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SUMMARY

In this thesis, relayed diversity communication networks are investigated over

Rayleigh, Nakagami-m, and generalized-K wireless media for half/full-duplex (HD/FD)

transmission schemes, amplify/decode-and-forward (AF/DF) relay protocols, and

(non-)orthogonal multiple access (OMA/NOMA) techniques. Improvement of coverage

area, reduction of power consumption, effective utilization of bandwidth, services

with high data rates, and massive connectivity are provided by the systems under

consideration. Moreover, to mitigate degradation effects of fading, space diversity

technique is considered with generalized antenna selection (AS) to reduce hardware

complexity but keeps offered performance gain of multi-input multi-output systems.

Additionally, cooperative communication is also investigated with relay selection (RS) to

provide benefits of spatial diversity. Firstly, generalized AS for both transmission and

reception over slow Rayleigh fading channels is elaborated in a two-way system with

multi-antenna sources and an AF HD relay equipped with a single antenna. Secondly,

the two-way system is investigated with multi-antenna sources and a multi-antenna relay

where a single antenna is selected at the relay in addition to generalized AS at the sources.

Thirdly, single AS for FD transmission and non-reciprocity of forward and backward paths

between the sources and DF relay is considered for the two-way systemwith multi-antenna

sources and a single antenna relay, where a novel transceiver antenna selection method

selecting a pair of antennas for transmission and reception at terminal sources is proposed

and analyzed. In the remaining three works, RS is investigated for unidirectional relayed

networks. In the first work, generalized RS is investigated for an FD AF multi-relay

cooperative (diversity) system with(out) a direct path between the source and destination

is studied over slow Rayleigh fading channels. The last two works implementing RS out

of multi HD/FD DF relays in two stages to maximize the data rate of the second user with

providing priority to the first user are based on NOMA technique, where the first one is

over Nakagami-m fades with two sources and the second one is over generalized-K fades

with a single source. Imperfect successive interference cancellation is also considered for

both systems. Finally, DF multi-hop system over Nakagami-m fades is revised with(out)

a direct link between the source and destination.

Key Words: Antenna/Relay Selection (Space Diversity), NOMA, Half/Full-Duplex

Relay, One/Two-Way System, Cooperative Diversity.
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ÖZET

Bu tezde röleli ve çeşitlemeli haberleşme ağları, yarı (tam) çift yönlü iletim teknikleri

(HD/FD), çöz (kuvvetlendir)-ve-aktar (DF/AF) röle iletim protokolleri ve dik(-olmayan)

çoklu erişim (OMA/NOMA) teknikleri için Rayleigh, Nakagami-m ve genelleştirilmiş-K

sönümlemeli/gölgelemeli ortamlarda incelenmiştir. Söz konusu sistemler haberleşmede

kapsama alanını genişletmekte, güç tüketimini azaltmakta, spektrum verimliliğini

arttırmakta, yüksek veri hızını gerektiren hizmetleri sunmakta ve kitlesel bağlantıyı

gerçekleştirmektedir. Sönümlemenin bozucu etkisini azaltan uzaysal çeşitleme tekniği

bu sistemlerde irdelenmiştir. Çok-girişli çok-çıkışlı sistemlerin sağladığı performans

kazancını korumak fakat donanım karmaşıklığını azaltmak için de genelleştirilmiş anten

seçimi (AS) yapılmıştır. Uzaysal çeşitlemenin yararlarını sağlamak için yardımlaşmalı

haberleşmede röle seçimi (RS) de incelenmiştir. İlk olarak çok antenli iki kaynaktan ve

tek antenli bir HD AF röleden oluşan iki yönlü bir sistemde yavaş sönümlemeli Rayleigh

kanallar için genelleştirilmiş AS çalışılmıştır. Sonraki adımda, bütün birimlerin çok

antenli olduğu iki yönlü sistem, rölede alıcı/verici AS ve kaynaklarda genelleştirilmiş AS

için incelenmiştir. Son olarak da FD DF tek antenli röle ve çok antenli FD iki kaynaktan

oluşan iki yönlü sistem Rayleigh sönümleme için çalışılmıştır. Bu sistemde önceki

sistemlerin aksine röle ve kaynaklar arasındaki yolların aynı olmadığı varsayılmış ve

kaynaklarda iletim ve alım için bir çift anten seçen yeni bir alıcı-verici anten seçim yöntemi

önerilmiş ve analiz edilmiştir. İncelenen diğer üç sistemde RS tek yönlü iletimin yapıldığı

ağlarda incelenmiştir. Birinci çalışmada kaynak ve hedef arasında direk görüş hattının

olup olmamasını da içerecek şekilde genelleştirilmiş RS ele alınmıştır. Bu sistemde FD

iletim AF rölelerle Rayleigh kanallarda gerçekleştirilmiştir. Diğer iki sistemde ise NOMA

tabanlı iletim için iki aşamalı RS yapılmıştır; birinci kullanıcının veri hızını sağlayan

DF rölelerin alt kümesi belirlendikten sonra ikinci kullanıcının veri hızını maksimize

eden röle seçilerek FD/HD iletim gerçekleştirilmiştir. İlki iki kaynaklı olup Nakagami-m

sönümlemeli ortamlar için incelenirken ikincisi ise tek kaynaklı olup genelleştirilmiş-K

dağılımlı ortamlar (gölgelemeli sönümleme) için çalışılmıştır. Her iki sistemde hatalı

ardışık karışım iptali de ele alınmıştır. Son olarak, DF çok atlamalı sistem direk görüş

hattının olup olmaması durumunda Nakagami-m kanal için revize edilmiştir.

Anahtar Kelimeler: Anten/Röle Seçimi (Uzay Çeşitlemesi), Dik-Olmayan Çoklu

Erişim, Yarı/Tam Çift Yönlü Röle, Tek/Çift Yönlü Sistem, Yardımlaşmalı Çeşitleme.
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1. INTRODUCTION

Improvement of coverage area, reduction of power consumption, effective

utilization of bandwidth (spectral efficiency), services with high data rates, and

massive connectivity are the main factors to be satisfied in the next-generation wireless

communication systems. Relaying transmission, which has recently been accepted by

several standards such as IEEE 802.11s, IEEE 802.16j, and long term evolution-advanced

(LTE-advanced), is offered to broaden the coverage area, consume less power and

overcome channel impairments due to fading in a wireless communications system

[1]. On the other hand, to overcome exponentially growing mobile data volume,

simultaneous transmission of different data types is the key factor in the fifth-generation

(5G) communication systems and beyond [2]. The volume of worldwide mobile data has

been predicted to be about 136 exabytes or 5 zettabytes per month [3,4]. This enormously

growing demandmeansmore spectrum should be used. Butmore spectrum is only possible

in millimeter-wave (mmWave) bands, however, transmission in mmWave bands comes

with many challenges in addition to small-scale fading such as high path losses, blockages,

and poor signal diffraction properties [5].

Diversity is an effective way to combat fading, which is the main impairment

that deteriorates system performance since diversity makes several replicas of the same

information-bearing signal available for the receiver in order to utilize to increase

signal-to-noise ratio (SNR). For this reason, multi-relay and multi-antenna diversity

schemes, later one is named as multi-input multi-output (MIMO) transmission technique,

are used in wireless communication systems. MIMO transmission technique enhances

error performance and capacity [6, 7], likely, orthogonal frequency division multiplexing.

Additionally, cooperative communication is another method of providing benefits of

spatial diversity.

Half-duplex (HD) one way relaying systems improve coverage area, reduce power

consumption, and provide spectral efficiency, but they cause some reduction of spectral

efficiency since two-time slots are required per single transmission. Two-way relaying

network (TWRN) was proposed to overcome this reduction of spectral efficiency [8],

which can be recovered by simultaneously exchanging information between two sources

via a relay in two-time slots. Moreover, when the two-way transmission is carried out

at the region of high spectral efficiency, it also provides higher energy efficiency than

direct transmission and one-way relay transmission [9]. Hence, new systems that improve

1



spectral efficiency further and compensate for the shortcomings of HD systems should

be adapted. For this reason, full-duplex (FD) systems are offered to improve achievable

spectral efficiency by always transmitting and receiving in the entire bandwidth [10].

