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Abstract

Cooperative communications have emerged as a significant concept to improve reliability and
throughput in wireless systems. In cooperative networks, the idea is to implement a scheme in
wireless systems where the nodes can harmonize their resources thereby enhancing the network
performance in different aspects such as latency, BER and throughput. As cooperation spans
from the basic idea of transmit diversity achieved via MIMO techniques and the relay channel,
it aims to reap somewhat multiple benefits of combating fading/burst errors, increasing
throughput and reducing energy use. Another major benefit of cooperation in wireless networks
is that since the concept only requires neighbouring nodes to act as virtual relay antennas, the
concept evades the negative impacts of deployment costs of multiple physical antennas for
network operators especially in areas where they are difficult to deploy. In cooperative
communications energy efficiency and long network lifetimes are very important design issues,
the focus in this work is on ad hoc and sensor network varieties where the nodes integrate
sensing, processing and communication such that their cooperation capabilities are subject to
power optimisation. As cooperation communications leads to trade-offs in Quality of Services
and transmit power, the key design issue is power optimisation to dynamically combat channel
fluctuations and achieve a net reduction of transmit power with the goal of saving battery life.
Recent researches in cooperative communications focus on power optimisation achieved via
power control at the PHY layer, and/or scheduling mechanism at the MAC layer. The approach
for this work will be to review the power control strategy at the PHY layer, identify their
associated trade-offs, and use this as a basis to propose a power control strategy that offers
adaptability to channel conditions, the road to novelty in this work is a channel adaptable power
control algorithm that jointly optimise power allocation, modulation strategy and relay

selection.
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Thus, a novel relay selection method is developed and implemented to improve the
performance of cooperative wireless networks in terms of energy consumption. The relay
selection method revolves on selection the node with minimum distance to the source and
destination. The design is valid to any wireless network setting especially Ad-hoc and sensor
networks where space limitations preclude the implementation of bigger capacity battery. The
thesis first investigates the design of relay selection schemes in cooperative networks and the
associated protocols. Besides, modulation strategy and error correction code impact on energy
consumption are investigated and the optimal solution is proposed and jointly implemented
with the relay selection method. The proposed algorithm is extended to cooperative networks
in which multiple nodes participate in cooperation in fixed and variable rate system. Thus,
multi relay selection algorithm is proposed to improve virtual MIMO performance in terms of
energy consumption. Furthermore, motivated by the trend of cell size optimisation in wireless
networks, the proposed relay selection method is extended to clustered wireless networks, and

jointly implemented with virtual clustering technique.

The work will encompass three main stages: First, the cooperative system is designed and two
major protocols Decode and Forward (DF) and amplify and forward (AF) are investigated.
Second, the proposed algorithm is modelled and tested under different channel conditions with
emphasis on its performance using different modulation strategies for different cooperative
wireless networks. Finally, the performance of the proposed algorithm is illustrated and
verified via computer simulations. Simulation results show that the distance based relay
selection algorithm exhibits an improved performance in terms of energy consumption
compared to the conventional cooperative schemes under different cooperative communication

scenarios.
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Chapter 1: Introduction

This chapter provides a brief introduction of the thesis. This includes the research motivation,

research scope, problem formulation, the thesis contributions and the thesis structure.

1.1 The Evolution of Wireless Communications

Wireless networks have progressed over several generations, improving in terms of quality of
services (QOS) through different aspects such as coverage area, mobility and data rate. The
first generation of the wireless technologies were implemented in the 1980s, where analogue
radio transmission was used to deliver basic voice services [1]. Following the first cellular
system launched in the early 1979 by a Japanese company called Nippon Telephone and
Telegraph [2]. However, the era of the cellular expanded into Europe few years later, with
similar analogue systems such as Nomadic Mobile telephones and Total Access
Communication Systems. Additionally, the Advanced Mobile Phone System was launched in
the United State, offering higher data rate, handover and roaming services [3 4]. Subsequently,
the second generation of mobile systems where announced around 1989, with digital
capabilities introduced and enhancement in terms of the spectrum efficiency, short message
services (SMS) and advanced roaming, followed by the third-generation networks providing
new range of services such as video calls, and broadband wireless data with larger network
capacity and improved spectral efficiency [5]. Consequently, the appearance of the fourth-
generation network was triggered due to the dramatic increase in subscribers and user demand,
offering higher speed data access, enhanced roaming services and broadband multimedia
amongst other services, in addition of the aim to achieve IP architecture [6]. Although, the
fourth generation haven’t fully established yet, there are several developments in the direction
of the fifth-generation wireless networks specifications in response of the enormous growth of

wireless communication services [7]. However, the vision of wireless communication systems

1

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.


file:///C:/Users/Mohamad/Desktop/PHDTHESIS/DRAFT1.docx%23_ENREF_13

stirred from traditional cellular telephone systems toward a new class of smart electronics
devices that can interact with each other in addition to providing connectivity between
computers, mobile phones, monitoring systems and internet connectivity [8]. Thus, current
wireless networks encompass wireless local area networks(LANS), wide-area wireless data
systems, satellite systems, wireless sensor networks (WSN) and Ad-Hoc wireless networks
with different coverage regions, performance requirements and different applications purpose
[9]. Moreover, wireless systems allow distributed control systems with remote devices, sensors
and actuators linked together via wireless channel offering new trend of wireless applications
that include voice, internet access, web browsing, paging, short messaging, subscriber
information services, file transfer, video teleconferencing, sensing, and distributed control [10].
However, different wireless applications have different performance requirements in terms of
data rate, bit error rates (BER) and delay. Consequently, various requirements make it difficult
to build one wireless standard that can satisfy all these requirements simultaneously. For
example, voice systems demand low data rate (around 20 Kbps) and tolerate high probability

of BER (around 10°*), while data systems require minimum 1 Mbps data rate and BER around

10°%. Thus, the hardware design of a wireless terminal, such as smart phone must operate in
multiple modes to support different applications with different requirements, with high
processing ability and very little power consumption [11]. Moreover, in wireless systems such
as Ad-Hoc networks, nodes do not have regular access to charger, and the finite battery energy
must be allocated efficiently across all layers which impact the wireless terminal design as
different operation modes demand different signal processing techniques executed using

different power levels [12].
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1.2 Motivation

With the explosive growth of wireless devices technology, high data rate applications and the
increase of mobiles subscribers’ number in the last decades, there has been a dramatic increase
in wireless data traffic [13]. Moreover, with applications such as mobile TV, video conference,
multimedia streaming video sharing, online gaming and real-time services, wireless devices
combine the capability of computer and the mobility of traditional cellular. Thus, to meet the
user expectation additional infrastructures are required at extra cost of deployment and are
considered as long-term evolution. Furthermore, with the prediction of higher growth in the
future, alternative techniques have been the focus of work to efficiently use the wireless
networks resources. In this regard, multiple input multiple output (MIMO), orthogonal
frequency division multiple access (OFDMA) and cooperative communications have been well
exploited in wireless networks and shown to be effective approaches to increase the network
throughput and provide improved performance by the diversity achieved [14 15]. However, the
deployment of MIMO is not always practical in wireless communications due to space
limitations and the extra cost of deployment. The implementation of cooperative
communication scheme, which spans from MIMO and relay channel concept, has shown as
significant concept that improves the performance of wireless networks. The concept of
cooperative communication has been paid increasing attention and widely studied to achieve
high quality transmission by optimising the networks resources. Hence, several cooperation
schemes, routing techniques and protocols have been proposed at the PHY and MAC layer
showing potential advantages to meet the requirement of the future wireless communication
systems [16 17 18]. In cooperative communication nodes coordinate, and cooperate reaping
benefits achieved in MIMO by forming virtual relay antennas, or implementing single relay

channel to forward a source signal message [19 20]. Cooperative communication schemes
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performance has been investigated in terms of outage probability, rate enhancement, channel

capacity, power optimisation, coverage extension and others performance metrics [21].

1.3 Motivation

With different challenges in telecommunication sectors, it has been pointed that more than 2%
of worldwide emission is caused by wireless communications, thus energy efficiency in
telecommunication sector has attracted significant attention [22 23]. The urgent need of energy
efficient communication was introduced into all wireless communication sectors, and research
directions were shifted toward efficient energy communication strategies. Thus, different
infrastructures, network architectures, new smart antennas, protocols, novel algorithms and
new techniques were proposed in the literature. The proposed solutions lead to fundamental
changes into the concept, structure of communication systems. Therefore, more attention was
paid toward improving the current strategies implemented in wireless communication.
Consequently, several energy efficient methods have been proposed such as Optimum resource
allocation [24], energy efficient cooperation and virtual cell clustering [25]. One of the best
solutions with high potential to reduce energy consumption is cooperative communication as
the implementation of those schemes do not require additional infrastructure benefiting from
the un-centralized architecture and the broadcast nature of wireless channel [26]. However, in
wireless network mobile node operates on battery and do not have regular access to charger.
The energy consumption is a vital functionality design issue especially for node equipped with
finite battery capacity where the replacement is difficult or impossible such in sensor networks
or Ad-Hoc networks [27]. Conversely, the benefit achieved via cooperation might come at the
price of power as nodes scarify their own limited energy in cooperative mode [28]. Therefore,
a trade-off between cooperation schemes and power consumption become the new design

challenge in cooperative wireless networks especially with the unimpressive and slow

4
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advancement in battery technology compared with recent development in mobile technology.
Hence, the question: does cooperative communication extend the battery life time of wireless

mobile device?

Since wireless communication is achieved by the transmission of energy between two
transceivers, the message should be received with sufficient power compared to the presence
of noise, interference and other destructive components in the wireless channel to distinguish
the original transmitted message (which is widely described as the signal to noise ratio (SNR).
Therefore, the transmission range is the vital parameter that degrades the quality of the signal.
The wireless system performance improvement when cooperative communication is
implemented is mainly due dividing the transmission path into shorter links. Thus, the relay
location is the major key design due to the impact on the total energy budget. This design issue
is addressed by relay selection technique, whereby the node with the best link quality and
minimize the total transmission distance is the optimal relay choice. Moreover, the cooperation
strategy is another vital design consideration in those schemes. Thus, relay selection methods,
channel condition, modulation strategy and power allocation technique are considered the

fundamentals of an energy efficient cooperative communications.

1.4 Research Scope

The design of an energy efficient cooperative communication can be addressed by the necessity
and benefits of cooperation, which raise the question of: when to cooperate, how to cooperate

and with whom to cooperate?

First cooperation is employed when direct transmission suffers from bad link quality or
transmission range limitation, then a source node might utilize a node(s) from an available set
to forward the signal to the destination whereby the total transmission power budget is

significantly reduced since the distances between transceivers are smaller compared to the
5
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direct transmission. Second, the cooperative node(s) selection is another consideration that
covers the relay location, source-relay and relay-destination link conditions and resource
allocation between involved node(s), considering the extra power consumption due to overhead
signalling and additional circuit operations. Finally, to achieve better energy efficiency
cooperation, modulation schemes and power allocation among participating nodes should be

chosen carefully based on some system metrics.

The aim of this work is minimizing the total transmission energy cost. Hence, the proposed
strategy encompasses two objectives: First, the relay selection technique jointly implemented
with an adaptable power control to the system necessities. Second, the optimal cooperation

strategy that encompasses the protocol and the modulation strategy.

The proposed method should be reliable, adaptive to channel condition and can be implemented
in non-centralized fashion networks. In this regard, a literature review is given to understand
the basic principles and implementation, advantages and drawbacks of cooperation schemes in
wireless networks. This review covers the nature of wireless channel and the metrics to achieve
better energy efficiency. Cooperative protocols are presented and analysed and computer

simulations have been carried out to investigate the details and performance.

A relay selection method based on the optimal relay location subject to channel condition
considering the circuit power consumption impact on energy consumption is proposed.
Moreover, the transmission power is allocated subject to the transmission path distance and the
channel condition. Furthermore, an adaptive modulation strategy is implemented, whereby the

source and relay(s) switch between different modulation strategies subject to power constraint.

1.5 Thesis Contributions

The major contributions of this thesis are summarized as follows:
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An energy efficient distance based relay selection method is proposed for cooperative
wireless networks, where simulation results show that the proposed method exhibits an
improved energy saving compared to other relay selection methods. The performance is
illustrated in terms of the energy cost per bit under bit error rate (BER) requirement for
different channel models under different cooperative scenarios. A detailed explanation of
the proposed method is provided in Chapter 3.

The impact of the modulation strategy is investigated through numerical and analytical
analysis and its shown that a reduction in total transmission energy cost can be achieved
via the optimal constellation size selection. Numerical examples are given and significant
energy saving is observed as the circuit energy consumption is minimized under different
channel conditions.

The error-correction code capability of reducing energy cost is investigated and the trade-
off between transmission energy time and circuit operation time is inspected. Thus, through
numerical results the correlation between transmission distance and energy consumption in
coded system are illustrated.

The energy consumption associated to the transmitting link and receiving link distances is
investigated. Therefore, the transmit energy is allocated based on the path length and the
channel condition. Simulation results illustrate the energy saving achieved at the source
and the relay.

An energy efficient distance based relay selection method is implemented in line with the
optimal transmission strategy. This encompass, the link quality impact on energy cost
evaluated through a predefined SNR threshold. Thus, relay(s) switch(s) between coded and
uncoded system and implement the optimal modulation strategy.

The proposed single relay selection method is extended to cooperative wireless networks

where multiple relays forward the source signal. The approach is to integrate the concept
7

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



of single relay selection method and employ the selection metric in virtual MIMO systems
where multiple relays participate in the transmission. Thus, the generalized distributed
space-time coding (DSTBC)scheme is implemented jointly with the proposed energy
efficient relay selection method. The proposed scheme achieves better performance in
terms of energy consumption under BER requirement.

e Inspired by cell size optimization, the proposed relay selection algorithm is implemented
in clustered wireless networks that require low latency. Multi-clustering technique is
proposed to minimize the energy consumption under delay and BER constraints. In this
regard, the modulation strategy and its impact on energy saving is investigated and MFSK

and MQAM modulation strategy are considered.

1.6 Thesis Outline

The rest of the thesis is organized as follows:

In Chapter 2, an overview of cooperative communication concept, protocols and relay
selections techniques is given. This includes the wireless channel characteristics and the
wireless system parameters affecting the performance in terms of energy consumption.
Moreover, the fundamental of energy efficiency in wireless communication is presented

through analytical analyses.

In Chapter 3, the proposed energy efficient single relay selection method is given. For this
purpose, the closed bit error rate (BER) expression form for coded and uncoded system in
AWGN and Rayleigh fading channel is derived using MQAM modulation. Energy
consumption closed form is derived, and the relay selection algorithm is presented.
Performance of the proposed algorithm is compared with different techniques through results

and simulations.
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In Chapter 4, the concept of distributed Space-Time Block Code (DSTBC) in cooperative
network where multiple relays participate in the transmission is presented. The energy
efficiency relay selection algorithm is extended to wireless system where virtual MIMO is
implemented. The energy consumption for different MIMO operation modes is derived and its
show through simulation results the improvement in terms of energy saving of the proposed

algorithm.

In Chapter 5, an energy efficient multi-clustering method jointly implemented with relay
selection is proposed. For this purpose, a brief overview of clustering concept and techniques
are given. Moreover, the energy consumption cost for MQAM modulation and MFSK
modulation in AWGN are derived. The proposed algorithm outperforms traditional multi-hop

transmission in terms of energy saving which is illustrated through simulation results.

Chapter 6 concludes this thesis where a summary of the thesis and the future research to be

carried out are given.
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Chapter 2: Concept of Cooperative

Communication

In this chapter, an overview of cooperative wireless networks is given. It covers the wireless
channel characteristics, cooperative communication concept and protocol of relay channel.
Thus, the performance of AF and DF is investigated and illustrated through simulation results
as the basis of the proposed algorithm. Moreover, the fundamental of energy consumption in

cooperative communications is given.

2.1 Characteristics of Wireless Channel

In contrast to wired channel, the wireless channel is dynamic and unpredictable, which makes
the analysis of a wireless communication system performance difficult. Thus, wireless channel
characteristics ruled by the wireless channel atmosphere, is considered as the vital design key
of any high performance wireless technology which is illustrated by the behaviour of the
transmitted radio waves. In wireless medium, radio waves propagation is mainly affected by
three different physical phenomena’s: diffraction, scattering and reflection shown in Figure
2.1[29 30]. Diffraction occurs when the radio path between the transceivers is obstructed by
sharp irregularities surfaces generating secondary waves of the original transmitted signal. In
Scattering phenomena, the radio waves are deviated from the straight path by at least one small
dimension obstacle compared to the wavelength. While in reflection phenomena, an object with
very large dimensions compared to the wavelength deviate the radio waves. Thus, the
propagation of a radio wave is an unpredictable process that is governed by different
phenomena’s and with variable intensity correlated with the environments and the times

causing multiple copies arrival of the original signal at the receiver side.
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Figure 2.1: Multipath Fading Environment in Wireless Channel

Moreover, fading is another source of signal degradation in wireless channel causing a
variation of the signal amplitude over time or/and frequency. Fading phenomena is
characterized as a non-additive signal disturbance due to multipath propagation and is
classified into two categories: large-scale fading and small-scale fading [31 32]. Large-scale is
characterized by the average path loss due to the mobility of the wireless device over large
distance and shadowing caused by large objects. On the other hand, small-scale fading refers
to rapid variation of the signal strength due to the interference caused by multiple copies of the
signal arriving from different paths over short mobile movement distances. In those
phenomena’s, different corrupted copies of the original transmitted signal message will arrive
at the receiver at different time intervals leading to erroneous detection and recovery of the
transmitted signal. Diversity techniques, such as spatial frequency and temporal frequency
were employed in wireless systems to turn negative multipath effects into advantages [33 34
35]. Spatial diversity has been exploited by MIMO systems due to the simplicity of
implementation and guaranteed diversity by the multipath experienced through different fading

conditions.
11
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Figure 2.2: Signal Power Degradation in Wireless Channel vs Distance (Meters)

As shown in Figure 2.2, the signal power degrades monotonically with the transmission
distance due to the random nature of fading eventually distorting the signal at the receiver side.
Thus, the signal should be transmitted with sufficient power to guarantee a desired power level
for correct decoding of the original message. In other words, the margin that guaranteed the
received signal power above a given power threshold at the receiver side to achieve the required
performance. Path loss is another vital factor that affect signal power strength, accounting all

the gains and losses through the wireless channel between transceiver.

2.2 Cooperative Relay Network Concept

Inspired from the diversity achieved via MIMO techniques, cooperative communication
concept was introduced into wireless network such as cellular and Ad-Hoc where the

deployment of multiple antennas is difficult due to space limitation [36]. In cooperative
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communication, the transmitting node exploits the presence of available neighbourhood nodes
capable of forwarding the signal towards the destination node. In these schemes, cooperative
nodes might operate using different approaches, and single or multiple nodes participate and
forward the source signal either by forming a virtual antenna array, or through single or
multiple hops transmission. Cooperative communication schemes shown to be a significant
concept that improve the performance of wireless systems in terms of outage probability, rate
enhancement, channel capacity, power optimisation and coverage extension. Moreover, due to
the dependence of the signal received power on the transmission distance even in straight line
propagation without obstructions between transceivers, cooperative communication overcomes
the transmission range limitation as the transmission path is divided into shorter paths. The
concept of cooperative relay network introduced by Laneman et al and Sendonaris [37], based
on the work of cover and El Gamal [38], has attracted considerable interest showing a high
contribution in wireless system performance at low cost and complexity. The relay channel
shown in Figure 2.3, is a topology used in wireless system where two nodes are interconnected
by an intermediate node, the relay. The implementation of relay channel extends the coverage

and combat the effect of shadowing through offering alternative paths with better link quality.

