN HEXAGONALLY
DEPLOYED VMIMO WSN

ECC schemes can improve the system performance and hapact on
energy consumption. In particular, the error-correcting capaktibrs of the MID
algorithm of MIDRS code is greater for all rates which thgrenaximises the
energy efficiency of WSN. Further, hexagonal topology requires mesnber of
active nodes, which inturn reduces the number of interfering nodes N. WS
Moreover, the communication in WSN occurs in tough environment whichesnabl
MIMO to be suitable for robust communication, by sending redundant iafmm
over the multiple antennas. The advantages of MIDRS, aldtly vexagonal
deployment and MIMO schemes can be considered to provide powenlcontr

solution for WSN in multipath fading environment. This section ol a power
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control solution considering MIDRS code in hexagonally deployed VOIIWSN
using game theoretic approach.

5.7.1  Utility Formulation for Hexagonal Deployment using MIDRS Codesin
VMIMO WSN

The utility function of the transmitting node for hexagonal deployment
using MIDRS codes in VMIMO WSN is obtained as

v, R LR
u (S. 1S.i)M|DRS _kz_; min(M, .M, ) ‘ s (f(Yk)MmRs) (5.18)
~F -
S min(M_,M,)
BER for MIDRS code is derived as
m-1 NMiDRs |
BER one = -2 b Ty 1 e (5.19)
nMIDRS i=tymiprs +1 nMIDRS J

Substituting the efficiency function given in eqn. (3.11) in egn.(5th&),
utility function of the ' node becomes

v ik LR
uil (S’l S )MIDRS :; min(M, ,M,) ‘

- ; min(M M)

((1-2BER,pr6)") (5.20)

Substituting eqn.(5.19) in eqn.(5.20), the utility function of theddes is
given as

F
v _Mr LR 2m-1 NvibRrs j+t nMIDRS . o
(58 s D Uu{ P e
“F Z MIDRS [=tuprs*l ' 'MIDRS

< min(M,,M,)

(5.21)
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5.7.2  Pricing Formulation for Hexagonal Deployment using MIDRS Codes
inVMIMO WSN

The utility of the " node with the pricing function included for hexagonal
deployment using MIDRS codes in VMIMO WSN is obtained as

u? (pricing)yors =U," (.S, Juors A" ($) (5.22)
Substituting eqn.(5.20) in egn.(5.22), the utitifthe I" node is obtained as

S R LR,
U‘ (prICIng)MIDRS _Z min(M, ,M,)

=
- ; min(M,,M,)

((1-ZBERAIDRS 5)' A ($ (523)

=

On substituting egn.(5.19) in egn.(5.23), the utility function of thedde
is given as

F
v .. M, LR 2m-1 "yiogs j+t n i 5 v .
U“ (prlcmg)wDRS :Z min(M, ,M,) : [[1-{n Z J MIDRS( MIPRSJQJ (1'Q j MMMMM l]] J_ 8 ($
= Z S

MIDRS j=twiprs* 1 Myiors J
= min(M_M,)

(5.24)

The power efficiency considering MIDRS code in \R WSN is given as

— (1' BERMIDRS )F

Nmibrs_vMiMo — S
i

min(M,M,)

(5.25)

5.8 RESULTSAND DISCUSSION

The analysis of the power control game using MIDRS code in bagily
deployed VMIMO WSN is carried out using MATLAB 7.0. The perfame is
evaluated in terms of utility, energy consumption for transmissfoiata packets

from source to the destination node and network lifetime.
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Table5.2 Simulation parameters for hexagonal deployment using MIDRS
codesin VMIMO WSN

Parameter Value
Network area (A) 100x100r
Maximum energy of a node 5J
Length of the code word in MIDRS codey(pks) 62 bytes

Number of information symbols in MIDRS codeu(zs) | 58 bytes

Modulation technique QPSK
Number of encoders in MIDRS (W 2
Number of transmit and receive antennas 2X2, 3x3, 4x4

5.8.1  Utility for Hexagonal Deployment using MIDRS Codes in VMIMO
WSN

Utility in bits/J

|

|

.

|

|
0 0.01 0.02 0.03 004 005 0.06 0.07 008 009 01
Transmission Power in W

Fig.5.12. Utility of the game without pricing for Hexagonal Deployment using
MIDRScodesin VMIMO WSN
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Utility in bitsil