Theoretically, this means doubling capacity as compared to HD systems. However, as

a drawback, this gain is limited by self-interference (SI) due to the large power difference

between the power imposed by own transmissions and the low-power received signals

arriving from remote transmit antennas. This SI may result in lower capacity than that

of HD systems. Therefore, SI cancellation is a critical issue, which is usually classified

into passive such as antenna separation, and active suppression such as analog and digital

cancellation [11]. Generally, applying single SI cancellation is not adequate, therefore,

two or more techniques are used together for improving system performance. Another,

issue that cannot be addressed by the stated techniques is the sharing of block sources

like time slots and frequency bands. Wasting of such sources disturbs researchers and,

to cope with this un-solicited status, eventually, non-orthogonal multiple access (NOMA)

technique has been offered for high spectral efficiency, low-latency, reliable, and fairness

wireless connectivity [12–15]. Application of NOMA can be implemented in different

domains such as code and power domains or mixed of them [16], where superposed signals

can be simultaneously received (up-link NOMA) or transmitted (down-link NOMA). In

the code domain, a unique spreading code is assigned to each user, similarly, a portion

of the total power is assigned to each user in the power domain. Successive interference

cancellation (SIC) is used to separate the superposed signals. However, due to the limited

processing power at the end-users, power domain NOMA seems to be the dominant choice

and gain more attention in the literature: Two different power allocation (PA) strategies,

namely, assigning more power to the users having poor channel conditions or allocating

power in accordance with quality of service (QoS) requirements, where PA factors may

be independent of channel state information (CSI) or not.

To increase the communication quality MIMO transmission is used in mobile

networks, namely, point-to-point, one way and two-way relay networks. The performance

of TWRN with multi-antenna sources has been investigated in several works [17–

21]. Similarly, beamforming, where the signal from multiple antennas are weighted

according to the instantaneous channel coefficients, is applied at end sources to benefit

from advantages of MIMO communications to enhance performance and reliability of

communication between end sources [22–24]. However, beamforming needs a radio

frequency (RF) chain for each antenna and complex signal processing techniques which

mean high cost and complexity. To decrease complexity and cost by reducing the number

2



of RF chains, and use advantages of multiple antennas, antenna selection (AS) strategy

was also proposed [25]. AS reduces the complexity and power requirements of the MIMO

transmitter [26]. Several studies have focused on a single AS in sources or relay selection

(RS) [26–34]. In almost all analyses of TWRNs, forward and backward paths between the

sources and relay are assumed to be reciprocal which makes analyses to be asymptotic but

in practice, they are never the same.

Similar to AS, RS is also an attractive and effective technique to enhance the

performance of multi-relay communication systems in terms of lower power consumption

and better symbol error rate (SER). It has been shown that RS significantly improves

system performance since the number of relays increases diversity order and selection

introduces lower hardware complexity [35]. Additionally, relayed communication is

an attractive method for secure communication and different RS schemes are offered

to analyze security-reliability trade-off, where it is proven that offered RS strategies

outperform opportunistic RS in terms of security-reliability trade-off analysis [36–40].

The notion of selecting a relay in two-stages for security-reliability trade-off analyses has

been adapted to NOMA based relayed communication systems [41–49].

In brief, firstly, to maintain the aforementioned advantages gained by the

implementation of TWRNs, i.e, coverage extension, power reduction, capacity

enhancement, and spectral efficiency improvement, generalized AS at both multi-antenna

sources and AF relay is considered for TWRNs with HD transmission protocol

[50–53]. Although AS reduces complexity and power requirements of the MIMO

transmitter/receiver with respect to beamforming, AS results in a performance loss,

which is generally the main target to be accomplished in proposed communication

systems. As a solution, generalized AS, a compromise between beamforming and

single AS, has been offered and analyzed in this thesis for HD AF TWRNs over

independent identically distributed (i.i.d.) slow Rayleigh fading channels. Secondly,

to improve spectral efficiency further while preserving achievements got by AS, single

AS is offered and investigated in FD TWRNs over i.i.d. Rayleigh fades [54, 55].

Additionally, reciprocity assumption which is not the case in practical implementation

is released to not asymptotically but exactly analyze the system under consideration.

Thirdly, generalized RS implementing amplify-and-forward (AF) protocol is aimed and

presented in one way relayed networks over independent non-identically distributed

(i.n.i.d.) Rayleigh fades with also the inclusion of direct path (DP) which cannot be

ignored even if it has too weak signal [56]. Since, in practice, i.i.d. fading channels

are rare owing to the insufficient physical separations among relays and analysis of

3



decode-and-forward (DF) relaying is mathematically tractable, however, the reality of

power-limited and/or complexity-limited nodes may hinder the practical implementation

of DF relaying. Moreover, AF relaying has no decoding/re-encoding module to detect

received signals, which means a much simpler amplifying and forwarding process can

be achieved by AF relaying. Therefore, generalized RS with AF protocol and i.n.i.d.

case is introduced, where DP is also taken into consideration. Fourthly, RS in one way

multi-relay networks using NOMA is almost considered over Rayleigh fades, however,

in practice, such fades are rarely happening. Hence, a more comprehensive model such

as i.n.i.d. Nakagami-m fade as done in this thesis should be assumed together with

the fact that perfect successive interference cancellation (SIC) is impossible, therefore,

imperfect SIC situation also needs to be considered [57, 58]. Fifthly, the use of

mmWave bands in 5G communication systems and beyond is unavoidable. However,

transmission in mmWave bands gives rise to high path loss, blockages, and poor

diffraction properties, where attenuation in the range 28 dB–40 dB takes place. Therefore,

modeling the wirelessmedium even as Nakagami-m fade remains inadequate, in sequence,

analyses depending on such distribution models avoid a comprehensive understanding of

transmission techniques. Thereby, systems under consideration should be investigated

for both small-scale and large-scale faded transmission medium. To model such

environments, composite distributions such as Rayleigh/Log-normal, Rician/Log-normal,

and Nakagami/Log-normal are proposed, however, it is mathematically intractable to

analyze systems for such composite distributions. As an approximation, generalized-K

distribution (GKD) is offered and RS with NOMA technique is presented for HD and

FD transmission protocols with both perfect and imperfect SIC [59, 60]. Finally, the

performance of multi-hop networks over i.n.i.d. Nakagami-m environment for DF

protocol is revised to obtain simpler expressions for outage probability (OP), moment

generating function (MGF), symbol error rate (SER), and ergodic capacity (achievable

rate) [61].

The organization of this dissertation is as follows: The concepts and techniques

used through this work are briefly mentioned in Chapter 2, the performance of two-way

relay networks with generalized transmit and receive antenna selection (GST (MRT) and

GSC) is investigated in Chapter 3, the performance of two-way AFMIMO relay networks

with single and multiple antenna selection schemes (TAS/GSC and GST (MRT)/RAS) is

provided in Chapter 4, the performance of transceiver antenna selection (TAS and RAS)

in two way FD relay networks is presented in Chapter 5, the generalized relay selection

(GST (MRT)) in unidirectional FD relay networks is demonstrated in Chapter 6, two-stage
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HD/FD relay selection with imperfect SIC for NOMA based cooperative networks, where

two sources transmit data to two end users via multiple relays, over Nakagami-m fading

channels is illustrated in Chapter 7, two-stage HD/FD relay selection with imperfect

SIC for NOMA based cooperative networks over shadowed fading channels, namely,

generalized-K fade channels is analyzed in Chapter 8, where single source transmits data

to two end users via multiple relays, DFmulti-hop systemswith/out DP between the source

and destination are revised in Chapter 9, and the deductions of studied issues are given in

Chapter 10.
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2. CONCEPTS AND TECHNIQUES USED
THROUGH THE THESIS

The basic concepts and techniques considered through this thesis, namely type

of fading channels and their statistical descriptions, duplexing techniques, forwarding

protocols, multiple access schemes, diversity strategies, combining methods, and

performance measures such as ergodic capacity, outage probability, and symbol error rate

are briefly introduced in this chapter.

2.1. Fading (Short-Term Fading) and Shadowing (Long-Term
Fading)

In wireless communications, due to the obstacles such as buildings, trees, and

other structures between the transmitter and the receiver, the signals reach the receiver

after undergoing scattering, diffraction, reflection which means the transmitted signal is

attenuated and absorbed. The multi-path attenuated incoming signals are reached to the

receiver. The amplitude and phase of each multi-path are treated as a random variable,

thereby, the instantaneous fluctuated received power is also a random variable. If the

period of power fluctuations is very short, it is identified as short-term fading. This is

where multiple scattering does not take place. However, signals may reach the receiver

after multiple scattering which is the case the signal in the path encounters more than

one object in its path. This phenomenon causes fluctuations in power to be longer than

that of short-term fading and identified as long-term fading or shadowing. In short,

short-term fading results in random fluctuations in instantaneous power, long-term fading

leads to randomness in the average power. Signal degradation arises from fading and

shadowing individually as well as the simultaneous existence of fading and shadowing.

