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Abstract

Cooperative communication playsvéal role in the wireless domain recently due to its
numerous benefits such as coverage extension, improvement in spectral efficiency, and
throughput by increasing the complexity of the system. Furthermore, security becomes a key

issue for implementing eooperative communication system.

In this thesis, the complexity is reduced by employing differential modulation as they do not
require complete channel state information (CSI). Different thredbeddd relay selection
schemes are also proposed to redoomplexity. Furthermore, the security issue in the
cooperative wireless network is addressed by enhancing the physical layer security using the

proposed double threshelsed optimal relay selection scheme.
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Chapter 1

Introduction

1.1 Introduction and Motivation

Resource allocation and sharing among multiple relay nodes minimizes pomgemption

and saves the overall network resources in cooperative wireless ne@mokerative wireless
communication effectively combats fading and provides reliable communicdRielay
selection in cooperative wireless communication is an esseatihhijue that improves
performance by selectirthebest relays and eliminating the relays vatghoor signaito-noise

ratio (SNR). There are some critical issues in the relay selection sutheascrease in
complexity and power consumption by selectingre relays to assist the source transmission.
Also, the security threat is one of the critical issues in the existerarecafzesdropper along

with the relay node in the cooperative wireless netwbhkeshold based relay selection can

be exploited to oercome the issue of selecting more relays by comparing the SNR at the relays
with the preset threshold. The complexity in the existing relay selection is high due to the full
channel state information (CSI) requirement. This thesis investigates theerditier
modulation schemes with threshdidsed relay selection to reduce the complexity and power
consumption The security issue in cooperative wireless netwsakidressed in this thesis by
enhancing the physical layer security using relay seledtinhke the existing techniques, the
proposed relay selectidmased scheme enhances the physical layer security in a cooperative

wireless network and offers improved intercept probability performance

20



1.2 Main Objectives

X The significant objective of this research is to devise sindeuble, and multi
thresholdbased relay selection scheme using differential modulation for
cooperative wireless networks and to analyze its performance

X To improve the physical layer secyritn cooperative wireless network by the

proposed double threshold based optimal relay selection scheme

1.3 Thesis Contributions

Prior works on the thresheclobsed relay selection require full channel estimation, which is not
possiblein fast fading channatonditions. The proposed scheme requiresimal channel
estimation as differential modulation is employ@tie proposedrelaying selection scheme
requires a longerm average of the received signagucing thefull CSI requirenent The
proposednethod reduces power consumption at the relay node. In addition to thrbakettl

relay selection the proposed scheme also considers the physical layer security enhancement in

a cooperative wireless network
The major contributions of this thesis are @lfofvs:

1. Singlethresholdbasedrelay selection with mathematical model using differential
modulation applying the distance constraints is proposed. The proposed scheme is
studied with amplify and forward (AF) and differential amplify and forward (DiffAF)
relaying schemes. Proposed scheme is different from the existing single threshold
based scheme which employs coherent relaying and equal power allocation

2. Doublethresholdbasedmulti-relay selection and multhreshold based proposed with

mathematical moel using coherent and differential modulation scheme with distance

21



constraints is also proposed. The complexity analysis of the proposed-dauible
multi-threshold based scheme is analyzed based on the number of channel estimation
and combining branches

3. The proposed scheme combines the dotheshold scheme with existing optimal
relay selection with distance constraints and unequal power allocation to enhance
physical layer security in cooperative wireless networks. The BER performance is
analyzed fo the proposed scheme with different relay scenarios and modulation

schemes.

1.4 Thesis Organization

The remainder of this thesis is organised as follows:

x Chapter 2 £The background concepts of cooperative wireless communication and
relay selection in cooperative wireless networks are briefly introduded.
comprehensive survey of relay selection is discussed in this ch#@&soprovides a
thorough literature revie on the relaying techniques, followed by the singted multi
relay selection techniqueand physical layer security focooperative wireless
networks This chapter also compares the findings of the existing technigqués
literature

x Chapter 3 fAhe proposed single threshold based single relay selection is presented
with the mathematical model for cooperative wireless netwdikes.proposed scheme
categorized as SinglEhreshold AF and DiffAF relaying with Coherent and differential
Modulation stiemes.The performance analysis of the singieesholdbased relay
selection scheme is discussed. The comparative results for this scheme is presented

x Chapter 4 +Mathematical model of the proposed douthieeshold based relay
selection for doubl¢hrestold AF and doubleghreshold DiffAF relaying with coherent
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and differential Modulation schemes is presented. The mathematical model is discussed
in this chapter. Furthermore, the performance of the proposed daraemultt
threshold based relay selectisohemes is evaluated. Comparative analysis of these
schemes is presented

Chapter 5 d4ntercept probability analysis of the proposed double threshold based
optimal relay selection scheme is presented. In addition, this chapter also presents a
comparative BER performance analysis of the proposed scheme with varying numbers
of relays and mdulation schemes for different distance cases

Chapter 6 £This chapter highlights the summary of the contributions of this thesis and

future research directions.

23



Chapter 2

Background and Related Literature

This chapter provides eomprehensive surveyf @ooperative wireless communication. A

detailed discussion about the relay selection techniques and cooperative relaying protocols in

cooperative wireless networks discussed in this che@éetion 2.1 begins with the theoretical

background of cooperative communication followed by the related literature in Section 2.2.

The identified research gap is presented in Section 2.3.

3DUW RI WKLV WKHVLVY SXEOLVKHG LQ 3, QWHUQDWLRQDO &

Analyticsand6 RIW &RPSXWLQJ ,&(&'6 ° 6KDPJD QWK & BHEXID\L
UucéG ,QWHUQDWLRQDO RQ 6XVWDLQDEOH (QHUJ\ DQG ,QV

(Shamganth.K et al., 2012).

2.1 Theoretical Background

2.1.1 Cooperative Communication

Cooperative communication has drawn significant interest due to the increase in data rate and
low-cost network coverage. Lowcost data availability is an essential consideration for
multimedia communication systems (Yang et al., 2005). Cooperative réliagnices spatial
diversity in wireless communication networks without requiring multiple ante Deagceto-

Device (D2D) communication supports the infrastructumsed cellular networks in LTE

Advanced Release 12 standard (K.Shamgen#h.,2016).
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Thenodes in the wireless network have three main characteristics, such as egoistic, supportive,
and cooperativéDohler & Li, 2010) The aoisticbehaviour of the relay node is such that node
does not support the transmission of the source informatithre tdestination nod@ohler &

Li, 2010). In the case of supportive behaviour of the relay node, it is used only for the
unidirectional transmissiofDohler & Li, 2010) The @operativebehaviour of the nodes in a
wireless network provides mutual support to the connected notresnietwork(Dohler & Li,

2010) Each node in the cooperative wireless network transmits its data, and at the same time,
it will act as a cooperative node for the other nodes in the netRotkdr, M., & Aghvami,

A. H, 2008)

Cooperative wireless communicatisupports direct communication between the nodes in the
wireless network in a distributed fashion and it gains similar advantages as that of traditional
MIMO based communicatiofCooperative communication improves the capacity, speed, and
overall performace of the wireless networfNosratinia et al., 2004)lt also extends the
network coverage and lifetim@osratinia et al., 2004)Cooperative communication mainly
depends on the parameters such as resource allocation to the nodes and relay selection. The
seleted relay nodés required to provide optimal performancgiwthe lesser allotted resources
(Rege and Abdullah, 2016).

Cooperation between nodes in a wireless network is possible if the number of nodes in the
network is three or more, as shown in figuré Zhe treenode model shown in figure 2.
involves the source node 'S', the relay node 'R' and the destination node 'D' (Cover and El
Gamal., 1979). The source node (S) originates the information, and it intends to send the
information to the destinatonode (D), and the relay node (R) supports the communication
between S and D when the link between S and D is weak. Two phases of operation exist in
cooperative wireless communication such as Rhased Phasdél. TKH VRXUFH QRGH |

transmits the signaDbQG WKH VLIQDO UHFHLYHG E\ WKH QRGHV UHC
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QRGH p'Y DQG WKLV SHEWRLDEGFDPYRZQKDVYH 7KH QRGH p!

LQIRUPDWLRQ WR p'f DQG WKLV LV WKH PXOWLSOH DFFHVYV
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Figure 2.1. Threamode relay model

2.1.1.1Cooperative Relaying Protocols

The relaying protocols provide the details of the data processing at the relay nodes in a
cooperative wireless network. Cooperative relaying protocols are categorized as Fixed and
Adaptive elaying protocol¢K.J. RayLiu et al.,2003.

In the fixed relayinghe sharing of the channel, resources are deterministic between the source
and relay node. The significant benefit of fixed relaying is its more straightforward
implementation. Moreover, the limitation of this type of relaying protocol is its degraded
bandwidth efficiency due to the resource sharing amaigys even though the source to
destination link does not suffer from the channel impairmémstations of the fixed relaying

areovercomeby adaptive relaying techniqudddnget al., 201{.

Fixed Amplify and Forward Relaying

The relay node amplifies and forwards the scaled version of the source node signal to the
destination node ithe AF relaying protocol (Lanemann et al., 2004). The signal from the
source nodes received by the relay node andthé destination node. The source signal is

received at the relay nodi@ addition the noise exists in the source to relay link is amplified
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and forward to the destination. The BS can make a better decision on the detection of the source

information basedn the two faded version of the signal received (Nosratinia et al., 2004).

Fixed Decode and ForwardRelaying

The relay node decodes the source information and forwards the signal to the destination node
in theDF relaying (Andrew Sendonaris et al.,2008)reduces the additive noise effects of the
source to relay link, which is the major limitation in AF relayifgiZek, F. H.et al.,2006)n

Phasd, the transmitted source signalreceived by the relay node and the destination due to
the broadcastature of the source transmission. However, if the decoded signal has the error
bits, then the relay will retransmit the erroneous signal, it degrades the received signal quality
at the relay node. To overcome the limitation of the erroneous retransniisair@man et

al.,2004) proposed a hybrid DF protocol.

Adaptive relaying protocols

Fixed relaying protocols suffer from the lower spectral efficiency issue. This limitation is
overcome by the adaptive relaying protocols (Hong et al., 28&@ction relayings the type

of adaptive relaying protocol

Selection DFrelaying

The decode ahforward of the source signal at the relay node depends on the SNR threshold
condition. If the SNR of the received signal at the relay is above a certain threshaldethen
relay will be in active mode. If the source to relay link SNR is below the theshen the

relay will not participate in the communication (Laneman et al.,2004).

2.1.1.2Need forRelay Selection in Cooperative WirelessNetworks

Relay selection plays a vital role in the performance of cooperative wireless networks.

Ineffective relay selection in cooperative networks results in performance degradation
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(Abdulhadi, S.et al.,2012). The use of distributed virtual antenna terminalsrfuttiple relay

nodes improves the reliability in a cooperative wireless communication environment. The relay
nodes between the source and the destination node create an additional link to forward the
source information to the destinatias shown irfigure 22. The forwarding of the source
informationdepend®nthetyperelaying protocols (Zhang et al., 201BElay selection allows

the bestselected relay to assist the source transmission to the destination and it reduces the

power consumption of thremaining relay nodes (Mohamed et al.,2014).

The existing relay selection scheme in the literature classified into two major categories a
centralized relay selection and a distributed relay selection. In a cellular network, the base
station communicatesith the mobile station using an infrastructin@&sed network, and in this

case, centralized relay selection is used.

Figure 22. Relay selection in Cooperative wireless network

This type of relay selection has the central node that collects the required information from the

relays for the communication purpose, as showfigare 23. The type of relay selection
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proposed by Ibrahim et al., (2008) does not have a central conantleallows each node to
decide whether to cooperate with the requested node or not? In this type, each node has the
freedom to decide which node to cooperate with based on the control information exchanged
between the node3he relay selection based tme feedback ithe multi-relay cooperative

cellular network needs perfect CSI (Kim et al. 2007). Different cri@maused in the relay
selection such as SNR, geographical information of the relay, aodeso on. The relay with
maximum SNR is selectexb the best relay in the case of relay selection concerned with SNR.
The constraints of the wireless network are based on the different applications for example in
cellular network based data transfer, throughput is one of the major constiaorider etl.,

2014). So, in cellular networkthe centralized relay selection is applied in most cases and the

relay selection is controlled by the base station and other cellular network elements
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Figure 23. Base station controlled relaying
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2.2 Related Literature

The wireless network advancements are aiming to match the increasing denthaanobile
subscribers such as increased capacity and high data rate which are essential for multimedia
application requirements. The wireless channel impairments such degstshadowing and
fading are the major challenges for the service providers in deploying wireless networks.
MIMO is one of the prominent techniques to overcome the abwrdioned challenges of the
wireless network.

MIMO uses multiple transmit and rece antennas in the network elements, and it improves
the reliability of wireless links (Telatar et al., 1999). The multiple antennas and-tspace
coding at the transmitter and receiver improve the capacity of the communication link. The
major issue of tb MIMO based network is power consumption and increased complexity
(Marzetta et al.,1999).

Berezdivin et al. (2002) stated in his work that the relays using thedtimain relaying
technique apply timéivision multiplexing to access the channel andali®ws the relay node

to communicate with other nodes in the network. The relay uses different timeslots for
transmitting and receiving the signals. In the case of frequency domain relaying, different
frequency is assigned for the uplink and downlink fa telays to transmit and receive the
signals from other nodes simultaneously.

Zhang et al. (2012) reported that MIMO cannot be applieithédypes of network such as
wireless sensor and Aabc networks due to the size and power limitations of the nodesse

types of networksAhmed, Q. Zet al. (2012) developed the lewomplexity receiver for

cooperative wireless sensor networks.

2.2.1 Wireless Relay Networks

Distributed MIMO inawireless network is formed by using multiple singl#enna nodein

the distributed fashion. The spattme coding applied to the singlantenna nodes in the work
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of Jing et al. (2006). In this work the author applied distributed sfpimeecoding (DSTC) to

the singleantenna nodes. This study shows similar divemsitiyieved as that of traditional
MIMO systems. This work applies twghase transmission in Phasggnal transmitted to the

relay and in Phask the relay converts the signal into linear dispersion space time code. This
work assumes that full CSl is aaile at the receiver node.

Genc V. et al. (2008) proposed the wireless relay networking, and this teclacigjees
diversity without implementing multiple antennas in the user terminal. Sadek et al. (2010)
developed the virtual antenna array using thdétiple-single antenna nodes to communicate
with other nodes. The major limitation exists on the selection of multiple single antenna relay
nodes. If the relay node selection is not proper, then it leads to the overall network performance
degradation.

GangLiu et al. (2011) developed cooperative relaying that improves thelaksd wireless
network performance, and, in this technique, multiple relay nodes transmit the data to the base
station. The authors also reported the path management in IEEE 8G2vi@jknbetween the

nodes.

2.2.2 Cooperative Wireless Communication

Edward C.Van Der Meulen (1971) first introduced the relay channel, and in this work, the
threeterminal communication channel capacity is obtained based on the timesharing approach,
which is a joneering work in the field of relaying and cooperative transmission which led to
the enormous amount of theoretical and practical work published by many other researchers in
this field.

The work of Cover and El Gamal. (1979) serves as the fundamentafddeooperative
wireless communication and in this study thneele model was analyzed. Furthermore, the

author developed theorems to calculate the capacthetfireenode model.
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Andrew Sendonaris et al. (2003) introduced the type of spatial diveasitlyit achieves the
diversity gains through the cooperation of mobile users in theirpawb paper. The user
cooperation strategwas analyzed in Patt and performance analysis and implementation
issues discussed in Pt

Nicholas Laneman et al. 23) developed a technique that achses@operative diversity by
applying DSTC, but the limitation is the complexity of the coding scheme. This issue was
addressed in the later work by Laneman et al. (2004) and proposed cooperative diversity with
less corplexity. Timerbased single relay selection proposed in this work, the source node send
the ready to transmit (RTS) to the destination and it is overheard by the relays. The clear to
send messadey the destination nodie sendas a reply to the source and all the relays in the
coveragearea toadjust the power level based on the defined policy. The timer is set at the
relays and the relay with less timer value is selected. This work reports relaying techniques
such as amplihard-forward, decod@andforward, and selection relaying.

To resolve the complexity of the scheme proposed by Nicholas Laneman et al. (2003), Aggelos
Blestas et al. (2006) proposed the opportunistic relaying (OR) that selects the best relay to assist
the souce transmission. This study reported the issue of packet collision in distributed relay
selection and more channel estimation and increased complexity in centralized relay selection.
Aggelos Bletsas et al. (2006) proposed the mmaldy beamforming and denationbased

relay selection. This study reportadincrease in diversity order and reduction in transmission
power. The major limitation of this study wetraining overhead that depends on the number

of relays.

Li et al. (2008) developed the carifrequency offset (CFO) mitigation for orthogonal
frequency division multiplexing (OFDM), and the CFO mitigation is critical in OFDM since
the small CFO may lead to degraded performahbe.fiindings of this study show that cyclic

prefix (CP) has a sigficant role in mitigating the CFO. Mitigation performance is improved
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based on the CP length. Choosing the CP length has its impact on the power and bandwidth
efficiencies as well. This study uses the extended CP, anaffiaissthe processing gaiffhe
limitation of this study includes the complete CFO removal result in bandwidth efficiency
degradation.

The CFO mitigation for the cooperative and romoperative networks was analyzed by
ShamganthK et al. (2011). This study shows the improvement imtitegation performance
depends on the CP length. The performance of the CFO mitigation algorithm fdiffeiSP.

Thus, the study shows that long CP is required to improve the transmission efficiency, and it
differs from the CP mitigation techniqud.i(et al. 2008) This study shows improved
performance and avoids the degradation of bandwidth efficigktujed, Q.Z et al. (2015)

developed the transmitter with limited processing capability at the receiver.

2.2.2.1Relay Selection

Zhao, Adve, and Lim (2007) revisttehe work of Laneman (2004) and proposed the Optimal
Power Allocation (OPA) algorithm for the alrticipateamplify-andforward (ARAF) to
minimize the outage probability for the multiple relay node scenario. Also, by this OPA
scheme, the author provéldat SERis minimized. The performance of the A&F scheme
degrades if the cooperating nodes are more for larger network scenarios. To overcome this
overhead in this work author introduced selection based amplify and forwaie) (8 which

only the best ade is chosen as the relay node. This single relay selection is different from the
work of Aggelos Bletsas et al. (2006) sinces ot based on the delay process at the relays. In

this work, the relay selection is combined with OPA.

In the distributed rlay selection technique, there is no feedback to the central controller node
involved in the distributed relay selection. Moreover, the nodes participating in information

transmission has the details of the received SNR. Different types of distribatgdetgction
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are simple selection, fixed priority selecti@nd relay selection based on outage probability.
Categories of distributed relay selection are sHnglay selection (SRS) and muitglay

selection (MRS).

Opportunistic relaying (OR) scheme developed by Aggelos Blestas et al. (2006) does not
consider power allocation at the relay nodes. Findings of Chen Y et al. (2006) addressed the
limitations in the relay selection scheme "Powerare Relay Selection” (PAR), the power
constraint added to the OR scheme in this scheme and itQpéisnal Power Allocation

(OPA) to minimize the total transmitted power. Total power is minimized by the channel
measurement performed by the relays. The network lifetime extelmgid00% is achieved by
combining the PARS witthe OR scheme. But there is a limitation of collision in combining

the PARS and OR if the timer expiry is at the same time for two relays. In this scheing

the relay selectigrthere is a CSI requireant of all the links, and it increases the complexity.
This limitation is addressed in the work of k§wng Hwang et al. (2007) "Switch and Examine
node selection" (SENS). It is a mdiftop relay protocol, and the relay is selected if the link
SNR is aboe the threshold. In this schepbke relay remains selected until the link SNR is

less than the threshold. SENS has less complexity compatkd @R scheme. There is no
requirement of all the relays in the listening mode all the time due to this apgoaehn
consumption is lessin SENS, the switching concept introduced with the-gptimal relay
selection algorithm switch between the nodes if the node performance is degraded based on the
channel conditions.

Tajeret al. (2007) developed an opportunistic cooperation method to minimize the information
exchange between the cooperating nodes. It requires less CSI feedback, but the diversity
multiplexing tradeoff (DMT) is thesame as DSTC. They also studied the i@abetween

the diversity multiplexing tradeff and bandwidth allocation between the source node and its

partner node in a cooperative wireless network. Limitation in this scheme is many relays are in
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listening mode and decode the source node transnsitjed!, so the power consumption is
high. To overcome this limitation Aggelos Blestas et al. (2007) proposed an opportunistic AF
relaying with feedback and this scheme is simple and has increased diversity order and less
power consumption. In this schemdR@ is combined with OR for the feedback from the
destination node. The selected relay will be active, only if the destination node could not decode
the source node signal correctly. Due to the feedback from the destination, there is a limitation
of additicnal overhead in this scheme.

"Geographical information based relaying selection” developed by Wang et al. (2009) this
scheme selects the best relay among the multiple nodes based on the location information of
the nodes ira cooperative wireless networkh@& data is transmitted between the cooperative
clusters and this scheme has less symbol error probability (SEP). It also increases spectral
efficiency and less overhead requirgétie major imitation in this method is the geographical

information requiremet of all the nodes.

Relay SelectionSchemes for Cooperative D2D Communication

This section summarizes the relay selectiscthemessuitable for Cooperative D2D
communication shown in table 2.1 (Shamganth & Sibley, 20078. tablepresented below
SXEOLVKHG LQ 3,QWHUQDWLRQDO &RQIHUHQFH RQ (QHUJ\

&RPSXWLQJ ,&(&'6 ° 6KDPJDQWK G6LEOH\
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Table 2.1 Summary of Relay selection schemes for Cooperative D2D Communication

(Shamganth & Sibley, 2017)

Citation

Relay selection scheme

Main idea

(Ma et al., 2012)

Distributed
Method for Relay Assisted D2

Communication

Relay Selectio

This algorithm mainly studied th
relay selection problem for D2
communication underlaying cellul

network.