0 ool o002 003 004 005 OO0 0O 008 009 01
Transmission Power in W

Fig.5.13. Utility of the game with pricing for Hexagonal Deployment using
MIDRS codesin VMIMO WSN

Figs.5.12 and 5.13 elucidate the utility as a function of tresssam power.
Simulation results prove that 4x4 MIMO scheme with MIDRS qoarides nearly
42% increase in utility for 26% reduction in power as compaoe@x8 MIMO
scheme with MIDRS codingConsidering 4x4 MIMO scheme, the game without
pricing provide an utility of 5.5x%0bits/joule for a transmission power of 14mW;
whereas the game with pricing provides an utility of 5.8tits/joule for the same

transmission power, thereby offering 18% increase in utility.

582 Power Efficiency for Hexagonal Deployment using MIDRS Codes in
VMIMO WSN

Fig.5.14 showcases the power efficiency attained in the alas&IMO
scheme using MIDRS codes for varying SINR and transmitting pdwis assayed
that the power efficiency decreases below the maximum itrresmit power is
increased at high SINR. 3x3 and 4x4 MIMO scheme provide an impenteim
power efficiency compared to 2x2 MIMO. This is due to the mul@plennas used

during transmission and reception.
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Fig.5.15. Energy consumption for various diversity orders for Hexagonal



The energy consumption of various diversity orders (2x2, 3x3 andfdix4)
STBC based hexagonally VMIMO scheme using MIDRS code is mexsen
Fig.5.15. From this figure it is manifested that as the nitgtabetween the
transmitter and receiver increases, the energy consumptitre aiode gradually
increases. 3x3 MIMO with MIDRS coding reduces the energy consumptiah%y
compared to 2x2 MIMO scheme. Incorporating 4x4 MIMO further redubes
energy consumption by 26% compared to 3x3 MIMO scheme for a distance of
100m.

584 Network Lifetime for Hexagonal Deployment using MIDRS Codes in
VMIMO WSN

network lifetime (hr)

Distance (m)

Fig.5.16. Network lifetime for Hexagonal Deployment using MIDRS codes in
VMIMO WSN

Fig.5.16 shows the network lifetime with the variation intatise. For a
distance of 100m, it is inferred from this figure that incoatiog 4x4 MIMO

increases the network lifetime by 14 % compared to 3x3 MIMO sehem
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5.9 SUMMARY

A coalitional game utilising cooperative transmission in esel sensor
network has been explored to maximise the network lifetime. Ttferpence of
the cooperative MIMO system is evaluated for various orderdivarsity with
STBC technigue in terms of energy and network lifetime. Sinamaesults prove
that 4x4 MIMO configuration performs better than its countespartterms of
utility. Increase in utility by 4% is achieved by incorporatingcioig mechanism in
the power control game. The network lifetime is enhanced by 15% 484 MIMO
scheme compared to 3x3 MIMO scheme. With increase in thesdiverder the
energy consumed is reduced significantly and the networkniiéeis enhanced. This
results from the reduction in BER and diversity gain of higher roM&MO

configurations.

Hexagonally deployed VMIMO utilising STBC along with MIDRS code
enables to achieve higher energy savings and longer netwetiknéf by allowing
nodes to transmit and receive information join8ymulation results prove that 4x4
MIMO scheme with MIDRS code provides nearly 42% increasatility for 26%
reduction in power as compared to 3x3 MIMO scheme with MIDBSng. With
the inclusion of MIDRS code in VMIMO WSN the energy consunmgededuced
significantly and the network lifetime is enhanced. 4x4 MIMO coresi26% less
energy consumption for packet transmission than 3x3 MIMO configuration.
The network lifetime is enhanced by 14% for a 4x4 MIMO schepmapared to
3x3 MIMO scheme.
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CHAPTER 6