Several models are available in the literature for the description of the random variations

in signal power. Therefore, it is important to accurately model the communication system

under consideration. The models assumed through this dissertation are considered as slow,

hence, fading does not alter the frequency characteristics or bandwidth capability of the

channel. In other words, channels are considered as flat, where the relative speed of the

transmitter/receiver is negligible, unlike the fast channels [62].
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2.1.1. Statistical Models for Fading Channels

Several statistical models have been offered to describe the fadingmobilemedia such

as Rayleigh, Rician, Nakagami, Gamma, Generalized Gamma, andWeibull. In this thesis,

Rayleigh and Nakagami-mmodels are used for short-term fading channels. Thereby, only

the PDFs for the considered channels are provided.

For Rayleigh fade environments, the PDF of the received signal envelope, herein

after through this chapter X represents the received signal envelope, is [63]

fR(x) =
x

σ2
e−

x2

2σ2 , (2.1)

where x ≥ 0 and σ2 is the scale parameter of the distribution and subscript R means

Rayleigh distribution. Since the amplitude of the received signal is Rayleigh distributed,

its square has exponential distribution, where the notation Y = X2 is preferred to represent

it, and the related PDF is

fE(y) =
1

2σ2
e−

y

2σ2 , (2.2)

subscript E stands for exponential distribution and its variance is 2σ2. Moreover, the

cumulative distribution function (CDF) of Y is

FE(y) = 1− e− y

2σ2 . (2.3)

Another critical model which includes many distributions as special cases in it is

Nakagami-m distribution [64]. Its PDF is in the following format:

fN(x) =
2mmx2m−1

ΩmΓ(m)
e−

m
Ω
x2 , (2.4)

where N stands for the Nakagami-m distribution, x ≥ 0,m ≥ 1/2 and Ω are shaping and

scaling factors, respectively, and the gamma function is Γ(m) =
∫∞
0
tm−1e−tdt [65, eq.

(8310.1)]. Square of a Nakagami-m RV is a Gamma RV whose PDF becomes

fG(y) =
mmym−1

ΩmΓ(m)
e−

m
Ω
y, (2.5)
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the subscript G represents the Gamma distribution and its CDF is

FG(y) =
γ
(
m, m

Ω
y
)

Γ(m)
, (2.6)

where γ (m, y) =
∫ y
0
tm−1e−tdt is the lower incomplete gamma function [65, eq.

(8.350.1)].

2.1.2. Statistical Models for Shadowed Fading Channels

Variation of local power from point-to-point within a region is a result of shadowing

which takes place because of terrain, buildings, structures, and so on. Briefly, deterministic

mean power is lost because of shadowing. Thereby, it should be modeled as a RV.

Shadowing is modelled as Lognormal distribution. However, it is not logical to

individually treat a channel as only faded or shadowed. Consequently, simultaneous

effect of fading and shadowing should be taken into account. For this reason, composite

channels models are offered such as Nakagami-Lognormal, Nakagami-inverse-Gaussian,

generalized Gamma, generalized-K (Nakagami-Gamma), and so on. Since other models

are not mathematically tractable, in this dissertation, generalized-K is considered. Its PDF

is [66]

fGK(x) =
4

Γ(mf )Γ(ms)
bmf+msxmf+ms−1Kms−mf (2bx), (2.7)

where GK stands for generalized-K distribution, x ≥ 0, b =
√

mfms
ΩfΩs

, and mf ≥ 1/2

and ms > 0 are respectively fading and shadowing shape factors. Similarly, Ωf and Ωs

are fading and shadowing scaling factors, respectively. Kν(x) is the νth order modified

Bessel function of the second kind [65, eq. (8.432.6)]. Hence, PDF related to its square

turns to

fGK(y) =
2

Γ(mf )Γ(ms)
bmf+msy

mf+ms

2
−1Kms−mf (2b

√
y). (2.8)

Using the identity [67, eq. 1.12.1.2], the CDF for square of a generalized-K RV is

derived as follows:

FGK(y) =
Γ(ms −mf )(b

2y)mf

Γ(ms)Γ(mf + 1)
1F2(mf ;mf −ms + 1,mf + 1; b2y)+

Γ(mf −ms)(b
2y)ms

Γ(mf )Γ(ms + 1)
1F2(ms;ms −mf + 1,ms + 1; b2y),

(2.9)
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where 1F2(m; ν, n;x) is the generalized hypergeometric function [65, eq. (9.14.1)].

2.2. Duplexing Techniques

In wireless communication, the sharing of different directions of communication is

named as duplexing. Systems that can only be used in one direction are called simplex. A

half-duplex system uses the same frequencies at least at two-time slots in both directions

to provide exchanging of information between end-users, where only one direction can

be used at a time. But a full-duplex system uses the same frequencies at the same time in

both directions to convey the information to end-users. Thismeans capacity is theoretically

doubled since the full bandwidth can be used in both directions simultaneously. However,

SI lowers this gain. In this thesis, both of FD and HD transmission protocols are

investigated for bidirectional and unidirectional relayed networks. HD transmission is

accomplished in two-time slots.

2.3. Forwarding Protocols

There are three forwarding strategies, namely, compress-and-forward (CF),

decode-and-forward (DF), and amplify-and-forward (AF) [68]. CF method quantizes

the received signal and after mapping, forwards it to the destination. DF, also known

as detect-and-forward in case of usage of uncoded modulation, means that the relay

in between decodes and re-encodes the received signal, and then transmits it to the

destination. AF is the power normalization process of the receipt signal at the relay without

any decoding/detecting process. Firstly, the power of the received signal is normalized so

that it has unit power, and thereafter, it is amplified to maintain a fixed average transmit

power. While compares to DF and CF forwarding protocols, in addition to the need for

less processing power, AF scheme also requires much less processing delay.

DF and AF protocols are used in this dissertation.

2.4. Multiple Access Techniques

Sharing of the resource blocks such as frequency band and time slots between distinct

users is described as a multiple access technique (MAT). MAT allows for many users
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at one time by sharing finite resource blocks [16]. MAT can be done in three domains,

namely, code, frequency, and time. The well known two basic multiple access methods are

frequency division multiple access (FDMA) and time division multiple access (TDMA).

In FDMA, the total bandwidth is divided into many narrower bands and each user is

allocated a unique band. Similarly, in TDMA, a period is subdivided into smaller time

slots where each of them is assigned to unique users. Wavelength division multiple access

(WDMA), which is related to FDMA, used in optical fiber communication systems to

partition channels. Another type of MAT is spatial division multiple access (SDMA),

where sectored base station antenna is used as multiple radiators to simultaneously form

multiple beams. The last and most used technique is orthogonal frequency division

multiple access (OFDMA) where users’ signals are orthogonal in the frequency and/or

time domains. OFDMA is an extension of the orthogonal frequency division multiplexing

(OFDM) architecture. Multiple access is achieved in OFDMA by assigning subsets of

subcarriers to individual users. The methods mentioned so far are identified as orthogonal

multiple access (OMA) techniques. The orthogonality of the physical (PHY) layer is the

underlying design principle of today’s standards up to 5G. However, orthogonality poses

significant challenges to 5G systems and beyond in which a massive number of users have

to be served. Hence, non-orthogonal multiple access (NOMA) technique is offered for

5G networks and beyond. Note that code division multiple access (CDMA) is a NOMA

method which utilizes codes to separate the users over the same channel [69]. The basic

concept behind NOMA is to serve more than one user in the same resource block, e.g.,

a time slot, subcarrier, spreading code, or space. With this, NOMA promotes massive

connectivity, lowers latency, improves user fairness and spectral efficiency, and increases

reliability compared to OMA techniques [70].

Both of OMA and NOMA are used in this dissertation. Power domain NOMA is

implemented, especially, quality of service (QoS), i.e., fixed power allocation (PA)NOMA

is used in the systems under consideration in this dissertation. PA in NOMA depends

on what point (rate pair) in the capacity region is being targeted, and depending on that

specific point, the amount of power allocated to the user with the weaker channel can be

higher than, equal to, or less than that of the other user [70].

2.5. Diversity Techniques

Both fading and shadowing lead to increased outage and error rate. Using the

fact that multiple independent copies of the same signals are unlikely to face deep
10



fading simultaneously, i.e., it is statistically unlikely that all of them would have a

low signal-to-noise ratio (SNR) / signal-to-interference-plus-noise ratio (SINR), thereby,

diversity techniques are developed tomitigate detrimental effects of fading and shadowing.

Diversity techniques constitute multiple versions of the transmitted signals. Thus, the

basic idea of diversity is a repetition or redundancy of information. The improvement in

performance obtained through diversity techniques depends on the modulation and coding

techniques used for data transmission. In short, diversity implies a set of versions of

the transmitted signal, and this set is accomplished through space (spatial), frequency,

polarization, time (signal repetition), and multipath/Rake (a form of time diversity)

diversity. The uncorrelatedness/independence of received signals is the key factor for

the improvement in performance expected from diversity schemes. The main diversity

techniques are summarized below:

Space Diversity: Spatial diversity is accomplished by multiple transmitters or receivers

placed at different spatial locations, resulting in different received signals, which are

desired to be independent or uncorrelated. This can be reached by sufficiently separated

transmitters or receivers. Multi-antenna networks are important examples of spatial

diversity method, which are investigated through this dissertation.