(Miao et al., 2014)

CrossLayer
Algorithm for D2D

Relay Selectio

The main focuof this algorithm is
to overcome the limited buffe
capacity issue of the traditional rel

selection schemes.

(Zhang et al., 2015

Joint Relay Selection an

Resource allocation

An efficient resource allocatio
scheme and a low complexitglay
selection strategy proposed for D
enabled cellular networks, where
D2D UE can act as a source as W

as a potential relay for other UEs.

(Panigrahi et al.| Dynamic Relay Selection fg A joint solution proposed in thi
2016) LTE-D2D Canmunication scheme for dynamic selection of
optimal relay UE and adaptiy
modulation based D2D scheduling
(Ansari, R. | et (QHUJ\ (l1¢ FLHQW 5] In this scheme, the energy | ¢, F L
al.,2016) in Multi-hop D2D network relay selection for cooperatiy

multi-hop deviceto-device (D2D)
networks studied.

2.2.2.2Threshold based Relay Selection

Yang & Alouini (2005) proposed the Output Threshold MRC {@RC). In this output

thresholdbased scheme, the destination node adaptively combines the diversity paths and test

the output SNR with a preselected threshold.
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W. Pam Siriwongpairat et al. (2006) proposed thétipie relay selection scheme that has two
phases: the quality de signal received at the relay is compared waithreshold in the first
phase. During the second phabe relay that satigfsthreshold requirements is selected. This
scheme aims to reduces the channel estimatidnompars itto the scheme without threshold
where allrelayswill participate in the relayed transmission. But it has the limitatioarof
increased number of chaglrestimations if more relays meet the threshold requirements. This
is due to the fixed threshold does not react to the channel conditions.

In DF relaying scheme the error propagation occurs if the relay has the detection errors and
forward it to the degtation then SNR will be degraded during combini(iy. Wang et al.,
2006)introduced the type of digital relaying named as link adaptive relaying (LAR) at the relay
to achieve full divesity. In this method the adaptive relay transmpibwer at the relay with
respect to link SNR. This method is suitable for both coded ancoded cooperative
QHWZRUNV 7KH SRZHU VFDOLQJ IDFWRU . XVHG LQ WKLV P
in terms of average bit error probability. Also, this method is more robust to feedback and
guantization errors.

The tireshold digital relaying (TDR) technique achieves cooperative diversity in a cooperative
network with detection errors at the relays (P.Ha@t et al.2007). In this scheme the relay
with high SNR meeting the threshold requirement will retransmit the received signal from the
source node and other relays remain idle (P. Herhold et al.Zn®¥ resholdis selected in

this scheme using the pewfraction of the source and the relay. The power fraction is
determined usingnumerical optimization technique. A. Adinoyi et al. 2007 examine the effect
of using multtantenna in distributed fixed relays. The effect of usitegger number of relays

with fewer antennas ana lesser number of relays with a greater number of antennas are
studied.The findings of this study shoedthat performance is improved in the network with

lesser relays and more antennas.
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Onat et al. (2007) examined the SNR based selective digital relayingnuighimal threshold.

In this schemgthe relay will decide whether to forward the signal to tkstidation or to
remain idle based on the instantaneous SNR of the source to relayHmbreshold rule
formulated in this work to minimize the average BER. The optimal threshold proposed in this
study depends on the average SNR of the relay to diéstirsend the direct link between source

to destination.

Prakash Ponnaluri et al. (2007) studied the achievable diversity ordecotiad cooperative
relaying. Haredecision adaptive decode and forward protocol is used in this study. They also
showed thechange in threshold with respect to average SNR preite performance
improvement.

Kyu-Sung Hwang et al. (2007) devisagub-optimal thresholebased relay selection scheme
with the predetermined threshold fixed at the relay and the destination nagleschbme
addresses the complexity and power consumption limitations in OR (Aggelos Blestas et al.
2006) for the large number of relays in the cooperative network. In this sabgnthe relay

with the SNR above the threshold will be in listening mattkall the other relays are in silent
mode. So, the channel estimation is less, and the power consumption is less compared to OR.
This scheme addresses the limitation of the SENS ®iyng Hwang et al. 2007) i.e., the
degradation in the BER performancetlie low SNR regions. To overcome this limitation the
switched diversity with postelection (Yang et al. 2006) is applied in this scheme and it
reduces the number of channel estimations.

Onat et al. (2008) studied the impact of SNR based selective daétging in minimizing the

BER. This study analyses different models with the availability of sodestination, relay
destination, and sourgelay instantaneous and average SNk findings of this study show

that the relaying decision is improved tye knowledge of instantaneous SNR of the seurce

destination link and it reduces the eeend (e2e) BER. This study also suggests the hybrid
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schemes that employ selective digital relaying at the relay combined with the efficient detection
technique showperformance improvement.

Lioumpas et al., (2008) combines the features of Minimum SeleGeneralized Selection
Combining (MSGSC) and Normalized Threshold (NFSC) in the proposed Absolute
Threshold Generalized Selection Combining {&8C). Moreoverthis scheme achieves
better adaption to channel conditions without increasing the system complexity.

Liu et al. (2010) proposed double testing with TDR. The limitation in the TDR is the error
detection at the relay is not done. Without error detectiofsysenay transmit incorrect
information despite threshold use. Hence, it is important that the threshold value can minimize
endto-end performance, considering error propagatWnPam Siriwongpairagt al. (2006)
applied optimal threshold detection at the soustay link. Ban et al2007) applied the
optimal threshold at the relajestination link. But in the proposed double testing method the
relay measures the channel quality of both setetay and relay tthe destination during the
retransmission to the destination. So, the gropagation is minimize€Liu et al., 2010)
Amarasuriya et al. (2D) developed theutputthreshold multipleelay-selection (OTMRS)

for the multibranch cooperative networks. In this method threshold testing is done at the
destination. This method uses orthogonal channeling and maximum ratio combining (MRC) at
the relays. The scheme outperforms the single relay selection and generdintidnse
combining (GSC) based MRS.

Hao Niu et al. (2010) studied the threshblised relay selection algorithm. This scheme is
based on ththresholdbased relay selection scheme proposed by 8iyog Hwang et al. 2007.

In the work of Hao Niu et al. (2010)he outage probability analysis of the thresHmded

relay selection algorithm conceived by Hao Niu et al. (2010) is performed. The expression of
the closedform outage probability is derived. This scheme achieves the same divetsigy as

OR scheme (§gelos Blestas et al., 2006) and reduces the number of channel estimations.
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Liu et al., (2010) devisedthresholdbased hybrid relay selection scheme. In this scheme the
relays are divided into AF and DF relay groups. This scheme considers the grougiagof

based on the method of error detection that depends on the SNR threshold. Also, frame
detection is used and not the symbol detection. The relay thidtehastantaneous SNR above
threshold is placed ithe DF relay group and other relays are pldénthe AF relay group.

The relay with maximum instantaneous SNR is placed in both AF and DF relay groups. This
scheme is combination of hybrid relaying and relay selectidiu et al., (2010) analyzed the
frame error rate performance of the hybraday selection with convolutional coding at the
source node. In this workhe improved SNR thresholthsed FER approximation model was
developed. This model applied to the hybrid relay selection to derive average FER expression
at high SNR.

Park et al., (2011proposedan Adaptive Threshokbased riay selection schem@TRS). In

this methodthe source selects the best relay among the multiple relays in the network if the
relay-destination instantaneous SNR is above the threshold. Therematable difference
observed between the relay selectionesae proposed by Onat et al. (2008) and this scheme
as follows; the source selects the relay in the worRark et al., (2011and the destination
selects the relay in the scheme proposed by Onat et al. (2008). Also, tlrecengrol message
exchange in theark et al., (2011jelay selection scheme but there exists the control message
exchange by Onat et al. (2008). The complexity and the power consumption is less in the relay

selection scheme pposed byPark et al., (20113s compared to Onat et al. (2008).

Gharanjik & MohamedPour (2@1) analyzed the "switclandstay partialrelay selection" (SS
PRS). The outage probability and average (ABER) performance is evaluaRRIS&heme.
The SSPRS has similar outage performance tife PRS scheme proposed Kyikidis et al.

(2008) buthe SSPRS scheme has less complexity compar¢deBRS.
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Kyu-Sung Hwang et al. (2012) developed the incremental relay combining with output
threshold (IRGOT). This scheme is the type of multiple relay selection combined with
incremental relaying to achieve spectral efficiency and diversity gain. This scheresdas
complexity and improved BER performance compared with incremental relaying and all

participate relaying schemes.

Herath et al., (2013)roposed the "distributed swite@ndexamine combining witkhreshold

based relay selection” (DSED. This scheme is the combination of the swicitexamine
combining(Yang et al., 2003and threshokbased relay selection. The relay is selected based
on the sourceelay link SNR. The relay selection process is stopped if the SNR aldhesre
above the threshold. AF relaying is applied at the relay to forward source information to the
destinationAhmed, Q. Zet al. (2012) developed the minimum bit error rate detector for AF

relaying as the noise was not Gaussian.

Salhab & Zummo, (2013proposed theub-optimal relay selection scheméhe switching
threshold scheme used in the scheme gives optimum performance in termserodrbit
probability (BEP) in contrast to the relay selection scheme proposed by Hwang et al. (2007).
In the proposed scheme the laut showed the selection of relay is based on the switching
threshold if the e2e SNR is above the switching thresholdtbiemelay will be selected. The
channel estimations and the power consumption at the aeddgss compared to the switch

and examie combining schemé&hmed, Q. Zet al. (2014) studied the channel estimation error

in thresholdbased detection for AF networks.

Xie et al. (2014) developed the diversity combining scheme based on generalized selection
combining with the double threshold@his scheme is developed for the mighiannel
communication system. Ahmed, Q. Z et al. (2014) developed the combining scheme for

cooperative wireless sensor networks using channel shortening technique.
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Aydm, et al. (2015proposedhe optimum threshotdased relay selection algorithm based on
MRC, cooperative MRC (Yi et al., 2008) and virtual noise considered for DF relaying. This
scheme considers in Nakagamifading channel distribution for the direct link between source

to destindion and the relayed links source to relay and relay to destination.

Zhiquan Bai et al. (2015) proposed "Incremental Hybrid Decode Amplify Forward Relaying"
(IHDAF) it is a threenode cooperative relaying scheme. This scheme combines the hybrid
Decode Ampify Forward Relaying developed bRuy & Kong, (2012)and incremental
relaying by Laneman et.al,(2004). In this scheme the relay adaptively decides to transmit the
source signal or to remain msilent mode based on the link quality between the seurce
destination, sourerelay, and relaydestination nodes. The relay also decides on the type of
relaying to apply whether AF or DF based on the SNR. This study applies cooperative mode
not based on the SNR threshold at the destination and at the relay. Further, in thikestudy
influence of power allocation, relay locaticend SNR threshold with respect to the outage
probability isanalyzed The findings of this study show the outage and BER performance
improvement of IHDAF in comparison witincrementaiselective DF (ISDF) relaying and
incremental DF (IDF)Ahmed, Q. Zet al. (2013) studied the optimal linear detector and
Ahmed, Q. Zet al. (2014) developed the optimal transceiver forohogonal AF relaying

and findings of the two study es the diversity order improvement.

Nagarajan et al. (2017) proposed multiple relay selection based on DF relaying protocol. This
method overconeethe limitations of detection errors in the selection combining scheme by
usinganoptimal threshold at theelays. Nevertheless, as the number of relays in the network
increases, the efficiency of finding the best relay for forwarding the data dechidesaghors
studied the error rate of the multiple relay DF schemeflat Rayleighfading environment.

The findings of this study indicate th#te instantaneous SNR threshold at the relays has its
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impacton the symbol error probabilitAhmed, Q. Zet al. (2015) developed the new symbol

error rate detector to minimize the symbol error.

Dayanidhy & Kumar, (2017)proposed selection combining with full CSI. This scheme
overcomes the performance degradation experienced due to the detection errorsralapulti
DF networks. The pposed selection combining scheme in this study has improved symbol

error probability (SEP) compared to the conventioré&ionCombining (SCechniques.

S.S. Nam et al. (2018) extended the ATRS scheme propos&atkbet al., (2011and analyze
the R performance based on limited feedback. The extended ATRS scheme proposed by
S.S. Nam et al. (2018) overcome the performance degradation of discarding the better relay to
destination links due to minimum feedbackPiark et al., (2011)y 1-bit increasan feedback

data rate in the type Il relay environment.

Ferdi Karaet al. (2019) proposed Threshold based Selective CooperativOnNoogonal
Multiple Access (TBSC-NOMA) to improve the data reliability and to overcome the error
propagation issue in ttmonventional cooperative NOMA based network. In this scheme the
cell edge user will receive the forwarded signal from the user near to the base station if the
signal to interference plus noise ratio (SINR) is above the threshold and this avoids the error

propagation.

Ferdi Karaet al. (2020) analyzed the outage probability and ergodic capacity cCTBSMA
scheme proposed kerdi Karaet al. (2019). In this work the authors derived the closed form
expressions of outage probability and ergodic capacity apulied to symmetric and
asymmetric channel conditions. Furthermore, there is a tradeoff identified between the BER
performance and outage and ergodic capacity. The joint power allocation and threshold
selection proposed in this work provides performangeovement in terms of both BER and

ergodic capacity.
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2.2.3 Differential Modulation basedCooperative Communication

The relay selection scheme with coherent modulation assumes this &Jimated at the
destination and the relay nodes. However, in risgtime fading environment, the CSI
estimation in the cooperative wireless network with multiple relay nodes is challenging. The
differential modulation scheme does not require CSI at the relay and the destination nodes.
Depends on the type of modulatiwe select there will be a requirement of partial or full CSI.
Coherent detection requires the CSI of both the direct link and the selageand relay to
destination nodes. However, for differential modulation, there is no requirement of CSI. The
schemecombining the differential modulation and relay selection skisthe literature are as
follows:

Qing Zhao et al. (2005) proposed the AF relaying suitable for differential modulation in
cooperative wireless networks. This scheme does not require amstans channel estimates

as itis required in coherent modulation schemes. In this work, the clfosedexpression of
probability density function (PDF) of the SNR and the average bit error rate deFived.
findings of this study show improved performanior AF based differential modulation
compared to the necooperative differential PSK modulation.

Poramate Tarasak et al. (2005) developed theus®n cooperative diversity technique using
differential modulation. In this scheme, if two users want tmroonicate to the same
destination the information of the first user mapped in thghisse ({axis) and another user is
mapped to the quadratupbase axis (€xis) to ensure both users information decodable at
the destination. In this study, the perforroanof DF and selection relaying protoasl
evaluated for both symmetric and asymmetric cases. This study shows that DF achieves high
performance gain for symmetric scenarios. Furthermore, this study also shows that higher
performance gairs achieved foiselectionof therelaying protocols for the asymmetric inter

user channels.
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Himsoon et al. (2005proposed the differential AF transmission scheme for auser
cooperative communication system. This scheme with DQPSK modulation provides
performance improvement commed to DBPSK modulation with direct transmission.

Himsoon et al. (2008)roposed a differential AF scheme for multide cooperative wireless
networks. The limitation in the study Bimsoon et al. (2005% the optimum power allocation

not examined extensively for the twaser scenario. In this study, the clogedn optimum

power allocation is evaluated for a single relay sgenand extended for the muitelay
scenario as approximate power allocatibine indings of this studys source node should be
allotted with more power as compared to other nodes in the network to achieve better
performance. The relay location alsoydaa significant role to achieve the performance of
optimum power allocation the gain increases if all the relays are nearer to the destination.
The binary differential transmission schemes developed by Qiang Zhao et al. (2007) are
differential amplify andorward (DAF) and differential decode and forward (DDF). This study
analyzedheBER performance of DPSK msingle relaybased cooperative wireless network.
The analytical framework developed in this study calcaldie outage probability and for the

PDF of the instantaneous SNR and average BER iRalyéeighfading channel for the DAF

and DDF schemes presented for single relay schemes. This study also shows the performance
improvement obtained in cooperative DAF and DDF schemes in terms of coapdratirsity
compared to the conventional noooperative differential modulation schemes.

Thanongsak Himsoon et al. (2008) analyze the differential modulation schemes for multimode
cooperative wireless networks scenario named as-made differential amiify and forward
scheme (DiffAF) and muknode differential decode and forward scheme (DiffDF). In this
study, the performance olhe DiffDF schemeis enhanced by Joint optimization of power

allocation and decision threshold which minimize the BER.
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Chu et al. (2008proposed the differential modulation basea an estimate and forward
relaying. In this study, the selective combiniagisal at the destination, and it reduces the
complexity. Maximum Likelihood (ML) algorithm used to estimate the signal at the
destination. This scheme overcatiee limitations of Qiang Zhao et al. (2007) in which the
estimateandforward relaying with the Plalgorithm.The findings in the study o€hu et al.
(2008)showed that the ML algorithm with the differential estimate and forward relagsg h
improved performance compared to the PL algorithm with the differential estimate and forward
relaying.

Chu et al. (20083lso developedt differential modulation with relay selection in combination

with the detectandforward relaying protocol. In this scheme, differentially modulated signals
from the source received by the relays. Moreover, the best relay can detect the source signal
correctly; then it will forward the source signal to the destination node. Findings of this scheme
show that the proposed scheme outperforms the differential AF scheme and worse than
differential perfect detect and forward scheme. However, the limitatiothign scheme
compared to the necooperative scheme is the degraded spectral efficiency.

Fang et al. (2009proposed the differential modulation scheme generalized differential
modulation (GDM) with AF relaying. This scheme bridges the performance gap between the
differential modulation and the coherent detection experienced in the schemes proposed in the
work of Qiang Zhao et al. (2007) aridimsoon et al(2006) The differential modulation
scheme in the work dfang etal. (2009)divides the transmitted frame into many small blocks.
The first symbol in the blocis referred to as the reference symbol, and the remaining symbols
are normal. The reference symbol in each block is encoded difédheriiased on the
precedhg reference symbol, while the regular symbols are encoded diffdlebaised on the
reference symbol in the same blo€ke findings of this study show that more transmit power

to the reference symbol leatb reliable transmission.
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Zhu et al. (2010)nvestigated the differential modulation and demodulation of a +reléy
coqperative wireless network using RRdselective relaying (SR) protocol. The relay in this
scheme uses the instantaneous BEP of the saetag node to decide on whether to forward
or to remain in silent modé& maximumtlikelihood detector for DF prototds derived, anc
piecewise linear (PL) detector proposed in this stiithe eror performance of a multelay
system operating witthe SR protocol is analyzed. It shows that SR protocol achieves full
space diversity in terms of error probability persjve.

Kim et al. (2011)developed the selection cooperation with double differential modulation
using AF relaying DDAF). The carrier offset problem IDDAF occurs due to the difference

of oscillator frequency between the transmitter and the receiver and overcome by using
double differential modulation schenf@hatnagar et al., 2008This schem@vercomes the
limitations of DAF due to the carrier offset and provides improved performance.

Gao et al., (20113nalyzed the performance of difential modulatiofbased relay selection in

the multirelay cooperative wireless network. This scheme employed detdébrward
relaying. The same relaying technique is use@hn et al., (2008and the closeform BER
approximation with BPSK. However, in this scheme, the clkdsed BER approximation with
MPSK is derived. The closddrm solution obtained in this study achieves full déity order.
Avendi et al. (2013) analyzed the performance of mrally selection for differential NPSK
modulation with AF relaying over fast fading channels. In this study, the performance of the
system analyzed using optimum MRC weightsd that redtis used for the lower bound error
performance. Moreover, the new combining weights proposed at the destination based on the
autocorrelation value3.he findings of the study show a degradation in the error performance
relates to the fading rate. The pased combining weights shows better performance compared

to conventional combining weights.
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Avendi & Nguyen. (2013ganalyzed the differential AF relaying with sldading channel
using postdetection selection combining at the destinatiime indings of this study show
that thecomplexity of selection combining is less compared to MRC with similar performance.
Avendi & Nguyen. (2014pnalyzed the differential AF relaying withfastfading chanel
using posidetection selection combining at the destination. The stu@§vendi & Nguyen,
2013)is valid for a slow fading environment, and it is not suitable for highly mobile users. In
this study, DBPSK modulation with fixed gain at the rekysed along witla noncoherent
detection scheme. Furthermore, the-fsame transmission is assumed in this scheme to avoid
switching between the transmission and reception required for syoysyimbol
transmissionThe findings of this study show that BER performance depends on the fading

rates of the channel.

2.2.4 Physical Layer Security in Cooperative Communication

The physical layer security in cooperative wireless networks studied by Zou, Y et al. (2013).
In this work the author developed the optimal relay selection schemes to enhance the physical
security through AF and DF relaying protocols; proposed AF based optimal relay selection (P

AFbORS) and proposed DF based optimal relay selectiHFORS).

Cooperative beamforming with physical layer security and partial relay selection is developed
by Qian, M. et al. (2016). The author has considered saigsgnation pair and number of DF

relays along with the eavesdropper node and two relay strategies:cameplexity relay
ordering,and exponential complexity exhaustive search used for the paricemanalysis.
Findings of this study show that high secrecy capacity exists as compared to existing search
schemes. An enhanced relay selection scheme named as proposed source relay selection

(PSRS) along with physical layer security is developed by SKirat al. (2017). The author
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has investigated the privacy performance of the opportunistic scheduling inrefafti

cooperative modelling.

The optimal sequential deployment is analyzed and the measusieaseat optimal technique
for the dualhop wirelesgelay network was developed by Ghosh, A. et al. (2017). The author
used multiconnectivity approach in the individual system by providing effective

communication amongst individual node and the neighboring node.

Khyati Chopra et al., (2018) studied thecgecy outage performance of thresHoéded DF
scheme with direct link and in the absence of direct link between source to eavesdropper and
source to destination nodes. Unlike the other existing works in the literature the author does
not assume that athe relays will correctly decode the source information. Findings of this
work shows the link quality source, relay and destination affect the outage performance. Also,
the eavesdropper link quality and the secrecy rate requirement have its effecoutate

performance.