POWER CONTROL GAME USING AMC

6.1 INTRODUCTION

In a WSN, each node transmits its information dierair and is prone to
fading and other impairments. The data transmiiteh the sensor nodes is highly
susceptible to error in a wireless environment Wheads to higher packet loss and
thereby increases the transmit power. Error cortoaling is used to improve the
system performance and is shown that ECC savegyeasrcompared to uncoded
data transmission. Further to mitigate the fadirifeots in wireless channel,
diversity techniques can also be used. Multi-Indutti-Output scheme technology
has the potential to enhance channel capacity addce transmission energy
consumption particularly in fading channels. Anothay to combat fading is the
use of adaptive modulation which allows a wirelegstem to choose the highest
order modulation depending on the channel conditisrhile ensuring that no
harmful interference is caused to other nodes [1$8jce the non-adaptive methods
require a fixed margin to maintain acceptable pertmce when the channel quality
is poor, adaptive approaches result in betterieffy by taking advantage of the
favourable channel conditions. After the physiegldr sets the optimal modulation
level, it will adjust the transmission power tolskze at the optimal transmission
power by the feedback based power control schefme.afaptation of modulation

and coding for controlling the transmission povgecansidered in this chapter.

6.2 ADAPTIVE MODULATION AND CODING

Spectrally efficient communication techniques afegreat importance in
wireless communications. To improve the spectrdiciehcy particularly over
wireless fading channels, adaptive modulation mk Adaptation is used. Adaptive

modulation offers parameters such as data ratesrtria power, instantaneous BER,
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symbol rate, and channel code rate to be adjustative to the channel fading, by

exploiting the channel information that is presathe transmitter.

A simple block diagram, of an adaptive modulascheme, is shown in
Fig.6.1.

Coding R Fading .| Detection
modulation “|  channel "
A A
Channel
estimation
Y
Channel
prediction

Fig. 6.1. Block diagram of adaptive modulation scheme

Adaptive modulation systems invariably require sor@hannel State
Information (CSI) at the transmitter. This could aequired by estimating and
predicting the channel conditions at the receivet fed back to the transmitter, so

that the transmission scheme can be adapted eetatihe channel characteristics.

During each transmission, the modulation schenaaljgsted to maximize
the spectral efficiency, under BER and average poweastraints, based on the
instantaneous predicted SINR. The various modulatgzhniques such as QPSK
and M-ary Quadrature Amplitude Modulation (M-QAMghemes with different
constellation sizes are provided at the transmiftee link adaptation can employ
QPSK for noisy channels, which are more robust @amd tolerate higher levels of
interference but has lower transmission bit rateQ®M is adapted for clearer
channels, and has twice higher bit rate but is rpavee to errors due to interference
and noise. Hence it requires stronger FEC codingclwin turn means more

redundant bits and lower information bit rate.
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To improve the quality of the wireless link thartsmitter uses some form
of channel coding. The coding can either be in tifaglitional form of coding
followed by modulation (each done independent ef dther) or joint coding and
modulation [138]. Coding (more specifically, FEQ)da redundant bits to the data
bits which can correct errors in the received Aite degree of coding is determined
by its rate, which is the proportion of data bitscbded bits. This typically varies
from 1/8 to 4/5. In short when the channel chanpesCSI is estimated at the
transmitter and the transmitter decides the moiduand coding parameters to be

used.

6.3 GAME THEORETIC MODELLING FORAMC

In a non-cooperative game for power control uskigC, each node
adjusts its modulation type and power to maximisecobrresponding utility. The

game is defined as a triple G =[N;{#;},Ui]

where
N ={1, 2, 3....x} is the set of players,
{Si, Mj} is the set of actions, available for the playietd make a decision.

U= {ui, W ,.., y} is the payoff that results from the strategy jjeof

Each node selects modulation and codingvh and the corresponding
power level §1S from the set of actions. The various modulatigrety considered
are QPSK, 16QAM, 32QAM, 64QAM with code rates 1%, 1/4, 1/3, 1/2, 2/3,
4/5. The power levels available vary from minimuansmission power levekg to

maximum transmission power levegl.sand are chosen to be continuous.

Since the game is an iterative process, the Hayer allowed to select the
strategy (power level, modulation type with codirtgat maximizes their utility
function for each iterative process. At the reaagvend channel SINR is estimated
and predicted and then fedback to the transmittesetect the suitable Modulation
and Coding Scheme (MCS) from the strategy set tdamiae utility at that SINR.
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6.3.1  Utility Formulation for AMC

Consider node ‘i’ is transmitting data to the sitdde. The SINR of thd"i
node ¢, ) considering the residual energy is given as,

- 2 (6.1)
Z h,s —™ +c°

The prime objective of each node is to maximize utility without
consuming much power. The utility function for AMEgiven as

