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Abstract

The increasing demands for high-speed data transmission, efficient wireless access,

high quality of service (QoS) and reliable network coverage with reduced power con-

sumption impose demanding intensive research efforts on the design of novel wireless

communication system architectures. A notable development in the area of communi-

cation theory is the introduction of cooperative communication systems. These tech-

nologies become promising solution for the next-generation wireless transmission sys-

tems due to their applicability in size, power, hardware and price constrained devices,

such as cellular mobile devices, wireless sensors, ad-hoc networks and military commu-

nications, being able to provide, e.g., diversity gain against fading channels without

the need for installing multiple antennas in a single terminal. The performance of

the cooperative systems can in general be significantly increased by allocating the

limited power efficiently. In this thesis, we address in detail the performance analy-

sis, resource allocation and optimization of such cooperative communication systems

under generalized fading channels. We focus first on energy-efficiency (EE) optimiza-

tion and optimal power allocation (OPA) of regenerative cooperative network with

spatial correlation effects under given power constraint and QoS requirement. The

thesis also investigates the end-to-end performance and power allocation of a regener-

ative multi-relay cooperative network over non-homogeneous scattering environment,

which is realistic case in practical wireless communication scenarios. Furthermore, the

study investigates the end-to-end performance, OPA and energy optimization anal-

ysis under total power constraint and performance requirement of full-duplex (FD)

relaying transmission scheme over asymmetric generalized fading models with relay

self-interference (SI) effects.

The study first focuses on exact error analysis and EE optimization of regenerative

relay systems under spatial correlation effects. It first derives novel exact and asymp-

totic expressions for the symbol-error-rates (SERs) of M -ary quadrature amplitude

and M -ary phase-shift keying (M -QAM) and (M -PSK) modulations, respectively,
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ii ABSTRACT

assuming a dual-hop decode-and-forward relay system, spatial correlation, path-loss

effects and maximum-ratio-combing (MRC) at the destination. Based on this, EE-

optimization and OPA are carried out under certain QoS requirement and transmit

power constraints.

Furthermore, the second part of the study investigates the end-to-end performance

and power allocation of MRC based regenerative multi-relay cooperative system over

non-homogeneous scattering environment. Novel exact and asymptotic expressions

are derived for the end-to-end average SER for M -QAM and M -PSK modulations.

The offered results are employed in performance investigations and power allocation

formulations under total transmit power constraints.

Finally, the thesis investigates outage performance, OPA and energy optimization

analysis under certain system constraints for the FD and half-duplex (HD) relaying

systems. Unlike the previous studies that considered the scenario of information trans-

mission over symmetric fading conditions, in this study we considered the scenario of

information transmission over the most generalized asymmetric fading environments.

The obtained results indicate that depending on the severity of multipath fading,

the spatial correlation between the direct and relayed paths and the relay location,

the direct transmission is more energy-efficient only for rather short transmission dis-

tances and until a certain threshold. Beyond this, the system benefits substantially

from the cooperative transmission approach where the cooperation gain increases as

the transmission distance increases. Furthermore, the investigations on the power

allocation for the multi-relay system over the generalized small-scale fading model

show that substantial performance gain can be achieved by the proposed power allo-

cation scheme over the conventional equal power allocation (EPA) scheme when the

source-relay and relay-destination paths are highly unbalanced. Extensive studies on

the FD relay system also show that OPA provides significant performance gain over

the EPA scheme when the relay SI level is relatively strong. In addition, it is shown

that the FD relaying scheme is more energy-efficient than the reference HD relaying

scheme at long transmission distances and for moderate relay SI levels.

In general, the investigations in this thesis provide tools, results and useful insights

for implementing space-efficient, low-cost and energy-efficient cooperative networks,

specifically, towards the future green communication era where the optimization of

the scarce resources is critical.
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Chapter 1

Introduction

1.1 Background and Motivation

E
merging wireless communication systems are expected to provide high-speed data

transmission, high quality of service (QoS), high network coverage as well as the

widespread use of smart phones, mobile devices and other multimedia services. How-

ever, the scarcities of fundamental resources, such as power and bandwidth are serious

challenges to achieve these demands. In addition, most energy constrained devices,

such as terminals of mobile cellular, ad-hoc and wireless sensor networks, are typ-

ically powered by small batteries where replacement is a rather difficult and costly

procedure. Moreover, wireless channel features like multipath fading, shadowing, in-

terference and other impairments are degrading the quality of the information signals

during the wireless propagation and make the channel unpredictable.

Multipath fading is one of the most severe impairments in wireless communica-

tions. This phenomenon occurs due to the fact that the transmitted signal reaches the

receiver via multiple paths and these paths change with time due to the mobility of

the users and/or the random scattering from reflectors in the environment. Generally,

the transmitted signal arrives at the receiver with different gains, delays and phase

shifts. Destructive interference results in fading which may cause temporary failure

of communication as the amplitude of the received signal may be low to the extent

that the receiver may not be able to distinguish it from thermal noise [1, 2, 68].

The effective technique to combat such diverse effects in a radio communications is

to introduce diversity into the wireless communication system. Diversity is a technique

by which multiple copies of a signal are sent to the receiver through independently

fading channels [75, 76]. If one or more copies are highly degraded due to severe fad-

ing, then the receiver can still process and decode the signal from the other received

copies. Diversity gain is related to the number of independent channels over which

the signal is being received. Common forms of diversity that allows independent

1



2 1. INTRODUCTION

channels are classified into three physical domains: time, frequency, and space. Time

diversity is achieved by transmitting multiple versions of the same signal via different

time slots. To avoid any correlation between the channels at the slots, the inter-

vals between transmissions of the same symbol should be longer than the coherence

time. Related shortcomings of the time diversity include loss in the system informa-

tion rate and an increase in transmission delay. Frequency diversity is achieved by

transmitting the same signal over several frequency channels. Such form of diver-

sity is inefficient in bandwidth utilization. Spatial diversity, on the other hand, is

achieved by sending and receiving the same signal using multiple transmitter anten-

nas (transmit diversity) and/or multiple receiver antennas (reception diversity) that

are physically separated from one another and where a diversity combining technique

is required before handling further signal processing. Spatial diversity has gained sig-

nificant considerations since it does not increase the bandwidth requirements or the

transmission delay [5, 6, 8, 9, 31, 76].

The use of multiple transmit and multiple receive antennas in spatial diversity

results in multiple-input multiple-output (MIMO) system. It has been shown that

MIMO techniques constitute an effective method to enhance the spectral-efficiency

(SE) as well as the diversity of the wireless system; however, this implementation

typically comes at the cost of complex transceiver circuitry and in massive systems

may lead to high-energy consumption requirements. Furthermore, it is not currently

feasible to embody large multi-antenna systems at hand held terminals due to spatial

restrictions. Another, efficient technique to overcome these kind of resource limita-

tions of the MIMO system is engaging distributed wireless nodes (active terminals

or fixed relays) in a cooperative fashion that emulates antenna diversity. This mode

of transmit diversity is known as cooperative transmission (CT) also referred to as

virtual antenna arrays, cooperative diversity, or user cooperation [5, 6, 9, 30, 42, 139].

CT schemes exploit the broadcast nature and the inherent spatial diversity of

fading channels without the need to install multiple antennas in a single mobile radio

terminal, as in the conventional MIMO systems. In cooperative systems, wireless

terminals share and coordinate their resources for relaying messages to each other

and for transmitting information signals over the numerous independent paths in the

wireless network. A distinct feature of cooperative communications is that wireless

agents share resources, instead of competing for them, which ultimately enhances

performance of the wireless system [6,8,20,25,31,152,156]. The destination terminal in

the cooperative diversity exploit the received signals often through different combining

methods which have been extensively shown to provide efficient and robust operation

in signal distortion by fading effects [2, 75, 76].



1.1. BACKGROUND AND MOTIVATION 3

The performance and total average energy consumption of a cooperative system

can be greatly improved by allocating the limited resources of the wireless net-

work optimally to the source and relay nodes in the network. This can be car-

ried out by optimizing certain performance metrics under given constraints, e.g.,

[24–26,153,155,159,184,196,220,229]. However, the vast majority of the reported in-

vestigations in energy-efficient cooperative communications assume that the involved

communication paths are statistically independent to each-other. Nevertheless, this

assumption is rather simplistic as in realistic cooperative communication scenarios

the wireless channels may often be spatially correlated, which should be taken into

account particularly in the design and deployment of low-power and energy-efficient

wireless networks. Hence, this important issue in the wireless communications is ad-

dressed in this thesis. To the best of the authors’ knowledge, a comprehensive exact

and asymptotic error-rate analysis for regenerative systems over spatially correlated

channels, as well as a detailed energy-efficiency (EE) analysis and optimization of

total energy consumption have not been reported in the open technical literature;

thus, this thesis aims to contribute in this essential area of study. In addition to this,

the majority of the existing works have dealt with performance analysis and power

allocation strategy of the cooperative system on the scenario of information transmis-

sion over either Rayleigh fading channels or Nakagami-m fading channels. However,

these fading distributions rely basically on the assumption of homogeneous scattering

environment, which is not necessarily practical since the surfaces can be spatially cor-

related in most radio propagation environments [77,78,108,109]. Motivated by these

important observations, in this thesis, we present comprehensive power allocation

strategies with respective exact expressions for analyzing the end-to-end performance

of multi-relay cooperative networks over the most generalized and realistic fading

models.

Energy optimization and optimal power allocation (OPA) in the full-duplex re-

laying (FDR) system with self-interference (SI) levels is the final study in this thesis.

Most studies on the FDR scheme are limited to the information transmission over basic

symmetric multipath fading models, e.g., [210–217]. However, in practice, asymmetric

fading channels are frequently encountered due to terminal and relay locations. For

example, the link between a fixed relay and the base-station (BS) might experience

line-of-sight (LOS) radio propagation, whereas the link between a mobile terminal

and a relay might experience non-line-of-sight (NLOS) fading scenarios. Considering

this fact, this thesis addresses a comprehensive performance, power allocation as well

as energy optimization of the full-duplex (FD) relay system over generalized LOS and

NLOS fading conditions. For further insights, the FDR and the half-duplex relaying
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(HDR) systems are compared under the same fading conditions.

1.2 Objective and Scope of the Thesis

The main objective of this thesis is to study and analyze certain important energy-

optimized regenerative cooperative networks over realistic generalized fading environ-

ments that can be useful in the design and deployment of low-cost and energy-efficient

cooperative communication systems in the next-generation networks, particularly to-

wards the green communication era. Novel exact expressions for the end-to-end per-

formance of the cooperative networks are provided to facilitate the study. Based on

this, energy-optimization and OPA over practical fading conditions are investigated.

However, the topic of resource allocation and energy-optimization of cooperative net-

works is too vast to be covered in a single thesis. The scope is thus limited to the

power allocation and energy minimization for single and multi-relay nodes with HD

relay system and single relay system with FDR scheme.

1.3 Author’s Contribution and Thesis Outline

The research work for the thesis was carried out mainly at the Department of Elec-

tronics and communications Engineering, Tampere University of Technology, Finland

under the supervision of Prof. Mikko Valkama and Dr. Paschalis C. Sofotasios. Fur-

thermore, during the initial stage of the thesis work at the Department of Computer

Science, University of Vaasa, Finland Prof. Mohammed Elmusrati has contributed

through various technical discussions. Results obtained from the research work have

been reported in nine academic publications in the form of conference papers and jour-

nal articles; [113–121] and one submitted for publication [122]. This thesis gathers the

obtained results from the publications into a monograph form. It may be noted that

for all the results presented in the following chapters, the author was solely responsi-

ble for formulations and numerical analysis, while the exact expressions of the results,

analysis and discussions were done jointly with supervisors with detailed suggestions,

discussions and comments from Prof. Qimei Cui, Prof. Sami Muhaidat, and Prof.

George K. Karagiannidis. Chapters 2 and 3 are general review studies in the field

of cooperative and wireless communications, whereas chapters 4, 5, 6 are based on

the publications and describe the scientific contributions of this thesis. The outline

of the thesis and the main corresponding contributions of the authors in each of the

chapters can be summarized as follows:
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1. Chapter 2 briefly discusses the fundamentals of cooperative communication sys-

tems, historical backgrounds and its pros and cons. This is followed by the gen-

eral descriptions of the cooperative relaying protocols, and alternative transmis-

sion modes operated on the relay nodes. The chapter also describes bidirectional

relaying technique, which has the potential to enhance the SE.

2. Chapter 3 introduces the basic channel characteristics of the wireless and mo-

bile communications, including path-loss (PL), shadowing and multipath fading.

Then, statistical characterizations of fading processes with respective distribu-

tions are introduced. Furthermore, common performance measures used in this

study are presented. Finally, the chapter concludes with discussions on popular

diversity combining techniques that are often used in wireless communication

systems.

3. Chapter 4 first reviews EE and its optimization in direct and cooperative net-

works. Then, the exact and asymptotic symbol-error-rate (SER) expressions

for M−ary Phase-Shift Keying (M−PSK) and M−ary Quadrature Amplitude

(M−QAM) modulations are derived assuming a dual-hop regenerative relay

system where the source-destination and relay-destination paths are spatially

correlated and maximal-ratio-combining (MRC) scheme is adopted in the re-

ceiver. The total average power consumption models for the direct and cooper-

ative systems are investigated. Based on the derived SER expressions and the

power consumption models, energy-optimization with corresponding OPA under

certain QoS requirements and total maximum transmit power constraints are

formulated. Finally, the investigations are corroborated with numerical analysis

and discussions using a relatively harsh PL model, which accounts for realis-

tic device-to-device (D2D) communications. The results and analysis in this

chapter are based on the publications [113, 114]. The author was responsible

for analysis and formulations of the energy-optimization with numerical results.

The energy formulations for the cooperative network, derivation of closed-form

expressions and the post-analysis of the numerical results leading to the publica-

tions were jointly done with supervisor Prof. Mikko Valkama and co-supervisor

Dr. Paschalis C. Sofotasios. Prof. Qimei Cui provided valuable suggestions

and comments for the optimization models. Prof. George K. Karagiannidis

provided many insightful comments and discussions that supports the contents

of the articles.

4. Chapter 5 gives a brief review on the performance and OPA strategies of single

and multi-relay systems over various basic fading channels. Then, novel exact
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expressions are derived for the end-to-end SER for bothM−PSK andM−QAM

modulations over independent and non-identically distributed (i.n.i.d) general-

ized fading channels. The results are expressed in terms of Lauricella function,

which can be readily evaluated with the aid of the proposed computational algo-

rithm. Simple expressions are also derived for the corresponding SER at asymp-

totically high signal-to-noise-ratio (SNR) regimes. Based on these results, OPA

strategy that enhances the performance of the regenerative cooperative systems

is formulated and analyzed. Numerical investigations are performed for various

fading conditions to acquire further insights on the OPA schemes. The results

and analysis presented therein are mainly based on the publications reported

in [117, 121]. The key ideas of the two scientific papers are based on the pub-

lications reported in [118–120] expanded into more comprehensive forms. The

derivation of the exact expressions, formulations of the power optimization and

post-analysis of the numerical results were jointly carried with supervisor Prof.

Mikko Valkama and co-supervisor Dr. Paschalis C. Sofotasios. Prof. Qimei

Cui, Prof. Sami Muhaidat and Prof. George K. Karagiannidis provided valu-

able suggestions, comments and discussions for supporting the contents of this

chapter which are reported in [117,121]. Prof. Mohammed Elmusrati and M.Sc.

Reino Virrankoski provided their valuable suggestions and discussions for the

publication reported in [120].

5. Chapter 6 focuses on the FDR system over generalized LOS and NLOS asym-

metric fading scenarios in the presence of different relay SI levels. Novel closed-

form expressions are derived for the outage probabilities (OPs) of the FDR

system. Based on these, performance, OPA and energy optimization for the

considered system are investigated. The performance analyses presented therein

are based on the publications reported in [115, 116]. Based on the results ob-

tained in the reported publications, the chapter further extends the contents

to OPA and energy optimization analysis as in [122]. The derivation of the

exact expressions, formulations of the power optimization and discussions were

jointly carried out with supervisor Prof. Mikko Valkama and co-supervisor Dr.

Paschalis C. Sofotasios. Prof. Qimei Cui, Prof. Sami Muhaidat and Prof.

George K. Karagiannidis provided insightful suggestions, comments and discus-

sions for the publications reported in [115, 116].

6. Chapter 7 draws concluding remarks and discusses possible future work topics

for extending the studies presented in this dissertation.
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In summary, the thesis author has been the primary author of all reported works.

He has carried out system model developments, mathematical formulations, numerical

results and discussions, with natural supervision and guidance from the supervisors.

Furthermore, the thesis author has written all the associated papers [113–122] as the

first author, and composed majority of the text in the articles.

1.4 Basic Mathematical Notations

In this thesis, the mathematical notations are defined as follows. The probability

density function (PDF) of a continuous random variable (RV) X is given by fX(x),

whereas the cumulative distribution function (CDF) of the random variable is given

by

FX(x) =

∫ x

0

fX(x)dx.

The statistical average value or the expected value of the RV is defined and denoted

as

E(X) =

∫

xfX(x)dx.

The variance of the RV is also defined by

Var(X) = E[(X − E(X))2] = E[X2]− (E[X ])2.

The conditional PDF of the RVX given the occurrence of Y is written as fX(x|Y = y).

For complex random vector U the covariance is defined as

Cov(U) = E[(U − E(U))(U − E(U))†].

Also, the covariance of two complex random vectors U and V is given by

Cov(U, V ) = E[(U − E(U))(V − E(V ))†].

The Gamma function is described as

Γ(t) =

∫ ∞

0

xt−1 exp(−x)dx for t ∈ R.

Also, for t ∈ Z
+, Γ(t) = (t− 1)!.

The Pochhammer symbol is denoted as

(x)n ,
Γ(x+ n)

Γ(x)
.
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The lower incomplete gamma function is defined by

γ(α, x) =

∫ x

0

tα−1 exp(−t)dt Re (α) > 0.

Formally, the Q-function is defined as

Q(x) =
1√
2π

∫ ∞

x

exp

(

−u
2

2

)

du.

An alternative form of the Q-function known as Craig’s formula is expressed as

Q(x) =
1

π

∫ π/2

0

exp

(

− x2

2 sin2 θ

)

dθ.

The generalized Marcum Q-function in terms of the Bessel function Im−1(·) is defined
as

Qm(α, β) =
1

αm−1

∫ ∞

β

xm exp

(

−x
2 + α2

2

)

Im−1(αx)dx.

The binomial coefficients are denoted by

(
n

k

)

=
n!

k!(n− k)!
.

(·)∗ represents the complex conjugate operator.

(·)† represents conjugate transpose operator.

|a| represents the modulus of a complex scalar a.

L{·} represents the Laplace transformation operator.

L−1{·} represents th inverse of the Laplace transformation.

max(·) represents the maximization operator.

min(·) represents the minimization operator.



Chapter 2

Cooperative Communications:

Fundamentals

In this chapter, we address the general background and basics of cooperative commu-

nications. In particular, we first review the general aspect of cooperative communi-

cation and its essential background. This in turn leads us to the discussion of several

cooperative relaying protocols that have been proposed to date, and alternative trans-

mission modes operated on the cooperative users. Furthermore, bidirectional relaying

systems are also introduced.

2.1 Overview of Cooperative Communications

Cooperative communication technologies have become notable candidate for the next-

generation of wireless networks. For example, these technologies have been con-

sidered in some recent communication standards, such as in IEEE 802.16 World-

wide Interoperability for Microwave Access (WiMAX) standard and in Long Term

Evolution (LTE)-Advanced standard specified by the 3rd Generation Partnership

Project(3GPP). The cooperative schemes have been also incorporated into many

modern wireless applications, such as cognitive radio and physical layer security [3,4].

Besides, without incurring additional costs for BS deployment, cooperative communi-

cations have the ability to expand cellular network coverage, increase channel capacity

and reduce power consumption of wireless devices [8,9,21,25]. Cooperative communi-

cations can significantly improve the system performance and robustness of wireless

networks, especially in severe fading scenarios. The fundamental principle in coopera-

tive communications is that wireless terminals share and coordinate their resources for

relaying messages to each other and for transmitting information signals over multiple

independent paths in the wireless network [5, 6]. By doing so, users can effectively

form a distributed virtual antenna array that emulates the inherent spatial diversity

9
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gains without the need for installing co-located multiple antennas in a single mobile

radio terminal, as in the case of centralized MIMO systems.

The two main features that differentiate cooperative transmission schemes from

the conventional non-cooperative transmissions systems are: 1) the use of multiple

user’s resources to transmit the message of a single source; and 2) a proper combina-

tion of signals from multiple cooperating users at the destination. The transmission in

cooperative network usually involves two phases of transmission: coordination phase,

where users exchange their own source data and control messages with each other

and/or the destination, and a cooperation phase, where the users cooperatively re-

transmit their messages to the destination [2, 5, 8, 9]. Fig. 2.1 illustrates a typical

cooperative network in the uplink (UL) of a mobile communication system that con-

sists of two users transmitting their local messages to a common destination over

independent fading channels. At some instant of time, one user may act as a source

of information while the other user serves as a relay. The role between the source and

the relay can be interchanged at any instant in time. In the coordination phase, in

phase I, the source, (e.g., user 1), broadcasts its data to both the relay, (e.g., user 2),

and destination. The relay is usually located between the source and destination to

split the longer path into shorter segments in order to reduce the overall PL effects. In

the cooperation phase, phase II, the relay forwards a processed version of the source’s

data to the destination. The destination then combines the signals received from the

source and the relay using common combining techniques, such as MRC, Equal-Gain

Combining (EGC) or Selection Combining (SC) to enhance reception at the desti-

nation. These methods have been shown to provide efficient and robust operations

in signal distortion and fading effects [75, 76]. Using this way, spatial diversity is

exploited as the two messages are received from potentially uncorrelated paths.

To enable cooperation among users, many cooperative relaying techniques have

been proposed. Some of the relaying methods that are adopted in literature are

amplify-and-forward (AF), decode-and-forward (DF), selective relaying (SR), incre-

mental relaying (IR) [6], coded cooperation (CC) [7, 9], compress-and-forward (CF)

[10, 11] and buffer-aided relaying with adaptive link selection [12, 13]. When the AF

relaying scheme is employed, the relay node just amplifies the received signal before

re-transmitting towards the destination. If the relay node uses the DF scheme, it

will decode and regenerate the message towards the destination. When the gener-

ated message by the relay is re-encoded to provide additional error protection to the

original message, it is also refereed to as CC. The SR scheme, on the other hand,

is used based on the instantaneous channel information to decide between relay for-

warding and source re-transmission. The IR scheme uses a feedback from the desti-
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Phase I Phase II

User 1

User 2

User 1

User 2

Figure 2.1 In cooperative communication each user is both a source and a relay.

nation to indicate the success or failure of the DT while in the CF scheme, the relay

node re-transmits a quantized or compressed version of the received message. In the

buffer-aided relaying protocol with adaptive link selection, the relay transmits when

the relay-destination channel is comparatively stronger than the source-relay channel,

and otherwise the relay receives and stores the received information in its buffer.

Furthermore, relay nodes can adopt either HDR or FDR modes. FDR allows the

relay nodes to receive and transmit simultaneously in the same frequency band and

hence achieves higher SE, whereas in the HDR mode the reception and transmission

at the relay nodes are performed in time or frequency orthogonal channels. The

cooperation communication schemes described here can be readily extended to a large

cooperative network where one node acts as a source and intermediate users serve as

relays. The relays form distributed or virtual antenna array to achieve high spatial

diversity gain similar to that of the conventional MIMO systems.

2.2 Historical Background of Cooperative Commu-

nications

The basic ideas behind cooperative communications can be traced back to the seminal

work of Van Der Meulen on the three-terminal communication channel [14] as shown

in Fig. 2.2. The three-node network generalizes the notation of point-to-point channel

that consists of a source (S), a destination (D), and a dedicated relay (R) whose sole

purpose is to help the transfer of information from the source to the destination.

Later in 1979, Cover and El Gamal [15] provided a significantly improved capacity of

the physically degraded relay channel from information theoretic aspect. The authors
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Broadcast Multi-access

Figure 2.2 The relay channel.

analyzed the capacity of the relay channel by assuming all nodes operate in the same

band. Under this assumption, the system can be decomposed into a broadcast channel

(BC) from the view point of the source and multiple access channel (MAC) from the

view point of the destination. The mathematical frameworks of these pioneering works

have significantly contributed to the understanding of relay channels. For example,

the authors in [16] derived some certain capacity theorems for multiple-access relay

channels. In [17], the authors proposed capacity theorems for the fading interference

channel with relay and feedback links. Likewise, the authors in [18] analyzed the

capacity of discrete-memoryless relay channels with orthogonal components.

The idea of user cooperation was first addressed by Sendonaris et al. [5, 19] from

the communication community. The authors proved that cooperative communica-

tions can improve the achievable rates of two users communication scenario, and it

is a more robust system even when the inter-user channel is noisy. Later, this work

was further extended by Laneman et al. [6] and the authors proposed and analyzed

the outage behavior of several low-complexity cooperative diversity protocols that

can combat fading induced by multipath propagation in wireless networks employing

HD transmission building on time-division multiple access (TDMA). Also, from the

signal processing community the works by Scaglione and Hong [20, 21] contributed

to the efficient cooperative transmissions for wireless sensor networks and wireless

multihop ad-hoc networks. The idea of CC, which was developed as the integra-

tion of cooperative communication and channel coding, was addressed by Hunter et

al. in [7]. Besides the performance improvement of the cooperative communications

compared to the conventional non-cooperative system, various efforts have been car-

ried to further improve the performance of the cooperative network through efficient

management of the available radio resources. One of the early works in this area

includes the contribution in [22] on OPA. The author investigated the problem of



2.3. PROS AND CONS OF COOPERATIVE COMMUNICATIONS 13

efficient power allocation in a wireless communication system with two cooperating

sources and a destination where the source communicates with the destination via an

orthogonal AF protocol with two time-slots. Also noteworthy are the contributions

of [23–25] for studying the performance improvement of some practical resource con-

strained cooperative communication systems over fading environment. Yet another

important set of contributions from the wireless communications perspective with

significant insight into the performance enhancement of cooperative communication

systems are reported in [26].

2.3 Pros and Cons of Cooperative Communications

The key advantages of cooperation in system deployment can be summarized as fol-

lows [2, 9, 27]:

• Performance Gains. Cooperative communications can provide large system-

wide performance gains due to PL savings as well as diversity and multiplexing

gains. These benefits of cooperation can be translated into reduced transmis-

sion power, higher throughput, better transmission reliability or larger network

coverage.

• Balanced Quality of Service. In conventional systems, users at the edge

of a network or in shadowed areas with poor channel conditions suffered from

capacity and/or coverage limitations. However, cooperative relaying can be used

to overcome such discrepancy by allowing more balanced QoS to all users.

• Infrastructure-Less Deployment. Cooperative communications ease the

roll-out of a system that has minimal or no infrastructure available prior to

deployment. For instance, in disaster-struck areas, relaying can be used to

facilitate communications, even though cellular systems or other existing com-

munication systems are out of order.

• High Energy-Efficiency and Extended Network lifetime. CT is utilized

to improve EE and extend the lifetime of networks composed of battery-operated

nodes, such as sensors in wireless sensor networks. It has been shown that CT

schemes with multiple nodes can greatly improve network lifetimes by reducing

the forwarding traffic loads of energy-depleting nodes.

• Reduced Costs. Cooperative communications provides more cost effective

solutions in capital and operational expenditures. For example, in cellular net-
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works, the cost of providing a given level of QoS for all users in the cell can be

lower when relays are used.

Contrary to the above advantages, there also exist some major disadvantages in co-

operative systems as listed below [2, 27].

• Complex Schedulers. In cooperative systems, relaying requires more sophis-

ticated schedulers since not only traffic of different users and applications needs

to be scheduled but also the relayed data flows. In such scenarios, the complex-

ity of scheduling mechanisms increases significantly when there are more users

with multiple participating relays in the network. Any gains due to cooperation

at the physical layer dissipate rapidly if not handled properly at medium access

and network layers.

• Increased Overhead. Fully functioning cooperative systems require han-

dovers, synchronization, extra security, and other related issues. All these

requirements certainly induce an increased overhead in comparison with tra-

ditional communication systems.

• Partner Choice. Determining the optimum relaying and cooperative part-

ner(s) is a fairly sophisticated task. Also, the complexity of maintaining such

cooperative partnership is higher with respect to non-cooperative relaying.

• Extra Relay Traffic and Interference. Extra resources in the form of time-

slots, frequency channels or orthogonal codes need to be typically allocated for

relaying traffic. In addition, without smart power allocation schemes, relaying

will certainly generate extra intra-and inter-cell interference, which potentially

causes the deterioration of system performance.

• Increased End-to-End Latency. Relaying typically involves the reception

and decoding of entire data packet before it is re-transmitted. With regard to

delay-sensitive services, such as voice and the increasingly popular multimedia

services, the extra latency introduced by decoding may become detrimental. To

circumvent this latency, either simple transparent relaying or some advanced

decoding methods can be used.

• More Channel Estimates. The effective use of relays certainly increases

the number of wireless channels. This requires the estimation of more channel

coefficients if coherent modulation is used.

From the aforementioned discussions, the disadvantages of cooperative commu-

nications can be as significant as the advantages. Therefore, cooperative system
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design needs to be performed carefully in order to achieve the full gains of coopera-

tive communications and at the same time to ensure that cooperation does not cause

deterioration of system performance.

2.4 Cooperative Relaying Protocols

In this section, we review different cooperative protocols or transmission techniques

that are used in cooperative communication systems. Based on the signal processing

employed at the relay terminal, the cooperative relaying methods are generally clas-

sified into fixed relaying schemes and adaptive relaying schemes. For fixed relaying,

the relay can simply amplify its received signal subject to its power constraint, or

decode, re-encode and re-transmit the message [6]. These cooperation schemes, as

already mentioned, are referred to as AF and DF, respectively. Such approaches have

the advantage of easy implementation. On the other hand, adaptive relaying schemes

are building upon fixed relaying and adapt the channel state information (CSI) be-

tween the cooperating terminals (selective relaying) or upon limited feedback from

the destination (incremental relaying). SR allows transmitting nodes to select either

cooperative or non-cooperative transmissions based on the measured SNR between

them [2, 6], while the IR scheme uses feedback from the destination about the suc-

cess or failure of direct transmission (DT) [6, 39, 40]. Besides the fixed and adaptive

schemes, other sophisticated techniques include CC and CF cooperation. In the fol-

lowing discussions, we assume HD transmission based cooperative network systems

for understanding the various types of relaying protocols.

2.4.1 Amplify-and-Forward Relaying

AF also refereed to as the non-regenerative relaying scheme that works in the analog

domain is conceptually the most simple of the cooperative relaying methods. In this

protocol, the relay simply forwards an amplified version of the received message with-

out explicitly decoding or demodulating the received message as shown in Fig. 2.3.

Because of the noise added at the relay and as there is no error-checking mechanism,

the forwarded message is a noisy version of the original message from the source.

Although the noise is amplified along with the signal in this technique, a full spatial

diversity gain can be achieved by transmitting the signal over spatially independent

channels. In this scheme, the relay does not to have knowledge of the encoding or

modulation schemes used at the source. This scheme is particularly desirable when

the source-relay link is not sufficient to guarantee reliable decoding at the relay [2,6].
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xR= GyS,R
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Figure 2.3 Illustration of amplify-and-forward relaying scheme.

This protocol was first proposed and analyzed by Laneman and Wornell in [28].

In the work, the bit-error-rate (BER) performance was analyzed and showed that

despite the noise propagation from the relay the AF performs significantly better

than the non-cooperative transmission. Furthermore, it was shown that this scheme

achieves diversity gain of two in case of a single relay based cooperative system, i.e.,

the end-to-end average BER decreases twice as fast as that of DT or with the case

without diversity combining.

The operation in the AF mode is done in two phases. In phase I, the source

broadcasts its information to the relay and destination, where the received signals are

given by

yS,R =
√

PSαS,Rx+ nS,R (2.1)

and

yS,D =
√

PSαS,Dx+ nS,D (2.2)

respectively, where PS is the transmitted power at the source, x denotes the trans-

mitted signal, whereas αS,R and αS,D are the fading coefficients from the source to

the relay and destination. Moreover, nS,R and nS,D are the zero-mean additive white

Gaussian noise (AWGN) terms with variance N0, respectively. In phase II, the relay

multiplies the received signal in (2.1) with a gain of [2]

G =
1

√
PS | αS,R |2 +N0

. (2.3)

The gain G in (2.3) depends on the source-relay fading coefficient αS,R; thus, the

scheme is often referred to as variable-gain AF relaying scheme. The received signal
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Figure 2.4 Illustration of decode-and-forward relaying scheme.

at the destination in Phase II is also given by

yR,D =

√
PR

√
PS | αS,R |2 +N0

αR,DyS,R + nR,D (2.4)

where PR is the relay transmission power, αR,D is the fading coefficient from the

relay to the destination and nR,D is the AWGN term with zero-mean and variance

N0. Using the expression in (2.1), the above expression can be further expressed as

yR,D =

√
PSPR

√
PS | αS,R |2 +N0

αS,RαR,Dx+

√
PR

√
PS | αS,R |2 +N0

αR,DnS,R+nR,D. (2.5)

Different processing techniques, to combine the two received signals at the destination,

namely yS,D and yR,D, are described in Section 3.5.

2.4.2 Decode-and-Forward Relaying

In this protocol, the relay decodes the received message from the source, re-encodes

it and then forwards it to the destination as illustrated in Fig. 2.4. This scheme is

also known as regenerative relaying and requires correct decoding of the message at

the relay in order for the forwarded message to be usable at the destination terminal;

otherwise, the relayed message leads to error at the destination. Comparing with the

AF scheme, the digital processing nature of the DF relaying makes more efficient than

AF scheme, which requires radio frequency (RF) transceivers to scale up the analog

signal and to mitigate coupling effects before relaying and forwarding the noisy version

of the signal [33–37]. The DF protocol performs better when the inter user links are

of high quality; on the other hand, the usage of AF is reasonable when the inter-user
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links are of poor quality. The potential advantage of the DF approach is that the

relay transmits a clean copy of the original message, i.e., a noise-free copy, if it can

successfully decode the message from the source.

Similar to the AF mode, the operation of the DF mode is also done in two phases.

The signal received at the relay and destination in the first phase are similar to the

formulations in (2.1) and (2.2), whereas in phase II signal received at the destination

can be expressed as

yR,D =
√

P̄RαR,Dx+ nR,D. (2.6)

In the above expression if the relay decodes the signal from the source correctly, then

the relay forwards the signal to the destination with power P̄R = PR; otherwise, the

relay does not send, i.e., P̄R = 0. Again, the destination can combine the two received

signals as elaborate in more details in Section 3.5.

In [31], the performance of AF and DF relaying schemes are compared for three

cases. We summarize the outcomes of the analysis here for the sake of completeness.

Case I : If the source-relay channel link quality is the same as that of the relay-

destination, the investigation shows that DF performs better than AF especially for

small modulation sizes. However, as the modulation size increases the performance

benefit of the DF cooperation protocol is not significant comparing with that of AF.

Case II : If the channel link quality of the source-relay is much better than that

between relay and destination, the result shows that despite the modulation size, the

performance of the DF cooperation is almost the same as that of the AF cooperation

scheme.

Case III : As a final scenario, when the channel link quality from the relay to

destination is much better that that of the source-relay link, the analysis indicates

that the performance of the DF scheme is better than of the AF system. Furthermore,

it is shown in the same analysis that the advantage of the DF cooperation system is

more significant if M−PSK is used instead of M−QAM modulation. From the three

scenarios, it can be concluded that the performance of DF cooperation protocol is

better than that of the AF scheme.

Furthermore, the AF scheme leads to thermal noise enhancement, which has a

profound impact on the end-to-end performance. The amount of noise enhancement

depends on the amplification factor, channel statistics in each path, the network

topology, etc. [27]. So, non perfect separation of information signals and noise can

cause detrimental effects in the overall system performance. In addition, it is recalled

that DF provides a better performance than AF due to the involved decoding and

re-encoding process. This is further enhanced by different protocols where relays
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Figure 2.5 Example of of selective DF relaying scheme.

forward a re-encoded signal only if this has been decoded correctly. Thus, based

on the discussions on AF and DF this thesis mainly focuses on the DF scheme to

investigate the performance of the cooperative networks.