Frequency Diversity: Frequency diversity is attained by transmitting the same

information signal on different carriers. The separation between the carriers must

be at least equal or larger than the coherence bandwidth of the channel to ensure

uncorrelatedness/independence of the received signals. But larger separations implies a

reduction in bandwidth available for data transmission. Therefore, a trade-off between

maximum available bandwidth for transmission and several diversity branches comes out.

Polarization Diversity: Polarization diversity depends on the orthogonality of the electric

and magnetic fields of the signal carrying the information, which is modified to send

the same information. These orthogonal fields provide uncorrelated behavior and hence

independence of the received signals. Therefore, designing the receiver with two antennas

for each polarization results in a diversity of order two. Unlike space diversity, a separation

between antennas is not required since the two polarizations are orthogonal and ensure

uncorrelatedness/independence of the received signals.

Time Diversity: Time diversity is applied by multiple times transmission of the same

information signal. The separation between the transmission times should be greater than
11



the coherence time, which is dependent on the speed of the transmitter/receiver, to get

uncorrelated/independent versions of the transmitted signal. Repeated transmission of the

same information and subsequent processing produces time delay. Because of this, time

diversity is not much preferable to other schemes and often used sparingly.

Multipath/Rake Diversity: This diversity scheme practically becomes applicable by the

aid of Rake receiver. Well known that fading results in multipath signals at the receiver

which are normally not resolvable. Fortunately, these signals can be resolvable by

increasing the signal bandwidth further than channel bandwidth, hence, the width of

the transmitted signals is small enough so that the received multipath signals become

resolvable at the receiver side. These resolvable multipath signals result in a form of

time diversity providing uncorrelated copies without the cost of time delay, i.e., without

suffering from the latency effects associated with conventional time diversity [71].

In addition to the implementation of the space diversity methods, namely, antenna

and relay diversities, in the HD/FD systems through this thesis, multipath diversity is also

applied for the FD transmission over themulti-relay unidirectional systemwith generalized

relay section where the direct path between the source and destination is not omitted,

leading to the cooperative diversity [1].

2.6. Combining Methods

Implementation of diversity schemes results in many versions of the transmitted or

received signal at the receiver. Diversity can be employed at the transmitter site as shown

in Fig. 2.1 and similarly at the receiver site as illustrated in Fig. 2.2, namely, transmit and

receive diversities are elaborated for spatial diversity. To maximize e2e SNR/SINR, the

maximal ratio transmission (MRT) scheme is applied in conjunctionwith transmit diversity

where the same signal is weighted on each branch and then broadcasted to the receiver.

The weighting process is also demonstrated by multiplication of the input signal with a

weight coefficient of wi for ith path in Fig. 2.1, where its value is the normalized complex

conjugate of channel gain between transmit and receive antenna (of the sources and relay)

in point to point networks (two-way relayed networks) and again normalized complex

conjugate of the product of first and second hop channel gains in unidirectional relayed

networks. These are the examples demonstrated in this dissertation. Different choices of

weighting coefficients are dependent on the design of the system under consideration.

By the way, to enhance the performance, various signal processing methods should
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Figure 2.1: Transmit diversity and maximal-ratio transmission concept are shown.

be developed and implemented together with diversity techniques to merge these multiple

copies to lower the error rate and OP. The combining process takes place on the receiver

site, hence, it is embodied in conjunction with receive diversity in Fig. 2.2, where gi is

the ith branch weighting factor and its value depends on the utilized combining technique.

Combiningmethods are selection combining (SC),maximal ratio combining (MRC), equal

gain combining (EGC), and switch and stay combining (SSC) [72–74].

Figure 2.2: Receive diversity and combining concept are illustrated.
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Maximal Ratio Combining: The incoming signals are combined so that the output

SNR/SINR is maximized. The weight of each path is made proportional to the rms signal

level and inversely proportional to the mean square noise/interference-plus-noise level in

that channel [72]. In order to apply MRC, all channel fading parameters have to be known

to the receiver. Although this scheme can be used for coherent modulations with unequal

energy signals, it is not practical for differentially coherent and non-coherent detection.

Equal–Gain Combining: In this scheme, each received signal is weighted with the same

gain. Although knowledge of the fading amplitudes is not required unless unequal energy

signals are transmitted, co-phasing of all signals is needed to avoid signal cancellation.

While compares to MRC scheme, complexity is reduced but it can only be implemented

with coherent modulations having equal-energy symbols.

Selection Combining: SC chooses the branch with the maximum SNR/SINR. Therefore,

it is the simplest and most commonly used scheme. Since it processes only one of the

diversity branches, unlike MRC and EGC, the need for more RF chains is omitted. In

addition to coherent modulations, it can be implemented with differentially coherent and

non-coherent modulations.

Switch and Stay Combining: Unlike SC, the receiver does not continuously choose the

path with the maximum SNR/SINR, it selects a particular path until SNR/SINR drops

below a predetermined threshold. Hence, the implementation of SSC is practical in the

systems using uninterrupted transmission such as FDMA systems. This makes SSC more

preferable than SC.

Types of selection schemes vary with the number of selected antennas/relays,

namely, single transmit/receive antenna or relay selection (TAS, RAS, RS), joint transmit

and receive antenna selection (JTRAS), generalized transmit-antenna/relay selection

known as generalized selection transmission (GST), generalized receive antenna selection

described as generalized selection combining (GSC), and many combinations of them take

place such as TAS/GSC and GST/RAS. Nearly all the mentioned methods are examined

through this thesis in conjunction with MRC and SC schemes.
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2.7. Performance Measures

In this dissertation, quantitative performance measures are limited to SER, OP, and

ergodic capacity. Improvements in second-order statistical characteristics such as amount

of crossings and fade duration are not covered.

To quantify the stated measures, the equivalent overall SNR/SINR of the network

under the consideration, its PDF and CDF are represented as γeq, fγeq(x), and Fγeq(x),

respectively.

2.7.1. Ergodic Capacity

The normalized Shannon capacity for FD and HD systems is

C(γeq) =
1

R0

log2(1 + γeq). (2.10)

In (2.10), R0 = 1 and R0 = 2 for FD and HD transmissions, respectively. The average

capacity, i.e., ergodic capacity is derived based on CDF method as [75, eq. (38)]

Ravg. = E[
1

R0

log2(1 + γeq)]

=
1

R0

∫ ∞

0

log2(1 + x)fγeq(x)dx

=
log2(e)
R0

∫ ∞

0

1− Fγeq(x)
x+ 1

dx,

(2.11)

where E[·] denotes the expectation operator.

2.7.2. Outage Probability

The overall system is in outage if instantaneous capacity is less than a minimum

required data rate, Rth, in turn, the instantaneous equivalent SNR/SINR, γeq, is less than a

SNR/SINR threshold, γth. In other words, outage happens when instantaneous equivalent

SNR/SINR is lower than theminimumSNR/SINR required tomaintain an acceptable level

of the average probability of error. Mathematically, OP is
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Table 2.1: Modulation type dependent parameters forM -AM,M -QAM, andM -PSK
SER calculations.

Parameter M -AM M -QAM M -PSK
a1

2(M−1)
πM

π
4

(
1− 1√

M

)
1
π

a2 0 −π
4

(
1− 1√

M

)2
0

θ1
π
2

π
2

(M−1)π
M

θ2 0 π
4

0
λmod

3
(M2−1)

3
2(M−1)

sin2 (π/M)

Q 1 2 1

P (γth) = Pr(
1

R0

log2(1 + γeq) < Rth)

= Pr(γeq < γth = 2R0Rth−1)

=

∫ γth

0

fγeq(x)dx

= Fγeq(γth),

(2.12)

where Pr(·) stands for probability and note that γth = 2R0Rth−1 is straightforward.

2.7.3. Symbol Error Rate

Average SER of slow-fading channels for coherent modulations is only aimed

which can be derived based on Gaussian Q-function and equivalent PDF of the overall

system which is transformed into form of moment generating function (MGF) [74, eq.

(5.2)]. Average SER ofM -ary phase shift keying (M -PSK),M -ary amplitude modulation

(M -AM), and squareM -ary quadrature amplitudemodulation (M -QAM) can be evaluated

based on MGF method as

PM,SER =

Q∑

q=1

aq

∫ θq

0

Mγeq

(
− λmod

sin2(θ)

)
dθ, (2.13)

where the equivalent MGF,Mγeq (s) =
∫∞
0
fγeq(x)e

sxdx. aq, θq, and λmod are modulation

type dependent parameters given in Table 2.1.