Uj (ﬁ 3 ) = e, McH = MsymReoding (Yi)

(6.2)
where

M sym

is the number of bits of each symbol that cambeulated by the
type of MCS selected

Reoding IS the coding efficiency

The efficiency functiom(yi) is given as

FxM
f(vi)=(1-2r) "om (6.3)
The AMC selects appropriate MCS according to thange of SINR in
order to maximize the effective modulation and aéincy. The nodes iteratively

decide its transmission power level by maximizitg utility function. The ideal
AMC is given by

Neff AMC = max(”eff,Mcr“efr,Mcz-"-”eff,MCn) (6.4)

From the non cooperative nature of the gameiitfexred that, an attempt

to maximize the utility of a node consumes maxinpower. This creates excessive
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interference, leading to performance degradatios.aAsolution to this problem,
pricing is introduced and this induces a degreeooperation among players, brings
an improvement in system performance by penalittiegselfish players (nodes) and
enables the nodes to communicate with a relatil@ly and stable transmission

power.

The pricing function is given by,

A(s) = ch$% (6.5)

The utility function with pricing considering AM( given by
u(sv)=u(sx)-As) (6.6)

The flowchart of the proposed game is given in@:8 The main objective
of this game is that each transmitting node adjitstenodulation type and power
level in order to maintain certain QoS under thest@int of target BER and SINR
requirement. It is assumed that source node ‘i’'dea to transmit to the sink node.
The first step in the game is to initialize theestiold SINR values for various
modulation types. Based on the residual energyhefriode, current SINR of the
channel is calculated and compared with threshthtRS/alue. If the current SINR
is less than or equal to 8dB, QPSK modulation ajtpropriate coding scheme that
maximizes the utility is selected. On the otherchénthe current SINR is greater
than 8dB and less than or equal to 12dB, 16-QAM utaithn with suitable coding
scheme is adopted. 32-QAM with coding is selectade SINR range falls within
12dB and 14dB. Otherwise if the current SINR isagee than 14dB, 64-QAM with
proper coding scheme is chosen. Subsequently tlie malculates the utility
with/without pricing for the MCS selected. If thistility is not equal to the
maximum utility, then the power is incremented awedv utility is calculated. This
step is repeated until to obtain maximum utilityhere the NE point exists. The
power at this point is the optimal power and isgivy

S =arg;gg>{ u( s )} (6.7)
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Initialise power (3= {Smin-Smagh
threshold SINR,

Check any node has
data to transmit?

Idle state

Node ‘i’ has data to transmit

A 4

Calculate current SINR based on residual
energy

If current SINR < 8dB

Select QPSK with appropriate
coding scheme

If current SINR< 12dB

Select 16-QAM with appropriate
coding scheme

If current SINR< 14dB

Select 32-QAM with appropriate
coding scheme

Select 64-QAM with appropriate
coding scheme

8€




;®

v

Calculate the utility of node ‘i' with/without piiog at
transmit poweris

| S=S+1

No

Yes

Power of ' node at NE 5s

\ 4
Transmit the data

Fig. 6.2. Flowchart of the proposed power control game with AMC

6.4 RESULTSAND DISCUSSION

The performances of the power control game usihgCAfor wireless

sensor network are evaluated using MATLAB 7.0 inmte of utility, power

efficiency and energy consumption. The simulatioarameters are listed in

Table 6.1.

Table 6.1 Simulation parametersfor AMC

Simulation parameters Description

Network area 100x100m

Transmit power $rin:Smaxt | 1-100mw

Channel Bandwidth 1MHz

Noise spectral density -171dBm/Hz

Path loss component 2

Modulation techniques QPSK, 16-QAM, 32-QAM, 64-QAM
Code rates 1/8, 1/5,1/4, 1/3, 1/2, 2/3, 4/5
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6.4.1  Utility with AMC

The utility of the game with and without pricingresidering residual

energy check for various modulation techniquedisioed (Fig. 6.3).