2.4.3 Selective DF Relaying

In this relaying scheme, if the instantaneous SNR at the relay terminal exceeds a

certain threshold value, the relay will cooperate in transmitting the message by per-

forming DF operation to achieve the diversity gain. On the other hand, if the channel

between the source and relay suffers, such that the instantaneous SNR falls below the

required threshold, the source simply continues its transmission to the destination in

the form of repetition or more powerful codes without any help from the relay [2,6] to

achieve full temporal diversity or coding gain. Fig. 2.5 illustrates an example of SR

scheme based on DF decoding operated on two phases. The estimation of the thresh-

old value depends on a number of factors, e.g., the source’s transmission power, data

rate, channel bandwidth and noise level at the receiving terminal. More details on the

estimation of the threshold value can be found in [6]. It is recalled that this dual-hop

diversity transmission requires knowledge of the instantaneous CSI (I-CSI) on the

source-relay link; thus, the source can reasonably estimate if the relay successfully

decodes the message and forwards to the destination. One possible drawback of this

relaying scheme is the high overhead related to acquiring CSI, which may overwhelm

the gain from cooperation.
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2.4.4 Incremental Relaying

The IR protocol [6,39,40] utilizes the second transmission phase only when the source’s

transmission is unsuccessful in the first phase. This protocol has the best SE among

the other techniques because the relay does not always need to transmit in the second

phase, and this can be implemented with a feedback from the destination terminal.

If the source-destination SNR is sufficiently high, the feedback indicates success of

the DT, and the relay does nothing while the source continues to transmit the next

message by reducing the time-slot resource from two to one. On the other hand,

if the source-destination SNR is not sufficiently high for successful DT, the feedback

requests the relay to re-transmit what it has received from the source in the first phase

either using AF or DF scheme. In the latter case, the destination tries to combine the

two transmissions using MRC technique or any other diversity combining techniques.

Fig. 2.6 illustrates an example of IR scheme based on AF. The IR protocols can be

viewed as extensions of incremental redundancy or hybrid automatic-repeat-request

(ARQ) where in the context of a cooperation system the relay re-transmits in an

attempt to achieve spatial diversity.

2.4.5 Coded Cooperation

CC [7, 9, 41] is a method that integrates cooperation into channel coding where di-

versity is achieved by partitioning a source’s codeword. The basic idea of the CC is

that the source’s codeword of length N is divided into two segments of length N1 and

N2, respectively, where N1 +N2 = N . The first portion of the data with N1 bits is a
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valid codeword by itself but weakly coded and the N2 bits in the second part are the

additional parity bits [7]. Similar to the previous cooperation protocols, the CC also

operates into two phases. In the first phase, the source broadcasts a sub-codeword

of length N1 and is received by the destination as well as by the relay. The relay

thus receives a noisy version of the coded message from the source. If the relay can

correctly decode the source’s message, it will regenerate the remaining N2 bits of the

codeword and transmit it to the destination in the second phase; otherwise, the source

will transmit the remaining N2 bits by itself in the second transmission phase.

The CC framework can be achieved with a wide variety of channel codes. For

example, the overall code may be a block code, convolutional codes, or the combina-

tion of both. Furthermore, the symbols in the two portions of the codeword can be

partitioned through puncturing, product codes, or other forms of concatenation. The

repetition-based DF schemes can be considered as a special case of the CC where the

two partitioned codewords are equal.

2.4.6 Compress-and-Forward

In this relaying protocol, the relay first samples, quantizes and compresses the received

message. Second, the relay encodes the compressed message into a new message (as if

they were information bits) and forwards it to the destination [42,43]. The destination

jointly processes the observations from the source and relay. The quantization and

compression process at the relay is a process of source encoding and it is realized

using Wyner-Ziv source coding [44]. In contrast to the DF or CC schemes, the relay

in CF may not decode perfectly the source’s message but needs only to extract,

from its observation, the information that is the most relevant to the decoding of

the destination. This scheme has been shown to provide higher capacity than the

DF or AF for some specific channel configurations. However, it is considerably more

complicated than either of the two basic protocols. Further practical studies on CF

relaying schemes can be found in [10, 11, 45, 46].

2.5 Half-Duplex and Full-Duplex Relaying

User cooperation can adopt either HDR or FDR operation modes depending on how

the relay regulates the simultaneity of reception and transmission phases. In this con-

text, if a relay cannot transmit and receive simultaneously in the same band, then it is

said to be operated in HD mode. In this mode, the transmission and reception signals

are orthogonal to each other. The orthogonality between the transmitted and received
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signals can be in time-domain (i.e., reception and transmission occur in different time

slots) or in a frequency domain (i.e., reception and transmission occur in different fre-

quency bands). The HDR mode avoids relay SI at the cost of sacrificing the limited

resources (e.g. time-slots and frequency). On the other hand, FD relaying [47–49]

refers to the ability of the relay nodes to receive and transmit signals simultaneously

on a single frequency band. Because of the single frequency operation, the FDR is

sometimes descriptively referred to as single-frequency “simultaneous transmit and

receive”. This alternative efficiently uses the channel bandwidth, as it requires only

one channel use for the end-to-end transmission, but suffers from unavoidable SI due

to relay’s output looping back to its input. This technology was first adopted for fixed

infrastructure-based nodes due to huge difference of power levels (interference vs. the

signal of interest) and later for small portable, or even hand-held, radios [47–49,60].

Theoretically, FD can render up to double SE when compared to conventional HD

operation. However, in practice this is possible only after tackling a significant techni-

cal challenge in minimizing the relay SI levels. Recently, there have been considerable

and promising results in mitigating this SI for building practical FD radios [61, 62].

The main techniques used to cancel the SI are usually classified into passive and ac-

tive suppression. In passive SI suppression, the SI signal power is attenuated due to

the PL between the physically separated transmit and receive antennas on the same

device. Active SI cancellation technique is used to reduce the dynamic range of the

interference. This method includes: analog cancellation where RF processing is uti-

lized to cancel the interference at the receiving antenna before the receiver low noise

amplifier (LNA). Since this cancellation method is never perfect, the residual SI (RSI)

after analog cancellation should be further reduced with the aid of digital cancellation,

where the SI is removed in baseband after analog to digital conversion [60,63]. Further

studies concluded that there is always RSI after taking all practical means of inter-

ference mitigation, e.g., due to channel estimation errors and non-ideal transceiver

components introducing unknown transmit-side noise. However, these effects can still

be minimized by proper transmit power adaptation [49].

2.6 Bidirectional Relaying Communication

In many applications of relay networks, two different sources may need to exchange

information with the help of a relay. The relay enables a bidirectional (two-way)

communication between the two sources, and hence, two traffic flows are supported by

the same physical channels concurrently, which enhances SE of the system [50,51]. The

two-way communication problem without the relay was first studied by Shannon [52],
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Figure 2.7 Four-phase one-way relaying for bidirectional cooperation.

which is considered as the first study of a network information theory problem. Later,

in [53] the two-way relay system was exploited to mitigate the SE loss of cooperative

protocols under HD relaying.

To elaborate more on efficient bidirectional relaying schemes, first, let us consider

the conventional bidirectional communication shown in Fig. 2.7 where the two end-

sources S1 and S2 intend to exchange information with the help of R. This can be

accomplished by straightforwardly applying the unidirectional relaying in a two-way

manner. That is, in the first time-slot S1 transmits information to R; in the second

time slot, R forwards the incoming signal to S2 using, for instance, AF, DF or CF

relaying schemes; in the third time slot, S2 transmits information to R; and in the

fourth time slot, R forwards the signal to S1. One problem with this transmission

scheme is that a total of four time-slots are needed to exchange the information in

opposite directions, which obviously reduces the SE [51, 54].

The SE of the four time-slot based bidirectional communication system can be im-

proved by exploiting the shared broadcast channel (BC) nature of the wireless medium

through the network coding concept [55, 56]. In this regard, the well-known bidirec-

tional relaying scheme adopted commonly is the time-division broadcast (TDBC)

protocol [51, 57, 59] which reduces the number of time slots to three as shown in Fig.

2.8. In this protocol, S1 and S2 transmit their own signals in the first and second

time-slots, respectively. In the third time-slot, R broadcast a superimposed signal to

S1 and S2 using, for example, AF relaying scheme. Alternatively, R can decode the

received signals first and performs an XOR operation over the two decoded message

bits from S1 and S2; then re-encodes the XOR processed message to transmit a new

symbol in the third time-slot [51, 58, 59]. Finally, each end source detects the signal

from its counterpart through network coding techniques. This way, the TDBC pro-

tocol can accomplish the information exchange in three time-slots to increase the SE

by 33% over unidirectional relaying [56].

The SE of TDBC protocol can be further improved by allowing the two end-sources

to transmit simultaneously over a multiple-access channel (MAC). Such a protocol is

widely known as physical-layer network coding (PNC) if the DF protocol is employed

at the relay [54, 56] or analog network coding (ANC) if the AF protocol is employed
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Figure 2.8 TDBC protocol in bidirectional networks.

at the relay [51, 57, 58]. The PNC and ANC protocols require only two time-slots to

exchange the information between two sources. In this case, the two sources S1 and

S2, as shown in Fig. 2.9, simultaneously transmit their signals at the first time-slot to

the relay; at the second time-slot, the relay processes the incoming signals using either

AF or DF schemes and retransmits to the two sources. Obviously, the PNC and ANC

protocols achieve the highest SE since two-traffic flows are concurrently supported

at each time-slot. However, due to the HD constraint the direct-link between the

two sources can not be utilized even if such direct-link physically exists [51, 59], and

hence, PNC and ANC achieve diversity order of one. On the other hand, the TDBC

protocol can actually utilize the direct-link even if the terminals operate in a HD

mode since the two end-sources transmit signals in two time-slots. As a result, the

TDBC protocol can achieve diversity order of two [51, 54, 57].

Applications of the two-way relay system include: The communication between

two wireless routers that communicate with each other through the help of a relay

terminal. The communication between S1 and S2 where there is no reliable direct-link

due to shadowing, the large separation between them, or use of low power signaling.

This may occur in practice when the users are geographically separated and signals

received from each other are very weak due to PL effects, or in the case of two mobile

users located on the opposite sides of a building to communicate to each other.

Next, as an example, we discuss the mathematical descriptions of the two-way relay

system when the relay uses AF relaying strategies to process the received signals. The

source terminals S1 and S2 of Fig. 2.9 transmit their information to R during the MAC

phase. Then, the relay receives an additive-Gaussian-noise-corrupted superposition

of the two transmitted signals which can be expressed as

yR =
√

PS1αS1,Rx1 +
√

PS2αS2,Rx2 + nR (2.7)
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Figure 2.9 Two-phase two-way relaying for bidirectional cooperation.

where PS1 and PS2 denote the transmit powers of the source terminals S1 and S2,

respectively, x1 and x2 denote the information symbols with normalized unit energy.

Moreover, αS1,R and αS2,R represent the fading coefficients of S1 → R and S2 → R

links, whereas nR stands for the AWGN term. The relay then multiplies yR with

GTW =
1

√

PS1 | αS1,R |2 +PS2 | αS2,R |2 +1
(2.8)

and forwards an amplified sum signal xR = GTW yR to users S1 and S2 during the

broadcast phase. The channels in the forward direction can be assumed to be the same

as in the backward directions, i.e., channel reciprocity is assumed [64, 65]. To this

effect, users S1 and S2 receive Gaussian-noise-corrupted and fading distorted signals

of
√
PRαR,S1xR + nR,S1 and

√
PRαR,S2xR + nR,S2 , respectively. Since terminals S1

and S2 know their own transmitted symbols, they can subtract the back-propagating

SI prior to decoding. Assuming perfect knowledge of the corresponding fading co-

efficients, the received instantaneous SNRs at the two user terminals can thus be

expressed as [64]

γS1 =
PS2PR | αS1,R |2| αS2,R |2

(PS1 + PR) | αS1,R |2 +PS2 | αS2,R |2 +1
(2.9)

and

γS2 =
PS1PR | αS1,R |2| αS2,R |2

(PS2 + PR) | αS2,R |2 +PS1 | αS1,R |2 +1
. (2.10)

The mutual information that users S1 and S2 can achieve from the information ex-

change are depicted as [66]

IS1 =
1

2
log2(1 + γS1) (2.11)
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and

IS2 =
1

2
log2(1 + γS2) (2.12)

respectively. The pre-log factor 1/2 that appears in (2.11) and (2.12) is due to one-

round information exchange, which takes place in two time-slots. Furthermore, the

mutual information here is measured in bits/sec/Hz since it is normalized by the

system’s bandwidth. The mutual information between the source and destination for

one-way AF relay system without the direct-link is given by [2]

ID =
1

2
log2

(

1 +
PS | αS,R |2 PR | αR,D |2

PS | αS,R |2 +PR | αR,D |2 +1

)

. (2.13)



Chapter 3

Fading Channels and

Diversity Combining

Techniques

In this chapter, we introduce some basic characteristics of the wireless environment,

including path-loss, shadowing and multipath fading effects. Then, channel fading

models with respective distributions and common performance measures used in this

thesis are briefly presented. Finally, we conclude with discussions on popular diversity

combining techniques that are often used for increasing the performance of wireless

communication systems. More detailed discussions on these topics can be found, e.g.,

in [68], [75] and [76].

3.1 Channel Characteristics of Wireless and Mobile

Communications

Wireless mobile communication systems have evolved remarkably since the last decades

due to advances in wireless hardware technology and because of large demand for mo-

bile access. Compared with the conventional wired communications, the radio wave

propagation through wireless channels is highly dynamic. In addition, propagation

characteristics change drastically from environment to environment because of the

inherent nature of wave propagation mechanisms. This makes the radio wave propa-

gation through wireless channels a complicated phenomenon, which is characterized

by various effects, such as PL, shadowing and multipath fading. In this section, we

briefly describe what these factors are and their effects on the performance of wireless

communication systems.

27
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3.1.1 Path-Loss

A fundamental property of the wireless signal is that when a transmitter commu-

nicates with a receiver by sending an electromagnetic signal through the wireless

medium, the strength of the signal attenuates as it traverses the medium; thus, the

received power becomes weaker as the propagation distance increases. To account this

amount of degradation in signal strength, the ratio of transmit power Pt to receive

power Pr in decibel (dB) scale is described by

PL(dB) = 10 log10

(
Pt
Pr

)

. (3.1)

The above expression is used to quantify the PL and depends on certain radio prop-

erties, such as the transmission distance, radio wavelength, heights of the transmitter

and receiver antennas, among many other factors. For radio propagation in free space,

where there is unobstructed LOS path, the PL can be written as [67]

PL(dB) = −10 log10

(
GtGrλ

2
c

(4π)2d2

)

(3.2)

whereGt andGr are the gains of the transmitting and receiving antennas, respectively,

d is the geographic distance between the transmitter and the receiver and λc is the

radio wavelength in free space. Furthermore, to facilitate analytical studies on the

wireless communication a simple PL model, which is based on experimental data, is

adopted in practice as [67, 71, 75]

Pr = PtKc

(
d

d0

)−β
(3.3)

The simplified PL model in the above expression can be re-written in dB scale as

Pr(dB) = Pt(dB) +Kc(dB)− 10β log10

(
d

d0

)

(3.4)

where d0 is the reference distance, Kc is a unit-less constant which depends on the

antenna characteristics and the average channel attenuation and β is the PL exponent.

Kc can be obtained from the empirical average of the receive power at the reference

distance d0. The value of d0 is usually 1−10 meters for indoors and 10−100 meters for

outdoor environment. The value of the PL exponent, β, depends on the propagation

environment and usually ranges between 2 and 6 [68]. Table 3.1 shows the summary of

typical values of the PL exponent for different indoor and outdoor environments and
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Table 3.1 Typical path-loss exponents for different environment.

Environment Path-Loss exponents
Free Space 2

Urban macrocells 3.7−6.5
Urban microcells 2.7−3.5

Office Buildings (same floor) 1.6−3.5
Office Buildings (multiple floors) 2−6

Store 1.8−2.2
Factory 1.6−3.3
Home 3

antenna heights at 900 MHz and 1.9 GHz [67–70]. The wide range of empirical PL

exponents for indoor propagation environment in the table may be due to attenuation

caused by floors, objects, and partitions. The PL information is a major component

in analysis and design of link budget of a wireless communication system [71]. More

details of the modeling and effects of the PL phenomena in wireless communications

can be found in [68].

3.1.2 Shadow Fading

In addition to the power loss caused by basic propagation described previously, the

signal transmitted through the wireless channel may be obstructed by particular ob-

stacles (e.g. buildings, trees, vehicles, or airplanes). Such obstacles attenuate the

signal power through absorption, reflection, diffraction, and by causing random scat-

tering; when the attenuation is very strong, the signal is blocked. This random

variation in the received signal power is called shadowing effect and is considered as

a type of large-scale (or macroscale) fading. To account for this effect, a statisti-

cal model must be used to characterize the random attenuation. The most common

model for this additional attenuation is log-normal shadowing [67,68,74]. This model

has been confirmed empirically to accurately model the variation in received power in

both outdoor and indoor radio propagation environments [72, 73]. In this log-normal

shadowing model, the ratio of transmit-to-receive power ψ = Pt/Pr, when the basic

PL is normalized away, is assumed to be random with log-normal distribution of PDF

given by [68]

fψ(ψ) =
ξ√

2πσψdB
ψ
exp

(

− (10 log10 ψ − µψdB
)2

2σ2
ψdB

)

, ψ > 0 (3.5)
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where ξ = 10/ ln(10) is a constant. The received signal strength in decibel scale, i.e.,

ψdB = 10 log10 ψ is a Gaussian random variable with mean µψdB
and variance σ2

ψdB
.

The evaluation of the mean can be based either on an analytical model or empirical

measurements. Furthermore, to jointly account for both PL and shadowing effects

we may simply combine the log-normal distributed shadowing effect with the average

PL [2, 68]
Pr
Pt

(dB) = 10 log10Kc − 10β log10

(
d

d0

)

− ψdB. (3.6)

3.1.3 Multipath Fading

In wireless mobile communication systems, a signal emitted from the transmitter ar-

rives at the receiver over multiple paths. Multipath arises because the propagated

signal is reflected, diffracted, and scattered by the objects in the channel environ-

ment. Example of such obstructions of the signal path includes, e.g., buildings,

trees, and cars in outdoor settings, and walls, furniture, and people in indoor set-

tings [1, 75, 76, 91]. The replicas of the signal arriving from different paths can add

up either constructively or destructively at the receiver end; thus, the signal strength

may fluctuate rapidly over time, frequency and space. This propagation phenomenon,

which results in fast and small-scale (or microscale) amplitude and phase variation, is

known as multipath fading [67,71,75]. This effect is experienced by both short-wave

radio communications as well as by other forms of radio communications systems, in-

cluding cellular telecommunications and many other users of the very-high frequency

(VHF) and ultra-high frequency (UHF) spectrum. Fig.3.1 shows an example of mul-

tipath fading where the receiver is surrounded by objects and the replicas of the

original signal arrives at the receiver from different paths with different delays and

strengths. As the mobile station (MS) moves along the street, rapid variations of the

signal are found to occur over distances of about one-half the wavelength. For N(t)

paths between the transmitter and receiver at time t the signal at the receiver can be

modeled as [2, 75]

y(t) =

N(t)
∑

i=1

αi(t)x(t − τi(t)) + n(t) (3.7)

where x(t) represents the waveform from the transmitter and αi(t) and τi(t) denote the

relative amplitude and delay of the ith path between the transmitter and the receiver

at time t, respectively, and n(t) represents the AWGN in the channel. Furthermore,

the coherence bandwidth Bc of the channel is related to the maximum delay spread
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Figure 3.1 Example of multipath fading in urban environment.

τmax which is given by [76]

Bc ⋍
1

τmax
. (3.8)

Based on the channel variation characteristics in the frequency domain, the channel

is said to be flat fading if the coherence bandwidth of the channel is much greater

than the signal bandwidth B, i.e., Bc ≫ B; otherwise, it is considered to be frequency

selective [67, 76, 91]. If the signal is narrow with respect to the channel’s coherence

bandwidth, the flat fading channels are also known as narrow-band channels [76].

3.2 Statistical Characterization of Fading Processes

Due to the complex nature of the scattering environment, precise physical modeling

of channels is practically intractable. For this reason, system designers frequently

employ statistical models to characterize the channel effects. The statistics of the

short-term signal variation can be described by a great number of distributions, such

as Rayleigh, Rice (Nakagami−n), Nakagami−m, Hoyt (Nakagami−q), and Weibull

distributions [32, 67, 76, 207]. The derivation of theses well-known distributions is

based on the assumption of a homogeneous diffuse scattering field, resulting from

randomly distributed scatterers. However, this assumption is not necessarily always

realistic since surfaces in most radio propagation environments are spatially corre-

lated [77, 78]. To address such non-homogeneous nature of the propagation medium

more generic distributions have been proposed. This includes the α−µ, the κ−µ and

the η−µ distributions [78,100,102,107]. In this section, we present an overview of the

most popular distributions used for modeling and designing wireless communication
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systems. Throughout this discussion, a narrow-band fading model is assumed. Fur-

thermore, we note that the fading gain at the input of a receiver is a RV described

by R = |α| with mean-square value Ω = E[R2] and PDF of fR(r). Moreover, the

instantaneous SNR per received symbol is described by γ = (P/N0)|α|2, where P is

the transmit power and N0 is variance of the AWGN. The corresponding average SNR

per symbol is described by γ = (P/N0)Ω. Performing a simple RV transformation

the PDF of γ can be expressed as

fγ(γ) =
fR

(√
Ωγ
γ

)

2
√

γγ
Ω

. (3.9)

Finally, the moment generating function (MGF) Mγ(s) of γ is defined by

Mγ(s) , E[exp(−sγ)] =
∫ ∞

0

exp(−sγ)fγ(γ)dγ (3.10)

where s denotes the Laplace transform parameter with s > 0.

3.2.1 Rayleigh Fading Model

Rayleigh distribution is commonly used to model multipath fading where there are

a large number of reflected paths and no direct LOS path. It is also used in analy-

sis and prediction of radio waves propagation performance for areas, such as cellular

communications in a well built-up urban environment where there are many reflec-

tions from the surrounding objects, in high frequency (HF) ionospheric radio waves

propagation [79,80], in tropospheric radio waves propagation where signals may follow

a variety of different paths [81] as well as in ship-to-ship radio links [82]. According

to the central limit theorem, if there is sufficiently large amount of scatterers, the

channel impulse response will be well-modeled as a zero mean complex , i.e., E[α] = 0

Gaussian process. In this case, the envelope of the channel fading amplitude R = |α|
can be statistically described by a Rayleigh distribution as [75]

fR(r) =
2r

Ω
exp

(

−r
2

Ω

)

, r ≥ 0. (3.11)

Using (3.9), the PDF of the instantaneous SNR per symbol of the channel, γ is given

by

fγ(γ) =
1

γ
exp

(

−γ
γ

)

, γ ≥ 0. (3.12)
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Figure 3.2 Rayleigh PDF for various values of Ω.

As can be observed from the PDF expression in (3.12), γ is distributed exponentially

with parameter 1/γ. Finally, the MGF of γ is expressed in a simple form as

Mγ(s) =
1

1 + sγ
. (3.13)

3.2.2 The Rice Fading Model

The Rice distribution, also known as Nakagami−n, is often used to model paths

consisting of a strong LOS component and weaker components in the received signal.

This model is commonly observed in micro-cellular urban and suburban land-mobile

systems [83], pico-cellular indoor [84], and factory environments [85]. It is also used

in the dominant LOS path of satellite and ship-to-ship radio links [82]. In this case,

the channel fading amplitude follows the distribution described as [76]

fR(r) =
2r(n2 + 1)

Ω
exp

(

−n2 − (n2 + 1)r2

Ω

)

I0

(

2nr

√

n2 + 1

Ω

)

, r ≥ 0 (3.14)

where n is the Nakagami−n parameter that lies in 0 ≤ n ≤ ∞, I0(·) is the modified

Bessel function of the first kind of order zero [86]. The fading parameter n is related
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Figure 3.3 Rice PDF for several values of K with Ω = 1.

to the Rice factor K by K = n2. K is defined as the ratio of the LOS (specular) to the

scattered power component. When K = 0, there is no LOS or specular component

and the fading becomes Rayleigh distributed. When K = ∞, there is no scattered

component and the channel does not exhibit any fading, i.e., it transforms to non-

fading AWGN model. Fig. 3.3 illustrates the Rice PDF for several values of K with

Ω = 1. The case with K = 0 corresponds to the Rayleigh PDF. Applying (3.9), the

PDF of the instantaneous SNR , γ, can be expressed as

fγ(γ) =
(n2 + 1)

γ
exp

(

−n2 − (n2 + 1)γ

γ

)

I0

(

2n

√

(n2 + 1)γ

γ

)

, γ ≥ 0. (3.15)

As it can be observed from the above expression, γ follows a non-central chi-square

distribution. The corresponding MGF of this fading model is expressed in a closed-

form as

Mγ(s) =
1 + n2

1 + n2 + sγ
exp

(

− n2sγ

1 + n2 + sγ

)

. (3.16)

3.2.3 The Hoyt Fading Model

The Hoyt distribution, also referred to as the Nakagami−q distribution, is commonly

used to describe the short-term signal variations in satellite links subject to strong



3.2. STATISTICAL CHARACTERIZATION OF FADING PROCESSES 35

ionospheric scintillation [87,88], in multipath wireless links with heavy shadowing [89]

or in general in those fading conditions which are more severe than the Rayleigh.

Physically, it accounts for case of enriched multipath fading with the absence of a

dominant component. The distribution considers the in-phase and quadrature sig-

nal components as zero-mean Gaussian with arbitrary variances. The probability

distribution for the envelope of the received signal is given by [76]

fR(r) =
(q2 + 1)r

qΩ
exp

(

− (q2 + 1)2r2

4q2Ω

)

I0

(
(1− q4)r2

4q2Ω

)

r ≥ 0 (3.17)

where q is the Nakagami−q fading parameter which ranges from 0 to 1. The distribu-

tion spans from the worst case scenario of the one-sided Gaussian fading with q = 0

to the Rayleigh fading case with q = 1. With the aid of (3.9), it can be shown that

the SNR is distributed according to

fγ(γ) =
q2 + 1

2qγ
exp

(

− (q2 + 1)2γ

4q2γ

)

I0

(
(1 − q4)γ

4q2γ

)

, γ ≥ 0. (3.18)

Furthermore, the MGF of γ is expressed in a closed-form as

Mγ(s) =

[

1 + 2sγ +
(2sγ)2q2

(1 + q2)2

]− 1
2

. (3.19)

3.2.4 Nakagami−m Fading Model

The Nakagami−m fading model is a more general model that better fits to experi-

mental measurements of different environments. Specifically, it gives the best fit to

land-mobile and indoor mobile multipath propagation environment [77, 91], in scin-

tillating ionospheric radio links [80,92], in satellite-to-indoor and satellite-to-outdoor

radio waves propagation [93, 94]. Moreover, it is mathematically tractable since it

leads to convenient closed-form analytical expressions when investigating the perfor-

mance of some important wireless communication systems. In this fading model, the

PDF of the fading envelope is given by [90]

fR(r) =
2mmr2m−1

ΩmΓ(m)
exp

(

−mr
2

Ω

)

, r ≥ 0 (3.20)

where m is the Nakagami−m fading parameter that ranges from 1/2 to ∞. Fig. 3.4

shows the Nakagami−m PDF for Ω = 1 and different values of the fading parameter.

The PDF of the SNR per symbol γ is distributed according to a gamma distribution



36 3. FADING CHANNELS AND DIVERSITY COMBINING TECHNIQUES

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Fading Amplitude, r

P
ro

ba
bi

lty
 D

en
si

ty
 F

un
ct

io
n 

(P
D

F
)

 

 

m = 5

m = 2

m = 1

m = 1/2

Figure 3.4 Nakagami−m PDF for different values of the fading parameter m with
Ω = 1.

given by

fγ(γ) =
mmγm−1

γmΓ(m)
exp

(

−mγ
γ

)

, γ ≥ 0. (3.21)

Moreover, it can be easily shown that the MGF of γ is given by

Mγ(s) =

(

1 +
sγ

m

)−m
. (3.22)

The Nakagami−m distribution can model fading conditions that are either more

or less severe than Rayleigh fading. When m = 1, the Nakagami−m distribution

becomes the Rayleigh distribution, while when m = 1/2 it becomes a one-sided Gaus-

sian distribution. In the limit as m → ∞, the distribution converges to nonfading

AWGN channel [76]. By one-to-one mapping between the Hoyt fading parameter

q and the Nakagami−m fading parameter m the model closely approximates Hoyt

(Nakagami−q) for m < 1 as

m ≈ (1 + q2)2

2(1 + 2q4)
, m ≤ 1. (3.23)

Similarly, when m > 1 the Rice distribution can be closely approximated using the
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following mapping between the Rice factor K and the Nakagami shape factor m [76]

as

K ≈
√

m2 −m+m− 1, m ≥ 1 (3.24)

m ≈ (K + 1)2

2K + 1
, K ≥ 0. (3.25)

3.2.5 The Weibull Fading Model

Weibull is a simple and flexible statistical model that effectively describes multipath

fading for both indoor and outdoor propagation environment [95,96]. It also provides

a better fit to the empirical measurement data for 900MHz-band mobile radio chan-

nels, ultrawide-band fading channels [97], and 5GHz-band vehicle-to-vehicle (V2V)

channels [98]. In this fading model, the PDF of the fading envelope is given by [76]

fR(r) =
b

(ΛΩ)b/2
rb−1 exp

(

−
(
r2

ΛΩ

)b/2
)

, r ≥ 0 (3.26)

where b > 0 is the fading parameter and Λ = 1/Γ(1 + 2/b). This model reduces to

the Rayleigh fading model when b = 2 and when b = 1, it reduces to an exponential

distribution with parameter 1/
√
ΛΩ. Fig. 3.5 shows the Weibull PDF for Ω = 1 and

different values of the fading parameter b. The corresponding SNR per symbol has

PDF given by

fγ(γ) =
b

2(Λγ)b/2
γb/2−1 exp

(

−
(
γ

Λγ

)b/2
)

, γ ≥ 0. (3.27)

One can observe that γ also follows a Weibull distribution, but with parameter b/2

instead of b. For b > 0, the MGF of γ can be expressed in a closed-form as [99]

Mγ(s) =
b

2

l b/2
√

k/l

(Λγ̄s)b/2(
√
2π)k+l−2

Gk,l
l,k

(

l l/k k

(Λγ̄s)kb/2
I(l, 1− b/2)

I(k, 0)

)

. (3.28)

In the above expression, Gk,ll,k(·) is the Meijer G-function [104], I(n, ξ) = ξ/n, (ξ +

1)/n, · · · , (ξ + n − 1)/n and k and l are positive integers such that l/k = b/2 with

GCD (l, k) = 1 (greater common divisor). It is also noted that the Meijer’s G-function

is available as a built-in function in many mathematical software packages, such as

MATHEMATICA, MAPLE and MATLAB.
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Figure 3.5 Weibull PDF for different values of the fading parameter b with Ω = 1.

3.3 Generalized Fading Models

In many practical cases, situations are encountered for which no distributions seem

to adequately fit experimental data, though one or another may yield a moderate

fitting. For example, the well-known Nakagami−m distribution does not seem to

yield a good fitting to experimental data at its tail, while better fitting is being ob-

served around the mean or median [105]. As already mentioned previously, the well-

known distributions have been derived by assuming a homogeneous diffuse scattering

field, resulting from randomly distributed point scatterers. With such an assump-

tion, the central-limit theorem leads to complex Gaussian processes, with in-phase

and quadrature Gaussian-distributed variables having zero means and equal standard

deviations [78]. To account for the non-homogeneous nature of the surfaces, recently

alternative generic fading models, such as α−µ, κ−µ and η−µ distributions have been

proposed [78, 100, 107]. These distributions fit well to experimental data and include

as special cases the well-known distributions presented above.

3.3.1 α−µ Fading

The α−µ, also known as the Stacy fading model, is a general, flexible and mathe-

matically tractable distribution that accounts for the non-linearity of a propagation
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medium as well as for the multipath clustering of the radio waves by rewriting the

Stacy distribution in terms of two physical fading parameters, namely, α and µ [100].

The usefulness of the model has recently been verified in practice [102] through field

measurements in both isotropic and anisotropic environments. In this fading model,

the PDF of the fading envelope is given by [100, 101]

fR(r) =
αrαµ−1

(Ωτ)αµ/2Γ(µ)
exp

(

−
(
r2

Ωτ

)α/2
)

, r ≥ 0 (3.29)

where τ = Γ(µ)/Γ(µ + 2/α), α > 0 denotes the non-linearity parameter and µ >

0 is related to the number of multipath clusters. Under some special cases, the

fading model can reduce to other distributions, such as Rayleigh (α = 2, µ = 1),

Nakagami−m (α = 2, µ = m) and Weibull (α = b, µ = 1). The PDF of γ for this

distribution can be expressed as

fγ(γ) =
αγαµ/2−1

2 Γ(µ) (τγ)αµ/2
exp

(

−
(
γ

τγ

)α/2
)

, γ ≥ 0. (3.30)

The MGF of γ can be expressed in a closed-form as [103]

Mγ(s) =
α

2Γ(µ)(τγs)αµ/2
k1/2l

αµ−1
2

(2π)
l+k−2

2

Gk,ll,k

((
ll/kk

(τγs)kα/2

)
I(l, 1− αµ/2)

I(k, 0)

)

. (3.31)

Here, α/2 = l/k , where l and k are positive integers with GCD (l, k) = 1 . This

MGF result is a general result that can reduce easily into other MGF expressions

for different channel models, such as Rayleigh, Nakagami−m and Weibull as special

cases.

3.3.2 κ−µ Fading Model

The κ−µ fading model is a generic and flexible fading model that represents the

small-scale variations of the signal fading under a LOS propagation scenario. This

model considers a signal composed of clusters of multipath waves propagating in a

non-homogeneous environment [78, 107, 206, 207]. The phases of the scattered waves

within any one cluster are random and they have similar delay times. It is also

assumed that the delay-time spreads of different clusters are relatively large. The

clusters of multipath waves are assumed to have scattered waves with identical powers,

but within each cluster a dominant component is found, which presents an arbitrary

power [78]. The flexibility of the model renders it to be suitable and to better fit to field
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Table 3.2 Common fading distributions obtained from the κ−µ distribution.

Fading Distributions Parametrs of κ−µ Distribution
One-Sided Gaussian µ = 0.5, κ→ 0

Rayleigh µ = 1, κ→ 0
Nakagami−m (with shapping parametr m) µ = m,κ→ 0

Rice (with shapping parametr K) µ = 1, κ = K

measurements data in variety of scenarios, both for low and high-order statistics [106].

As implied by its name, the distribution is controlled by two physical parameters,

namely, κ and µ. The parameter κ is defined as the ratio between the total power

of the dominant components and the total power of the scattered waves, whereas the

parameter µ is related to the multipath clustering. In this fading model, the PDF of

the fading envelope is given by [78]

fR(r) =
2µ(1 + κ)

µ+1
2 rµ

κ
µ−1
2 exp(µκ)Ω

µ+1
2

exp

(

−µ(1 + κ)r2

Ω

)

Iµ−1

(

2µr

√

κ(1 + κ)

Ω

)

, r ≥ 0

(3.32)

where κ > 0, µ > 0 given by µ = E2[R2](1 + 2κ)/(V [R2](1 + κ)2), Iν is the modified

Bessel function of the first kind of order ν [86]. The κ−µ distribution is an extremely

versatile fading model which contains other important distributions as special cases.

Table 3.2 reflects the parameter specializations that allow us to obtain the One-Sided

Gaussian, Rice (Nakagami−n), Nakagami−m and Rayleigh distributions from the

two shaping parameters κ and µ. The PDFs for different parameter combinations are

plotted in Fig. 3.6 and Fig. 3.7, respectively. Fig. 3.6 represents the PDF of the

distribution for fixed µ and different values of κ, whereas Fig. 3.7 illustrates for fixed

κ and various values of µ. The PDF of the instantaneous SNR γ can be expressed as

fγ(γ) =
µ(κ+ 1)

(µ+1)
2 γ

(µ−1)
2

κ
(µ−1)

2 exp (µκ)γ̄
(µ+1)

2

exp

(

−µ(κ+ 1)γ

γ̄

)

Iµ−1

(

2µ

√

κ(κ+ 1)γ

γ̄

)

, γ ≥ 0.

(3.33)

Furthermore, the MGF of γ is expressed in closed-form as [107]

Mγ(s) =
(1 + κ)µµµ

[sγ + (1 + κ)µ]µ
exp

(
µ2κ(1 + κ)

sγ + µ(1 + κ)
− µκ

)

. (3.34)
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Figure 3.6 κ−µ PDF for various values of κ and fixed µ with Ω = 1.
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Figure 3.7 κ−µ PDF for various values of µ and fixed κ with Ω = 1.
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3.3.3 η−µ Fading Model

The η−µ fading model is a general fading model that can be used to better represent

the small-scale variations of the fading signal in NLOS communication scenarios.