Additionally, average SER of exact binary phase keying (BPSK) and approximated

M -PSK is also computed based on CDF method as follows:

PC,SER =
a
√
b

2π

∫ ∞

0

x−1/2e−bxFγeq(x)dx, (2.14)
16



where a = 1 and b = 1 for BPSK, and for approximated M -PSK, a = 2 and b =

sin2 (π/M).

Two type modulations, namely,M–PSK andM–QAM are investigated through this

dissertation.
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3. TWO-WAY RELAY NETWORKS WITH
GENERALIZED TRANSMIT AND RECEIVE
ANTENNA SELECTION OVER RAYLEIGH
FADING CHANNELS

3.1. Introduction

In wireless communications, fading is the main impairment that deteriorates system

performance. Diversity is an effective way to combat fading since diversity makes several

replicas of the same information bearing signal available for the receiver to utilize in

order to increase signal-to-noise ratio (SNR). For this reason, multi-antenna diversity

schemes, i.e., multi-input multi-output (MIMO) transmission techniques are used in

wireless communication systems [6, 7]. MIMO transmission techniques enhance error

performance and capacity. Meanwhile, recently in order to have coverage extension and

power reduction, cooperative relaying has been offered for wireless communications [76].

Although half-duplex one way relaying systems improve aforementioned parameters,

they cause some reduction of spectral efficiency since two time slots are required per

single transmission. Two way relaying network (TWRN) was proposed to overcome this

reduction of spectral efficiency [8], which can be recovered by simultaneously exchanging

information between two sources via a relay in two time slots. Moreover, when two way

transmission is carried out at the region of high spectral efficiency, it also provides higher

energy efficiency than direct transmission and one-way relay transmission [9].

In order to increase the communication quality in TWRNs, MIMO transmission can

be used. The performance of TWRN with multi-antenna sources has been investigated in

several publications [17–21]. Beamforming, where the signal from multiple antennas are

weighted according to the instantaneous channel coefficients, is applied at end sources to

benefit from advantages of MIMO communications in order to enhance performance and

reliability of communication between end sources [22–24]. However, beamforming needs

radio frequency (RF) chain for each antenna and complex signal processing techniques

which mean high cost and complexity. In order to decrease complexity and cost by

reducing number of RF chains, and use advantages of multiple antennas, antenna selection

strategy was also proposed [25]. Antenna selection reduces complexity and power

requirements of the MIMO transmitter [26]. Several studies have focused on a single

antenna selection in sources or relay selection [26–34]. However, to the best of our
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knowledge, generalized antenna selection, which is a compromise between beamforming

and single antenna selection, at TWRN has not been examined yet. Thus, we propose

to use generalized transmit antenna selection (GTAS) for transmission and generalized

receive antenna selection (GRAS) for reception at sources of TWRN whose relay is with

single antenna as depicted in Fig. 3.1. By GTAS and GRAS we mean combined transmit

antenna selection (TAS)/maximal ratio transmission (MRT) [77] and generalized selection

combining (GSC) [78], respectively.

In this chapter, we consider a MIMO TWRN where an NA-antenna source A

and an NB-antenna source B exchange information via single antenna relay R using

amplify-and-forward (AF) protocol. Li, i ∈ {A,B}, antennas are selected at each source
for transmission and reception, i.e., this TWRN is examined for two phases by using GTAS

and GRAS for transmission and reception, respectively at sources over Rayleigh fading

channels. The main contributions of this chapter can be summarized as follows:

• The exact and asymptotic sum outage probability (SOP), moment generating

function (MGF), and sum symbol error rate (SSER) for M -ary phase shift keying

(M -PSK) andM -ary quadrature amplitude modulation (M -QAM) are derived.

• It is proven that the diversity order of the proposed antenna selection strategy is

min(NA, NB).

• The number of RF chains is reduced from NA + NB to LA + LB with respect to

beamforming, i.e., hardware complexity is reduced.

• The dependency of SSER on power allocation, relay location, and total number of

antennas and number of selected antennas at each source is illustrated. It is shown

that an increment in the number of selected or total number of antennas for any

source causes some shift in optimum relay location towards other source with fewer

number of selected antennas or total number of antennas. Similarly, assigning more

power to any source also causes some shift in optimum relay location towards the

other one. Furthermore, it is presented that assigning equal power to the sources and

less or more power to the relay has no effect on optimum relay location but it affects

SSER.

The rest of this chapter is organized as follows. The system model and the proposed

antenna selection strategy are presented in Section 3.2. In Section 3.3, the exact and

asymptotic cumulative distribution functions (CDF) of end-to-end (e2e) SNR are derived.

The exact and asymptotic expressions for SSER are also derived. Numerical results are

presented in Section 3.4 and we conclude our work in Section 3.5.
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Figure 3.1: The proposed generalized antenna selection scheme.

3.2. System Model

We focus on an AFMIMOTWRNwith anNA-antenna sourceA and anNB-antenna

source B which communicate via a single antenna relay R. We assume that there is no

direct link between these two sources because of heavy channel conditions. All nodes

are assumed to be half-duplex and also let him be the complex channel gain between

the relay and the mth transmit antenna of source i, where i ∈ {A,B}. We assume

that {him,m = 1, . . . , Ni} are independent identically distributed (i.i.d.) and circularly

symmetric Gaussian random variables which are modeled as him ∼ CN(0, d−fiiR ), where

diR is the normalized distance between source i and the relay (i.e., dAR+ dBR = 1) and fi
is the path loss exponent between source i and the relay. We assume errorless estimation

of channel coefficients at the relay and error free feedback channels. Channels of source

i–relay R and relay R–source i, i ∈ {A,B} are also assumed to be reciprocal for two

consecutive phases and channels between the source A and B are independent from each

other. The additive noise at all the receivers is assumed to be zero mean complex Gaussian

noise with variance σ2
x, where x ∈ {A,R,B}. Let us define SNR between the relay and

the mth transmit antenna of source i to be λim = |him|2Es/σ2
R, where Es is the average

energy of transmitted symbols and is assumed to be 1 and | · | represents absolute value.
Let λi1:Ni ≥ λi2:Ni ≥ · · · ≥ λiNi:Ni be the order statistics obtained by arranging {λim}

Ni
m=1

in decreasing order of magnitude in the first phase. The antennas for the first Li of these

ordered statistics are selected to obtain maximum SNR between source i and relay R.

Then the signals for the selected antennas are weighted based on the channel coefficients

between source i and the relay in order to maximize instantaneous SNR at the relay. This

means that GTAS is carried out in the first phase and since channels are reciprocal, GRAS

is carried out in the second phase. Then, by using the same approach in [27], the received

signal at R for GTAS can be given as

YR =
√
PAw

T
AhAsA +

√
PBw

T
BhBsB + nR (3.1)
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where si is the transmitted signal at source i, Pi is the transmit power at source i,

(·)T denotes transpose, hi = [hi1:Ni ;h
i
2:Ni

; · · · ;hiLi:Ni ] is the Li × 1 channel vector of

GTAS between source i and the relay, wi = h∗i /∥hi∥, where (·)∗ denotes complex

conjugate, ∥ · ∥ denotes Euclidean norm, and nR is the additive Gaussian noise at the

relay with zero mean and variance σ2
R. In the second phase, YR is multiplied by G =

√
PR/(PA∥hA∥2 + PB∥hB∥2 + σ2

R), where PR is the relay power, and is broadcasted to

each source. The received signals at the sources are weighted and combined to obtain

received signals of GRAS:

Yi = GwTi hiYR + wTi ni (3.2)

In (3.2), ni is theLi×1 additive Gaussian noise vector at source iwith zero mean andmean
power ILiσ2

i where ILi denotes an identity matrix of order Li. Since each source knows

its own transmitted signal and channel state information, after canceling self-interference,

the remained signal is

Ỹi = G
√
Pj∥hj∥∥hi∥sj +G∥hi∥nR + wTi ni (3.3)

where (i, j) ∈ {(A,B), (B,A)}. Then, as in [27], the e2e SNR at source i can be derived

as follows:

γi =
αiΥiΥj

(αi + 1)Υi +Υj + ρ
(3.4)

where (i, j) ∈ {(A,B), (B,A)} and αi = PRσ
2
R/(Piσ

2
i ). In (3.4), Υi = Pi∥hi∥2/σ2

R

and Υj = Pj∥hj∥2/σ2
R are the instantaneous SNRs of the i − R link and the j − R link,

respectively. In (3.4), setting ρ = 1 and 0 correspond to channel-noise-assisted (CNA) AF

relaying, and channel-assisted (CA) AF relaying, respectively.

3.3. Performance Analysis

In this section, we derive exact and asymptotic SOP, MGF, and SSER expressions,

respectively.