9 H —— QFSK with pricing J ----------------- ----------------- '
————— 16-0AM without pricing
BH —+— 16-0AM with pricing ””””””””” """""""""
————— 32-QAM without pricing : : :
32-QAM with pricing
————— B4-0AM without pricing
| —+— Ba-0AM with pricing

SINR(UE)

Fig. 6.3. Utility of the game with energy check

From this figure it is evident that for QPSK mdation without pricing,
utility of 2 bps is obtained for SINR of 8dB, whaswith pricing 2.15 bps is
achieved, thereby providing 7.5% increase in wtilitAs the channel condition
improves higher order modulation schemes are salettt can be further seen from
this figure that the utility of the game withoutiging considering residual energy
check for various modulation techniques 16-QAM, @M and 64-QAM, for
SINR of 11dB, 13dB and 16dB are 3.8 bps, 4.5 bpk5a84 bps respectively. For
the modulation techniques 16-QAM, 32-QAM and 64-QANd for the same SINR
under consideration, the game with pricing providesty of 3.9 bps, 4.6 bps and
6.1 bps respectively.

Pricing scheme provides nearly 26% increase ilityutompared to that
without pricing. The improvement in utility is du pricing which induces
cooperation among players and brings an improvernmesystem performance by
punishing the selfish nodes. This enables the ntmdesmmunicate with a relatively
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low and stable transmission power. The utilityted game with and without pricing

for the various modulation schemes adopted is #abdlin Table. 6.2

Table 6.2 Comparison of utility of the game with energy check

Modulation Utility without | Utility with
SINR(dB) scheme selected pricing (bps) | pricing (bps)
8 QPSK 2 2.15
11 16-QAM 3.8 3.9
13 32-QAM 45 4.6
16 64-QAM 5.94 6.1
/0 [ e m e e e g e,

; —+—Withaut energy check !
N R [ B TE et With energy check without pricing [

—4—\/ith energy check with pricing

Utility {bits/s)

SINR(dE)

Fig.6.4. Utility of the game using AM C with and without energy check

Fig.6.4 shows the utility function of the gameRMC for varying SINR
with and without residual energy check. From thgurfe it is evident that, on
considering QPSK modulation, without residual egectbeck maximum utility is
obtained for a SINR of 10dB, whereas with residuargy check it is attained at a
SINR of 8dB thus providing 30% improvement in dyiliSince SINR is directly

related to transmission power, the increase intyui$ due to the reduction in the

number of interfering nodes in the network.
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Fig.6.6. Utility of the game with pricing for QPSK modulation

The utility of the game with and without pricingrsidering residual
energy check and QPSK modulation for various aatkes are shown in Fig.6.5 and
Fig.6.6 respectively. As the coding efficiencyregses the utility increases. It is
manifested from the figures that, the game withmriding provides an utility of 1.5
bps, whereas with pricing an utility of 1.8 bpsahieved, thereby providing 20%
increase in utility for a SINR of 7dB and codingi@éncy of 4/5.
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AMC without pricing
AMC with pricing

Uity (hits/s)

SINR(dE)

Fig.6.7. Utility of the game using AM C with and without energy check for
coding efficiency of 4/5

Fig.6.7 shows the utility of the adaptive gamehwéind without energy
check for coding efficiency of 4/5. The figure d#p that with the change in
channel condition various modulation schemes aoptad, so that higher utility is
achieved. QPSK modulation is adopted during workangel conditions. It is
manifested from figure 6.4 that, the game withautipg provides an utility of 1.5
bps, whereas with pricing an utility of 1.6 bpsaishieved, thereby providing 6%
increase in utility for a SINR of 7dB and codindgi@éncy of 4/5. Higher order
modulations with higher coding rates are adoptedrwkhe channel condition
improves. If the current SINR is greater than 8d@ Bess than or eqaul to 12dB 16-
QAM is adopted. It is obvious from the figure tteita SINR of 11dB, the game
with pricing provides an increase in utility by 13%mpared to that without pricing.
At a SINR of 14dB, the game without pricing givesuility of 3.7 bps. The game
with pricing provides an increase in utility by 8émpared to that without pricing.
Considering 64-QAM, it is apparent that at a SINR'6dB and a coding efficiency
of 4/5, game without pricing provides a utility 4f5 bps. The game with pricing

offers an incentive in utility by 13% compared at without pricing.
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6.4.2 Power Efficiency with AMC

Power efficiency considering the QPSK, 16-QAM,@2aM and 64-QAM

schemes is shown in Fig.6.8.