Similar to the κ−µ case, this model also considers a signal composed of clusters of

multipath waves propagating in non-homogeneous environment. The phases of the

scattered waves within any one cluster are random and they have similar delay times.

It is also assumed that the delay-time spreads of different clusters are relatively large.

This fading model is described by the two named parameters, η and µ, and it is valid

for two different formats that correspond to two physical models. In both formats,

the parameter µ is related to the number of multipath clusters in the environment,

whereas the parameter η is related to the ratio of the powers in Format-1 or correlation

in Format-2 between the multipath waves in the in-phase and quadrature components

[78, 108]. In this fading model, the PDF of the fading envelope is given by [78]

fR(r) =
4
√
π µµ+

1
2 hµr2µ

Γ(µ)Hµ− 1
2 Ωµ+

1
2

exp

(

−2µhr2

Ω

)

Iµ− 1
2

(
2µHr2

Ω

)

, r ≥ 0 (3.35)

where µ > 0 which is given by µ = E2[R2] (1 + (H/h)
2
)/2V [R2] and h andH are given

in terms of η in two formats. In Format-1, the in-phase and quadrature components of

the fading signal within each cluster are assumed to be independent from each other

and to have different powers where the parameter 0 < η < ∞ is the scattered waves

power ratio between the in-phase and quadrature components of each cluster. In this

case, h = (2 + η−1 + η)/4 and H = (η−1 − η)/4. It can be easily shown that within

this format, H/h = (1 − η)/(1 + η). On the other hand, in Format-2 the in-phase

and quadrature components of the fading signal within each cluster are assumed to

have identical powers and to be correlated with each other where −1 < η < 1 is

the correlation coefficient between the in-phase and quadrature components. In this

case, h = 1/(1 − η2) and H = η/(1 − η2), then H/h = η. With the aid of bilinear

transformation, the parameter of one format can be obtained from the other. In this

regard, η1 = (1− η2)/(1+ η2) or, equivalently, η2 = (1− η1)/(1+ η1) where η1 and η2

corresponds to the parameters of Format-1 and Format-2, respectively. The PDFs of

the envelope for different parameter combinations are plotted in Fig. 3.8 and Fig.3.9.

Specifically, Fig. 3.8 represents the PDF of the distribution for fixed η and different

values of µ, whereas Fig. 3.9 illustrates for fixed µ and various values of η. The PDF

of instantaneous SNR per symbol γ is distributed as

fγ(γ) =
2
√
π µµ+

1
2 hµγµ−

1
2

Γ(µ)Hµ− 1
2 γµ+

1
2

exp

(

−2µγh

γ

)

Iµ− 1
2

(
2µHγ

γ

)

, γ ≥ 0. (3.36)
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Table 3.3 Relation between η−µ distribution and other common fading distribu-
tions.

Fading Distribution Format-1 Format-2
η − µ h = (1 + η−1 + η)/4 h = 1/(1− η2)

H = (η−1 − η)/4 H = η/(1− η2)
Nakagami−m µ = m, η → 0 or η → ∞ η → ±1

µ = m/2, η → 1 η → 0
Nakagami−q (Hoyt) µ = 0.5, η = q2 q2 = (1 − η)/(1 + η)

Rayleigh µ = 0.5, η = 1 µ = 0.5, η = 0
One-Sided Gaussian µ = 0.5, η → 0 or η → ∞ µ = 0.5, η → ±1

By varying the values of η and µ, the η−µ distribution can cover the whole range of

conditions that are typically encountered in modeling fading scenarios. For example,

considering the case where the in-phase and quadrature components are identically

distributed, i.e., η = 1 the η−µ PDF reduces to the Nakagami−m PDF with fading

parameter of m = 2µ [78]. Table 3.3 depicts the reduction of the η−µ distribution to

the other important distributions, such as One-Sided Gaussian, Hoyt (Nakagami−q),
Nakagami−m and Rayleigh distributions under some typical special cases. Further-

more, it has been shown in [109] that the model accurately approximates the sum of

independent non-identical Hoyt envelopes having arbitrary mean powers and arbitrary

fading degrees. Finally, the MGF of γ in a closed-form is given as [107]

Mγ(s) =

(
4µ2h

(2(h−H)µ+ sγ̄)(2(h+H)µ+ sγ̄)

)µ

. (3.37)

3.3.4 Inverse Gaussian Distribution

The inverse Gaussian (IG) distribution (also known as the Wald distribution) is a two-

parameter family of continuous probability distribution that better models shadowing

effects in wireless communications. As mentioned previously, shadowing phenomenon

are also modeled by the log-normal distribution. However, there exist real situations

for which the log-normal distribution seems not to adequately fit the experimental

data, although one or another may yield a moderate fitting. In the IG model, the

instantaneous SNR has the following PDF [110]

fγ(γ) =

√

λ

2πγ3
exp

(

−λ(γ − θ)2

2θ2γ

)

. (3.38)
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Figure 3.8 η−µ PDF for various values of µ and fixed η with Ω = 1 in Format-1.
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The previous expression is valid for γ > 0, whereas λ > 0 is the shape parameter of

the distribution and θ > 0 relates to the mean value of the corresponding fluctuations

with γ = E(γ) = θ.

3.3.5 Composite Fading Models

It has been widely shown in the literature that multipath and shadowing effects

typically occur simultaneously. Based on this, several composite models have been

proposed for providing a holistic treatment of fading and are typically based on the

superposition of multipath and shadowing distributions that ultimately lead to the de-

sired PDF. Such distributions are employed in cases where the MSs are slowly moving

or stationary [67,91] and also observed in land-mobile satellite systems subject to veg-

etative and/or urban shadowing [67,76]. In this fading environment, the receiver does

not average out the envelope fading due to multipath but rather reacts to the instan-

taneous composite multipath/shadowed signal [75]. There are different approaches

and various combinations suggested in literature for deriving composite distributions

of interest. To this end, the authors in [111] formulated and derived the κ−µ/gamma

and η − µ/gamma distributions, respectively. Furthermore, α − κ − µ/gamma com-

posite distribution is proposed in [112], and is composed by the flexible α − κ − µ

non-linear generalized multipath model and the gamma shadowing model. More de-

tailed discussions on various composite statistical distributions and their applications

in digital communications over fading channels can be found, e.g., in [207] 1

3.4 Performance Metrics of Fading channels

The digital communication systems use several performance metrics to evaluate the

performance of wireless communications. In this discussion, we mention only the

performance measures that are used in this thesis as outlined below.

3.4.1 Average-Signal-to-Noise Ratio

Signal-to-noise-ratio, often written as S/N or SNR, is a measure of signal strength

relative to the background noise. SNR is usually expressed in dBs, i.e., SNR (dB)

= 10 log10(SNR). For instantaneous SNR γ at the output of a receiver with fading

effects, the average SNR is defined as

1it is noted that the present dissertation does not consider composite fading conditions. However,
the investigated topics can be also extended in this case and constitutes an interesting topic of future
research.
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γ =

∫ ∞

0

γfγ(γ)dγ. (3.39)

The average SNR can also be obtained by taking the first derivative of the MGF

expression in (3.10) with respect to s and evaluating the result at s = 0

γ =
dMγ(s)

ds

∣
∣
∣
s=0

. (3.40)

3.4.2 Outage Probability

Another important performance metric for wireless communications operated over

fading channels is the so-called OP denoted by Pout. It is defined as the probability

that the instantaneous SNR at the receiver output, γ, falls below a predefined outage

threshold γth. Using this definition, the OP can be expressed mathematically as

Pout = Pr{γ < γth} =

∫ γth

0

fγ(γ)dγ = Fγ(γth). (3.41)

For many of the well-known fading distributions, the OP can be analytically evalu-

ated using (3.41). Furthermore, Pout can be evaluated using the MGF of γ. More

specifically, using the well-known Laplace transform property, Mγ(s) = sL{Fγ(γth)},
Pout can be obtained as

Pout = L−1
{
Mγ(s)
s ; s; t

}∣
∣
∣
t=γth

. (3.42)

Importantly, the inverse Laplace transform can be performed by restoring to the

efficient Euler summation-based technique [123] or using the standard mathematical

software packages, such as MAPLE, MATHEMATICA and MATLAB.

3.4.3 Average Symbol Error Rate

This performance measure is one of the most revealing regarding the wireless sys-

tem behavior and the one most often illustrated in technical documents containing

performance evaluation of wireless communication systems. In general, evaluation

of the ASER is one of the most challenging tasks in digital communication systems.

This is because, the conditional SER on fading channels is a nonlinear function of

the instantaneous SNR, as the nature of the nonlinearity is a function of the modu-

lation/detection scheme used by the system [76]. When the end-to-end γ in a system

randomly varies, the ASER can be obtained by averaging the conditional symbol error

rate for the desired M -ary signaling schemes in an AWGN channel, P (e|γ), over the
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PDF of γ, namely

PSER =

∫ ∞

0

P (e|γ)fγ(γ)dγ. (3.43)

For our purpose, we will also use some well-known results on the MGF-based approach

to evaluate the ASER for M−PSK and M−QAM schemes. However, we note here

that at sufficiently high SNR regime the above expression can be written as [124]

PSER ≈ (GcSNR)
−Gd (3.44)

where the exponent Gd is related to the diversity gain (diversity order) and the con-

stant Gc which multiplies the average SNR denotes the coding gain. The diversity

gain determines the slope of the ASER versus average SNR curve, at high SNR, in

a log-log scale, whereas Gc (expressed in dBs) represents the horizontal shift of the

curve in SNR relative to the benchmark ASER curve of SNR−Gd [124]. Due to trans-

mit power constraints and/or regulatory requirements, increasing the diversity gain

of the system is often the only way of reducing the error probability in systems with

fading channels. Furthermore, for Rayleigh fading channels the diversity order is at

most the number of independent fading coefficients [124]. In general, the higher diver-

sity order of the system is the better is the performance of the system. The diversity

order can also be defined in terms of OP at high SNR regime [6].

3.5 Diversity Combining Techniques

As mentioned previously, diversity reception is an efficient technique for mitigating

the detrimental effects of fading in wireless communication systems at relatively low

cost. The diversity techniques are classified as microdiversity, which is the focus of

this section, and macrodiversity. Microdiversity techniques are designed to combat

short-term multipath fading effects, whereas macrodiversity techniques are designed

to mitigate long-term shadowing effects caused by obstructions, such as buildings,

trees, and hills and are generally implemented by combining signals received by sev-

eral base stations or access points [68]. The microdiversity techniques include time,

frequency or space diversity methods. In this section, we focus our discussion on

the concept of spatial diversity since it is a fundamental aspect in the cooperative

diversity systems which is the main topic of this thesis. Spatial diversity gain can

be achieved by employing diversity combining techniques at the receiver. Basically,

these combining techniques are used to combine the multiple received copies of the

same information bearing signal into an enhanced signal. As a result, the overall
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Figure 3.10 Example of a linear combiner.

SNR is increased which thus improves the radio link performance. The most popular

diversity combining methods are EGC, SC and MRC [32,68, 75, 76].

To study the performance of each diversity combining techniques, we consider

an Nr-branch diversity receiver, as shown in Fig. 3.10, operated over independent

Rayleigh flat fading environment with x denoting the transmitted symbol assuming

that E[|x|2] = 1. The signal received at the l-th, l = 1, 2, . . . , Nr, diversity branch can

be expressed as

yl =
√
P |αl| exp(jθl)x+ nl. (3.45)

In the above expression, the term αl = |αl| exp(jθl) describes the fading coefficient in

each branch with phase-angle θl. Assuming the I-CSI, i.e., the set of fading coefficients

{α1, α2, . . . , αNr} is known at the receiver, the receiver linearly combines the received

signals before performing signal detection to obtain a combined signal of the form

z =

Nr∑

l=1

vlyl. (3.46)

The weighting factors, vl, can be determined according to the diversity combining

technique used. Notice that while the basic diversity combining discussion is here

focusing on a classical multiantenna receiver, the diversity combining processing in

the receiver of the cooperation communication system is addressed in Subsection 3.5.4.

3.5.1 Equal-Gain Combining

In this scheme, the signals received on the Nr diversity branches are co-phased

and then combined with equal weighting factor of vl = exp(−jθl). This scheme
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achieves phase coherence at the receiver; thus, increases considerably the received

signal strength. The SNR of the combiner output, assuming equal N0 in each branch,

is given by [2, 68]

γEGC =
P
(
∑Nr

l=1 |αl|
)2

NrN0
(3.47)

The CDF and PDF of γEGC for Nr > 2 do not exist in a closed-forms. However,

for the independently identically distributed (i.i.d) Rayleigh fading with two-branch

diversity (Nr = 2), the CDF in terms of the well-known Q function is given by [68,75]

FγEGC(γ) = 1− e−2 γ
γ −

√
πγ

γ
e−

γ
γ

(

1− 2Q

(√
2γ

γ

))

. (3.48)

The resulting OP can be expressed as

Pout = 1− e−2
γth
γ −

√
πγth
γ

e−
γth
γ

(

1− 2Q

(√
2γth
γ

))

. (3.49)

3.5.2 Selection Combining

In the EGC scheme, a considerable increase in SNR can be achieved by co-phasing

the signals. However, in practice this is difficult to achieve as the phase of the channel

varies rapidly over time. In such case, the signals cannot be necessarily perfectly co-

phased and the addition of the signals may result in destructive interference and loss

in diversity. An alternative approach is to adopt the SC technique where the combiner

outputs the signal of the branch with the highest SNR. Since only one branch output

is used, co-phasing of multiple branches is not required, so this scheme can be used

with either coherent or differential modulation [68, 75]. In this scheme, the diversity

combiner performs the following operation to select the branch with the maximum

SNR

γSC = max
l,...,Nr

γl. (3.50)

Based on order statistics, the CDF of the SC can be expressed as

FγSC(γ) = Pr{γSC ≤ γ} = Pr{max
l

γl ≤ γ} =

Nr∏

l=1

Pr{γl ≤ γ}. (3.51)
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Figure 3.11 Outage probabilities of the selection combining scheme with i.i.d.
Rayleigh fading.

Using the PDF for the exponential distribution in (3.12), the OP for identical γ in all

diversity branches can be expressed as

Pout(γth) =

Nr∏

l=1

(

1− e−
γth
γ

)

=
(

1− e−
γth
γ

)Nr

.

(3.52)

At sufficiently high SNR, the above expression can be expressed [2, 68]

Pout ≈
(
γth
γ

)Nr

. (3.53)

The SC scheme achieves diversity order of Nr which is the number of receive antennas.

Fig. 3.11 shows the OP of SC versus SNR for γth = 0dB. It can be observed that the

decaying rate of the OP increases with the number of receive antennas. The coding

gain is more significant from Nr = 1 to Nr = 2 and this advantage is not increasing

linearly as the number of diversity branches increases.
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Figure 3.12 Outage probabilities of the maximal-ratio combining scheme with i.i.d.
Rayleigh fading.

3.5.3 Maximal Ratio Combining

Both EGC and SC utilize the CSI to determine the weighting factors. However, the

weighting factors applied in these schemes are not optimal in the sense of output SNR.

To choose the weighting factors optimally, the MRC scheme is employed. MRC is an

optimal linear combining technique that attains the highest SNR among any combin-

ing scheme regardless of the fading distribution [76]. In this scheme, the weighting

factors that maximize the SNR, which minimizes the OP are given by [2]

vl =
α∗
l

N0
=

|αl| exp(−jθl)
N0

. (3.54)

Here, the signals are weighted according to their local channel quality and are co-

phased to achieve phase-coherent addition of signals at the receiver. Using (3.45) and

(3.54), the output of the MRC combiner can be expressed as

zMRC =

Nr∑

l=1

vl(
√
Pαlx+ nl)

=
√
P

(
Nr∑

l=1

|αl|2
N0

)

x+

Nr∑

l=1

α∗
l

N0
nl.

(3.55)
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The resulting SNR is computed as [68, 75, 76]

γMRC =
P
(
∑Nr

l=1 |αl|2/N0

)2

∑Nr

l=1 |αl|2/N0

=

Nr∑

l=1

γl.

(3.56)

Thus, the SNR of the combiner output is the sum of SNRs on each branch. It can

be observed that the MRC scheme achieves the maximum SNR among all linear

combining schemes.

Assuming i.i.d. Rayleigh fading on each branch with equal average branch SNR

of γ̄, the distribution of γMRC is chi-squared with 2Nr degrees of freedom, mean Nrγ̄,

variance 2Nrγ̄ and with the PDF given by [68]

fγMRC(γ) =
γNr−1e−γ/γ̄

γ̄Nr(Nr − 1)!
, γ ≥ 0. (3.57)

The corresponding OP can be computed as

Pout = Pr{γMRC ≤ γth} =

∫ γth

0

fγMRC(γ)dγ = 1− e−γth/γ̄
Nr∑

l=1

(γth/γ̄)
l−1

(l − 1)!
. (3.58)

Furthermore, the OP at sufficiently high SNR regime can be approximated as [68,75]

Pout ≈
1

Nr!

(
γth
γ̄

)Nr

. (3.59)

The above expression reveals that the MRC scheme achieves a full diversity order of

Nr similar to that of SC scheme. However, an extra gain of (10/Nr) log10(Nr!) dB can

be obtained by using the optimal MRC scheme. Fig. 3.12 depicts the OP as a function

of SNR of the MRC scheme for γth = 0dB with different Nr. By comparing Fig. 3.11

and Fig. 3.12 at the same OP, we can observe that the MRC scheme achieves higher

gain than the SC scheme. For instance, at Pout = 10−4 the MRC scheme outperforms

the SC scheme by about 6.6 dB when Nr = 10. Extensive performance comparison

between SC, EGC and MRC in terms of BER can be found in [76].
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3.5.4 Diversity Combining at Destination Node in Coopera-

tive Communications

It has already been mentioned that combining received signals at the receiver results

to significant performance increase. To this effect, any of the combining methods

discussed in Section 3.5 can be used to combine the direct and relayed signals over

orthogonal channels in cooperative transmission schemes instead of across different

antennas. For example, the received signals yS,D and yR,D can be combined across

two time-slots in a time-based cooperative system that uses any of the relaying strate-

gies discussed in Section 2.4. The MRC combining technique is considered the most

effective as it attains the highest SNR among combining methods. To this effect, it

can be employed in maximizing the received SNR at the destination in a cooperative

system. In this context, the signals received in Phase I and Phase II are multiplied

by the weighting coefficients v1 and v2 to obtain the received signal at the destination

as [31]

yD = v1yS,D + v2yR,D (3.60)

where the factors v1 and v2 are determined such that the SNR of the MRC output

is maximized. Here, the signals are weighted according to their local channel quality

and are co-phased to achieve phase-coherent addition of signals at the destination.

In what follows, the MRC scheme will be used to optimally combine the direct and

relayed signals at the destination in the single and multi-relay regenerative cooperative

systems in Chapter 4 and Chapter 5, respectively.





Chapter 4

Error Analysis and

Energy-Efficiency

Optimization of Regenerative

Relay Systems under Spatial

Correlation

In this chapter, we investigate the error rate analysis and EE optimization of regen-

erative cooperative networks in the presence of multipath fading under spatial corre-

lation. Exact and asymptotic expressions are, first, derived for the SER of M−QAM

and M−PSK modulations assuming a dual-hop DF relay system, spatially correlated

paths, Nakagami−m multipath fading and MRC scheme. The derived expressions are

subsequently employed in quantifying the energy consumption of the considered sys-

tem, incorporating both transmit energy and the energy consumed by the transceiver

circuits, as well as in deriving the OPA formulations for minimizing energy consump-

tion under certain QoS requirements. A relatively harsh PL model that also accounts

for realistic D2D communications is adopted in numerical evaluations and various

useful insights are provided for the design of future low-energy wireless network de-

ployments. All the results and analysis presented in this chapter are based on the

author’s published work in [113, 114].

55
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REGENERATIVE RELAY SYSTEMS UNDER SPATIAL CORRELATION

4.1 Background and Overview of Contributions

Future wireless networks are expected to support high-speed data transmission, effi-

cient wireless access, high QoS and reliable network coverage with reduced processing

time and energy as well as widespread use of smart phones and other intelligent mo-

bile devices. However, the currently witnessed scarcity of fundamental resources, such

as power and bandwidth, constitutes a significant challenge to satisfy these demands

while as mentioned in the previous chapter the wireless channel impairments such

as multipath fading, shadowing and interference degrade information signals during

wireless propagation. Furthermore, most wireless devices, such as terminals of mobile

cellular, ad-hoc and wireless sensor networks, which are widely used in battlefield

monitoring, environmental data collection, health care monitoring, disaster manage-

ment and in other related devices, all the nodes cooperate with each other to execute

the task are typically powered by small energy constrained batteries where replace-

ment is rather difficult and costly [125, 126]. Therefore, finding a robust strategy for

EE transmission and minimized energy consumption per successfully communicated

information bit is essential in effective design and deployment of wireless systems.

This accounts, for example, for cases such as low-energy sensor networks in ecological

environment monitoring as well as energy consumption in infrastructure devices of cel-

lular systems. In addition, it is in line with global policies and strategies on low energy

consumption and awareness on environmental issues which, among others, has led to

the rapid emerge of green communications with the objective of designing energy-

efficient wireless systems without sacrificing the user QoS requirements [127, 128].

Multi-antenna communication system have shown their effectiveness in increasing

network capacity by exploiting the spatial diversity with multiple antennas. However,

this typically comes at a cost of complex transceiver circuitry and large amount of

signal processing power that may lead to large power consumption at the circuit level.

Furthermore, it is not currently feasible to embody large multi-antenna systems at

hand held terminals due to spatial restrictions. As a result, cooperative communica-

tion systems have been proposed as an alternative solution. These systems improve

coverage as well as performance under fading effects and have attracted significant

attention due to their ability to overcome the limitations of the resource constrained

wireless access networks, e.g., [6,8,118,129–138]. In addition, cooperative communica-

tion has shown its effectiveness in establishing the new emerging cellular technologies

of D2D communication, which is a promising component of the LTE-Advanced sys-

tems for supporting peer-to-peer services, enhancing spectrum utilization, increasing

cellular capacity, improving the user throughput, and for extending the battery life-
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time of UEs [139,140]. The key feature of cooperative communications is that wireless

agents, share and coordinate their resources for relaying messages to each other and

for transmitting information signals over the numerous independent paths in the wire-

less network instead of competing for them, which ultimately enhances information

transmission quality over the unreliable wireless channel. In this context, various

resource allocation algorithms and techniques have been proposed for improving the

EE of resource constrained wireless networks. Specifically, Cui et al. [141] analyzed

energy-efficient DT adopting higher-level modulation for short distances, where cir-

cuit power is more dominant than transmission power. It was also suggested that high

energy reduction can be achieved by optimizing the transmission time and the modu-

lation parameters, particularly for short transmission distances. Devarajan et al. [142]

addressed the OPA and throughput transmission strategy for minimizing the total en-

ergy consumption required to transmit a given number of bits. In [143], minimization

of two-hop transmission energy with joint relay selection and power control was pro-

posed for two policies: 1) for minimizing the energy consumption per data packet; and

2) for maximizing the network lifetime. In the same context, [144–148] addressed the

modulation optimization for minimizing the total energy consumption for M−QAM,

whereas energy-efficient cooperative communication in clustered sensor networks was

investigated in [149]. EE in cooperative networks was also analyzed in [150–157] by

optimizing the energy consumption. This was based on the involved relay decoding

strategy, modulation parameters, number of relay nodes and their distance from the

source and the destination nodes. Likewise, an energy-efficient scheme was proposed

in [158] by exploiting the wireless broadcast nature and the node overhearing capa-

bility, whereas an optimal energy-efficient strategy based on the cooperative network

parameters and transmission rate was reported in [159]. In the same context, the

EE of cooperative and non-cooperative wireless sensor networks for given end-to-end

throughput requirements was investigated in [160]. Finally, [161] analyzed realistic

scenarios of energy-efficient infrastructure-to-vehicle communications.

It is also widely known that fading phenomena constitute a crucial factor of

performance degradation in conventional and emerging wireless communication sys-

tems. Based on this, numerous investigations have addressed the effect of differ-

ent types of fading conditions on the performance of cooperative communications,

e.g., [26, 30, 39, 131, 135, 138, 166, 167]. However, the vast majority of the reported

investigations assume that the involved communication paths are statistically inde-

pendent to each-other. Nevertheless, this assumption is rather simplistic as in re-

alistic cooperative communication scenarios the wireless channels may be spatially

correlated, which should be taken into account particularly for deployments relating
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to low-energy consumption requirements. Based on this, the spatial correlation in

relay communications over fading channels was addressed in [168], whereas [169] in-

vestigated the performance of a DF system with M−PSK modulated signals in triple

correlated branches over Nakagami−m fading channels using selection combining. In

the same context, [170] analyzed the performance of a DF system with orthogonal

space time transmission over spatially correlated Nakagami−m fading channels for in-

teger values ofm . The performance of a two hop AF relay network with beamforming

and spatial correlation for the case that the source and destination are equipped with

multiple antennas while the relay is equipped with a single antenna was investigated

in [171]. Likewise, spatial correlation in the context of indoor office environments

and multi-antenna AF relaying with keyhole effects was analyzed in [172] and [173],

respectively. Furthermore, the authors in [174–178] analyzed the effects of spatial cor-

relation on the performance of fixed relaying schemes. However, in the aforementioned

investigations as well as in the related analysis that exists in literature, a comprehen-

sive exact and asymptotic error rate analysis for regenerative systems over spatially

correlated channels using MRC as well as a detailed EE analysis and optimization,

have not been reported in the open technical literature.

Motivated by the above, the aim of this chapter is twofold. First, we derive exact

analytic expressions for the SER of a two-hop DF relay system over spatially corre-

lated Nakagami−m fading channels for both M−QAM and M−PSK constellations

along with simple and accurate asymptotic expressions for high SNR values. Sec-

ond, we provide a comprehensive analysis of EE and the corresponding optimization

in terms of power allocation between cooperating devices by minimizing the average

total energy consumption under given constraints of target BER and total transmit

power of the system.

In more details, the technical contributions of this chapter are as follows:

• Exact expressions are derived for the end-to-end SER ofM−QAM andM−PSK

based dual-hop regenerative relay network systems with MRC reception over

Nakagami−m multipath fading channels with arbitrary spatial correlation be-

tween source-destination (S-D) and relay-destination (R-D) links.

• Simple asymptotic expressions are derived for the above scenarios for high SNR

values.

• The offered analytic results are employed in the comprehensive energy optimiza-

tion analysis based on minimizing the average total energy consumption of the

overall regenerative relay network under a given QoS target, in terms of BER,

and maximum transmit power constraints.
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Figure 4.1 A dual-hop cooperative single relay model.

4.2 System and Channel Model

We consider a two-hop cooperative radio access system model consisting of source

node (S), a relay node (R) and a destination node (D), where each node is equipped

with a single antenna, as illustrated in Fig. 4.1. Without loss of generality, the system

can represent both a conventional and emerging communication scenarios such as, for

example, a mobile ad-hoc network or a V2V communication system. The cooperative

strategy is based on a HD-DF relaying where transmission is performed using time

division multiplexing. It is also assumed that the destination is equipped with MRC

reception and that information signals are subject to multipath fading conditions that

follow the Nakagami−m distribution1

In phase I, the source broadcasts the signal to both destination and relay nodes

and the corresponding received signals can be expressed as

yS,D =

√

PS
PLS,D

αS,Dx+ nS,D (4.1)

and

yS,R =

√

PS
PLS,R

αS,Rx+ nS,R (4.2)

respectively, where PLS,D and PLS,R denote the PL values in the S-D and S-R paths,

respectively. The transmitted symbol, x, is normalized to unit energy in the first

transmission phase. The relay checks whether the received signal can be decoded cor-

rectly which can be, for example, realized by examining the included cyclic-redundancy-

check (CRC) digits or the received SNR levels [167, 168]. Based on this, if the signal

is successfully decoded, the relay forwards it to the destination during phase II with

power P̄R = PR; otherwise, the relay does not transmit and remains idle with P̄R = 0.

1It is noted that the considered system requires the least resources in terms of bandwidth and
power compared to multi-relay assisted transmission and thus, it can be adequate for low complexity
and low-energy wireless networks.
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Hence, the signal at the destination during phase II can be represented as follows:

yR,D =

√

P̄R
PLR,D

αR,Dx+ nR,D (4.3)

where PLR,D is the PL of the R-D path. Finally, the destination combines the received

direct and relayed signals based on MRC principle where the combined SNR can be

expressed as follows [168, 179]:

γMRC =

(
PS

PLS,D

)

|αS,D|2 +
(

P̄R

PLR,D

)

|αR,D|2

N0
. (4.4)

The fading between the devices is assumed to follow the Nakagami−m distribu-

tion. As explained in the previous chapter, the channel power gains |αS,D|2, |αS,R|2

and |αR,D|2 follow the gamma distribution with different power parameters, 1/ΩS,D,

1/ΩS,R, 1/ΩR,D, and fading parameters of mS,D, mS,R and mR,D, respectively.

In the considered regenerative system, arbitrary spatial correlation is assumed to

exist between the S-D and R-D paths, as also adopted in the semi-analytical contri-

bution of [168]. This assumption is an extension beyond classical totally uncorrelated

fading scenarios, and can be considered realistic, particularly when the source and

relay are relatively close to each other and when the relay is not necessarily aligned

with the source and destination i.e. the S-R path is practically shorter than R-D

and S-D paths. In addition, the relay forwards information signals to the destination

only upon successful decoding and thus, it is realistic to quantify the effects of spatial

correlation at the destination i.e. between S-D and R-D paths, as the final decoding

result at D naturally depends on the reliability of both of these observations. To this

effect, the corresponding MGF for the case of Nakagami−m is given as follows: [76]

M(s) =




1 +

(
γS,D

PLS,D
+

γR,D

PLR,D

)

m
s+

(1−ρ)γS,DγR,D

(PLS,D
PLR,D

)

m2
s2






−m

(4.5)

where γS,D and γR,D are the corresponding average SNR values and

ρ =
Cov(|αS,D|2, |αR,D|2)

√
Var(|αS,D|2)Var(|αR,D|2)

(4.6)

represents the correlation coefficient [76, 90]. It is acknowledged that other practical

impairments, such as co-channel interference, are not considered in this analysis.
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4.3 SER for M−QAM Modulation over Nakagami−m

Fading with Spatial Correlation

This section is devoted to the error probability analysis of the dual-hop DF based

cooperative network over Nakagami−m fading channels with spatial correlation be-

tween the direct and the relay-destination paths. To this effect and assuming MRC

reception, the average end-to-end SER at the destination terminal can be expressed

as [168],

PC
SER = FQAM






1
(

1 +
PSΩS,D gQAM

N0mcPLS,D
sin2 θ

)mc




FQAM






1
(

1 +
PS ΩS,R gQAM

N0mS,RPLS,R
sin2 θ

)mS,R






+FQAM






1
(

1 +
[(PSΩS,D/PLS,D

)+(PRΩR,D/ PLR,D
)] gQAM

N0mc sin2 θ +
(1−ρ)PSPRΩS,DΩR,Dg2QAM

N2
0PLS,D

PLR,D
m2

c sin4 θ

)mc






×







1− FQAM






1
(

1 +
PS ΩS,R gQAM

N0PLS,R
mS,R sin2 θ

)mS,R












(4.7)

where mc = mS,D = mR,D, gQAM = 3/2(M − 1) and

FQAM [v(θ)] =
4

π

(

1− 1√
M

)∫ π/2

0

v(θ) dθ − 4

π

(

1− 1√
M

)2 ∫ π/4

0

v(θ) dθ. (4.8)

The first term in (4.7) refers to the SER at the destination when the relay incorrectly

decodes the received signal, whereas the second term denotes the SER at the destina-

tion when the relay decodes correctly. The integral representation in (4.8) is used for

evaluating the average end-to-end SER of the system numerically. In what follows,

we first derive an exact expression for the average SER in the case of direct commu-

nication mode. This expression is subsequently employed in the derivation of exact

expressions for the average SER of M−QAM and M−PSK modulated regenerative

systems over Nakagami−m fading channels with spatial correlation. Furthermore, it

is used in the analysis of the energy consumption model and energy minimization

in Section 4.6 as it allows the derivation of an accurate expression for the energy

consumption in the DT, which acts as a benchmark in the evaluation of the energy

reduction of the cooperative system under certain QoS requirement and total maxi-
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mum transmit power constraints.

4.3.1 Exact SER for the Direct Transmission

Here, we derive an exact expression for the average SER of the DT scheme for

M−QAM constellations, which is particularly useful for the subsequent error and

EE analysis of the considered system. 2

Theorem 1. For PS , PLS,D ,ΩS,D, N0, gQAM ∈ R
+, M ∈ N and mS,D ≥ 1

2 , the SER

of M−QAM scheme for DT scheme can be expressed as

PD
SER =

2(
√
M − 1)N

mS,D

0 m
mS,D

S,D PLS,D√
πM(mS,DN0PLS,D + PSΩS,DgQAM)mS,D

×
{

Γ
(
mS,D + 1

2

)

Γ(mS,D + 1)
2F1

(

mS,D,
1

2
;mS,D + 1;

mS,DN0PLS,D

mS,DN0PLS,D + PSΩS,DgQAM

)

+

√
2(
√
M − 1)√
π

F1

(
1

2
;
1

2
−mS,D,mS,D;

3

2
;
1

2
,

mS,DN0PLS,D

2(mS,DN0PLS,D + PSΩS,DgQAM)

)}

(4.9)

where 2F1(.) and F1(.) denote the Gauss hypergeometric function and the Appell

hypergeometric function of the first kind, respectively [104].

Proof. The average end-to-end SER for the direct transmission can be expressed as,

PD
SER = FQAM





(

1 +
PS ΩS,D gQAM

N0 PLS,DmS,D sin2(θ)

)−mS,D


 . (4.10)

Evidently, a closed-form expression for (4.10) is subject to analytic evaluation of the

following two definite integrals,

I
(

a,m; 0,
π

2

)

=

∫ π/2

0

1
(

1 + a
sin2(θ)

)m dθ (4.11)

I
(

a,m; 0,
π

4

)

=

∫ π/4

0

1
(

1 + a
sin2(θ)

)m dθ. (4.12)

2To differentiate notionally from the symbolic expression of the end-to-end average SER and
BER of the cooperative system, we adopt PD

SER and BERD for the DT case in this chapter.
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By re-writing the indefinite form of the previous class of integrals as,

I(a,m) =

∫
sin2m(θ)

(
sin2(θ) + a

)m dθ (4.13)

and setting u = cos2(θ), one obtains,

I(a,m) = −
∫

(1 − u)m− 1
2

2
√
u(1− u+ a)m

du. (4.14)

The above integral can be expressed in closed-form in terms of the Appell hypergeo-

metric function of the first kind, namely,

I(a,m) = − cos(θ)

(1 + a)m
F1

(
1

2
;
1

2
−m,m;

3

2
; cos2(θ),

cos2(θ)

1 + a

)

. (4.15)

Equation (4.15) reduces to zero when θ = π/2. To this effect, it immediately follows

that,

I
(

a,m, 0,
π

2

)

=
1

(1 + a)m
F1

(
1

2
;
1

2
−m,m;

3

2
; 1,

1

1 + a

)

(4.16)

which with the aid of the properties of F1(.) function can be equivalently expressed

as,

I
(

a,m, 0,
π

2

)

=

√
πΓ
(
m+ 1

2

)

2(1 + a)mΓ(m+ 1)
2F1

(
1

2
,m;m+ 1;

1

1 + a

)

. (4.17)

In the same context,

I
(

a,m, 0,
π

4

)

=
1

(1 + a)m

{

F1

(
1

2
;
1

2
−m,m;

3

2
; 1,

1

1 + a

)

− 1√
2
F1

(
1

2
;
1

2
−m,m;

3

2
;
1

2
,

1

2(1 + a)

)}

(4.18)

which can be alternatively expressed as,

I
(

a,m, 0,
π

4

)

=

√
πΓ
(
m+ 1

2

)

2F1

(
1
2 ,m;m+ 1; 1

1+a

)

2(1 + a)mΓ(m+ 1)
−
F1

(
1
2 ;

1
2 −m,m; 3

2 ;
1
2 ,

1
2(1+a)

)

√
2(1 + a)m

.