From the literature review, it is observed that still issues exist in terms of physical layer security
improvement for cooperative D2D networks. Moreover, the chances of eavesdropping effect

are high if more relays with poor receivagral quality were selected.

2.3 Research Gap

Since relay selection selects the best relay to assist the source transmission, identification of an
effective relay selection technique is essential to improve the overall performance of the
cooperative wireless network, considering the network's security aspects.

The constraints of the wireless networks depend on the application for example node power is

the major limitation in sensor networks, whereas, in cellular mobile communicationjtynobil
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is the major constraint. The transmission protocols that consider the SNR, error performance,
interference, secured transmissiand power consumption at the nodes need special attention.
Thus, methods for direct communication between the nodes methrk without using the

base station must be introduced to enhance connectivatyninti-relay cooperative wireless
network.

Security in cooperative wireless networks is one of the major challenges and improving
security in cooperative network needesjal focus. The security issue arises due to the
eavesdropping attack in the cooperative network due to the broadcast nature of the source
signal. The signal transmitted by the sourseeceived by the multiple relays and the
eavesdropper node, so thewsdty is a major issue cooperative wireless network
Thresholdbased relay selection techniques in cooperative wireless networks draw more
attention, and the present works mainly focus on coherent modulation with the AF and DF
relaying protocols. Howeverthe channel estimation of the source to relay and relay to
destination link adds more complexity which is overcome by the differential modulation
schemes. Differential modulation with AF and DF does not require instantaneous channel
information which inturn reduce the complexity of the overall system. Existing works apply
the threshold at the relay and at the destination applying DF relaying at the relays. Among the
relaying schemes AF and DF, the AF and the differentialafdmore attractive due to its
lesser complexity at the relay and the destination. However, the thréss®d differential

AF scheme is not studied extensively in cooperative wireless networks. Moreover, there is a
need for double threshelihsed relay selection in cooperative D2Pnatunication operating

in outband. In the double threshold scheme threshold set at the relay based on the location of
the relay is also essential during power allocasithe source and the relay nodes. Moreover,

the threshold at the combiner outputaguired to improve e2e performance. As an extension

to the double threshold relay selection scheme introducing threshold at the input to the
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combiner is also essential, and this scheme is4tiuéshold based multelay selection. This
extended model wikelect the signal from the relaestination link if the SNR at the input to
the combiner is above the combiner input threshold. The proposed dordskold and Multi
threshold scheme with differential modulatiare not studied in the literature. Alsahe
application of double threshelahsed differential AF to enhance the physical layer security in

the cooperative wireless network is not studied in the literature.
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Chapter 3

Single Threshold based RelaySelection

3.1 Introduction

Distributed relay selection in the cooperative networgaisgorizedbased on the number of
relay nodes assisting the source node transmission to the destinationAbddéddi et
al.,20R), i.e., Single relay selection and MuRElay Selection. In this chapter, thegle-relay
selectionis widely discussed with the pgposed thresholtdased relay selection. The related
literature ofsingle-relay selection is discusseddhapter 2. Thresholdased relay selection
exists in the literature mostly for the DF relayifidhanongsak Himsoon et al. 2008) this
chapter, sing thresholebased relay selection is widely studied with the AF relaying and
Differential AF (DiffAF) relaying protocols. This chapter investigates the two variayts
applying single threshold such as threshold only at the relays with the SER and BER
performance for AF, and DiffAF protocols and threshold deployed only at the destination.
Besides, the power allocation also plays a significant role in the performance of the system.
The effect of power allocation plays a vital role in distributed relay setedthe two methods

of power allocation scheme exist in the literatareadapted for the study of the threshold
based relay selection performance such as Equal Power allocation (Laneman et al.,2004) and
Optimum Power allocatio(Su et al., 2008)This chapter has two major parts that discuss the
effect of SingleRelay selection with AF relaying protocol asigle-relay selection with

DiffA F relaying protocol for coherent and differential modulation schemes.
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Moreover, in this chapter, the proposed single threshased relay selection with AF relaying

and DiffAF relaying protocol isinalyzedwith coherent and differential modulation schemes.

This chapter also presents the mathematical model of the propasstioldbased relay
selectionfor cooperative D2D odband autonomous mode with singteeshold AF and

Differential AF relaying using coherent and differential modulation schemdiis chapter,
comparative analysis of Singlkhreshold based AF and DiffAF relaying using coherent
modulation and comparison of Singlaéreshold based AF and DiffAF using differential
modulation also discussed. Part of the work presented in this chaptikshedbin

S, QWHUQDWLRQDO -RXUQDO RI (OHFWURQLFV DQG &RPPX
(6KDPJDQWK . HW DOrernational Io@r@al af @dvanced Research in Computer

6FLHQFH DQG 6RI|W ZShdrhganth,JK. @tHlH 20t4).]

3.2 SingleThreshold based AF with Coherent Modulation

Single thresholdbased relay selection employs the received instantaneous SNR at the relay or
the destination to select a reldhe fixing of threshold improves the received signal quality
and reduces the poweasrtsumption of the relay nodes. Based on whetteghreshold is fixed

at the relay or at the destination itaegorizedas destinatiotibased relay selection and source

based relay selection.

3.2.1 Proposed SingleT hreshold-basedRelay SelectionScheme

In the proposed single threshdidsed relay selection scheme, the SNR threshold is fixed at
the relay. The received SNR at tleday is tested and if the threshold is met the relay is selected.

(Shamganth, K. et al., 2016).

Step 1: The relay located in the coverage area of the s@moeige the source signal
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Step 2: Relay node use AElaying protocolThe nput SNR threshold (; jis fixed at the

relay.

Step 3: If the instantaneous SNR at the reldly;is above the input SNR threshold); ;; then
the relay will be in active mode and is ready to amplify and forward the source signal to the

destination. If this condition is not satisfied, then the relay will be in the sleep mode.

Step 4: If the threshold condition in step 3 is not satisfidtieatrelay, then signal from the

direct link SD will be used at the destination for detection.

Step 5: Maximum ratio combining (MRC) is used at the destination to combine the signal from

the direct link and the relayed link.

3.2.2 System Model of SingleThreshold based Relay Selection

Single thresholkbased relay selection schemsanvestigated with AF relayingShamganth,
K. et al., 2016). In this scheme, the selected relay amplifies the source signal and forward it to

the destination node. The system modéhe proposed scheneshown in figure 3.1.

In the system model, the duabp scenario is considered, the transmitted signal from the user
follows two orthogonal phases by using TDMA. The system model assumes that all the nodes

consist of singlantennaand the transmission is halfiplex(Shamganth, K. et al., 2016).

Information bitsare converted in the format of binary phasaft keying (BPSK). The

transmitted signal from the source given is by Nguyen, H et al. (2009)
TR LI :RUZPRA (3.1)
with the phase either 0 gradians.

The transmitted BPSK signal is given by
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Figure3.1. System Model Singl€hreshold based Relay Selection.

In Phasel, the source node transmits the signal to the destination node, and the relay nodes

RYHUKHDUV WKH VRXUFH VLJQ BoangXrith, W.let 4l.V20I6E URDGFDV W 1

The signal received at the relay in Phageren as:

Weal ¥2D.TE Jo 4 (3.2)

The signal received at the destination node in the direct HbkirSPhasd given as:

Usxl ¥2D. TE J A (3.3)

where 2.denotes the average source power of the transmitted sibpgt,J @, denotes the
complex additive whiteGaussiamoise with zeremean and varianc®, and x denotes the
transmitted information symbol. The channel between source and relay$iBjerélay to
the destination node (R) and the direct link source to destination¥pfollows Rayleigh
fading conditions.
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The channel coefficients between the source to relay and the source to destination link has zero

mean and variance and is given b

D4 % Or &8 ;&and

D1 % Or &8 ;; despectively.

During the Phasé the relay with SNR above the input threshold; ( is selected to amplify
and forward the source signal to the destination. In Phase relay amplifies the signal from

the source and forwards it to the destina®hamganth, K. et al.,2016).

The instantaneous SNR of the source to relay link given as

Gol 22t 4 (3.4

Threshold testing at the relay based on the following condi{®inemganth, K. et al.,2016):

EBL:P §;iMANAHSEHE F?PEHR®A

\EﬂigeéotbimAJNAHstEJHﬁEDHAlm@i

(35)

The signal from the relay amplified and forwarded to the destination node D with an

amplification fctor of A(Laneman et al.,2004)

The signal received at the destination D in PHase(Shamganth, K. et al.,2014)

UL # Dl Jasd (3.7)

where Jg «is the noise components in the relay to the destination channel and is given as

Jax1%0r&; 4 (3.8)
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The channel coefficient between theDRink has zeremean and variang&hamganth, K. et

al.,2014) and is given by
D1 %0r&&l,; 4 (39)
Substituting the amplification factor in equatid@¥() to equation3.7) gives

UL &= D, UE Js,a (3.10)
BUy>C

Substituting equatio(8.2) in equatior(3.10) yields(Shamganth, K. et al.,2016)

UL §gg s D¥2DTE Jo9E Jisd (3.11)
Ul §——2 — DD, TE §z—"— D Joif Js,d (3.12)
T PBGy>g O B Oy >G =X®ET Tax '

B w2
IuL % Dy Je sE Jaxd (3.14)

where D «denotes the channel coefficient from the relay to the destinationJndenotes

the complex additive whit€aussiamoise between the relay and destination path.

Assume the noise componenig and Jg, are independent and the equivalent nalgg, is

zeromean, complexzaussiamandom variable with varianc@,.

0% L 0, @i}j—'g E sha (3.15)

where 0";in (W/Hz) is the power spectral density of AWGN (let al. .2008).
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The instantaneous SNR of the source to destination direc{Simkmganth, K. et al.,2016) is

given as
0..L2 D, .f4 (3.16)

The destination node receives the source signal thritvegtirect link SD and the relayed link

R-D. Maximum ratio combiner (MRGpaximizeghe overall SNR (Brennan, D. G., 2003) and
the coherent detector with the knowledge of all channel coefficients is required. The MRC
output is equal to the sum of the reeel SNR from both direct link-® and the relay to

destination link RD.

The instantaneous SNR of the relayed linbRShamganth, K. et al.,2016) is given by

Qo L % 4 (3.17)

For the calculation of the mutual information between source to the destination node, the total
instantaneous SNR at the destination is required. The SNR received at the destivdd is
the sum of the SNR of the direct link[3and the equivalent instantaneous SNR relay link

(Qiang Zhao et al. 2005)

The equivalent instantaneous SNR of thB-B relayed link(Shamganth, K. et al.,2016&

given by

. By i Oyl
L —— =l 1
UleEo »a005c.2 (3.18)

The average SNR of thefSand SD link (Shamganth, K. et al.,2016) is given by
Gs$L ?“a (3.19)
GsL-Ha (3.20)
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The detected signal at the destination node obtained Hyimgpghe minimum Euclidean

distance detection (J. G. Proakis et al.,2000) using the optimal detection rule given as

UL f"%se YFT T él;; DTa (3.21)
The channel coefficienDy, ©f the direct link SD follows the exponential distribution, so the

instantaneous SNR of thelSlink is also exponentially distributed.

L:iUex L :=S$ATLF:%$pa (3.22)

The channel cefficient D, .of the relay link RD follows the exponential distribution, the
instantaneous SNR of the relay to destination link is also exponentially distributed and given

as

LG L=AT@F-L A (3.23)

g 8

3.2.3 SER Analysis of SingleRelay Selection Scheme

With the knowledge of the channel state information (CSI), the output of the MRC combiner

at the destination stated in (K.J Ray et al.,20081%) ppl23ns
U L UdlesE Bilisa (3:24)

i RAY (0 ¢

- YED, L S — Oy

where UL 22%and [y L 2% ¥ 8¢, a
G AvOy i+

ApOp v 6¢,

>5GG,

7KH WUDQVPL WMyadsamed BE&/O ap average enérgy s the output SNR at

the MRC combiner§hamganth, K. et al.,201djven as,

L G.E Qa (325)
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where U L Do fand § L—2Y1_ 3

PY> Yi>5

The conditional SER of singlelay cooperative AF systems withPSK (K.J Ray et al.,2008)

is given as
(VLT -
AN AT@—Q‘A:JE LA@a (3.26)

where > 4 L OE%A

The MGF of a random variable Z is given as
oLy $8!FOVG<; @& (327)

Averaging the conditional SER in equatioB.26) over theRayleigh fading channels

De e & J @ », the SER of the MPSK signalsgaven in terms of MGH  and/ s given

as (K.J Ray et al.,2008, pp 219)

T -,

29, eN- Iy Ao bi SQAAE@B/ Y L?a’iA@a (3-28)

The asymptotic tight SER expression for AF cooperative system usiR§Hfor high SNR

derived in(Su et al., 20083s

5

N @S .
2ueNTg @& Iz Eg*—pa (3.29)
where>L O I@%A
A mida
&L= E*;@X F aefz . (3.30)
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The SER expression iaquation 8.29) and equation3(30) for AF relaying with coherent
modulation is considered as the benchmark to compare it with the simulation results in the

upcoming section.

Motivation

Power allocation plays a vital role in cooperatiirelessnetwork performance. The effect of
power allocation in the proposed scheme with unequal power allocation and equal power
allocation schemeasstudied in this section. Existing literature mostly focuses on equal power
allocation of the source and the relayd in some literature, the joint power allocation and
relay selection investigated; however, the complexity is high. So, there is a need to study the
power allocation of the source and the relay with the proposed thrdsdsedd relay selection.

Su etal. (2008 proposedheoptimum power allocatiorgndthree casebased on the distance
between source to relay and destinatiocoissideredn the simulationThreshold fixed at the

relay for the different distance cases presented in this section.
The btal power is given by
2. L 2:E %a (3.31)

The optimum power allocation for AF with #ASK modulation for high SNR stated in

(Theorem 5.3.4L.iu et al. .2008hs

pP8 bP< Y
ol ————2.a (3.32)
7?8 bP< i
2L —28Y 24 (3.33)
7?8 by

The single-relay AF cooperative network with the power allocation based on the optimum

power ratios mentioned in equatidh32) and 8.33) is analyzed for three different casBise
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link quality plays a significant role in power allocation. The power allocation also depends
the distance between the source to relaR)@nd relay to the destination-(. In this study,
the distancdased power allocatioand fixing threshold at the relay is combirtedarrive at

three different cases.

Case(i): The channel link quality of the-B link and RD link are equal, i.e.,88 sL sand
&0, L s Relay is assumed to be at thenterof the source and the relay, so the distance

between &R and RD is same.
@5%; L @4&&;
Case(ii): The channel link quality of the-R link is good compared to theFSlink.

i.e., 884 sand &%, L st In this case, the relay is assumed to be closer to the destination
node. Therefore, the power allocation at the source node is more compared to the relay node.
Threshold at the relay is less in this cad®e optimum power ratios based on equati®i2)

and B.33 is ZeL rauuand % L r&xyy, and

@58 ; ( @48,

Case(iii): The channel link quality of the-R link is good as compared to thelRlink.
@54 ; O @4&..

In this case, the relay is assumed tabarerto thesource and the distance is more from the
destinationnode. Therefore, the power allocation at the source noésssompared to the
relay nodeThreshold fixed at the relay is more in this case due to less distance from the source

node.The optimum power ratios based on equat®83) and 8.33) is 2.L ravu{&and

2 Lraxra
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Simulation Setup

In this section the simulation setup for testing the single threshold based single relay selection
model for cooperative network is presentétie SER results of the single relay selection
scheme with equal power allocation and unequal power allocatipresentedn the next
section Simulation parametersonsists of s random bits with4-PSK and 16PSK
modulationwith AF relayingbasedcooperativenetworkis considered in the simulatioihe

noise variance is assumed@g L sarhe source tdestination and relay to destination channel

is modeled as Rayleigh fading channels. In figure 3.2(a) the simulation parameters consist of
the total power is2; L sandthe source node powes setas Z.L r & yand the relay node
poweris 2 L ra 2, In case(i) the relay node is assumed to be equidistant from the source
and relay soé8 5L sand &, L sapplied inequation 8.32) and 8.33) and this gives the
optimum power ratioé?eeL—;3 2.and 2 L—? 2:since the total powerZ; L swe have?seL—?and

2% L—?. In figure 3.2(b) the simulation farase(ii) assumes the relay is at less distance from

the destination and more distance from the source. The channel link for this &é3gk isand
&S, L srapplied inequation 8.32) and @.33) and this gives theptimum power ratios2, L
rauuand % L r&xyy3an figure 3.2(c) the power ratios considered ggg rav u {%
and % L r& xrw&dn figure 3.2(d) the power ratios considered for the simulationZare

r&xyydand % L r&uuarhe simulation of figure 3.3 consists of-B&K with the
optimum power ratios of 259'-_(73 2;and % L—? 2, The SER tight upper bound results of
eguation (3.29) and (3.30) is presented with the simulation SER results of cooperative AF. The
parameters applied in equation (3.29) for the SER calculation consists of M:%Eanzqu

2% L—‘ZZG and the noise varianc®, L s and &2,L &84 &%, L s for the equal power

allocation in figure 3.
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Simulation Results and Discussion

The simulation results of the proposed threstzided relay selection schenfiar the
cooperative network with differen¢lay distancecenarios arpresentedFigure3.2 shows the

SER performance of the single relay AF systems with QPSK. The equal power allocation with
QPSK modulation scheme compared with the unequal power allocation at the source and the
relay node.

Figure 3.2(a) presents that SERBrformance of unequal power allocation that is marginally

better than equal power allocation with the performance improvement of 1dB.

—#— QPSK [Unequal Power allocation]
—#— QPSK'[Equal Power Allocation]

o
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Figure 3.2 (a)Performance of Single relay Akith 2&;'—‘? 2.and 2 L—j 2
Figure 3.2(b) shows the SER performance of unequal power allocation outperforms the equal
power allocation with the performance improvement of more than 2dB, &L sand
ééﬁx L s In this caselessdistance assumed between the relay and tbindéion node, and

moredistance between the source to relay. Therefore, the power allocation at the relay node is

lesscompared to the source.

Similar performance is observed in unequal power allocation and the equal power allocation

schemes as in figu@2(c). Itis observed that reducing the source node power and increasing
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the relay power degrades the SER performance of unequal power allocation scheme. It is also
observed that in figure3.2(d), for 2L r&xyy% and Z L rauuZ there is 1dB
performance degradation of unequal power allocation compared to the equal power allocation
scheme. From figure 3.2(a),3.2(b),3.2(c) and 3.2(d) it is observed that if the channel quality

link ratios%_vis high then unequal powelt@cation outperforms equal power allocation.
Yl
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Figure 3.2 (b)SER Performance of Cooperative Single relay AF v@th. r& u u2and
ZLraxyys

To analyze the optimum power ratio and the SER performance of unequal power allocation is
modulation dependent, the simulation performed witlP8&in figure 3.3 The performance
improvement of 3dB observed in figure 3v8h unequal power allocation compared to equal

power allocation.
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Figure 3.2 (c)SER Performance of Cooperative Singlay AF with Z.L ravu{%and
L raxra
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Figure 3.2 (d). SER Performance of Cooperative Single relay AF 2dthr & x y y3and
ZLrauul
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Figure 3.3SER Performance of Cooperative Single relay AF witiPSK:
6 5

Figure 34 presents the single relay cooperative AF network witlogtenumpowerratiosof

2L rauuzand % L r&xyy3 There is a performance improvement of 1dB is observed
in thetheoreticalresultusing equation (3.29)f optimum powercompared to théheoretical
SER performancef equal power allocation. Furthermore, therepedormancelifferenceof

2dB observedbetweentheoretical SER performanedth optimum powerand the simulation
results Moreover,the performance improvement observetth optimum power allocation
simulation resultscompared equal power allocation schentairthermore, the SER
performance of agmum power allocation simulation shown in figure 3.4 WihL ra& u u,

2 L r& xy g performance improvement is obtained.
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Figure 34. SER Performance of Cooperative Single relay AF il r& uu2and 2; L
ré&xyy

Single-Relay Selection based Cooperative AF with Singld hreshold at Relay
SingleThreshold based relay selection is discussed in this section with the threshold at the
relay. The fixing threshold at the relay enhances spectral efficiency due to selecting the relay
based on the-R link quality. In the single threshelahsed rela selection, two variations exist

such as fixing threshold at the relays and threshold at the destination. This study compares

fixing single threshold at the relay and the destination.

In figure 35, the cooperative AF with the single threshold at theyr&8EBR simulation is
compared with the analytical results of equal power and optimum power without a threshold
and with equal power simulation is presented. In this case, the optimum power assigned to the
source and relay node gL rguu®and % L r&xy¥. , moreover, it is assumed that
distance between theFSlink is more tharthe R-D link in this scenario and threshold at the
relay fixed as 4.7dB.The sngle threshold scheme has outperformed the other AF schemes
without threshold at an SNR of 15dB. It matches the cooperative AFopitimizedpower

analytical result without a threshold and 1dB performance improvement observed at an SNR
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of 17dB. Also, thee is a difference of 3dB between threshbéted simulation and the

analytical result without threshold.

AF equal power allocation without Threshold - simulation
—%— AF optimum power allocation withThreshold - Simulation
10"+ ék\* —#—— AF optimum power allocation without Threshold -(eq.3.29)

AF equal power allocation without Threshold - (eq.3.29)

0 5 10 15 20 25 30 35
SNR(dB)

Figure 35. Single relay AF with Threshold at Relay withL r@uuZand % L r&xy %

Simulation Results and Discussion of Cooperative AF with Differential
Modulation

Performance of single relay cooperative AF with differential modulation schealgzedn
this section, the analytical result of (Su, W., Sadek, A. K., & Ray Liu, K. J. 2008) is used as a
benchmark and comparedith differential modulation schemes with equal and unequal power

allocation scenarios.