13

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



R
D
L Relay transmits in the
Y Source transmits in the Second Time-Slot
First Time-Slot

Figure 2.3: Relay Channel in Wireless network

The implementation of relay channel in cooperative communication, significantly differs from
traditional fixed relaying concept as wireless terminals are expected to perform the task of
cooperative agent in addition of transmitting their data as illustrated in Figure 2.4. Thus, the

relay can be a transmitting source and/or a relay.

v
I

% U, 47 U,
Ty

Figure 2.4: Cooperative Communications in Wireless Network
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Figure 2.5 illustrate different relay channel implementation in cooperative network, where the
source(s) forward(s) the signal through a vacant relay node(s) implementing different
cooperation strategy. Moreover, the relay channel consists of two types: half-duplex and full-
duplex. Half-duplex is the most popular scenario due to simplicity, where the relay can’t
transmit and receive at the same time. Full-duplex mode requires more synchronization, as the

relay receives and transmits at the same time. An example of Half-duplex operation is
illustrated in Figure 2.2, when R, forwards U, signal towardsp,and can be expended to
bidirectional transmission where two nodes communicate simultaneously utilizing the same
relay such when U and D use R which improve the throughput Moreover, multi-hop

transmission, Virtual MIMO transmission are employed in cooperative communication which
are subject to system requirements. Multi-hop is an efficient technique to contend with

shadowing and is mainly implemented in WSN.

R, Multiple Relay oo -
el Single Relay —_
Multiple-Hop Relay —— »
R Full Duplex --— — —p
" -

Figure 2.5: Relay Channel in Cooperative Wireless Network
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An example of multi-hop transmission is given in Figure 2.5, where R, forwards U, signal to

R, that forwards the signal top. Virtual MIMO is used when the channel suffers from poor
capacity, therefore the destination receives the source signal through multiple relay such as in
the scenario where R and R, forwards U, towards D . Furthermore, spectrum efficient is
improved when the relay forwards multiple sources signal, which is implemented in clustered
WSN. This scenario is illustrated when R, forwarding U, and U, signals after performing data

aggregation. Cooperative communication schemes improve the wireless network performance
in different aspects with an energy penalty observed in the synchronization and the additional
circuit processing. The point to be made is that the performance improvement achieved via
cooperation come at the cost of extra signalling, and an increase in circuit operations time.
Thus, cooperative protocols should be carefully designed to enable users to forward other users
signal in addition of transmitting their own data, with minimum complexity and latency. In
addition of that, relays should operate with minimum power as they sacrifice their limited
energy to enhance others terminal transmission. In summary, cooperative communication leads

to interesting trade-offs in QOS and energy cost.

2.3 Protocols

In cooperative communication, relay channel is implemented using different protocols such as
Estimate and forward (EF) and Compress and forward (CF), Decode and Forward (DF), and
Amplify and Forward (AF) [39]. In EF relay retransmits the estimated signal without coding
procedure, while in CF the relay transmits a sampled and compressed version of the received
signal. However, the most popular protocols are DF and AF due to the simplicity of
implementation [40]. In AF, the relay forwards an amplified version of the received source

message without performing signal processing, while in DF protocol the relay transmits an
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encoded version of the source message. The major drawback of AF protocol is the amplified
noise at the relay. Thus, in the case of weak source-relay channel, a high probability of an error
propagation toward the destination due to false detection of the original signal message at the
relay. To illustrate and compare AF and DF performance, the scenario given in Figure 2.3 used
where the communication occurs over two-time slots. Its assumed that the relay is centred
between the source and destination for a line of sight (LOS). The source broadcasts the message
in the first-time slot and the relay forwards the received message in the second-time slot using

either DF or AF. Its assumed that channels capture the multipath effect and remains coherent

over the transmission time interval. h, , ", and hy, present the source-relay channel, the relay-

destination channel and the source-destination channel.P.,P, and N,represent the source
transmission power, relay transmission power and the noise spectral density assuming a white
Gaussian noise with variance and zero mean o.M, and N are the noise captured by the relay-

destination channel and source-relay channel respectively. Equal power allocation between the

relay and the source and 4-QAM modulation are implemented. In the proposed scenario, the

source transmits S;and the received signal at the relay given by

S, =h,S, +n, (2.1)
In AF protocol, the relay forwards an amplified version the signal, where the amplification

factor £ givenin (2.2) [41]. While in DF protocol, the relay transmits an encoded version and

the received signal at the destination for AF and DF are given in (2.3) and (2.4) respectively.

The received SNR Y at the destination used to evaluate the BER is calculated using equation

(2.5) and represent the ratio of the signal transmit power to destructive factors in the wireless

channel.

17

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



_ I
Py, 22
Sd = hrd hsrlBSi + nrd (23)
S, =h,S, +n, (2.4)
2
PN,
sz%LG (2.5)

P and P, are the transmit signal power and noise power at the receiver side, and|hij|i is the

Frobenius form of the channel matrix given in (2.6). G reflect the degradation of the signal

transmit power with respect to the link budget given in (2.7)[42].

H[Z =[hy |2 +[h]: (2.6)

2
A d
G=-10log| —— | +10¢log| —
9[47[(10] ’ g(do] @7

A, dyand & are the wavelength, reference distance and the path loss exponent respectively.

The SNR at the destination for DF and AF are given in (2.8) and (2.9) respectively [43].

2
Vor = pr |hrd| (2.8)
DF .
Pn
Y ar :17/#7% (2.9)
+7/sr +7/rd

Its assumed that the source and the relay transmit power is set to 20dBm and the noise power

is -174dBm/Hz. As in [44], the BER for M-QAM in Rayleigh fading channel is evaluated by
3 7

BER(y) =0.2exp(—= —~— 2.10

() =0.2exp(—3 5 —) (2.10)

From Figure 2.6, it can be observed that DF and AF performance in terms of BER is

undistinguishable at SNR below 12 dB, while DF outperforms AF at an SNR above 15 dB.
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Moreover, 10—3 BER is achieved at approximately 20dB SNR for DF protocol, while 30 dB is

the desired SNR threshold for AF protocol.

BER

1 1 1 1 1 |
0 5 10 15 20 25 30
SNR(dB)

Figure 2.6: AF and DF BER performance vs SNR

From Figure 2.7 it can be clearly seen that DF outperforms AF in terms of the received SNR
at the destination at different transmission distance which leads to better performance in terms
of BER. Moreover, from Figure 2.8, DF outperforms AF in terms of the BER achieved at
different transmission distance. In Summary, AF and DF performance depends on the link
qualities. AF has the advantage of low complexity, while DF precluded the received noise at
the relay. Moreover, relay implementation raises the task of selecting the best relay, thus relay
selection schemes have been proposed for different performance requirement. To enhance the
system performance, selective relaying, incremental relaying, adaptive relaying and selective

DF protocols has been proposed in the literature.
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2.3.1 Relay Selection in Cooperative Communications

As relay channel implementation enhance the wireless system performance via the diversity of
links that can provide a desired SNR at the receiver, relay selection has been investigated and
different selection techniques have been proposed in the literature such as opportunistic
relaying (OR), partial selection (PS) and best relaying (BR) [44 45]. Although relay selection
schemes have and shown to be an effective approach to enhance wireless system performance,
an energy penalty is observed due to additional nodes involvement in the transmission. Thus,
from energy minimization perspective, different relay schemes were triggered and different
selection methods were proposed [46 47 48 49]. Moreover, energy efficiency has been
triggered by proposing routing and clustering techniques in WSN where node operate on
battery without access to charger [50 51 52 53]. In summary, relay selection shown to be an
effective technique to minimize power consumption if the network resources are optimised.
Subsequently, the cooperation strategy should comprise all the parameters that affects the
transmission energy cost. Thus, power allocation has been studied separately and jointly with
relay selection under some performance requirements. The proposed power allocation strategy
in [54] is based on achieving the target BER and SNR at the destination, where nodes having
less noise and more capacity on their channel are allocated more power as they deliver signals
more efficiently. In [55], the author proves that two-way relay transmission schemes (TWRT)
are more energy efficient compared to direct transmission and one-way relaying. The optimal
location of the relay in TWRT was investigated under total transmission rate jointly with power
allocation [56] while in [57] the relay location was used to distribute power among nodes. In
the same context, modulation strategy and coding are considered as energy is correlated to the
bitrate [58]. Moreover, a feed back to switch between different transmissions modes was

proposed in [59].
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2.4 Power Consumption Fundamentals

From Figure 2.9, the power consumption in an RF transmitter consists of two components, the
power amplifier P,, and the circuit power P, [60]. The first depend on link while the second is

estimated based on the model used. Thus, the total transmission energy cost in a relay channel

IS given by

P+P
E=n (R+F) (2.11)

b

where R, and n are the system bit rate and the relay number respectively. These parameters are
the vital design key of any energy efficient cooperative system. Ps, is minimized by targeting

the link quality and transmission distance while R, is addressed through modulation and

coding. nis optimized by using the minimum number of relays for a target performance. In
cooperative communications, the power problem can be formulated into two correlated sub
problems: power saving and power control. The aim of power saving is to decrease power
consumption by switching between different stats, and its addressed at the MAC layer where
nodes are put into idle or sleep mode [63]. Power control is addressed at the PHY layer where
nodes adjust the transmit power subject to a desired power level at the receiver. Furthermore,
the number of relays, relay location, overheads and the protocol are critical key design to

achieve an energy efficiency cooperative communication [61 62].
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Figure 2.9: Transceiver block of RF chain

For a fixed rate system, the bit rate R, is allied to the symbol rate R;and the modulation

strategy, thus the number of bit per symbol b is another optimisation parameter.

R, =bR;
(2.12)

To illustrate the relation between the transmission distance, modulation strategy and energy
consumption for the scenario given in Figure 2.3 in DF cooperative mode, and we set a target
BER of 10-3 at the destination, which require different SNR for different b . Using equation

(2.10), and performing mathematical manipulation, the required SNR is given by

- —(1 2%) |n(BER) (2.13)
Using equation (2.8) in equation (2.12), the required power to achieve the required power level

at the receiver for the target BER is given by

BER pu |

(1 2%)In "2 G

(2.14)

for fixed rate system, R, equal the bandwidth B, R, =bR, , the energy per bit is given by
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P
E =— 2.15
b R, (2.15)

It can be clearly seen that energy consumption is correlated to band the distance as for the same
transmission distance, higher b elevate energy consumption per bit. Increasing the number of
bit per symbol through modulation, decrease the transmission time and elevate the energy
consumption. Thus, the modulation strategy is a vital key design to achieve an energy efficient
cooperation. Moreover, the ratio of the received power to the transmitted power depends on
the signal wavelength proportional to the carrier frequency. Thus, at high carrier frequency, the
received signal power decrease faster. Figure 2.10 illustrates the relation between energy cost
per bit, constellation size and transmission distance, where equation (2.14) is used to evaluate

in the energy cost in an ideal scenario for a 10~ target BER.
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Figure 2.10: Energy Consumption vs Constellation Size vs Transmission Distance (Meters)
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As most wireless systems are assigned a fixed frequency band, minimizing the total
transmission power while maintaining a required power level at the receiver can be achieved
by dividing the link into several shorter links. Thus, forwarding the signal through intermediate
node decrease the transmit power for shorter distances between the transceivers, as its inversely
proportional to the required power at the receiver. To investigate cooperative communication
performance in terms of energy consumption, the model in Figure 2.4 is used, where the source
communicates with the destination using direct transmission or through an intermediate relay
implementing DF protocol. Equation (2.14) is used to calculate the energy consumption per bit
for a target 10-3 BER. Figure 2.11 considers a comparison of direct transmission with DF by
plotting the energy cost in dBm mJ against the transmission distance in meters for different
constellation size. DF outperforms direct transmission in terms of energy consumption for the
same constellation size and transmission distance. An interesting observation is that direct
transmission using less number of bits then DF is more energy efficient. For example, direct
transmission (b=2) outperforms DF (b=5) by 4dB. From an information theoretic
perspective, higher modulations are less resilient to noise and needs higher signal to noise ratio
to decrease the error probability. Therefore, requires higher signal power level at the receiver
side to meet the SNR threshold for a target BER. Although, higher modulation minimises the
circuit operation time, it decreases the transmit power. Therefore, to achieve an energy efficient
communication, adaptive communication strategy is implemented subject to system
performance requirements. Moreover, in short-range transmission where the circuit energy
consumption is nonnegligible compared to the transmit energy, the total energy consumption
is minimized by using the maximum system bandwidth through higher modulation. In this
situation, the transmit energy consumption is less dominant in the total energy cost. This is
because, the required transmit energy proportional to the distance between transceivers

increase gradually following the link budget formula.
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2.5 Summary

Energy efficiency became a standard design activity with huge potentials towards developing
and improving current methods implemented in wireless systems without scarifying quality of
service. However, cooperative communication schemes shown to be an effective low cost and
low complexity solution where relay selection methods, power allocation, number of relays,
adaptive modulation, clustering and cross layer design are the core of cooperation. Thus, those
techniques are investigated from energy efficiency prospective in contrast to traditional
research, where the aims are improving system performance in terms of throughput, channel
capacity, latency etc. However, energy efficiency in cooperative networks is still an open issue
but it has shown faster improvement compared to other solutions such as smart antennas,

alternative infrastructure  etc, seen as long terms  evolution [64].
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Chapter 3:Energy Efficient Relay Selection

for Cooperative Wireless Networks

In this chapter, an energy efficient relay selection algorithm for cooperative wireless network
is proposed. The energy cost per bit for coded and uncoded system in AWGN and Rayleigh
fading channel is derived. The impact of coding gain and modulation strategy are investigated
and the optimal solution is jointly implemented with the proposed distance based relay
selection method. The proposed algorithm performance is compared to different relay selection

techniques showing better performance in terms of energy consumption per bit.

3.1 Introduction

Relay selection methods have been implemented in cooperative communication networks to
improve the wireless system performance in different criteria's, such as throughput, channel
capacity, outage probability and coverage extension [65]. However, achieving high
performance wireless system is correlated with the required power level at the receiving node
and depends on the SNR at the receiver. For example, the capacity of relaying schemes in
cooperative network depends on the received SNR using either DF or AF as seen in equation

(3.1) [66]. Moreover, the relation between the achievable transmission rate under a transmit
power P =PG is evaluated in equation (3.2), where P and G are the received power and

pass loss factor respectively [67].

1 .
Cor =+ 10g; (L4 Min{y,, 7.7, 3)

. (3.1)
Cur :Mlog(1+7/total)
P
R=W |092(1+W 0) (3.2)
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Relay selection schemes were investigated from different performance perspectives under
power constraint [68]. In [69], one-bit feedback to estimate the link SNR with a predefined
threshold was proposed to select the relay under power constraint. Under outage probability
constraint, the proposed relay selection method uses SNR threshold at the first hop, to achieve
power saving through switching off relay with SNR below the threshold [70]. In [71], end to
end SNR threshold was proposed to minimize network power consumption under throughput
constraint. The method proposed in [72] addresses energy saving under data rate constraint. In
this method, the energy level of candidate relays has been considered in the selection metric,
to extend the whole network life time. In [73], power saving is triggered under time constraint.
Moreover, energy efficient relay selection schemes were proposed for cooperative networks,
using different selection metrics such as maximizing the SNR at the destination, choosing the
hop with the best channel condition [74 75]. Furthermore, relay selection schemes and their
impact in terms of the additional energy cost per transmission have been triggered from battery
life perspective in [76 77]. Furthermore, relay selection based on the Channel State Information
(CSI) is proposed in [78], while in [79], finite CSI is feedback to the transmit cluster to select
a node with the best channel condition. Additionally, energy efficiency has been addressed by
a minimum distance relay selection method in [80]. In addition to that, a relay selection method
based on the relay location has been suggested to minimize Symbol Error Probability in [81].
Correspondingly, Energy efficiency was approached through power allocation in [82], where
the authors propose minimizing the transmit power subject to mean square error target, while
in [83] the authors allocate transmit power based on BER requirement. Comparatively, relay
selection based on the optimal transmission distance, and the residual energy of the nodes has
been proposed as a routing technique to extend the network lifetime in [84]. Maximizing the
SNR is the core of the relay selection method in [85], by via virtual MIMO transmission
between clusters. Furthermore, the relay location impacts on Energy efficiency has been
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investigated in [86], and single relay selection and multiple relay selection methods were
proposed based on the relay distance to the source and destination. Likewise, the impact of the
relay location on Energy efficiency has been studied in [87 88], from power minimization
perspective by using fair power allocation among nodes. In Cooperative communication, the
relay channel implementation mitigates the negative impact of path loss as the transmission
topology is based on shorter links. The exploitation of multiple nodes in cooperative network
is inevitable to provide higher reliability communication via the diversity of path available with
different lengths and channel conditions, which improves the wireless system performance in
terms of energy efficiency. Nevertheless, to achieve an energy efficient cooperative
communication, relay selection should be jointly implemented with system optimization
parameters to preserve high performance. Hence, the channel condition, modulation strategy,
signalling overhead should be considered in the optimization policy. Benefiting from the
broadcast nature of the wireless medium, we propose an energy efficient single relay selection
algorithm, where the node with the minimum two path lengths forwards the source signal. The
core of the proposed methods is minimizing the energy cost per bit, thus we address power
saving by selecting the relay that offer a minimum total transmission path subject to system
performance requirements. Furthermore, we investigate the modulation strategy impact on
power consumption through numerical analysis and propose the optimal solution. In addition
of that, we consider coded and uncoded system, and show their impact on energy consumption.
Additionally, the channel gain is considered via the SNR threshold at the relay, whereby the
successful relay mitigates the negative impact of the channel gain by adjusting the transmit
power to meet the required SNR at the receiver side. Thus, different channels are considered
for different transmission range. In comparison to [89], where the energy consumption per unit
hop is minimized, we implement similar concept but the energy cost is calculated based on a

target BER at the destination and the transmission range length. In contrast to [90], we select
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the relay under non-ideal scenario where the partial channel information is considered. As in

[91], we benefit from the RTS/CTS signalling to select the best relay, but we allocate the power

based on the transmission distance to minimize the total energy cost per bit. In contrast to [92],

we investigate and choose the optimal modulation strategy before setting the SNR threshold.

Relay selection has been intensively studied in the literature from energy efficiency prospective

such as in [9394], or by using virtual MIMO as in [95 96 97]. To the best of our knowledge the

relay location has not been proposed as selection metric with complete framework taking into

consideration the modulation strategy and the channel gain impact on the total transmission

energy cost.

The contributions of this chapter can be summarized as follows:

In the literature, energy saving has been addressed at the relay or at the source, we
consider minimizing the energy cost at the relay and at the source to minimize the total
energy cost.

All the signal processing blocks are considered to illustrate the trade-off between
transmission energy cost and the circuit energy cost and the best modulation strategy is
selected using numerical analysis. Thus, the relay and the source use the optimal
modulation strategy.

The effect of coding in terms of the transmission time expansion and its effect on energy
consumption is considered. Hence, coded and uncoded MQAM and the energy
consumption in correlation to the transmission distance are addressed. The relay and
the source switch between coded MQAM and uncoded MQAM to minimize the energy
cost.

The channel gain impact on the total energy cost is studied, thereby allowing the relay

and the source to adjusts the transmit power to restrain the harmful impact of the
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channel gain. The source and relay estimate the channel gain from the packet exchange
at the cooperation phase.
e A complete energy efficient relay selection algorithm implemented in line with the
optimal communication strategy is proposed for AWGN and Rayleigh fading channel.
e Less complex adaptive solution to channel condition is proposed, as the selection is
made at the relay in non-centralized manner without the need of additional signaling

that escalate the energy cost.

The rest of the chapter is organized as follows: In Section 3.2, the system model and the
proposed scenario are given. In Section 3.3, the signal behaviour in the wireless channel is
analysed in terms of strength degradation over distance, and the impact of cooperation strategy
on energy consumption are given. In Section 3.4, the energy cost affecting factors are
elaborated, and the total transmission energy per bit are evaluated for AWGN channel and
Rayleigh fading channel for coded MQAM and uncoded MQAM. In section 3.5 the proposed
relay selection algorithm with link performance is given. In this regard, the impact of relay
location, constellation size and coding gain are investigated through numerical example and
the optimal solution is given is given. The performance of the proposed method is illustrated
and compared to other methods through simulation using numerical values. In Section 3.6, the
results are given in terms of the energy cost per bit, total energy cost per transmission to shows
the improvement of the network performance in terms of energy saving. Finally, we conclude

this chapter in Section 3.7.

3.2 System Model

We consider the network model shown in Figure 3.1, where two wireless nodes are connected
through an intermediate node (the relay). In the proposed scenario, 100 wireless nodes are

randomly deployed over 300m?square network grid. Nodes operate in half-duplex mode and
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the reciprocal channel between nodes is similar in both directions. We assume nodes have all

the network information, such as all the nodes coordinates on the network grid, and

transmission time slot.