(4.19)

By performing the necessary change of variables in (4.17) and (4.19) and substituting

in (4.10) yields (4.9), which completes the proof.
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4.3.2 Exact SER for the Cooperative-Transmission

Applying Theorem 1 and capitalizing on the proof of Lemma 1, this subsection is

devoted on the derivation of a novel exact expression for the average end-to-end SER

of the CT scenario when the involved relay node decodes and forwards successfully the

decoded information signals to the destination. To this end, it is essential to derive

first the exact expressions for two indefinite trigonometric integrals, which are generic

and can be particularly useful in various applications relating to natural sciences and

engineering, including in performance evaluation of wireless communications.

Lemma 1. For a, b,m ∈ R
+ and 2m − 1

2 ∈ N, the following closed-form expression

is valid,

J (a, b,m) =

∫
1

(

1 + a
sin2(θ) +

b
sin4(θ)

)m dθ

= −
2m− 1

2∑

l=0

(
2m− 1

2

l

)

(−1)l
(
a+ 2 sin2(θ) −

√
a2 − 4b

)m (
a+ 2 sin2(θ) +

√
a2 − 4b

)m

(
2 + a−

√
a2 − 4b

)m (
2 + a+

√
a2 − 4b

)m

×cos1+2l(θ)

(1 + 2l)

F1

(

l + 1
2 ;m,m; l+ 3

2 ;
2 cos2(θ)

2+a−
√
a2−4b

, 2 cos2(θ)

2+a+
√
a2−4b

)

(
sin4(θ) + a sin2(θ) + b

)m + C.

(4.20)

Proof. The proof is provided in Appendix A.

Lemma 2. For a, b,m, n ∈ R
+ and m+n− 1

2 ∈ N, the following closed-form expres-

sion is valid,

K(a, b,m, n) =

∫
1

(

1 + a
sin2(θ)

)m (

1 + b
sin2(θ)

)n dθ

= −
m+n− 1

2∑

l=0

(
m+ n− 1

2

l

) (−1)l cos1+2l(θ)F1

(

l + 1
2 ;m,n; l+

3
2 ;

cos2(θ)
1+a , cos

2(θ)
1+b

)

(1 + 2l)(1 + a)m(1 + b)n
+ C.

(4.21)

Proof. The proof is provided in Appendix B.

To the best of the authors’ knowledge, the generic solutions in the above Lemmas

have not been previously reported in the open technical literature. These results are

employed in the subsequent sections for analyzing the performance of the considered

system over fading channels.
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Theorem 2. For {PS , PR, PLS,D , PLS,R , PLR,D , N0} ∈ R
+, {ΩS,D,ΩS,R,ΩR,D} ∈ R

+,

M ∈ N, mS,D ≥ 1
2 , mS,R ≥ 1

2 , mR,D ≥ 1
2 , 2mc − 1

2 ∈ N and 0 ≤ ρ < 1, the SER of

M−QAM based DF relaying over spatially correlated Nakagami−m fading channels,

can be expressed as follows:

P
C
SER =







2
(

mc − 1
2

)

! 2F1

(

mc,
1
2
;mc + 1; 1

1+a1

)

√
πmc!M(

√
M − 1)−1 (1 + a1)mc

+
2
√
2F1

(

1
2
; 1
2
−mc, mc;

3
2
; 1
2
, 1
2+2a1

)

πM (
√
M − 1)−2 (1 + a1)mc







×







2
(

mS,R − 1
2

)

! 2F1

(

mS,R,
1
2
;mS,R + 1; 1

1+b1

)

√
πmS,R!M(

√
M − 1)−1 (1 + b1)mS,R

+
2
√
2F1

(

1
2
; 1
2
−mS,R, mS,R;

3
2
; 1
2
, 1
2+2b1

)

πM (
√
M − 1)−2 (1 + b1)mS,R







+







1−
2
(

mS,R − 1
2

)

! 2F1

(

mS,R,
1
2
;mS,R + 1; 1

1+b1

)

√
πmS,R!M(

√
M − 1)−1 (1 + b1)mS,R

−
2
√
2F1

(

1
2
; 1
2
−mS,R,mS,R;

3
2
; 1
2
, 1
2+2b1

)

πM (
√
M − 1)−2 (1 + b1)mS,R







×







2mc−
1
2

∑

l=0

(

2mc − 1
2

l

)

(−1)l4(
√
M − 1)22mc−l− 1

2F1

(

l + 1
2
;mc,mc; l +

3
2
; 2A, 2B

)

Mπ(1 + 2l)[1 + 2(a1 + c1)4a1d1]mc [(1− 2A)(1− 2B)]−mc

+

2mc−
1
2

∑

l=0

(

2mc − 1
2

l

)

(−1)l4(
√
M − 1)F1

(

l + 1
2
;mc,mc; l +

3
2
;A,B

)

πM(1 + 2l)(a1d1)mc(1−A)−mc (1−B)−mc







(4.22)

where

a1 =
PSΩS,DgQAM

PLS,DmcN0
, (4.23)

b1 =
PSΩS,RgQAM

PLS,RN0mS,R
, (4.24)

c1 =
PRΩR,DgQAM

PLR,DN0mc
, (4.25)

d1 =
(1− ρ)PRΩR,DgQAM

PLR,DN0mc
(4.26)

and
{A
B
}
=

1

2 + a1 + c1
{−
+

} √

(a1 + c1)2 − 4a1d1
. (4.27)

Proof. The first term in (4.7) corresponds to the direct transmission and thus, it

can be expressed in closed-form based on Theorem 1. Likewise, the second and the

fourth term in (4.7) have the same algebraic representation as (4.11) and (4.12).
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Therefore, they can be readily expressed in closed-form by making the necessary

change of variables and substituting in (4.17) and (4.19). As for the third term in

(4.7), it is noticed that it has the same algebraic representation with (4.20). As a

result, a closed-form expression is deduced by determining the following specific cases

in (4.20), which practically evaluate (4.8), i.e.,

J
(

a, b,m, 0,
{
π/2
π/4

})

=

∫
{

π/2

π/4

}

0

dθ
(

1 + a
sin2(θ)

+ b
sin4(θ)

)m . (4.28)

Therefore, by carrying out some long but basic algebraic manipulations and substi-

tuting in (4.7) along with the aforementioned closed-form expressions, one obtains

(4.22), which completes the proof.

Remark 1. Equation (4.22) reduces to the uncorrelated scenario by setting ρ = 0.

However, an alternative expression for this case which is valid for the case that
{
2mc − 1

2

}
∈ N can also be deduced by applying the derived expressions in Theorem

1 and Lemma 2 in [168, Eq. (11)], namely

PC
SER

=







2Γ
(
mc +

1
2

)

2F1

(

mc,
1
2 ; 1 +mc;

1
1+a1

)

√
πM(

√
M − 1)−1Γ(1 +mc)(1 + a1)mc

−
2
√
2F1

(
1
2 ;

1
2 −mc,mc;

3
2 ;

1
2 ,

1
2+2a1

)

π(
√
M − 1)−2M(1 + a1)mc







×







2Γ
(
mS,R + 1

2

)

2F1

(

mS,R,
1
2 ; 1 +mS,R;

1
1+b1

)

√
πM(

√
M − 1)−1Γ(1 +mS,R)(1 + b1)mS,R

−
2
√
2F1

(
1
2 ;

1
2 −mS,R,mS,R;

3
2 ;

1
2 ,

1
2+2b1

)

π(
√
M − 1)−2M(1 + b1)mS,R







+






1−

2Γ
(
mS,R + 1

2

)

2F1

(

mS,R,
1
2 ; 1 +mS,R;

1
1+b1

)

√
πM(

√
M − 1)−1Γ(1 +mS,R)(1 + b1)mS,R

+
2
√
2F1

(
1
2 ;

1
2 −mS,R,mS,R;

3
2 ;

1
2 ,

1
2+2b1

)

π(
√
M − 1)−2M(1 + b1)mS,R







×







2mc− 1
2∑

l=0

4(−1)l(
√
M − 1)F1

(

l + 1
2 ;mc,mc; l +

3
2 ;

1
1+a1

, 1
1+c1

)

l!πM(1 + a1)mc(1 + c1)mc(1 + 2l)
(
2mc +

1
2

)

−l



4.3. SER FOR M−QAM MODULATION OVER NAKAGAMI−M FADING

WITH SPATIAL CORRELATION 67

+

2mc− 1
2∑

l=0

(−1)l2
3
2−l(

√
M − 1)2F1

(

l + 1
2 ;mc,mc; l +

3
2 ;

1
2+2a1

, 1
2+2c1

)

l!πM(1 + a1)mc(1 + c1)mc(1 + 2l)
(
mc +mc +

1
2

)

−l






. (4.29)

4.3.3 Asymptotic SER for the Cooperative-Transmission

Simple asymptotic expressions can be derived for the case of high SNR at the three

paths of the system. To this end, it is essential to first derive exact expression for

another trigonometric integral.

Lemma 3. For m ∈ R, the following generic exact expression holds,

∫

sin2m dθ = − cos(θ) 2F1

(
1

2
,
1

2
−m;

3

2
; cos2(θ)

)

+ C. (4.30)

Proof. The proof is provided in Appendix C.

Lemma 3 is subsequently employed in the derivation of the following proposition.

Proposition 1. For {PS , PR, PLS,D , PLS,R , PLR,D ,ΩS,D,ΩS,R,ΩR,D, N0} ∈ R
+, M ∈

N, mS,D ≥ 1
2 , mS,R ≥ 1

2 , mR,D ≥ 1
2 , 2mc − 1

2 ∈ N and 0 ≤ ρ < 1, the SER of

M−QAM based DF relaying over spatially correlated Nakagami−m fading channels

in the high SNR regime can be expressed as follows:

PC
SER ≃

(
PLS,DN0mc

PSΩS,DgQAM

)mc
(

1− 1√
M

)

×
{

2Γ
(
mc +

1
2

)

√
πΓ(1 +mc)

−
(

1− 1√
M

)
2F1

(
1
2 , 1;mc +

3
2 ;−1

)

π2mc−2 (1 + 2mc)

}

×
(
PLS,RN0mS,R

PSΩS,RgQAM

)mS,R
(

1− 1√
M

)

×
{

2Γ
(
mS,R + 1

2

)

√
π Γ(1 +mS,R)

−
(

1− 1√
M

)
2F1

(
1
2 , 1;mS,R + 3

2 ;−1
)

π 2mS,R−2(1 + 2mS,R)

}

+

(

PLS,DPLR,DN
2
0m

2
c

(1 − ρ)PSPRΩS,DΩR,Dg2QAM

)mc (

1− 1√
M

)

×
{

2Γ
(
2mc +

1
2

)

√
π Γ(1 + 2mc)

−
(

1− 1√
M

)
2F1

(
1
2 , 1; 2mc +

3
2 ;−1

)

π 22mc−2(1 + 4mc)

}

.

(4.31)

Proof. In the high SNR regime, it is realistic to assume that PSΩS,D >> PLS,DN0,

PSΩS,R >> PLS,RN0 and PRΩR,D >> PLR,DN0. Based on this, an integral represen-
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tation was formulated in [168, Eq. (28)], i.e.,

PC
SER ≃ AcAS,R

(
N0mcPLS,D

PSΩS,DgQAM

)mc
(
N0mS,RPLS,R

PSΩS,RgQAM

)mS,R

+A2c

(

N2
0m

2
cPLS,DPLR,D

(1− ρ)PSPRΩS,DΩR,Dg2QAM

)mc (4.32)

where

{
Ac

A2c

}

=
4

π

(

1− 1√
M

)∫ π/2

0

sin{
2mc
4mc} dθ− 4

π

(

1− 1√
M

)2 ∫ π/4

0

sin{
2mc
4mc} dθ (4.33)

and

AS,R =
4

π

(

1− 1√
M

)∫ π/2

0

sin2mS,R dθ − 4

π

(

1− 1√
M

)2 ∫ π/4

0

sin2mS,R dθ. (4.34)

Evidently, the terms Ac, A2c and AS,R can be expressed in closed-form with the aid

of Lemma 3. Based on this, by performing the necessary change of variables in (4.30)

and substituting in (4.32), (4.31) is deduced, which completes the proof.

Remark 2. Using (4.31), the correlation coefficient for the case of M−QAM modu-

lation can be expressed in terms of the corresponding source and relay powers, fading

parameters and average SER as

ρ =

1−
K3

{

2CΓ(2mc+
1
2 )

√

π Γ(1+2mc)
− C2

2F1( 1
2
,1;2mc+

3
2
;−1)

π 22mc−2(1+4mc)

} 1
mc






PC
SER −

{

2CΓ(mc+
1
2 )

√

πΓ(1+mc)
−

C2
2F1( 1

2
,1;mc+

3
2
;−1)

π2mc−2 (1+2mc)

}{

2CΓ(mS,R+1
2 )

√

π Γ(1+mS,R)
−

C2
2F1( 1

2
,1;mS,R+3

2
;−1)

π 2
mS,R−2

(1+2mS,R)

}

K
−mc
1 K

−mS,R
2







1
mc

(4.35)

where

g = gQAM, (4.36)

C =
(

1− 1/
√
M
)

, (4.37)

K1 =
N0mcPLS,D

PSΩS,Dg
, (4.38)
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K2 =
N0mS,RPLS,R

PSΩS,Rg
(4.39)

and

K3 =
N2

0m
2
cPLS,DPLR,D

PSPRΩS,DΩR,Dg2
. (4.40)

4.4 SER for M−PSK Modulation in Nakagami−m

Fading with Spatial Correlation

Having derived novel analytic expressions for the case of M−QAM modulation, this

section is devoted to the derivation of exact and asymptotic expressions for the case

of M−PSK constellations.

4.4.1 Exact SER for the Cooperative-Transmission

Here, we derive exact expression for the average end-to-end SER of the CT scheme

for M−PSK constellations. Similar to the previous derived expressions, this result is

also useful for the error and EE analysis of the considered system.

Theorem 3. For {PS , PR, PLS,D , PLS,R , PLR,D} ∈ R
+, {ΩS,D,ΩS,R,ΩR,D, N0} ∈ R

+,

M ∈ N, mS,D ≥ 1
2 , mS,R ≥ 1

2 , mR,D ≥ 1
2 , 2mc − 1

2 ∈ N and 0 ≤ ρ < 1, the SER of

M−PSK based DF relaying over spatially correlated Nakagami−m fading channels,

can be expressed as follows:

PC
SER =

F1

(

mc +
1
2 ;

1
2 ,mc;mc +

3
2 ; sin

2
(

(M−1)π
M

)

,
sin2( (M−1)π

M )
a2

)

(

sin2mc+1
(

(M−1)π
M

))−1

(1 + 2mc)πa
mc
2

×
F1

(

mS,R + 1
2 ;

1
2 ,mS,R;mS,R + 3

2 ; sin
2
(

(M−1)π
M

)

,
sin2( (M−1)π

M )
b2

)

(

sin2mS,R+1
(

(M−1)π
M

))−1

(1 + 2mS,R)πb
mS,R

2

+







1−
F1

(

mS,R + 1
2 ;

1
2 ,mS,R;mS,R + 3

2 ; sin
2
(

(M−1)π
M

)

,
sin2( (M−1)π

M )
b2

)

(

sin2mS,R+1
(

(M−1)π
M

))−1

(1 + 2mS,R)πb
mS,R

2







×







2mc− 1
2∑

l=0

(
2mc − 1

2

l

) (−1)lF1

(

l + 1
2 ;mc,mc; l+

3
2 ;

2

2+c2−
√
c22−4d2

, 2

2+c2+
√
c22−4d2

)

(1 + 2l)πdmc
2

[(

1− 2

2+c2−
√
c22−4d2

)(

1− 2

2+c2+
√
c22−4d2

)]−mc
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−
2mc− 1

2∑

l=0

(
2mc − 1

2

l

) (−1)l cos1+2l
(

(M−1)π
M

)

(1 + 2l)π
(

d2 sin
4
(

(M−1)π
M

)

+ c2 cos2
(

(M−1)π
M

)

+ c2

)mc

×F1



l+
1

2
;mc,mc; l +

3

2
;

2 cos2
(

(M−1)π
M

)

2 + c2 −
√

c22 − 4d2
,

cos2
(

(M−1)π
M

)

2 + c2 +
√

c22 − 4d2





×



1−
2 cos2

(
(M−1)π

M

)

2 + c2 −
√

c22 − 4d2





mc 

1−
2 cos2

(
(M−1)π

M

)

2 + c2 +
√

c22 − 4d2





mc





(4.41)

where

a2 =
PSΩS,DgPSK

PLS,DmcN0
, (4.42)

b2 =
PSΩS,RgPSK

PLS,RN0mS,R
, (4.43)

c2 =
PRΩR,DgPSK

PLR,DN0mc
, (4.44)

and

d2 =
(1− ρ)PRΩR,DgPSK

PLR,DN0mc
. (4.45)

Proof. As a starting point, the average SER of M−PSK modulated DF systems over

Nakagami−m fading channels with spatial correlation can be formulated according

to [168, Eq. (23)] as follows

PC
SER = FPSK






1
(

1 +
PSΩS,DgPSK

N0mcPLS,D
sin2(θ)

)mc




FPSK






1
(

1 +
PSΩS,RgPSK

N0mS,RPLS,R
sin2(θ)

)mS,R






+ FPSK






1
(

1 +
(PSΩS,D/PLS,D

+PRΩR,D/PLR,D
)gPSK

N0mc sin2(θ)
+

(1−ρ)PSPRΩS,DΩR,Dg2PSK

N2
0m

2
cPLS,D

PLR,D
sin4(θ)

)mc






×







1− FPSK






1
(

1 +
PSΩS,RgPSK

N0mS,RPLS,R
sin2(θ)

)mS,R












(4.46)

FPSK[u(θ)] =
1

π

∫ (M−1)π
M

0

u(θ)dθ. (4.47)

The involved four integrals have the same algebraic form as the integrals in Theorem
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1 and Lemma 1. Thus, the proof follows by performing the same necessary change of

variables and substituting in (4.46).

4.4.2 Asymptotic SER for the Cooperative-Transmission

Proposition 2. For {PS , PR, PLS,D , PLS,R , PLR,D} ∈ R
+, {ΩS,D,ΩS,R,ΩR,D, N0} ∈

R
+ M ∈ N, mS,D ≥ 1

2 , mS,R ≥ 1
2 , mR,D ≥ 1

2 , 2mc − 1
2 ∈ N and 0 ≤ ρ < 1, the SER

of M−PSK based DF relaying over spatially correlated Nakagami−m channels in the

high SNR regime is given by

PC
SER ≃

(
N0mcPLS,D

PSΩS,DgPSK

)mc
{

Γ
(
mc +

1
2

)

2
√
πmc!

+
cos
(
π
M

)

2F1

(
1
2 ,

1
2 −mc;

3
2 ; cos

2
(
π
M

))

π

}

×
(
N0mS,RPLS,R

PSΩS,RgPSK

)mS,R

×
{

Γ
(
mS,R + 1

2

)

2
√
πmS,R!

+
cos
(
π
M

)

2F1

(
1
2 ,

1
2 −mS,R;

3
2 ; cos

2
(
π
M

))

π

}

+

(
N2

0m
2
cPLS,DPLR,D

(1 − ρ)PSPRΩS,DΩR,Dg2PSK

)mc

×
{

Γ
(
2mc +

1
2

)

2
√
π(2mc)!

+
cos
(
π
M

)

2F1

(
1
2 ,

1
2 − 2mc;

3
2 ; cos

2
(
π
M

))

π

}

.

(4.48)

Proof. The asymptotic SER for high SNR values was formulated in [168, Eq. (27)]

PC
SER ≃ÃcÃS,R

(
N0mcPLS,D

PSΩS,DgPSK

)mc
(
N0mS,RPLS,R

PSΩS,RgPSK

)mS,R

+ Ã2c

(
N2

0m
2
cPLS,DPLR,D

(1− ρ)PSPRΩS,DΩR,Dg2PSK

)mc
(4.49)

where
{
Ãc

Ã2c

}

=
1

π

∫ (M−1)π
M

0

sin{
2mc
4mc} dθ (4.50)

and

ÃS,R =
1

π

∫ (M−1)π
M

0

sin2mS,R dθ. (4.51)

Notably, the above two integrals have the same algebraic representation as the inte-

gral in Lemma 3. As a result, by performing the necessary change of variables and

substituting in (4.49), one obtains (4.48), which completes the proof.

Remark 3. Based on (4.48), the corresponding correlation coefficient can be ex-
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pressed in terms of the involved source and relay powers, fading parameters and av-

erage SER as

ρ = 1−
K3

{
Γ(2mc+

1
2 )

2
√
π(2mc)!

+
cos( π

M ) 2F1( 1
2 ,

1
2−2mc;

3
2 ;cos

2( π
M ))

π

} 1
mc

(
PC
SER −K4

) 1
mc

(4.52)

where g = gPSK is set in the K1,K2 and K3 terms, which are given in Remark 2 and

K4 is given as

K4 = Kmc
1 K

mS,R

2

{

Γ
(
mc +

1
2

)

2
√
πmc!

+
cos
(
π
M

)

2F1

(
1
2 ,

1
2 −mc;

3
2 ; cos

2
(
π
M

))

π

}

×
{

Γ
(
mS,R + 1

2

)

2
√
πmS,R!

+
cos
(
π
M

)

2F1

(
1
2 ,

1
2 −mS,R;

3
2 ; cos

2
(
π
M

))

π

}

.

4.4.3 Diversity and Cooperation Gains

In the previous subsections, asymptotic SER expressions for CT with DF proto-

col were derived for both M−QAM and M−PSK constellations. These expressions

are useful to determine the diversity and coding gains of the considered coopera-

tive scheme. As already mentioned in Subsection 3.4.3, the asymptotic SER can be

expressed in the form:

PCSER ≈ (GcSNR)
−Gd . (4.53)

In the considered CT scheme, since the relay is simply remodulating and retransmit-

ting the decoded information, the constant term that multiples the SNR, Gc, can be

denoted as the cooperation gain [197]. For simplicity, hereafter, we denote PS = a0P

and PR = aRP where a0 and aR are the power ratios, whereas P denotes the sum-

power of the system. Using these notations, both expressions in (4.32) and (4.49) can

be rewritten as:

PC
SER ≃ ĀcĀS,R

(
mcPLS,D

a0ΩS,Dg

)mc
(
mS,RPLS,R

a0ΩS,Rg

)mS,R
(
N0

P

)mc+mS,R

+ Ā2c

(
m2
cPLS,DPLR,D

(1 − ρ)a0aRΩS,DΩR,Dg2

)mc (
N0

P

)2mc

.

(4.54)

In the above expression, {Āc, ĀS,R, Ā2c} = {Ac, AS,R, A2c} for M−QAM modu-

lation, whereas {Āc, ĀS,R, Ā2c} = {Ãc, ÃS,R, Ã2c} for M−PSK modulation, respec-

tively. Moreover, g = gQAM for M−QAM and g = gPSK for M−PSK constellations,

respectively.
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Figure 4.2 Example SER performance over Nakagami−m fading channels with
mS,D = mS,R = mR,D = m = {0.75, 1.25}, ΩS,D = ΩS,R = ΩR,D = 0dB for
4−QAM/QPSK constellations and different values of spatial correlation.

Using the expressions in (4.53), (4.54) and with the aid of [198, Eq. (13)], the

diversity and cooperation gains of the considered system can be expressed as:

Gd = mc +min{mS,R,mc} (4.55)

and

Gc =

(

ĀcĀS,R

(
mcPLS,D

a0ΩS,Dg

)mc
(
mS,RPLS,R

a0ΩS,Rg

)mS,R

+Ā2c

(
m2
cPLS,DPLR,D

(1 − ρ)a0aRΩS,DΩR,Dg2

)mc
)− 1

Gd

,

(4.56)

respectively. The expression in (4.56) reveals that the spatial correlation between

the direct and relayed paths impacts the cooperation gain of the system. This phe-

nomenon agrees well with the results in [168] and we further illustrate this in the next

figure.

Fig. 4.2 illustrates the SER performance as a function of SNR for 4−QAM/QPSK

modulations. The S-D transmission distance is indicatively considered at 600m while

the relay is assumed to be located in the middle where the transmit power is shared

equally to the source and the relay. The corresponding PL effects are considered by
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adopting the PL model in [180], namely

PLi,j[dB] = 148 + 40 log10(di,j [km]) (4.57)

which has been shown to characterize adequately harsh communication scenarios and

is particularly applicable to mobile relaying and D2D communications. It is clearly

observed that the empirical simulated results are in excellent agreement with the

respective analytical results. Furthermore, the simple asymptotic results are also

highly accurate at higher SNR regime. It is also shown that the curves are shifted to

the right as ρ increases from 0 to 0.9, which implies the correlation has an impact on

the cooperation gain of the system.

4.5 System Power Consumption Model Analysis

Here, motivated by the general interests towards green communications and increasing

incentives to save energy, we quantify the total energy consumption required to trans-

mit information from the source to the destination. We assume that the transceiver

circuitry operates on multi-mode basis: 1) When there is a signal to transmit, the

circuits are in active mode; 2) when there is no signal to transmit, the circuits oper-

ate on a sleep mode; and 3) the circuits are in transient mode during the switching

process from sleep mode to active mode. The elementary block diagrams of the as-

sumed transmitter and receiver are illustrated in Figs. 4.3 and 4.4, respectively. This

model is based on direct-conversion architecture which is commonly used in wireless

transceivers. It is also assumed that all nodes are equipped with similar transmitter

and receiver circuit blocks and that the power consumption of the active filters at the

transmitter and receiver is similar.

Considering a node that transmits L bits and total transmission period T , the

transient duration from active mode to sleep mode is short enough to be neglected.

However, the start-up process from sleep mode to active mode may be slower due

to the finite phase-locked loop (PLL) settling time in the frequency synthesizer. By

denoting the duration of the sleep, transient and active modes as Tsp, Ttr and Ton,

respectively, the total transmission period is defined as

T = Tsp + Ttr + Ton (4.58)

with Ttr being equal to the frequency synthesizer settling time. Based on this, the

total energy required to transmit and receive L information bits is expressed as
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Figure 4.3 Elementary direct-conversion transmitter.

Filter

RF LNA VGA

Filter

IQ Mixer

ADC

LO

DSP
bits out

Figure 4.4 Elementary direct-conversion receiver.

E = PonTon + PspTsp + PtrTtr (4.59)

where Pon, Psp and Ptr denote the power consumption values during the active, sleep

and transient modes, respectively. In realistic circuit designs, the power consumption

in the sleep mode, referring mostly to the ability of an idle node to wake up as quickly

as necessary, can be considered negligible compared with the active mode power [141];

thus, Psp ≃ 0. It is also noted that power consumption during the transient mode

practically refers to the power consumption of the frequency synthesizers. Based on

this, it is assumed that Ptr = 2PLO; as a result, using the power consumption values

at both transmitter and receiver sides during the active mode one obtains:

Pon = Pont + Ponr (4.60)

where Pont is the total transmitter power consumption that accounts for the sum of

signal transmission and transmitter circuit powers and Ponr is the total receiver power

consumption. Hence, it follows that,

Pont = Pt + Pamp + PCTx (4.61)

and

Ponr = PCRx (4.62)

where Pt refers to the transmission power of the source or the relay, Pamp is the

power consumption of the RF power amplifier and PCTx and PCRx denote the total
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transmitter circuit power and the total receiver circuit powers, i.e.,

PCTx = PDSPTx + PDAC + PFil + PMix + PLO (4.63)

and

PCRx = PADC + PV GA + 2PFil + PMix + PLO + PLNA + PDSPRx (4.64)

respectively. The PCTx measure consists of the following power consumption en-

tities: digital signal processor (DSP), PDSPTx ; digital to analog converter (DAC),

PDAC ; active filter, PFil; IQ Mixer, PMix and synthesizer, PLO. Likewise, the active

power consumption at the receiver comprises the power consumption values for DSP,

PDSPRx ; analog to digital converter (ADC), PADC ; variable gain amplifier (VGA),

PV GA; active filter, PFil; IQ Mixer, PMix; synthesizer, PLO; LNA, PLNA [181]. Based

on this, the total required circuit power consumption is given by

PTC = PCTx + PCRx . (4.65)

It is also noted that for signal transmission power Pt, the power consumption of the

RF-power amplifier can be modeled by

Pamp = ωPt (4.66)

where

ω =
ξ

ηd
− 1 (4.67)

with ηd and ξ denoting the respective drain efficiency of the amplifier and the peak-

to-average power ratio, which depends on the modulation order and the associated

constellation size. Based on this, for the case of square uncodedM−QAMmodulation,

ξ = 3

√
M − 1√
M + 1

(4.68)

and

Ton =
LTs
b

=
L

bB
(4.69)

where b = log2M is the constellation size, L is the transmission block length in bits

and Ts is the symbol duration that relates to the bandwidth B as Ts ≈ 1/B [145].
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4.6 Energy Optimization and Power Allocation

By combining the results of the previous sections, we analyze the total energy required

to transmit information efficiently from the source to the destination. To this end,

we first quantify the total energy consumption in the direct communication scenario.

Hence, by applying (4.59)−(4.62) and recalling that Psp ≈ 0 and Ptr = 2PLO, the

average energy consumption per information bit is given by [182]

E
D

T =
((1 + ω)PS + PCTx + PCRx)Ton + 2PLOTtr

L
. (4.70)

In order to determine the average total energy consumption in the corresponding CT

system deploying the DF protocol, we formulate the total average power consumption,

which is a discrete random variable that can be represented as follows:

PCT =







PCTx + (1 + ω)PS + 2PCRx , with Pr = 1

PCTx + (1 + ω)PR + PCRx , with Pr = 1− PSERS,R .
(4.71)

The first line of the above expression refers to the absolute total power consumption

by the nodes in the first transmission phase, whereas the second line represents the

power consumption in the second phase, subject to correct decoding of the received

signal by the relay, which is indicated by the probabilistic term
(
1− PSERS,R

)
. Hence,

the average total power consumption in the CT mode can be expressed as

P
C

T =(PCTx + (1 + ω)PR + PCRx)
(
1− PSERS,R

)
+ PCTx + (1 + ω)PS + 2PCRx .

(4.72)

Based on this, the corresponding average energy consumption per information bit is

given by

E
C

T =
P
C

T Ton + 2PLOTtr
L

. (4.73)

The achieved EE enhancement by the CT is determined with the aid of the co-

operation gain (CG), which is the ratio of the EE of CT over the EE of the DT, per

successfully delivered bit, namely

CG =
E
D

T

(
1− PC

BER

)

E
C

T

(
1− PD

BER

) . (4.74)

Evidently, when the resulting ratio is smaller than one, it indicates that DT is more

energy efficient; thus, the extra energy consumption induced by cooperation out-
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weighs its gain in decreasing the average BER of the system. In what follows, the

given expressions are employed in analyzing energy optimization problems aiming

to guarantee certain QoS requirements, namely, target destination average BER. In

this context, we also provide the OPA formulation for the CT scenario under the

maximum total transmit power constraint.

4.6.1 Direct Transmission

We first consider the energy optimization problem for minimizing the average total

energy consumption in the DT scenario with the maximum transmission power and

target BER, p∗, as constraints. We assume that the power consumption of the circuit

components are fixed and independent of the optimization. Thus, the only variable in

the optimization is the transmit power of the source. To this effect and with the aid

of (4.70), the optimization problem for the DT mode can be formulated as follows:

min
PS

E
D

T

subject to: PS ≤ Pmaxt, PS ≥ 0

PD
BER = p∗.

(4.75)

Deriving the minimum average total energy required in the direct communication

scenario, requires prior computation of the corresponding symbol error probability.

This is realized with the aid of (4.9) which is expressed in an exact form in terms

of 2F1

(

m, 12 ;m+ 1; 1
1+a1

)

and F1

(
1
2 ;

1
2 −m,m; 32 ;

1
2 ,

1
2+2a1

)

functions3. It is recalled

that these functions are widely employed in natural sciences and engineering and their

computational implementation is rather straightforward as they are built-in functions

in popular software packages, such as MATLAB, MAPLE and MATHEMATICA.

It is also noted that the representation of these functions in the present analysis

allows the following useful approximation expressions: 2F1

(

m, 12 ;m+ 1; 1
1+a1

)

≃ 1

and F1

(
1
2 ;

1
2 −m,m; 3

2 ;
1
2 ,

1
2+2a1

)

≃ F1

(
1
2 ;

1
2 −m,m; 32 ;

1
2 , 0
)
[86]. The accuracy of

these approximations is validated through extensive numerical and simulation results,

which indicate their tightness for random values of m and moderate and large values

of a1. To this effect, one obtains the following accurate closed-form average BER

3For the sake of simplicity, we assume that m = mS,D .
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approximation for M−QAM constellations as

PD
BER ≃ 2 (

√
M − 1)Γ(m+ 1

2 )√
πMm!(1 + a1)m log2M

+
4F1(

1
2 ;

1
2 −m,m; 3

2 ;
1
2 , 0)√

2π(1 + a1)m log2M

(

1− 1√
M

)2

.

(4.76)

Importantly, the Appell function in (4.76) can be expressed in terms of the Gauss

hypergeometric function, namely

F1

(
1

2
;
1

2
−m,m;

3

2
;
1

2
, 0

)

= 2F1

(
1

2
,
1

2
−m;

3

2
;
1

2

)

. (4.77)

As a result, equation (4.76) becomes

PD
BER ≃ 2 (

√
M − 1)Γ(m+ 1

2 )√
πMm!(1 + a1)m log2M

+
4 2F1

(
1
2 ,

1
2 −m; 32 ;

1
2

)

√
2π(1 + a1)m log2M

(

1− 1√
M

)2

. (4.78)

It is evident that (4.78) is a function of the modulation order, the severity of multipath

fading and a1. Therefore, by substituting the targeted QoS p∗ in (4.78), recalling that

a1 =
PS ΩS,D gQAM

N0PLS,D

(4.79)

and carrying out some algebraic manipulations, one obtains

PS ≃ mN0PLS,D

ΩS,DgQAM

[(
C

p∗

) 1
m

− 1

]

(4.80)

where

C =
4(
√
M − 1)2 2F1

(
1
2 ,

1
2 −m; 32 ;

1
2

)

√
2M π log2M

+
2(
√
M − 1)Γ(m+ 1

2 )√
πm!M log2M

. (4.81)

To this effect and with the aid of (4.70) and (4.80), it follows that the minimum

total energy per information bit required for DT for meeting the required QoS can be

expressed in a closed-form as follows:

E
D∗
T =

(PCTx + PCRx)Ton
L

+
2PLOTtr

L
+

(1 + ω)N0mTonPLS,D

LΩS,DgQAM

[(
C

p∗

) 1
m

− 1

]

(4.82)
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Based on the total energy consumption in (4.82) and given the constellation size, i.e.,

b =
L

BTon
(4.83)

it is shown that the proposed energy expression comprises the transmission energy Et

and circuit energy EC , namely

Et = PSTon =
N0mPLS,D
ΩS,DgQAM

[(
C

p∗

) 1
m

− 1

]

Ton
L

(4.84)

where C can be expressed as a function of the transmission time Ton as follows

C =
BTon

(

2
L

2BTon − 1
)2

Lπ2
L

BTon
− 3

2
2F1

(
1

2
,
1

2
−m;

3

2
;
1

2

)

+
2BTon

2
L

BTonmL
√
π

(
1

2

)

m

(

2
L

2BTon − 1
)

.

(4.85)

Hence, by inserting (4.85) in (4.84), an analytic expression for the transmission energy

per information bit is deduced as

Et =
N0mPLS,DTon
LΩS,DgQAM

×












BTon
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2
L
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)2

p∗Lπ2
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(
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√
π 2

L
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2
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m






1
m

− 1







.

(4.86)

Likewise, the total circuit energy of the system, EC , can be expressed as

EC = (PCTx + PCRx)Ton. (4.87)

Notably, (4.86) indicates that for a fixed bandwidth B and packet length L, the trans-

mission energy is a decreasing function with respect to the product TonB, whereas the

circuit energy increases monotonically with respect to Ton. In addition, it is shown

that the transmission energy depends upon the transmission distance dS,D and the

severity of fadingm, whereas the corresponding circuit energy remains fixed regardless

of the transmission distance, dS,D and fading severity m.
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4.6.2 Cooperative Transmission

Here, we present the energy optimization and power allocation problem when the

involved relay forwards successfully decoded signals, generally at different power than

the power of the source. Evidently, the respective optimization model is a two di-

mensional problem; thus, we formulate the energy minimization problem with two

optimization variables, namely, the source transmit power PS and the relay transmit

power PR. In this context, the aim is to minimize the total energy consumption of the

overall network instead of minimizing the energy consumption at individual nodes.

Based on this and with the aid of (4.73), the optimization problem can be formulated

as follows:

min
PS ,PR

E
C

T (PS , PR)

subject to: (PS + PR) ≤ Pmaxt, PS ≥ 0, PR ≥ 0

PC
BER(PS , PR) = p∗.