3.3.1. Exact Analysis

In this section exact CDF and SER expression are obtained.
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3.3.1.1. Exact CDF of the e2e SNR

In order to derive SOP and SSER, it is essential to derive CDF of the e2e SNR. The

CDF of the instantaneous e2e SNR γi in (3.4) can be expressed as [27, eq. (61)]

Fγi(γ) = 1−
∫ ∞

ςiγ

F̃Υi(νi)fΥj(Υj)dΥj (3.5)

where F̃Υi(γ) = 1− FΥi(γ), ςi = (αi + 1)/αi, and νi = γ(Υj + ρ)/(αiΥj − γ(αi + 1)).

Using [79, eq. (4)], the CDF of Υi can be expressed as

FΥi(γ) = 1 +

Li∑

li=1

ĉliγ
li−1

(li − 1)!
e−γ/Ῡi +

Ni∑

li=Li+1

ĉlie
−liγ/(LiῩi) (3.6)

where Ῡi = Pid
−fi/σ2

R is the average SNR of the i − R link and the coefficients ĉli are

given by [79, eq. (3)]

ĉli =





1 li = 0

Ῡ−li+1
i [−1 + δliki ] 1 ≤ li < Li

−Ῡ−li+1
i

(
Ni

Ni−Li
)

li = Li
(−1)li( Ni

Ni−li
)( li−1
li−Li−1

)

(
li
Li

−1)Li
Li < li ≤ Ni

(3.7)

where δliki =
∑Ni

ki=Li+1

(−1)ki−li( Ni
Ni−ki

)( ki−1
ki−Li−1

)

(
ki
Li

−1)Li−li+1
. For simplicity we rephrase FΥi(γ) as

FΥi(γ) = 1 +

Ni∑

li=1

Cliγ
ωlie−γΩli (3.8)

where Cli = ĉli/(li − 1)! if 1 ≤ li ≤ Li and Cli = ĉli if Li < li ≤ Ni, ωli = li − 1 if

1 ≤ li ≤ Li and ωli = 0 if Li < li ≤ Ni, Ωli = 1/Ῡi if 1 ≤ li ≤ Li and Ωli = li/(LiῩi)

if Li < li ≤ Ni. Now we can give the probability density function (PDF) of Υj as

fΥj(γ) =

Nj∑

lj=1

Cljωljγ
ωlj−1e−γΩlj −

Nj∑

lj=1

CljΩljγ
ωlj e−γΩlj . (3.9)
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To derive the CDF of the instantaneous e2e SNR γi, we substitute (3.8) and (3.9) into (3.5)

and obtain Fγi(γ) as

Fγi(γ) = 1−
Ni∑

li=1

Nj∑

lj=1

ΩljCliCljI1(ωlj) +

Ni∑

li=1

Nj∑

lj=1

ωljCliCljI1(ωlj − 1) (3.10)

where

I1(m) =

∫ ∞

ςiγ

xm
(

γ(x+ ρ)

αix− γ(αi + 1)

)ωli
e
−
(
Ωljx+

Ωli
γ(x+ρ)

αix−γ(αi+1)

)

dx. (3.11)

To solve I1(m), we make change of variable as x = t + ςiγ. After changing of variable,

we apply binomial expansion given by [65, eq. (1.111)] to (t+ ςiγ)
m and (t+ ςiγ + ρ)ωli .

Then we obtain

I1(m) =

(
γ

αi

)ωli
e
−
(
Ωlj ςi+

Ωli
αi

)
γ
ωli∑

p=0

m∑

q=0

(
ωli
p

)(
m

q

)
(ςiγ + ρ)p(ςiγ)

m−q

∫ ∞

0

tq−pe
−
(
Ωlj t+

Ωli
γ(ςiγ+ρ)

αit

)

dt.

(3.12)

To solve the integral in (3.12), we use the identity [65, eq. (3.471.9)] and obtain

I1(m) = 2

(
γ

αi

)ωli
e
−
(
Ωlj ςi+

Ωli
αi

)
γ
ωli∑

p=0

m∑

q=0

(
ωli
p

)(
m

q

)
(ςiγ + ρ)p(ςiγ)

m−q

(
Ωliγ(ςiγ + ρ)

Ωljαi

) q−p+1
2

Kq−p+1


2

√
ΩliΩljγ(ςiγ + ρ)

αi




(3.13)

where Kν(x) is the νth-order modified Bessel Function of the second kind [65, eq.

(8.407)], which is available in well known software programs such as MATHEMATICA

and MAPLE. We substitute (3.13) into (3.10) and get closed-form CDF expression of the

e2e SNR γi as

Fγi(γ) = 1 + 2

Ni∑

li=1

Nj∑

lj=1

[
ωljH1(ωlj − 1)− ΩljH1(ωlj)

]
(3.14)

where
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H1(m) =

ωli∑

p=0

m∑

q=0

(
ωli
p

)(
m

q

)
CliClj

(
γ

αi

)ωli
e
−
(
Ωlj ςi+

Ωli
αi

)

(ςiγ + ρ)p(ςiγ)
m−q

(
Ωliγ(ςiγ + ρ)

Ωljαi

) q−p+1
2

Kq−p+1


2

√
ΩliΩljγ(ςiγ + ρ)

αi


.

(3.15)

In order to obtain a simpler equation for the CDF of CA-AF, instead of setting ρ = 0

in (3.14) and (3.15), we reproduce it by setting ρ = 0 and continue from the beginning as

in derivation of the CDF of γi in (3.14). Then, the CDF of γi for CA-AF is derived as

Fγi(γ) = 1 + 2

Ni∑

li=1

Nj∑

lj=1

[
ωljH2(ωlj − 1)− ΩljH2(ωlj)

]
(3.16)

where

H2(m) =

ωli+m∑

q=0

(
ωli +m

q

)
CliCljα

−ωli
i ς

m+q+1
2

i γωli+m+1

(
Ωli

αiΩlj

)m−q+1
2

e
−
(
Ωlj ςi+

Ωli
αi

)

Km−q+1


γ
√

4ΩliΩlj ςi

αi


.

(3.17)

For a threshold γth, the exact e2e SOP can be evaluated by using (3.14) and (3.16)

as FγA(γth) + FγB(γth) for CNA-AF and CA-AF cases, respectively.

3.3.1.2. Exact SSER

We use SSER to evaluate error performance of two-way relaying which is defined

as the summation of the SERs of two sources [80]. For CA-AF case, we can use (3.16) to

derive closed-form expression for MGF of γi, however, it is not easy to obtain closed-form

expression of SSER from MGF based analysis. Hence we use CDF based method [81] to

derive closed-form expression of SSER of M-PSK. For numerical calculations of SSER

based on MGF method, it is useful to give MGF expression of γi. MGF of γi can be

obtained as

Mγi(−s) = s

∫ ∞

0

e−sxFγi(x)dx. (3.18)
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We substitute (3.16) into (3.18) and use the identity [67, eq. (2.16.6.3)] to derive MGF as

Mγi(−s) = 1 + 2s

Ni∑

li=1

Nj∑

lj=1

[
ωljH2(ωlj − 1, s)− ΩljH2(ωlj , s)

]
(3.19)

H2(m, s) in (3.19) is given below

H2(m, s) =
√
π

ωli+m∑

q=0

∆ij
2F1

(
ωli + q + 1

2
,
ωli + q + 2

2
;ωli +m+

5

2
,

1−
4ΩliΩlj ςi

αi(
ωlj ςi +

Ωli
αi

+ s
)2
) (3.20)

where

∆ij =

(
ωli+m
q

)
CliCljα

−ωli
i ςqi Ω

−(m−q+1)
lj

Γ(ωli + q + 1)Γ(ωli + 2m− q + 3)

2(ωli+2m−q+3)Γ(ωli +m+ 5
2
)
(
Ωlj ςi +

Ωli
αi

+ s
)(ωli+q+1)

. (3.21)

2F1(ι, τ ;w; z) in (3.20) is the Gauss hypergeometric function [65, eq. (9.111)] and Γ(ι) is

Gamma function [65, eq. (8.310.1)], which are available in well known software programs

such as MATHEMATICA and MAPLE.

Based on (3.19), SSER can be expressed as

PSSER,M =

Q∑

q=1

aq

∫ θq

0

[
MγA

(
− λmod

sin2(θ)

)
+MγB

(
− λmod

sin2(θ)

)]
dθ. (3.22)

The modulation dependent parameters in (3.22) for M -PSK and M -QAM are given in

Table 2.1.