Case(i): The channel link quality of the-B link is inferior to the RD link. Moreover, the

distance of the R link is assumed to be more thée R-D link.

Figure 36 presents the comparative SER performance for cooperative AF with DBPSK for
unequal power allocation and equal power allocation schemes. There is a performance
improvement of more than 2dB 8ER of sr’’ is observed for unequal power allocation

scheme cmpared to equal power allocation.
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For the same scenario, the SER performanasas/zedwith the DQPSK modulation scheme
in Figure 36 (a) with the optimum power of,L r&2.and 2; L rd 2, Similar performance
observed as that of DBPSKowever, the analysis shows that the unequal power allocation

scheme is not modulation dependent.

In Figure 36 (b) the DQPSK modulation is used with cooperative AF relaying protocol and
the optimum power at the source, and the relay no@glisr §2.and 2 L r &z, Inthis case,
unequal power allocation outperforms the equal power allocation with the performance
improvement of 1dB at th8ER of sr’’. Comparing the results figure 36 (a) and figure

3.6 (b) performance improvement is observed mereasing the source node power. In figure

3.6 (a) and & (b), the difference of 1dB observed, and it is due to the source node power.

Diff Amplify and Forward Cooperative Communication
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Figure 36. Comparison of SER Performance of Cooperative Single relay AF with DBPSK
with ZeL r&Z2and Z L rd 2
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Figure 36 (a). Comparison of SER Performance of Cooperative Single relay AF with
DQPSK with 2L r&Z.and 2 L rd 2
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Figure 36 (b). Comparison of SER Performance of Cooperative Single relay AF with
DQPSK with ZzL r§2.and 2 L raz;
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Figure 36 (c). Comparison of SER Performance of Cooperative Single relay AF with
DQPSK with 2L r&Z.and 2 L r§2

Case(ii): The channel link quality of the-B link is good as compared to theCRink.

The distance between relay and destination nodssisnaed to be more in this case, and the
distance between the source and relay is less. Therefore, the power allocation at the relay node
is more compared to the source. In figug &, there is a performance degradation of unequal

power allocation compad to the equal power allocation scheme.

Simulation Results andDiscussions of DiffAF with Differential Modulation

Figure 37 shows the single relay cooperative Diff ER performance of DBPSK with the
power ratios of 2,L raz, and % L rd2, Simulation results show the performance
improvement of 2dB at th8ER of s r’’ for unequal power allocation with DiffAF protocol
compared tahe equal power allocation schenfeurthermore, the performance improvement
of more than 3dB observed at tBER of s r’8 Furthermore, comparing the simulation results

of cooperative DIiffAF with DBPSK in figure 3.with cooperative AF based DBPSK in
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figure36 shows a performance improvemémt the cooperative DiffAF schenod more than

1dB at theSER of s 78
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Figure 37. Comparison of SER Performance of Cooperative Sirejégy DiffAF protocol
with ZeL raZand Z L rd 2

3.2.4 BER Analysis of Single Relay Cooperative DiffAF

The conditional BER of DiffAF relayingL{u, K., Sadek, A., Su, W., & Kwasinski, A. 2008)

is given by
25 L—=1, BaATEUaP@a (3.35)
where,

Oks? -o7>am ;?@>Aqgl ?
6 : ;

B:a; L

NI Oks>6 =eU& o,
U.a;, L S a
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U L—gdenotes a constant parameter wherand >are dependent on the modulation size

(Simon, M. K., & Alouini, M. S.,1998)The DBPSK modulation has L sr’”and > L %

and DQPSK modulation has L ¥t F ¥t and > L ¥t E 34.

The BER approximation of DiffAF relayin@.iu, K., Sadek, A., Su, W., & Kwasinski, A.

2008)is given by

25 N2 £ ?5%B08EY Vi 604 ;4 (3.3%)
BB b1 bVl

where % U&; is a constant that depends on the modulation 3ize.approximatedBER
expression for DiffAF relaying without thresholeh equation (3.35a)considered as a
benchmark for th&ER simulation results with the proposed single threshold relay selection

scheme.

Simulation Setup

In this subsection the simulation setup for testing the proposed single relay selection scheme
for cooperative network with DiffAF relaying is presented.th® next section the BER
performance of the single relay selection scheme with equal power allocation and unequal

power allocation is presented. Simulation parameters consistg’ cdndom bits with DBPSK

modulation that has L sr’’and > L % and DQPSK modulation that hasL ¥t F %z and

>L ¥t E . The source to destination and relay to destination channel is modeled as
Rayleigh fading channels with the noise variance assume@,ds séln figure 3.8 the
simulation parameters consist of the total po&et. s@nd the source node power2sl r &

and the relay node power is fixed & L rd 2. andfor case(ii) the relay is assumed to be at
lesser distance from the destination and more distance from the source. In figure 3.9 the

simulation and approximated BER in equation (3.35a) use the optimum power 2atios

74



rg2.and 2 L ra2.with the channebariance is chosen a0 L &84 &8, L sfor case (ii).

The approximated BER in equation (3.35a) is used with power ratidsr &2 and % L

r &2 for equal power allocation curves.

Simulation Results and Discussionf Single Relay Cooperatre DiffAF

Cooperative single relay AF protocol with DBPSK BER performaacalyzedwith equal

power allocation and unequal power allocation. In this simulation, the case is assumed based
on the distance between theRSand RD nodes. In figure 8, the unequal power allocation
performance shows an improvement of more than 3dBeaBEROof s r’ “for the power at the

source and relay fixed ag. L r&@Z2. and % L rd 2.

Figure 38 (a) presents the comparative BER Performance of Cooperative-BaayleDiffAF
protocol with DQPSK for unequal power allocation and equal power allocstfemes. It is
observed that unequal power allocation with DiffAF outperforms equal power allocation.

Furthermore, performance improvement of 3 dB at the BERrdf is evident from the results.
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—=©&— DBPSK'[Equal Power Allocation]
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Figure 38. BER Performance of Cooperative Singiay AFrelayingwith DBPSK
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Figure 38 (a). BER Performance of Cooperative Singday DiffAF relayingwith DQPSK
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Figure 38 (b). BER Performance of Cooperative Singdéay DiffAF relayingwith DBPSK
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Figure 38 (c). BER Performance of Cooperative Singday DiffAF relayingwith DQPSK
for case(iii)
Figure 38 (c) shows the result of case(iii) with relay near to the source and away from the
destination. Therefore, less power at the source and the power is high at the relay node. The
unequal power allocation scheme shows performance degradation in this caseSMR of
33dB, the equal power allocation outperforms unequal power allocation by more than 2dB as

expected.

—*— Cooperative DiffAF optimum power allocation - simulation }.
—#— Cooperative DiffAF equal power allocation - simulation Y
—%¥— Cooperative DiffAF optimum power allocation - (eq.3.35a) *

—#— Cooperative DiffAF equal power allocation- (eq.3.35a) %
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Figure 39. Comparison of BER Performance of Cooperative Singleey DiffAF relaying
usingDBPSK with 2.L r&2.and 2 L raz;
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Figure 39 presents the single relay cooperative DiffAF with DBPSK for the optimum power
of ZzL ry2.and % L ra2, A performance gain of 2dB is observed in the DiffAF based
optimum power allocation curve when compared to equal power allocation simulation curve.
Furthermore, the performance difference of 1dB is observed between the analytical and
simulation results fothe SNR of 20dB ahe BER of s r’ 7 &Figure 39 shows that increase in
source power improves the BER performance. Moreover, the DiffAF with optimum power

allocation scheme outperforms its counterpart.

3.3 Cooperative DiffAF with Single Threshold

In the propsed single threshold based DiffAF relay selection scheme, the significant difference

is the relaying protocol employed at the relay.

Step 1: The relays receive the signal transmitted from the souteedestination node in the

coverage area of the source.

Step 2: Relay node uses DiffAF relaying protoddle nput SNR threshold (, j;is based on

the distance between the source and destination.

Step 3: If the distance between source and destinationris timen {; will be less. Based on

the distance the}; will vary.

Step 4: If the squared amplitude of the received signal at the refayis above the input
threshold : §; ; then the relay will be active mode and is ready to amplify and fdntvee
source signal to the destination. If this condition is not satisfied, then the relay will be in sleep

mode.

Step 5: If the threshold condition Btep 4 is not satisfied at the relay, then signal from the

direct link SD will be used at the destinati for detection.
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3.3.1 System Model

In the system model, the equati@il{ to (3.6) is the same as mentioned in section 3.2.2. The
channel is assumed to be constant within the two symbol periods. The channel between source
and relay (), relay to the destination {BR) and the direct link source to destination¥p

hasRayleighfading conditions.

The signal from the relay amplified and forwarded to the destination node D with an

amplification factor of A (Qiang Zhao et al. .2005)

m a (3.36)

The input threshold at the relay based on the following cases:

%=CEAQ;SEHEHAE®54; ( @48 .

\%:OEQEQ”SEHPDEDE@S%; O @4&;

(3.37)

The relay tests the received signal with the optimum threslihdt(et al. 2007pefore

amplification with the conditions as shown below:

s

X =% () NAHE®? PAR @ L H EBAN A ? A EQRRAGEB-EEFDA= | L H E B E 7B P ERKIN
Eg ¥ a
. ?f‘o Qi NAHSEH BE E @IHKAD A
4

»

o)

(3.38)
where £ s the squared amplitude of the received signal at the relap Aisithe normalised

noise variance.
The signal received at the destination D in PHagegiven as
UL #¥2 D E Js,éa (3.39)
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where Jj «is the noise components in the relay to the destination channelgimdnsas

Jax1%0r&; 4 (3.40)

Substituting equatior8(36) in equation3.39) gives

UL §z—c ¥2 DicE Jad (341)

The signal at the combiner is

oL Uik E UoxEBLLP (=0 @« P Uy 142)
Yo L Uex EBLOWi=J@:xP Wy '

The instataneous SNR at the3 link is givenas

Q. L 224 (343)
upl
with unit varianceé® . L s

The instantaneous SNR at theDRink is givenas

Q. LE2% g (3.44)
Uyl
with unit varianceé$s L s
The average SNR of theSand SD link is same as mentionéd equation 8.19) and 8.20).

The equivalent SNR of theB-D link is givenas

o BB O
L= —Z&7 4
“ C B prB Ui >C; a (345)

Simplifying equation 3.45) gives

- PYYVI 1
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The transmitted signal detected dyplying the minimum Euclidean distance detection (J. G.

Proakis et al.,2000) with the optimal detection rule is gagn

UL f"%se YFT :Tzélg; PTa (347)

The instantaneous SNR at the output of the ¢oerbs

~

G L Ug.E Usa (3.48)
where

~ Q. EEBL.RU,

Uaaxl—\ EB\&XOC’ a (349
and

Al Q E Bg\é R q .

Ual_\r Eﬂoqa (350)

The channel coefficienDy, follows the exponential distribution, so the instantaneous SNR of

the SD link is also exponentially distributed.

- L8 -
L:Uex L ::g$A TLF pra (351)

3.3.2 BER Analysis of SingleThreshold based DiffAFRelay Selection

Scheme
The conditional BER using (Simon, M. K., & Alouini, M. S. (1998), equat®BX)) given as
% G L0, VA tsFQHa@a (352)
(§is the instantaneous SNR at the combiner output.
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5?7 -
556 2U& -

Via; L

0

- O ) . ‘6.z
where UL 4 and Ha; L 6BalUCE.sEtUOEEl&i)ﬁ,a

and

HOY UHIHUV WR WKH FRQVW fHJ@@i@GNrisﬂathGViLqeﬂ)enaKdﬁtI&DybdD PHWH
of modulation.
ForDBPSK: =L r =J@L %4
Substituting=L r =J@ L %
V.a; L sand Ha; L sa
Substituting these values in equati8bR) gives
% G L1, $3FP@a (353)
2" G L= 13 A (3.54)
Substituting equation (3.48) in equati¢h54) gives
2% G L2185 :05.E U3 % (355)

Simulation Setup

The simulation setup for testing the proposed single threshold based relay selection scheme
with DiffAF relaying is presemd in this section. The BER performance of the single threshold
based single relay selection scheme with equal power allocation and optimum power allocation

is discussed in the next section. Simulation parameters of figure 3.10(a) and figure 3.10(b)

consigs of s r’random bits with DQPSK modulation that had. ¥t F %tand > L ¥t E 34.
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The channels are modeled as Rayleigh fading channels and the noise variance is assumed as
04 L sdn figure 3.10(a) the simulation parameters consigh@power ratioz, L r &Z.and

2 L ra 2 for case(ii). In figure 3.10(b) the single threshold single relay selection simulation

and approximated BER in equation (3.35a) use the optimum power Zatiog &2.and 2 L

rd Z; with the channel variance is chosen &%,L e84l &8, L sfor case(ii) with input

threshold (710. The approximated BER in equation (3.35a) is used with power 2tios

raz.and 2 L r &2 for equal power allocation curves in figure 3.10(b).

Simulation Results anddiscussion of DiffAF with Single Threshold at the
Relay

The performance ddingle thresholdasedDiffAF scheme is compared withiffAF without
thresholdn figure 3.10(a)For a fair comparison, both the schemes use the DQPSK modulation
scheme. The power ratios at the souand relay node fixed ag.L r&2.and 2 L rd2
where the total power i, L Z:E % . The performance curves sfngle thresholdbased

DiffAF and without thresholghows thalifferenceof 1dB at the BER ofs r””.

10°

) —#— DiffAF [without Threshold - Simulation]
: ’F**—* e —#— DIffAF [Single Threshold - Simulation]
.
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Figure 3.D(a). BER Performanceomparison of Singl&hreshold baseDiffAF relaying

The threshold at the relay depends on the distance between the source and the relay. In figure

3.10 (a) and (b), the distance between the source and the relay assumed to be more than relay
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to the destination node distance as mentioned in equati®B),(so less threshold fixed at the

relay.

E = = =wranam

—#— Single threshold-DiffAF with optimum power allocation - simulation
— 8ingle threshold-DiffAF with equal power allocation- simulation

—*— DiffAF without threshold- optimum power allocation - (eq.3.35a)

—%— DiffAF without threshold-equal power allocation- (eq.3.35a)
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Figure 3.D(b). BER Performanceomparisorof Single Threshdd basediffAF relaying
with 2L r&Z2and Z L rd2

Simulation Results and discussion of DiffAF with Single Threshold at the
relay and destination

The threshold at the destination studied in this section, and the simulation performed by
applying single threshold at the destination with DiffAF relayifilge comparative analysis of
fixing threshold at the destination and the relaynvestigated in tis section. Figure 311
presents the comparison for case(ii) WghL r&2.and % L r 4 2.and the threshold of 10dB.
Fixing threshold at the relay selects relays that satisfy the threshold condition, and it impacts
at the low SNR region with the perfnance degradation compared to fixing threshold at the
destination. Fixing threshold at the destination selects the relays that satisfy the threshold
condition at the destination. The performance degradation observed at the high SNR region
due to selectio of more relays with deeply fadedRSlink and less faded-R links. Similar

performance observed between the simgle thresholdased relay selection schemes at the
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SNR of 22dB.From the comparison, the performance gain of more than 2dB achieved at the

BER of s r’’in the proposed scheme compared to applying threshold at the destination.

Comparison of DiffAF based Single Threshold

—&— Destination Threshold
—#%— Threshold at Relay

0 5 10 15 20 25 30 35
SNR(dB)

Figure 3.1.. Comparison of DiffAFbased Singld hreshold at the destination and relay for
case(ii)

3.4 Conclusion

This chapter considers tlimgle thresholebased relay selection with AF and DiffAF relaying
protocols. The considered system model consists of a single relay between the source and the
destination. Most of the existing literature assumed the relay is located @riteeof the

saurce and destination node and considered as an ideal scenario. This study considers the varied
distance between the source to the relay. The assumptions are more distance between source
and relay and less distance is between the source and relay. Theedistaation between the

source and relay impacts the threshold which is fixed at the relays. The threshold is varied
based on the distance between the two nodes. If more distance between the source and relay
nodes, then the threshold at the relay shbaltéss and on the other hand if less distance, then
threshold at the relay will be higithe dfect of unequal power allocation analyzedand
compared with the equal power allocation scheme. From the results, the optimum power
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allocation with AF and DfAF scheme without a threshold and with the threshold at the relay
shows performance improvement compared to the equal power allocation scheme.
Furthermore, this chapter analyses the effect of fixing the threshold at the relay and destination.
The resultshow that the deploying threshold at the relay improves the performance compared

to the threshold fixed at the destination.
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Chapter 4

Double-Threshold and Multi-Threshold based Multr

Relay selection

4.1 Introduction

The multirelay selection has the potential of exploiting the diversity gain in Cooperative
wireless networks due to the increase in the number of rigfayang & Ko, 2007)(Himsoon

et al., 2007) However, selecting multiple arbitrary relays degrades the performance of the
cooperative network. Furthermore, the single threshold at the relay discussed in Chapter 3
guarantees only the best relay selectioretas the received SNR at the relay, but if the relay

to destination link has deep fade, then it degrades the overall performance of the network.
Thresholdbased schemes in the literature classified broadly as the threshold at the input to the
combiner sulc as AFGSC and NIGSC (Lioumpas etal., 2008)and the threshold at the
output of the combiner OMRC (Yang & Alouini, 2005) MS-GSC and OIMRS
(Amarasuriya et al., 2010The primary issue in the input threshblalsed schemes is a greater
number of relays are selected, and it adds more complexity to the network. Furthermore, output

threshold schemes have the chance of selectingsreli#éh low-SNR branches.

Single relay selection schemes suffer from performance loss due to the error rate and outage
probability. However, the complexity of the optimal Mulglay selection (MRS) schemes
increases exponentially with an increase in the number of relays. The dMBR@es based on

Generalized section combining (GSC) achieves performance gains at the expense of channel
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estimation of all the relayed paths, which adds substantial complexity to the system. The GSC
based MRS schemes select more relays as required. Bbigmpris overcome by using the
double thresholdbased GSC scheme (B3dSC) (Xie et al., 2014) In the abovementioned

existing schemes, the full channel state information (CSI) is required, obtaining CSl in-the fast
fading environment is not suitable in a practical environment. In differantdulation, for
example, DPSK relies only on the constant phase response of the channel and perfect CSl is
not required. The DiffAF scheme requires only a long term average of the received signals, and

no instantaneous CSl is requirédzéndi & Nguyen, 2014)

The abovementioned problem is overcome by extending the idea oMBTC (Yang &
Alouini, 2005)and multthop threshold relay selection schefAenarasuriya et al., 2010Jhe
differential modulation is a promising candidate since it reduces the receiver complexity and
signalling overheads. The proposed dotthkeshold scheme is formulated by fixing the
threshold at the relay node as input threshold and the destinateraa@n output threshold
with differential modulation. In this proposed double thresti@ded relay selection scheme,
the input threshold is set based on the received signal at the relay, and the output threshold is
based on the signal quality at the doner input.
Multi-threshold based relay selection is presented in this chapter which is different from the
combining scheme developed Kie et al., (2014)
Significant differences between the proposed scheme and H@&STTscheme are as follows:

i. The DT-GSC scheme has a double thresholthatcombiner, but the proposed

scheme has a threshold at the combiner and the relay.
ii. DT-GSC scheme designed for mwdtiannel communication, and the proposed

scheme is designed for the cooperativesless network
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iii.  The double thresholdased proposed sahe is analyzed with coherent and
differential modulation schemes, but thedBBEC scheme considers only coherent
detection.

In this chapter, the double threshdidsed relay selection scheme is proposed to overcome the
issues mentioned in the input and autthreshold schemes. Doulitereshold has threshold
placed at the relay and combiner output. This chapter presents the mathematical model of the
proposed double threshelrhsed relay selection scheme with AF and DiffAF relaying using

Coherent and Differd@ral Modulation schemes and its performance analysis.

The power savings of the proposed scheme is compared to the existing schemes by determining
the number of active branches. Complexity analysis of the dot@sholdbased multrelay

selection schemes presented in this chapter. Part of the work presented in this chapter is
SXEOLVKHG LQ 3-RXUQDO RI :LUHOHVYV (ShamgamHKN &tQ@YU, DQG &
2018) and in 3, QWHUQDWLRQDO -RXUQDO RI (OHFWURQLFV DQC(

7 HF K Q R(BHRrdganth.K. et al., 2016).

4.2 Double Threshold-based Multi-Relay Selection with AF relaying

Published as

36 KD P JD Q W-&hnimi, $ & Sibley, M. J. (2016). Performance Analysis of Threshold
Based Relay Selection Technique in Cooperative Wireless Networésational Journal of

Electronics and Communication Engineering & Technology, ~

Proposed DoubleThreshold based Multi-Relay Selection Algorithm

Algorithm 1

Stepl: The signal from the source is received by the destination and the relays that are in the

coverage area.
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Step2: Relay use either AF or DiffAF relaying. The input threshdlf;;is placed at the relay.

The threshold depends on the distance between the source and the relay node.

Step3: The relays with the received SNR more than input threshild is selected, and it

will be on active mode to forward the source signal to the destination node.
Step4: The relays that do not satisfy the condition in Step 3 will be in sleep mode.

Step5: The signal received is combined at the destination. The output threghoisl fixed

at the combiner output to test received signal quality.

4.2.1 System Model

The multt UHOD\ FRRSHUDWLYH ZLUHGé&ayy/wkieh a\shRgdWNce-eRQ VLV WYV
destination is considered. For the nmudtiay AF scheme, relay amplifies the received signal

from the source and forward the amplified signal to the destinationddpléx transmission

mode is considered in this model with the single antdixea at all the nodes. The signal
WUDQVPLVVLRQV LQ WKHN¥1YVWHKP WHRG H& HF RRISMUKR HRQ DO FKI
between SR and RD links to avoid interference. The mode of operation of the proposed

doublethreshold schemghamganth.K. et al., 201B)shown in figure 4.1.