(4.88)

The above optimization task is a non-linear programming (NLP) problem since the

objective function and the constraint BER are both non-linear functions of PS and

PR. It is also recalled that Karush Kuhn Tucker (KKT) conditions that handle both

equality and inequality constraints are in general the first-order sufficient and neces-

sary conditions for optimum solutions in non-linear optimization problems provided

that certain regularity conditions are satisfied. To this end, using the Lagrange mul-

tipliers λ1 and λ2, λ3 and λ4, for the equality and inequality constraints, we set

the corresponding Lagrangian equation that depends on the optimization variables

and multipliers while meeting the KKT conditions in [183] for the non-linear convex

optimization problem, namely

LP = E
C

T + λ1
(
PC
BER − p∗

)
− λ2PS − λ3PR + λ4 ((PS + PR)− Pmaxt) . (4.89)

The proof for the convexity of the optimization problem is provided in Appendix D.

Based on (4.89), the KKT conditions for the problem can be expressed as follows:

∇ECT + λ1∇PC
BER − λ2∇PS − λ3∇PR + λ4∇ (PS + PR) = 0, (4.90)

whereas the associated complementary conditions are given by

PC
BER = p∗,

PS + PR ≤ Pmaxt,
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λ1
(
PC
BER − p∗

)
= 0,

λ2PS = 0,

λ3PR = 0,

λ4 (PS + PR − Pmaxt) = 0,

λ1, λ2, λ3, λ4 ≥ 0.

(4.91)

In the set of complementary KKT conditions of (4.91) both λ2 and λ3 represent

inactive constraints; therefore, they can be assumed zero. To this effect, by applying

(4.90) and setting the derivatives w.r.t PS and PR to zero, the following useful set of

equations is deduced:

∂E
C

T

∂PS
+ λ1

∂PC
BER

∂PS
+ λ4 = 0 (4.92)

and
∂E

C

T

∂PR
+ λ1

∂PC
BER

∂PR
+ λ4 = 0. (4.93)

Solving for λ4 from (4.92) and substituting in (4.93) yield the following relationship,

which depends only on one of the Lagrangian multipliers:

∂E
C

T

∂PS
− ∂E

C

T

∂PR
+ λ1

(
∂PC

BER

∂PS
− ∂PC

BER

∂PR

)

= 0 (4.94)

and

λ1 =

∂E
C
T

∂PS
− ∂E

C
T

∂PR(
∂PC

BER

∂PR
− ∂PC

BER

∂PS

) . (4.95)

Based on this and using the fact that λ1 ≥ 0, one obtains the following necessary

condition for minimizing the total average energy consumption of the CT mode at

the optimal power values:

∂E
C

T (P
∗
S , P

∗
R )

∂PS
≥ ∂E

C

T (P
∗
S , P

∗
R )

∂PR
. (4.96)

For a feasible set of optimal powers, the PC
BER = p∗ and PS +PR ≤ Pmaxt constraints

must be satisfied.

Analytic solution for the optimal powers in (4.96) is intractable to derive in a

closed-form. However, this can be alternatively realized with the aid of numerical

optimization techniques, which can determine the optimal powers at the source and

relay nodes that minimize the average total energy consumption. To this end, we

employ the MATLAB optimization tool box and its function fmincon. This function
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is generally applicable in minimizing nonlinear functions subject to linear or nonlinear

constraints with both equalities and inequalities [183], and thus, it is used in the

respective numerical calculations for allocating the available power optimally under

the given constraints. Thus, the derived expressions and the offered results provide

tools to understand, quantify and analyze how much energy can in general be saved,

per successfully communicated bit in the system, if transmit power allocation and

optimization beyond classical EPA is pursued in the cooperative system on one side

and how much energy can be saved against the classical non-cooperative (DT) system

on the other side. Furthermore, the considered values in this chapter are indicative

and are selected in the context of demonstrating the validity of the proposed method.

Therefore, the derived optimization flow can be readily extended to arbitrary design

constraints for the total network power consumption and target destination error rate

in the presence of Nakagami−m multipath fading conditions.

4.7 Numerical Results and Analysis

Here, we demonstrate and evaluate the average total energy consumption of the con-

sidered regenerative system assuming that the S-D and S-R links are statistically

independent, whereas the S-D and R-D paths are spatially correlated. As a realis-

tic example, we assume M−QAM modulation scheme over the S-D, S-R and R-D

links, in case of cooperative transmission mode, and over the S-D link in the case

of only direct communication. For the sake of simplicity, it is also assumed that

all wireless channels are subject to Nakagami−m multipath fading conditions with

ΩS,D = ΩS,R = ΩR,D = 0dB. The involved PL effects are modeled by an example

model of PLi,j [dB] = 148+40 log10(di,j [km]), which is also used in D2D based commu-

nications [180]; thus, applies to mobile relaying as well. Furthermore, to simplify the

geometry-related calculations, we assume that all nodes are located along a straight

line, which satisfies the distance relationship dS,D = dS,R + dR,D. However, it is re-

called here that the PL and distance assumptions are only indicative in the context of

the considered examples, whereas the provided analysis and optimization frameworks

are valid more generally. In this context, we further assume the following system pa-

rameters: N0 = −174dBm/Hz; Ttr = 5µs; L = 2kbits, and PLO = 50mW [141, 145].

We also use the constant circuit powers as PCTx = 100mW, PCRx = 150mW and

the maximum transmission power Pmaxt = 1000mW. The bandwidth of the system

is assumed to be B = 200kHz and the noise figure Nf = 6dB. Due to the linear-

ity requirement of the M−QAM signals, the value of the drain efficiency is assumed

ηd = 0.35, which is a practical value for class-A and AB RF power amplifiers. The
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Table 4.1 Assumed system parameters

N0 = -174dBm/Hz Nf = 6dB
B = 200kHz L = 2kbits

PCTx = 100mW PCRx = 150mW
PLO = 50mW Pmaxt = 1000mW
ηd = 0.35 Ttr = 5µs.

considered system parameters are depicted in Table 4.1 and are used unless otherwise

stated.

We commence by analyzing the minimum energy per information bit required for

the direct and cooperative transmissions when the relay node is taken into account

and placed in different locations. The location of the relay node is represented with

parameter f = dS,R/dS,D. Fig. 4.5 shows the total energy consumption per infor-

mation bit as a function of the transmission distance from source to destination for

4−QAM/QPSK with fading parameter of m = 1.25, destination target BER of 10−2

and zero spatial correlation under the maximum transmit power constraint. The BER

of 10−2 is chosen, as an example, since a relatively harsh PL model with PL constant

of 4 is considered. Furthermore, such levels of BER are generally considered realistic,

since our analysis measures reflect the uncoded system performance. The transmit

power allocation is carried out by the derived OPA scheme resulting to the indica-

tive values in Table 4.2. It is observed that distance thresholds separate the regions

where DT performs better than CT and vice-versa. Furthermore, it is shown that

when the relay is located in the middle, i.e., the S-R distance equals the R-D distance

(f = 0.5), renders the best EE among all relay locations. This indicates that the

configuration is almost symmetric in the S-R and R-D distances, which assists the

system to operate robustly in transmission over severe fading conditions. However, it

is shown that at relatively small distances (here 0 ≤ dS,D ≤ 170m), the exact location

of the relay does not affect substantially the performance of the cooperative system

as it appears to remain almost the same in all considered scenarios. This renders the

relay positioning and planning rather simple when the relay falls within this range,

whereas it additionally provides insights e.g., for relay selection algorithms in the case

of randomly distributed relays in emerging relay-based wireless networks. The results

also reveal that at relatively high S-D distances the CT scheme outperforms the DT

scheme in terms of EE when the relay is placed in any of the three example locations.

The corresponding EE is also analyzed for target BERs of 10−2 and 10−3. Fig. 4.6

shows the average total energy consumption per information bit for 4−QAM/QPSK

in both DT and CT in Nakagami−1.25 fading conditions under the maximum trans-
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Figure 4.5 Energy consumption per information bit versus source-destination dis-
tance for different relay locations over uncorrelated Nakagami−1.25 at target BER of
10−2 for 4−QAM / QPSK constellation.
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Figure 4.6 Energy consumption per information bit versus source-destination dis-
tance when the relay is located in the middle over spatially correlated Nakagami−1.25
for 4−QAM/QPSK constellations with different target BERs.
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Table 4.2 Optimal transmit power values for source and relay for different relay
locations over uncorrelated Nakagami−1.25 links at target BER of 10−2 for 4−QAM
/ QPSK Modulation.

Relay close to S (f = 0.1) Relay in middle (f = 0.5) Relay close to D (f = 0.9)
D(m) PS(W) PR(W) PS(W) PR(W) PS(W) PR(W)
100 0.00063 0.0006 0.000372 0.000197 0.000651 0.00049
200 0.016 0.0127 0.0057 0.0033 0.0104 0.0101
300 0.0877 0.0595 0.0228 0.0223 0.0527 0.0525
400 0.3366 0.1537 0.0706 0.0703 0.1666 0.0198
480 0.6225 0.3601 0.1466 0.1455 0.3455 0.0342
620 - - 0.4107 0.402 0.9627 0.0373
650 - - 0.4970 0.483 - -

mit power constraint and the following spatial correlation scenarios: ρ = {0, 0.5, 0.9}.
Moreover, the relay node is located in the middle and the transmit power is allocated

optimally to the source and relay nodes in all cases. It is observed that for the fixed

target BERs of 10−2 and 10−3, the direct scheme outperforms the CT only at average

S-D distances below 240m and 150m, respectively. On the contrary, for average dis-

tances greater than 240m and 150m, CT becomes more energy efficient as the transmit

power constitutes a significant share of the average total energy consumption even un-

der the worst spatial correlation scenario. Furthermore, it is shown that, for the given

target BERs the DT schemes attain maximum transmission distances of 390m and

250m, respectively, under the given maximum transmission power constraint, whereas

in both cases the CT schemes extend to substantially longer distances. However, these

advantages vary according to the level of the involved spatial correlation where the

improvement in EE is inversely proportional to ρ, in both scenarios. The reason is

that for every step of transmission distance, greater proportion of power is assigned

to the source and relay nodes in order to overcome performance losses incurred by

the spatial correlation, within the given resource constraints. Concrete examples are

shown in Tables 4.3 and 4.4 for some indicative transmission distances and the two

target BERs; there, the energy savings using CT scheme, defined as 1 − E
C

T /E
D

T for

ρ = 0.9, ρ = 0.5 and ρ = 0 for the target BER of 10−2 at dS,D = 390m are 65%,

67% and 69.3%, respectively, whereas for a target BER of 10−3 at dS,D = 250m the

energy reduction is 69%, 72% and 73.8%, respectively. Interestingly, beyond a critical

distance of 320m, even the highly spatially correlated CT mode at target BER of

10−3 exhibits better EE than the DT scheme with target BER of 10−2.

In the same context, Fig. 4.7 shows the average total energy per information bit

for both DT and CT for m = 0.75, which corresponds to severe fading conditions.

The target BER is set to 10−2 under the given transmit power constraint while ρ =
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Table 4.3 Optimal transmit power values for source and relay for relay located
in the middle over correlated Nakagami−1.25 Links with target BER of 10−2 using
4−QAM / QPSK Modulation.

Corr. ρ = 0 ρ = 0.5 ρ = 0.9
D(m) PS(W) PR(W) PS(W) PR(W) PS(W) PR(W)
100 0.000372 0.000197 0.000424 0.000233 0.000514 0.000296
200 0.0057 0.0033 0.0064 0.0039 0.0077 0.0049
300 0.0225 0.0223 0.0249 0.0249 0.0290 0.0290
400 0.0706 0.0703 0.0788 0.0785 0.0918 0.0915
500 0.1728 0.1712 0.1929 0.1912 0.2249 0.2228
600 0.3598 0.3530 0.4021 0.3944 0.4692 0.4602
630 0.4381 0.4281 0.4897 0.4785 - -
650 0.4970 0.4843 - - - -

Table 4.4 Optimal transmit power values for source when the relay is located in the
middle over correlated Nakagami−1.25 links with target BER of 10−3 using 4−QAM
/ QPSK constellations.

Corr. ρ = 0 ρ = 0.5 ρ = 0.9
D(m) PS(W) PR(W) PS(W) PR(W) PS(W) PR(W)
100 0.00012 0.0007 0.00014 0.0009 0.00022 0.00014
200 0.0179 0.0116 0.0218 0.0147 0.0331 0.0233
300 0.0762 0.0762 0.0914 0.0914 0.1332 0.1332
410 0.2662 0.2651 0.3196 0.3183 0.4660 0.4641
440 0.3533 0.3513 0.4242 0.4218 - -
480 0.5009 0.4969 - - - -

{0, 0.5, 0.9}. The transmit power is again allocated optimally to the source and relay

with the latter positioned in the center of the network as shown in Table 4.5. It is

shown that DT outperforms CT only when dS,D ≤ 170m. However, as the distance

increases beyond this point, the corresponding overall benefits by CT are significant

even under the worst spatial correlation scenario. Indicatively, at a transmission

distance of 280m, which is the maximum distance that DT can operate with the

available maximum transmission power, the energy gains by CT from the high to the

low correlation values are 68%, 72% and 74%, respectively. In addition, it is shown

that the advantage of the cooperation is more significant in severe fading conditions.

Fig. 4.8 shows the average total energy consumption per information bit re-

quired for CT and DT as a function of S-D distance for fading parameters, m =

{0.75, 1.25, 1.75, 2.25} for CT and m = 2.25 for DT. The target BER is set to 10−3,

the transmit power is allocated optimally, the relay is located in the middle and
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Table 4.5 Optimal transmit power values for source and relay when the relay is
located in the middle over spatially correlated Nakagami−0.75 links with target BER
of 10−2 using 4−QAM / QPSK Modulations.

Corr. ρ = 0 ρ = 0.5 ρ = 0.9
D(m) PS(W) PR(W) PS(W) PR(W) PS(W) PR(W)
100 0.000754 0.0004635 0.0009112 0.0005811 0.00013 0.0009
200 0.0119 0.0076 0.0143 0.0093 0.0386 0.0097
300 0.0509 0.0509 0.0608 0.0608 0.0873 0.0873
400 0.1612 0.1606 0.1926 0.1918 0.2765 0.2753
460 0.2823 0.2802 0.3373 0.3348 0.4845 0.4808
500 0.3945 0.3905 0.4714 0.4666 - -
530 0.4985 0.4921 - - - -
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Figure 4.7 Energy consumption per information bit versus source-destination dis-
tance when the relay is located in the middle over spatially correlated Nakagami−0.75
fading channels at target BER of 10−2 for 4−QAM/QPSK constellation and different
spatial correlation values.

a zero spatial correlation is assumed. It is observed that the critical distances be-

low which DT outperforms the CT in terms of EE are 250m, 230m and 220m for

m = 1.25,m = 1.75, andm = 2.25, respectively. Moreover, the analysis indicates that

DT with non-severe multipath fading condition (Nakagami−2.25) can operate only

up to 360m before utilizing the maximum transmit power, whereas the CT extends

significantly even for moderate fading conditions, except for the worst case scenario
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Figure 4.8 Energy consumption per information bit versus source-destination dis-
tance when the relay is located in the middle over uncorrelated Nakagami−m fading
conditions at target BER of 10−3 for 4−QAM / QPSK constellation.

(m = 0.75). It is also shown that the gain from the cooperation is not uniform as

the Nakagami parameter increases from m = 0.75 to m = 1.25, from m = 1.25 to

m = 1.75 and then from m = 1.75 to m = 2.25.

Fig. 4.9 shows the CG, defined in (4.74), when the relay is located in the middle

of the source and destination. The power allocation is again carried out by using the

derived OPA scheme for target BER of 10−2 under the maximum transmission power

constraint with ρ = {0, 0.5, 0.9} for m = 1.25. The transmission distance is limited

to 390m since beyond this limit it is only the CT mode that can transmit until its

maximum transmission distance, depending on the spatial correlation between S-D

and R-D paths. When the cooperation gain is below unity, the DT is actually more

energy efficient than CT. As already mentioned, the reason behind this is that when

CG ≤ 1, which corresponds to relatively small transmission distances, the actual

transmit power constitutes only a small fraction of the total average power consump-

tion. However, when CG > 1, the system benefits significantly from cooperation,

and in general, CG increases proportionally as the transmission distance increases

for all scenarios of spatial correlation between the S-D and R-D paths. Interestingly,

the existence of such efficiency threshold distance also implies that a hybrid system,

where cooperation is only sought and deployed beyond certain minimum distance, can

provide the most comprehensive solution to the EE optimization. The analysis and
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Figure 4.9 Cooperation gain versus source-destination distance when the relay is
located in the middle over spatially correlated Nakagami−1.25 fading environment
at target BER of 10−2 for 4−QAM / QPSK constellations. After source-destination
distance of 390m, DT runs out of power and cannot anymore reach the target BER.

Table 4.6 System parameters.
N0 = -174dBm/Hz Nf = 9dB

B = 1MHz L = 2kbits
PCTx = 98mW PCRx = 112mW
PLO = 50mW Pmaxt = 1500mW
ηd = 0.35 Ttr = 5µs.

modeling results and tools provided in this chapter form directly the basis for further

development of such schemes in different communication scenarios, which forms an

important topic of future work.

As an additional numerical analysis, the average total energy consumption of the

radio access system for different system parameters other than that shown in Table

4.1 is analyzed. The summary of the system parameters is given in Table 4.6 where

N0, PLO, Ttr and ηd are given in [141], whereas the circuit powers are listed in [184].

Fig. 4.10, shows the total energy consumption per information bit as a function

of S-D distance, for 4−QAM with fading parameter of m = 1.25, destination target

BER of 10−2 and zero correlation under the maximum transmit power constraint

when the relay is located in different locations for the case of OPA. It is observed

that distance thresholds separate the regions where DT performs better than CT and
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Figure 4.10 Energy consumption per information bit versus source-destination dis-
tance for relay in different locations over uncorrelated Nakagami−1.25 at target BER
of 10−2 for 4−QAM Modulation.
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Figure 4.11 Energy consumption per information bit versus source-destination dis-
tance for relay located in the middle over correlated Nakagami−1.25 at target BER
of 10−3 for 4−QAM Modulation.
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vice-versa. Furthermore, it is shown that when the relay is located in the middle

renders the best EE among all relay locations. This outcome is already shown in the

previous analysis of Fig. 4.5 for different system parameter. However, it is shown

that at relatively small distances (e.g., 0 ≤ dS,D ≤ 100m), the exact location of the

relay does not affect substantially the performance of the cooperative system as it

appears to remain almost the same in all considered scenarios.

Finally, Fig. 4.11 shows the total energy consumption per information bit required

for CT and DT as a function of S-D distance over Nakagami−1.25 fading environment

at target BER of 10−3. The relay is placed in the middle and the power is allocated

optimally to the source and relay to guarantee minimum energy per information bit.

It is observed that at relatively small distance (e.g., 0 ≤ dS,D ≤ 80m) the DT scheme

outperforms CT, while the system benefits substantially from CT beyond this range.

Moreover, under the given QoS and maximum transmission power constraints, the

DT reaches a maximum distance of 160m whereas the cooperative system extends

beyond this limit even under high spatial correlation conditions. At this threshold

transmission distance, the energy savings by CT are 78.6%, 82.2% and 83.5% for

ρ = 0.9, ρ = 0.5 and ρ = 0, respectively.

4.8 Summary

In this chapter, we analyzed the end-to-end SER as well as the EE analysis and opti-

mization of both direct and regenerative cooperative transmissions over Nakagami−m
fading conditions in the presence of spatial correlation. Novel closed-form expressions

were first derived for the SER of both M−QAM and M−PSK constellations, which

were subsequently employed in formulating the constrained energy analysis and op-

timization problems under destination BER target and maximum transmit power

constraints considering both transmit energy as well as the energy consumed by the

transceiver circuits. The corresponding results indicate that depending on the sever-

ity of multipath fading, spatial correlation between the S-D and R-D paths and the

location of the relay node, the DT can be more energy-efficient than CT but only

for rather short transmission distances and up to a certain threshold value. Beyond

this value, the system, as expected, benefits substantially from relaying and the cor-

responding CG increases proportionally to the transmission distance. It is expected

that the offered results can be useful in the design and deployment of low-cost and

energy-efficient cooperative communication systems in the future, particularly to-

wards the green communications era where the requirements and incentives towards

energy consumption optimization are considered critical. Moreover, the EE analysis
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in the considered model can be, in general, extended to multi-relay networks by con-

sidering spatial correlation effects between the direct and relayed paths of the system

as well as different relay locations.





Chapter 5

Error Rate and Power

Allocation Analysis of

Multi-Relay Networks over

η−µ Fading Channels

In this chapter, we investigate the end-to-end performance and power allocation of

MRC based regenerative multi-relay cooperative network over non-homogeneous scat-

tering environment, which is the case in realistic wireless communication scenarios.

Novel analytic expressions are derived for the end-to-end SER of both M−PSK and

M−QAM Modulations over independent and non-identically distributed (i.n.i.d) gen-

eralized fading channels. The offered results are expressed in exact analytic expres-

sions involving Lauricella function and can be readily evaluated with the aid of the

proposed computational algorithm. Simple expressions are also derived for the corre-

sponding SER at asymptotically high SNRs. The derived expressions are employed in

formulating the power optimization problem that enhances the system performance

under total power constraints. It is shown that OPA provides substantial performance

gains over the traditional EPA, particularly, when the S-R and R-D paths are highly

unbalanced. The analysis and results presented in this chapter are mainly based on

the author’s published work in [117, 121].

5.1 Background and Overview of Contributions

As mentioned in the previous chapters, CT is one of the emerging technologies that

promises significantly higher reliability and SE in wireless networks. Unlike conven-

tional point-to-point communications, cooperative communication is a new form of

95
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diversity scheme that allows users or nodes to share resources to create collaboration

via distributed transmission and processing of messages. This scheme is applicable in

size, power, hardware and price constrained devices, such as cellular mobile devices,

wireless sensors, ad-hoc networks and military communications [9, 185–190].

The performance of cooperative systems can be substantially improved by opti-

mally allocating the limited overall power to the source and relays of the network

in order to minimize the end-to-end SER under a given total transmit power con-

straint. Among others, this can be efficiently achieved by accurately accounting for

the detrimental effects of multipath fading. Based on this, Huang et al. [191] de-

rived upper and lower bounds for the OP of multi-relay DF networks over i.n.i.d

Nakagami−m fading channels. In the same context, Duong et al. [163] derived the

SER and OP of DF systems with relay selection over i.n.i.d Nakagami−m fading

channels for integer values of m, whereas a comprehensive analytical framework for

a dual-hop multi-antenna DF system under multipath fading was derived in [192].

Likewise, the authors in [166, 193–195] investigated the performance of DF systems

over different fading environments, whereas analysis for the SER of dual-hop DF re-

laying for M−PSK and M−QAM over Nakagami−m fading channels was reported

in [168]. In addition, [168] and [196] analyzed OPA in dual-hop regenerative relaying

with respect to end-to-end SER and OP. This problem was also addressed in [197] for

multi-node DF relaying based on asymptotic SER for a given network topology over

Rayleigh fading channel. In the same context, [167] analyzed the power allocation

schemes for the case of multi-relay DF communications in the high-SNR regime over

Nakagami−m fading channels.

Nevertheless, all reported investigations in performance as well as in OPA analy-

sis have been carried out over Rayleigh or Nakagami−m fading channels. However,

as mentioned in Chapter 3, these fading models are based on the underlying con-

cept of homogeneous scattering environments, which is not practically realistic since

surfaces in most radio propagation environments are spatially correlated [77]. This

issue was addressed in [78] by proposing the η−µ distribution, which is a generalized

fading model that has been shown to provide particularly accurate fitting to realis-

tic measurement results, while it includes as special cases the well known Rayleigh,

Nakagami−m and Hoyt distributions [78, 109, 199, 200]. Based on this, several con-

tributions have been devoted to the analysis of various communication scenarios over

generalized fading channels that follow the η − µ distribution, e.g., [107, 199–203].

Motivated by this, this chapter is devoted to the evaluation of the end-to-end SER

in regenerative cooperative communication systems with multiple relays for M−PSK

and M−QAM constellations over generalized fading channels as well as the corre-
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Figure 5.1 Multi-node dual hop cooperative relay system.

sponding OPA analysis.

In more detail, the technical contributions of this chapter are as follows:

• Exact expressions are derived for the end-to-end SER ofM−PSK andM−QAM

based multi-relay regenerative networks over generalized multipath fading envi-

ronments for both i.n.i.d and i.i.d scenarios using MRC at the destination.

• Simple asymptotic expressions are derived for the above scenarios for high SNR

values.

• The corresponding amount of fading is derived for quantifying the respective

fading severity.

• OPA based on the convexity of the derived asymptotic expressions is formulated,

to minimize the corresponding SER under sum-power constraint of the network.

• The derived expressions are employed in evaluating the performance of the con-

sidered system for extracting useful insights.

• Simple MATLAB algorithm is proposed for the computation of the generalized

Lauricella function.

• It is shown that a maximum gain of 21dB occurs, compared to the ordinary

DT, even if only few nodes are employed. This renders the resource constrained

communication system a meaningful alternative for increasing the QoS of the

demanding emerging wireless systems.

5.2 System and Channel Models

We consider a multi-node cooperative radio access system consisting of a source node

S, intermediate relay nodes Rk, with k = {1, 2, · · · ,K}, and a destination node D, as

shown in Fig. 5.1. Each node in the system is equipped with a single antenna while a
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HD-DF protocol is adopted. Furthermore, it is assumed that the transmission chan-

nels for all relays are orthogonal, such that the transmitted signals from each relay

can be separately processed at the destination without any interference from other

relays, and finally combined in order to obtain the corresponding cooperation gain.

The most common approach to compose such orthogonal channels is the time-based

model, where K + 1 different time slots are adopted and allocated properly. In this

case, the first slot is used for broadcasting from the source to the destination and

to all K relays, whereas the following K slots are subsequently used, one relay at a

time, to transmit re-encoded and modulated signals from relays to the destination,

e.g., [6, 167, 196, 197]. Alternative effective approaches can be obtained through fre-

quency division multiplexing (FDM) and code division multiplexing (CDM), primarily

orthogonal frequency division multiple-access (OFDMA) and code division multiple

access (CDMA). In the OFDMA scenario, different subsets or sub-bands of subcarri-

ers can provide the orthogonal channels while in the CDMA case, this can be realized

by K + 1 different orthogonal spreading codes 1. Based on this and without loss of

generality, the received signals in the first time slot can be represented as follows:

yS,D =
√

PSαS,Dx+ nS,D (5.1)

and

yS,Rk
=
√

PSαS,Rk
x+ nS,Rk

(5.2)

where x is the transmitted symbol with normalized unit energy in the first transmis-

sion phase, αS,Rk
is the complex fading coefficients from the source to the kth relay,

whereas nS,Rk
represents the corresponding AWGN with zero mean and variance N0.

In the next time-slots, if the kth relay decodes correctly, then it forwards the decoded

and re-encoded signal to the destination over the kth orthogonal channel with power

PRk
; otherwise, it remains silent. To this effect, the received signal at the destination

can be expressed as follows:

yRk,D =
√

C(k)PRk
αRk,Dx+ nRk,D (5.3)

where C(k) = 1 if the kth relay decodes successfully; otherwise, C(k) = 0. Also,

αRk,D denotes the complex fading coefficient from the kth relay to the destination

and nRk,D is the corresponding AWGN. Here, MRC diversity scheme is employed at

the destination. Based on this, the corresponding combined output received signal

1In this chapter, we do not explicitly assume any of the above models but instead emphasize
on the availability of the orthogonal resources, which ensure that the inter-relay interference at the
destination node is ultimately avoided
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can be expressed as follows:

yD = wSyS,D +
K∑

k=1

wkyRk,D (5.4)

where wS =
√
PSα

∗
S,D/N0 and wk =

√

C(k)PRk
α∗
Rk,D

/N0 denote the optimal MRC

coefficients for yS,D and yRk,D, respectively.

It is noted that in any considered strategy of assigning orthogonal channels, if

the mapping of the physical resources i.e. time slots, frequencies, or codes is prac-

tically fixed and a particular relay node fails to decode correctly, the corresponding

physical resource is momentarily left unused. On the other hand, if a centralized but

dynamic resource management is available in the system, the physical resources can

be allocated or re-allocated dynamically for e.g. always to those nodes that are able

to decode correctly. This, however, requires additional control signaling between the

relay nodes and the central control unit, which in turn reduces relatively the efficiency

of the overall resource use on its own2.

In the considered system, each path is assumed to experience narrowband mul-

tipath fading that follows the η−µ distribution. This distribution has been shown

to account accurately for small-scale variations of the signal in NLOS communica-

tion scenarios where it is described by the two named parameters, η and µ, and it is

valid for two different formats that correspond to two physical models as described in

Subsection 3.3.3. The PDF of the instantaneous SNR γ is also given in (3.36).

5.3 Exact end-to-end Symbol Error Rate Analysis

The end-to-end SER for the considered cooperative system can be expressed as follows

[167], [197]:

PSER =

2K−1∑

z=0

P (e|A = Cz)P (A = Cz) (5.5)

where the binary vectorA = [A(1), A(2), A(3), ..., A(K)] of dimension (1×K) denotes

the state of the relay nodes in the system, with A(k) taking the binary values of 1

and 0 for successful and unsuccessful decoding, respectively. Furthermore, Cz =

[C(1), C(2), C(3), · · · , C(K)] denotes different possible decoding combinations of the

relays with z ∈ {0, 2K−1}, where C(k) takes the value of either 0 or 1. To this effect,

for the case of statistically independent channels the joint probability of the possible

2These aspects are not addressed further in this chapter, but they form an important topic for
the future work
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state outcomes can be represented as follows:

P (A = Cz) =

K∏

k=1

P (A(k) = C(k)). (5.6)

Notably, the conditional error probability P (e|A = Cz) is the error probability con-

ditioned on particular decoding results at relays, whereas P (A = Cz) is the corre-

sponding joint probability of the decoding outcomes. Based on the MRC method, the

instantaneous SNR at the destination for a given decoding combination, Cz, can be

expressed as follows [167]:

γMRC(Cz) = |αS,D|2
P0

N0
+

K∑

k=1

C(k)|αRk,D|2
PRk

N0
. (5.7)

Furthermore, the MGF for independent fading channels in DF scheme is given by [204]

MγMRC(s) =MγS,D (s)

K∏

k=1

MγRk,D
(s) (5.8)

which in the present analysis can be expressed in terms of the modulation scheme

employed as follows [107]:

Mγη−µ

(
g

sin2 θ

)

=

(
4µ2h

(2(h−H)µ+ g
sin2 θ

γ̄)(2(h+H)µ+ g
sin2 θ

γ̄)

)µ

. (5.9)

It is noted that the expression in (5.9) is particularly useful in the subsequent end-

to-end SER analysis of the considered cooperative network system for different mod-

ulation schemes.

5.3.1 End-to-End SER for M−PSK Constellations

The case of i.n.i.d η − µ fading channels

The end-to-end error probability for M−PSK constellations over individual η−µ fad-

ing link when η, µ and γ̄ in each path are not necessarily equal can be expressed as

follows [76, Eq. (5.78)]:

P̄M−PSK =
1

π

∫ π/2

0

Mγ

(
gPSK

sin2 θ

)

dθ

︸ ︷︷ ︸

, I1

+
1

π

∫ (M−1)π
M

π/2

Mγ

(
gPSK

sin2 θ

)

dθ

︸ ︷︷ ︸

, I11

. (5.10)
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In order to evaluate (5.5), we first need to determine the error probability for decoding

at the destination terminal, using MRC, under given decoding outcomes at nodes, i.e.,

for a given Cz [205]. To this end and based on the MGF approach it follows that

P (e|A = Cz) =
1

π

∫ π/2

0

(

4µ2
S,DhS,D(2(hS,D +HS,D)µS,D + gPSK

sin2 θ
γ̄S,D)

−1

(2(hS,D −HS,D)µS,D + gPSK

sin2 θ γ̄S,D)

)µS,D

×
K∏

k=1

(

4µ2
Rk,D

hRk,D (2(hRk,D −HRk,D)µRk,D + gPSK

sin2 θ
γ̄Rk,D)

−1

2(hRk,D +HRk,D)µRk,D + gPSK

sin2 θ
γ̄Rk,D

)µRk,D

dθ

+
1

π

∫ (M−1)π
M

π/2

(

4µ2
S,DhS,D(2(hS,D +HS,D)µS,D + gPSK

sin2 θ
γ̄S,D)

−1

(2(hS,D −HS,D)µS,D + gPSK

sin2 θ
γ̄S,D)

)µS,D

×
K∏

k=1

(

4µ2
Rk,D

hRk,D (2(hRk,D −HRk,D)µRk,D + gPSK

sin2 θ
γ̄Rk,D)

−1

(2(hRk,D +HRk,D)µRk,D + gPSK

sin2 θ γ̄Rk,D)

)µRk,D

dθ.

(5.11)

Evidently, the derivation of an analytic solution for (5.11) is subject to analytic evalua-

tion of the integrals I1 and I11 in closed-form. To this end, for the case of non-identical

fading parameters, i.e, µS,D 6= µR1,D 6= · · · 6= µRK ,D, ηS,D 6= ηR1,D 6= · · · 6= ηRK ,D

and γS,D 6= γR1,D 6= · · · 6= γRk,D, the I1 term can be alternatively expressed as

follows

I1 =
1

π

∫ π/2

0

1
(
1 + A1

sin2 θ

)µS,D
(
1 + A2

sin2 θ

)µS,D

K∏

k=1

dθ
(
1 + B1k

sin2 θ

)µRk,D
(
1 + B2k

sin2 θ

)µRk,D

(5.12)

where
{A1

A2

}
=

γS,DgPSK

2(hS,D {∓}HS,D)µS,D
(5.13)

and
{B1k

B2k

}
=

γRk,D
gPSK

2(hRk,D{∓}HRk,D)µRk,D
. (5.14)
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By also setting u = sin2(θ) and carrying out tedious but basic algebraic manipulations,

(5.12) can be expressed as follows:

I1 =
βγMRC(gPSK)

2π

×
∫ 1

0

(1 − u)−
1
2 u2(µS,D+

∑K
k=1 C(k)µRk,D)− 1

2

(

1 + u
A1

)µS,D
(

1 + u
A2

)µS,D

K∏

k=1

du
(

1 + u
B1k

)µRk,D
(

1 + u
B2k

)µRk,D

(5.15)

where

βγMRC(gPSK) =

(

4µ2
S,D(h

2
S,D −H2

S,D)

γ2S,Dg
2
PSK

)µS,D K∏

k=1

(

4µ2
Rk,D

(h2Rk,D
−H2

Rk,D
)

γ2Rk,D
g2PSK

)µRk,D

(5.16)

Importantly, (5.15) can be expressed explicitly in terms of [104, Eq. (7.2.4.57)],

yielding

I1 =
βγMRC(gPSK)Γ(2µS,D + 2

∑K
k=1 C(k)µRk,D + 1

2 )

2
√
πΓ(2µS,D + 2

∑K
k=1 C(k)µRk,D + 1)

(5.17)

×F (2K+2)
D

(

2µS,D + 2
K∑

k=1

C(k)µRk,D +
1

2
;µS,D, µS,D, µR1,D, · · · , µRK ,D, µR1,D, · · · ,

µRK ,D; 2µS,D + 2

K∑

k=1

C(k)µRk,D + 1;− 1

A1
,− 1

A2
,− 1

B11
, · · · ,− 1

B1K
,− 1

B21
, · · · ,− 1

B2,K

)

where F
(n)
D (·) denotes the generalized Lauricella hypergeometric function of n vari-

ables [104].

In the same context, for the I11 integral we set u = cos2(θ)/ cos2(π/M) in (5.11)

yield

I11 =
MγMRC(gPSK) cos(π/M)

2π

×
∫ 1

0

u−
1
2 (1− cos2(π/M)u)2(µS,D+

∑K
k=1 C(k)µRk,D)− 1

2

(

1− cos2(π/M)
1+A1

u
)µS,D

(

1− cos2(π/M)
1+A2

u
)µS,D

K∏

k=1

(

1− cos2(π/M)
1+B2k

u
)−µRk,D

(

1− cos2(π/M)
1+B1k

u
)µRk,D

du.

(5.18)

Evidently, the involved integral can be also expressed in an exact-form in terms of

the F
(n)
D (·) function; therefore, by performing the necessary change of variables and
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substituting in (5.18), one obtains

I11 =
MγMRC(gPSK)

π
F

(2K+3)
D

(
1

2
;µS,D, µS,D, µR1,D, · · · , µRK ,D, µR1,D, · · · , µRK ,D,

1

2
− 2µS,D − 2

K∑

k=1

C(k)µRK ,D;
3

2
;
cos2(π/M)

1 +A1
,
cos2(π/M)

1 +A2
,
cos2(π/M)

1 +B11
, · · · ,

cos2(π/M)

1 +B1K
,
cos2(π/M)

1 +B21
, · · · , cos

2(π/M)

1 +B2K
, cos2(π/M)

)

.