It is difficult to derive a closed-form expression for SSER based on MGF, but the

integrals in (3.22) can be evaluated numerically. The closed-form expression for exact

SSER based on CDF can be derived as

PSSER,C = PA,SER + PB,SER (3.23)

where Pi,SER = a
√
b

2π

∫∞
0
x−1/2e−bxFγi(x)dx, i∈{A,B} [81]. a and b are modulation

dependent parameters. For Binary PSK (BPSK) a = 1 and b = 1, and for approximated
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M -PSK a = 2 and b = sin2(π/M). To derive Pi,SER, we concentrate on CA-AF with

ρ = 0. We substitute (3.16) into Pi,SER and use the identity [67, eq. (2.16.6.3)] to derive

Pi,SER as

Pi,SER =
a

2
+ a
√
b

Ni∑

li=1

Nj∑

lj=1

[ωljHSER(ωlj − 1)− ΩljHSER(ωlj)] (3.24)

HSER(m) in (3.24) is given as

HSER(m) =

ωli+m∑

q=0

(
ωli +m

q

)
CliCljα

−ωli
i ςqi

Ωm−q+1
lj

ISER(m) (3.25)

where

ISER(m) =
Γ
(
ωli + q + 1

2

)
Γ
(
ωli + 2m− q + 5

2

)

2(ωli+2m−q+ 5
2
)
(
Ωlj ςi +

Ωli
αi

+ b
)(ωli+q+ 1

2
)

Γ (ωli +m+ 2)

2F1

(
ωli + q + 1

2

2
,
ωli + q + 3

2

2
;ωli +m+ 2; 1− ΩliΩlj ςi/αi(

Ωlj ςli + Ωli/αi + b
)2

)
.

(3.26)

3.3.2. Asymptotic Analysis

At high SNR, the e2e SOP and SSER can be characterized by diversity gain and array

gain [82]. Hence, it is essential to obtain asymptotic CDF of the e2e SNR and SSER.

3.3.2.1. Asymptotic CDF of the e2e SNR

At high SNR, the asymptotic e2e Fγi(γ) can be given by

F∞
γi
(γ) ≈ Ĝa,i

(
Ῡi

γ

)−Ĝd,i
+ o

(
Ῡ

−Ĝd,i
i

)
(3.27)

where (·) denotes higher order terms.
Clearly, it is not easy to determine array gain Ĝa,i and diversity gain Ĝd,i directly

from (3.14). To overcome this difficulty, we use single term polynomial approximation
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of the PDF and CDF of Rayleigh fading and the inequality αiΥiΥj/((αi + 1)Υi +

Υj + ρ) < min(αiΥi, αiΥj/(αi + 1)) to derive asymptotic CDF [83]. The single term

polynomial approximation for the PDF and CDF of Rayleigh fading are f(x) = 1/Ῡi

and F (x) = x/Ῡi, respectively [82]. We derive approximated MGF of Υi by substituting

these approximated PDF and CDF in [74, eq. (508)] and [74, eq. (510)]: M∞
Υi
(s) =

Ni

Li!L
Ni−Li+1
i

Ni!Ῡ
−Ni
i

sNi
. The asymptotic CDF of Υi is derived by taking inverse Laplace

transform of
M∞

Υi
(s)

s
:

F∞
Υi
(γ) =

Ni

Li!L
Ni−Li+1
i

(
γ

Ῡi

)Ni
. (3.28)

Now we consider the aforementioned inequality to find asymptotic CDF of the

e2e SNR γi [83]: F∞
γi
(γ) = Pr(min(αiΥi,

αiΥj
(αi+1)

) < γ). Hence F∞
γi
(γ) = 1 −

Pr(min(αiΥi,
αiΥj
(αi+1)

) > γ). Since Υi and Υj are independent, Pr(min(αiΥi,
αiΥj
(αi+1)

)

> γ) = Pr(αiΥi > γ)Pr(
αiΥj
(αi+1)

> γ). Pr(αiΥi > γ) = 1 − FΥi(
γ
αi
) and

Pr(
αiΥj
(αi+1)

> γ) = 1− FΥj(
(αi+1)γ

αi
). Therefore, the asymptotic CDF is found as

F∞
γi
(γ) = FΥi(

γ

αi
) + FΥj(

(αi + 1)γ

αi
)− FΥi(

γ

αi
)FΥj(

(αi + 1)γ

αi
). (3.29)

If we ignore the third term in (3.29) and substitute (3.28) into (3.29), and define κi =

Ῡi/Ῡj , then Ĝd,i and Ĝa,i in (3.27) are respectively obtained as

Ĝd,i = min(Ni, Nj) (3.30)

and

Ĝa,A =





NAα
−NA
A

LA!L
NA−LA+1

A

NA < NB

NBς
NB
A κ

NB
A

LB !L
NB−LB+1

B

NA > NB

NAα
−NA
A

LA!L
NA−LA+1

A

+
NBς

NB
A κ

NB
A

LB !L
NB−LB+1

B

NA = NB

Ĝa,B =





NAς
NA
B

LA!L
NA−LA+1

A

NA < NB

NBα
−NB
B κ

NB
A

LB !L
NB−LB+1

B

NA > NB

NAς
NA
B

LA!L
NA−LA+1

A

+
NBα

−NB
B κ

NB
A

LB !L
NB−LB+1

B

NA = NB

. (3.31)

The asymptotic e2e SOP can be evaluated by using (3.27) as F∞
γA
(γth) + F∞

γB
(γth).
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3.3.2.2. Asymptotic SSER

In the high-SNR region, SSER can be represented in terms of diversity gain and

array gain [82]. We obtain two asymptotic SSER expressions: First one depends on CDF

based analysis and second one depends on MGF based analysis. For CDF based analysis,

we substitute (3.27) into (3.23) and derive asymptotic SSER as

P∞
SSER,C ≈

(
Ga,CῩA

)−Gd + o
(
Ῡ−Gd
A

)
(3.32)

where Gd = Ĝd,A = Ĝd,B = min(NA, NB) and Ga,C =
(
ab−Gd
2
√
π
Γ
(
Gd +

1
2

)
ΨC

)−1/Gd
.

ΨC is given as

ΨC =





NA

LA!L
NA−LA+1

A

(
α−NA
A + ςNAB

)
NA < NB

NBκ
NB
A

LB !L
NB−LB+1

B

(
ςNBA + α−NB

B

)
NA > NB

NA

LA!L
NA−LA+1

A

(
α−NA
A + ςNAB

)
+

NBκ
NB
A

LB !L
NB−LB+1

B

(
α−NB
B + ςNBA

)
NA = NB

.

(3.33)

To obtain asymptotic SSER based on MGF analysis, we firstly derive asymptotic MGF of

e2e SNR by substituting (3.27) into (3.18):

M∞
γi
(−s) ≈ Ĝa,iΓ(Gd + 1)

(
sῩi

)Gd + o
(
Ῡ−Gd
i

)
(3.34)

Then, we substitute (3.34) into (3.22) and derive asymptotic SSER as

P∞
SSER,M =

Γ (Gd + 1) Ῡ−Gd
A

λGdmod

(
Q∑

q=1

aqI2(Gd, θq)

)(
Ĝa,A + Ĝa,B

)
(3.35)

where

I2(Gd, θq) =

∫ θq

0

sin2Gd(x)dx

=





∫ θq

0

sin2Gd(x)dx =

∫ π/2

0

sin2Gd(x)dx

−
∫ π/2

θq

sin2Gd(x)dx, 0 ≤ θq ≤ π/2

∫ θq

0

sin2Gd(x)dx =

∫ π/2

0

sin2Gd(x)dx

+

∫ θq

π/2

sin2Gd(x)dx, π/2 < θq ≤ π

(3.36)
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and 0 ≤ θq ≤ π. To solve the integrals in (3.36), we make change of variable as y =

sin2(x) where dy = 2 sin(x) cos(x)dx = 2
√
y
√
1− y for 0 ≤ θq ≤ π/2 and dy =

2 sin(x) cos(x)dx = −2√y√1− y for π/2 < θq ≤ π. After proper arrangements, the

integral becomes

I2(Gd, θq) =





1

2

∫ 1

0

g(y)dy − 1

2

∫ 1

sin2(θq)
g(y)dy, 0 ≤ θq ≤ π/2

1

2

∫ 1

0

g(y)dy +
1

2

∫ 1

sin2(θq)
g(y)dy, π/2 < θq ≤ π

. (3.37)

The function in this integral is g(y) = yN−1/2(1 − y)−1/2. The integrals in (3.37) can be

represented by incomplete Beta function, Bx(p, q) =
∫ x
0
tp−1(1− t)q−1dt. To solve these

integrals, we make change of variable as t = 1 − y, use the facts cos2(x) = 1 − sin2(x)

and
√
cos2(x) = |cos(x)| where |cos(x)| = − cos(x) for π/2 < θq ≤ π together with

properties given in [65, eq. 8.384.1 and 8.391]. Then, we obtain the integral as follows,

which is valid for for Gd > −1/2 and sin(θq) ≥ 0:

I2(Gd, θq) =

√
πΓ
(
Gd +

1
2

)

2Γ (Gd + 1)
− cos(θq)2F1

(
1

2
,
1

2
−Gd;

3

2
; cos2(θq)

)
. (3.38)

Now we can rephrase (3.35) as

P∞
SSER,M ≈

(
Ga,MῩA

)−Gd + o
(
Ῡ−Gd
A

)
(3.39)

where Gd = Ĝd,A = Ĝd,B = min(NA, NB) and Ga,M = (ΦMΨC)
−1/Gd . ΦM is given

below

ΦM =
Γ (Gd + 1)

λGdmod

(
Q∑

q=1

aqI2(Gd, θq)

)
. (3.40)

Although asymptotic SSER expressions are derived for different methods they are

equivalent. It is easy to see that for BPSK, however, it is not easy forM -PSK.