Power efficiency

S SsSsss
N =N NN

SINR in dB 0

Transmission Power (mW)

Fig.6.8. Power efficiency for various modulation techniques

Higher rate modulation schemes are adopted dyrérgpds of low fade.
Periods of high fade lowers the effective SINR, kowd rate modulation are adopted
to make transmission more robust. It is inferneah the figure that at high SINR
increasing the transmitting power unnecessarilyraises the power efficiency
below the maximum. Hence at high SINR, a node shtransmit at low power to
maximise its power efficiency. At low SINR the pavedficiency is very low for all
power levels and hence the node should not transnder such worse channel
conditions. When the channel condition is poor siysem adopts QPSK modulation and

shifts to higher order modulation with improvemienthannel condition.

6.4.3 Energy Consumption with AMC

The energy consumption of the node in Joules fmious modulation
schemes with coding efficiency of 4/5 is determin@dble.6.3 demonstrates the
energy consumption of the node at a distance of B@mvarious modulation

schemes with coding efficiency of 4/5
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schemes and coding efficiency of 4/5

Table6.3 Energy consumption at a distance of 50m for various modulation

Energy Consumption(J)
SINR(dB) | QPSK 16 QAM | 32QAM 64 QAM
8 0.01395 | 0.01769 0.02144 0.0251¢
11 0.04985| 0.03124 0.03683 0.04231
13 0.06479 | 0.06126 0.05121 0.05789
16 0.07805 | 0.07284 0.06764 0.06244

From this Table 6.3 it is evident that as the SINRreases the energy
consumption of the node gradually increases. Unagst channel condition QPSK
is more energy efficient by 21%, 35% and 44% compan 16-QAM, 32-QAM and
64-QAM respectively. With the change in channeldibon appropriate modulation
scheme is adopted to provide energy efficient comoation. For the SINR of
16dB, 64 QAM is adopted and the energy consumpsioeduced by 7%, 14% and
20% compared to 32-QAM, 16-QAM and QPSK respecyivel

6.5 SUMMARY

An energy efficient adaptive modulation and codiogpower control and
lifetime enhancement in WSN using game theoretpr@gech taking into account the
residual energy of the nodes has been analysedgdime is designed such that,
appropriate modulation and coding is selected basedthe current channel
condition. The utility of the nodes without resitliemergy check and with residual
energy check are compared. The maximum utilitybgimed when energy check is
considered. With the inclusion of pricing the iféeence among the nodes due to
the optimizing behaviour of a particular node ipmessed. Further the result shows
that employing residual energy check with pricictiaves the best response for the
sensor nodes.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 GENERAL

An attempt has been made in the present work harare the lifetime of
WSN through game based power control approach iog BCC, appropriate node
deployment scheme, MIMO technique and AMC. The sammsalient conclusions

and scope for further research work are presentdds chapter.

7.2 SUMMARY

The advancements in wireless communication havtatéd the need of
WSN with infrastructure free support to intervenghwhostile environment. The
principal deliberation of WSN has been to save gnand to enhance the lifetime

of the network.

In the present work, an attempt has been madevelap a game theoretic
framework considering ECC to improve the sensowag lifetime. In addition, a
proper node deployment scheme that minimizes timebeu of interfering nodes in
the network has been analysed to minimize poweswoption of the sensor node.
Moreover, channel fading and interference whicligases the energy consumption
of sensor nodes are mitigated by employing diverssichniques. Cooperative
MIMO schemes that provide diversity gain were usededuce the retransmission
probability so as to improve energy savings. Diigrgechniques involving space
time block code have been visualized in this wdrke sensors are deployed in
harsh environments and left unattended. To maxintize utility in such
environment, adaptive modulation and coding schehaa® been incorporated to

devise the power control game.
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7.3 CONCLUSIONS

Power Control Game using ECC

The performance of the proposed power control gasiag ECC was

examined through simulation analysis and compaiigdthve uncoded scheme.

. Uncoded scheme provided a maximum utility of onl@46x1G
bits/joule for a transmission power of 36mW. The && MIDRS
coding schemes achieved the utility of 5.54%hits/joule and
6.4x10 bits/joule for a transmission power of 28mW andn®¢
respectively. The increase in utility and decreasdransmission
power of the game with MIDRS coding is due to theager error-

correction radiusviprs of the MID algorithm.

. The utility of the power control game with pricisgheme was more
than the power control game without pricing scheffige pricing
scheme has increased the utility by 6% by implicithducing
cooperation and yet maintaining the non cooperatiatire of the

resulting power control solution.