(5.19)

It is noted here that the F
(n)
D (·) function has been studied extensively over the

past decades. Nevertheless, despite its importance it is not unfortunately included as

built-in function in popular software packages such as MATLAB, MATHEMATICA

and MAPLE. Based on this, a simple MATLAB algorithm for computing this function

straightforwardly is proposed in Appendix E.

The case of i.i.d η−µ fading channels

For the special case of identical relay to destination paths i.e., µR1,D = · · · = µRK ,D =

µR,D, ηR1,D = · · · = ηRK ,D = ηR,D, γR1,D = · · · = γRK ,D = γR,D and thus, B11 =

· · · = B1K = B1, and B21 = · · · = B2K = B2, equations (5.17) and (5.19) can be

readily simplified to the following representations

I1i.i.d =
βγMRC(gPSK)Γ

(

2µS,D + 2µR,D
∑K

k=1 C(k) +
1
2

)

2
√
πΓ
(

2µS,D + 2µR,D
∑K

k=1 C(k) + 1
) F

(4)
D

(

2µS,D + 2µR,D

K∑

k=1

C(k)

+
1

2
;µS,D, µS,D,KµR,D,KµR,D; 2µS,D + 2µR,D

K∑

k=1

C(k) + 1;− 1

A1
,− 1

A2
,− 1

B1
,− 1

B2

)

(5.20)

and

I11i.i.d =
MγMRC(gPSK)

π
F

(5)
D

(

1

2
;µS,D, µS,D,KµR,D,KµR,D,

1

2
− 2µS,D − 2µR,D

K∑

k=1

C(k)

;
3

2
;
cos2(π/M)

1 +A1
,
cos2(π/M)

1 +A2
,
cos2(π/M)

1 +B1
,
cos2(π/M)

1 +B2
, cos2(π/M)

)

,

(5.21)
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respectively. As a result, with the aid of the derived expressions for I1 and I11,
the corresponding error probability for M−PSK constellations can be determined by

P (e|A = Cz) = I1 + I11.
It is recalled that the derivation of the overall SER also requires the determination

of the decoding probability of the relay nodes P (A = Cz). This is in fact a direct

product of the terms P (γ̄S,Rk
) = P (A(k) = C(k) = 0), i.e., decoding error at the re-

lays and (1−P (γ̄S,Rk
)) = P (A(k) = C(k) = 1), i.e., successful decoding at the relays,

which, as already mentioned, is a pre-requisite for forwarding re-encoded signals to

the destination. Importantly, this can be also determined in closed-form with the aid

of the commonly used MGF approach, namely

P (γ̄S,Rk
) =

1

π

∫ π/2

0

MγS,Rk

(
gPSK

sin2 θ

)

dθ

︸ ︷︷ ︸

, I2

+
1

π

∫ (M−1)π
M

π/2

MγS,Rk

(
gPSK

sin2 θ

)

dθ

︸ ︷︷ ︸

, I22

(5.22)

which with the aid of (5.9) can be equivalently re-written as follows:

P (A(k) = C(k) = 0)

=
1

π

∫ π/2

0

(

4µ2
S,Rk

hS,Rk
(2(hS,Rk

+HS,Rk
)µS,Rk

+ gPSK

sin2 θ
γ̄S,Rk

)−1

(2(hS,Rk
−HS,Rk

)µS,Rk
+ gPSK

sin2 θ γ̄S,Rk
)

)µS,Rk

dθ

+
1

π

∫ (M−1)π
M

π/2

(

4µ2
S,Rk

hS,Rk
(2(hS,Rk

+HS,Rk
)µS,Rk

+ gPSK

sin2 θ γ̄S,Rk
)−1

(2(hS,Rk
−HS,Rk

)µS,Rk
+ gPSK

sin2 θ
γ̄S,Rk

)

)µS,Rk

dθ.

(5.23)

Notably, the integrals in (5.23) have similar algebraic form to I1 and I11 since the

difference is the absence of µRk,D terms. As a result, the following exact analytic

expressions are deduced:

I2 =
βγS,Rk

(gPSK)Γ(2µS,Rk
+ 1

2 )

2
√
πΓ(2µS,Rk

+ 1)

×F (2)
D

(

2µS,Rk
+

1

2
; µS,Rk

, µS,Rk
; 2µS,Rk

+ 1;− 1

C1
,− 1

C2

)

(5.24)

and

I22 =
MγS,Rk

(gPSK)

π

×F (3)
D

(
1

2
;µS,Rk

, µS,Rk
,
1

2
− 2µS,Rk

;
3

2
;
cos2(π/M)

1 + C1
,
cos2(π/M)

1 + C2
, cos2(π/M)

)

(5.25)
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where
{C1

C2

}
=

γS,Rk
gPSK

2(hS,Rk
{∓}HS,Rk

)
(5.26)

and

βS,Rk
(gPSK) =

(

4µ2
S,Rk

(h2S,Rk
−H2

S,Rk
)

γ2S,Rk
g2PSK

)µS,Rk

. (5.27)

Therefore, the PSER for M−PSK is deduced by inserting the corresponding results of

P (e|A = Cz) and P (A = Cz) in (5.5).

5.3.2 End-to-End SER for M−QAM Constellations

Having derived the SER over i.n.i.d and i.i.d η − µ fading channels for the case of

M−PSK modulations, we can readily derived the respective SER for the case of

M−QAM constellations.

The case of i.n.i.d η−µ fading channels

In the case of independent but not necessarily identically distributed η − µ fading

channels and based on [76, Eq. (9.21)], it follows that

P̄M−QAM =
4C

π

∫ π/2

0

MγMRC

(
gQAM

sin2 θ

)

dθ

︸ ︷︷ ︸

, I3

−4C2

π

∫ π/4

0

MγMRC

(
gQAM

sin2 θ

)

dθ

︸ ︷︷ ︸

, I4

(5.28)

In this case, the probability of decoding error using the MRC scheme under given

decoding results at the relays can be expressed as follows:

P (e|A = Cz) =
4C

π

∫ π/2

0

(

4µ2
S,DhS,D(2(hS,D +HS,D)µS,D +

gQAM

sin2 θ γ̄S,D)
−1

(2(hS,D −HS,D)µS,D +
gQAM

sin2 θ
γ̄S,D)

)µS,D

×
K∏

k=1

(

4µ2
Rk,D

hR,k,D (2(hRk,D +HRk,D)µRk,D +
gQAM

sin2 θ
γ̄Rk,D)

−1

(2(hRk,D −HRk,D)µRk,D +
gQAM

sin2 θ γ̄Rk,D)

)µRk,D

dθ

− 4C2

π

∫ π/4

0

(

4µ2
S,DhS,D(2(hS,D +HS,D)µS,D +

gQAM

sin2 θ γ̄S,D)
−1

(2(hS,D −HS,D)µS,D +
gQAM

sin2 θ
γ̄S,D)

)µS,D

×
K∏

k=1

(

4µ2
Rk,D

hRk,D (2(hRk,D +HRk,D)µRk,D +
gQAM

sin2 θ γ̄Rk,D)
−1

(2(hRk,D −HRk,D)µRk,D +
gQAM

sin2 θ
γ̄Rk,D)

)µRk,D

dθ.

(5.29)



106

5. ERROR RATE AND POWER ALLOCATION ANALYSIS OF MULTI-RELAY

NETWORKS OVER η−µ FADING CHANNELS

Evidently, the derivation of an exact expression for (5.29) is subject to analytic eval-

uation of the above two integrals that correspond to I3 and I4. Following the same

methodology as in the case ofM−PSK constellations and using the change of variable

of u = sin2 θ, one obtains

I3 =
βγMRC(gQAM)

2

×
∫ 1

0

(1− u)−
1
2u2(µS,D+

∑K
k=1 C(k)µRk,D)− 1

2

(

1 + u
A1

)µS,D
(

1 + u
A2

)µS,D

K∏

k=1

du
(

1 + u
B1k

)µRk,D
(

1 + u
B2k

)µRk,D

(5.30)

where the parameters A1, A2, B1k and B2k are determined by substituting gPSK with

gQAM in (5.13) and (5.14), respectively. To this effect and after some algebraic ma-

nipulations, the following analytic expression is deduced:

I3 =
βγMRC(gQAM)

√
πΓ
(

2µS,D + 2
∑K
k=1 C(k)µRk ,D + 1

2

)

2Γ
(

2µS,D + 2
∑K
k=1 C(k)µRk,D + 1

)

(5.31)

× F
(2K+2)
D

(

2µS,D + 2

K∑

k=1

C(k)µRk,D +
1

2
;µS,D, µS,D, µR1,D, · · · , µRK ,D, µR1,D, · · · ,

µRK ,D; 2µS,D + 2

K∑

k=1

C(k)µRk,D + 1;− 1

A1
,− 1

A2
,− 1

B11
, · · · ,− 1

B1K
,− 1

B21
, · · · ,− 1

B2,K

)

Likewise, the I4 integral has the same integrand but a different upper limit of inte-

gration. Thus, by following the same methodology and setting y = 2u, yields the

following exact expression

I4 =
βγMRC(gQAM)Γ(2µS,D + 2

∑K
k=1 C(k)µRk,D + 1

2 )

Γ(2µS,D + 2
∑K
k=1 C(k)µRk,D + 3

2 )2
2(µS,D+

∑K
k=1 C(k)µRk,D)+ 3

2

(5.32)

× F
(2K+3)
D

(

2µS,D + 2

K∑

k=1

C(k)µRk,D +
1

2
;µS,D, µS,D, µR1,D, · · · , µRK ,D, µR1,D, · · · ,

µRK ,D,
1

2
; 2µS,D + 2

K∑

k=1

C(k)µRk,D +
3

2
;− 1

2A1
,− 1

2A2
,− 1

2B11
, · · · ,− 1

2B1K
,− 1

2B21
,

· · · ,− 1

2B2K
,
1

2

)
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where

βγMRC(gQAM) =

(

4µ2
S,DhS,D

γ2S,Dg
2
QAM

)µS,D K∏

k=1

(

4µ2
Rk,D

(h2Rk,D
−H2

Rk,D
)

γ2Rk,D
g2QAM

)µRk,D

. (5.33)

Notably, the I3 and I4 terms are also expressed in terms of the generalized Lauricella

function.

The case of i.i.d η−µ fading channels

In this simplified scenario, the corresponding solutions for I3 and I4 for the case of

M−QAM constellations can be derived by following the same methodology as in the

case of M−PSK modulations. To this end, after performing the necessary change of

variables and long but basic algebraic manipulations, it immediately follows that:

I3i.i.d =
βγMRC(gQAM)

√
πΓ
(

2µS,D + 2µR,D
∑K
k=1 C(k) +

1
2

)

2Γ
(

2µS,D + 2µR,D
∑K
k=1 C(k) + 1

)

× F
(4)
D

(

2µS,D + 2µR,D

K∑

k=1

C(k) +
1

2
; µS,D, µS,D,KµR,D,KµR,D; 2µS,D

+ 2µR,D

K∑

k=1

C(k) + 1;− 1

A1
,− 1

A2
,− 1

B1
,− 1

B2

)

(5.34)

and

I4i.i.d =
βγMRC(gQAM)Γ(2µS,D + 2µR,D

∑K
k=1 C(k) +

1
2 )

Γ(2µS,D + 2µR,D
∑K

k=1 C(k) +
3
2 )2

2µS,D+2µR,D

∑

K
k=1 C(k)+ 3

2

×F (5)
D

(

2µS,D + 2µR,D

K∑

k=1

C(k) +
1

2
; µS,D, µS,D,KµR,D,KµR,D,

1

2
; 2µS,D

+2µRk,D

K∑

k=1

C(k) +
3

2
;− 1

2A1
,− 1

2A2
,− 1

2B1
,− 1

2B2
,
1

2

)

,

(5.35)

respectively. Hence, the error probability is determined by P (e|A = Cz) = 4CI3/π−
4C2I4/π.

Likewise, the corresponding decoding error probability at the relay nodes can be
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expressed as

P (γ̄S,Rk
) =

4C

π

∫ π/2

0

MγS,Rk

(
gQAM

sin2 θ

)

dθ

︸ ︷︷ ︸

, I5

−4C2

π

∫ π/4

0

MγS,Rk

(
gQAM

sin2 θ

)

dθ.

︸ ︷︷ ︸

, I6

(5.36)

Based on the approach in (5.23) and given the non-arbitrary limits of integration, the

following exact expressions are deduced for the integrals I5 and I6:

I5 =
βγS,Rk

(gQAM)
√
πΓ(2µS,Rk

+ 1
2 )

2Γ(2µS,Rk
+ 1)

× F
(2)
D

(

2µS,Rk
+

1

2
;µS,Rk

, µS,Rk
; 2µS,Rk

+ 1;− 1

C1
,− 1

C2

) (5.37)

and

I6 =
βγS,Rk

(gQAM)Γ(2µS,Rk
+ 1

2 )

Γ(2µS,Rk
+ 3

2 )2
2µS,Rk

+ 3
2

×F (3)
D

(

2µS,Rk
+

1

2
;µS,Rk

, µS,Rk
,
1

2
; 2µS,Rk

+
3

2
;− 1

2C1
,− 1

2C2
,
1

2

)

(5.38)

respectively, where

βγS,Rk
(gQAM) =

(

4µ2
S,Rk

(h2S,Rk
−H2

S,Rk
)

γ2S,Rk
g2QAM

)µS,Rk

, (5.39)

whereas C1 and C2 are obtained by substituting gPSK with gQAM in (5.26). Therefore,

using (5.37) and (5.38), the corresponding decoding error probability can be readily

expressed as

P (γ̄S,Rk
) = P (A(k) = C(k) = 0) =

4C

π
I5 −

4C2

π
I6. (5.40)

To this effect, an exact analytic expression for the SER is deduced by substituting

P (A = Cz) in (5.5) along with the corresponding P (e|A = Cz). Notably, the expres-

sion can be computed using the proposed MATLAB algorithm in Appendix E.

5.3.3 Simple Asymptotic Expressions

The derivation of asymptotic expressions typically leads to useful insights on the

impact of the involved parameters on the system performance. This is also the case in
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the present analysis as simple exact asymptotic expressions are derived for high SNR

values. To this end, the MGF of η−µ distribution can be accurately approximated

as follows:

Mγη−µ

(
g

sin2 θ

)

=

(
4µ2h

(2(h−H)µ+ g
sin2 θ γ̄)(2(h+H)µ+ g

sin2 θ γ̄)

)µ

≈
(
4µ2h

g2γ̄2

)µ

sin4µ(θ).

(5.41)

Based on this, the conditional error probability P (e|A = Cz) can be approximated

as follows:

P (e|A = Cz) ≈
(

4µ2
S,DhS,D

g2γ2S,D

)µS,D K∏

k=1

ARK ,D(Cz)

(

4µ2
Rk,D

hRk,D

g2γ2Rk,D

)µRk,D

(5.42)

where ARK ,D(Cz) for M−PSK constellations is given by

ARK ,D(Cz) =
1

π

∫ (M−1)π
π

0

[sin(θ)]4(µS,D+
∑K

k=1 C(k)µRk,D)dθ (5.43)

which can be equivalently re-written as follows:

ARK ,D(Cz) =
1

π

∫ π/2

0

[sin(θ)]4(µS,D+
∑K

k=1 C(k)µRk,D)dθ

︸ ︷︷ ︸

I7

+
1

π

∫ (M−1)π
M

π/2

[sin(θ)]4(µS,D+
∑K

k=1 C(k)µRk,D)dθ

︸ ︷︷ ︸

I8

.

(5.44)

The derivation of an exact expression for (5.42) is subject to analytic evaluation of

the above trigonometric integrals. Hence, setting u = sin2(θ) and a = 2(µS,D +
∑K

k=1 C(k)µRk,D) yield

I7 =
1

2

∫ 1

0

ua−
1
2

(1 − u)
1
2

du (5.45)

which can be expressed in an exact expression according to [86, Eq. (3.191.1)]. To

this end, by performing the necessary variable transformation and after basic algebraic

manipulations one obtains

I7 =

√
πΓ(2µS,D + 2

∑K
k=1 C(k)µRk,D + 1

2 )

2Γ(2µS,D + 2
∑K
k=1 C(k)µRk,D + 1)

. (5.46)
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Likewise, by setting u = cos2(θ)/ cos2(π/M) to the second integral in (5.44), it follows

that

I8 =
cos(π/M)

2

∫ 1

0

u−
1
2

(
1− u cos2

(
π
M

)) 1
2−a

du (5.47)

which can be expressed in terms of the Gauss hypergeometric function as follows:

I8 = cos
( π

M

)

2F1

(

1

2
− 2µS,D + 2

K∑

k=1

C(k)µRk,D,
1

2
;
3

2
; cos2

( π

M

)
)

. (5.48)

To this effect, ARK ,D(Cz) can be readily expressed as ARK ,D(Cz) = I7/π + I8/π.
In the same context, for the case of M−QAM constellations one obtains

ARK ,D(Cz) =
4C

π

∫ π/2

0

[sin(θ)]4(µS,D+
∑K

k=1 C(k)µRk,D)dθ

︸ ︷︷ ︸

I9

− 4C2

π

∫ π/4

0

[sin(θ)]4(µS,D+
∑K

k=1 C(k)µRk,D)dθ

︸ ︷︷ ︸

I10

.

(5.49)

It is evident that the integrals I7 and I9 have the same algebraic forms. Hence, it

follows that

I9 =

√
πΓ(2(µS,D +

∑K
k=1 C(k)µRk,D) +

1
2 )

2Γ(2(µS,D +
∑K

k=1 C(k)µRk,D) + 1)
(5.50)

for the first integral, while and upon setting u = 2 sin2(θ) in the second integral, one

obtains

I10 =
2−(2µS,D+ 3

2 )

22
∑

K
k=1 C(k)µRk,D

×
2F1

(
1
2 , 2µS,D + 2

∑K
k=1 C(k)µRk,D + 1

2 ; 2µS,D + 2
∑K
k=1 C(k)µRk,D + 3

2 ;
1
2

)

Γ(2µS,D + 2
∑K
k=1 C(k)µRk,D + 3

2 )[Γ(2µS,D + 2
∑K
k=1 C(k)µRk,D + 1

2 )]
−1

.

(5.51)

Therefore, with the aid of (5.50) and (5.51), the ARK ,D(Cz) for the case of square

M−QAM constellations is given by ARK ,D(Cz) = 4CI9/π − 4C2I10/π.
The decoding error probability of the relays also in the high SNR regime can be

expressed as

P (A(k) = C(k) = 0) ≈ AS,Rk

(

4µ2
S,Rk

hS,Rk

g2γ2S,Rk

)µS,Rk

(5.52)
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and

P (A(k) = C(k) = 1) ≈ 1−AS,Rk

(

4µ2
S,Rk

hS,Rk

g2γ2S,Rk

)µS,Rk

(5.53)

where AS,Rk
for M−PSK and M−QAM constellations is given by

AS,Rk
=

1

π

∫ (M−1)π
M

0

sin4µS,Rk (θ)dθ (5.54)

and

AS,Rk
=

4C

π

∫ π/2

0

sin4µS,Rk (θ)dθ − 4C2

π

∫ π/4

0

sin4µS,Rk (θ)dθ (5.55)

respectively. It is evident that exact expressions for AS,Rk
for both modulation

schemes can be obtained by following the same methodology and procedure as in

the previous case yielding

AS,Rk
=

Γ(2µS,Rk
+ 1

2 )

2
√
πΓ(2µS,Rk

+ 1)
+

cos(π/M)

π
2F1

(
1

2
− 2µS,Rk

,
1

2
;
3

2
; cos2(π/M)

)

(5.56)

for the case of M−PSK and

AS,Rk
=

2CΓ(2µS,Rk
+ 1

2 )√
πΓ(2µS,Rk

+ 1)
− C2Γ(2µS,Rk

+ 1
2 ) 2F1

(
1
2 , 2µS,Rk

+ 1
2 ; 2µS,Rk

+ 3
2 ;

1
2

)

π22µS,Rk
+ 1

2 Γ(2µS,Rk
+ 3

2 )
(5.57)

for the case ofM−QAM. It is noted here that at sufficiently high SNR, the probability

P (A(k) = C(k) = 0) is very small and thus, it is resealable to approximate 1 −
AS,Rk

((4µ2
S,Rk

hS,Rk
)/(g2γ2S,Rk

))µS,Rk ≃ 1. To this effect and by substituting (5.42)

and (5.52) into (5.5), the SER of the multi-relay regenerative system over generalized

fading channels at the high SNR regime can be expressed as follows:

PSER ≈
(

4µ2
S,DhS,D

g2γ2S,D

)µS,D 2K−1∑

z=0

K∏

k=1

ARK ,D(Cz)

(

4µ2
Rk,D

hRk,D

g2γ2Rk,D

)µRk,D

×
K∏

k=1

AS,Rk

(

4µ2
S,Rk

hS,Rk

g2γ2S,Rk

)µS,Rk

(5.58)

where g corresponds to gPSK = sin2(π/M) or gQAM = 3/(2(M − 1)) according to

(5.10) and (5.28), respectively, depending on the selected modulation scheme.

Employing the expressions in (4.53), (5.58) and after performing some algebraic

manipulations with the aid of [198, Eq. (13)], the diversity and cooperation gains of
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the considered scenario can be expressed as:

Gd = 2µS,D + 2
K∑

k=1

min{µS,Rk
, µRk,D} (5.59)

and

Gc =





(

4µ2
S,DhS,D

g2a20Ω
2
S,D

)µS,D 2K−1∑

z=0

K∏

k=1

ARK ,D(Cz)




4µ2

Rk,D
hRk,D

g2a2Rk
Ω

2

Rk,D





µRk,D

×
K∏

k=1

AS,Rk

(

4µ2
S,Rk

hS,Rk

g2a20Ω
2
S,Rk

)µS,Rk
)− 1

Gd

,

(5.60)

respectively. The power ratios a0 and aRk
are explained in Section 5.4. It is noticed

that the fading parameter η has no impact on the diversity order while it influences

the cooperation gain of the system. For Rayleigh fading case, i.e., for µS,D = µS,Rk
=

µRk,D = 0.5, (5.59) reduces to Gd = 1 +K, which agrees with the results in [197].

5.3.4 Amount of Fading

It is recalled that the amount of fading (AoF) is a useful metric for quantifying the

fading severity in the communication scenarios and is defined according to [76, Eq.

(1.27)], namely

AoF =
Var(γMRC)

(E(γMRC))2
=

E(γ2MRC)− (E(γMRC))
2

(E(γMRC))2
. (5.61)

The nth moment of the γMRC in the considered set up can be determined by [76,204],

yielding

µn = (−1)n

[

dn

dsn

(

MγS,D(s)
K∏

k=1

MRk,D(s)

)]

s=0

. (5.62)

Based on this, the first two moments in (5.62) are obtained for n = 1 and n = 2,

namely

E(γMRC) =
∂MγMRC(s)

∂s
|s=0 (5.63)

and

E(γ2MRC) =
∂2MγMRC(s)

∂2s
|s=0. (5.64)

To this effect and recalling (5.7)−(5.9) as well as carrying out long but basic algebraic

manipulations, the corresponding minimum AoF, if all relays decode correctly in i.i.d
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fading condition, can be represented as follows:

AoF =
µS,D(µS,D + 1)δ21 − 2δ2µS,D − 2δ3KµR,D

(µS,Dδ1 +KµR,Dδ4)2

+
KµR,D(KµR,D + 1)δ24 + 2KµS,DµR,Dδ1δ4

(µS,Dδ1 +KµR,Dδ4)2
− 1

(5.65)

where

δ1 =
γS,DhS,D

µS,D(h2S,D −H2
S,D)

(5.66)

δ2 =
γ2S,D

4µ2
S,D(h

2
S,D −H2

S,D)
(5.67)

δ3 =
γ2R,D

4µ2
R,D(h

2
R,D −H2

R,D)
(5.68)

and

δ4 =
γR,DhR,D

µR,D(h2R,D −H2
R,D)

. (5.69)

By recalling that the η − µ model includes the Nakagami−m, Hoyt and Rayleigh

distributions, the AoF for these cases can be readily deduced accordingly.

5.4 Optimum Power Allocation

EPA is not an optimal power allocation scheme for distributing the available total

transmission power between the source and relay nodes, especially when the channel

conditions are highly unbalanced. Hence, the main aim of this section is to analyze

and compare the performance of the considered cooperative system under generalized

fading channels, with EPA and OPA, under the assumption of total sum-power con-

straint. Opposed to single-device implementation perspective and the corresponding

per node power constraint, the considered approach is more of a network or system

view from the optimization perspective, seeking to understand and quantify the po-

tential gain in the end-to-end BER/SER performance if the total power is allocated

more efficiently compared to the baseline EPA scheme. To this effect, we derive

the OPA strategy that minimizes the derived asymptotic SER of the considered re-

generative system subject to the sum-power constraint of a power budget P. It is

noted here that only partial knowledge of the CSI is required for employing the OPA

scheme [38,167,168]. The derived SER expression in (5.58) is a function of the power

allocated at the source and the K relays of the system, the available power should be
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allocated optimally in order to enhance the end-to-end quality of the transmission 3.

Based on this, the corresponding non-linear optimization problem can be formulated

as follows:

aopt = argmin
a
PSER

Subject to: a0 +

K∑

k=1

aRk
= 1, a0 ≥ 0, aRk

≥ 0
(5.70)

where a = [a0, aR1 , aR2 , . . . , aRk
] denotes the relative power allocation vector. Im-

portantly, the cost function in (5.70) is convex in the parameters a0 and aRk
over

the feasible set defined by linear power ratio constraints. The corresponding proof

is provided in Appendix F. To this effect and following the definitions in [183], the

Lagrangian of this optimization problem is given by

L = PSER + λ

(

a0 +
K∑

k=1

aRk
− 1

)

− µ0a0 −
K∑

k=1

µkaRk
(5.71)

where λ denotes the Lagrange multiplier satisfying the power constraint, whereas µ0

and µk parameters serve as slack variables. The nonlinear optimization problem in

(5.70) can be solved using e.g. a line search method. However, to develop some

insights for the power allocation policy we apply the KKT conditions for minimizing

the corresponding SER [183]. To this end, it follows that all µk and µ0 parameters are

zero while the following first derivatives form the necessary condition for maximizing

the performance of the system

∂PSER

∂a0
=
∂PSER

∂aRk

(1 ≤ k ≤ K). (5.72)

In order to obtain feasible relations between optimal powers of the cooperating nodes,

we employ the asymptotic SER in (5.58). By re-writing this in terms of the power

ratios allocated at the transmitting nodes it follows that

PSER ≈
(

4µ2
S,DhS,DN

2
0

g2a20Ω
2
S,DP

2

)µS,D 2K−1∑

z=0

K∏

k=1

ARK ,D(Cz)

(

4µ2
Rk,D

hRk,DN
2
0

a2Rk
g2Ω2

Rk,D
P 2

)µRk,D

×
K∏

k=1

AS,Rk

(

4µ2
S,Rk

hS,Rk
N2

0

a20g
2Ω2

S,Rk
P 2

)µS,Rk

.

(5.73)

3Without loss of generality, the considered OPA can be practically controlled by a centralized
management or power allocation unit
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To develop an optimal power allocation policy for the considered cooperative network

system, we initially restrict our scenario to K = 1 and K = 2 relay nodes, while

we also comment on the power allocation optimization in the generalized case with

K > 2 relays.

K = 1 Scenario

The possible decoding sets in this case are C0 = 0, i.e., the relay is unable to decode

correctly, and C1 = 1, i.e., the relay decodes successfully. Thus, using (5.73) and

neglecting the constant term outside the summation after factoring out a0, it follows

that

min

[

K1

a
2(µS,D+µS,R1)
0

+
K2

a
2µS,D

0 a
2µR1,D

R1

]

Subject to: a0 + aR1 = 1

(5.74)

where

K1 = AS,DAS,R1

(

4µ2
S,R1

hS,R1N
2
0

g2Ω2
S,R1

P 2

)µS,R1

(5.75)

K2 = AR1,D(C1)

(

4µ2
R1,D

hR1,DN
2
0

g2Ω2
R1,D

P 2

)µR1,D

. (5.76)

Next, we apply the necessary condition in (5.72) to determine the relation between

optimal power allocations in the two nodes. Thus, the first derivative of PSER with

respect to a0 is given by

∂PSER

∂a0
= −2(µS,D + µS,R1)K1

a
2(µS,D+µS,R1)+1
0

− 2µS,DK2

a
2µS,D+1
0 a

2µR1,D

R1

, (5.77)

whereas the first derivative with respect to aR1 is given by

∂PSER

∂aR1

= − 2µR1,DK2

a
2µS,D

0 a
2µR1,D+1

R1

. (5.78)

Equating the above two relations and after some long but basic rearrangements, it

follows that
(µS,D + µS,R1)K1

K2
=
a
2µS,R1+1
0

a
2µR1,D

R1

(
µR1,D

aR1

− µS,D
a0

)

. (5.79)

It is noticed that the left-hand side of (5.79) depends only on the channel parameters.

As a result, this term is always positive which implies directly a power policy of
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a0µR1,D ≥ aR1,DµS,D. (5.80)

Furthermore, using the power constraint a0 + aR1 = 1 the following conditions are

also justified.
µS,D

µS,D + µR1,D
P < PS < P (5.81)

and

0 < PR1 <
µR1,D

µS,D + µR1,D
P, (5.82)

respectively. These relation are also in agreement with the power allocation over

Rayleigh, Nakagami−m, and Hoyt (Nakagami−q) fading distributions under the spe-

cial cases given in Subsection 3.3.3. Closed-form expressions for the power ratios for

arbitrary values of µS,R1 and µR1,D are mathematically intractable. However, for

µS,R1 = µR1,D = µ and assigning ζ = a0/aR1 (5.79) can be written as follows:

ζ2µ+1 − µS,D
µ

ζ2µ −
(

1 +
µS,D
µ

)
K1

K2
= 0. (5.83)

The above polynomial equation can be solved for 2µ ∈ Z
+. Specifically, for 2µ = 1

using the power constraint closed-form expressions for the optimal powers transmitted

at the source and relay nodes can be expressed as

PS =
µS,D +

√

µ2
S,D + (1 + 2µS,D)K1/K2

1 + µS,D +
√

µ2
S,D + (1 + 2µS,D)K1/K2

P (5.84)

and

PR1 =
1

1 + µS,D +
√

µ2
S,D + (1 + 2µS,D)K1/K2

P, (5.85)

respectively. Closed-form expressions for the optimal powers for higher values of 2µ

can be obtained by evaluating (5.83) using mathematical software, such as MATLAB,

MATHEMATICA and MAPLE.

K = 2 Scenario

In this case, the following four scenarios are valid: C0 = (0, 0) when the two relays

decode incorrectly; C1 = (0, 1) when the first relay decodes incorrectly and the sec-

ond relay decodes successfully; C2 = (1, 0) when the first relay decodes successfully

and the second relay decodes incorrectly; and C3 = (1, 1) when both relays decode

successfully. Based on this, the corresponding optimization problem can be expressed
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as follows:

min

[

K3

a
2(µS,D+µS,R1+µS,R2 )
0

+
K4

a
2(µS,D+µS,R1)
0 a

2µR2,D

R2

+
K5

a
2(µS,D+µS,R2)
0 a

2µR1,D

R1

+
K6

a
2µS,D

0 a
2µR2,D

R2
a
2µR1,D

R1

] (5.86)

Subject to: a0 + aR1 + aR2 = 1

where K3,K4,K5andK6 relate to the channel parameters, which are not affecting the

sign of the derivatives in any case. To this effect, the derivative of PSER with respect

to aR1 is given by

∂PSER

∂aR1

= − 2K5µR1,D

a
2(µS,D+µS,R2 )
0 a

2µR1,D+1

R1

− 2K6µR1,D

a
2µS,D

0 a
2µR2,D

R2
a
2µR1,D+1

R1

, (5.87)

whereas the derivative of PSER with respect to aR2 is given by

∂PSER

∂aR2

= − 2K4µR2,D

a
2(µS,D+µS,R1 )
0 a

2µR2,D+1

R2

− 2K6µR2,D

a
2µS,D

0 a
2µR2,D+1

R2
a
2µR1,D

R1

. (5.88)

With the aid of the above two representations, and assuming that the channel con-

ditions for the relays are all the same, i.e. µS,R1 = µS,R2 , ηS,R1 = ηS,R2 ,ΩS,R1 =

ΩS,R2 , µR1,D = µR2,D, ηR1,D = ηR2,D, and ΩR1,D = ΩR2,D a power allocation strat-

egy can be proposed as

aR1 = aR2 . (5.89)

Likewise, applying ∂PSER/∂aRk
= ∂PSER/∂aRk+1 for (1 ≤ k ≤ K) it is straightfor-

wardly shown that

aRk
= aRk+1. (5.90)

The power assignment indicates that under the total power constraint and the as-

sumed channel conditions for the regenerative network, power control mechanism

with the relays is not essential, but the remaining power left from the total power

budget after the source can be simply allocated uniformly between the nodes. This

is further elaborated and largely verified in the following section.
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5.5 Numerical Results and Analysis

In this section, the offered analytic results are employed in evaluating the performance

of the multi-relay regenerative system over the realistic generalized fading model for

different communication scenarios. The SER expressions presented in this chapter

are used for analyzing the performance of the system. To this end, we plot the perfor-

mance curves in terms of the end-to-end average SER versus SNR for M−PSK and

M−QAM modulations where the overall transmit power is equally or optimally allo-

cated to the source and the relays following the power policy derived in Section 5.4.

It is also noted that the presented results are limited to Format−1 of the η−µ distri-

bution, but they can be readily extended to scenarios that correspond to Format−2

as described in Subsection 3.3.3.

Fig. 5.2 shows the SER performance as a function of SNR for one, two and

three relays using EPA, i.e., PS = PRk
= P/(K + 1) over symmetric and balanced

η−µ fading channels for 4−PSK/4−QAM constellations. Moreover, the η−µ fading

parameters are µ = 0.5 and η = 1 while Ω parameters are equal to unity. It is

evident that the results from the exact analytic expressions are in excellent agreement

with the respective results from computer simulations, which verifies their validity.

It is also shown that the exact results are bounded tightly by the corresponding

asymptotic curves in the range from moderate SNR values to the high SNR regime

while a full diversity order i.e., 2, 3 and 4, can be respectively achieved. Table 5.1

shows the corresponding diversity gains computed from the slopes for the exact and

asymptotic curves along with the DT scenario, for reference, where it is assumed that

PS = P . It is observed that at a target SER of 10−4 the single relay system exhibits

a gain of 15dB over the DT, whereas the two and three relay systems outperform

the direct scenario by about 19.5dB and 21.5dB, respectively. In the same context,

Fig. 5.3 shows the SER performance as a function of SNR for 4−QAM/4−PSK and

16−QAM constellations for the case of two relays with EPA over symmetric η − µ

fading channels with µ = 0.5 and η = 1 as well as balanced links, i.e., ΩS,D = ΩS,Rk
=

ΩRk,D = Ω = 0dB. It is also shown that the exact results are again in tight agreement

with the respective simulation results and that the asymptotic curves are tending to

be practically identical to the exact ones for SERs lower than 10−3. Therefore, it

becomes evident that in practical system designs of DF relaying at the high SNR

regime, the offered asymptotic expressions can provide useful insights on the system

performance.

Fig. 5.4 shows the cooperation performance of 4−QAM/QPSK system in a two

relay scenario for µ = {0.5, 1, 1.5} and identical channel variance of ΩS,D = ΩS,Rk
=
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Figure 5.2 SER in η − µ fading with µ = 0.5, η = 1 and ΩS,D = ΩS,Rk
= ΩRk,D =

0dB for 4−PSK/4−QAM constellations with different number of relays and EPA.
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Figure 5.3 SER in η − µ fading with µ = 0.5, η = 1 and ΩS,D = ΩS,Rk
= ΩRk,D =

0dB for 4−QAM/4−PSK and 16−QAM, K = 2 and EPA.
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Table 5.1 Diversity gains for one, two and three relays using 4−PSK/4−QAM for
µ = 0.5 and η = 1.

K Diversity gain(Exact) Diversity gain (Asymp.) Diversity gain (Eq.(5.59))
1 1.96 2 2
2 2.91 3 3
3 3.85 4 4
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Figure 5.4 SER vs SNR with µ = {0.5, 1, 1.5}, η = {0.1, 0.9} and ΩS,D = ΩS,Rk
=

ΩRk,D = 0dB for 4−PSK/4−QAM, K = 2 and EPA.