Figure 3.1: The Proposed Cooperative Network Scenario

We consider the cooperative scenario where the source (S ), communicate with the destination
(D) through the help of single relay ( R ). S transmits the message and the relay forward the

signal using DF protocol, and the signal received at Rand D are given by

Sg = hSR «/ Es1 S+ Ngg
SD = hRD «/ Es2 Sz +Ngp

(3.3)

Where hg,,h.; denotes the channel coefficients of S—-Rand link respectively, with zero-mean

and unit variance complex Gaussian random variable. Ngs, Ngy are the additive white Gaussian
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noise with average power spectral density N,, with zero-mean and unit-variance. }Esl and

,/ESZ are the energy per symbol at Sand R .

+«— Stage]l——>«————Stage2 ———————»«———————Stage3 —————»

RTS | CTS Beacon Source Transmits | Relay Listens | Relay Transmits |Destination Listen

>

14

Cooperation Phase Source Transmission Relay Transmission
Figure 3.2: Cooperative Transmission Procedure

The communication implements time division multiple access (TDMA) shown in Figure 3.2
which comprises of three phases; cooperation phase, source transmission phase and relay
transmission phase. In the cooperation phase, subsequent to RTS/CTS packets exchange
between the source and the destination the relay selection take place. We implement selective
DF whereby nodes that successfully decode RTS and CTS packets compete for the relay task
subject to distance based threshold. The selected relay listens to the source transmission at
Stage 1, and retransmits an encoded message at Stage 2. A complete synchronization between
candidate relays is assumed, where the successful relay broadcast the Beacon message with
sufficient power to reach all the candidate relays which omit any possibility of collision.
Moreover, the source and destination exchange the RTS/CTS packets with sufficient power
estimated based on the direct link path length. The proposed scenario is applicable for
distributed wireless Ad-Hoc network and can be expended for any cooperative wireless system
taking into consideration the systems provision such as the frequency operation bands,

hardware architectures and performance requirement.
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3.3 Transmission Distance Impact on Energy Cost

3.3.1 Signal Strength Degradation

For wireless system designs, a simple model that captures the essence of signal propagation
without resorting the channel characteristics is the path loss model commonly used to illustrate
the power degradation as a function of distance. The popular model to compute the ratio of the
transmit to receive power is the Free-Space Path Loss given in equation (3.4), where the signal

propagates along a straight line between transceiver without obstruction.

P "\ 4xd (3.4)

However, the pass loss exponent changes subject to the propagation environment, antennas
height and frequency, and tend to increase with the obstructions in the transmit path, which
escalate the ratio of the received-to-transmit power. Figure 3.3 shows the ratio of the received-
to-transmit power in dB against the distance in meters assuming unit power per meter,
normalized antennas gain and path loss exponent « of 2 with no obstruction in the transmission
path. It is obvious, that the path loss effects decrease by reducing between transceiver as the
signal power degrades relatively to the signal wavelength A and antennas gains G and it is
inversely proportional to the square of the distance. Moreover, for different transceiver pair
with same path distance, different path may have different path loss since the surrounding

environments vary with the location of the receiver.
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Figure 3.3: Free Space Path Loss Model Effect vs Distance (Meters)

Relay channel shown to be an effective approach to minimize the negative effects of the
transmission path distance proportional to the path loss exponent as the link is divided into
shorter links. However, in practical wireless system it is difficult to place the relay linearly in
the centre between the transmitter and the receiver. Thus, the relay implementation can lead to
an augmentation of the total transmission path as most of the placement of the relay is in
triangular form, with non-equidistant distance to the transmitter and the receiver. Different
relay placement scenarios can be examined such as the relay position close to the source or
close to the destination, whereby one link length is minimized, but that might add an increase
in the other link length. This scenario is observed in cooperative communication, where the
closer relay to the source or the destination is utilized, which save energy consumption at the
source or the relay without considering the overall transmission cost. Hence, the relay location

is a vital design key to minimize the energy consumption which is investigated in Section
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3.5.1and the relay selection policy based on the optimal location is given through the numerical

analysis.

3.3.2 Cooperation Strategy

Forward error-correction codes shown to be efficient technique to reduce the required SNR
desired for probability of BER, as it reduces the required received energy per bit at the receiver
side [98]. However, this improvement in terms of energy saving is at the price of bandwidth
expansion required to transmit the extra bits, in addition of the baseband energy consumption.
As most practical wireless systems operate over fixed frequency band, the bandwidth
expansion can be feasible in time domain only, which requires longer transmission time to
transmit the information bits and error-correction bits [99]. Thus, additional circuit operation
time is required leading to extra energy consumption that is linearly proportional to the
transmission time. In coded systems, an energy saving can be observed as the coding gain
decrease the required SNR at the receiver side [100]. Nerveless, it is shown that the benefit of
coding varies with the transmission distance and the underlying modulation schemes. Hence a
trade-off between energy consumption and additional transmission time required to commit the
redundant bits should be considered [101 102]. Moreover, for certain transmission range, the
circuit energy processing cost is dominant over the transmit energy. Thus, the overall energy
consumption need to be considered to achieve the optimal transmission scheme, and the trade-
off between the transmit energy and the escalation in transmission time for coded systems.
Although, higher modulation decreases the amount of time spent on signal processing as the
transmission time decrease, the transmission energy cost escalates significantly to meet the
required desired power level at destination to send a given number of bits. Consequently, the
constellation size is another optimization parameter and a trade-off between delay requirement

and power constraint should be considered. Therefore, selecting the optimal modulation
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strategy minimize the transmission time which reduce the sum of transmission and circuit

energy consumption.

3.4 Energy Consumption in Wireless Systems

3.4.1 Energy Cost Affecting Factors

According to [28], the total energy consumption in a typical RF transceiver given in (3.5),

depends on the power amplifier Ps,, the circuit power P.and is correlated to the circuit

operation time T, given in (3.6).

E=E,+E =(P.+P)T,, (3.5)
To, = =0 (36)
b

where T, ~ }{3 if a squared pulse is used, L ,b and B are the packet length, the number of bit

per symbol and the system bandwidth respectively. The number of symbols required to send L

as L =%.PC is the sum of the DAC power P,,.,ADC power P,,.,mixer powerP;,,

synthesizer power F’Syn low noise amplifier power P, , intermediate frequency amplifier P,

receiver filter power and transmitter filter P, ; and P, is given by
Foa = @a+o Pt (3.7)
where @ is the amplifier drain efficiency given in (3.9),and £¢ is the drain efficiency. £ is the

peak average ratio (PAR) given in (3.9) correlated to the constellation size M = 2°

o=(5)-1 (3.8)
o
M —2JM +1
& :3T (3.9)
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Assuming free space propagation, the transmit power Py ; to achieve a desired power level at

the received for correct decoding is calculated according to the link budget and given by

(47)2d“M,N, —
out — o~ ~ a2 Eb Rb (3.10)
G,G,(2)

where M,,N(,R,,G,,G,, and A are the link margin, receiver noise figure, bit rate, receiver

antenna gain, transmitter antenna gain and wavelength respectively. « and E_b are the pass loss
attenuation exponent and the required energy per bit at the receiver respectively. « is evaluated

in (3.11) based on the distanced between transceivers and the threshold distance d, is given

in (3.12).
a=2ifd <d, 211
a=3if d, >d &40
€
d, = [
0 - (3.12)

mp

where € ¢ and €., are the free space and multipath model transmit amplifier respectively.

3.4.2 Energy Cost of Uncoded MQAM System

For uncoded MQAM systems, the number of bit per symbol is given asb =log, M , and to
transmit L bits the number of MQAM symbols required is given as L, =L /b . We denote the

symbol duration as 1, and the number of bit per symbol is given by p = '—% where T is
the time spent to communicates L bits. The average SNR | in uncoded MQAM is given by

V—L 3.13
2Bo?N, (5.19)
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where P., h, N and c2are the received power, channel gain, receiver noise figure and

spectral noise power respectively.

3.4.3Energy Cost of Coded MQAM System

We consider a trellis-coded MQAM system, therefore, for the information bit block of size b

consists of two groups of size b and b,. Db is encoded into b, bits mapped to the constellation
subset of 2% . And D, are used to choose the constellation points 2% within each subset. The

constellation size is increased from 2° to2%* | and the code rate defined asrR_=b, /b, . A rate
R, =h, / (b, + 1) code is usually used for subset selection. According to [103], b =2is a good

choice since it provides to achieve the major part of the coding gain. In the proposed model, a

rate 2/3 code with 32 states is chosen and the coding gain G_ =3 (4.7 dB). As a result, the final

constellation size becomes 2, whereb, =1+ %ﬂ_ and the required SNR threshold to achieve

a target BER is reduced by the coding gain [104].

3.4.4Energy Cost in Rayleigh Fading Channel

As in [102], the probability bound of BER for MQAM in Rayleigh fading channel is given by

4(\IM -1 =
P = ( ) Q[1/3ylogz M ] (3.14)
JM log, M M-1

where M =2° is the constellation size and Q is the Marqum function given by

Q(x)= j\/ge_2du < %ez (3.15)

X

N

The average SNR § follow the Rayleigh distribution given by
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y=| Yo/ gy
y
(3.16)

From (3.13) and the approximation given in [104]as P, <<<1,and using (3.13) the

instantaneous SNR § for unity channel gain is given by

3(M -1)(L-2P)° (M-1)
2(1-(1-2P)%) ~ 6P

e

y= (3.17)

where p,o?and N, are the signal received power, the noise power spectral density and

receiver noise figure respectively. The required transmit power for the target BER at the

receiver side is given by

o _2AM —1)2Bo?N,

3.18
r 3P, (3.18)
using (3.10) in (3.17), the total energy cost per bit for uncoded MQAM is given by
,2° -1
E, =(1+6)N,Bo S—PGdTOn +PT,)/L (3.19)

e

The total energy cost per bit for coded MQAM, reduced by the coding gain G, and given by

b —
E, = (1+0)N,Bo” ,jG—PlGdTon +PT,)/L (3.20)

c e

3.4.5 Energy Cost in AWGN Channel

As in [102], the BER probability bound for uncoded MQAM in AWGN channel is given by

o 3 g l<af1o L ]e7aY
P <4(1 E)Q[ 2b1ij4£1 EJe >

(3.21)

40

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



Following the condition in [103] and setting equation (3.22) as equality, the BER probability

bound is approximated as follow

1\ s
ALESTES
(3.22)

using (3.18) in (3.19), the required received power for the target BER is given by

40- 1Y)
P =4N,Bo?(2 —1)|n—%b
3

(3.23)

The total energy cost per bit g, for uncoded MQAM is given by

41— )
E, =(Q+ 9)% N,Bo?(2° -1) |n(#)c;cﬁm)/ L+(PT,)/L (3.24)

e

and the total energy cost per bit g, for coded MQAM is given by

4(1- % )
E, = ((1+ 9)% N,Bc?(2" —1) In(b—P‘/Z_b)GdTon)/ L+(PT,)/L  (3.25)

e

3.4.6 Total Energy Cost

In the proposed scenario we omit the energy consumption for sleep power, the power consumed
when nodes switch between different states as they are negligible compared to the circuit power

and the total energy cost is given by

200 (3.26)

ETotaI = Z L(ECr + ETx + ERx)i + ERTS + ECTS + EBeacon +E
1

whereli is the node index, and llis the number of nodes involved in the transmission equal to

two in the proposed scenario as single relay is employed. E_ ,E,and E., are the circuit
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energy cost, transmission energy cost and the receive energy cost respectively. and

RTS ? ECTS

E are the energy cost for the RTS packet transmission energy cost, CTS packet

Beacon
transmission energy cost, Beacon packet transmission energy cost respectively. Eagg the energy

cost per bit to decode and encode the source signal at the relay. RTS and CTS packet length is

80bitsas in [104], and the Beacon message length is set to 80 bits.

3.5 TheProposed Relay Selection Algorithm

3.5.1 The Impact of Relay Location

In typical wireless network, the relay location is not linearly placed between S and D , which

leads to an increase in the total transmission distance compared to ideal scenario where the
relay is centred between Sand D within a line of sight and the difference is given by

d =d, =d +d,

d?=d?+d;

d,=d, (3.27)

d, =d,+d,

d2 =d? +d?
whered,,d,and d, are the S-R,R-DandS-D path length. And d, is sum of S-R,R-D
path length. This escalation in total transmission distance for different relay position is

illustrated in Figure 3.4, where the sum of squared S—R path length and squared R—D path
length is plotted against squared=~ path length in meters for different scenarios assuming a
unit energy per meter. IS and NIS refer to ideal scenario and non-ideal scenario respectively.
In IS, the relay is linearly placed for different position between S and D , while in NIS we use
random relay location positioning following triangular arrangement. We investigate two cases,

the first when the relay is closer to the source and the second when the relay is closer to the
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destination. The results verify the hypotheses of transmitting via a relay minimize the squared
transmission distance, except in the case where the S, path length or = path length is
slightly comparable with S—D path length. This can be observed in the case of non-ideal
scenario for a relay placement near to the destination. Conversely, in the non-ideal scenario

when the S—Rpath length and R-D path length is slightly comparable to half of S-D path

length, relay implementation outperforms direct transmission in terms of overall distance per

meters.
1800 T T . . .
Direct Transmission
1600+ |— Middle Point IS _
Randmom Location IS
| Close to Destination IS > |
1400 — Close to Destination IS >
* Close to Source NIS * > >
o 1200 - Close to Source NIS * > > 7
Q Close to Source NIS *
c > >
© L
4 1000 | | P Close to Destination NIS > > > i
0 Close to Destination NIS > > D> .
= 800l > Close to Source NIS > > > > /,/ |
o)
3
600 - .
400 - A
200 - A
0 D’M
0 50 100 150 200 250 300
Distance

Figure 3.4: The Impact of Relay on the Total Transmission Distance (Meters)

The relay location is a key factor to suppress the additional energy cost that might elevate due
to the escalation in the distance. To examine that, we plot the transmit energy cost per bit using
equation (3.24) and the parameters given in Table 3.2 for different relay location with respect

to total path distance in an ideal scenario for different constellation size M = 2°[103]. From the
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results, it can be clearly observed for different constellation size the total transmission energy
cost is minimized for an equidistant relay distance to the source and to the destination such as
a ratio of 0.4 and 0.6. From Figure 3.5, it can be clearly observed that the energy cost decreases
monotonically with the relay moving toward the midpoint and the energy cost at a distance
ratio of 0.4 and 0.6 is the identical. Thus, from this observation, a node is considered as a

potential relay candidate, if the following condition is satisfied.

i>0.4 and L<O.6
d d (3.28)

d? =d? +d? <d’

Energy per Information Bit dBm mJ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Relay Position

Figure 3.5: Impact of the Relay Location vs Constellation Size (Linear Placement)

The same experiment is repeated for triangular nodes placement, and we plot the transmission
energy per bit for different constellation size against the ratio of the overall path length to the

direct transmission path in Figure 3.6. Similar to the ideal scenario, with an equidistant relay
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position to the source and the destination less energy is consumed using different constellation

size.

Energy per Information Bit dBm mJ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Relay Position

Figure 3.6: Impact of the Relay Location vs Constellation Size (Triangular Placement).

From the above observations, the relay selection policy is based on satisfying the condition in

equation (3.29) and correct decoding for the RTS/CTS messages and its given by

ERe < EDt

d,>0.4d, &d, <0.6d,
d/=d?+d’ <d}
n=2Th & y,2>Th,

(3.29)

where Eg,,Epr,d;,d,, 7, Th, 7, and Th, are the total energy for relay transmission, total energy
for direct transmission, S—R path length, R-D path length, S-D path length, instantaneous

SNR of S-Rlink, instantaneous SNR of R—D link, SNR threshold for S-Rlink and SNR

threshold for R—D link respectively. However, the results in Figure 3.5 and Figure 3.6 show
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higher energy consumption for higher constellation size. In section 3.5.2 we investigate the

modulation strategy impact on energy consumption.

3.5.2 Optimal Modulation Strategy

Although higher modulation decreases the amount of time spent on signal processing, as T,

decrease, the transmission energy cost escalates significantly to meet the required desired
power at destination. Thus, the constellation size is another optimization factor to achieve an
energy efficient communication. To examine the impact of the modulation strategy on energy
consumption, we use a specific numerical example with total transmission distance of 5 meters
and plot the energy cost in dBm mJ for different value of M for coded and uncoded system in

AWGN channel and Rayleigh fading channel.

O T T T T T T T
Rayleigh Transmission Energy Cost

|| — Rayleigh Total Energy Cost
—— AWGN Transmission Energy Cost
—— AWGN Total Energy Cost

Energy dBmJ
g

o)
o
T
1

&
o
T
I

_90 | 1 | | 1 | | 1
2 4 6 8 10 12 14 16 18 20

Constellation Size

Figure 3.7: Total Energy Consumption vs Constellation Size (Uncoded MQAM, AWGN)
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Figure 3.7 illustrates the transmit energy consumption and circuit energy consumption against

the constellation size in AWGN and Raleigh fading channel for uncoded MQAM. In AWGN
channel, the transmission energy cost increases linearly with respect toM , while the total

energy cost start increasing for M greater then 4, with minimum energy consumption at 4.

From this observation 4 is the optimal value. For Rayleigh fading channel, the transmission
energy cost increase linearly with M while total energy cost has a minimum value - 48 dBm

mJ for M around 8. Thus, the optimal constellation size is 8.

'1 O T T T T
Rayleigh Transmission Energy Cost

—— Rayleigh Total Energy Cost
o0 AWGN Transmission Energy Cost
—— AWGN Total Energy Cost

Energy dBmJ

_80 | | 1 | | 1 | |
2 4 6 8 10 12 14 16 18 20

Constellation Size

Figure 3.8: Total Energy Consumption vs Constellation Size (coded MQAM,AWGN)
We repeat the same experiment for coded MQAM and the results are plot in Figure 3.8. For
AWGN channel, the total energy cost increases slowly for M greater than 12 while a linear

increase in the transmission energy cost is observed. Thus, the optimal value of M is 8 as a

total energy of around -45 dBm mJ is consumed. For Rayleigh fading channel, the transmission
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energy cost linearly increases withM , while the minimum total energy consumption is
achieved for M around 8, while a linear increase is observed above this value. The observations
in Figure 3.7 and Figure 3.8, confirm the necessity of a trade-off between higher modulation

and energy cost.

50 T T T T T T T T
40 — Distance=1 i
— Distance=5
Distance= 30
30 —— Distance= 100
— Distance= 150
20

Energy dBmJ
o

_50 1 L 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time Ratio

Figure 3.9: Delay vs Energy Consumption at Different Distance(Meters), (AWGN, uncoded
MQAM)

Based on the results in Figure 3.7 and Figure 3.8, the constellation size is another factor that
increases energy consumption, mainly the transmission energy cost. Although higher
constellation size decreases the transmission time which improve the system performance in
terms of latency, a trade-off between energy cost and constellation size is a must for an energy
efficient communication. However, as wireless terminals operate under some delay deadline to

communicate given number of bit, optimizing the constellation size subject to energy constraint
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should consider the transmission range impact as transmission energy cost escalate relatively

to the distance between transceivers. Therefore, we plot the transmission energy cost at

different transmission range for different constellation size against the To% where the

transmission deadline Tand T, are calculated using equation (3.6). Figure 3.9 shows the
transmission energy cost in AWGN, and for low delay requirement and longer path distance
such as 150 meters, a transmission energy cost of 50 dBm mJ is required for 0.1 representing

the ratio of hover b, (calculated based on the transmission deadline).We repeat the same

experiment in Rayleigh fading channel and the results are plot in Figure 3.10 for different
transmission distance. Similar observation to the results in AWGN, where longer transmission
range requires higher transmit energy to minimize the delay with slightly better performance

in terms of energy.