. RS and MIDRS codes have improved power efficiengy8b% and
43% respectively over uncoded scheme for a paaticBINR value
of 7dB.

. The game with RS and MIDRS codes decreased thegyener
consumption by about 28.6% and 38.7% respectiv@lyhfe spacing

of 50m between the source and the sink.
Power Control Game with Deployment Schemes

A game theoretic model with pricing for power aohtaking into account
the residual energy of the nodes in a sensor nkteanrsidering various deployment

schemes has been analysed.
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. The maximum utility was obtained at minimal transsion power
for hexagonal deployment scheme. It is due to #ss Inumber of

active and interfering nodes in hexagonal deployrseheme.

. The game theory model with pricing considering deal energy
check has significantly increased lifetime thanhaiit pricing and

energy check scheme.

. The lifetime of hexagonally deployed WSN using desil energy
check scheme with pricing was 55% and 66% highethie distance
of 20m and 35m respectively than without residua¢rgy check

scheme.

. Also, the residual energy check scheme with pricobieved 14%
and 40% higher network lifetime for 20m and 35npesdively than

network without pricing.

Power Control GameusingVMIMO

Further, virtual MIMO scheme utilising STBC wapounded to combat
channel fading effects to ensure packet transnmssietween sensor nodes. The
performance of the VMIMO system was evaluated farious orders of diversity
with STBC.

. Simulation results disclosed that 4x4 MIMO configtimn with space
time code, perform better than other diversity esddhe pricing
mechanism incorporated in the power control ganweassed the
utility by 4%.

. Further, the energy consumption has been significaeduced with
increase in the diversity order. The network lifegi was 15% higher
in 4x4 MIMO scheme than in 3x3 MIMO scheme. Theréase in
lifetime of the network is due to the reductionBER and diversity

gain of higher order MIMO configurations.
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. The 4x4 MIMO scheme with MIDRS code achieved ab&R%
higher utility with 26% reduction in power than 3k8MO scheme
with MIDRS coding.

. Further, 4x4 MIMO with MIDRS code consumed 26% les®rgy

for packet transmission than 3x3 MIMO configuration

. Also, the network lifetime for a 4x4 MIMO schemetwiMIDRS
code was 14% higher than 3x3 MIMO scheme.

Power Control Gamewith AMC

Finally, the game theory based energy efficierapiste modulation and
coding for power control has been analysed to et#hdhe lifetime of WSN by

taking into account the residual energy of the sode

. An utility of 1.5bps and 1.6bps is achieved at BIFSlof 7dB with
QPSK modulation for the game without and with pricrespectively.
The pricing scheme has provided 6% higher utiligrt without pricing

scheme.

. The game with pricing provided 13% higher utilitgab without
pricing at a SINR of 11dB with 16-QAM modulation.

. The game without pricing achieved an utility of 8fs at a SINR of
14dB with 32-QAM,. The game with pricing provide®o8higher
utility than without pricing.

. Further, the game without pricing provided an tytilbf 4.5bps at a
SINR of 17dB with 64-QAM. The game with pricing eféed an

incentive of 13% utility than without pricing.

. The rise in SINR has increased the energy consomputi the node

gradually. It has been observed that, QPSK is reasxgy efficient by
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21%, 35% and 44% than 16-QAM, 32-QAM and 64-QAMoegively

under worst channel condition. The energy conswnpdf a node at
SINR of 16dB with 64-QAM was 7%, 14% and 20% lelsant 32-

QAM, 16-QAM and QPSK respectively.

The outcome of the present work shows that thigyuis enhanced and
energy consumption is reduced significantly witle fower control games using
ECC, various deployment schemes, VMIMO and AMC. Tgreposed energy
efficient techniques can increase the lifetime efwork to a great extent to serve

diverse applications.
7.4 SCOPE FOR FURTHER WORK

The following are some of the potential areas thaght be interesting for

researchers to pursue and explore in future.

i. The algorithms can be plugged to real test-bed ttadys the

performances.

ii.  Efforts can be made to provide an energy efficgattition by using
other power control techniques such as water djlatgorithm in the

game based approach.
iii.  Node sleep/wake schemes for power control can pleed.

iv. The game theoretic approaches pertaining to thespiat layer of
sensor network for end to end communication can bk an area

worth to be investigated.
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