ΩRk,D = 0dB with EPA. It is also recalled that the case of µ = 0.5 corresponds to the

Nakagami−q (Hoyt) distribution with q2 = η. By varying the value of η, we observe

the effect of the scattered-wave power ratio on the average SER of the considered

regenerative system. This verifies that the SER is inversely proportional to η since

for an indicative SER of 10−4, an average gain of 2dB is observed when η increases

from 0.1 to 0.9 for all values of µ. Furthermore, average gains of 4dB and 1.75dB are

obtained as µ increases from 0.5 to 1 and from 1 to 1.5, respectively.

In the same context, Fig. 5.5 shows the SER performance in i.n.i.d η − µ fading

channels for 4−QAM/4−PSK constellations for the case of two relays with EPA. It

is assumed that ηS,D = 0.9, ΩS,D = ΩS,Rk
= 0dB, ΩRk,D = {0, 10}dB, µS,D =

µS,Rk
= µRk,D = µ = {0.5, 1} with different values of ηS,Rk

and ηR1,D set as

{ηS,Rk
, ηR1,D, ηR2,D} = {0.1, 0.1, 0.9} and {0.9, 0.8, 0.9}, respectively. It is observed

that the performance of the system improves substantially as ηS,Rk
and ηR1,D in-
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Figure 5.5 SER vs SNR with µ = {0.5, 1}, ηS,D = 0.9, ΩS,D = ΩS,Rk
= 0dB,

ΩRk,D = {0, 10}dB with different ηS,Rk
and ηR1,D for 4−PSK/4−QAM, K = 2 and

EPA.

crease as at a SER of 10−4 almost 1.25dB and 1.75dB gains are achieved when

the values of {ηS,Rk
, ηR1,D, ηR2,D} changes from {0.1, 0.1, 0.9} to {0.9, 0.8, 0.9} for

ΩRk,D = {0, 10}dB, for the considered values of µ.

Fig. 5.6 shows the SER performance in η − µ fading conditions with µS,D =

0.5 and η = 0.1 for 4−QAM/4−PSK constellations and balanced links of relative

channel variance 0dB for the case of two relays using EPA with different µS,Rk
and

non-identical values of µRk,D. The figure shows that increasing at least one of µRk,D’s

value at a fixed µS,Rk
or increasing both µS,Rk

and µRk,D simultaneously can im-

prove the cooperation performance. Indicatively, at SER of 10−4 nearly 1.25dB and

1.75dB gains are observed when {µS,Rk
, µR1,D, µR2,D} changes from {0.5, 0.5, 0.5}

to {0.5, 0.5, 1} and from {0.5, 0.5, 1} to {0.5, 1, 1.5}, respectively. Moreover, nearly

0.75dB and 1dB gains are achieved when {µR1,D, µR2,D} varies from {1, 1} to {1, 1.5}
and then to {1.5, 2} when µS,Rk

= 1, whereas a gain of 4dB is shown when both µS,Rk

and µRk,D increase at the same time, for instance, from {0.5, 0.5, 1} to {1, 1, 1.5}.
Similarly, Fig. 5.7 shows the SER performance for 4−QAM/4−PSK constellations

for µ = 0.5 and 1, η = 0.5 and unbalanced channel links employing two relays with

EPA. It is shown that increasing either ΩS,Rk
or ΩRk,D can improve the SER and

that the performance for the case of ΩS,Rk
= 0dB and ΩRk,D = 10dB is better than

the reverse scenario, i.e., ΩS,Rk
= 10dB and ΩRk,D = 0dB. For example, almost
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Figure 5.6 SER in η − µ fading with µS,D = 0.5 and η = 0.1, ΩS,D = ΩS,Rk
=

ΩRk,D = 0dB for different µS,Rk
and µRk,D for 4−QAM/4−PSK signals for K = 2

with EPA.
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Figure 5.7 SER in η − µ fading with µ = {0.5, 1}, η = 0.5, and ΩS,D = 0dB for
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Figure 5.8 SER with OPA in η − µ fading with η = 0.5, ΩS,D = ΩS,Rk
= 0dB and

ΩRk,D = 10dB for different µ and 4−QAM/4−PSK and K = 2.

constant gains of 1dB and 1.75dB are achieved when ΩS,Rk
= 0dB and ΩRk,D = 0dB

increase to ΩS,Rk
=10dB and ΩRk,D = 0dB and from ΩS,Rk

=0dB and ΩRk,D = 0dB

to ΩS,Rk
=0dB and ΩRk,D = 10dB, respectively. This verifies that in the considered

regenerative protocol, the overall performance improves more when increasing average

fading power from the relays to the destination than from the source to the relays.

Fig. 5.8 then shows the SER performance of the proposed OPA scheme for different

values of the fading parameter µ, and assuming stronger channel variance from the

relay nodes to the destination node with constant scattered-wave power ratio for

the case of two relays and 4−QAM/4−PSK constellations. It is also assumed that

µS,D = µS,Rk
= µRk,D = µ, ΩS,D = ΩS,Rk

= 0dB, ΩRk,D = 10dB and η = 0.5. It is

shown that when µ is small, for example µ = 0.5, the OPA provides small gain to the

cooperation system, which, however, increases as µ increases. Indicatively, for a SER

of 10−4 the optimal system outperforms the EPA scenario by at least 1.5dB when

µ = 0.5 and by 2.5dB and 3dB when µ = 1 and µ = 1.5, respectively. In addition,

Fig. 5.9 depicts the corresponding SER for the case that µS,D = µS,Rk
= µRk,D = µ,

η = 0.5, ΩS,D = ΩS,Rk
= 0dB and ΩRk,D = {0, 10}dB. It is observed that when

ΩS,Rk
= ΩRk,D = 0dB, OPA does not provide significant performance improvement

for the considered DF network. On the contrary, the SER improves as the difference

between ΩS,Rk
and ΩRk,D increases. For example, it is noticed that for a SER of
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Figure 5.9 SER with OPA over η − µ fading for µS,D = µS,Rk
= µRk,D = µ, η =

0.5,ΩS,D = ΩS,Rk
= 0dB with different ΩRk,D for 4−QAM/4−PSK and K = 2.

0 5 10 15 20 25 30 35 40

SNR [dB]

10-12

10-10

10-8

10-6

10-4

10-2

100

S
E

R

Exact SER (Equal Power)
Exact SER (Optimal Power)

K = 3

K = 1

K = 2

Figure 5.10 SER with OPA over η − µ fading for µ = 1, η = 0.5, ΩS,D = ΩS,Rk
=

0dB and ΩRk,D = 10dB for 4−PSK/4−QAM and different number of relays.
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Table 5.2 Optimal transmit power allocations with different µS,Rk
and µRk,D for

µS,D = 0.5, η = 0.5,ΩS,D = ΩS,Rk
= ΩRk,D = 0dB using 4−QAM/4−PSK signals

at SNR = 20 dB.

µS,Rk
µRk,D PS/P | PR1/P PS/P | PR1,R2/P
0.5 0.6270 | 0.3730 0.4832 | 0.2584

0.5 1 0.6572 | 0.3428 0.4914 | 0.2543
1.5 0.6871 | 0.3129 0.5048 | 0.2476
0.5 0.5415 | 0.4585 0.4006 | 0.2997

1 1 0.5302 | 0.4698 0.3842 | 0.3079
1.5 0.5725 | 0.4275 0.3971 | 0.3014
0.5 0.5160 | 0.4840 0.3724 | 0.3138

1.5 1 0.4652 | 0.5348 0.3443 | 0.3278
1.5 0.5008 | 0.4992 0.3424 | 0.3288

10−4 and µ = 0.5, gains of 0.5dB and 2dB are achieved by OPA over the EPA

scheme when ΩRk,D = {0, 10}dB, respectively. Similarly, gains of 0.5dB and 3dBs

are obtained when µ is increased to µ = 1.5 while it is generally noticed that OPA is

typically more effective than EPA, even in the low-SNR regime.

In the same context, Fig. 5.10 shows the SER performance of the proposed OPA

and EPA scenarios for single, two and three relays over symmetric η − µ fading

scenario, i.e., with constant µ and constant scattered-power ratios η and unbalanced

channel variances from source-to-relay and from relay-to-destination. It is assumed

that µS,D = µS,Rk
= µRk,D = 1, η = 0.5, whereas ΩS,D = ΩS,Rk

= 0dB and ΩRk,D =

10dB. It is shown that the OPA strategy clearly outperforms its EPA counterpart

since the gain for a SER of 10−4 is 2dB, 2.5dB and 2.75dB for one, two and three

relays, respectively. Evidently, the analysis shows that as the number of relay nodes

increases the additional advantage of saving extra dBs through adding more and

more relay nodes becomes gradually smaller. This result is due to the fact that as

the number of relay nodes increases, the source is assigned with a small fraction of

the total available transmit power.

The characteristics of the OPA strategy are further analyzed with the aid of Tables

5.2, 5.3 and 5.4, which depict the optimal power ratios allocated to the source and the

relay-nodes in terms of PS/P and PRk
/P which are evaluated numerically. In case

of multiple relays, the relays are assigned with equal powers (PRk
/P = PRk+1

/P ).

The power ratios allocated to the source and relay nodes for asymmetric and balanced

channel conditions are tabulated in Table 5.2. The result indicates that the numerical

values are in tight agreement with the power strategy proposed in Section 5.4. The

tabulated values also indicate that as the difference between µS,R and µR,D becomes
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Table 5.3 Optimal transmit power allocations with different ΩRk,D and µS,D =
µS,Rk

= µRk,D = µ for η = 0.5,ΩS,D = ΩS,Rk
= 0dB and 4− QAM/4−PSK signals

at SNR = 20 dB.

µ ΩRk,D PS/P | PR1/P PS/P | PR1,R2/P PS/P | PR1,R2,R3/P
1 0.6270 | 0.3730 0.4832 | 0.2584 0.4036 | 0.1988

0.5 10 0.7968 | 0.2032 0.6974 | 0.1513 0.6328 | 0.1224
100 0.9181 | 0.0819 0.8712 | 0.0644 0.8371 | 0.0543
1 0.5925 | 0.4075 0.4368 | 0.2816 0.3520 | 0.2160

1 10 0.8316 | 0.1684 0.7343 | 0.1328 0.6658 | 0.1114
100 0.9557 | 0.0443 0.9247 | 0.0376 0.8995 | 0.0335
1 0.5735 | 0.4265 0.4131 | 0.2935 0.3274 | 0.2242

1.5 10 0.8496 | 0.1504 0.7549 | 0.1226 0.6850 | 0.1050
100 0.9683 | 0.0317 0.9439 | 0.0280 0.9232 | 0.0256

Table 5.4 Optimal transmit power allocations with different modulations and
µS,D = µS,Rk

= µRk,D = µ, η = 0.5,ΩS,D = ΩS,Rk
= ΩRk,D = 0dB for two re-

lays at SNR = 20 dB.

4−PSK 16−PSK 16−QAM
µ PS/P |PR1,R2/P PS/P |PR1,R2/P PS/P |PR1,R2/P
0.5 0.4832 | 0.2584 0.4932 | 0.2534 0.5113 | 0.2443
1 0.4368 | 0.2816 0.4392 | 0.2804 0.4572 | 0.2714
1.5 0.4130 | 0.2935 0.4138 | 0.2931 0.4287 | 0.2857

large, in most cases, more proportion of power is assigned to the source. Table 5.3

also corresponds to the case that the source is assigned with high proportion of power

when ΩRk,D is larger than ΩS,Rk
, i.e., unbalanced channel links. Finally, Table 5.4

verifies that the OPA strategy is dependent upon the considered modulation scheme.

5.6 Summary

In this chapter, we analyzed the end-to-end performance and OPA of regenerative

cooperative systems over generalized fading channels. Novel exact and asymptotic

expressions for the end-to-end SER assuming M−PSK and M−QAM modulated

signals were derived over i.i.d and i.n.i.d channels. The derived analytic expressions

were then used to draw insights of the different fading parameters in the generalized

η−µ fading conditions and their impact on the end-to-end system performance. The

offered results were subsequently employed in developing an asymptotically optimum

power allocation scheme under a total sum-power constraint, which was shown to

outperform significantly the conventional EPA strategy. It was also shown that the
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OPA scheme is practically independent of the scattered-waves power ratio parameter

from source-to-destination, while it depends upon the number of multipath clusters

as well as the selected modulation scheme and that it overall provides significant

performance enhancement.





Chapter 6

Full-Duplex Regenerative

Relaying and Energy

Optimization Over

Generalized Fading Channels

In this chapter, we investigate the performance, OPA and energy optimization analysis

under given constraints for FDR system with different relay SI levels over asymmetric

generalized fading conditions. As mentioned in Chapter 2, relay transmission can

adopt either HDR or FDR modes. The FDR scheme allows the relay node to transmit

and receive signals over the same frequency band at the same time-slot. The FDR has

the potential to enhance the SE and shorten the latency of the relay communication

system in comparison with the traditional HDR scheme which receives and transmits

on orthogonal channels. Unlike the previous works that considered the scenario of

signal transmission over symmetric fading channels, here we consider asymmetric

fading scenarios. Specifically, we consider the case where the S→R link is subject

to the generalized LOS small-scale fading model of κ−µ, whereas the R→D link is

subject to the generalized NLOS small-scale fading model of η−µ. Furthermore,

the direct link is subject to three different conditions: To the NLOS communication

scenario of the η−µ fading, to the LOS case of κ−µ and to the IG fading model. To

this end, novel analytic expressions are derived for the OPs of the FDR system based

on the asymmetric fading models. The analysis and results presented in this chapter

are based on the author’s published work in [115,116] and extended to OPA and EE

optimization analysis in [122].

129
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6.1 Background and Overview of Contributions

Traditionally, relay transmission assumes HD mode where the relays operate in either

transmission or reception mode. In this mode, the S→R and R→D links, which are

operated in two-time slots, are orthogonal to each other [65,208,209]. The HD mode

avoids relay SI at the cost of sacrificing the limited resources (e.g. time-slots and

frequency). However, recently, the FD relaying concept with a capability to allow the

relay(s) to receive and transmit signals simultaneously over the same frequency band

has been introduced. This has constituted it to be an effective alternative scheme to

overcome the limitations imposed by the HD systems, e.g., [210, 211]. Based on this,

Kwon et al. [212] derived closed-form expressions for the OP over Rayleigh fading

channels by considering the relay SI. Likewise, Baranwal et al. [213] derived the OP

of multi-hop FDR system by considering the relay SI and interference from the ad-

jacent terminals over Rayleigh fading channel. In a similar context, Day et al. [214]

derived tight upper and lower bounds on the end-to-end achievable rate of DF-based

FD-MIMO relay systems. Altieri et al. [215] analyzed the outage performance of

interference-limited FDR system using DF and CF schemes, whereas Suraweera et

al. [216] proposed and analyzed low complexity end-to-end performance for MIMO-

FD relay systems using AF relaying scheme. In [217], the performance of FD block

Markov relaying with SI at the relay over Nakagami−m fading channels was analyzed.

Riihonen et al. [218] also proposed hybrid techniques that switch opportunistically

between FD and HD relaying modes in both DF and AF systems with power adap-

tation to maximize the instantaneous and average SE, whereas in [219] the outage

performance and power allocation problem of FD relay channel with DF protocol were

investigated. Huang et al. [220] investigated an OPA scheme for multi-carrier secure

communication in DF-FD relay networks. Likewise, Alves et al. [221] investigated

the performance of DF based secure FD cooperative network over composite fading

channels. Sohaib et al. [222], on the other hand, proposed and analyzed asynchronous

cooperative relaying for V2V communications by employing dual polarized antennas

at the relay node to achieve AF-FD communication. [223] investigated OPA under

individual and total power constraints that maximizes the capacity of FDR with AF

protocol neglecting the impact of the direct link, whereas Yu et al. [224] studied the

impact of the direct link over the transmit power optimization for FD with DF pro-

tocol. Also, [225] studied energy-efficient cooperative network for FDR system with

loop back interference using the DF relaying protocol over Rayleigh fading channels.

However, the aforementioned investigations as well as most of the related litera-

ture are limited to the scenario of information transmission over symmetric multipath
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fading channels, i.e., the S→R and R→D links undergo the same fading conditions. In

practice, asymmetric channels are frequently encountered due to terminal and relay

locations and fading conditions. For example, the link between a fixed relay and BS

might experience LOS radio propagation, whereas the link between a mobile terminal

and relay might experience NLOS communications because of random location and

mobility of the mobile terminal [226]. Based on this, Suraweera et al. [227] investi-

gated the end-to-end performance of a dual-hop fixed gain relaying system when the

S→R and the R→D channels experience Rayleigh/Rician and Rician/Rayleigh fading

scenarios respectively and in [228] for the Nakagami−m and Rician case. Likewise,

Jayasinghe et al. [229] analyzed the performance of dual-hop transmissions for opti-

mal beamforming in fixed gain AF-MIMO relaying over asymmetric fading conditions,

whereas Majhi et al. [230] investigated the performance of a repetition-based two hop

HD-DF system over asymmetric Rayleigh and Rician fading channels. Likewise, [231]

investigated the end-to-end performance of dual-hop AF relaying communication over

generalized small-scale NLOS and LOS asymmetric fading conditions.

Most of the above analyses over asymmetric fading conditions are limited to HD

relaying mechanism. Motivated by this, in this Chapter, we analyze the OP, OPA

and energy optimization over generalized asymmetric fading channels. To this end,

novel analytic expressions for the overall OP of the FDR system are first derived with

Rayleigh distributed relay SI envelope.

In more detail, the technical contributions of this chapter are as follows:

• We investigate the outage performance of the FDR system under the effects

of relay SI and the interference from the direct link for κ−µ and η−µ fading

conditions when the direct link is subject to η−µ, κ−µ and IG fading conditions.

• We investigate power optimization with DF protocol under asymmetric fading

conditions. The optimization problem for the power constrained systems is

conducted by minimizing the overall OP of the system under a given end-to-

end SE constraint.

• We compare the FD and the reference HD relaying architectures under the same

asymmetric fading conditions for both equal power and OPA schemes. The

results of the comparison can provide valuable insights for system designing

and network planning in practical communication scenarios.

• EE optimization analysis is performed by minimizing the average total energy

consumption of the FDR and HDR systems under a given target OP, end-to-end

SE, and maximum total transmit power constraints.
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6.2 System and Channel Model

6.2.1 System Model with Full-Duplex Relay Node

We consider a two-hop three-node relay network consisting of one source, S, a single

relay, R, and a destination, D. The source and destination nodes are equipped with

a single antenna, whereas the relay has two antennas, one for receiving and one for

transmitting, to better facilitate FD mode operation as shown in Fig. 6.1. The relay

uses DF relaying protocol to re-transmit the received signal to the destination where

reception and re-transmission occur simultaneously at the same frequency band, which

ultimately induces relay SI. The received signals at the relay and destination nodes

can be expressed as follows:

yR =
√

PSαS,RxS +
√

PRαR,RxR + nR (6.1)

and

yD =
√

PRαR,DxR +
√

PSαS,DxS + nD, (6.2)

respectively, where xS and xR denote the transmitted signals from the source and

relay nodes with normalized unit energy, whereas αR,R is the fading coefficient of the

R → R SI link. nR and nD also denote the AWGN at the relay and destination nodes,

respectively. We assume that the CSI is known to the receiving nodes while each path

experiences narrow band multipath fading.

6.2.2 Asymmetric Channel Model

As already mentioned, fading conditions in asymmetric channels differ between at

least two paths of the system. Based on this, in the present analysis we assume that

the S→R path experiences κ−µ fading conditions, whereas R→D path is subject to

η−µ fading scenarios. It is noted that the κ−µ and η−µ distributions have been

shown to accurately model small-scale fading conditions of various LOS and NLOS

communications scenarios [78]. Furthermore, the relay SI that cannot be perfectly

canceled in practice using the existing antenna and interference cancellation (IC)

techniques is assumed to be Rayleigh distributed [211–213, 218], whereas the direct,

S→D, link is subject to either the NLOS model of η−µ, the LOS model of κ−µ or the

IG distribution model. The PDFs of the instantaneous SNR, γ, for the Rayleigh, κ−µ,
η−µ and IG distributions are given in (3.12), (3.33), (3.36) and (3.38), respectively.
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α S,D

αR,R

α S,R αR,D

Figure 6.1 Two-hop full-duplex relay system.

6.3 Outage Probability Analysis

6.3.1 Full-Duplex Relaying

In the DF-FD relay system, the relay is subject to SI, whereas the destination is

subject to interference from the direct S→D signal propagation. The direct signal,

if it exists, is here treated as interference from the destination point of view, since it

occurs simultaneously at the same frequency with the signal transmitted by the relay

node. To this effect, the instantaneous signal-to-interference-and-noise-ratios (SINRs)

at the relay and destination nodes are expressed as follows [212]:

ΓR =
|αS,R|2PS

|αR,R|2PR +N0
(6.3)

and

ΓD =
|αR,D|2PR

|αS,D|2PS +N0
, (6.4)

respectively. An outage of the end-to-end communication system occurs if the S→R

link fails to support the required SINR or if the R→D link cannot meet the required

SINR. Accordingly, similar to the work in [212] and [213] the overall OP of the con-

sidered system in terms of the instantaneous SINRs can be expressed as follows:

Pout = Pr{min(ΓR,ΓD) < ΓT}
= Pr{ΓR < ΓT }+ (1− Pr{ΓR < ΓT })Pr{ΓD < ΓT }

(6.5)

where ΓT = 2R − 1 is the required SINR for successful transmission with end-to-end

SE of R in bits/sec/Hz. To derive the overall OP of the system, we first represent (6.3)

and (6.4) in terms of the equivalent SNRs of the respective links as in the following

expressions

ΓR =
γS,R

(γR,R + 1)
(6.6)



134

6. FULL-DUPLEX REGENERATIVE RELAYING AND ENERGY

OPTIMIZATION OVER GENERALIZED FADING CHANNELS

and

ΓD =
γR,D

(γS,D + 1)
, (6.7)

respectively, where γS,R = |αS,R|2(PS/N0) is the SNR of the S→R link, γR,R =

|αR,R|2(PR/N0) is the SNR of the relay SI which is exponentially distributed with

mean value of γR,R, γR,D = |αR,D|2(PR/N0) is the SNR of the R→D link and

γS,D = |αS,D|2(PS/N0) is the SNR of the direct-interference with mean value of

γS,D. Furthermore, ΓR and ΓD can be equivalently expressed in terms of the com-

mon RVs X and Y as Z = X/(Y + 1). Based on this and foundations of probability

theory in [233], the CDF of Z for independently distributed X and Y can be written

as

FZ(z) =

∫ ∞

0

FX(z(y + 1))fY (y)dy. (6.8)

Asymmetric Channel I

Here, we assume that S→R link is subject to the generalized κ−µ fading model,

whereas the R→D and S→D links are subject to η−µ fading model. In this commu-

nication scenario, the S→R link can be considered as the link between two closely

located nodes where there exists LOS in between, whereas the R→D link can be

considered as the communication between a relay node and a mobile terminal where

there is no LOS between them because of the random location and mobility of the

destination terminal [226, 230].

In order to evaluate the OP of the system over the asymmetric fading environment,

we first determine the CDF of η−µ distribution in a simple form. To this effect, using

the CDF for a continuous distribution as Fγ(z) ,
∫ z

0
fγ(x)dx and by expressing the

In(·) term in (3.36) according to [86, Eq. (8.467)], as well as using [86, Eq. (8.350.1)]

and carrying out long but basic algebraic manipulations, it follows that

Fγ(z) =

µ−1
∑

l=0

(−1)lhµΓ(µ+ l)(h−H)l−µγ
(

µ− l, 2(h−H)µz
γ

)

l!2µ+lΓ(µ)Hµ+lΓ(µ− l)

+

µ−1
∑

l=0

(−1)µhµΓ(µ+ l)(h+H)l−µγ
(

µ− l, 2(h+H)µz
γ

)

l!2µ+lΓ(µ)Hµ+lΓ(µ− l)

(6.9)
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To this effect and by also using [86, Eq. (8.352.6)], the CDF of η−µ distribution for

integer values of µ can be equivalently expressed as follows:

Fγ(z) =

µ−1
∑

l=0

hµΓ(µ+ l)((−1)l(h−H)l−µ + (−1)µ(h+H)l−µ)

l!2µ+lΓ(µ)Hµ+l

−
µ−1
∑

l=0

µ−l−1
∑

i=0

hµΓ(µ+ l)µizi

l!i!2µ+l−iγiΓ(µ)Hµ+l







(−1)l(h−H)l+i−µ

exp
(

2(h−H)µz
γ

) +
(−1)µ(h+H)l+i−µ

exp
(

2(h+H)µz
γ

)






.

(6.10)

Theorem 4. For {γS,R, γR,R, κS,R, z} ∈ R
+ and µS,R ∈ N, the following closed

form expression is valid for the CDF of ΓR for a FDR system when the S → R

link is subject to κ−µ fading while the instantaneous SNR of the relay SI γR,R is

exponentially distributed

FZ(z) = 1−QµS,R

(√
b,
√
a
)

+

(
aγS,R

aγS,R + 2

)µS,R
QµS,R

(
√

ab
a+ 2

γR,R

,
√

2
γR,R

+ a

)

e
− 1

γR,R
+ b

2+aγR,R

(6.11)

where b = 2κS,RµS,R and a = 2µS,R(1 + κS,R)z/γS,R.

Proof. We substitute the CDF and PDF of X and Y which correspond to the CDF

of κ−µ distribution in [78, Eq.(3)] and the PDF of the exponential distribution into

(6.8) which after some simple mathematical manipulations yield

FZ(z) = 1−
∫ ∞

0

QµS,R

(√
2κµS,R,

√
2µS,R(1+κS,R)z(y+1)

γS,R

)

γR,R exp
(

y
γR,R

) dy. (6.12)

By setting u =
√
y + 1 and with the aid of [234, Eq. (13)], the closed-form expression

in (6.11) is deduced, which completes the proof.

Theorem 5. For {γR,D, γS,D, z} ∈ R
+, {ηR,D, ηS,D} ∈ R

+in Format-1 and −1 <

{ηR,D, ηS,D} < 1 in Format-2 and {µR,D, µS,D} ∈ N the following closed form ex-

pression is valid for the CDF of ΓD for the FDR system when S → R link is subject

to κ−µ fading, whereas R → D and S → D links are subject to η−µ fading,
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FZ(z)

=

µR,D−1
∑

l=0

Γ(µR,D + l)((−1)l(hR,D −HR,D)
l−µR,D + (−1)µR,D (hR,D +HR,D)

l−µR,D )

l!h
−µR,D

R,D h
−µS,D

S,D 2µR,D+lΓ(µR,D)H
µR,D+l
R,D (h2S,D −H2

S,D)
µS,D

−
µR,D−1
∑

l=0

µR,D−l−1
∑

i=0

i∑

j=0

(
i

j

)
µiR,DΓ(µR,D + l)

√
πµ

2µS,D

S,D h
µS,D

S,D Γ(2µS,D + j)ziγ
2µS,D+j−i
R,D

l!i!2µR,D+2µS,D+l+j−i−1Γ(µR,D)H
µR,D+l
R,D Γ(µS,D + 1

2 )γ
−j
S,D

×
{

(−1)lh
µR,D

R,D (hR,D −HR,D)
(l+i−µR,D)

2F1

(
µS,D + j

2 , µS,D + 1+j
2 ;µS,D + 1

2 ;D3

)

Γ(µS,D)(γS,DµR,Dz(hR,D −HR,D) + γR,DµS,DhS,D)
2µS,D+j exp(D1z)

+
(−1)µR,D h

µR,D

R,D (hR,D +HR,D)
(l+i−µR,D)

2F1

(
µS,D + j

2 , µS,D + 1+j
2 ;µS,D + 1

2 ;D4

)

Γ(µS,D)(γS,DµR,Dz(hR,D +HR,D) + γR,DµS,DhS,D)
2µS,D+j exp(D2z)

}

.

(6.13)

where
{D1

D2

}
=

2(hR,D ∓HR,D)µR,D
γR,D

(6.14)

{D3

D4

}
=

γ2R,Dµ
2
S,DH

2
S,D

(γS,DµR,Dz(hR,D ∓HR,D) + µS,DγR,DhS,D)
2
. (6.15)

Proof. The proof is provided in appendix G.

Asymmetric Channel II

For asymmetric channel of scenario II, the S→R and S→D links are subject to the κ−µ
fading models, whereas the R→D link is subject to η−µ fading conditions. Unlike

the first transmission condition, the S→D link in this case is subject to the LOS

communication scenario.

Theorem 6. For {γR,D, γS,D, κS,D, z} ∈ R
+, ηR,D ∈ R

+in Format-1 and −1 <

ηR,D < 1 in Format-2 and µR,D ∈ N the following closed form expression is valid for

the CDF of ΓD for the FDR system when S → R and S → D links are subject to κ−µ
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fading, whereas R → D link is subject to η−µ fading conditions.

FZ(z) =

µR,D−1
∑

l=0

h
µR,D

R,D

(
(−1)l(hR,D −HR,D)

l−µR,D + (−1)µR,D (hR,D +HR,D)
l−µR,D

)

(Γ(µR,D + l))−1l!2µR,D+lΓ(µR,D)H
µR,D+l
R,D

−
µR,D−1
∑

l=0

µR,D−l−1
∑

i=0

i∑

j=0

(
i

j

)
zih

µR,D

R,D Γ(µR,D + l)µiR,Dµ
µS,D

S,D γ
µS,D+j−i
R,D γjS,DΓ(µS,D + j)

exp(κS,DµS,D)Γ(µS,D)l!i!2µR,D+l−iΓ(µR,D)H
µR,D+l
R,D

×
{(

(−1)l(hR,D −HR,D)
l+i−µR,D (1 + κS,D)

µS,D
1F1 (µS,D + j; µS,D; E1)

)

exp (D1z) (µS,DγR,D(1 + κS,D) + 2(hR,D −HR,D)γS,DzµR,D)
µS,D+j

+

(
(−1)µR,D (hR,D +HR,D)

l+i−µR,D (1 + κS,D)1F1 (µS,D + j; µS,D; E2)
)

exp (D2z) (µS,DγR,D(1 + κS,D) + 2(hR,D +HR,D)γS,DzµR,D)
µS,D+j

}

.

(6.16)

where 1F1(·; ·; ·) is the confluent hypergeometric function [104] and

{E1

E2

}
=

µ2
S,DγR,DκS,D(1 + κS,D)

µS,DγR,D(1 + κS,D) + 2γS,D(hR,D ∓HR,D)zµR,D
. (6.17)

Proof. The proof is provided in Appendix H.

The expression in (6.16) is long but relatively convenient to handle both ana-

lytically and numerically since it involves elementary and special functions that are

built-in in most popular scientific software packages, such as MATLAB, MAPLE and

MATHEMATICA. Furthermore, the derived expression can be readily substituted

in (6.5) for deriving a novel exact expression for the OP of the considered DF-FDR

system over generalized asymmetric fading conditions.

Asymmetric Channel III

In this final scenario, the S→R and R→D links are subject to the κ−µ and η−µ
fading models, respectively, whereas the direct S→D link is subject to the IG fading

condition. As mentioned in Chapter 3, the IG distribution has been shown to provide

accurate characterization and modeling of shadowing effects.

Theorem 7. For {γR,D, γS,D, λ, z} ∈ R
+, ηR,D ∈ R

+in Format-1 and −1 < ηR,D <

1 in Format-2 and µR,D ∈ N the following closed form expression is valid for the CDF

of ΓD for the FDR system when S → R and R → D links are subject to κ−µ and η−µ
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fading scenarios while S → D link is subject to the IG fading condition.

FZ(z) =

µR,D−1
∑

l=0

((−1)l(hR,D −HR,D)
l−µR,D + (−1)µR,D (hR,D +HR,D)

l−µR,D )

(h
µR,D

R,D Γ(µR,D + l))−1H
µR,D+l
R,D Γ(µR,D) l! 2µR,D+l

−
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(6.18)

where Kn(·) denotes the modified Bessel function of the second kind [86].

Proof. The proof is provided in Appendix I.

6.3.2 Half-Duplex Mode

As already mentioned, the conventional HD regenerative relaying assumes that a

signal is transmitted within two orthogonal channels since a HD relay cannot transmit

and receive simultaneously in the same frequency band. As a result, the SI issue in

the relay is eliminated i.e. hR,R = 0 and the corresponding OP without the direct

link can be expressed as follows:

Pout = Pr(γS,R < γT ) + (1 − Pr(γS,R < γT ))Pr(γR,D < γT ) (6.19)

where γT = 22R − 1 is the required SNR threshold value for successful transmission.

Note that for an end-to-end SE of R, the individual links in the HD system need to

provide a SE of 2R, due to the orthogonal time slots based operation. Furthermore, for

an asymmetric channel where fading effects in the S→R link are κ−µ distributed and

R→D link experiences η−µ fading conditions, the Pr(γS,R < γT ) and Pr(γR,D < γT )

can be readily deduced with the aid of [78, Eq. (3)] and (6.10), respectively. The

HDR scheme used here is serving as a baseline for comparisons with the FDR scheme

in energy and other performance analyses.
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6.4 Power Allocation and Energy-Efficiency Opti-

mization

6.4.1 Optimal Power Allocation

Here, we investigate and develop power allocation schemes for both FDR and HDR

systems. The target is to minimize the overall OP through proper optimization of the

transmit powers of the source and relay nodes under total transmit power constraint

over asymmetric fading scenarios. Specifically, we analyze the impact of the relay

SI on the OPA scheme in the FDR case. Thus, for power constrained networks, we

formulate a non-linear optimization problem as

aopt = argmin
a
Pout

Subject to : a0 + aR = 1, a0 ≥ 0, aR ≥ 0
(6.20)

where a0 = PS/P and aR = PR/P are the relative transmit power ratios at the source

and relay nodes, respectively, whereas P = PS + PR denotes the total power budget

of the system. This approach is widely adopted in power constrained cooperative

communications to facilitate the delivery of a given amount of data from the source

to the destination. The OP for different asymmetric fading scenarios is determined

by using the expressions stated in the previous theorems where the purpose of the

OPA scheme is to decrease the impact of the relay SI.

In general, closed-form expressions for the optimal values of a0 and aR are not

tractable analytically. However, they can be efficiently computed with the help of

standard numerical tools, which is the approach that we also take here. We also

compare the obtained results with the traditional EPA scheme to acquire insights

about the OPA scheme under the impact of different relay SI levels.

6.4.2 Energy Optimization Analysis

Here, we quantify the average total energy consumption required to transmit L infor-

mation bits from the source to the destination efficiently for FDR and HDR systems

over the generalized asymmetric fading models. Similar to the energy modeling in

Chapter 4, we assume here also that the transceiver circuitry operates on multi-mode

basis, i.e., on active mode, on a sleep mode and on switching mode. To this end, the

total energy required to transmit and receive L information bits can be expressed as

E = PonTon + PspTsp + PtrTtr. (6.21)
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where Ton refers to the time period of active transmission and/or reception. In the

above expression, Ton for the FDR system in terms of the packet size L and the

bandwidth B for end-to-end SE of R can be expressed as

Ton =
L

BR
(6.22)

which is the period of active transmission and reception of the source and the relay,

respectively. Furthermore, due to the FD principle, this is then also the period of

active transmission and reception of the relay and the destination, respectively, in the

case of successful decoding at relay. In the HDR system, on the other hand, assuming

the same end-to-end SE of R, Ton can be expressed as

Ton =
L

2BR
. (6.23)

To determine then the average total energy consumption in the DF strategy of the

HDR and FDR systems, we first formulate the average total power consumption for

the HDR scheme, without the direct link for simplicity, which is a discrete random

variable that can be represented as follows:

PHDT =







PCTx + (1 + ωHD)PS + PCRx , with Pr = 1

PCTx + (1 + ωHD)PR + PCRx , with Pr = 1− Pr(γS,R < 22R − 1)

(6.24)

By recalling the expressions in (4.67), (4.68) and using M = 22R for evaluating the

power consumption of the RF-power amplifier, ωHD can be expressed in the HDR

case as

ωHD =
3

ηd

√
22R − 1√
22R + 1

− 1. (6.25)

The first line in (6.24) refers to the absolute total power consumption by the nodes in

the first transmission phase, whereas the second line represents the power consumption

in the second phase subject to correct decoding of the received signal by the relay.

Based on this, the average total power consumption in the HDR transmission mode

can be expressed as

P̄HDT = PCTx + (1 + ωHD)PS + PCRx

+(PCTx + (1 + ωHD)PR + PCRx)
(
1− Pr(γS,R < 22R − 1)

)
.