49

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



10 T T T T T T T T
— Distance= 1
0 — Distance=5 |
Distance= 30
—— Distance= 100
—— Distance= 150
-10 .
-
g 20 7
o
>
2>
g -30 7
L
-50 7
_60 | | 1 1 | 1 1 |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Time Ratio

Figure 3.10: Delay vs Energy Consumption at Different Distance (Meters),(AWGN, coded
MQAM)

To examine the effect of the coding gain, we repeat the same experiments for coded MQAM,
using different transmission range in AWGN and Rayleigh fading channel and the results are
given in Figure 3.11 and Figure 3.12 respectively. For AWGN channel, an improvement of
3dB is observed for a transmission range of 150 meters and ratio of 0.2 compared to uncoded
MQAM. Likewise, same outcome can be observed for coded MQAM in Rayleigh fading
channel as illustrated in Figure 3.12. In summary, minimizing the energy by optimizing the

constellation size is subject to system requirements.
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Figure 3.12: Transmission Deadline vs Energy Consumption at Different Distance (Meters),
(Rayleigh, coded MQAM)

3.5.3 Impact of Coding on Energy Consumption

In the previous section, we investigate and compare the performance of different
communication strategies in AWGN and Rayleigh fading channel, where we consider the
impact of the relay location and the constellation size on the performance in terms of energy
consumption. In this regard, uncoded MQAM and coded MQAM systems are considered which
shown different performance in terms of energy consumption. However, the error correction
coded decrease the required SNR threshold for a target BER, consequently the required power
level at the receiver side is reduced. Nerveless, this might add an energy penalty due to the
message length extension since extra bits are added. Moreover, extra energy consumption as

the coded and complementary transmission time that impact the total energy cost and might
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comprise delay. Whether coded systems reduce energy cost per bit is not clear, as it is correlated

to other parameters in the energy cost equation.

The performance of coded system in AWGN and Rayleigh fading channel are considered for
different transmission range and different constellation size. For AWGN and Rayleigh fading
channel, the total energy cost per bit for different constellation size against the transmission
distance for coded and uncoded MQAM s used to illustrate the performance and results are

given in Figure 3.13. For high constellation size, coded system outperforms uncoded system

over certain transmission range. For M =16, coded system consumes less energy for a 10
meters transmission distance. For a 32-constellation size, the total energy consumption for 40
meters transmission range is around -8 dBm mJ, while coded system consumes -18dBm mJ.
However, 4 constellation size uncoded MQAM outperforms 64 coded MQAM by 10 dB at
transmission distance of 42 meters. Hence, it’s essential to address the energy consumption
problem addressing the necessity of coding modulation transmission in line with optimizing

the constellation size.
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Figure3.13: coded MQAM vs uncoded MQAM at Different Distance (Meters), (AWGN)
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Figure 3.14: coded MQAM vs uncoded MQAM at Different Distance (Meters), (Rayleigh)
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Figure 3.14 illustrate the performance of coded MQAM and uncoded MQAM in Rayleigh
fading channel. For uncoded system, the energy consumption increases monotonically in line
with the transmission range and the increase in the constellation size, while coded system
shows slow increase in respect to the distance for different constellation size. Moreover, for a
transmission range greater than 7 meters, coded system outperforms uncoded system. For
example, assume a node transmits 2Kb packet within 100 ms deadline with 10 KHz bandwidth
system over 50 meters, the minimum constellation size for coded system calculated using
equation (3.6) is 2 with100ms transmission time. For a constellation size of 8 the transmission
time is around 66 ms. Using the same constellation size in coded system, the transmission time
is around 100ms following the ratio given in (3.30). However, to communicate the same packet
within 66ms, the coded system must use a 32 constellations size Coded system consume around
-7dBm mJ in AWGN, while uncoded system consumes around -13 dBm mJ over 50 meters
transmission range.

-
T ==t 3.30
e (3.30)

C

Thus, the efficiency energy transmission strategy is using coded MQAM, with a transmission
time of 100ms and energy cost around -13dBmmJ per bit, as uncoded MQAM consumes -5
dBm mJ per bit. For Rayleigh fading channel, the optimal solution is communicating the packet
using coded MQAM with a constellation size of 3, with -44 dBm mJ total energy consumption
per bit and transmission time of 100ms. Based on these observations, with different
performance requirement, it’s more energy efficient to switch between coded MQAM and
uncoded MQAM in line with the optimal modulation strategy. Although error code correction
minimizes the SNR threshold through the coding gain, this come at the price of transmitting

additional redundant bits. Thus, for better BER, higher code gain is required which add
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additional energy cost and decrease in the overall system rate. The optimal modulation strategy
is given by
minimize E/(b’)

subject to b—-b_;, >0 (3.31)
D —0>0

where I is the node index andjcoding scheme index. Node computes the energy budget for all
different b for coded and uncoded modulation subject to transmission deadline. Using a convex

optimization, the optimization problem is solved by the interior point method in the format

given in (3.32) [105].

minimize E(b)

) o (3.32)
subjectto E'(b') >0
where iand jrepresents different energy cost for different b. The node start with minimum b,

calculates the energy cost, and update b in case the cost is minimized. Minimum and maximum

value of b is evaluated based on the transmission deadline requirements.

3.5.4 Relay Selection Algorithm

In the proposed method, all the nodes within the source transmission range are considered as

potential relay candidate subject to satisfying the following condition

>T
;1 >Tl (3.33)
2 2

where y, and y-, are the instantaneous SNR of the source-relay link and relay-destination link,
and T, and T, are the SNR threshold for source-relay link and relay-destination link. From the

RTS/CTS exchange messages of the MAC protocol in [106], potential relays estimate the SNR
of both links and compete to win the relay role if the condition in (3.31) is satisfied. Moreover,

candidate relays estimate the channel gain from the received signal SNR as they have the source
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and destination coordinates on the network gird, and the transmit power used at this stage. The
relay selection is completed in un-centralized manner, and the cooperation procedure is given
in Figure 3.7 and the proposed algorithm pseudo-code is given in Table 1, and the optimization

policy is given by

Minimize  E, &E,

subject to d, >d,,, & d, <d
F. <P

d} +d <d”

R = Pua

T, <T,

Max

(3.34)

Candidate relay set their timer A, using equation (3.33), and it’s clear that the node with

minimum sum distance of both links has the smaller timer value and has the priority to send
the flag to win the relay role.
a0

| di+dd
(3.35)

¢

where déR , déD and d, are the candidate source-relay path length, relay-source path length and
source-destination path length respectively. T is the transmission deadline time, and ¢ represent

the cooperation time given by
6= TTd n (3.36)

where nrepresents the number of nodes within the source and destination transmission range,
and T, the transmission deadline. nis evaluated using the Bernoulli distribution given in (3.35)

that compute the probability of finding n out of k node within a circle with the radius equal

the source transmission range.

57

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



P(n|k):(Ej P(1-P)"* (3.37)

and P is given by

_| fo 3.38
P (ROJ (3.38)

where I and R, are the desired source transmission range and the source-destination path length.
In Table 3.1, n,k,sand R represent the number of nodes in the network, number of nodes

within the source and destination transmission range and the successful relay respectively.
While Dy, Dy, and P,,,, are the S—R minimum link distance threshold, S—R maximum link

distance threshold, and the maximum transmit power calculated based on S-D path length.

As nodes have network information, they estimate D, and D, in both direction and if the node

satisfies the condition in (3.28), it compute condition (3.31) from the RTS/CTS messages
exchange calculate the transmission energy cost using (3.19, 3.20, 3.24, 3.25) subject to system
requirement. Using equation (3.26), subject to satisfying the policy in equation (3.32), the node
set the timer based on equation (3.33). The node with minimum sum of link length has the
minimum time and the priority to send the Beacon message and win the relay role. S use
equation (3.19, 3.20, 3.24, 3.25) to calculate the required energy and adjust the transmit power.
Based on the transmission time deadline, the successful relay jointly estimates the optimal
constellation size, and the preference modulation strategy. The transmission strategy

information is feedback to the source and the destination in the Beacon message.
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Table 3.1: Relay Selection Algorithm Pseudo Code

S: Transmit node
Relays: Relay candidates
D: Receiving node

R: Selected relay

for each S-R

S: SetD,,, &&D,,,

Relays: if Equation (3.28) is not satisfied, Sleep Mode;
S: transmits RTS;
D: transmits CTS;
10. Relays: if Equation (3.31) is not satisfied, Sleep Mode;
11. Relays: Execute Equation(3.33);
12. S: for Equations(3.33),
DELAY();
if(Beacon)
R:excute Equation (3.32);
Break;
endif;
end for;
13. S: if (IBeacon):

CoNoaM~LNE

Direct Transmission
end if;

14. S:do Equations (3.19, 3.20, 3.24, 3.25);
15. R:do Equations(3.19, 3.20, 3.24, 3.25);
16. S: Transmits;
17. R:Transmits;
18. D: Receives;
19. endfor;

3.5.5 Performance Evaluation

The probability of n out of mnodes Pr(n/m) satisfying the condition in (3.31) is correlated with

the desired SNR and the received SNR at the node given by

Pr(n/m) = n!(mLin)!emﬂ L—e”)m"
(3.39)

where f= PrePr_l, and P, is the required power at the receiver and received power at the

receiver respectively evaluated in (3.23) and (3.28) for AWGN and Rayleigh fading channel.

The received P, is evaluated using (3.24) given by
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GA Y
P=P 3.40
' t(47zdj (349

The probability of successful transmission is given by

P(S)=P(>T)P(y, >T,) (3.41)

where T, and T, are evaluated for AWGN and Rayleigh fading channel are given in (3.40)

and (3.41) respectively. Where G_is the coding equal to one in case of uncoded MQAM.

1
1- =
T,=T,= 2(2/'6_1) In ;/V (3.42)
- _M-1
1 2 6Pch
(3.43)

and the required power P, at the relay for AWGN and Rayleigh fading channel is given by

_ (1-2R)*2Bo*N,
Tx(1-@1-2P)%)

(3.44)

To examine the effect of the relay location with respect to the total path length of 150 meters,

the transmit power to is settop,_ /2 at the relay and the source for different constellations

size. Moreover, an ideal channel is assumed and the destination drop the received packet if the

BER fall below 1072,
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Figure 3.16: Probability of Successful Transmission at Different Distance (Meters), (AWGN,
uncoded MQAM)

Figure 3.16 shows the probability of correct decoding in AWGN and Rayleigh fading channel
against the transmission distance. For different transmission strategy in both channels, the
probability of error increase with the transmission distance, and in correlation to constellation
size. the same experiment is repeated for coded MQAM, and the results are given in Figure
3.17. Similar to uncoded MQAM, probability of correct decoding in coded MQAM system
decrease with transmission distance although better performance observed due to the coding
gain. For example, the probability of correct decoding at 60 meters transmission range is 0.6
for a constellation size of 6 in Rayleigh channel in uncoded MQAM, while the probability of

correct decoding for coded MQAM is 0.8 at the same condition as observed Figure 3.16.
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Figure 3.17: Probability of Successful Transmission at Different Distance (Meters), (Rayleigh,
coded MQAM)

the number of available candidate relay is examined based on a probabilistic approach for
coded and uncoded MQAM in AWGN and Rayleigh fading channel. The Probability that a
node is a successful relay is evaluated in equation (3.37) where m is evaluated using (3.39) and
the maximum source transmission range set to 150 meters while the overall transmission
distance between the source and the destination is assumed 250 meters. Thus, candidate relays
should have S—R length lower than the source maximum transmission range which determines
the number of available candidate nodes m. Consequently, the node with instantaneous SNR
above the required threshold is considered as potential relay. For each transmission range the
source compute the state of the node and if the condition in (3.43) is satisfied, the counter is

increased by one.

63

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



P(n=Y) =Pr(n/m)P(y, >T)P(y, >T,) (3.45)
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Figure 3.18: Number of Potential Relays vs Distance (Meters)

Figure 3.18 shows the number of potential relays against distance in meters. In AWGN
scenario, coded and uncoded MQAM have the same performance and it can be clearly seen
that a drastic decrease in the number of candidate relay arises at distance above 100 meters.
Furthermore, in Rayleigh fading channel we examine the same result with a slightly poorer
performance compared to AWGN channel for coded MQAM and uncoded MQAM. For all the
examined scenarios, the probability of the high number of candidate relay is at a transmission
distance below 50 meters. This observation is used to set the timer in equation (3.34). In other
word, for a desired transmission distance of 100 meters, the source use for uncoded MQAM in
Rayleigh fading channel, whilell equal 30 is used for coded MQAM in Rayleigh channel. This

approach minimises the time spent at idle state for the source and candidate relays, as the source
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should receive the Beacon message within 1ms after the RTS/CTS exchange, in case of 20

successful relays and 100ms transmission deadline.

3.6 Simualtion Results

The performance of the proposed algorithm is evaluated using the parameters given in Table
2. the performance of the proposed algorithm is illustrated in terms of energy cost per bit at the
source, energy cost per bit at the relay and the total energy cost. The performance of the
proposed algorithm is compared with three different techniques named as: relay selection at
the source, relay selection at the destination and Threshold based relay selection. For the three
methods the selection is done based on equation (3.39). For the source relay selection method,
the node with minimum path length to the source is the successful relay, while in relay selection
at the destination the node with minimum distance to the destination is the successful relay. In

both methods, relay compete using equation (3.33) with a significant modification. d is set
to zero in destination relay selection while d, is set to zero in source relay selection method. In

Threshold based relay selection method, the node that satisfy the condition in (3.39) and has

the minimum desired SNR of both link is the successful relay, and candidate relay compete

using equation (3.44), following the same procedure in equation (3.39), where the relay with

minimum SNR has the priority to send the beacon message and win the relay role.

A = Yo ™ Yro ¢ (3.46)
Yso

the source, destination and the relay transmits RTS, CTS and Beacon using equation,(3.19) or

(3.20) or (3.24) or (3.25) based on the channel model used and the modulation strategy, and
the transmit power is set to P, calculated based on direct transmission path length. Moreover,

full synchronization between nodes is assumed and the probability of collusion is omitted.

Through the simulation, the proposed algorithm is referred as the optimal location. A 100 ms
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transmission deadline is assumed and the proposed method switch between coded and uncoded
MQAM to satisfy the system performance requirement explained in section 3.5.3. Results are
illustrated for coded MQAM or uncoded MQAM separately as other relay selection methods
communicate using coded MQAM or uncoded MQAM. Moreover, the proposed algorithm
selects the optimal constellation size and switch between coded MQAM and uncoded MQAM

in contrast to others selection methods where the constellation size follows the observation in

section 3.5.2.
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Figure3.19: Source Energy Cost per Bit at Different Distance (Meters), (Rayleigh, uncoded
MQAM)

Figure 3.19 considers the energy cost per bit at the source and relay respectively in Rayleigh
fading channel for uncoded MQAM. The proposed algorithm outperforms the three methods
in terms of energy consumption per bit showing an improvement around 3dB at different

transmission distance.
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Table 3.2: Simulation Parameters

Parameters

Annotation

VALUE
Drain Efficiency 7 035
Thermal Noise PSD No -171dBm / Hz
Target Bit Error Rate ’ 107°
Carrier Frequency b 2.5GHz
Bandwidth . 1MHz
Packet Length . 200Kb
Link Margin M, 40dB
Transmission Deadline . 100ms
Mixer Power Puix @
ADC & DAC Power —— 15.4mwW
LNA Power 20mw

P na

Active Filter Power Peitr PerLt 2.5mwW
Frequency Synthesizer Power Psyi 50mwW
Receiver Noise Figure Ny 10dB
Intermediate Frequency Amplifier Power P 3mw

IFA
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Figure 3.20 illustrate the energy consumption at the relay for different transmission range, and
the proposed algorithm outperforms other methods at different transmission distance. From
Figure 3.19 and Figure 3.20, the proposed algorithm shows better performance by around 4dB
compared to the destination relay selection method as in the constellation size is considered in
the optimization metric. Moreover, compared to the threshold based selection the optimal
location shows 3 dB improvement as the bit energy cost is calculated based the path length and
using the optimal modulation strategy, while in threshold based relay selection, the source and

relay transmit power subject to achieve SNR level at the receiver.
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Figure 3.20: Relay Energy Cost per Bit vs Distance (Meters) (Rayleigh, uncoded MQAM)
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Figure 3.21: Total Energy Cost per Bit vs Distance (Meters), (Rayleigh, uncoded MQAM)

Figure 3.21 illustrates the total energy cost per bit, for three methods in addition of direct
transmission mode against the transmission distance. It can be clearly seen the improvement in
terms of energy saving by around 30dB at a transmission distance of 300 meters when
comparing the optimal location to direct transmission. Moreover, the total energy cost per bit

is reduced by minimum 3 dB in optimal location method, compared to other selection methods.
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Figure 3.22: Source Energy Cost per Bit at Different Distance (Meters), (Rayleigh, Coded
MQAM)

We repeat the same experiment for coded MQAM system in Rayleigh fading channel, and the
results in Figure 3.22, Figure 3.23 and Figure 3.24 show the performance in terms of energy
consumption per bit at the source, energy consumption per bit at the relay and the total energy
consumption respectively. Similar to uncoded MQAM, the proposed algorithm minimizes the
energy consumption at the relay, the source and the total energy cost per bit is reduced
significantly. However, an increase of energy cost per bit for the other three methods is
observed due to the additional energy cost of error correction code. From the above results, it's
clear that the proposed algorithm minimises the energy consumption in Rayleigh fading
channel compared to other relay selection techniques regardless of the using coded MQAM or

uncoded MQAM.
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Figure 3.23: Relay Energy Cost per Bit at Different Distance (Meters), (Rayleigh, Coded
MQAM)

We illustrate the performance of the proposed algorithm and compare the energy consumption
with other selection methods using the same selection policy in AWGN channel. For
transmission in AWGN, we consider a maximum transmission distance of 150 meters as for
longer transmission range. The energy cost per bit at the source and the relay are illustrated in

Figure 3.24 and Figure 3.26 respectively, and the performance is given by plotting the energy

cost in dBm mJ against distance in meters.
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Figure 3.24: Total Energy Cost per Bit at Different Distance (Meters), (Rayleigh, Coded
MQAM)

The energy cost per bit at the source is improved be around 7 dB in the proposed algorithm
compared to threshold based selection, and around 4 dB compared to other methods.
Furthermore, the proposed algorithm improves the energy cost per bit at the relay by an average
of 3 dB compared to threshold based selection and source selection. In addition of that, the
proposed algorithm outperforms the selection method at the destination in terms of energy

consumption at the relay by an average 2 dB at different distance.
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Figure 3.25: Source Energy Cost per Bit at Different Distance (Meters), (AWGN, Uncoded
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Figure 3.26: Relay Energy Cost per Bit at Different Distance (Meters), (AWGN, Uncoded
MQAM)
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Figure 3.27: Total Energy Cost per Bit at Different Distance (Meters), (AWGN, uncoded
MQAM)

From Figure 3.27, an improvement of 20dB in terms of the total energy cost per bit between
direct transmission and the proposed algorithm for a transmission distance greater than 50
meters. Moreover, the proposed algorithm outperforms the other three selection methods by an
average of 4 dB at different transmission distance. This improvement due to modulation
strategy optimization jointly implemented with relay selection approach and switching between
coded MQAM and uncoded MQAM. We consider coded MQAM in AWGN channel, and we
plot the energy cost per bit at the source and the relay against the transmission path in Figure
3.28 and Figure 3.29. Following the same selection policy in the previous experiments, we
compare the performance of the proposed algorithm with threshold based relay selection,
source relay selection and destination relay selection for a maximum transmission distance of

150 meters between the source and the destination.
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Figure 3.28: Source Energy Cost per Bit at Different Distance (Meters), (AWGN, Coded
MQAM)
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Figure 3.29: Relay Energy Cost per Bit at Different Distance (Meters), (AWGN, Coded
MQAM)
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Figure 3.30: Total Energy Cost per Bit at Different Distance (Meters), (AWGN, Coded
MQAM)

The total energy cost per bit for all transmission schemes is given in Figure 3.31, in addition
of the energy cost in direct transmission mode. The proposed algorithm outperforms the direct
transmission by showing an improvement of an average 20 dB when we compare the energy
cost at different transmission distance. Moreover, the proposed algorithm consumes less energy
per bit by an average of 6 dB less than the threshold selection based, and 5 dB compared to the
selection at the source or at the destination. The proposed algorithm benefit from the
observation given in section 3.5.2 and section 3.5.3 which illustrate the impact constellation
size, coded MQAM and uncoded MQAM on the energy cost for short transmission and long
transmission range. Therefore, the adaptive solution employed in the proposed algorithm offer

a better energy saving regardless of the communication strategy. The proposed algorithm
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outperforms other techniques at short and long transmission range due to implementation of

relay selection in line with complete selection policy.