The information bits are converted in the format of Quadrature pblagekeying (QPSK)

symbol and each symbol consists of 4 bits. The transmitted signal from the source is given by
TR L §®  'ReBPE- :JFs,CSDANAL saad/ a  (4.1)

The synbol energy is denoted dszand the carrier frequency & The term/ denotes the
constellation size and L vis the case of QPSK. Moreovel,s the phase of the carrier in

equation (4.1)Rroakis, J. G et al.,20D8
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In Phasd source node transmits the signal and ceied by N relays and by the destination
in the direct link from the source. The amplified signal forwarded by the set of N relays to the

destination in Phask:.

The signal received at the relay in Phagegiven as:
Ue L ¥20e.TE Jig, EL sd@ad 04 (4.2)
ZKHUH pl1Y GHQRWHV WKH QXPEHU RI DFWLYH UHOD\V

The signal received at the destination node in the direct HDkrSPhasd is given as:

Uy, L ¥20.,TE Jj1 .4 (4.3)

where 2, denotes the average source power of the transmitted signal. In equation (4.2) and
(4.3) the termsJ; ¢, &j+, is the complex additive white Gaussian noise with zeean and

variance 04. The termTdenotes the transmitted information symbol.

The channel between source and the multiple relay nod&s) (&elays to the destination node

(Ri -D) and the direct link from source to destinatiorD(Sfollows Rayleigh fading.

The channel coefficient of the$ link has zeremean and variance given as

Desl % 0r &%, EL sa&& 04 (4.4)

The channel coefficient of the3 link has zeremean and variance given as

0.1 %O0r&t,; a (4.5)

The relays fixed with the input thresholdlj(; and the SNR at each relay is tested wiiié
input threshold in Phadé. The relayis selected and Alhe source signal to the destination

based on the input threshold test{kgShamganth et al., 2016)
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Case (i):CSl assisted relays (Relays with Full CSI)

The amplification factor at the reldlyaneman et al.,20043 given by

¥E
8§ :>C

U L

EL sdad0a (4.6)

where & L Qg Pthe channel coefficient of the first hop.

In this case, the assumption is that instantaneous CSl is available at the receiver. Also, the

transmit power at the relay will be less if the fading effect in the first:l&ps low.

The instantaneous SNR oftlource to multiple relay nodes)Biven as

GEOL% EL sdai& 04 4.7)

Input threshold testing at the relay is given as

EBL.P GhiMANAHSEHMEF?PER®A

E il O (jFDA N A HS /M BE D H AKI@ A 4ol 4sdhi & a4 (4.8)

The input threshold depends on the distance between theedouthe relay node. The relay
may not always be at the center of the source and the destination.

The location of the relays may vary, and the system model is shown in figure 4.2. The input

threshold : (L, at the relay depends on the distance betwtbensource and the relay.

Furthermore, channel attenuation mainly depends on the distance between two nodes.
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Figure 4.1. Mode of operation for Doublaresholdbased MRS scheme
If the distance between the two nodes source and relay increases, then attenuation will increase

as per the relatio® :® R @ the termUin this relation is the propagation constant. Based on
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this relation, the distance between the source, relay and destination nodes considered into three

different cases as mentioned below:
Case(i): The distance between the source to the destination is
@5&; L @54 E @4iA&;a (4.9)

Relays are at theenterof the source and destination, then the distance between soufce to i

relay is given as
@58y L @4&; & (4.10)

The input threshold at th¥ telay is the fixed threshold for the case(i) in equation (4.10). The

equal power allocation is applied, as mentiobelbw.

3 L2@ (4.11)

Case(ii): If the distance between the source dhrklay is more, then less input threshold

-y ;is fixed at the relay.
@58 ( @4A8;4 (4.12)

Case(iii): If less distance between the source andelay node, then a high input

threshold: {, ;;is fixed at the'f relay.
@545 O @44 (4.13)

The Equal power allocation scheme not suitable for the distance case mentioned in equation

(4.12) and equation (4.13).
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Figure4.2. System Model Double Threshdddsed MRS scheme
The optimum power allocation is stated’iheorem 5.3.4L.iu et al.2008Yor AF with M-
PSK modulation for high SNR is given as
M@>§ AAO>< AO‘

2L —° _° EL sd&d 04 (4.14)

7 AAO>§ AAO>< AO‘

GMO

2 L 2 EL sd&d 04 (4.15)

7 AAO>§ AAO>< AO‘
The received signal at the destination D in Phase Il is given as

Wye L UD:gUe E Jeye  EL sda@do0a (4.16)
where Jg4,is the noise components of the relay to destination link it is given as
Jegs1% 0r &;a (4.17)

The channel coefficient between theDRink has zeremean and variance and is given by

D:y.1 % G 824,08 (4.18)
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Substituting the amplification factan equation (4.6) to equation (4.16) gives

¥E

8§ :>C

Uy L Dty Ue E Jege EL sd&d0a (4.19)

Substituting equation (4.2) in equation (4.19) yieldsgmganth, K et al.,2014)

¥E

Wy, L——— Drgk¥2De,TE Jj0E Jeynd (4.20)
8K :>C,
==Y YE ,
Ugs L——== gD, TE——— D:yudie, E Jeged (4.21)
8K :>C 8K :>C,
Uy, L =22 D-y,0e TERy, EL sd&doa (4.22)
8K :>C,
¥E ,
Regs L——=— Degudie oF Jeged (4.23)
§K :>C

where D:4,denotes the channel coefficient from tHerélay to destination andgg, is the

complex additive white Gaussianise between th&'irelay to destination channel.

The noise componentd, and Js, are assumed to be independent and the equivalent noise

(344 is zeremean, complex Gaussian random variable with varidhce

0% L 0, % E sh4 (4.24)
where 0'in (W/Hz) is the power spectral densityZONGN (Liu et al.,2008) and L Dy 6
the channel coefficient of the second hop betweerithaay to the destination node.

The instantaneous SNR of the direct linkD3$s given by

A~

G, L2

c b, 4 (4.25)
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The instantaneous SNR of tierélayed link RD is given by

Chgs L~ & (4.26)

The threshold set at the output of the combiner test the comBimethyed branch and the

signal from the direct link. Combineutput threshold: (i ; follows the condition:

EBKPY PG =J@,P GiMAIUL UEU,
) EE{%%OQ”FDAJU?L 05& )

EBL, OG; AIGL O, a (4.21)
EBKPL 004 =)@, , 0G;i MAJIUL r

)

O »

The total instantaneous SNR at the destination is the sum of the direct link SNR and the
equivalent instantaneous SNR of theelay link SRi-D (Qiang Zhao et al. 2005) required for

the calculation of mutual information between the source to the destination node.

The overall SNR for the relayed linkf§-D at the destination node for the relay with full CSI

(Hasna & Alouini, 2004)s given by

G, L a (4.28)

I ¥Ay e
E§AD 16¢,

¢,

Rewriting the equation (4.29) gives

Q. L 2200 6 ¢
‘o)

0r:25:E2N ; EOy; (4-30)
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Substituting equation (4.7) and (4.25) in equation (4.30) gives

Ay Ag

N RS (4.31)
The averag&NR of the source to th# ielay link is
G L %oa (4.32)

and the average SNR of the direct link between source to the destination node is given by

Gi$L ?A“a (4.33)

The total instantaneous SNR at the destination given as
U.L G,EA} G (4.34)
At the output of the MRC combiner tisggnal detected by applying the minimum Euclidean

distance detection techniquerfakis, J. G et al.,20D8sing the optimal detection rule given

as

BL f % UF T T, &l 4, 4alg; DTa (4.35)

The source to destination channel modelled as a Rayleigh fading channel, and the probability

density function is given by

LGy, L— AT @224 (4.36)
S S

The i"relay to destination channel modelled as a Rayleigh fading channel, and the probability

density function is given by

LkCye0 L 2 AT LF 2 pa (4.37)
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4.2.2 SER Analysis

The closedform SER expression derived for-RSK (K.J Ray et al.,2008, pp 219, ppl&3)

used as a benchmark for the simulation results.

The SER expression is given as

AR N . 1V B k. eV P 4.38
Zy,eN-1, eF— 57 CAlls | avF— 5, C@a (4.38)

At high SNR, the SER expression for Medélay AF without threshold stated in (K.J Ray et

al.,2008, pp 220, Theorem 6.2.1, equation (6.86)) given as

2, eNST T OE§ 580,855 AC BMITN A g5 (439
AET 4 A B Ay B B aig B Ag '

Simulation Setup

In this section the simulation setup for testingdbable thresholttased multrelay selection

using coherent ABcheme is presentethe simulation results of the double threshold scheme
with different distance cases are presented in the next sestinalation parameters consists

of s input random bits with QPSK modulation and AF relaying. The noise variance is
assumed a$), L s. The multirelay scenario considers single antenna nodes anduyakx
communication. The source to destination and relay to destination channel is modeled as
Rayleigh fading channels. The relay comparison for the double threshotll dudserent AF

model use 5, 10, 15, and-28lay scenariosThe SER curves for different relay scenarios are
plotted as a function of SNR.

Simulation Results and Discussion

The simulation results are categorized into three cases as discussed in section 4.2.1. The effect

of increasing the number of relays in double threshold rmellly coherent AF model is shown
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in figure 4.3 for casei(. The optimum power ratios consideriedhis case isZL r§2.and

2 L raZ; with an input threshold of 3dB, less threshold is fixed as the relays are at a longer
distance from the source. Increasing the number of relays-tel@p from 5relay show
substantial performance improvemdor the double thresholdased Coherent AF scheme.
From the results, the difference betweenrdlay and 2@elay scenario is less and 2dB

difference is noticed betweerrélay and 1@relay scenario.

10°

—©— 5-Relay
—+—— Direct Path
—%— 10-Relay
—&— 15-Relay
20-Relay

o
w102 F
5 10

0 5 10 15 20 25 30 35 40
SNR(dB)

Figure 43. Relay Comparison of DoublEhresholdoased Coherent Afer case(ii)

Figure 44 presents theanparative results for case (iii) with relays near to the source is
simulated with the input threshold of 10 dB and the combiner output threshold of 5 dB the
power ratios used in the simulation2gL raZ.and % L r§2;. Figure 43 shows a similar
performance for more relay scenarios. However, an increase in the number of relays from 5 to
20 relays shows significant performance improvement. In figude #he performance

difference of more tha4 dB observed betweerrélay and 2@elay scenario.
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Figure 44. Relay Comparison of DoublEhresholdbased Coherent Afer case(iii)

4.3 Multi -Relay based Multi Threshold DiffAF with Differential

Modulation using the Proposed Combiner

ConsiderMulti-node multithreshold cooperative system model with a source S and N relays
shown in the figure. 8. The source signal is differentially modulated and the DiffAF relaying
is applied at the relays. The input thresholg ; is tested at the relay, the relay will be in active
mode or sleep mode depending upon the threshold value. In thetimesthold model, the
combiner at the destination has two thresholds: combiner input threshilgafid the

combiner output threstd (( 4.

Algorithm 2

Stepl to Step 4 is the same as Algorithm 1.

Step5: The signal from the multiple relays and the direct link tested with the input threshold at

the combiner: (.
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Step 6: The signal fronf'irelayed link satisfying the conditiork(ts, P ; 0is selected as the

input to the combiner.

Step 7: The signal from direct link[3 satisfying the condition: §., P {; ;is selected as the

input to the combiner.

Step 8: The combined signdll, L Uy, E A} ¢ (s tested with the combiner output threshold

(& 41 Output threshold is fixed at the combiner output to test received signal quality.

4.3.1 System Model

In differential Phase Shift Keying (DPSK) the information is modulated between the phases of

the two consecutive symbols.

In Phasd, the M-ary differential phasshift keying (MDPSK) modulation is usé€Broakis, J.

G et al.,2008 The information symbaht the source node is given by
Ta L ¥t , A12 sQl Q/ a (4.40)

6 :a47?5;

where ' Othe symbol energy andl; L the change in phase. Source transmission is

the blockby-block transmissioifAvendi & Nguyen, 2013)

The source differentially encode®rpakis, J. G et al.,20p&e symbolT; by

OL T, 0%a (4.41)

ZKHUHLY WKH Wht Bid the@i€@arehtially encoded symbol to be transmitted at time
PThe source transmit§with transmitted powedPsto the destination. Due to the broadcasting

nature of the wireless network, the information also received t@jays.

The signal received at the relay in Phagegiven as
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Ues L ¥2Des O E g EL sd&d 04 (4.42)
ZKHUH P17 GHQRWHV WKH QXPEHU RI DFWLYH UHOD\V

The signal received at the destination node in the direct HDkrSPhasd given as
Uyt L ¥20.,°0 E Jj,.fa (4.43)

where Z,denotes the average source power of the transmitted signal. In equation (4.42) and
(4.43) the terms); g5 = J @y 1,5 is the complex additive white @asian noise with zenmean

and varianceQ, .

The channel coefficient of thef$ link has zeremean and variance given as

Ex 0 Or &8%:.; sdaala .
Desl %0r&é%, EL sda&d 04 (4.44)

The channel coefficient of the3 link has zeremean and variance given as

0,51 % 0r&%,;a (4.45)

JRU VLPSOLFLW\ WKH WLPH LQGH[ pWYT LV UHPRYHG LQ WKHF
The relay tests the received signal with the threshold before amplification with the conditions

as shown below:

A @i BA ~

A @Aé_o P}NAHEGBX?PHR® A

EB” a (4.46)
- @M@BA ~

5 —o OWINAHEGEQK® A

R 6. . . . . :
where k§ o is the variance of the received SNR at the relay @ the normalized noise

variance.

The signal from the'trelay amplified and forwarded to the destination node D and the

amplification factor Qiang Zhao et al. 200%g given by
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(4.47)

#
8E AAg G,

41 Wy > U

. R1 -> Active
Dy s
By 4 Q’42 < QB Combiner Input Threshold T ester
By,

B
Direct Link

4o Qmo > Ug _

Rn -> Active

Combiner Output Threshold Tester

Figure 45. System Model MultiThreshold based MRS scheme

The signal received at the destination D in Phase Il in the relayed link is given by

Wb L #¥2 Doyl E Jeyla (4.48)

where Jg4,5is the noise components in tierelay to destination channel and is given by

JeyS1% Or &; 4 (4.49)

Substituting equation (4.47) in equation (4.48) gives

The equivalent SNR of the8-D i" relay link is given by
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Q L BBy UAp'ZjAdjz
C B par B @Ry Z>GC,

(4.51)

Simplifying equation (4.51) gives

~ Ay Agl .
L2 %a (4.52)

with unit varianceg%, L s=J @, L sa

At the combiner input, the signal received in the direct lifik iS given by

Ay L UFS (5,8 (4.53)
The signal at the input to the combiner from theelayed link is given by
B L Uy, ™ gt (4.54)

Threshold testing at the input to the combiner selects only the strongest branch and is given
by

ER, P GyMARKI>SEJPRNEHAALMAEILBRKIDA@ ENARBRG@CERAGL 3.

“@ma& P Oy FDA PP K | > E JQBNH P? ABDRE J L @ R KIDANAHHE 3G @ CERAGL ;0"
AHA@ART

(4.55)

The average SNR at the combiner is given by

WL GPE Qi (4.56)

Substituting (4.40) in (4.42) and (4.43) and assuming the-ilding assumptiorif,, L 07

and CEy, L CEY in equation (4.48yives
U, L OW,° E Sf.a (4.57)

S&, L J&, F GJ°a (4.58)
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LBy, L OUELR E SEya (4.59)

SEy, L Jegst F OJeyf7°4 (4.60)

Threshold testing at the output of the doner for the different cases are as follows:

%
6 0x 4 EByPGard@c,00 KN GgO Gy % = OB
AULEQ, AEBLEQ,PGa=l@c P Q=@ 0 BKNEL t & &0; % =ORE
A G G
O G.EI Gy EBLRGuFI@nET (g PO BKNEL sd & &0; % =OREE
L . - - 4
O ¢
h T ~ o ™ N | o
AT Gy, E®, OGy=J @y R Gy BKNEL sd & &0; % = ORR
O Ues 3 A A A
O r EBty, OWyrd @y, O Wy % = OR

(4.61)

The threshold at the output of the combinekjis; js fixed. The relation betweeb ; and

() 5 used in the proposed scheme is as follows:
fbaiL%Aé (4.62)

\EB WBR LbaiFDA\J?KI>§‘IJ_|@Q?LC£B:E_HPOAJW@APA%£&§5

In differential detection, the Rayleigh fading channels are constant ovettattwtzrval. Non

coherent detection of the transmitted symbols obtained from the consecutive received symbols

is given by
8y, L 4455 3 (4.64)
bege L 4 AUETS By, & (4.65)

where &, and &:4,are the decision variables.
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The output of the detector is given by
aL g, E &4 (4.62)
The transmitted signal decoded at the destination as

c . Fs ERBOT

&\es EBapr @ (4.63)

4.3.2 BER Analysis

The conditional BER usin{Simon & Alouini, 1998 (Equation.25)3 given as
% & L1, Va $sFQHa?@a (4.64)
where (§is the instantaneous SN the combiner output. The

5? -

- 0

where U L 3 and

13- o . - ‘6

Ha,LGBéuE.sEtUOEEI&P,a (4.66)
,Q HTXDWLRQ MOy UHIHUV WR WKI—UIE%@VOASE&Q@DWLRQ A
depends on the type of modulatig@imon & Alouini, 1998)
ForDPSK:=Lr =J@L %4
Substituting=L r =J @ L ¥t in equation (4.65) and (4.66) gives

V:a; L sand Ha; L sa (4.67)
Substituting equation (4.67) in equation (4.64) gives

% & L1, 13¥FQr@a (4.68)
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L2 +85F Q2 (4.69)
Substituting equation (4.56) in equation (4.69) gives
2 G LS80, EQR (4.70)

The performance of the proposed thresHmdded relay selection with double threshold

combining scheme is analyzed with two cases as mentioned below:
Case (i): EB).,, O Q= @d/z RGyi

Only the relay link SNR is above the threshold at the input to the combijieirhe

equivalent SNR of the relay linkB-D given in equation (4.52) as

Aby Agl ..
’—a
B> Ag>5

The PDF of equation (4.52) is derived us{Rgpoulis, A. et al., 2001) as follows:
Let % L Ge Qeg.and % L 26E (g, E s&

LG L1, % Lsas: U%8%; @ha (4.71)
Lusasis the joint PDF of%and %

Lysars: %26 L Lys vo @ Alve: %; & (4.72

Marginal PDF of%is given by

L 4?2 Y?B?5
1512475

5
. O .
Lys:%: L SRS SRS

pa (4.73)

The conditional PDF oL 14 éé; Ass as follows:

L 5 Yy "
Lus 6 @éAL—&%?E}?S ATEF @ 0s A (4.74)
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Substituting equation (4.72) and (4.73) into equation (4.71) gives

Y g | 242625 Ny
L: Lé L | +2&3E L‘kd/z E S'H'Hm ATEF kﬁ; Vi 76,75; “)&‘Fﬁi SRS Pg @ég/za

(4.75)
Simplifying equation (4.75) gives

?

Y- T L ~ 5 _ABg, 5 Ik
LG L, +2%ELEG%ES+QH%ZAT@&AA—@1C “K(iﬁpl@ég/a (4.76)

Let | LT“’“F$ and J L%ﬁ" in equation (4.85) using [Ryzhik, I. M. (2007), Eqn.3.478.4],

the PDFL: (; can be written as

v1&>5: A ~ R -

L Lt E°>5P$AT@ YA”OA-4 UA); E-

(4.77)

whereU L t §mand - 4. ®denotes the zerotbrder modified Bessel function of the second
kind.

- 5. ®denotes the firsbrder modified Bessel function of the second kind.

The BER expression of single channel binary DPBi#kis, J. G et al.,2008) is

">—_-1

%al 1, TATIEQ; L:Q; @la (4.78)

In equation (4.78), LeNL 3[}gives

p-,.UN@ B

5}5(;(@ 4

6 v Bp>5;¢ K;ﬁ ﬂ
EM:,ﬁ 3 NATLES

(4.79)
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Case (ii): EBy, P By yi=J @4, R Gy
If both the relay and direct link SNR is above the input threshold at the comgjper

Binary differential PSK with multiple independent channels the BER conditionedon

[Proakis, J. G et al.,2008 equation (£1113)] is given by
% & L= :VEQ $8:FQa (4.80)
Averaging the conditional BER with respect to the joint PDFdnd (., and substituting

equation (4.52) in equation (4.80) gives

15

2®L' S VEQy, EQ;18 F:0, F @ L:Q; LGy, @ G4 (4.81)

<

Substituting equation (4.77) and (4.36) in equation (4.81) gives

24L i kv E Gy, E (ot 8’ @k, F Q0At ZSZ%AT@ bhaop. kKO¥T0E

t §C’\‘:20E25;!5§(£$AT@LL|L:,EA kU¥L;\,0— ATLFL%&p@f\,@gg‘a (4.82)

20 Agt 0

Simulation Setup

In this section the simulation setup for testing the mhheshold based multelay selection

using DiffAF relaying is presente@he simulation results of the multhreshold scheme with
different distance casésdiscussed in the next secti®@imuktion parameters consists sf®

random input bits with DPSK modulation and DiffAF relaying. The channel between source
to destination and relay to destination is modeled as Rayleigh fading channels and the noise
variance is assumed a8, L s The relay node is with single antenna and -Oafflex

communication is considered.
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Simulation Results and Discussion of MultiThreshold DiffAF and AF

Simulation results presented in this section consider the-thtdhold scenario with input
SNR threshold at the relay. Destination threshold testing at the combiner input performed by
comparing the SNR of the received signal from the relay to destination link with the combiner
input threshold and the strong relay to destination branches are seldwdtireshold at the

combiner output tests the signal quality for detection.