(6.26)
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Similarly, the power consumption of the FDR scheme without the direct link can be

expressed as follows:

PFDT =







PCTx + (1 + ωFD)PS + PCRx , with Pr = 1

PCTx + (1 + ωFD)PR + PCRx , with Pr = 1− Pr(ΓR < 2R − 1).

(6.27)

To this end, the average total power consumption for the FDR transmission mode

can be expressed as

P̄FDT = PCTx + (1 + ωFD)PS + PCRx

+(PCTx + (1 + ωFD)PR + PCRx)
(
1− Pr(ΓR < 2R − 1)

)
.

(6.28)

Applying M = 2R for computing the power consumption of the RF-power amplifier,

ωFD can be expressed in the FDR case as

ωFD =
3

ηd

√
2R − 1√
2R + 1

− 1. (6.29)

Using (6.26) and (6.28), the corresponding average energy consumption per informa-

tion bit is given by

ĒT =
P̄TTon + 2PLOTtr

L
(6.30)

where in the case of HDR scheme P̄T = P̄HDT , whereas for the case of FDR system

P̄T = P̄FDT . Moreover, Ton for the FDR mode is given in (6.22), whereas for the HDR

mode is expressed in (6.23). Applying (6.30), the energy minimization problem with

the two optimization variables, namely, PS and PR at target OP of p∗ and maximum

total transmission power constraint, Pmaxt, can be formulated as follows:

min
PS ,PR

ĒT (PS , PR)

subject to: (PS + PR) ≤ Pmaxt, PS ≥ 0, PR ≥ 0

Pout(PS , PR) = p∗.

(6.31)

For the above optimization problem, the optimal powers at the source and relay

nodes that minimize the total energy consumption under the given constrains can

be evaluated with the aid of numerical optimization techniques such as MATLAB

optimization tool box and its fmincon function.

In general, the total average power consumption models and the energy consump-

tion formulations, which are based on active, sleep and transmit/receive modes, in
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Section 4.6 and in this Section are analytically similar. Specifically, in Section 4.6

the total average power consumption was evaluated where the direct link between

the source and destination exists. This assumption was useful to compare the total

energy consumption of the HD based regenerative cooperative system with the refer-

ence direct transmission scheme. Furthermore, the total average energy consumption

was optimized for some given total transmit power under a given end-to-end BER re-

quirement. On the other hand, for evaluating and comparing the total average energy

consumption of HD and FD modes under the impact of different relay SI levels in the

FDR case, the direct link is ignored in this Chapter. The total average energy con-

sumption is also optimized under a given total maximum transmit power constraint

for target OP of p∗.

6.5 Numerical Results and Discussion

In this section, we present numerical results to illustrate the theoretical analysis car-

ried out in the previous sections. In all numerical studies, we assume that the system

is operating over the generalized small-scale asymmetric fading channels. This is per-

formed for different fading and interference scenarios assuming that the total transmit

power is equally or optimally allocated to the source and relay nodes, following the

power allocation scheme formulated in this chapter. Moreover, we use Format-1 to

characterize the fading channels of the η−µ distribution. The analysis is also valid

for Format-2 scenario.

Fig. 6.2 shows the outage performance of the FDR system where the total transmit

power is equally allocated to the source and relay nodes. In particular, we assume

that the S→R link is subject to the generalized LOS small-scale κ−µ fading channel,

and therefore undergo fading with µS,R = 1 and different values of κS,R, whereas the

R→D link is subject to the NLOS η−µ fading with µR,D = 1, ηR,D = 1. In addition,

the S→D link, which is treated as an interference at the destination is modeled as η−µ
fading with µS,D = 1 and ηS,D = 1. In this communication scenario, the destination

terminal can be considered as a mobile UE without LOS connection to the relay node

due to the random location and mobility of the destination terminal [226, 230]. The

mean values of the relay SI and the direct link interference are set to be γR,R = 5dB

and γS,D = 0dB, respectively, for two different SINR thresholds ΓT = 0dB and

ΓT = 5dB. As expected, and observed from the figure the outage performance of

the asymmetric FDR improves with increasing κS,R. For example, at Pout of 10−3

average gains of almost 3dB and 8.5dB are observed when κS,R changes from 2dB to

4dB and then to 8dB at ΓT = 0dB. It is also noticed that the outage performance
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Figure 6.2 Outage probability of FDR vs. SNR with EPA over asymmetric κ−µ
and η−µ fading channels for µS,R = µR,D = µS,D = 1, ηR,D = ηS,D = 1, γR,R =
5dB, γS,D = 0dB for different κS,R and ΓT .

degrades as the target ΓT increases. This is because the system remains in complete

outage until the threshold or target SINR is achieved for successful transmission. It

is also evident that the results from the exact analytic expressions are in excellent

agreement with the respective results from computer simulations, also shown in Fig.

6.2, which verifies their validity. Hence, from now on, we focus primarily on the

numerical evaluations of the analytical results.

Likewise, Fig. 6.3 shows the outage performance of the FDR system with EPA for

target SINRs of ΓT = 0dB and 5dB for κS,R = 4.5dB and µS,D = 1, ηS,D = ηR,D = 1,

γR,R = 5dB, γS,D = 0dB with different values of µS,R and µR,D. It is shown that

at relatively high SNR values the OP improves significantly when the values of the

fading parameters µS,R and µR,D increase i.e. fading severity decreases and/or when

the required threshold ΓT decreases. Thus, when the fading parameters of S→R

and R→D increase, the effects of the relay SI and the direct interference reduce and

the corresponding errors tend to be negligible, and as a result, the performance of

the system increases. For instance, at Pout of 10−3 nearly 9dB and 2.5dB gains are

obtained when {µS,R, µR,D} changes from {1, 1} to {2, 2} and then to {3, 3} when

ΓT = 0dB.

Fig. 6.4 shows the outage performance of the FDR system for relatively moderate

values of the fading parameters from the source to relay node and from the relay to
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Figure 6.3 Outage probability of FDR vs. SNR with EPA over asymmetric κ−µ
and η−µ fading channels for κS,R = 4.5dB, µS,D = 1, ηS,D = ηR,D = 1, γR,R =
5dB, γS,D = 0dB for different µS,R = µR,D and ΓT values.

the destination with EPA. Specifically, we set µS,R = µR,D = 2, µS,D = 1, κS,R =

4dBand ηR,D = ηS,D = 1 for γS,D = 0dB and γR,R = {5, 0,−5}dB with target SINR

of ΓT = 0dB and ΓT = 5dB, respectively. It is shown that the performance of the

FDR system is significantly affected by the relay SI. This is because the relay SI is

acting as additional noise to the received signal from source to relay node and thus it

reduces the effective SINR and consequently the outage performance of the system. It

is also evident that the curves are shifted to the right as the relay SI strength increases

from -5dB to 0dB and then to 5dB. This infers that the relay SI has an impact on the

cooperation gain of the system. However, the degradation in the cooperation gain is

not linear as the relay SI reduces from 5dB to 0dB and then to -5dB. The considered

relay SI levels also affect slightly the diversity gain of the system.

Fig. 6.5 then shows the OP versus R for asymmetric channel model of κ−µ and

η−µ for HD and FD relay systems under similar fading conditions of µS,R = µR,D =

2, ηR,D = 1, κS,R = 2 dB with EPA for SNR of 25dB and different values of the

relay SI levels in the case of FDR system. It is shown that the HDR system tends

to be in complete outage, i.e., Pout = 1 when R = 4.5 bps/Hz, whereas the FDR

mode performs relatively well for all considered signal strengths of the relay SI levels.

In other words, the outage of HDR occurs faster than the FDR system as the SE

increases. This is because, in order to support the same value of R, the instantaneous
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Figure 6.6 Outage probability of FDR vs. SNR with EPA over asymmetric κ−µ and
η−µ fading channels for µS,R = 2, µR,D = µS,D = 1, ηR,D = 1, κS,R = 4dB, κS,D =
2dB, γR,R = 0dB for different values of γS,D = πS,D and ΓT .

rate of HDR transmissions must be twice as high as the FD system. It is also noticed

that at relatively high values of R e.g. for 3.5bps/Hz, the FDR mode outperforms its

HDR counterpart even under the strong SI level of 10dB. However, it is also shown

that the OP of the HDR system is lower, compared to the FDR system, if the SE

requirement is relatively low and especially if the relative SI level in the FDR system

is very high.

Assuming asymmetric channel model II, Fig. 6.6 shows the effect of the direct

S→D interference on the behavior and performance of the OP with EPA scheme

for fading parameters of µS,R = 2, κS,R = 4dB, µS,D = 1, κS,D = 2dB, µR,D =

1, ηR,D = 1, γR,R = 0dB and different values of γS,D at target SINRs of ΓT = 0dB

and 5dB, respectively. It is observed that the outage performance of the system is

significantly affected by the interference from the S→D link. This is because as the

direct interference increases, the equivalent SINR at the destination is reduced, which

ultimately degrades the corresponding outage performance of the system.

In similar way, by assuming the asymmetric channel model III, Fig. 6.7 shows

the outage performance of the FDR system with EPA scheme for fading parameters

of µS,R = µR,D = 2, ηR,D = 1, γR,R = 0dB, γS,D = 0dB, λ = 3.5 and different

values of κS,R with target SINRs of ΓT = 0dB and 5dB, respectively. The shape
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Figure 6.7 Outage probability of FDR vs. SNR with EPA over asymmetric fading
channel III for µS,R = µR,D = 2, ηR,D = 1, γR,R = 0dB, γS,D = 0dB, λ = 3.5 for
different values of κS,R andΓT .

parameter λ = 3.5 corresponds to the shadowing effect in the urban areas. Similar to

the asymmetric channel model I, the outage performance in this case also improves

with increasing κS,R. This is because, as κS,R increases the corresponding SINR tends

to increase, which aids to decrease the overall OP of the considered system. Moreover,

the outage performance increases as the target SINR reduces from 5dB to 0dB.

Fig. 6.8 shows the outage performance of the FDR system for EPA and OPA

schemes for asymmetric I fading model with µS,R = µR,D = 2, ηR,D = 1, µS,D =

1, ηS,D = 1 for mean values of direct interference and relay SI of -10dB and 5dB,

respectively, at target SINR of ΓT = 5dB and different values of κS,R. As expected,

the analysis shows that the OPA scheme outperforms its counterpart EPA scheme as

κS,R varies. Indicatively, at Pout of 10−3 about 2dB, 1.75dB and 1.25dB gains are

achieved due to the OPA strategy when κS,R is set at {0, 4, 8}dB, respectively.
Fig. 6.9 shows the outage performance of the FDR system for EPA and OPA

schemes over asymmetric III fading model with fading parameters of µS,R = µR,D =

2, ηR,D = 1, κS,R = 4dB, λ = 3.5 and γS,D = −10dB for different relay SI levels

at target SINR of ΓT = 5dB. It is observed that the gain from the OPA scheme is

significant when the relay SI is high. For example, a gain of 2dB is achieved at OP

of 10−3 for relay SI level of 10dB. However, this gain is gradually decreasing as the

relay SI becomes smaller and smaller and in particular when γR,R < 0dB the OPs for
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Figure 6.8 Outage probability of FDR vs. SNR over asymmetric I fading model for
µS,R = µR,D = 2, µS,D = 1, ηR,D = ηS,D = 1,ΓT = 5dB, γS,D = −10dB, γR,R = 5dB
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Figure 6.9 Outage probability of FDR vs. SNR over asymmetric channel model III
for µS,R = µR,D = 2, κS,R = 4dB, ηR,D = 1, λ = 3.5,ΓT = 5dB, γS,D = −10dB with
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Table 6.1 Optimal power ratio values for source and relay nodes over asymmetric
III fading model with λ = 3.5, κS,R = 4dB,ΓT = 5dB, γS,D = −10dB for different
relay SI levels using FDR system at SNR = 20dB.

γR,R(dB) PS/P PR/P

10 0.8710 0.129
5 0.8096 0.1904
0 0.7187 0.2813
-10 0.6201 0.3799

EPA and OPA schemes appear to be very close to each other. Indicatively, Table 6.1

shows the optimal power ratios allocated to the source and relay nodes, which shows

that the proportion of the power allocated to the source node increases as the relay

SI level increases. The results here indicate that the impact of the relay SI can be

reduced by allocating the power optimally.

Likewise, Fig. 6.10 shows the OP versus R using EPA and OPA schemes for

asymmetric channel model of κ−µ and η−µ for HD and FD relay systems under

similar fading conditions of µS,R = µR,D = 2, ηR,D = 1, κS,R = 4dB, at SNR of 25dB

and relay SI level of 5dB in the case of FDR without the direct link. It is shown

that the OPA outperforms the EPA scheme in both HDR and FDR systems, but the

benefit of the OPA scheme is more significant in FDR than the HDR system. This

outcome is due to the existence of the SI in the relay, which makes the ΓR and ΓD

highly unbalanced comparing with the respective SNRs of the HDR scheme. This

verifies that the benefit of the OPA is significant when S→R and R→D links are

highly unbalanced. Similar result was also observed in Chapter 5 for the generalized

fading model.

In the next part of the numerical analysis, we demonstrate and evaluate the av-

erage total energy consumption per information bit required in the HDR and FDR

systems over the generalized asymmetric fading conditions to guarantee certain QoS.

To account the PL effects in both schemes, the PL is modeled by PLi,j [dB] =

148 + 40 log10(di,j [km]), which is similar to the PL model in Chapter 4. Further-

more, it is assumed that all communicating nodes are located along a straight line,

which satisfies the distance relationship dS,D = dS,R + dR,D. The system parameters

that are used to analyze the energy optimization are listed in Table 4.1.

Fig. 6.11 shows the average total energy consumption per information bit as a

function of transmission distance, distance from source to destination, over asymmet-

ric κ−µ and η−µ fading condition with κS,R = 2dB, µS,R = µR,D = 2, ηR,D = 1 and

relay SI levels of -5dB, 0dB and 5dB in the case of FDR system for target Pout of
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Figure 6.10 Outage probability of FDR and HDRvs.R over asymmetric
κ−µ and η−µ fading channels for µS,R = µR,D = 2, κS,R = 4dB, ηR,D = 1, γR,R =
5dB without direct link for EPA and OPA schemes at SNR = 25dB.
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Figure 6.11 Energy consumption per information bit of FDR and HDR systems
vs. source-destination distance over asymmetric κ−µ and η−µ fading channels for
µS,R = µR,D = 2, κS,R = 2dB, ηR,D = 1, R = 2bps/Hz without direct link using OPA
for different relay SI levels and target Pout values.
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Table 6.2 Optimal transmit power values for source and relay nodes over asymmetric
κ−µ/η−µ fading model for µS,R = µR,D = 2, κS,R = 2dB, ηR,D = 1 with relay SI level
of 5dB for different values of Pout for FDR system at R = 2bps/Hz.

Pout = 10−3 Pout = 10−2

dS,D(m) PS(W) PR(W) PS(W) PR(W)
100 0.0049 0.0038 0.0028 0.0018
200 0.0788 0.0409 0.0263 0.0147
300 0.4127 0.0578 0.134 0.054
360 0.852 0.124 0.2833 0.0693
400 - - 0.4363 0.0983
465 - - 0.8047 0.1685

10−2 and 10−3 at R = 2bps/Hz. Moreover, the relay is located in the middle and

the transmit power of the system is optimally allocated to the source and relay nodes

to minimize the average total energy consumption as shown in Table 6.2 for some

indicative transmission distances. It is observed that distance thresholds separate

the regions where HDR performs better, in terms of EE, than FDR system and vice-

versa. For example, for the fixed OP of 10−2 the HDR scheme outperforms the FDR

system only at average S−D distances below 220m, 260m and 330m when the relay

SI levels are -5dB, 0dB and 5dB, respectively. On the contrary, for average trans-

mission distances greater than 220m, 260m and 330m, FDR becomes more energy

efficient. Furthermore, for the given target OP of 10−2 the HDR scheme attains max-

imum transmission distance of 420m under the given maximum transmission power

constraint, whereas the FDR scheme extends to substantially longer distances. In

similar way, for the target OP of 10−3 the HDR scheme outperforms the FDR scheme

at average transmission distances below 200m, 210m and 300m for relay SI levels of

−5dB, 0dB and 5dB, respectively. It also attains maximum transmission distance of

335m, whereas the FDR scheme extends to some distance beyond this limit. The en-

ergy savings that can be defined as 1− ĒFDT /ĒHDT for relay SI levels of 5dB, 0dB and

-5dB at target Pout of 10
−2 at the maximum transmission distance of the HDR, i.e.,

dS,D = 420m can be computed and are 14%, 46.4% and 58%, respectively, whereas

for Pout of 10
−3 and dS,D = 335m the corresponding figures are 9.4%, 42% and 52%,

respectively.

In the same context, Fig. 6.12 shows the average total energy consumption per

information bit versus transmission distance for HDR and FDR systems over asym-

metric κ−µ and η−µ fading conditions with fading parameters of µS,R = µR,D =

2, ηR,D = 1, κS,R = 4dB, and relay SI level of 5dB. The target Pout is set at 10−2
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Figure 6.12 Energy consumption per information bit of FDR and HDR systems
vs. source-destination distance over asymmetric κ−µ and η−µ fading channels for
µS,R = µR,D = 2, κS,R = 4dB, ηR,D = 1 without direct link using OPA for relay SI
level of 5dB at target Pout of 10

−2 for different values of R.

for R = 3bps/Hz and R = 4bps/Hz, and the total transmit power is again opti-

mally allocated to the source and relay nodes with the relay positioned in the middle

of the network. It is observed that at relatively small transmission distances (e.g.,

0 ≤ dS,D ≤ 125 m) and (0 ≤ dS,D ≤ 100 m) for R = 3bps/Hz and R = 4bps/Hz,

respectively, the HDR scheme outperforms the FDR scheme. However, as the trans-

mission distances increase beyond the threshold points of 125m and 100m the corre-

sponding overall benefits by the FDR scheme are significant despite the given con-

siderable relay SI level. Indicatively, at transmission distance of 310m, which is the

maximum distance that the HDR scheme can operate under the given system con-

straints at R = 3bps/Hz, the energy gain by the FDR system with the assumed relay

SI level is 42%, whereas the energy gain by the FDR scheme at the distance limit of

215m for the HDR system at SE of 4bps/Hz is 58%. It is also shown in Table 6.3

that the values of the transmit powers allocated to the source and relay increases as

the SE of the system increases.
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Table 6.3 Optimal transmit power values for source and relay nodes over asymmetric
κ−µ/η−µ fading model for µS,R = µR,D = 2, κS,R = 4dB, ηR,D = 1 with different R
for FDR system at Pout = 10−2 and relay SI of 5dB.

R = 3bps/Hz R = 4bps/Hz
dS,D(m) PS(W) PR(W) PS(W) PR(W)

100 0.0030 0.0029 0.0065 0.0031
200 0.0681 0.0042 0.109 0.0661
300 0.2514 0.0712 0.5474 0.1452
330 0.479 0.097 0.8098 0.1902
395 0.773 0.1875 - -

6.6 Summary

In this chapter, we analyzed the outage performance, OPA and energy optimization

of the regenerative FD and HD relay systems over asymmetric generalized small-scale

fading channels. It was shown that the performance of the FDR system is affected

by the fading parameters of S→R, R→D links, the direct interference and relay SI

levels. Compared to the HDR mode, which serves as a baseline, results showed that

at relatively high target SE the FDR mode can provide better outage performance

than the HDR system even under some considerable relay SI levels. Besides, OPA

that minimizes the overall OP of the FDR system was formulated. Based on this,

results revealed that significant outage performance enhancement is achieved by the

OPA strategy over the traditional EPA scheme under the presence of relay SI levels.

In addition, we proposed energy optimization scheme under certain target OP, and

maximum transmit power constraint that incorporates both transmit energy as well

as the energy consumed by the transceiver circuits for FDR and HDR systems. The

corresponding results indicated that depending on the end-to-end SE and target OP,

the HDR can be more energy-efficient than FDR but only for rather short transmission

distances and up to a certain threshold value. On the other hand, beyond this value

the FDR system is more energy-efficient than the HDR system for some moderate

relay SI levels as the transmission distance increases. In general, the results and

formulations in this chapter can be used to analyze the performance and average total

energy consumption of FDR and HDR modes over the realistic small-scale asymmetric

fading conditions.





Chapter 7

Conclusions

In this final chapter, we summarize the contributions of the work presented in this

dissertation and suggest some direction for future work in the areas of cooperative

communications.

7.1 Conclusion

In this thesis, we investigated the error-rate analysis and energy optimization of re-

generative cooperative networks over multipath fading in the presence of spatial cor-

relation effects, and the end-to-end performance and power allocation of regenerative

multi-relay networks over non-homogeneous scattering environment, which is the case

in realistic wireless communication scenarios. Furthermore, we evaluated the behavior

and performance for OPA and energy optimization analysis of DF based FDR system

under given system constraints over asymmetric generalized fading conditions. There

are various contributions in the studied areas which are discussed in detail in Chapter

4 to 6 and are shortly summarized below.

The EE analysis of cooperative networks under the effects of spatial correlation

between the direct and relayed paths and the conventional DT mode in Chapter 4

contributes to the analysis, design and deployment of low-cost and energy-efficient

cooperation communication systems in the future, especially towards the green com-

munications era where optimizing the energy consumption is considered critical. An-

alytic expressions are first derived for the end-to-end average SER of M−QAM and

M−PSK modulations over Nakagami−m fading channels using MRC at the desti-

nation. The derived expressions are subsequently employed in quantifying the total

energy consumption of the system as well as in formulating OPA schemes for minimiz-

ing the energy consumption under given QoS requirements. To draw useful insights,

a relatively harsh PL model that accounts for realistic D2D communications is also

used. The corresponding analysis on the EE show that depending on the severity of
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fading, spatial correlation between source-destination and relay-destination as well as

the location of the relay node, it is verified that the DT can be more energy-efficient

than CT only for rather short transmission distances and only up to a certain thresh-

old value. Beyond this limit, the system benefits substantially from the CT with

minimum total energy consumption where the CG increases proportionally to the

transmission distance. The EE and power allocation conducted in this study can

act as a bench mark for multi-relay cooperative network systems. Furthermore, the

considered single relay system can be particularly useful in low-energy applications,

including mobile-to-mobile communications.

The end-to-end performance and power allocation strategies for multi-relay re-

generative cooperative networks over the realistic generalized η−µ fading channels is

investigated in Chapter 5. In practical scenarios, the considered model represents bet-

ter the small-scale variations of the fading signal in NLOS communication conditions

in non-homogeneous scattering environment. Novel analytic expressions are derived

first for the end-to-end average SER forM−QAM andM−PSK modulation schemes.

The offered results are represented in exact analytic expressions involving Lauricella

function and are readily evaluated with the aid of the proposed computational al-

gorithm. Furthermore, to acquire useful insights simple expressions are derived for

the corresponding SERs at asymptotically high SNRs. Based on these results, power

allocation schemes are formulated for given overall transmit power constraints. The

study indicated that the proposed power allocation scheme provides substantial per-

formance gain over the conventional EPA, particularly, when the source-relay and

relay-destination are highly unbalanced. It was also shown that the OPA is indepen-

dent on the scattered-wave power ratio parameter from source-to-destination, while

it depends on the number of multipath clusters as well as on the nature of modu-

lation schemes. The theoretical results from the performance and power allocation

analysis in this study can serve as guidelines and benchmark in the future practical

cooperative network designs.

Finally, in Chapter 6 we extend our investigations to the scenario of informa-

tion transmission using FDR systems. Unlike the previous works that considered

the scenario of information transmission over symmetric fading conditions, here we

considered the scenario of signal transmission over asymmetric generalized fading

conditions. Particularly, it is considered that the source-relay link is subject to the

small-scale LOS model of κ − µ, whereas the relay-destination link is subject to the

η − µ fading model. Analytic expressions are first derived for the overall OP of the

FDR system under the effect of relay SI levels. Based on this, the performance, OPA

and energy optimization under certain QoS requirement and total transmit power con-
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straints are conducted. It is shown that the outage performance of the FDR system

is highly dependent on the fading parameters and performs better than the reference

HDR scheme for high SE regime even under relatively strong relay SI levels. It is also

shown that the OPA provides substantial performance gains over the traditional EPA

scheme, particularly when the relay SI level is strong. Furthermore, it is shown that

for moderate values of the relay SI levels the FDR scheme performs better than the

HDR system in terms of EE for relatively larger transmission distances.

7.2 Future Work

There is a variety of fruitful areas for future research on cooperative communications.

We mentioned some issues in the previous chapters and in the following, we highlight

some directions that can be included in the future work.

• Error-rate and EE optimization of the regenerative relay system was analyzed

assuming spatial correlation effects between the direct and relayed paths with

no interference effects. Since most wireless communication systems are not

noise-limited, but interference limited future work should look into incorporating

spatial correlation and interference effects. Furthermore, from performance and

EE point of view, the study will be more comprehensive when the correlation

effects between the source-relay and source-destination, and the effects between

the source-relay and relay-destination are incorporated.

• It will be also more interesting to optimize the total energy consumption of

the dual-hop regenerative system under the joint constraints of overall transmit

power, constellation size and bandwidth for a given QoS requirement with both

spatial correlation and interference effects.

• The performance and power allocation of the regenerative multi-relay cooper-

ative communication system over the generalized fading model was based on

one-way cooperation strategy. The use of the two-way cooperation scheme over

generalized fading channels is an interesting area, e.g., [64, 65] for performance

enhancement.

• Centralized, but dynamic resource management that allocates the physical re-

source dynamically can be one potential research area when a relay node fails

to decode and the corresponding physical resource is left unused.

• In Chapter 6, we studied the performance, power allocation and energy op-

timization of the FDR system with SI levels over the generalized fading con-
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ditions. For further improving the quality of the FD transceivers, especially

over the asymmetric fading scenarios, additional interference cancellation tech-

niques [47, 60, 211, 232] could be implemented for better feasibility and EE of

the FDR system at high SI levels.

• Furthermore, hybrid full-duplex/half-duplex relaying [218] over the asymmetric

generalized fading models with energy optimization and OPA could be another

future research direction.The motivation for this mode stems from the funda-

mental trade-off determining the SE: The HDR avoids the SI at the cost of re-

ducing the symbol rate by half while the FDR mode achieves the full symbol rate

but suffers from residual interference even after cancellation. The opportunistic

mode selection can balance these trade-offs to achieve better performance over

the asymmetric generalized fading scenarios.

Finally, the thesis contributes in various different emerging areas of radio commu-

nications discipline, which enables better understanding and handling of cooperative

communications. These contributions are expected to provide useful tools and guide-

lines for the design and implementation of size, price and resource-efficient cooperative

networks in the coming green communication era.



Appendix A

Proof of Lemma 1

The J (a, b,m) integral can be re-written as,

J (a, b,m) =

∫
sin4m(θ)

(sin4(θ) + a sin2(θ) + b)m
dθ. (A.1)

By setting u = cos2(θ) it follows that,

J (a, b,m) = −1

2

∫
(1− u)2m√

u
√
1− u [(1− u)2 + a(1− u) + b]m

du. (A.2)

With the aid of the binomial theorem in [86, eq. (1.111)], it follows that,

J (a, b,m) = −
2m− 1

2∑

l=0

(
2m− 1

2

l

)
(−1)l

2

∫
ul−

1
2

[1− u(a+ 2) + u2 + a+ b]m
du. (A.3)

The above integral can be expressed in terms of the Appell function of the first kind

yielding,

J (a, b,m)

= −
2m− 1

2∑

l=0

(
2m− 1

2

l

) (−1)lul+
1
2 F1

(

l + 1
2 ;m,m; l+ 3

2 ;
2u

2+a−
√
a2−4b

, 2u
2+a+

√
a2−4b

)

(1 + 2l)(a+ b+ (u− 1)2 − au)m

×
(

1− 2u

2 + a−
√
a2 − 4b

)m(

1− 2u

2 + a−
√
a2 − 4b

)m

(A.4)

which upon performing the necessary counter-substitution and algebraic manipula-

tions yields (4.20).
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Proof of Lemma 2

The K(a, b,m, n) integral can be alternatively re-written as,

K(a, b,m, n) =

∫
sin2m+2n(θ)

(sin2(θ) + a)m (sin2(θ) + b)n
dθ (B.1)

which by setting u = cos2(θ) can be expressed as,

K(a, b,m, n) =

∫
(1− u)m+n− 1

2

2(1− u+ a)m(1 − u+ b)n
√
u
du. (B.2)

By applying the binomial theorem in [86, eq. (1. 111)], it immediately follows that,

K(a, b,m, n) =

m+n− 1
2∑

l=0

(
m+ n− 1

2

l

)
(−1)l

2

∫
ul−

1
2

(1 − u+ a)m(1− u+ b)n
du. (B.3)

The above integral can be expressed in closed-form in terms of the Appell function

of the first kind. As a result, by making the necessary counter-substitution and

performing some long but basic algebraic manipulations, equation (4.21) is deduced.
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Proof of Lemma 3

By setting u = sin2(θ), it follows that,

∫

sin2m(θ)dθ =

∫
um− 1

2

2
√
1− u

du. (C.1)

The above integral can be expressed in closed-form in terms of the hypergeometric

function, namely,

∫
um− 1

2

2
√
1− u

du = −
√
1− u 2F1

(
1

2
,
1

2
−m;

3

2
; 1− u

)

. (C.2)

Therefore, by performing the counter-substitution, equation (4.30) is straightfor-

wardly deduced.
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Appendix D

Proof of Convexity of the

Optimization Problem

Below we prove the existence of optimal powers, which are subsequently employed in

minimizing the overall energy consumption in the considered cooperative communica-

tion system. Based on (4.72), the average total power consumption can be re-written

as follows:

P
C

T = (C1 + (1 + ω)PS) + (C2 + (1 + ω)PR)
(
1− PSERS,R

)
(D.1)

where

C1 = PCTx + 2PCRx (D.2)

and

C2 = PCTx + PCRx (D.3)

The symbol-error-rate PSERS,R can be expressed in closed-form with the aid of The-

orem 1. This expression is a function of 1 + PS ΩS,R gQAM/PLS,RN0mS,R; therefore,

for proving the existence of the optimum values, it is sufficient to show that

∂2P
C

T

∂2P 2
R

≥ 0 (D.4)

and
∂2P

C

T

∂2P 2
S

≥ 0 (D.5)

To this end, it is straightforward to show that ∂2P
C

T /∂
2P 2

R = 0. Likewise, based on

the optimal condition in (4.96) and taking the second-order partial derivative w.r.t

the variables PS and PR, one obtains
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∂2P
C

T

∂2P 2
S

≥ ∂2P
C

T

∂2PSPR
(D.6)

where

∂2P
C

T

∂PSPR
=

(1 + ω)mS,RΩS,RgQAM

(1 + a1)N0PLS,R

K5 (D.7)

and

K5 =
4C

π
I
(
PSΩS,R gQAM

N0PLS,R mS,R
,mS,R; 0,

π

2

)

− 4C2

π
I
(
PSΩS,R gQAM

N0 PLS,RmS,R
,mS,R; 0,

π

4

)

(D.8)

where it is recalled that C = 1− 1/
√
M for the case ofM−QAM whereas K5 denotes

the SER representation with values in the range 0 ≤ PSER ≤ 1 and with all other

constants being positive. Based on this, the second-order partial derivatives w.r.t PS

and PR are always greater than or equal to zero, which satisfies (D.5). Given the

general second order conditions in [183], it immediately follows that (D.1) is convex

w.r.t to PS and PR and possesses a unique minimum value.



Appendix E

A MATLAB Algorithm for

Computing the Generalized

Lauricella Function

The Generalized Lauricella function is defined by the following non-infinite single

integral,

F
(n)
D (a; b1, · · · , bn; c;x1, · · · , xn) ,

Γ(c)

Γ(a)Γ(c− a)

∫ 1

0

ta−1 (1− t)c−a−1

(1 − x1t)b1 · · · (1− xnt)bn
dt

(E.1)

The numerical evaluation of the above representation was also discussed in [206,

Appendix E] and can be straightforwardly evaluated with the aid of the following

proposed MATLAB algorithm:

Function FD = Lauricella(a, b1, ... , bn, c, x1, ... , xn);

f = gamma(c)./(gamma(a).*gamma(c - a));

Q = @(t) f.*t.^(a - 1).*(1 - t).^(c - a - 1).*...

(1 - x1.*t).^(-b1) ... (1 - xn.*t).^(-bn);

FD = quad(Q,0,1)
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Appendix F

Proof of Convexity of the

Optimization Problem for

SER

We provide the proof for the convexity of the SER expression by using (5.58). For

mathematical tractability, we consider the proof for three relay-nodes. Based on this,

the proof for larger number of nodes scenario follows immediately. To this end, the

asymptotic SER can be expressed as follows:

PSER ≈ K1

a
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(F.1)

where K1, · · · ,K8 are related to the channel parameters. Let f1(a0, · · · , aR3), · · · ,
f8(a0, · · · , aR3) be functions which represent each term of PSER. For example, we

assign

f1(a0) =
K1

a
2(µS,D+µS,R1+µS,R2+µS,R3)
0

, f2(a0, aR3) =
K2

a
2(µS,D+µS,R1+µS,R2)
0 a

2µR3,D

R3

, · · ·

(F.2)
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The second order derivative of f1(a0) w.r.t a0 is given by

∂2f1(a0)

∂2a0
=

4K1(µS,D + µS,R1 + µS,R2 + µS,R3)(µS,D + µS,R1 + µS,R2 + µS,R3 +
1
2 )

a
2(µS,D+µS,R1+µS,R2+µS,R3+1)
0

.

(F.3)

The Hessian matrix of f2(a0, aR3), ▽2f2(a0, aR3), can be determined as follows:
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The principal minors of the matrix H(a0, aR3), H11(a0, aR3) ≥ 0, H22(a0, aR3) ≥ 0

and H11H22 ≥ H12H21. To this effect, the symmetric Hessian matrix H(a0, aR3) is

positive semi-definite (PSD). Since ∂2f1(a0)
∂2a0

≥ 0 and then H(a0, aR3) is PSD, i.e.,

▽2f2(a0, aR3) � 0, by the second order test in [183] both f1(a0) and f2(a0, aR3)

functions are convex. Following the same methodology, it is shown that the functions

f3, · · · , f8 are also convex. Hence, by the sum rule of convexity [183, Section (3.2.1)]

it follows that the total function PSER is convex w.r.t a0, aR1 , aR2 and aR3 .



Appendix G

Proof of Theorem 5

Proof. By substituting the PDF and CDF of the η−µ distribution in (3.36) and in

(6.10) into (6.8), respectively, one obtains FZ(z) as

FZ(z) =

∫ ∞

0

{µR,D−1
∑

l=0

h
µR,D

R,D Γ(µR,D + l)(−1)l(hR,D −HR,D)
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R,D

+
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−
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−
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×
2
√
π µ

µS,D+ 1
2
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S,D γ
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2
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exp

(

−2µS,DxhS,D
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)

IµS,D− 1
2

(
2µS,DHS,Dx

γS,D

)

dx.

(G.1)

Notably, with the aid of [86, Eq. (8.406.3)] and [86, Eq. (6.621.1)] the above expression

can be expressed in closed-form . Therefore, by performing the necessary variable

transformation and carrying out long but basic algebraic manipulations, the CDF of

ΓD can be expressed as in (6.13), which completes the proof.
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Appendix H

Proof of Theorem 6

Proof. By substituting the CDF of the η−µ distribution in (6.10) and the PDF of the

κ−µ distribution in (3.33) into (6.8), the CDF of ΓD, FZ(z) can be expressed as

FZ(z) =

∫ ∞

0

(µR,D−1
∑

l=0

Γ(µR,D + l)h
µR,D
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(H.1)

By also applying [86, eq. (1.111)] and after long but basic algebraic manipulations,

equation (H.1) can be expressed as

FZ(z) =
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l=0
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)
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×
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Importantly, the involved integrals in (H.2) can be expressed in a closed form

with the aid of [86, eq. (6.621.1)]. Therefore, by performing the necessary variable

transformations and carrying out long but basic algebraic operations, the CDF of ΓD

can be expressed as (6.16), which completes the proof.



Appendix I

Proof of Theorem 7

Proof. By properly substituting the CDF of the η−µ distribution in (6.10) and the

PDF of the IG distribution in (3.38) into (6.8) and denoting γ = x, one obtains the

CDF of the RV Z as

FZ(z) =
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The above expression can be equivalently re-written as follows:

FZ(z) =
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By expanding the above power terms in terms of the binomial in [86, eq. (1. 111)] and

with the aid of [86, eq. (3. 471.9)] after long but basic manipulations the closed-form

expression in (6.18) is deduced, which completes the proof.
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