3.7 Summary

In this Chapter, an energy efficient relay selection algorithm for cooperative wireless network
was proposed. A distance based selection method in line with an SNR threshold are used,
whereby nodes that fulfils the criterion of having both links SNR above the required threshold
compete to participate in the transmission and the node with minimum distance to source and
destination is selected as relay. Consequently, the overall transmission path is minimized,
which decrease the energy cost per transmitted bit. The constellation size has been investigated
through numerical example for two communications scenarios; coded and uncoded system in
AWGN and Rayleigh fading channel and the optimal solution is proposed using analytical
analysis. The proposed method outperforms the traditional threshold based selective relaying
method, destination relay selection method and source relay selection method in terms of
energy cost per bit at the source, the relay and the total transmission energy cost. However, the
proposed algorithm use distance based relay selection in addition to the joint optimization
policy which is adaptable to any wireless system requirements. Thus, for different delay or
BER requirements, the relay and the source apply the proposed policy to meet the target
performance subject to the power constraint. Moreover, the proposed algorithm is compatible
with variable rate system, as the constellation size is optimized subject to power constraint.
Thus, in the next chapter we investigate and present the performance of the proposed algorithm
in system where multiple relay cooperate in the

transmission.
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Chapter 4: Energy Efficient Virtual MIMO

In this chapter, energy efficient relay selection algorithm for cooperative virtual multiple-
input-multiple-output (MIMO)is proposed. The proposed algorithm in Chapter 3 is extended
to variable and fixed wireless system where multiple relays cooperate in the transmission. The
impact of the constellation size and coding on energy consumption are investigated and the

optimal cooperation strategy is proposed for different MIMO configuration.

4.1 Introduction

Over recent years, virtual multiple-input-multiple-output systems (MIMO) has been
intensively studied and have shown to be an efficient technique to overcome the space
limitation of deploying multiple antennas in physical size constrained wireless nodes [107]. In
these techniques, multiple nodes collaborate to form a virtual antenna array, and jointly
cooperate in the signal reception or/and transmission [108 109]. In distributed wireless
networks, cooperative virtual MIMO were used to exploit the spatial and temporal diversity
gain achieved in MIMO systems, therefore the probability of deep fading is minimized by the

different paths created which improve the link reliability [110 111].

Moreover, the concept of virtual MIMO benefits from relaying techniques introduced into
those networks, overcome dead-spots, improve data rate, extend coverage and guarantee inter-
connectivity [112 113]. The demand for higher data rates communications over longer
distances was the primary motivations for the development of MIMO systems used in modern
wireless standards, including in IEEE 802.11n, such as in WiMAX systems as they support
higher throughput under bad channel conditions, interference, fading environment and
multipath [114]. The benefits of MIMO are mainly observed in the channel capacity limits
defined by the Shannon theorem given in equation (4.1). It can be clearly seen that an increase

in the SNR or the bandwidth results in marginal gains in channel throughput.
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C =Blog, 1+ SNR) (4.1)
As MIMO systems provide multiple signal paths by the spatial dimension of a communications
link offered, these systems can achieve significantly higher data rates than the traditional SISO
systems. Accordingly, the receiver can recover independent signals from each path and MIMO
system produces multiple streams to effectively that increase the data rate achieved in a SISO
system. Researchers approximate the channel capacity of a MIMO system as a function of the
transmitted streams number, and the MIMO channel capacity is approximated as a function of
streams number, bandwidth, and SNR and is given in (4.2) used for various implementations

of SISO and MIMO systems

C = NBlog, (1+ SNR) (4.2)
For Example, following the IEEE 802.11g specification, wireless local area network (WLAN)
transmitting using SISO configuration achieve a maximum coded data rate of 54 Mb/s using
64-QAM modulation estimating a25 dB SNR in 20-MHz bandwidth. By contrast, 4*4 MIMO
system achieves a bit rate of 4 x 94 Mb/s = 376 Mb/s that produce a data rate of 288.9 Mb/s
for the same specification, that is slightly comparable to the limit of the Shannon theorem 376
Mb/s. Thus, MIMO systems are more practical for higher throughput. Inspired by MIMO,
virtual MIMO have been introduced to cooperative wireless network and shown to be an
effective technique to combat the fading nature of the wireless channel and improve the
wireless system performance [116 117 118]. Cooperative-virtual MIMO schemes, in which the
transmitting and/or receiving wireless nodes does not necessarily have multiple antennas, but
it’s a group of single/multiple antenna transmitters and single/multiple antenna receivers,
grouped together to form a cluster and act as a MIMO system at each side as shown in Figure
4.1[119 120]. Virtual MIMO has several variations, the trivial case SISO, SIMO (a cluster of
transmitting nodes sending to a single node), MISO (one single node sending to a cluster of

nodes, shown in Figure 4.2) or MIMO (a cluster of several nodes sending to another cluster of
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several nodes shown in Figure 4.1).Although, virtual MIMO systems provide clear benefits at
the application level, the design of virtual MIMO schemes is not without significant challenges
such as synchronization to deal with the unknown number of antennas. Moreover, digital signal
processing (DSP) require more sophisticated baseband processing algorithms to better interpret

the channel model [121 122 123].

Figure 4.1: Multi stages Cooperative Virtual MIMO in Wirleess Network.

The massive enhancement in the network performance using virtual MIMO, add an energy
penalty caused by the additional circuit operations as more nodes are involved in the
transmission [124]. Since the pioneer work in [125]and in [126], where the authors derived the
energy consumption of virtual MIMO systems, the architecture proposed and the energy
consumption affecting factors has been the core several works to illustrate the performance of
those schemes in cooperative wireless networks from different perspectives. Hence, virtual
MIMO cooperative communication performance in terms of energy efficiency has been studied

and investigated for fixed rate or variable rate system [127]. Moreover, routing approach in
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those schemes and the impact on energy consumption was investigated in [128], showing the

necessary of optimizing the system parameters.

Y\Y Y/Y

Figure A: MISO System Figure B: SIMO System

Figure 4.2: A-MISO configuration, B-SIMO configuration.

In [129], it has been proved that MIMO systems require less transmission energy than SISO
system for the same throughput requirements. This topic was deliberate in [130], showing that
for a critical distance between transceivers, MIMO outperforms SISO in terms of energy
efficiency. Consequently, it has been proved in [131] that nodes operating on MIMO structure
and employing STBC spend less energy than SISO systems. The most recent progress towards
improving virtual MIMO in terms of energy efficiency is introducing relay selection schemes.
Hence, under certain selection criteria the system performance in terms of energy efficiency
can be improved, and several routing techniques and optimization schemes have been proposed
in the literature [132 133 134 135]. Virtual MIMO communication techniques has been
intensively studied in the literature as they have shown great improvement of energy efficiency
in cooperative wireless networks, and several techniques has been proposed in the literature on
various multi-input, mutli-output approach[136 137138].DF and AF energy efficiency
performance was analysed in [139], for various relay position subject to SEP at the destination.
The authors investigate the coloration between the energy cost and the transmission distance,

and results prove that DF outperforms AF at long distance. In [140], cooperative MISO

81

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



performance in terms of energy efficiency and delay has been investigated using a joint
optimization strategy, and the proposed routing methods based on minimizing the end-to-end
energy consumption shown better performance compare to SISO system. In [141], the routing
protocol selects the optimal transmission path that minimizes the energy cost, and shown better
performance compared to SISO transmission in terms of the network lifetime. In [142], a finite
feedback rate was used to determine the transmit power in clustered WSN and the performance
of the proposed algorithm extend the nodes serving time. In [143], energy efficiency in
cooperative MISO was triggered using a selection function that determines the number of
cooperative nodes in clustered WSN. The proposed selection function, which combines the
channel condition, residual energy and inter cluster distance, have shown to be more energy
efficient than SISO or non-selective approach. Moreover, the performance of cooperative
MISO in multi-hop network was compared to other transmission techniques, and it was shown
that single hop transmission outperforms multi-hop under certain distance threshold [144]. In
addition of that, energy efficient for cooperative MISO was approached using power allocation,
where the authors proposed determining the transmit power using analytical calculation before
the cooperative transmission [145]. In cooperative virtual MIMO, energy efficiency was
triggered by proposing node selection for Virtual MIMO formation such as in [146]. However,
to the best of our knowledge distance based node selection has not been used a relay selection
to optimize the energy consumption in MIMO. To the best of our knowledge, distance haven't
been proposed a relay selection metric in cooperative communication. We propose an energy

efficient relay selection algorithm for different MIMO configuration.

The relay selection algorithm given in Chapter 3 is extended to virtual MIMO systems where

multiple nodes cooperate with a transmitting node.

The contribution of this chapter can be summarized as follow:
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e The relay selection algorithm given in Chapter 3 is extended to cooperative wireless
network where virtual MIMO is used, and multiple relays are involved in the
transmission.

e The constellation size and the impact on energy cost is investigated, thus we propose
the optimal modulation strategy jointly with the proposed relay selection algorithm.

e A novel energy calculation approach for fixed rate and variable virtual MIMO system
is used which based on MISO configuration.

e An adaptable solution to the channel condition is proposed benefiting from the
RTS/CTS packet, thereby the relay(s) adjust the transmit power.

e An adaptive solution for virtual MIMO systems is proposed, as switching between

different operation mode is implemented.

The rest of the chapter is organized as follows: In Section 4.2, the system of the proposed
scenario, MIMO different configuration and the communication model are given. In Section
4.3, communication scenario using DSTBC is given. In Section 4.3, the energy consumption
per bit in virtual MIMO is derived for different configurations in Rayleigh fading channel, for
fixed rate and variable rate system. In Section 4.4, the impact of the constellation size is
investigated for fixed rate and variable rate system through simulations. In Section 4.5
analytical analysis of the proposed scenario with problem formulation are illustrated through
simulations. In Section 4.6 the proposed relay selection algorithm with link performance is
given. In this regard, the impact of relay location is investigated through numerical example
and the optimal solution is given. The performance of the proposed algorithm is illustrated and
compared to other methods through simulation using numerical values in Section 4.7. Finally,

Section 4.8 concludes this chapter.
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4.2 System Model

4.2.1 Virtual MIMO Configuration

Consider the wireless network shown in Figure 4.3, where two wireless nodes communicate
with the help of N nodes and the communication mode sis MIMO, or SIMO or MISO. In
MIMO configuration, the communication consists of three stages. At the first stage the source

transmits the message signal to T transmitter’s nodes, and those nodes retransmit to R

receiver’s nodes at stage two. At stage three, the receiver’s nodes forward the message to the

destination.
\?/ - A R, \?
\ TJ. 2 . Ri

Figure 4.3: Virtual Cooperative MIMO System

At stage one, SIMO configuration is employed, while MIMO is implemented as stage two and
MISO is executed at stage three. In MISO configuration, the source transmits at stage one, and
N relay nodes forward the message to the destination at stage two. MISO transmission is

employed between the relays and the destination as multiple virtual antenna transmits to single

84

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



antenna terminal. SIMO configuration is a special case, when multiple source transmits at stage
one, and single relay forward an aggregated message to the destination at stage two. This
scenario can be observed in WSN, such the case when a cluster head (CH) message is received

by multiple cluster members, then after forwarded to the next hop or the destination. For the

three scenarios, we assume the source packet size is L . and the network support a throughput

of L/T packets per second, where T is the transmission deadline. The Communication

implement TDMA scheme, and each transmission stage is assigned timeslot, with the total

transmission time bounded by T . The transmitter bit rate (number of bit per symbol), and the
constellation size (number of modulated bit per symbol) depend on the distance between
transmitters and receivers as variable rate system is considered. Using MQAM, the
constellation size is given as. We assume a flat Rayleigh fading channel between each
transmitter receiver pair, and the power falloff proportional to the distance squared following
the path loss equation. We assume all the nodes have perfect channel information from the

RTS/CTS packet exchange at the beginning of the transmission.

4.2.2 Distrusted Space Time Block Coding

In the proposed model, the destination receives the source(s) signal via multiple relays, and
different MIMO configuration executing Distributed STBC scheme. Through the rest of this
chapter we assume 2*2 MIMO, 1*2 SIMO and 2*1MISO which can be expended to superior

number subject to system requirements. Let's assume the source transmits the signal sequence

S,and s, to2 transmit relays and the signal received at the Irelay is given by

T,=>1hS, +N, (4.3)
where f and N, are the symbol index and the noise captured by the source-relay channel hij

.The transmit relays forwards the signal using equation (4.4) at stage two.
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S =( S‘L Sij (4.4)
_Sl So

At the end of stage two, the received signal at the receive relays is given by

R :Z;Z£gijsj+Nji (4.5)
where jand ltare the transmit relay index, and the timeslot index respectively, and Nij is the

noised captured between the transmit and receive relay. At stage three, the received signal at

the destination is given by

D=2 1> {WR+N, (4.6)
whereW;and N;are the relay-destination channel coefficient and the noise captured. For MISO

configuration the received signal at the relays follow the step given in equation (4.3) and the

relays transmit using equation (4.4). Thus, the signal received at the destination is given by

D=>"1>{wS;+N; “.7)
For SIMO configuration we consider a specific scenario, where two nodes receive the source
signal, and forward it to the relay. This scenario is mainly found in clustered wireless network,
where clusters members form a virtual SIMO within the cluster head, then MISO configuration
is used to forward the signal to the destination. Thus, for SIMO configuration the
communication procedure at the second stage comprise the same steps of MISO using equation
(4.3), equation (4.4) and equation (4.7). DSTBC is not the focus of this work, thus the decoding
procedure of the received signal at the relay or at the destination is not covered in this thesis.
However, we assume the destination recovers the signal using linear signal combination such
as Maximum Likelihood Decoding, and details explanation of this soft decision technique can

be found in [147].
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4.3 Energy Cost in Virtual MIMO

We assume a Raleigh fading channel for all the links, and the transmit power falloff
proportional to the transmission distance following the path loss model, the required transmit

power for a target BER is given by
P, = E,R,Gd; (4.8)
Where Pij is the transmit power from node ito node]. Eb, R,, G and di‘j‘ are the average energy

received per bit, bit rate, the power attenuation factor and the distance between transceivers. K

is path loss evaluated based on equation in Chapter 3. According to the Chernoff bound, for a
fixed rate system in high SNR Yy, regime given in equation (4.9), the average probability of bit

error P, given in Rayleigh channel can be approximated in equation (4.10).

7MtMr

| B .

= ———F 4.9
4 MtMrNo @9

BER(E,) = (-5)(1-—— )( L)@ NN,

)a
92 1+4/y, 2"l = alNN,! NENT
(4.10)

where M, M, E; '|hu|2 and N, are the number of transmit antenna, number of receive antenna,
F

energy received per bit, channel Frobenius channel matrix, and the noise spectral density
respectively. For SIMO configuration M is setto 1, while m_ is setto 1 in MISO configuration.
Although, E, can be computed using numerical technique, different approach to evaluate the

required energy per bit are used as minimising the energy consumption is achieved via relay
selection implementation. Thus, the energy cost for each MIMO configuration is addressed and

evaluated separately using the energy cost per bit for MISO configuration.
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4.3.1 Energy Consumption in Fixed Rate System

For a 2*1MISO configuration, the energy required per for a target P, at the destination is
approximated as in [125] and is given in (4.11). As the source and destination are within the

relay transmission range, for the same P, target at both nodes, same E, is desired at both nodes.

Consequently, the source use equation (4.12) to evaluate the required E,in SIMO

configuration, MISO configuration and at stage one and stage two of MIMO configuration.

Moreover, in MIMO configuration each potential relay calculates g, using equation (4.12), to

select the optimal relay pair.

"
P =¢, {QM}“[ME;’\I ] (4.11)
t' Y0

— MtNO

E =——— 4.12
b Pe_%"l (4.12)

where &, and N, are the channel expectation and the noise spectral density. The SNR is

evaluated using equation (4.9) and setting M, to one.

4.3.2 Energy Consumption in Variable Rate System

For variable rate system, under the same condition P, is evaluated in equation (4.12) as in

[124], and the required @»is calculated using equation (4.13) for MISO configuration for

MQAM modulation. Similar to fixed rate system, we use the same approach to evaluate E, in

SIMO configuration, MIMO stage one, MIMO stage two and at the relay in stage three. The
energy cost calculation is correlated to the relay selection algorithm and the described approach

is used to evaluate the energy cost for every MISO configuration in the network. Thus, every
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potential relay estimates the energy cost per bit using equation (4.14) for different MIMO

configuration.

-2
4/ 1 ][ 15Ehb
P<—1l-5 | =7 (4.13)
bl 5 | 2Ny (2°-1)
ENN
4(PRY22°-1

Using equation (4.11) in equation (4.8) the total energy cost per bit for MISO configuration in

fixed rate and variable rate system are given in equation (4.14) and equation (4.15).

P
=(1+a) yOGdk £ (4.15)
P
2 tob g TP
Et:§(1+a)( )“"‘ = M, N,Gd; + - (4.16)
b M

where L, T, and p, are the packet length, the transmission time and circuit power consumption

respectively.

4.3.3 Total Energy Cost

The total energy cost per bit per transmission using different MIMO configuration is given by

MM, +1
E

Total — M Z (ET + ERx + EBeacon) + ERTS + ECTS
1

M, +1

+ Z (ET + ERX + EBeacon) (4.17)
1

Mr+1

+ > (B +Eg +E
1

Beacon )

where E E... and g, are the energy consumption per bit to transmit the RTS, CTS and

RTS * Beacon

beacon message respectively. E,is the energy cost to receive one bit, and M,M, +1illustrate
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the number of nodes involved in the transmission. For the MISO and SIMO configuration M
is set to zero. In equation (4.16), we omit the receiving energy cost at the destination and sleep

mode, idle mode and transient energy cost.

4.4 Constellation Size Impact on Energy

Consumption

As discussed in Section 3.5.2, E, is variable function correlated to the modulation strategy and

it can be minimized by selecting the optimal value of b . Thus, the optimal constellation size
is vital design parameters to minimize the energy consumption in variable rate system and fixed
rate system. Higher modulation minimises the overall transmission time at the price of an
increase of the SNR threshold at the receiver side for correct signal recovery. Thus, an energy
penalty observed in the transmit power that increase linearly with the transmission range as
discussed in Section.3.3.1. Figure 4.4 illustrates the energy cost per bit in dBm mJ against the
transmission distance for different MIMO configurations under different modulation strategy
in Rayleigh fading channel. The optimal energy solution depends on the constellation size
correlated to the transmission distance, whereby for MIMO configuration in fixed rate system,
the optimal constellation size is 32, as it minimises the energy consumption at different
transmission range as explained in the previous section. Moreover, from Figure 4.4, MISO
outperforms SIMO using the same constellation size at different transmission range.
Furthermore, the impact of the constellations size in SIMO and MISO is negligible in
correlation to the transmission distance compared to MIMO configuration for long range. Thus,
subject to system performance requirement the optimal solution to achieve an energy efficient
transmission is switching between different MIMO configurations and applying adaptive

modulation. For example, MISO configuration using 32 constellation size is the optimal
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transmission strategy at 100 meters transmission distance. In summary, the optimal energy

solution is related to the system performance requirement such as delay, and BER.
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Figure 4.4: Energy Consumption using Different Constellation Size at Different Distance
(Meters), (Fixed Rate System)

We repeat the same experiment for variable rate system, and we use equation (4.16) to plot the
energy consumption in dBm mJ against the transmission distance in meters for different MIMO
configuration in Rayleigh fading channel. The performance is given in Figure 4.5 for different
constellation size, where 2*2 MIMO configuration outperforms SIMO and MISO in terms of
the energy consumption over 50meters transmission distance. Due to the fact that at short
communication range, MIMO configuration consists of three transmission stages in which the
distance between nodes is very short and in the ratio of 3 compared to the overall distance.
Thus, the transmission energy is dominant compared to the circuit energy. However, the

optimal transmission strategy is MIMO configuration with constellation size of 4 for
91

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



transmission range above 45 meters. Furthermore, SIMO configuration shown to be non-
practical solution as it has the worst performance in terms of energy consumption under

different constellation size.
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Figure 4.5: Energy Consumption using different constellation seize at Different Distance
(Meters), (Variable Rate System)

From the results in Figure 4.4 and Figure 4.5, the optimal transmission strategy for fixed rate
system is MIMO or MISO configuration with optimized constellation size. However, this
depends on the number of relays available in addition of the system requirements. For example,
under certain delay constraint, a higher constellation size for short transmission range is the
desired solution at the price of an escalation in the energy cost. Thus 2*2 MIMO using
constellation size of 32 at 150 meters transmission distance minimize the energy consumption,

with a penalty in terms of delay as more transmission time is required due to bigger number of
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relays. For variable rate system, MIMO is the most energy efficient solution over 40 meters

transmission distance subject to the availability of relays.
4.5Proposed RelaySelectionAlgorithm

We propose a distance based energy efficient multiple relay selection algorithm to minimize
the energy cost per bit while achieving a target system performance in terms of BER at the
destination. We study the impact of the relay location for different MIMO configuration, and
prove by numerical example that minimizing the sum of all path link length leads to lower
energy consumption under the same performance requirement for MIMO, MISO and SIMO
configuration. The core of proposed relay selection methods is selecting the node set that
minimize the overall path lengths. For SIMO and MISO communication mode consists of two
stages and we use two relays in the cooperative approach. In MIMO configuration, the
communications process differs significantly as it consists of three stages, and more relays are
involved in the transmission. Therefore, we use a modified relay selection technique for each

stage with the same context of selecting the relays with minimum sum of path lengths.