The comparative analysis of mditireshold based DiffAF for case(ii) is presented in figure
4.6. The analysis considers 10, 15 ang@@y scenario with the optimum power ratmf 2, L
rgZ.and % L ra2.. Increase in the number of relays, in this case, shows lesser performance
improvement and difference of 3dB observied 10-relay and 2@elay scenario for the

threshold values considered for the simulation.

—©— 10-Relay
—+— Direct Path
—%— 15-Relay
—57— 20-Relay

14
w102 F
m 10

0 5 10 15 20 25 30 35 40
SNR(dB)

Figure4.6. Relay Comparison of MulThreshold DiffAF for case(ii)
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Figure 47. Relay Comparison of MuHT hreshold DiffAF for case(iii)

Figure 47 presents theamparative results of Mutthreshold DiffAF for case (iii) with the

input threshold of 20dB andmbiner input threshold of 9dB and combiner output threshold

of 25dB.Furthermore, the results show a lesser performance difference betwesayland
20-relay scenario. However, the significant performance difference of 3dB observed between
10relay and 15relay scenario. Increasing the number of relays shows performance
improvement in this case.

Simulation Setup for Multi-Threshold AF

In this section the simulation setup for testing the mhheshold based multelay selection

using AF relaying is presentdd.the next section the simulation results of the mthitieshold

AF scheme with different distance cases are presented.aBiomuarameters consists sfr®
random input bits with DPSK modulation and AF relaying. The channels source to destination,
source to relay and relay to destination is modeled as Rayleigh fading channels and the noise
variance is assumed &, L s

Simulation Results and Discussion of MultiThreshold AF

The comparative analysis of Muttireshold AF with the varied number of relays for case(ii)

presented in figure 8. The analysis considers 5,10, 15 and @@y scenarios with the power
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ratios ZL rg2. and 2 L raZ, Increasing the number of relays, in this case, show
significant performance improvement. Furthermore, the difference of 4dB observed between
5-relay and 2@elay scenario for the input threshold of 20dB and combiner input thdesho

15dB and output threshold of 25dB. However, results show less performance difference
between 15elay and 2@elay scenarioFigure 49 presents the relay comparisonMfilti-
threshold AF for case (iii)Furthermore, the results show the performan€elO-relay
outperform 15relay and 2@&relay scenario. However, the performance difference is very less

above 17dB for the 1Eelay and 2@elay scenarios.
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Figure 48. Relay Comparison of MulThreshold AF for case(ii)
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Figure 49. RelayComparison of MultiThreshold AF for case(iii)
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4.4 Multi -Relay based Multi Threshold AF with Coherent Modulation

In a multirelay based cooperative D2D network with a source S and N relays, the source signal
is amplified and forward to th@estination using AF relaying. In the system model equation

(4.1) to (4.37) is same as mentioned above. The difference in this scheme is the additional
threshold at the input to the combiner. Threshold testing at the output of the combiner can

improve theoverall quality of the e2e communication.

The SNR at the output of the combiner is given as

GL U, E G EL s4& 04 (4.83)
o Gy, EBy,R Qo
where Ujy, L \ N | 4.84
bV B, 0y (4.84)
and
- G, EBERGy;
- "L J - ~ a 4.85
Hot T B0 (485)
Combiner output threshold condition is given by
. UL EW  EB,E @ P G,
GLJ '* Yo EBLE W Plbay (4.86)
r EBJI,, E W, O W,

Relation betweerl} gand ( 5 is same as mentioned in equation (4.62thermore, signal
detection followsequation (4.35).

Simulation Setup

In this section the simulation setup for testing the mhheshold based multelay selection

using AF relaying is presentetihe simulation results of the multhreshold AF scheme with
coherent modulation are present8imulation parameters consists s r° random input bits

with QPSK modulation and AF relaying. The channels are modeled as Rayleigh fading
channels and the noise variance is assumed @, de s The SER curves for different relay

scenarios are plotted as a function of SNR.
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Simulation Results and Discussion of Multthreshold AF with Coherent
Modulation

The comparative analysis 85,10 and 15elay scenari®for Multi-threshold coherent Ais
preseted in figure 4.0. Results show that #lay scenario shows substantial performance
improvement compared to other relays considered. Moreover, the difference in the
performance is less for high relay scenariosrel@y and 15elay scenario consideredrfo

case(ii).
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Figure 4.0. Relay Comparison of MulThreshold Coherent AF for case(ii)
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Figure 4.1. Relay Comparison of MulThreshold Coherent AF for case(iii)
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The relay comparison dflulti-threshold AF for case (iii) with the input threshold of 10dB and
combiner input threshold of 5dB and combiner output threshold of 10dB is presented in figure
4.11 Furthermore, the results show the performance aBRf/ outperform 15elay,10relay,

and 5relay scenarios. However, the performance difference is very less above 8dB between
15relay and 2@elay scenarios.

Comparative analysis of different threshold values in Mbleshold AF for &elay scenario

shown in figure 4.2. Three threshold sets considered for the comparison, and the combiner
input threshold varied from 5 to 9dB. The input threshold of 10dB and combiner input and
output of 5dB and 10dB outperform the higher threshold values considered, and it is due to a
greater number of relays selected for assisting the source transmission. Furthermore, the
combiner will receive more relay to destination link and choose the link with high SNR

compared to the combiner input threshold.
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Figure 4.2. Threshold Comparison dMulti-Threshold Coherent AF for case(iii)
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4.5 Double Thresholdbased Multi-Relay DiffAF with Differential

Modulation

4.5.1 System Model

Multi-relay cooperative network with a single source (S) and destination (D) welajs and
DQPSK modulation considered in this mod&buble thresholds applied in this scheme, as
discussed in Algorithm 1. Input thresholg} @t the relays and conmter output threshold} i

at the output to the combiner at the destination is used.

Information bits converted to the format of differentiatev} phaseshift keying (DMPSK),
the symbol at the source is given as

T, L Ao g

6 :a?5;

wherel; L forl Lr&& d Fs,

and/ L vis the constellation size considered in the system model.

In the BER analysis, the conditional BER expression reportedSiyion & Alouini,

(Equation.25) 1998F applied. So, the BER analysis of the proposed scheme is

2:A0; L1, a8k 0,Ha?@a (4.87)
.. 5? -

.0 o .
and UL - and Ha,Lm.sEtUOEEaﬁ,a

For / L v the parametet) L —gis constant and depends on the type of modulagparted in

(Simon & Alouini, 1998)for DQPSK

=L ¥tF3yand>L ¥t E3%a
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Substituting=L rgxwwL s&vy/ L v

UL ré s \dives

4& 6 <

Va L 5>4§;6.<ae0é>45;57and

Ha, LrawtsEratzOE Er&ysa

Substitutingt &; and Ha; in equation (4.87) gives

2:A0,; L1, 5>4&6:S;4$;57i§§$aﬁ:réwt£ré'itzOE\Earéi;ys?@@.QS)
2:A0; L2 1, 5>4&6$£;45;571§W:G%EQ6/2; rawtErztzOE Fa
r&ysg@ a

(4.89)

The multinode DiffAF BER expressions without threshold mentioned below serve as a

benchmark for the simulated results of the propasedble threshold based DiffAF scheme.

The average BER formulation derived in (Liu et al.,2008, equation 9.147) is given as

Paig 105 & B AAg GC .
5 spE B B MG, gy (4.90)

5>Paag 5>Piag B Ag

5 . U ag>s;
pL——7m"—i
6:¢6-0 "7 B>Pi.

H A

The BER upper boun@Himsoon et al., 2008)iven as

vi £>56:8 1o EoAg>@ g C Adwia
2 &7 AC — "0 a 4.91
% Q¢ Au ue BB Aag Agl o
where
%UDES; Lea— 1, — s @a (4.92)

is a constant that depends on modulation size and number of relaysand B: a4J&0 E s
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TheapproximatedER expressiofHimsoon et al., 2008% givenas

Vi &£>5,G¢6"

Eo g > @ g G, A%oua
B Ay

BE iag Ag

(4.93)

%N Al

Simulation Setup

In this section the simulation setup for testingdbable thresholtdased multrelay selection

using AF and DiffAFrelaying scheme is presentethe simulation results of the double
threshold scheme with different distance cases are pregareel next sectianSimulation
parameters consists o r° input random bits with DQPSK modulation. The source to
destination ad relay to destination channel is modeled as Rayleigh fading channels with the
noise variance o0, L saThe multirelay scenario considers single antenna nodes and half
duplex communication.

Simulation Results of Double Threshold AF and DiffAF

The simulation results of the proposed double thresbatdd relay selection scheme for
cooperativewirelessnetwork is presented in this section. Figure34desents the Mulielay

AF comparative simlation results for QPSK with DQPSK scheme with equal power
allocation, and the-telay scenario considerell is evident from the results that the coherent
modulation scheme shows an improved performance as compared to the differential

modulation withouthreshold.

Figure 4.1 shows the Multrelay AF comparative simulation results for QPSK with DQPSK
scheme withZ,L r&Z.and 2 L rd2.and 5relays.In this case, the relays are nearer to the
destination. The result is as expected with a 3liflerence between the coherent and

differential modulation schemes without threshold at BER of 10
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Figure 4.B. Comparison of Coherent Vs Differential Modulation scheme for Multi
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Figure 4.8. Comparison of Geerent Vs Differential Modulation scheme for Mullti
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Figure 4.5. Multi-relay AF with DoubleThreshold

Figure 4.5 shows the Multrrelay cooperative AF with an input threshold of 10dB at the relay
the combiner output threshold of 5dB with equal power allocation. Also, five relays considered
in this simulation with equal distance between the source and destinatioa rielays. The
simulation considers the DQPSK modulation of the source signal. Similar performance with
the directpathwithout relay is observed in thevsulation results with equal power allocation

at the source and the relays.

In figure 416, the proposed double threshold scheme witkl&y and an input threshold of

3dB and combiner output threshold of 5dB outperforms the diabt In the simulation, the

source power and relay power fixed &L r§2.and 2 L r a2, The distance ltieeen the

source and relay based on case (ii). The simulation results show more than 5dB performance

improvement at the BER of £0

The simulation results in figure &. based on case(iii) with the relays nearer to the source.
Moreover, similar performamcis observed for théirect pathwithout relay and double
threshold up to an SNR of 20dB. Furthermore, at high SNR above 20dB performance

improvement is observed, at an SNR of 22dB, the proposed scheme achieves thesBER of
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Figure 416. Multi-relay AF with DoubleThreshold for case(ii)
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Figure 417. Multi-relay AF with DoubleThreshold for case(iii)

Simulation Results and Discussion of DiffAF based Double Threshold
Scheme

The double threshold based DiffAF simulation results for cases fpresented in figure 481
Double threshold curve achieves more than 5 dB performance improvement as compared to
the directpath for a BER of 1. In figure 419, the double threshold curve shows the

performance improvement from an SNR of 7dB as compared to the piathcThe BER of
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s r’’is achieved at an SNR of 23dB. Increase in the number of relays in the simulation of
figure 4.2 results in improved performaa as compared to the double threshold curve in

figure 419. It is observed that the double threshold curve is steep at an SNR of 6 dB and the
BER of s r’’is achieved at an SNR of 21dB, so an increase in the number of relays shows an

improvement of 2dB ifigure 4.2 as compared to the double threshold curve in figur@ 4.2
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Figure 418. Double Threshold based DiffAF for case(ii)
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Figure 419. Multi-relay DiffAF with Double Threshold using felay for case(iii)
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Figure 4.2. Multi-relay DiffAF with DoubleThreshold using X@elay for case(iii)

Comparative Analysis based on the Number of 8ays for Double Threshold
based DiffAF

The comparative resulgesented in figure 412based on case (With the relays located at a
distance from the source node. The optimum power ratios used in this simulatioBWith
rgZ.and 2% L raZ; and the input threshold is less in this case due to the relays located at a
far distance from the relays the path loss will be more due to that signal power at the relay will
be less and hence threshold at the relay is less in this case. Increasinmiiee of relays
shows the performance improvement for the double thrediasddd scheme. The difference of
2dB observed betweenrBlay and 1@elay curve at the BER 0§ r’’. Moreover, the same
difference observed between-fdlay curve and Xeelay curve Furthermore, 1dB difference
noticed between lEelay and 2@elay curve. Increasing the number of relays aboveely

results in a similar performance. The difference of 5dB at the BERrofis noticed in figure

4.21 between 2@elay and &relay.

Figure 4.2 presents theamparative results for case (iii) with relays near to the source is
simulated with the input threshold of 10dB and the combiner output threshold of 5dB the power

ratios used in the simulation B.L raZ.and % L r&2.. Increase in the number of relays
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from 5 to 20 relays shows improved performance. The difference of 2dB is observed between
5-relay and 1@elay results; however, this difference reduces as the number of relay increases.
It is noticed that difference heeen 15relay curve to 1@elay curve is 1dB atsr’’.
Furthermore, the difference of 4 dB at the BERsaf ’ is observed between 2@lay and 5

relay scenario.
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Figure 4.4. Multi-relay DiffAF with DoubleThreshold with 2, L r &2.and
2 L raZ; and Th_In=5 and Th_Out=10r case(ii)
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Figure 4.2. Multi-relay DiffAF with DoubleThreshold with 2. L r &2.and
2 L r&2. and Th_In=10 and Th_Out=fbr caseiii)
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Comparative Analysis based on the Number of 8ays for Double Threshold
based AF

The comparative results for case (ii) with relays away from the s@ust®wn in figure 4.2
and the difference of 4dB at the BER o§r1’’ is observedbetween 2@elay and Selay
scenarios. Moreover, the BER 6ft’’is achieved at an SNR of 22dB for thegbay scenario
and 21dB for the l@elay and 20dB for the 1felay and 2@elay scenario. Furthermore,

similar performance is observed for the BERsaf ’ for 15-relay and 2@elay scenarios.
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Figure 423. Multi-relay AF with DoubleThreshold with 2;L r§2Z.and
% L raZ.and Th_In=3 and Th_Out=f6r case(ii)

The comparative results for case (iii) with relays nearer tsolece shown in figure 24,
5-relay scenario achieve the BER f°’ at the SNR of 22dB and there is a difference of 2dB
between &elay and 1l@elay scenario. Furthermore, the performance efe¥y scenario is
excellent compared to 15, 10 andetay scenarios. There is a difference of 4dB is noticed at
the BER of s 1’/ between 2@elay and Srelay scenarios. The simulation considers the input

threshold of 10dB and the output threshold of 5dB.
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Figure 424. Multi-relay AF with DoubleThreshold with 2L r&Z.and
% L r &2 for case(iii)

4.6 Complexity Analysis of the Proposed Doubl& hreshold basedRelay

SelectionScheme

Published as

ShamganthK, & Sibley, M. J. (2018). Complexity analysis of doulieeshold based relay
selection in D2D cooperative network.Wirel. Netw. Commurg(1), 16.

In the double threshold scheme the input threshbig; fixed at the relay and the combiner
threshdéd :(t;;is at the output of the combiner as mentioned in Algorithfind.combiner

output SNR () of the proposed double threshold scheme based on different cases given as

BL

~ Gy 4 EBLRG=J@e 00, % = OB

“ (GuEQ., AEBLEQ,RGE =J@: P Q=) @e O YBKNEL t & 80; % =O0RE

A %%EAE@SE@(% EB, RGE=J@, R BKNEL sd & &0; % = ORET

& Al Gy EBL,OG =)@y RE; BKNEL sd & &D; % = OR\R
(4.94)
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The expression for the CDF of the combiner output (Shamganth.K et al.d@é8)as

(T L A 2NdpL Gy, E A Gy BKMp QT (4.95)
£
(TL2G QBQTET 2:G¢iQWyQT ~ > QUps O?
(g6
E2: QU QT?-> QUps O2;8 (4.96)

In equation (4.96)}is the combined SNR of th&4relayed paths and direct path and is given
by

10 AC Ak Ag
Lbl_ Lﬂl/2 EAL@B Eb> Adl>5a (497)

In equation (4.96) the first term refers to thentined SNR of the direct path and the first
relayed path is above the combiner threshisiddl P (k.
7KH VHFRQG WHUP LQ HTXDWLRQ EDVHG RQ pLY UHOD\
an output SNR above the threshold ;
QP G EB:P }BKNEL s4 8 &4 (4.98)
The third term in equation (4.96) is the worst case where the suri oéldyed paths and the
direct path does not exceed the combihezghold (};; 4
From the mode of operation of the proposed double threshold scheme, an observation listed
below:
a. A single relay forwards the source information, and the relayed signal is combined with
the direct path if the SNR at the relay is aboeitiput threshold {; ; and the combined
SNR is above the combiner output threshdif ¢ &
b. The i"relayed link:t Q EQ O F s;is used when the combined SNR of aii ldranch

and the direct link is above the combiner output threshold

@ E A @gR @xand  Afgs Gt yP Gy
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c. No relay is selected, and feedback is sent to the source to retransmit the data. i.e.,

@ +E Ay @40 @x
Mathematically:

2% R 7BKEL s=)@
U%E%s R G
Qada\gés LEUP Wip,
J@
G, E gf)sl—kup G a (4.99)
QadA\L@sLEUOLblh
-J@
E%MOQ,OOKKQPLQP

2 Xx0

2L Uy E A G oL

OO X X D>

Applying total probability theorem, tHeéDF of the output SNR2; : T;is given as
2. T, L2aXy0TA
m&S L AR @gE @y O3g (4.100)
Let
%L 2G04 ?L ((GiF (G4
%L 20 ?L (1G4

% L 2 RGE?L sF (G4 (4.101)

Average Channel Estimation

If the number of channel estimatiorOg; increases, then it will lead to an increase in the
complexity of the relay selection scheme in a mndlay cooperative D2D network
(Shamganth.K et al.,2018).

Case (i): Oz L s in this case, the first relayed link SN& P (;jand the combiner output
ki L §., E (& ds above the combiner thresholdy ;&

It is given as R &

So, the probability foCase (i)given as

% L 23 RG?L sF (:(;a (4.102)
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Case (ii):If t Q04 Q 0 F sdhere are two cases that exist:
i.  Thefirst 0 F srelayed link SNR is below the input threshald) , but the remaining
i" relayed link SNR, and the direct path is above the combiner output thredigld
Given as
WL Gy EQG@nd§P G a
The probability is given by
%% L (7 QsF (s (4.103)
ii. In the relayed path, if the first-0l relayed link SNR at the relay is above the input
threshold: {; ;, and the combined SNR of the relayed link SNR and the direct link SNR
: @ ;is below the combiner threshotd} ;,

ie, GL Gy, E (b, for EL sd &0 =4

and O (t ;but the combined SNR of théelayed link and the direct link@, ;is above

the combiner threshold(} ;.
Given as
BL Oy Gand GR G4
The probability is given by
AES & E Ao 0 G F (O (4.10)
For Og L / ; the probability iss F A3 2,05 L B4

After arranging, the number of path estimation calculated as follows:

RES @ ESA%CE?S?%&S SQEQ/ Fs,

20g5L PL ] |
SFAG 205l B EL /

(4.105)

where $5 L %
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$ L %% F (0 a
S L{CE%F (7GR
$yL (PE Q% F (UG A
Mathematical expression for the average number of path estim@gidting Xie,2014)
is given by
Oy L Afs B 0 L BA (4.106)

Average Number of Combined branches

Based on the mode of operation of the proposed double threshold scheme, the average number
of combined branches (Shamganth.K et al.,2@a8)ulated as follows:

a. OgL rafallthe relayed link SNR is less than the influeshold: {; ;and the combined
SNR : ;is less than the output threshal@, O [} ;. The probability is%Fin this case,
first M-1 relayed links SNR is below input threshalgy j, so the relays in the sleep mode
and the M relayed link $IR is above@and the combined branch SNRY; is above
the combiner threshold(} ;.

b. 0gL saThe two cases are as follows:

Case (i):only one relay link SNR is above input threshald);;, and the combined SNR
B R ( the probability is given ag %5 °%é
Case (ii):In this case first F srelay link SNR is below input thresholdd, ;, so the relay is

in sleep mode and theMelay link SNR is above]; jand the combined SNRU{; is above

N

Wi
The probability is given agp A5 %a

Probability of combining one branch is
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| %5% E % A° A
c. 0, L / &llthe relayed link SNR is above input threshold, ;, and the combined
SNR :{;is above outputhreshold: (t .
The probability is%o <~ ¥ =(F: @ x; %4
Numerical Results and Discussion
Numerical results for an average number of channel estimation presented in this section.
Furthermore, average channel estimation is analyzed foltbeing cases as discussed

above:

Case(i):For Oz L s@nly the first relay link channel estimation is required since the first relay
link SNR is above the input threshold}; ; 8And the combined SNR {; is above combiner

threshold : Gt ;.

The probability for the Rayleigh fading channel calculatsohg equation (4.102) for the
normalized SNR ranges from 0dB to 15dB. It is evident from table 4.1, for high values of

normalized SNR the number of channel estimation reduced.

Table 4.1: Channel estimation for Case (i) (Shamganth.K et al.,2018)

S.No Normalized SNR Average Channel estimation
1. 0dB 0.3679
2. 5dB 0.1690
3. 10dB 0.0423
4. 15dB 0.0036
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Case (ii):For t Q 0z Q 0 F s&he probability is calculated using (4.103) as shown in table

4.2.