Ml Bl e Yl —>

RTS | CTS Beacon Source Tansmits | Relay Lisens | Relay Transmits - Destnation Lisen

) Tine

Cooperation Phage Souree Trarsmision Relay Transmsson

Figure 4.6 : Cooperative Virtual MIMO TDMA Communication

The communications mode for MISO and SIMO given in Figure 4.2, consists of two stages

where the source broadcast the signal in the first-time slot and relay transmit in their allocated
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time slots following the implemented TDMA cooperative scheme given in Figure 4.9
Candidates relays aware from their location on the network grid, estimate the partial channel
gain from the RTS/CTS packet exchange. The total transmission power is fairly allocated

between the source and relays subject to maximum power constraint as given by

P+ P < Py (4.18)
1

where P is estimated based the source-destination path length. For MISO and SIMO
configurations, the distance based relay selection policy is given by
minimize E,
subject to Zild.“ <df

di 2 dmin
d <d_.

4.5.1 MISO Relay Selection Algorithm

(4.19)

For MISO configuration, we define the decoded relay set as the set of nodes that correctly

decode the source and destination messages, and this set is given as

D, ={P,..Yi(D) > y,,(bss)} (4.20)
Where P...,V.(S)and VY, (Dsz) are the maximum transmit power at the source, the average
received SNR at the node, and the SNR threshold for a target BER, and Iis the node index.
From the RTS message, nodes within the source transmission range estimate ¥:(S)and if the
condition in equation (4.20) is satisfied, nodes listen to CTS message otherwise switch to sleep
mode. At this stage, we define the second relay set that correctly decode the CTS message and
its given by
D, ={P. i (D) = ¥, (bor) } (4.21)
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Where P..,V.(D)and VY, (byg) are the maximum transmit power at the destination, the

received SNR at a node, and the SNR threshold for the target BER. The destination transmits

e
S

=
<

evaluated using (4.12) or (4.14). The relay selection is completed in un-

centralized manner and nodes set their timer using (4.22) and the node with minimum sum

distance of both links has the smaller timer and has the priority to send the flag.

A df;diz_l_ (4.22)
|

where d}, d? and d, are the relay-source path length and relay-destination path length, while
I is the transmission timeslot allocated for each node to send the Flag message initiating itself

as a successful relay. We implement 2*1 MISO configuration that can be expended to larger

number of relays, and the relay selection algorithm is given in Table 4.1.

Table 4.1:Relay Selection Algorithm for 2*1 MISO Configuration

1. Candidates relay, switch to idle mode, at the beginning of each transmission.
2. The source sends the RTS initiating data to transmit.

3. Candidate relays satisfying (3.27) compute (4.20).

4.  The destination sends CTS.

5. Candidate relays compute (4.21).

6. Nodes satisfying (4.20) and (4.21) set their timer using (4.22).

7. Candidate relay use (4.15) or (4.16) to evaluate the modulation strategy.

8. Candidate relays, use (4.12) or (4.12) and send Beacon message.

9. The source and the relays transmit following the TDMA procedure.
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4.5.2 SIMO Relay Selection Algorithm

The SIMO communication mode is a special case, where single relay forward multiple source
signal to the destination. In this scenario, we define the decoded relay set as the set of nodes

that correctly decode the sources messages, and this set is given as

D) :{Pn{axyi (Sj) 2 Yin (bSR)} (4.23)
where P, y.(S ;) and Yy, (bss ) are the maximum transmit power at the sources, the average

received SNR at the node, and the SNR threshold for a target BER. While iand jrepresent the

receiving node index and the transmitting node index. We modify the TDMA scheme such as
all the sources transmit the RTS messages simultaneously, from which candidate relays execute
equation (4.22) at stage two. Thus, similar to MISO communication mode, the decoding set of
relays satisfying the condition in equation (4.25) listen to the destination CTS message and the
decoding set of nodes is minimized following the condition given in (4.26), and nodes
satisfying the condition compete for the relay role. The selection is competed in non-centralized
manner, and the successful relay set their timer based on equation (4.25), and the node with

minimum timer value has the priority to send the Flag message initiating itself as the successful

relay.
D, = {Pu Y (D) 2 ¥y, (bpe )} (4.24)
acdirdiad (4.25)
dl

The relay selection algorithm is given in Table 4.1.
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Table 4.2: Relay Selection Algorithm for 1*2 SIMO Configuration

1. Candidates relay, switch to idle mode, at the beginning of each transmission.

2. The source sends the RTS initiating data to transmit.

3. Candidate relays satisfying (4.19) compute (4.23).

4.  The destination sends CTS.

5. Candidate relays compute (4.24).

6. Nodes satisfying (4.23) and (4.24) set their timer using (4.25).

7. Candidate relay use (4.15) or (4.16) to evaluate the optimal modulation strategy.
8. Candidate relays, use (4.12) or (4.12) and send Beacon message.

9. The source and the relays transmits in their following the TDMA procedure.

4.5.3 MIMO Relay Selection Algorithm

For MIMO configuration, transmission consist of the following stages; the source transmits to
the transmitting relay cluster, the transmitting relay cluster transmit to the receiving relay
cluster, and finally the receiving relay cluster forward the signal to the destination. Similar to
SIMO and MISO communication mode, we identify two decoding set, defined as the source

decoding set and the destination set based on equation (5.15) and equation (5.14)

D, = { P.uYi(D) Y, (bSR)} (4.26)

D, = {Pru¥i (D) 2 ¥y, (b )} (4.27)
The major difference between the SIMO and MISO relay selection is the communication
between relays at stage two. Therefore, potential relays have to estimate the virtual MIMO
communication energy cost, to select the best grouping. At this stage the selection policy
involve additional signalling overhead between candidate relays as the selection is done in un-

centralized manner. To overcome additional signalling, we modify the selection policy such as
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each potential relay in the decoding sets transmit one bit feedback after the RTS/CTS message

exchange. Thus, all the potential relays and the destination have knowledge of the available

sets. The source selects the best set to form virtual MIMO at stage two, or request MISO

configuration subject to relay availability. The source selects two relays from each set with

minimum two path lengths. Similarly, the destination follows the same procedure and predicts

the communication strategy. This scenario is spotted in Virtual MIMO, where the source

transmits training sequence to the relays for channel estimation. The source transmits redundant

bit to inform the successful relay of the communication strategy. Successful relays and the

source adjust their transmit power based on the communication strategy using equation (4.12)

in fixed rate system, or equation (4.12) in variable rate system. The relay selection algorithm

isgiven in Table 4.1

Table 4.3 :Relay Selection Algorithm for 2*2 MIMO Configuration

1.

Candidates relay, switch to idle mode, at the beginning of each transmission.
The source sends the RTS initiating data to transmit.

The destination sends CTS.

Candidate relays compute (4.26) and (4.27), and compute (4.19).

Relays send one bit Feedback.

Source compute (3.31), and ACK.

MIMO or SIMO Formation.

Candidate relays use (4.15) or (4.16).

The source and the relay transmit following the TDMA procedure.

98

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



4.6 Performance Analysis

As the source transmit subject to energy constraint, the probability of finding K nodes out of

N to correctly decode the source signal follow the Bernoulli distribution and is given by

n ne
Pn(k):(kJP" (1-k)"™" (4.28)
Where p = % represent the probability of finding a successful relay within the source
(]

transmission range subject to a transmit desire power approximated based on the transmission
range I, and the network radius R, . Figure 4.7 consider the number of available relay sets,

for MIMO, MISO and SIMO configuration against the total transmission distance, and its

clearly observed that the decrease in the set number relatively to the distance.

60 T T T T T
— MIMO
— SIMO
50 MISO | ~

Number of Sets

O 1 1
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Transmission Distance

Figure 4.7: Number of Relays Set vs Distance (Meters)
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For SIMO, MISO and MIMO configuration the probability of finding K; nodes out of nto

correctly decode the message at stage | is given in equation (4.19) which is used to evaluate
the probability of successful transmission given in Figure 4.7 in respect to the transmission
distance. We plot the probability of successful transmission for SISO configuration by setting

Ito one which is the case of direct transmission.

P (k) :HL,U(‘] P (1-k)"" (4.29)

We consider two cases, optimized and non-optimized system for all configurations, and it can
be clearly seen that MIMO has the highest probability of successful transmission for optimized
system and non-optimised system as the overall path is divided into shorter links. Thus, under
the same power constraint the number of potential relay within the source transmission range

increase which is due to the reduce in power level at the receiver side.
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Figure 4.9: Probability of Error vs Distance (Meters)

Furthermore, Figure 4.8 consider the performance of different MIMO configuration in an ideal
scenario, where all the nodes involved transmit using unit power per unit distance calculated
based on the direct transmission scenario and without applying relay selection. In other worlds,
using equation (4.12), the source estimates the required energy cost per bit for direct
transmission and the power is allocated between the source and the relays using the ratio of
each link length. Assuming the destination drops the packet with BER above the required
threshold, we plot the probability of error at the destination against the overall transmission
distance in meters to illustrate the performance of all the configuration which degrade with the
increase in the path length. Figure 4.8 shows that MIMO outperforms SIMO and MISO at
different transmission range, where a 0.1 and 0.2 better error probability is observed at 100
meters transmission distance compared to MISO and SIMO respectively. Moreover, SIMO

shown the worse performance at different transmission distances.
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4.7 Simulations Results

To evaluate the performance of the proposed algorithm, two scenarios are considered. First, a
fixed rate system with MQAM constellation and a symbol rate equal to the system bandwidth.
We compare the energy consumption per bit for 2*2 MIMO, 1*2 SIMO and 2*1 MISO
systems. We investigated the performance of wireless network through numerical example and
we use the parameters given in Table 4.4. In this regards we consider a source node transmitting
data to the destination using SIMO configuration, or MISO or MIMO configuration with
distance based relay selection using Algorithm 1, or Algorithm 2 or Algorithm 3 respectively.

we compare the performance of the proposed algorithm with non-optimised MIMO, and

MIMO without relay selection for different configuration.
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Figure 4.10: Energy Consumption per Bit vs Distance without Relay Selection at Different

Distance (Meters)
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Table 4.4: Simulation Parameters

Parameters

Annotation

VALUE
Drain Efficiency 7 0.35
Thermal Noise PSD Ng -171dBm / Hz
Target Bit Error Rate P 107°
Carrier Frequency f 25GHz
Bandwidth B 1MHz
Packet Length L 200Kb
Link Margin M, 40dB
Transmission Deadline T 100ms
Mixer Power Puix 303mW
ADC & DAC Power —— 154mw
LNA Power - 20mw
Active Filter Power Peiir PerLt 25mw
Frequency Synthesizer Power Psyi 50mW
Receiver Noise Figure Ny 10dB
Intermediate Frequency Amplifier Power P 3Imw

IFA
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For every transmission distance we evaluate the average of energy consumption per bit using
100000 iterations. Figure 4.10 illustrates the performance of different MIMO configuration in
terms of energy consumption per bit against the transmission distance in meters. Different
MIMO configurations outperforms SISO in terms of the energy consumption at different
transmission distance even though the communication is implemented without relay selection.
We repeat the same experiment for different MIMO configuration, using the relay selection
technique given in Algorithm 1, Algorithm 2, and Algorithm 3 for MISO, SIMO and MIMO

configuration. and the results is illustrated in Figure 4.11 using equation (4.17).
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Figure 4.11: Energy Consumption per Bit vs Distance (Meters) with Relay Selection

In this experiment we assume 16-QAM fixed rate system without optimizing the constellation
size. MIMO outperforms MISO and SIMO with less than 1 dB at different transmission

distances. This slightly comparable performance is due additional energy cost of the overhead
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required as more relays cooperate in the transmission. However, the optimal energy solution is
MISO as it provides the same performance in terms of total energy cost per bit with less
complexity. We repeat the same experiment using the proposed Algorithms for different
MIMO configurations, and the result is shown in Figure 4.12. The Constellation size
optimization improves the performance in terms of total energy consumption per bit for
different configuration. Moreover, 2*2 MIMO (CON-MIMO) outperforms SIMO, and MISO
by 2 dB at different transmission distance when switching between MISO and MIMO is
applied. Thus, optimized MIMO is the optimal solution for energy problem in fixed rate
system. In this configuration mode, further energy saving is achieved due to the relay number
reduction by switching between MISO and MIMO subject to the system performance
requirements. In other words, for short transmission range MISO achieve the same
performance in terms of BER consuming less energy as less circuit operations and signal

receiving signal is required.
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Figure 4.12: Energy Consumption per Bit vs Distance (Meters), Optimized System.

The performance of different MIMO configurations in a fixed rate system of 10Kb/s was
compared in the previous section, while the performance of different MIMO configuration in
variable rate system where adaptive modulation is employed is investigated. Thus, the
performance of 2*2 MIMO, 1*2 SIMO and 2*1 MISO systems is evaluated by plotting the
total energy cost per bit against the transmission distances using the same parameters given in
Table and transmission deadline of 1 second for 10 Kb packet. We assume Rayleigh fading
channel, and we use equation (4.14) and equation (4.16) to calculate the energy cost per bit for
different configurations using the appropriate algorithm. Figure 4.13 considers the performance
the performance of three different configuration without relay selection, where the optimal
energy solution is MISO configuration as it outperforms MIMO and SIMO in terms of energy
cost per bit. However, comparing MISO performance in Figure 4.10, in fixed rate system MISO
outperforms by 1dB.
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Figure 4.13: Energy Consumption per Bit vs Distance without Relay Selection

We repeat the same experiment using the distance based relay selection technique without
optimizing the constellation size for the same systems parameters. From Figure 4.14, 2 dB
improvement in terms of energy consumption per bit is observed for transmission distances
above 100 meters. Moreover, MIMO and MISO show the same performance in terms of the
total energy consumption per bit at the same transmission distance. Hence, the optimal energy

transmission strategy is MISO with relay selection regardless of the transmission distance.
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Figure 4.14: Energy Consumption per Bit vs Distance (Meters)with Relay Selection

We evaluate the performance of MIMO, MISO and SIMO using the same parameters for
variable system rate, when the constellation size is optimized. Figure 4.15 shows the
performance of Configured MIMO, MIMO, MISO and SIMO under the same system
performance requirements. Compared to fixed rate system, an energy penalty around 2 dB can

be seen at different transmission range.

109

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



'38 T T T T T
NS s
D/
39 F > > o0
P> 000090°9°
,p*bb oo

= /I>’L>4> o© ¢ x- kKK

-40 - - *¥
= bb/b - 06 o *,*»*
2 b o® wonH¥F
= - ax X
D 4 )5 g2 ¥ -
© @ e
S g
o A 3 — % - MIMO
o 4@ ¥ — G- MISO .
I} 7'( —P--SIMO

¥ CONF-MIMO
43 4
_44 1 1 | | 1
0 50 100 150 200 250 300
Distance

Figure 4.15: Energy Consumption per Bit vs Distance (Meters)(Optimized system)

The CONF-MIMO transmission strategy given in Algorithm 3 is the more energy efficient
compared to other MIMO configurations as seen in Figure 4.15. An improvement of 1.5 dB
and 2dB compared to MISO and SIMO performance in terms of the total energy consumption
per bit at transmission distance above 100 meters. This is achieved by implementing switching
between 2*1 MISO and 2*2 MIMO subject to the total transmission path length evaluated
based on the available relays. An interesting conclusion from the results given in this section,
validate the hypothesis given in Chapter 2 that persist on the necessity of resource allocation
to achieve the most energy efficient transmission strategy. Thus, implementing relay selection
jointly with constellation size optimization is an obligation in cooperative wireless networks.
Moreover, the general belief that MIMO systems are more energy efficient can be misleading
if the circuit energy consumption is not considered, as over short distance circuit energy is

more dominant than transmit energy as seen in Figure 4.4. To evaluate the energy efficient
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performance, total energy consumption for different system with different code rates. We
consider that all the nodes are transmits the data size packet of 2kb. The simulation is performed
under the same system condition for same MIMO configuration for two different code rates r =
1/2 and r = 3/4. In Figure 4.16 the total energy consumption over distance is given for
2*2MIMO, and clear that the cooperative MIMO is more energy efficient than SISO
transmission. The simulation is taken. When the code rate increases, the ratio of redundant bits
compared to message bits is reduced. Therefore, total energy consumption is reduced as the
code gain increase which minimize the SNR threshold. Consequently, the transmit energy per

bit at the transmitter side is reduced.
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Figure 4.16: 2*2 MIMO and SISO Performance for different Code Rate Different Distance
(Meters)

Energy efficiency is another major key to illustrate the performance in terms of energy saving.

Thus, we define the energy efficiency for different MIMO configuration as amount of energy
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saved compared to SISO transmission, and we illustrated the energy saving using the equation
(4.30) which is a ratio of SISO energy cost Eg,to MIMO energy cost EE .For a code rate

=1/2 and code rate=3/4 illustrated in Figure 4.17 and Figure 4.18 respectively against different

transmission distances.

EE = Esiso — Evimo (4.30)
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Figure 4.17: Energy Efficiency of Different MIMO Configuration vs Distance (Meters)

It obvious that energy efficiency of different MIMO configuration increases with higher code
rate. However, from the results we can see that MIMO outperforms SISO around 75 meters
transmission distance and above, while SIMO and MISO achieves positive value for around
transmission distance above 120 meters and 100 meters respectively. Thus, cooperative virtual

MIMO supports higher data rate at the lower energy cost for the same BER requirement at the

112

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



receiver side at long transmission range. Switching between MIMO and SISO at short
transmission range offer better energy efficient communication. In the literature it has been
point that MIMO lead to better performance in terms of delay. Thus, the performance of

different MIMO configuration in terms of end-to-end transmission delay with respect to

different transmission distances is investigated. We assume the symbol period T, is equal to

the inverse of the bandwidth, and the total delay T, in SISO is given in equation (4.31), and

for MIMO configuration the delay is given in equation (4.32).

L
TSISO = E (4'31)
1L &L &L L
T = —+ 1 4 L 4+ 9 (432)
e B( S ; bl ; br bd J

where M,and M, are the number of transmitters and receivers for different MIMO
configurations. L, L, are the packet size the source and receiving cluster, L, is total number of
symbol received at the destination. D 8land b, are the number of bits depending on the

constellation size of each stages. The delay efficiency Ty, is given by

T.o T
Toelay = w (4.33)

SISO
We plot the delay efficiency for different MIMO configuration against the transmission
distance in meters. We use specific numerical example for a 20Kb packet and the result is given

in Figure 4.18. For long transmission distances, SISO offers betters performance in terms of
delay as Ty, has negative value for transmission distance above 50 meters compared to SIMO
configuration, and the distance margin is around 55 meters for MIMO configuration and MISO

configuration. This is due to the small constellation size over short distance to reduce circuit

energy consumption. Hence, reducing energy consumption can cause a delay penalty.
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However, a trade-off between energy saving and delay depends on the application requirements
and the small window at distance between 50 meters to 70 meters is the margin of delay

efficiency and energy efficiency.