Table 4.2: Channel estimation for Case (i) (Shamganth.K et al.,2018)

S.No Normalized SNR Average Channel estimation
1. -5dB 0.0010
2. 0dB 0.0097
3. 5dB 0.0585
4. 10dB 0.1689

4.7 Complexity Analysis of the Proposed MultiThreshold basedRelay

SelectionScheme

In the Multi- Threshold scheme the input threshold { is at the relay, and the combiner has
two thresholds as combiner input threshold g;jand combiner input threshold(; as
discussed in Algorithm 2The combiner output SNR& of the proposed multhreshold

scheme mentioned in equation (4.6ased on different cases is given as

%
(')Gh/z a Elgi’l/zptbai:J@EOOQJi KN Eéd/zOQ')Ui % = OR\
AU, EQy AEB,EQ,PGya=d@: PQi=)@e,OQBKNEL t & &D; %=0RE
A c c
O G,EI Gy EBLRGuFI@EI (g PG BKNEL 54 & #0; % =OREE
0O ¢
A, N ~ ~ N N
A T Qg E8, O0Qy=J @y R Gy BKNEL sd & &D; % = ORAR
O e A A A A
O EBty, Oyrd @, O Wy % = OR

133



The CDF of the ambiner output given as
(T L A 2NdpL Gy, EAfg G gBKNy QT2 (4.107)
A

(L 2: G QUQTET 2:%aiQWyQT;, -~ > QUps Oyap
Ve

E2:X QUe QT?- QUps O a4 (4.108)

In equation (4.119)}is the combined SNR of the firét ielayed paths and direct path and
is given as

WL Gy, E AL Ga (4.109)

where G, L A Mo Ao

Ay Ag” 5
and

QP BaEREgP hgBKNEL sd 8 804
Based on Algorithm 2 of the proposed miittieshold scheme, an observation is listed below:

a. A single relay forwards the source infoation, and the relayed signal is combined with
the direct link if the SNR at the relay is above the input threshigjg &nd the relayed
link is above the combiner input thresholak(y;jand the direct link §.,;is above (¢ i
(the combined output is above the combiner output thresHgd ; &

b. The " relayed link :t QEQ O F s; is used when the input to the combiner of an
0 F srelayed branch is above the input threshdlg {;and the direct link is abovél}y; ;&
Furthermore, the combiner output is above the combiner output threskglg (
@ +E Al @R @mx

c. No output and the feedback sent to the source for retransmission

@ +E Ay @O0 @mA
Mathematically:
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2%k RGPBKEL s=J@
G, E Gs R Bai

g odL\C”LkUPLb.h
o U A J@
2, L U%EAE@BL};U’?LG G, E §°5LEUPLba| a (4.110)
A %d’%@tkuowh
A _J@

OE By O3?0KKQPLQP
O
Applying total probability theorem, the CDF of the combiner output SAIR; is given as,
2T L20TA
L ocAls @¢E @1 O3g

(4.111)
Let
%L 2%%boRGOGaPL ((Ghai F (:Guil
%L 2O WarL ((Bbaid
% L 2R GBa?L sF (:U,iéa (4.112)

Average Channel Estimation
The increase in the number of channel estimati@g; will increase in the complexity of the
relay selection scheme in a muiilay cooperative D2D network.
Case (i): OgL s in this case, the first relayed link SNR: P (J;jand the direct link
§., P ( yi#lso, the combiner outpukly L ., E (: ais above ;A
and is given as
GR Wai
The probability for this case is given as
%L 23R GaPL SF (:1Whaia (4.113)
Case (ii):If t Q0g Q 0 F sdhere will be two cases as follows:

i.  The first relayed link SNR is below the input threshold, ¢;; but the remaining!
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relayed link SNR and the direct link SNR}.,,; is above the combiner output threshold
-} 57 @nd is given as
G E A G, P G2t (4.114)
The probability for this case is given as
%% L (7 Wai=F (1bhaiA (4.115)
ii.  The first N1 relayed link SNR is above the input threshold, i;; and the combined
SNR of the first N1 branch SNR and the direct link SNR}.,;is below the combiner

output threshold: ( 5 and is given as

GL G,EQ , & (4.116)

and (J O ( 5 put the combined SNR of thé™elayed link SNR, and the direct link is above

the combiner output threshold}, 4 ;, and is given as
UL @E LAEL. and § R G4
Theprobability for this case is given as
AEs @ ESA%CE?E’?UO(:UZLAbaié)/ﬁF(:"”5;:Cba;;ga (4.117)
For Og L / ; the probability is given as F Afs® 2,04 L B4

The number of path estimation calculated as follows:

RES @ ESAO/sE’-’”%M SQEQ/ Fs,

20g5L PL ] R
sFAE’ 2041 P EL /

(4.118)

where $s L %a
$s L %% F (" Wah

$7LX{OWabhF (" Wai2
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SoL (P Ghafp F (U hara
Mathematical expression for the average number of path estimaigiXie et al., 2014)s

given as
Op L Afs B 0 L BA (4.119)

Average Number of Combined branches

The average number of combined brandaasulated as follows:

a. OpL raif the first M-1 relayed link SNR is less than input thresholg ; and the
combined SNR: ; is less than combiner output thresholg O (t ;. The probability
is %Fin this case first Ml relayed links SNR is @~ input threshold: (} g;; and the
M™ relayed link SNR is abovel}; yand the combined SNRis above the combiner
output threshold  5;.

b. OgL saThe two cases are as follows:

Case (i):only one relay link SNR is above input thresholg; i, and the combined SN R
( 4 ithe probability is given ag %5 °%éa
Case (ii):If the first / F srelayed link SNR is below the combiner input threshdly ;;; and

the M" relay link SNR is abovd]}; and the combined SNR(; is above (} 4
The probability for this case is given as
% Alg % &
Probability for combining one branch is given as
| %75% E % A A (4.120)

c. 0y, L / allthe relayed link SNR is above input threshold, ;, and the combiner input

threshold : ( g;jand the combined SNR(};is above combiner output threshaltl s ;.
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The probability is given as

(5 Qai%a (4.121)
Complexity Analysis with the Special Case
The multirelay cooperative scheme discussed in this chapter considers the transmission from
the source received by multiple relays and by the destination. Moreover, all the relays not
located at theenterbetween source to destination. The relays located randomly, and it is at
different distances from the source. In the literature, mostly the relays are assumed to be at the
centerbetween the source to the destination. The retransmifssionthe relays assumed to
reach the destination directly, and not received by the relays in the path between the source and
destination. For muknode cooperative decode and forward (DF) relaying the cooperative
diversity protocols discussed as cooperatscheme%! ; for Virtual MIMO proposed in
(Sadek et al., 2005)urthermore, the cooperatio% | ; has two categories a%ss; and
%4 F s;and R denas the number of relays in the cooperative network. And this cooperation
scheme proposed for DF {Sadek et al., 2005)is adapted as a special case for Mrdtay
double threshold AF with coherent modulation.
Cooperation schemeo: U;
As a special case, the relay is active in the arally double thresholdased AF scheme, if
the SNR of the &R link is above the input threshold. The active relays located nearer to the
destination receives the signal in Pra&®m the source and assin forwarding the source
information to the destination in PhaldeDuring this phase the signal from the previous relay
also received by the active relay for the same source information then, an active relay also
considers the received signal from girevious relay before its transmission to the destination
in Phasdl and the cooperation scheme adapted f(&adek et al., 20033 %s;. In general

the (k + 1Y relay combines the signals received from the source andtedaly.
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The number of channel estimation for the cooperation sché&nse mentioned in (Liu et
al.,2008,equation 6.4%is given by

J2s L uda (4.122)

The number of channels estimated at the destinati@ris and R i 1 channel estimated by

the R relays; in the case o¥% s; &he k™" relay estimates only one channel from its previous
relay.

Cooperation schemeo: F U;

In this scheme, the active relay located very near to the destination receives the signal from
4 F srelays in addition to the signal from the source node%dn F s; cooperation scheme

the (k + 1Y relay combines the siglsareceived from the source and all of the previous relays.
Furthermore this cooperation scheme has high complexity as more channel estimation is
required.Since the cooperation scherés; does not require each relay to estimate the CSI

of all the previous relays as i#64 F s; the complexity is less, and it has reduced channel

estimation computation&iQ et al.,2008.

In the cooperation schenf& 4 F s; thek!" relay estimatek channelsand thus the number of

computations for this cagkiu et al.,2008equation 6.45) is given as

I %5 LS4 EU4 Es?a (4.123)

The ratio of savings in the number of channel estimation by W&isgcompared to% 4 F s;

(Liu et al.,2008gquation 6.46) is given as

a@y L = a
aQ4a7- £ >7E>57?

(4.124)

In this chapter, the number of relays considered for the analysis is 5,10,15, and 20 for the multi
relay double threshold scheme scenarios and table 4.3 shows the numbenelf estamation

for the set of active relays assisting the source transmission to the destination node and its
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savings in channel estimation computations of the cooperative schesevith respect to
%4 F s;scheme.

Table 4.3 Channelestimation for the special case

Number Number of Number of channel Savings in
of Relays channel | Eimation o:~ F U Channel
Estimation o:U; : J Estimation
S 15 20.5 0.7317
10 30 65.5 0.4580
15 45 135.5 0.3321
20 60 230.5 0.2603
25 75 350.5 0.2139

Simulation Results and Discussion

The number of channel estimations for the cooperation sc8éinewith % s;and %4 F s;
comparative resultshown in figure 4.2. The results show th&# s; scheme has less channel
estimation since thé'kelay considers only one previous relay transmission in addition to the
source transmission. However, t8&4 F s; scheme has very high complexity due to the

increased number of channel estimation, as shiowhe comparative results.
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Figure 425. Comparative Channel estimation for the cooperation scheme

Figure 426 presents the savings in the channel computation concerning the number of relays.

Furthermore, as the number of relays increases the savings in the channel computation reduces
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and it is as expected as the number of relays increases the number of chanagbesn

% 4 F s;scenario increases significantly.
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Figure 426. Savings of Channel computation

Comparative Analysis of DoubleThreshold-based AF and DiffAF using
Differential Modulation

The comparative results for Case(ii) with an inguteshold of 3dB and combiner output
threshold of 5dB shown in figure 2. For the 26relay scenario, similar performance is
observed between DiffAF and AF relaying. However, the difference of 1dB noticed between

DiffAF and AF relying on Srelay scenarioFurthermore, the AF outperforms DiffAF with the

double thresholdor the case with relays away from the source.
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Figure 427. Comparative Multrelay DoubleThreshold with DQPSK with
Zel rd2.and % L rai2.and Th_In=3 and Th_Out=@F Vs DiffAF)

Comparative Analysis of Multi-Threshold-based AF and DiffAF using

Differential Modulation

Comparison of AF and DiffABased on the number of relays for case (ii) shown in fig@g: 4.

The input threshold considered for the simulation is 20dB and the combiner input and output

threshold of 15dB and 25dB. DiffAF scheme shows substantial performance improvement

compared tohe multithreshold AF scheme. However, above 17dB similar performance

observed between 2@lay AF and DiffAF relaying. For the comparison;rElay and 2&elay

scenario considered. Th&O-relay DiffAF show significant performance improvement

compared tdO-relay AF scheme up to an SNR of 21dB.
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Figure 428. Comparative Analysis of MulThreshold AF Vs DiffAF Relay
Comparison with focase(ii)

Comparative Analysis of Multi-Threshold Coherent AF and Differential AF
Relaying Schemes

The comparative analysis of coherent AF and differential AF for the-thoéshold scheme is
shown in figure £9. The comparison considersré&lay and 15elay sceario for case(ii).
Coherent AF outperforms differential AF in both relay scenarios as expected. Moreover, the
15relay scenario shows significant performance improvement compared to-rtHay 5

scenario.
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Figure 429. Relay Comparison of Coherent AF and Differential AFcEse(ii)
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4.8 Conclusion

This chapter considers the double threstmzded relay selection with AF and DiffAF relaying
protocols. The considered system model considiseafiput threshold at the reland output
threshold at the combiner. The performance analysis of the double thrbskeld relay
selection with AF and DiffAF relaying using differential and coherent modulation is analyzed.
The results of double threshedbédsed relay selection raisenaw concern that weak relayed
pathswerealso selected at the combiner and to avoid this issue-thtésholdbased relay
selection scheme proposed. The considered system model consists of combiner input and
output threshold in addition to the input threkl at the relay. The complexity of double
thresholdbased relay selection and mihresholdbased relay selection schemeanalyzed

in this chapter. The comparative analysis of double threshold andthrakholdbased AF

and DiffAF relaying with diferential modulation shows fargreater number of relays similar
performance is observed howevtre significant difference observed for lesser relays. The
additional comparative analysis results of double threshold and-tim@sholdbased relay

selecton areincluded in the Append#iA.
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Chapter 5

Double Threshold Relay Selection based Physical Layer

Security Enhancement in Cooperative Wireless Network

5.1 Introduction

Physical layer security is an essential technique for securingrdatmission, and it can be
achieved by modifying the capacity of the main link channel more than source to eavesdropper
link (Zou, Y et al.,2013). The chances of security issues exist if the rate of secrecy capacity
falls below zero. This issue is gendyadbserved due to fading effect (Chen, X et al.,2015),

/IL 4 HW DO 3buw RI WKH ZRUN SUHVHQWHG LQ
Communication and Networks. Advances in Intelligent Systems and Computing, vol 1049.

6SULQJHU 6LQJDSKtal,20B0KDPJID QWK

The secrecy in the cooperative wireless network increased by applying efficient relay selection
technique. In this chapter, the double threstiaded relay selection is applied to the existing

AF based optimal relay selection scheme ®IRS). The proposed scheme combines the
optimal relay selection scheme developedZby et al. (2013)i.e., RAFbORS with double

threshold relay selection.

Zou et al. (2013)proposed the optimal relay selection technigudBORS) to improve the
physical layer security in cooperative wireless network. Also, the optimal relay selection is
applied with the simple relay selecti@Bletsas et al., 200@nd presented theaditional AF
based optimal relay selection schemeAHbORS). The difference betweerAFbORS and
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the T-AFbORS is on the CSI considered for the relay selection. TAEHORS scheme
consider relay to eavesdropper CSI in addition to the source to relaglag to destination

link CSl in the calculation of secrecy capacity and the relay with maximum secrecy capacity is
selected as the optimal relay. In the traditional relay selebaised TAFbORS only the
source to relay and relay to destination linki C&sidered and the relay with largest secrecy

capacity of relay to destination is selected as the optimal relay.

The effect of applying the double threshblased relay selection to improve the physical layer
security is investigated in this chapter. thermore, the performance analysis of the proposed
doublethreshold based -RFbORS and doubléreshold based -AFbORS based on the

distance between the source and the relay nodes is studied.

5.2. System Model

The system model consists of a single so(B3eand destination (D), and multiple relay nodes

R1, Ro,..,Rn. Relays are located between S and D to assist the source transassshawn in

figure 5.1 Eavesdropper node (E) is located near the relays, and it receives the signal from the
source duea the broadcasting nature in Phdskput threshold is fixed at the relays, and the
relay compare the received signal SNR with the threshold. If the received signal SNR is above
the input threshold, then the relay will be in active mode, and if thetaamd not satisfied,

then the relay goes into the sleep mode. The threshold combined with the optimal relay
selection is compared against the existing literatufd-PORS and FAFbORS schemé&Zou

et al., 2013) The output threshold is fixed at the combiner output to testahnined signal
quality. The proposed scheme adapt the optielaly selection schemeAFbORS proposed

by (Zou et al., 2013Jor the evaluation purposes. The intercept probability analysis of the
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proposed double threshold scheme is compared with the exisAR@p®ORS and JTAFbORS

without threshold.

Secrecy Capacity

The direct transmission is considered for comparison with the proposed scheme. The secrecy
capacity of direct transmission is calculated based on the capacity of the source to destination

and the capacity of saue to the eavesdropper node.

The capacity of direct transmission from source to destingBbamganth.K et al.,2020

given as

. ~ 6
9PIPeY 7 gbs E—2L pa (5.1)

&

The capacity oWwiretap link from source to eavesdropg2ou et al., 2013js given as

o N 6
UpIPcar 7 ghs E2° 2pa (5.2)

&

From equation (5.1) and (5.2) the secrecy capacity of direct transm(&iamganth.K et

al.,2020)is givenas
WP WIPCH g grear (5.3)

The observation from equation (5.3) is thatrecy capacity will be negative if the capacity of
main link is less than the wiretap link capacity. So, the eavesdropper can intercapirtiee
signal. Thus, the probability that the eavesdropper successfully intercepts source signal is
called intercept probability. It is an important parameter in the performance evaluation of

physicatlayer security.
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AF based Optimal Relay Selection

The P-AFbORS protocol is applied with double threshold based relay selection to select the
optimal relay and to enhance the capacity of AF relayi#g ( ;based transmission from relay

to destination nodeZpu et al., 2013)
Optimal relay selection criteria with AF relaying is given as,

145L =N C=TED 4. %# (4 (5.4)
where,4c GHQRWHYV WKH VHW Rl plf UHOD\V

Optimal relay selection criteria of -RFbORS with main link and the wiretap link

(Shamganth.K et al.,2020) is given as

5> %00 Gor A
145L =N C= Type, — 25250003 (5.5)

%6 %61 A
5 pO Y01

where D, and 0y denotes the main link CSI ang, s the wiretap link CSI.

DF based Optimal Relay Selection

The capacity of DF relaying based transmission from source to destination using the relay node

4(Shamganth.K et al.,2020) is given as

Wgol * <o Yap s a (5.5)

where %, = J @p yepresent the channel capacity from source to rédl@and that from4to

destination.

The capacity of source to relaxqu et al., 203) is given as
% L 7 %bhs E—20 2ps 6
g gobs - pa (5.6)
V]

148



The capacity of relay to destination (Shamganth.K et al.,2020) is given as
% L 7 os E501% o
Yol Z°8bs E6 — 2pa (5.7)
U
The channel capacity fromto eavesdroppeiZpu et al., 2013js given as

. 6
Y8 5pa (5.8)

7
00

%'\

The secrecy capacity of DF relaying based on equation (5.5) and(@h&nganth.K et

al.,2020)is given as

%W L o \§F %\ Jaresulting in

WL 2 g@ EXLLRotbe .l oAF 7 @ EL RO E Ay5.0)
J
Thecriteria for the selection of DF based optimal relagy et al., 2013)s

145L =NC=-TEP4c%'’a (5.10)

Intercept probability

The closedform intercept probability of direct transmissif{@ou et al., 2013is given as

bgpcar &ba
2glrcpac eOAEéto@

where &S 4L ' : D S;@nd &, L' : D.,%:4
The themainto-eavesdropper ratio (MER) is the ratio of average channel gain from source to

destination to that from source to eavesdropper and is the ratio betvizeandSSE given as
| gL—2la

bb

The intercept probability adhe DF based relayin@ou et al., 2013js given as
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2 aeh 2NI=Tp % ¢Or;4 (5.13)
The intercept probability of the AF based relay{dgu et al., 2013js given as

25k pacnk 2 M =Ty %¢ Oroa (5.14)
which computes the number of paths amongst source to destination and the selection of optimal

path to transfer the data.

Direct Link

No

Figure 5.1. System Model of Double Threshold scheme with eavesdropper

5.2.1 Simulation Results and Discussion

The simulationresults of combining the proposed double threshalsed relay selection
scheme with FAFbORS and JAFbORS scheme to enhance the physical layer security in
cooperative D2D odband communication is presented in this section. The performance
analysis of theproposed scheme is categorized and based on the distance between the source

relay, eavesdropper, and destinatimrde, as shown below:
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Case (i): Equal power allocation is assigned to the source and the relays. The relays are
assumed to be at tkenterof the source and destination nodes. Furthermore, the eavesdropping
node is assumed to be located atadweter

@584 ; L @43&.

Case (ii): Therelay is assumed to be located at more distance from the source @advire
ratiosused in the simulatioare Z.L r&2.and 2 L r a2, Furthermore, the eavesdropping
nodes are assumed to be away from the source node.

@54; ( @48 a

Case (iii): Therelay is assumed to be locateglar tothe source and thgower ratiosused in
the simulatiorare 2. L ra2, and 2, L r 2, Moreovey the eavesdropping node is assumed
to be near to the source node.

@5d; ' @48 a
The comparative analysis of the proposed scheme with the existing scheme are as follows:
Intercept probability analysis AFbORS and DFbORS schemes andFbORS and T

DFbORS schemes are compared based on the number of relays, modulation schemes and

threshold.

The DoubleThreshold based -RFbORS and FAFbORS schemes compared based on
different relay scenarios, modulation sclempdifferent input and output thresholds and MER

values.

a. Simulation Results and Discussion for Case (i)

Figure 5.h depicts the comparative intercept probability performance -8FPORS, T-

AFbORSand direct transmission. The case of equal power at the source and the relay node
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with the input threshold of 5dB at the relay, output threshold of 10dB at the combiner for 5
relay scenario using QPSK modulation scheme is studied. From the simulataams be
observed that the-RFbORS scheme outperformsAFbORS scheme and direct transmission.
Furthermore, the results show thaBPbORS scheme enhances the physical layer security as

the intercept probability is less as compared to the other scheme.

Intercept Probability

10 F [—e— Direct Path
~—&— T-AFbORS
P-AFbORS

MER in dB

Figure 5.;. Comparison of Intercept Probability performance for AFbORS schemes with
Equal Power

Figure 5.2 presents the comparative intercept probability performanc®Bb®ORS and
T-DFbORS with direct transmission. This simulation resudirshthat PDFbORS scheme
outperforms the IDFbORS and direct transmissiohhe result also shows that direct
transmission performs worse th&hDFbORS and T-DFbORS scheme terms of

intercept probability.

Figure 5.3 shows the comparative BER performafi€AFbORS without threshold when
5-relays are employed. From the results, it is observed that when emplepiRgRS
without threshold, the BER performance improves as the MER is increddacd:over,

from the simulation, it can be observed that thefgoerance of PAFbORS with
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MER=15dB outperforms all the previous schemes and is able to reach a BER v&lié of

at an SNR of 20dB.

In figure 5.4, the performance ofAFbORS with the doubléhreshold scheme is shown
with an input threshold of 5 dB and thetput threshold of 10 dB forflay scenario. The
simulation results show that BER value sf’” at an SNR of 13dB. Furthermore, the
comparative results show 5dB difference at the BER Bf between MER=6dB and 3dB,

respectively.