100 T T T T T
— SIMO
— MIMO
MISO
50 7
S
g 0 1
c
Q
©
=
L
E‘ -50 7
)
O
-100 7
_1 50 | | | | 1
0 50 100 150 200 250 300

Distance

Figure 4.18: Delay Efficiency for Different MIMO configuration vs Distance (Meters)

4.8 Summary

In this chapter, an energy efficient relay selection algorithm for cooperative virtual MIMO was
proposed. The relay selection algorithm proposed in Chapter 3 is extended to variable and fixed
wireless system where multiple relay cooperate in the transmission. Thus, we extend the
distance based relay selection technique for different MIMO configuration. Similar to the
single relay selection algorithm, we investigate the impact of the constellation size on energy

consumption and the optimal cooperation strategy is proposed for different MIMO
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configuration. For MIMO, SIMO and MISO the nodes that minimize the overall transmission
path length are selected as relay. Moreover, we jointly optimize the constellation size with relay
selection to achieve the optimal transmission strategy. Furthermore, for MIMO configuration
we employ switching between MIMO and SIMO based on the overall energy cost. We compare
the performance of MIMO, SIMO and MISO in terms of energy consumption and we present
the results in terms of energy cost per bit against transmission distance. The proposed algorithm
outperforms non- optimised MIMO, and traditional virtual MIMO communication in terms of
energy consumption in fixed rate system and variable rate

system.
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Chapter5: Energy Efficient Relay Selection
Energy Efficient Clustering

In the literature, cooperative relay selection methods are proposed for Ad-hoc networks such
as wireless sensor networks (WSNs) taking into consideration the characteristics of those
networks in terms of energy consumption. However, to ensure the cluster heads (CHs) have
variety of relay candidates without adding extra signalling energy cost, an energy efficient

relay selection method based on clustering is proposed for clustered WSNs.

5.1 Introduction

Inspired by the early work of network performance such as coverage and capacity, in respect
to the network deployment strategy, the optimal cell size was investigated. heterogeneous
networks formed of a mix of macrocells, microcells, picocells and femtocells was considered
[148]. In these techniques receivers are brought close together thereby the energy cost is
reduced by effectively reducing the penetration loss and path loss. Thus, macrocells were
investigated and the impact of inter-site distance and the average of micro-sites on power
consumption were addressed from energy efficiency prospective. Inspired by this trend
clustering technique have been proposed and implemented in wireless sensor networks as those
networks suffer from scalability [149 150]. Clustering prove to be an energy efficient technique
as neighbor nodes are grouped into small size cluster and work jointly, along with an elected
leader node transmit the cluster member data to a far located base station. Clustering techniques
are mainly adopted in WSN, where by nodes organize them self and work in non-centralized
manner. Wireless sensor networks (WSNs) are composed of densely deployed huge number of
tiny low power sensor nodes deployed for various applications purposes [151]. In WSNs, each
node is required to collect data’s and reports periodically to the central base station (the Sink)

and serves without access to back-up charger or maintenance. However, the feature of the small
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size of these nodes raises the challenge of energy conservation as those nodes are powered by
small battery and are expected to work for long period. Benefiting from the distributed random
deployment and the un-centralized architecture of these networks, multi-hop transmission is
mainly adopted to overcome the transmission range limitation due to power constraint, by
reducing transmission distance whereby the distance between transceiver is divided into shorter
links [152 153]. Those strategies benefit from the broadcast nature of wireless channel by using
adjacent nodes as relay to forward the signal toward the destination. The focus of several works
is improving those exciting strategies to be more energy efficient. Thus, clustering has been
proposed where the network is divided into sub-regions in which nodes are grouped together,
and leader node, the cluster head (CH), are elected to forwards the received data from cluster

member toward the Sink using multiple, single or direct transmission as shown in Figure 5.1.

é SINK

() Cluster Member
@  Cluster Head

Figure 5.1: Clustered Wireless Sensor Networks

In this Chapter, a specific energy efficient relay selection method for clustered WSNs is

proposed. The aim is minimizing the total transmission path length from the source toward the
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sink, by relaying the signal using the node with minimum two paths length. Thus, the
transmission energy per bit at the source and the relay is minimized and the total transmission
energy cost is reduced by selecting the optimal path. The fundamental of the proposed method
is defining virtual clusters formed around the base station, in addition to the exiting cluster in
each sub-region yielding to higher number of relay candidates for each CH. The basic of the
novel method is electing the relay with the optimal location from virtual circular clusters
defined at the Sink. Therefore, the base station selects the relay with minimum two link lengths,
which minimizes the total energy cost per transmission. Simulation results are presented for
different transmission range and the performance of the proposed method is evaluated in terms
of energy cost per bit at the source, energy cost at the relay, total transmission energy cost and
the network lifetime. Results show that the proposed method outperforms random relay

selection method, conventional multi-hop transmission in terms of energy efficiency.

The contribution of this chapter can be summarized as follow

e Combining relay selection and clustering to achieve higher energy efficiency with less
complexity.

e Balance the overall network energy consumption, as the relay role is not limited to CH
due to the implementation of relay rotation.

e Minimizing the overhead energy cost, as relay is selected from predefined cluster at the
destination.

e Minimize the energy cost per bit by using the optimal path with minimum length.

e Minimize the total transmission cost, by minimizing the energy cost at the source and
the relay.

e Offer adaptable energy efficient solution to the channel condition, as the channel gain

impact on energy consumption is considered.
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e Minimizing the energy consumption by implementing the optimal modulation strategy

jointly with relay selection

The rest of this chapter is organized as follows. In Section 5.2, a brief overview of clustering
techniques, energy efficiency approaches in WSN are given. In Section 5.3, the system model
is presented. In Section 5.4, the energy cost in the proposed scenario is presented. In Section
5.5, the modulation strategy impact on energy consumption is investigated through numerical
example and the optimal policy is proposed. In Section 5.6, the energy consumption problem
in clustered scenario is presented through analytical analysis as a base to the proposed
algorithm and the proposed algorithm is given. In Section 5.7, the performance of the proposed
method is compared with different techniques and performance in terms of energy cost per bit,

total energy cost and network lifetime are given. Finally, Section 5.8concludes this chapter.
5.2 Clustering Concept

Wireless sensor networks (WSN) are composed of densely deployed tiny low power nodes
(infrared, magnetic, acoustic and are deployed for various purpose such as health monitoring,
military application, home automation, traffic control, environmental research, and forecast
[154]. The physical size limitation, low cost and low complexity of WSN nodes raise the
challenge of energy conservation as they are powered by battery and are expected to work for
long period. Benefiting from the distributed deployment, and the broadcast nature of the
wireless channel, multi-hop transmission schemes are mainly adopted to overcome the limited
transmission range in WSN, by dividing the path into several shorter links. In this regard, NON-
Hierarchical protocols such as Spin, Rumor-routing, Cougar and Direct Diffusion has been
utilised, and proved to be more energy efficient than conventional transmission [155 156].

However, these protocols sever scalability as specific nodes belonging to certain path deplete
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their energy faster leading to a strayed connection with the destination. Therefore, Hierarchical
protocols such as LEACH, PEGASIS, TEEN and hierarchical PEGASIS has been proposed to
further minimize the energy consumption. In those schemes, clustering has been adopted to
prolong the network lifetime by dividing the network region into sub-regions as shown in
Figure 5.1. In consequence, nodes collaborate and organize themselves into cluster, based on
the received signal strength, and elect a leader node, the cluster head CH. In those protocols,
probabilistic approaches are used for electing CH responsible for forward the aggregated data
to the final destination using multiple, single or even direct transmission [157]. Current
Clustering techniques have been intensely studied in the literature from energy efficiency
prospective, that has been addressed through different methods such as CH rotation, CH
election metric, the optimizing clusters size [158]. Those protocols shown to be more energy
efficient, but they severe from several drawbacks such as the delay, impractical and scalability
as only CHs communicate with the base station. Different CH election metrics and adaptive
clustering have been proposed to improve that protocol performance in terms of energy
consumption. In[159] energy efficiency has been addressed by proposing a CH election
algorithm, where the performance in term of network lifetime show significant improvement
compared to LEACH. Thus, the threshold equation of LEACH has been multiplied with a
factor representing the energy remaining in the node. Moreover, two clustering protocols, for
single and multi-hop transmission toward destination, have been proposed for heterogeneous
WSN in [160]. In this purpose, the threshold equation in[161], is multiplied by the ratio of the
node residual energy to the network energy. Hence, the network energy consumption is
balanced as the rotation of CH is based on energy weighted probability evaluation. From energy
efficiency prospective the authors in [162], proposed a distance based CH election algorithm
such as the CH to destination distance and the residual energy are the election metric showing

an improved performance over LEACH in term of network lifetime. Moreover, to balance
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energy consumption in the network, sink as CH was proposed in [163] to relieve nodes near
to the sink from being over utilized as they are more prone to relay data. Optimal clustering by
minimizing the distance between nodes in the purpose of prolonging the network lifetime has
been proposed in[164]. Adaptive clustering based on residual energy was proposed in [165].
Furthermore to overcome the problem of isolated node in network, that communicate directly
with the sink consuming intense amount of energy, energy weighted CH election was proposed
in[166] to prolong the network lifetime. Accordingly, inspired by MIMO technique
[167],cooperation approaches were introduced to WSN such as nodes collaborate and exchange
information to transmit cooperatively by forming a virtual MIMO antenna array. Moreover,
the performance of cooperative Virtual MIMO in WSN has been studied and analysed in [168]
showing that MIMO technique is more energy efficient than traditional SISO for long haul
transmission, and short range if constellation size is optimized. In this regard, the total energy
consumption expression of distributed cooperative WSN derived in [160], which is based
(MIMO), and proved that virtual MIMO is more energy efficient compared to the traditional
Single input single output (SISO) transmission in those networks. This phenomenon has been
intensively studied in the literature from energy efficiency perspective[169]. Furthermore, as
adopting this transmission scheme, prolong network lifetime as nodes use segment of the
energy cost of non-cooperative scheme[170], several energy efficient cooperative protocol
have been proposed for WSN based on residual energy [171], channel state information[172].
Furtherer, with the impact of the transmission strategy on the energy efficiency [173] as
cooperative incur additional overhead and circuit processing cost, relay selection has been
introduced to enhance the system performance. Conversely, to the energy efficiency protocols
in the literature, we combine relay selection and clustering to tackle the energy conservation
issue in WSN. We address the energy problem through the relay selection and the cluster

formation as they are considered the essential methods to achieve energy efficiency in
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Clustered WSN where inter cluster transmission adopt MISO communication. We propose an
energy-efficient relay selection algorithm based on multi-clustering for WSN. Therefore,
additional virtual clusters centred at the bases station are formed. In contrast to mutli-hop
scenarios, the fundamental of the proposed method is to select a node from a set of relay
candidates, from the virtual cluster within source transmission range, subject to correct
decoding of the signal. Hence, the successful selected relay location is within the minimum
required distance from both the source and the destination. Hence, the source and relay adjust
their transmit power subject to the path length and required BER at the destination.
Consequently, the network lifetime is extended by balancing the overall energy cost per
transmission due to the diversity of relay candidates and minimizing the required energy per
bit. To overcome the power limitations in WSNs, multi-hop routing has been employed, where

transmitted signals are forwarded by adjutant nodes.
5.3 System Model

Consider a clustered WSNs shown in Figure5.1, where N nodes report their data to the CH
responsible for forwarding the aggregated message to the Sink. The communication consists
of four stages; setup phase, local communication, cooperation stage and long-haul transmission
respectively. It’s assumed that each node has a unique ID and the information of its location
with respect to the network grid and cluster members, through the base station ‘HELLO’
message sent at the setup phase. Moreover, at this stage cluster formation is completed where
nodes are grouped into local clusters based on their geographical location, CH election are
performed, then after rotation is applied to balance the energy consumption as in [169].

Likewise, circular cluster initiated at the Sink is completed at this stage, and the optimal number

k of circular cluster is calculated using equation (5.1), with the 0 as the distance of the nearest
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node to the Sink. While the value of M is 500 as circular cluster are formed and the virtual

network grid is 500 X 500although nodes are spread over a 200 X 200

k:ﬂ @ ﬂz (5.1)

NFZA S
After the virtual cluster formation, nodes are acknowledged of their virtual cluster index and
the serving time slot in which they cooperate and forward the CH signal. For local
communication, Time division multiple access (TDMA) is implemented, where each node is
allocated a time slot as shown in Figure 5.2. CH aggregated the received data and transmits to

the Sink using intermediate node, the relay, and the signal received at the CH is given by

Sc = 2T hiSi+nj (5.2)

Clusters Formed Timeslot for Timeslot for
Cluster i Cluster i

([ ecee ([ ecee

Set-up Phase Transmission Phase +
luster i Stead

CH
Advertjsement
i

~4——CH Transmission Timeslot—— CH Receive _ Aggregate Data RTS CcTS CH Transmit _Relay Transmit

Figure 5.2: TMDA Cooperation Procedure.

For long haul communication, the transmission occurs over two-time slots. In the first-time

slot, the source (S) transmits the message while in the second-time slot the successful relay
transmits re-encoded version of the received signal toward the destination (D). The signal

received at the relay (R)and D in the first and second timeslot are expressed as follow

Sg = Mg [Es S + Ngg
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where hg.,h., are the channel gain of the source-relay and relay-destination link respectively,

and ng,n,4 are the additive white Gaussian with average power spectral density N;. And S,S
are the original source message and the re-encoded message signal transmitted at the relay.
While Eg,E, are the energy per symbol for a target BER at the destination. We consider
different modulation strategy; coded MQAM, uncoded MQAM, uncoded MFSK and coded
MFSK. For local transmission, the probability of error in AWGN channel calculated as in

[170]. For local communication and long-haul communication, we assume uncorrelated

AWGN channels fading that experience additive white Gaussian noise, and each link exploit
different channel gain. We consider a cooperative scenario, with the CH as a source (S)
transmitting to a destination ( D ) the Sink, through the aid of single relay node (R) selected at

the destination from a set of N available candidates as shown in Figure 3. The CH send the

RTS message, then after the Sink transmit the CTS message, and finally the ACK message

which includes the ID of the selected relay. At this stage, S and R adjust their power to achieve
the required target BER at the destination. The proposed virtual clustering technique and the

energy efficient relay selection algorithm are given in Section 5.6.
5.4 Energy Consumption in Clustered Networks

As given in [60] the energy consumption in a typical RF receiver consists of the power

amplifier Po, , and the circuit power R and it is given by

_ (R + PPA)
Ry

E (5.4)

where Rjand P, are the system bit rate and the circuit power consumption respectively, and

P, is given by
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Poa = L+ )Py (5.5)
where « is the amplifier drain efficiency, and P, is the required transmit power which can

calculated using the link budget equation given by

47)*d*M N, —
r=t

out

where M, N¢,R,,G,,Gand A are the link margin, receiver noise figure, bit rate, receiver

antenna gains, transmitter antenna gain and wavelength respectively. « and E_b are the path loss

factor and required energy per bit at the receiver for the target BER. And « depend on the

distance between transceivers and is evaluated by

a=2ifd<d,
. (5.7)
a=4ifd>d,
and the threshold distance d, is calculated by
¥
dy= | (5.8)
€mp

whereeg, €, are the free space and the multipath model transmit amplifier circuit energy

consumption parameters subject to free path loss or two ray model respectively, and E_bis

correlated to the modulation strategy as explained in Chapter 3. MQAM and MFSK modulation
in AWGN channel are considered and the energy required per bit based on BER requirement
at the destination for coded and uncoded system are evaluated. For uncoded MQAM and coded
MQAM, the energy per bit is evaluated using the same approach given in Section 3.5. The total
energy per bit for uncoded MQAM and coded MQAM are given in equation (5.9) and equation

(5.10) respectively.
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41- ¥
E, = ((+ e)g N,Bo?(2° -1) In(#)qjﬂm)/ L+(PT,)/L (5.9)

e

41— )
E, =((+ e)% N,Bc?(2°-1) |n(#)sd1m)/ L+(PT,)/L (5.10)

e

The data aggregation energy cost per bit E, and Eg, are set to 0.005 nanoJoule per bit.n and
f are the transmitting node number within the cluster and frame length, andd,is distance

between the node and the CH. Whiled, andd, are the distance from the CH to the selected

relay and the distance from the relay to the Sink respectively. Therefore, the total energy cost

per transmission is given by

Eiotar = Erx (S + 55 +53) + ErcS; (5.11)

whereS;, S,and S, are the RTS, CTS and Beacon message frame length respectively.

5.5 Optimal Modulation Strategy

For MFSK modulation the probability of error is derived as in (4.11), since most of practical

MFSK receivers use non- coherent detectors.

_7b
2

P =2P2, (5.12)

e

The instantaneous SNR Y, at the receiver side is calculated using equation (5.12).Raising

equation (5.11) to logarithm 2, and using equation (5.12) in the modified (5.11), the energy per

bit is given in equation (5.13).

Yo = oE, (5.13)
b - .
20°N,
2b—2
E, =20°N, In? (5.14)
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Following the same derivation Chapter 3, the transmission power and the transmission energy

are given in equation (5.14) and equation (5.15) respectively [103].

2b—2
P =40°N, In?GBe (5.15)
where G is given by
_ (47r)zdet (5.16)
G,G, (1) '
and B, follow the bandwidth efficiency in MFSK modulation given by
B, — 2_? (5.17)
Following the same derivation in Section 3.5, the total energy cost per bit is given by
-2 P 2P, T
=(+0)4°N, In=—GB, + ——+—2XC 5.18
E =(@1+06)40°N, p OBt T, (5.18)
where T, is given by
2°L
T,="— 5.19
on 2bB ( )

For coded MFSK modulation, we follow the same approach in Chapter 3, using a convolutional

code rate of 2/3 with code gain C, =2.6[103]. Thus, the total energy cost per bit is reduced

and given by

i 2P T
Et = (1+0)462Nf In(2 )GBe + PC el
P"C LT L

e g on

(5.20)

The energy cost for local communication E,. , and the energy cost for long haul communication

E,.,are given in equations (5.20) and (5.21) respectively.
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Ejoc = N(E (d,") +Eg,) +E, (5.21)

Ejon = E (dla) +Epc +E (dza) + Ejoc + Egg (5.22)

p
where E_ and E;, are the Cooperation energy cost per bit, receive energy cost per bit, E, is
calculated based on the distance between transceivers. Following the observation in Chapter 3,
where uncoded modulation outperforms coded modulation in short transmission range, E, is
evaluated using equation (4.17) for local communication. For long haul transmission, between
the CH and the relay, and Relay to the destination E, is evaluated using equation (4.17) or
equation (4.18). We use the same approach used for MQAM modulation in Chapter 3, and we
consider the energy consumption of uncoded MSFK and coded MSFK for different
constellation size. As seen in Figure 5.1, at short transmission range (1 meter), where the circuit
energy is dominant, the total energy cost slightly increases with the raise in b. Besides, at 30

meters transmission distance, the total energy cost and the transmit energy cost curves almost

intersect at b=6. Thus, considering the circuit energy cost, the optimal constellation size for

distance below 30 meters is M =2"=4, as for b=2 the total energy is minimized, while b=3 is

the optimal choice for short range, such as within the cluster.
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Figure 5.3: Transmit Energy Cost vs Total Energy Cost at different Distance (Meters)

To illustrate the performance assuming a transmission deadline T of 1second in uncoded

system, which is expended to T /C, =3/2 in coded system due to the additional redundant

bits, with code rate of 3/2. From Figure 5.2, coded MFSK start outperforming the uncoded
MFSK for transmission distance above 50 meters. From the observation in Figure 5.2, for
transmission distance over 50 meters, coded MFSK is used otherwise uncoded MFSK is
utilized. The same experiment under the same delay requirement is repeated and the
performance in terms of energy consumption per bit, for coded MFSK, uncoded MFSK, coded
MQAM and uncoded MQAM for optimized system in is shown in Figure 5.3 for the energy
consumption per bit (dBm mJ) against the transmission distance in meters. The optimal
constellation size for coded MQAM and uncoded MQAM s derived following the same

approach given in Section 3.5.3.
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Figure 5.4: uncoded MFSK vs coded MFSK under Delay Constraint at different distances
(Meters)

From Figure 5.3, uncoded MQAM performance in terms of energy consumption is the worse
compared to other strategies, and it shows 20dB increase in energy cost at 50meters
transmission distance compared to coded MFSK and uncoded MFSK. In contrast, coded
MQAM shows the best performance for transmission range above 10 meters where it
outperforms uncoded MFSK. At transmission range of 50 meters and above the most energy
efficiency transmission strategy is coded MQAM which has slightly similar performance to
coded MFSK for 100 meters transmission distance and above. Thus, from the result given in
Figure 5.3 the optimal modulation strategy for local communication is uncoded MFSK and for
transmission distance above 50 meters, while for transmission distance interval of [10-50]

uncoded MFSK is in use.