Intercept Probability

10 F [—&— Direct Path

—&— T-DFbORS
P-DFbORS

MER in dB

Figure 5.2. Compare of Intercept Probability DFbORS schemes with Equal Power
P-AFbORS:No Threshold
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Figure 5.3. Comparison of MER forAFbORS without Threshold with Equal Power
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P-AFbORS:Double Threshold
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—— MER = 0dB
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Figure 5.4. Comparison of MER for Doubllareshold based-RFbORS with Equal Power

Figure 5.5 depicts theomparative BER performance ofAFbORS without threshold for-5
relay scenario. Moreover, the-RISK scheme considered with M=4,8 and 16 in the simulation
with an MER of-3dB and 15dB, respectively. From the results, it is observed thRBRSK6
performs wore than 8PSK and 4PSK. The difference observed betweeR3K and 8PSK
at the BER ofsr’’ is 5dB for the MER of 15dB. Furthermore, the results show that
performance is worse for an MER «#dB where the eavesdropper channel gain is more as

compared to thenain channel.

P-AFbORS:No Threshold
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Figure 5.5. Comparison ofRFbORS without Doubl& hreshold for MER=3dB and
MER=15dB for different modulation schemes with Equal Power
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Comparative Analysis based ordifferent Relay Scenarios

The comparative intercegirobability performance of the different number of relays
presented iniure 56. It is observed that as the number of relays increases the intercept
probability reduces which is an indication that, the improvement in the physical layer security
is ob®rved. Furthermore, in figure.it is noticed that FAFbORS scheme with 1felay
outperforms FTAFbORS scheme and direct transmission. Moreover, the difference of 6dB is
observed between®lay and 1€elay scenario for /AFbORS scheme and 3dB differenis
observed between Ifelay and 1@elay intercept probability performance cfAFbORS. The
results of TAFbORS shows 3dB difference betweemetay and 1@&elay scenario and the

same difference is observed betweenrdl@y and 15elay scenarios.

' ! ! ! —©— Direct Path
—O— T-AFbORS (N=5)
—#— P-AFbORS (N=5)
" —%— P-AFbORS (N=10,

—#— P-AFbORS (N=15

—©— T-AFbORS (N=10
—©— T-AFbORS (N=15

)
)
)
)

Intercept Probability

MER in dB

Figure 56. Comparison of Intercept Probability for AFbORS with different relay scenarios
with Equal Power and Th_In=5 and Th_Out=10

Figure 57 and figure 8 shows the comparative intercept probability performance of the
different number of relays fo-BFbORS and TDFbORS, respectively. From both the figures,

it is observed that as the number of relays increases the intercept probability decreases. As
expected, the tEelay RDFbORS scheme outperforms-iflay and Selay RDFbORS

schemes. Moreover, it izielent from the results that physical layer security improvement is
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obtained by increasing the number of cooperative relays. Furthermore, in figuré iS.
noticed that TIDFbORS scheme with if®lay outperforms l@elay, 5relay T-DFbORS
scheme and diog transmission. Moreover, the difference of 6dB is observed betwesays

and 15relay in FDFbORS results.
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Figure 57. Comparison of FbORS performance of different relay scenarios with Equal
Power and Th_In=5 and Th_Out=10
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Figure 58. Comparison of IDFbORS performance of different relay scenario with Equal
Power and Th_In=5 and Th_Out=10
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b. Simulation Results and Discussion for Case(ii)

Figure 59 depicts the comparative intercept probability performance -6FFPORS and
T-AFbORS with direct transmission for the case with relays located near to the destination
with the power ratios2,L r&2. and 2 L raZ, The simulation performed for-ielay
scenario with the input threshold of 5dB and the combiner output threshdddiBfviith the
QPSK modulation scheme. It is observed thafAPORS scheme outperformsAFbORS

scheme.

Intercept Probability

10"  [—e— Direct Path
~—©— T-AFbORS
P-AFbORS

MER in dB

Figure 59. Comparison of Intercept Probability performance for AFbORS schemeuith
rgZ2and 2 L raiz

Figure 5.D presents the comparative intercept probability performance with the power ratios
2L ry2.and L ra2, Itis noticed that intercept probability performance @dFoORS
scheme outperforms the-OFbORS and direct transmissiofigure 5.1 presents the
comparative performance analysis eAPbORS with the double threshold for different MER
values. It is observed from the result that 15dB and 12dB MER shows similar BER
performance. The simulation performed with the input threshold of 5dB@nbiner output

threshold of 10dB.
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Figure 5.0. Comparison of Intercept Probability performance for DFbORS schemes with
%L rdZand % L raZand Th_In=5 and Th_Out=10
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Figure 5.1. Comparison of AFbORS withDouble Threshold for2.L r &2.and
%L raz

Figure 512 depicts the performance of AFbORS forelay scenario with-3dB MER.
Moreover, the performance ofAFbORS with and without threshold is similar to that of direct

path However, the JAFbORSwith double threshold outperforms the other AFbORS scheme.

It is noticed that TAFbORS achieves the BER afr?’ at the SNR of 26dB.
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Figure 512. BER Performance of AFbORS scheme with and without Dotlibieshold for
MER=-3 dB with 2.L r§2.and 2 L ra2

In figure 513, the performance of-RFbORS with double threshold shows the considerable
performance improvement as compared to resukt8dB MERIn figure 5.12for the 5relay
scenario with the input threshold of 5dB and the combiner bthiipeshold of 10dB with QPSK
modulation scheméncrease in MER results in a similar performabetveen PAFbORS and
T-AFbORS as shown in figure %4 for the 12dB MER simulation with the same input and
output threshold considered for earlier simulations. In figulé, Ssimilar performance is
observed for TAFbORS and PAFbORS ats r’ 'BER. Moreover, the significant performance
improvement noticed witkhe application of the proposed doulireeshold with PAFbORS

and T AFbORS as compared to without thresholdFOORS schemes.
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Figure 513. BER Performance of AFbORS scheme with and without Double Threshold for
MER=0 dB with 2. L r&2.and 3 L raz
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Figure 514. BER Performance of AFbORS scheme with and without Dotibteshold for
MER=12 dB with 2,L r&Z.and 2 L raz,
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Figure 515. BER Performance of AFbORSEheme with and without Double Threshold for
MER=15dB with 2L r&Z2.and % L raz

Comparative Analysis based on different Modulation Schemes for Case(ii)

The comparative performance of different modulation schemes wWARD®RS, and T
AFbORS fa different MER discussed in this section. The following simulation considers the
5dB input threshold at the relays and 10dB combiner output threshold foreétayScenario.
Figure 516 shows the comparative performance &AFbORS with double threshofdr -3dB

and 15dB MER. The ‘AFbORS show a substantial performance improvementREHK as
compared to #SK and 16°SK. It is noticed that 5dB difference for 15dB MER between 4

PSK,8PSK and 18°SK modulation schemes.
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T-AFbORS:Double Threshold
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Figure 516. Comparison of FAFbORS with Double Threshold for different constellation
size with 2L r&2.and 2 L raz

Comparative Analysis based on the different Relay Scenarios for Case(ii)

Figure 517 depicts the intercept probability performance of AFbOMRE different relay
scenarios. It is observed that as the number of relays increases the intercept probability of
P-AFbORS with double threshold significantly reduced as compared to other schemes.
Moreover, the difference of 3dB is obged between Iselay and 1@elay scenario for P
AFbORS scheme and 2dB difference is observed betwesgidypand 1@&elay of TAFbORS
scheme.

In figure 518, the comparative intercept probability performance @dFDORS and T
DFbORS presented for theffdérent number of relays. It is observed thdDPbORS with 15

relay scenario outperforms all the other schemes considered in the analysis. Similarly, in figure
5.18, it is noticed that IDFbORS scheme with I®lay outperforms LPelay and &elay T-

DFbORS scheme.
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Figure 517. Comparison of Intercept ProbabiiFbORS performance of differerglay
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Figure 518. Comparison of Intercept ProbabiiyFbORSperformance of different relay
scenarios withZeL r§2.and 2 L r a2

Figure 519 shows the comparative BER performance-@&fbORSwith double threshold for
5-relay, 10relay, and 15elay scenarios. Moreover, the comparative analysis is bas@dBn

and 15dB MER. From the results of 15dB MER similar performance is observed forl5
relay,10relay, and &elay scenarios. At high MER ¢rease in the number of relays has very
less effect as opposed to very low MER-&dB where an appreciable difference is observed

between the number of relays under consideration.
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Figure 519. Comparison of FAFbORS with Doublélhreshold performance falifferent
number of relays withg, L r§2.and % L ra2.for (MER=-3dB and 15dB)

c. Simulations Results andDiscussion for Case(iii)

The simulation in this section considers the relays located near to the source node and the power
ratios considered arg.L rai2.and % L r§2,

Comparative Analysis based on different Modulation Schemes for Case(iii)

The RAFbORS scheme with doubtbreshold is compared for different-RISK schemes for

the MER under consideration is shown in figurd06The results of FAFbORSwith double
threshold for3dB and 6dB MER is shown. From the results, 5dB difference is observed at the
BER of s r’’between 4P SK and 8PSK at 6dB MER.

Comparative Analysis based on different Relay Scenarios for Case(iii)

The comparative performanceadysis of RPAFbORSbased doubléreshold shown in figure

5.21 for 5-relay10-relay, and 15relay scenariosThe performance difference is less in P
AFbORS with double threshold for the same MER. Furthermore, this analysis the MER
considers are 3dB, 6dB @rl2dB. Moreover, the difference in the performance of 1dB is

observed between d@lay and 1&elay in all the MER considered.
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Figure 520. Comparison of FAFbORS withDoubleThreshold for different modulation
scheme for MER=3dB and 6dB withZ. L rai2.and % L r§2,
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Figure 521. BER performanceomparisorof P-AFbORS withDoubleThreshold for
different number of relays

5.3. Conclusion

This chapter considered the security issues in cooperative wireless neltwtbrik.chapter
the physical layer security enhancement using relay selectionaisly focused The
proposed model combines the double threshold based relay selection withl optay

selection schemes such a®\PbORS and FJAFbORS. The intercept probability analysis
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of proposed scheme shows significant improvement in the perform@heeproposed
double threshold based AFbORS shows better performance compared to the existing
optimal relay selection scheme without threshold. The performance of the proposed scheme
is analyzed based on the number of relays and modulation schemes with different MER
value. Increasing the number of relays with high MER shows substantial performance
improvement compared to lesser relay scenarios. Simulation results showed that significant
improvement in the secrecy performarmgginst the eavesdropping attaslachieved by

increase irthe number of cooperative relays
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

Thresholdbased relay selection schemes is proposed in this research for cooperatess
network This thesis addresses the criticguessuch as power consumptioimcrease in
complexity based on number of relay nodes and physical layer security issues. We try to bridge
the existing research gap in the aboventioned areas. The power consumption at the relay
nodes in the cooperative wireless network is high duarge number of relay nodes in the
coverage area of the source node. Therefore, the power consumption and complexity which are
related to the number of relays involved in the communication operation are an integrated
phenomenon. Increase in the numbereadfy nodes results in cooperative wireless network
results in increased power consumption and complexity of the system. This research
contributes to address the power consumption issue at the relay node by tHbaskdldelay
selection scheme. Threshdddsed relay selection assist in the selection of best relays and
reduce the channel estimation requirement based on the number of relay nodes involved in the

communication.

Existing thresholebased schemes in the literature are discussed in chapter 2 fatis on

the cooperative wireless network applying DF relaying strategy due to its slightly improved
performance compared to AF relaying at the cost of increased complexity. Moreover, the
existingthresholdbasedrelay selection techniquéisatconsiderDF strategy for the coherent

relaying require full CSI.
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The channel estimation requirement is high in coherent relaying due to its instantaneous CSI
requirement, which is further reduced by our approach of applying differential modulation
schemes. Differtial modulation schemes help further reduce the requirement of instantaneous
CSl, as a result it assists in reducing the channel estimation and complexity of the system.
Thresholdbased relay selection scheme with differential modulation proposed neskerch

selects the best relay nodes based on the threshold condition. Moreover, the cooperative
network deals with both fast fading and slow fading scenarios. Furthermore, this scheme will
be applicable to fast fading scenario, as full CSI will not logiired at the relay and at the
destination. This will make the proposed scheme more practical and easier to implement in real

world.
Major research contributions of this thesis include:

X Threshold based singlelay selection with differential modulatios proposed in
Chapter 3. The performance analysis of AF and DiffAF relaying with differential
modulationis alsostudied inthis chapter.

X This studyalsoanalyzedhe performance of the proposed scheme in three different
scenariodased on the distance between the source and the relay node. The power
at the source and relay node is varied based on the distan@optingthis
approach, the simulation is closer ttoe practical scenario, and it shows the
difference in performance for three different cases based on the distance.

X Double threshold relay selection scheimeroposed in Chapter 4 for Multelay
selection addresses the problensinjle thresholdThe existing doublethreshold
scheme in the literature consider only coherent DF relaying. In this study double
threshold scheme is investigated with coherent AF and differential modulation

based AF and DiffAF relaying scheme.
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X Complexity analysis of doubliaresholdbasedrelay selections studied based on
the average number of channel estimation and average numb&ysfselected.

X Analysis of the doubkhreshold based scheme raisew concers, especiallythe
chances of combining multiple weaker sela-destination link degrades the e2e
performance. This problemasovercome by the mutlthreshold scheme proposed
in this study by introducing the combiner input threshold to select the bestetlay
paths

X Physical layer security enhancement in thepawative wireless network studied in
Chapter 5. The approach followed in this study combines the existing optimal relay
selection scheme with the proposed double threshold sclhsrdescussed in
Chapter 4. The intercept probability analysis of the pragpakmible threshold
based optimal relay selection shows substantial improvement compared to the

existing optimal relay selection technique without threshold.

The major research findings of this thesis are as follows:

X In Chapter 3the performance of the @posed singleelay selection scheme with
unequal power allocation at the source and ral@analyzedand compared with
the equal power allocation scheme. The ressiftsw thatthe unequal power
allocation with AF and DiffAF based on the distance sigaifty improvethe e2e
performance asompared to the equal power allocation scheme.

X Comparative analysis of doubkaresholdbasedrelay selectionwith AF and
DiffAF relaying schemes shows the coherent AF outperform differential
modulationbasedAF andDiffAF relayingschemes.

X Comparative analysis of multhresholdbasedelay selection scheme with AF and
DiffAF relaying schemes shows muttireshold based coherent AF scheme

outperforms differential AF and DiffAF relaying scheme.
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X Comparison of doublehreshold and mukihreshold based AF relaying using
coherent modulation shows doultleeshold AF outperforms muithreshold AF.

X Comparison of doubtéhreshold and mulihreshold based DiffAF relaying using
differential modulation shows muithreshold DOffAF outperforms double
threshold DiffAF.

X The intercept probability analysis of the proposed double threshold based optimal
relay selection scheme is less and this shows the physical layer security
enhancement of the proposed scheme compared to thengxigitimal relay

selection schemes.

6.2 Further Recommendatiors

The further recommendatisof this research are as follows:

X Double threshold and muilthreshold relay selection schemes can be extended with
the distance baseddaptive threshold and power allocati@mm cooperative D2D
network.

X Threshold based relay selection schemes and physical layer seoimdtycement
proposed in this research can be extended to D2and controlled mode and
D2D in-band underlay modes.

X This research can be extended to the cooperative vehicular network use case with
mobile source, relay and destination nodes udistancebasedadaptivedouble
threshold andnulti-thresholdwith physical layer security.

X This research considers the hdifplex mode of communication, and it can be
extended to the fullluplex mode that suits for the cooperative cellular network.

X Performance gaexists between the coherent and differential moduldtased

relay selection scheme, so the double threshold and-tinrdshold relay selection
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scheme with double differential modulation scheme can be considered to reduce
this gap.
Physical layer secity enhancement based on muitireshold optimal relay

selection in the cooperati@2D network is also an area for further study.
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Appendix-A

Additional Results on the Comparative Analysis of DiffAF and AF based
Double Threshold Relay Selection Scheme

The results shown in figure Al provides a comparison between DiffAF and AF based double
threshold scheme with equal power allocation. Similar performance observed up to an SNR of
19dB for both DiffAF and AF relaying. Furthermore, this comparison constezkay and
20-relay scenario with an input threshold set as 10dB and the output threshold of 5dB. The
DiffAF shows performance improvement at high SNR compared to AF relaying with equal
power allocation for the relay and the source. The difference ofsld@ice between DiffAF

and AF for 5relay scenario with the DQPSK modulation scheme. Moreover, a difference in
BER of 0.03553 noticed at an SNR of 26dB between DiffAF and AF fereRy scenario.

DiffAF scheme shows improved performance compared tonARis case.

10"
—E— AF (N=5)

—#— AF(N=20)
—&— DIffAF{N=5)
—&— DIffAF(N=20)

x TR
2 L S x
4 o NN
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Figure Al. Comparative Muklielay DoubleThreshold with DQPSK with Equal Power and
Th_In=10 and Th_Out=5 (AF Vs DiffAF)
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Figure A2. Comparison of AF vs DiffAfor Multi-relay DoubleThreshold with DQPSK
with 2L r@Z.and % L r§2.and Th_In=10 and Th_Out=5

Figure A2 shows the comparative analysis of double threshold with DiffAF and AF relaying
for case (iii) with relays near to the source. The diffeecof 1dB observed between-day
and 5relay scenario for DiffAF and AF relaying. Furthermore, in the comparative results, it is

noticed that AF relaying with the double threshold outperform DiffAF relaying in this case.

Additional Results on the Compmrative Analysis of DiffAF and AF based
Multi -Threshold Relay Selection Scheme

Comparative analysis of multiireshold AF and DiffAFelaying schemes based on the number

of relays shown in figure A3 for case(i). In this simulation input threshold of 20dB and
combiner input threshold of 9dB and combiner output threshold of 25dB is considered. Multi
threshold 3relay AF outperforms-Belay DiffAF with a difference of 1dB, andrélay scenario

shows similar performance as that of direct transmission. Threshold comparative analysis of
AF and DiffAF, shown in figure A4. Furthermore, similar performance observed between AF

and DiffAF for thethreshold considered in the simulation.
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Multi -Threshold-AF-Vs-DiffAF-Relay Comparison-Case(i)
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Figure A3. Comparative Analysis of Multihreshold AF Vs DiffAF Relay Comparison with
for Case(i)

Differential AF-vs-DiffAF- Threshold Comparison-Case(i)
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Figure A4. Comparative Analysis of Mulfihreshold AF Vs DiffAF Threshold Comparison
with N=5for Case(i)

Figure A5 depicts the comparative analysis for the case(ii) with power ratios shown, and the
input threshold consider in the simulation is 5dB and combiner input and output threshold are
7dB and 15dB. Multthreshold AF shows minor performance improvement @eg to

DiffAF in this case.
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Differential AF-Vs-DiffAF-Multi-Threshold
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Figure A5. Comparative Analysis of Multihreshold AF Vs DiffAF for
el r@z2 & Lrda2

Differential-AF-Vs-DiffAF -Threshold Comparison-Case(iii)
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Figure A6. Comparative Analysis of Mulfihreshold AF Vs DiffAF Threshold Comparison

with N=5 for Case(iii)
Figure A6 presents the comparative threshold analysis of AF and DiffAF for-takays
scenario. For the analysis, two threshold smissidered,and the results show DiffAF
outperform AF in case(iii). Furthermore, for the high input and combiner input threshold values

considered degradation in the performance observed.
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The relay comparison of AF and DiffAF for case(iii) shown in figure A7. The coatipa
analysis consider tfelay scenario, and results show thatré@y AF outperform l0elay

DiffAF with a difference of 1dB for the BER of r?”’.

Differential-AF-Vs-DiffAF -Relay Comparison-Case(iii)
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Figure A7. Comparative Analysis of Multihreshold AF Vs DiffAF Relay Comparison with
In=20, Combinein=9 and Out=25 for Case(iii)

Comparative Analysis of DoubleThreshold and Multi-Threshold based AF
relaying schemes using Coherent Modulation

Figure A8 presents the relay comparison of Militeshold and Double threshold coherent AF
schemes for Helay scenario. This comparison does not consider the same threshold values
since the inclusion of additional threshold at the combiner input in the-timgshold scheme.

This comparison consider the case(ii) with relays located at a distance from theasolitoe
power ratios of the source and relay &gl r 2. & L raZ.. In the result, Gelay double
threshold shows a minor performance improvement compared to thetmnedthold AF

scheme.
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Multi-Threshold-Relay Comparison-Case(ii)
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Figure A8. Comparative Analysis Multi-Threshold Vs Doubld hreshold Coherent AF
with Double Threshold (In=3, Out=lulti-Threshold (In=5, Combiner In=3 and Out=5) for
Case(ii)

Comparative Analysis of DoubleThreshold and Multi-Threshold based
DiffAF relaying using Differential Modulati on

Comparison of double threshold and miitieshold DiffAF scheme shown in figure A9 for

the 20relay scenario. As opposed to the comparative results shown in figure A8 for AF, the
results in figure A9 show substantial performance improvement for-thudtshold DiffAF
compared to the doubléreshold scheme. Moreover, above 8dB SNR both schemes show

similar performance.

Figure A9. Comparative Analysis of Multihreshold Vs Doubld hrehsold DiffAF with
Double Threshold (In=3, Out=lulti Threshold (Ir-5, Combiner In=3 and Out=5) for
Case(ii)
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Comparative Analysis of DoubleThreshold and Multi-Threshold basedAF
relaying schemes using Differential Modulation

Comparative analysis of double threshold and nthfeshold AF using DQPSK shown in
figure A10 Pr case(ii). Moreover, the results significant performance improvement for the
double threshold AF scheme compared to the rthuiéshold alternative. The comparison

considers 20elay scenario. Furthermore, similar performance observed above 17dB.

Figure A10. Comparative Analysis of Mulihreshold Vs Doubld hrehsold AF with
Double Threshold (In=3, Out=®ulti Threshold (In=5, Combiner In=3 and Out=5) for
Case(ii)
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