130

PhD Thesis by Mohamad EI Cheikh,
School of Engineering and Technology, University of Hertfordshire, Hatfield, UK.



10 . :
-k
xe kKK
°r *****W ]
S
kK
K
-10 | ¥ 1
*
# >
e >
* pBP *
£ -20 koKX »g%i—&&kww 1
= ¥
o) > ¥
2 -30 **H****@&*Rﬁ»w 1
S D/V /[>A>4> —{>- Coded MQAM
2 a0l /l>//[>/l> — % - Uncoded MQAM i
L DJ;/D — > - Uncoded MFSK
P > — % - Coded MFSK
50 1
P
/
-60 —’/' .
b
_70 1 1
0 50 100 150

Distance

Figure 5.5: Modulation Strategy Performance under Delay constraint at different distances
(Meters)

The optimization policy at the node (Relay or Source) is given by

minimize E,
subject to b-b. >0 (5.23)
b, —Pb>0

where the node compute all the values of b under the time deadline constraint, and the
maximum energy budget correlated to the transmission range. Using a convex optimization,
the optimization problem is solved by the interior point method in the format given in (4.24).

minimize E(b)

. , (5.24)
subjectto E'(b) >0

where Irepresents different energy cost for different b. The node start with minimum b,

calculates the energy cost, and update b in case the cost is minimized. Minimum and maximum

value of b are evaluated based on the transmission deadline requirements.
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5.6 Problem Formulation

5.6.1 Clustering Performance Analysis

As discussed in previous chapters, wireless nodes are limited to certain transmission range due
to power constraint, thus the implementation of relay channel evades the necessity of higher
power at a transmitting node to attain a desired power level at the receiver to meet the SNR
threshold. Although clustering schemes shown to be effective approaches to achieve a target
performance without escalating the energy cost, they suffer from a major drawback which is
limitation of relay candidates as only CHs participate in the transmission. As a result, the
performance is stringent to the link quality of available CH. A potential solution is adopting
relay schemes whereby increasing the diversity of relay candidates. However, the benefits
achieved in clustering schemes in terms of delays, synchronization can be omitted by the
implementation of relay schemes as non- CH nodes are put into sleep mode for energy saving.
The benefit of clustering schemes where the network is divided into smaller sub-region is
easing the synchronization that evades an additional energy cost in term of signalling. This
benefit can be eliminated due higher of nodes involved in the transmission from outside a
transmitting cluster. In addition of that, balance power consumption overall the network
achieved from CH rotation implementation can be omitted as potential relays task might spend
long periods in the idle mode. To sustain the benefit of clustering schemes and reap the benefit
of relay schemes, we propose a relay selection based on multi-clustering. The core of this
method is increasing the number of candidate relays for transmit node, where by the node that
minimize the energy transmission cost forward the source message. The relay candidate’s
limitation is illustrated in equation (3.39) as the probability of finding n nodes from k node to

perform the relay task is correlated to number of CH, in addition of the desired transmit power
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at the source. Thus, increasing k, raise the probability of higher number of candidate relays.

Consequently, the probability of successful transmission given in equation (5.25) is raised.

P(R)=P(% >T)P(y, >T) (5.25)
where ~;and v, are the instantaneous SNR of the source-relay link and relay-Sink link. The

predefined SNR threshold Tfor a target BER in AWGN channel evaluated using equation (5.26)

or equation (5.27).

b-2
T=In 2 (5.26)
b —_
T= 2 -1 (5.27)
6P

The relay selection policy at the Sink is given by

Minimize E;, E,

Subject R, <Py

d; < dpyee and d, <d gy, (5.28)
df +d2 <d”

F)Total < F>Max

where E,E,, R, P, dy..d7. andd are the energy cost per bit at the source, the energy cost

per bit at the relay, the achievable BER, the target BER, the maximum threshold distance for

the source-relay link, the maximum threshold distance for the relay-Sink link and the distance
between the source-Sink link length. P, and B, are the total power and maximum power

evaluated using equation (5.9) or (5.10).

5.6.2 Proposed Algorithm

The Sink performs the Virtual cluster formation and broadcast the cluster indexes at the setup

phase using equation (5.1). We the required power to reach the Sink as bench to set the upper
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bound of the transmit energy cost, and we assume no direct link between the source and the
Sink, while the Sink messages reach all the nodes in the network. Moreover, it’s not necessary
that RTS message reach the Sink, while potential relay candidates listen to the RTS/CTS packet
exchange in addition of the Beacon message sent by the Sink to estimate channel gains and the
successful relay ID. This is because the Sink transmits with unlimited power, and potential
relay fall within the source transmission range. The energy per bit at the source and relay for a
target BER is calculated using equation (5.9) or equation (5.10). The Propose algorithm

consists of the steps given in Table 5.1

Table 5.1:Energy Efficient Relay Selection Algorithm for Clustered Wireless Networks

1. The Sink execute Virtual Cluster formation, and send the necessary information

2. Candidates relay, switch to idle mode, at the beginning of each transmission based
on virtual cluster index.

3. The transmitting CH sends the RTS initiating data to transmit.

4. The SINK sends CTS with sufficient power to reach all relay candidates, and the
CH.

5. Candidate relays, estimate the partial channel gain and the desired transmit power
for the target BER to satisfy the condition in equation (5.25).

6. The Sink use (5.28) to evaluate the optimal modulation strategy, and sends the
Beacon message, including the successful relay ID considering residual energy

7. The CH and the successful relay transmit in their allocated time slot following the

TDMA subject to satisfy the condition in equation (5.25)
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5.7 Simulation Results

In this section, we evaluate the performance of the proposed relay selection algorithm through
simulation results, and the performance in terms of energy cost per bit (dBm mJ) is given
against the transmission distance in meters. Through this section we refer to the proposed
method by Relay Selection and the performance is compared to the multi-hop, random relay
selection and direct transmission. Moreover, the network lifetime is considered by showing the
performance of all the methods in terms of the number of alive nodes after a certain number of
rounds. Consider a network of 200 nodes randomly spread over a network grid of 100meters

square with the Sink coordinates are x = y = 200 therefore the nearest node to the Sink is at least

50 meters far. The receiving power is set to 100 mW, while the power consumption for sleep
mode and transient between different stats is negligible. The wavelength is set to 0.12 meter
and data aggregation cost at the CH is set to 5 Nanojoule per bit and other simulation
parameters are given in Table 5.2. In Multi-Hop method, the nearest CH forwards the source
signal to the Sink, while in random relay selection method, the relay is selected randomly from
a set of nodes within the source transmission range subject to correct signal decoding. In the
proposed method. the successful relay is selected with the minimum total two links lengths
following the policy given in (5.28) and adjust their transmit power based on equation (5.9) or

(5.10). In multi-hop and random relay selection the source use P, ., /2 evaluated from (5.9) or

(5.10) for the value of equal the total path length similar to the direct transmission scenario.
Likewise, the relay adjusts its transmit power using (5.9) or (5.10) based on their path length
to the Sink. To illustrate the performance, we examine the energy cost per bit at the source and
the relay, total cost per bit and per message for three methods for different path length. Then
we present the performance in terms of the network lifetime by plotting the number of alive

nodes against the number of round. For coded MFSK system and uncoded MFSK system we
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plot the energy cost per bit in dBm mJ against the transmission distance in meters for Multi-
Hop, Random Relay and optimized Relay Selection. We run 100000 iterations to average the
channel gain and the average energy cost per bit for random nodes deployment and the results

are given in Figure 5.6 and Figure 5.7.
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Figure 5.6: Energy Cost per Bit vs Distance (Meters)for uncoded MFSK in AWGN

From the results it can be seen that the optimised algorithm shows an improvement in terms of
the energy cost per bit at different transmission range. The optimized algorithm outperforms
Random Relay method and Multi Hop method by less than 0.8dB at 150 meters transmission
distance. However, an unimpressive improvement of less than 1 dB is due to of adding the
RTS, CTS energy cost to the total energy cost per bit for the proposed algorithm and receiving
energy cost at the candidate relays, while circuit and energy cost where considered for other

methods to evaluate the additional energy penalty in terms of signalling energy cost.
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Figure 5.9: Energy Cost per Bit vs Distance (Meters), (coded MQAM, AWGN)

We repeat the same experiment for coded and uncoded MQAM systems using the same
parameters and same evaluation approach. Therefore, we run 100000 iterations and average
the total energy cost per bit for different transmission distances. The energy cost per bit in dBm
mJ is plot against the transmission distance in meters for uncoded MQAM and coded MQAM
in Figure 5.8 and Figure 5.8 respectively. From the results we get the same unimpressive
improvement less than 1 dB in the best scenario. Therefore, to acquire an unambiguous
comparison, we consider different approach where all the methods use the same transmission
strategy under the same communication environment. Thus, calculating the total cost per
transmission is more precise, therefore we use equation (5.22) and equation (5.23) to calculate
the total energy cost per packet. Thus, we perform relay selection in Random Relay selection
method and Multi-Hop method using the full optimization policy given in equation (5.24) in

line with random relay selection technique.
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Table 5.2: Virtual Clustering Algorithm Simulation Parameters

Parameters

Value
Drain Efficiency 0.35
Thermal Noise PSD -171dBm / Hz
Target Bit Error Rate 107°
Carrier Frequency 2.5GHZ
Bandwidth IMHZ
Packet Length 200Kb
Link Margin 40dB
Transmission Deadline 100ms
Mixer Power 30.3mw
ADC & DAC Power 15.4mwW
LNA Power 20mw
Active Filter Power 2.5mwW
Frequency Synthesizer Power 50mwW
Receiver Noise Figure 10dB
Intermediate Frequency Amplifier Power 3mw

PhD Thesis by Mohamad EI Cheikh,
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Thus, the same experiment for the optimised scenario is repeated, where by the source and
relay use the optimal modulation strategy in Random Relay method, Multi-Hop transmission
and the proposed algorithm. The performance in terms of energy consumption is evaluated by

plotting the total energy cost in dBm mJ against the distance in meters.
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Figure 5.10: Energy Cost per Bit at the Source Different Distance (Meters)

10000 iterations for each distance were conducted, under different condition using random
nodes deployment and the average energy cost is used. Figure 5.6 and Figure 5.7 consider the
energy consumption at the source and relay respectively, assuming a 2 Kb packet length at CH.
The proposed algorithm outperforms Random Relay method and muli-Hop transmission,
where an improvement of 3dB and 2dB at the source and relay is observed for different
distances. At the relay, the proposed algorithm shows better performance of 10dB average at

different transmission distances. This difference in terms of the energy cost improvement at
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the source compared to the energy cost improvement at the relay is due to the power constraint.
As random relay selection is performed in Multi-hop method and Random Relay method
doesn't benefit from the system optimization in contrast to the source. The source transmit
power is minimized, while a random relay without considering the relay-Sink path length

escalate the total energy cost.

20 | |

10

-10 |

[N
o
T

— Multi-Hop
Random Relay
-30 F Relay Selection -

Total Energy dBm mJ

0 50 100 150
Distance

Figure 5.11: Energy Cost per Bit at the Relay vs Distance (Meters)

We plot the total energy cost dBm mJ against transmission distance of the three methods in
addition of the Optimized direct transmission. From the obtained results given in Figure 5.8, it
can be seen that at variant transmission distances the proposed algorithm outperforms Multi-
hop by 2 dB, Random Relay by 3.5 dB, and Optimized direct transmission by 5 dB. To exhibit
the performance improvement the network lifetime in terms for all the optimized methods is
considered as a performance metric using the following scenario. Its assumed that the CH of

local cluster send a packet at each round and cluster rotation is applied. Therefore, at each
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round different CH performs the task of the source, with different channel condition through
candidate relays in the appropriate virtual cluster. The performance of the optimized system is

evaluated and compared to Random Relay method, Multi-Hop method.
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Figure 5.12: Total Energy Cost per Bit vs Distance (Meters)
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100000 iterations are conducted whereby the channel gain is averaged for random nodes
placement, and the energy cost for every distance is averaged. Its assumed that each node has
an initial energy of 2 J. Figure 5.10 and Figure 5.11 show the performance of all methods for
coded MQAM and coded MFSK. The proposed algorithm uses the optimal modulation strategy
outperforms other transmission methods after 200 rounds, as the results show 140 nodes alive.
However, the slight difference of alive nodes number is due to the random variation of the
channel gain and random nodes deployment. This can be seen by the number of rounds required
until the first node depletes the total energy. The proposed algorithm shows a better
performance in this aspect as around 130 nodes are alive after 120 rounds. The experiment is
conducted for all the transmission methods, using the same parameters for uncoded MFSK and
uncoded MQAM and the results are given in Figure 5.12 and Figure 5.13 respectively.

Similarly, 100000 iterations are conducted to average the energy cost at each distance.
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Figure 5.14: Nodes Alive Versus Number of Round (uncoded MFSK, AWGN)
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The proposed algorithm outperforms Multi-Hop method, Random Relay Method and Direct
Transmission in terms of the number of alive node at different rounds for uncoded MQAM and
uncoded MFSK. For uncoded MFSK and uncoded MQAM, the proposed algorithm shows
around 140 nodes alive after 200 rounds and the first node deplete the total energy after 140
rounds and 90 rounds. Again, this difference is due to the random nature of deployment and
channel variation. Although, Direct Transmission, Multi-Hop and Random Relay use the
optimal constellation size, they show inferior performance compared to the proposed algorithm
due to random relay selection or the drastic escalation in the transmit energy cost relatively to
the transmission distance. Hence, from the observation in this section, the proposed algorithm
shows better performance in terms of the energy cost compared to different optimized and non-
optimized transmission techniques. This proves the necessity of applying relay selection jointly

with resource optimization to achieve and energy efficient transmission strategy.
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5.8 Summary

In this chapter, an energy efficient relay selection algorithm combining clustering technique
and relay selection was proposed. In contrast to most proposed works in the literature in
clustered WSNs, where only CH cooperates in the transmission and forwards the source
message, relay is selected from predefined virtual cluster formed at the Sink based on their path
length toward the source. The core of the proposed method is minimizing the total transmission
energy cost by selecting the relay with minimum two path lengths, which decrease the energy
required per transmitted bit. In this regard, the impact of the modulation strategy for coded
MFSK, coded MQAM, uncoded MFSK and uncoded MQAM through were investigated
through numerical analysis. Hence, the optimal modulation strategy was proposed and
implemented in correlation to the transmission distance. The proposed algorithm outperforms
the traditional multi-hop, random relay selection and direct transmission in terms of the energy
consumption per bit at the source, the energy consumption per bit at the relay and the total
energy consumption cost. Moreover, it can be clearly observed from results that the proposed

algorithm  offers substantial better performance in terms network lifetime.
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Conclusion and Future Work

6.1 Conclusion

Cooperation in wireless network is a promising technique to combat the fading nature of
channel and improve the overall system performance without extra cost and complexity.
Implementing relay selection methods shown to be a potential candidate for achieving an
energy efficient cooperative wireless communication. By splitting the communication link into
shorter links, significant power conservation can be achieved without scarifying a target
performance requirement. The replacement of direct link communication with several shorter
paths has been intensively investigated and studied from energy efficiency perspective. Thus,
different energy efficient relay selection methods were proposed from energy saving
prospective, in contrast to traditional relay selection methods where the aim was enhancing the
system performance from different prospective. Moreover, to achieve the optimal energy
efficient cooperative communication, the wireless system resources need to be optimise.

However, it has been identified that in attempting to completely optimise the energy
consumption in wireless networks, relay selection should be jointly implemented with an
adaptive power control mechanism at the physical layer subject to the wireless system
performance requirement. Thus, optimised power distribution among cooperating nodes can
further reduce the overall transmit energy cost without sacrificing quality of services in wireless
systems. In this regard, a detailed literature review has been undertaken in this thesis. To
understand the basic principles and implementation, advantages, drawbacks of cooperation
communication schemes in wireless networks, the review covers the nature of wireless channel,
cooperative communications protocols, energy efficient relay selection methods, impact of
modulation strategy and power control methods at the physical layer in cooperative wireless

networks.
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Moreover, the main cooperative protocols (DF and AF) performance in terms of energy
consumption was presented and analysed as a platform for the proposed energy efficient relay
selection algorithm for cooperative wireless networks. The core of the proposed algorithm is
minimizing the energy cost per bit using a distance based relay selection method in line with
the optimal modulation strategy. The proposed algorithm has been extended to different
cooperative scenarios; virtual MIMO system and clustered wireless networks. For virtual
MIMO system, distance based multiple relay selection is implemented in line with optimal
modulation strategy for different MIMO configuration to minimize the energy cost per bit. For
clustered network, virtual clustering is implemented jointly with the distance based relay
selection algorithm. Simulations (using MATLAB) have been carried out to illustrate and
compare the performance of the proposed algorithms with different techniques and results
showed an improvement in term of energy cost for different wireless networks scenarios.

In this thesis, the concept of cooperation in wireless networks and protocols, relay selection
techniques were presented in Chapter 2, in addition of the fundamentals of the energy
consumption in cooperative wireless networks. In Chapter 3, the impact of coding, the
modulation strategy and relay location impact on the system performance in terms of energy
cost per bit were investigated. Hence, the optimal cooperative solution was proposed based on
numerical analysis and presented in terms of energy cost for transmission range. The optimal
modulation strategy jointly used with the distance based relay selection method shown to be
more energy efficient compared to different transmission techniques in cooperative wireless
networks. In Chapter 4, the proposed algorithm was extended for cooperative wireless
networks where virtual MIMO system is employed. The proposed methods, system model and
the selection metric used for different MIMO configuration were given. Results including
comparison with different transmission techniques have been presented. The proposed method

outperforms the traditional and random relay selection in terms of energy consumption as
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shown in simulation results. It has been examined that the energy efficiency achieved is at the
cost of effective data rate by introducing an additional signalling message. A further
improvement can be achieved by minimizing the Beacon message size based on the cluster
size. In Chapter 5, the single relay selection algorithm was implemented in clustered network,
by combining virtual clustering and relay selection. The proposed clustering technique, energy
cost formula and system models were given. Simulations results show that the proposed
method outperforms the traditional multi-hop and random relay selection in terms of energy
consumption and network lifetime. Finally, Chapter 6concludes this thesis by presenting a

work summary and given the future work plan to be carried out.

6.2 Future Work

6.2.1 Hybrid Schemes

Recent researches focus proposed Hybrid schemes which employ both DF and AF [174]. In
these schemes the relay uses either DF or AF based on an SNR threshold. Incorporating Hybrid
schemes with the proposed algorithm can be implemented with a feedback so the relay switches
between DF or AF. Moreover, for multiple hops transmission, Hybrid schemes can be more
energy efficient than selective DF. AF amplify the noise at the relay offering low complexity
compared to DF. Thus, the approach is to find a trade-off between the number of hops and the
circuit energy cost, whereby the source forward the signal through multiple hops using AF, or

single/multiple hops using DF.

6.2.2 Energy Harvesting

Cooperative communication schemes in wireless network shown to be a promising solution for
an energy efficient communication. Proposed techniques such as relay selection, clustering

considered as low complexity and low-cost solution and have been addressed at different
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layers. In cooperative wireless networks, relay selection has been implemented jointly with
network resources optimization to improve the performance in terms of energy consumption.
However, cooperative communication schemes suffer from a drawback which the signalling
overheads and switching between different modes considered as energy waste. For example,
in most of the relay selection methods proposed in the literature, candidate relays listen and/or
exchange message with the source and destination. In consequence the energy consumed on
receiving signal, and in idle mode is considered as redundant energy cost. This drawback can
be tackled at the battery level that shows an unimpressive improvement. Charging the nodes
from unwanted RF signal, turn this disadvantage into advantage, and can be approach using
energy harvesting. Energy harvesting schemes can be a potential solution to turn cooperation
drawbacks into benefits [175]. The concept revolves around, extending the idle or listen mode
of unsuccessful relay if the received signal power fall above a charging threshold. Moreover,
in WSN increasing the transmit power at the Sink, or even within cluster transmission improve
energy efficiency in terms the network lifetime. However, interference is major design concern

and a trade-off between interference and maximum power level should be considered.
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