3.4. Numerical Results

In this section, we present numerical and simulation results in order to illustrate

proposed antenna selection strategy. We also illustrate the effects of different power
29



Figure 3.2: SOP for different numbers of selected antennas and diversity orders.

allocations, total number of antennas, and number of selected antennas on optimum relay

location. We assume that total power PT = 1 and σ2 = σ2
A = σ2

B = σ2
R . We also assume

PA = PB = PR = PT/3 and dAR = dBR = 0.5 unless otherwise is stated. The path loss

exponent fi is taken to be 3 which represents heavy urban environment. The curves are

plotted versus PT/σ2. We use (3.14) and (3.27) to plot the exact and asymptotic e2e SOP

curves, respectively and (3.22) and (3.24) to obtain exact SSER curves forM -QAM and

M -PSK, respectively. For asymptotic curves, we use (3.32) and (3.39) for M -PSK and

M -QAM respectively. Note that exact e2e SOP is calculated for CNA-AF, i.e., ρ = 1 and

exact SSER is calculated for CA-AF, i.e., ρ = 0, and simulations are done accordingly by

using Monte Carlo simulation technique.

Fig. 3.2 plots SOP curves for a threshold of 10 dB with NA = 5, NB = 3 and 4,

and LA = 1 and 5, LB = 1, 2, and 3. Diversity order is 4 for the lowest curve and 3

for other 3 upper curves. Asymptotic and exact curves have a precise agreement and get

closer as the number of selected antennas is increased for the source whose total number

of antennas equals to the diversity order. In addition, simulation results coincide with

theoretical results exactly. Selecting all antennas of the source having total number of

antennas equal to the diversity order results in an SNR gain of about 2.7 dB at a SOP

of 10−5 with respect to a single antenna selection at sources. An increment of 1 for the

diversity order with the same number of selected antennas results in an SNR gain of 7.5

dB at the same SOP. We also note that increasing the number of selected antennas for the

source having the total number of antennas equal to the diversity order is more effective
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Figure 3.3: SSER of BPSK for different numbers of selected antennas.

than that for the other source.

Fig. 3.3 plots SSER (in this case sum bit error rate (SBER)) curves of BPSK with

NA = NB = 4 and LA = LB = 1, 2, 3, and 4. As seen in Fig. 3.3, as the number of

selected antennas increases, the gap among exact and asymptotic curves diminishes and

precisely overlap with each other. Selecting all antennas approximately results in an SNR

gain of 3.6 dB for an SSER of 10−5 with respect to a single antenna selection at sources.

On the other hand, this gain is only about 1 dB and 0.17 dB when compared to the cases

of two and three antenna selections at sources, respectively. This means complexity can

be reduced with a small degradation in performance.

Fig. 3.4 plots SSER curves of 8-PSK with NA = 3, 4, NB = 4, LA = 1, 2 and

3, and LB = 1 and 3. As also seen in Fig. 3.3, the gap among exact and asymptotic

curves decreases when the number of selected antennas increases. This shows the effect

of diversity gain together with the number of selected antennas for the source dominating

SSER. Increasing diversity order from 3 to 4 with an increment in number of selected

antennas from 1 to 3 at both sources results in an SNR gain of more than 5 dB at an SSER

of 10−5.

Fig. 3.5 plots SSER curves of 16-QAM with NA = 2 and 4, NB = 3 and 5, and

LA = LB = 2. Diversity order is 2 for the upper curve, 3 for the middle one, and 4 for the

lower one. An increment in diversity order from 2 to 3 gives an SNR gain more than 7 dB

at an SSER of 10−5. On the other hand, this gain is about 4 dB when the diversity order is
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Figure 3.4: SSER of 8-PSK for different diversity gains and numbers of selected
antennas.

Figure 3.5: SSER of 16-QAM for different diversity gains.

increased from 3 to 4.

Fig. 3.6 plots exact SSER curves of 16-QAM versus normalized distance between

source A and the relay for two different SNR values withNA = 4, NB = 4 and 5, LA = 2

and 3, and LB = 2. Upper curves are obtained by assigning the same power to both

sources and the relay for an SNR of 10 dB. Lower curves with an SNR of 12 dB are
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Figure 3.6: Exact SSER of 16-QAM versus normalized distance between source A and
the relay.

plotted for three different power allocation cases, namely, 1) PA = 0.25, PB = 0.35,

PR = 0.40, 2) PA = 0.35, PB = 0.35, PR = 0.30, and 3) PA = 0.25, PB = 0.25,

PR = 0.50. As seen in Fig. 3.6, optimum relay location (the relay location that provides

the lowest achievable SSER at a specific SNR value) depends on diversity order, number

of selected antennas, and power assigned to each source. When all parameters (the total

number of antennas, number of selected antennas, and assigned power) are the same at

both sources, the expected optimum relay location is 0.5, which is also validated by two

curves given in Fig. 3.6. So, locating the relay at any other point produces a SSER value

which is greater than the SSER value obtained at relay location of 0.5. On the other hand,

an inequality of one of these parameters deviates optimum relay location from 0.5. When

powers of sources are equal, increasing or decreasing relay power does not affect relay

location. An increment in the number of selected or total number of antennas for any source

causes some shift in optimum relay location towards other source with fewer number of

selected antennas or total number of antennas. Assigning more power to any source also

causes some shift in optimum relay location towards the other one. Furthermore, while

considering all curves in Fig. 3.6, dependency of SSER on power allocation, relay location,

total number of antennas and number of selected antennas at each source is demonstrated.
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3.5. Conclusion

We have examined generalized transmit and receive antenna selection at sources in

MIMO TWRN over flat Rayleigh fading channel. We have derived exact and asymptotic

SOP, MGF, and SSER expressions for M -PSK and M -QAM. We have shown that the

diversity order is minimum of the numbers of transmit antennas available at the sources

and does not depend on the number of selected antennas. Secondly, we have shown

that complexity can be reduced, which also means reduction of cost, with a negligible

performance deviation from that of beamforming. Thirdly, we have observed that an

increment in the number of selected antennas for the source having total number of

antennas equal to the diversity order is more effective than that for the other source.

Finally, we have demonstrated that optimum relay location shifts away from any source

when its selected or total number of antennas is increased. The same observation is also

valid when more power is assigned to it than the other source. Hence, the dependency of

SSER on both relay location and power allocation is illustrated.
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4. PERFORMANCE OF TWO-WAY AF MIMO
RELAY NETWORKS WITH SINGLE AND
MULTIPLE ANTENNA SELECTION SCHEMES

4.1. Introduction

In wireless communications, cooperative relaying has been offered to enhance

capacity, coverage extension, and power reduction [76]. However in half-duplex one way

relaying systems, spectral efficiency is reduced since two time slots are required per single

transmission. The reduction in spectral efficiency can be recovered by simultaneously

exchanging information between two sources via a relay in two phases. For this reason,

two way relaying networks (TWRNs) have attracted much attention in recent years

[8, 84]. Moreover, transmission reliability can be enhanced between the end sources

and the relay by usage of multi-input multi-output (MIMO) transmission technique in

TWRNs [17–21, 85, 86]. Among MIMO techniques, beamforming uses all channel state

information to improve reliability and performance of the TWRN [22–24], however,

it also increases complexity of the system which means high cost. To overcome this

disadvantaging factor of the systems using MIMO transmission technique, fewer radio

frequency (RF) chains can be used by selecting antennas at the sources and the relay

to reduce the complexity and power requirements [25]. Performance of single antenna

selection at the sources or the relay is studied in many works [26–31, 87–90] over

Rayleigh and Nakagami-m fading channels. A comparison of beamforming and single

antenna selection at the sources over Nakagami-m fading channel is done in [27]. In

that work it is proven that at two special cases, where one of the sources is equipped

with single antenna, beamforming and antenna selection provide the same sum symbol

error rate (SSER). In [26], joint transmit and receive antenna selection at the sources

and the relay is performed based on the minimization of overall outage probability and

maximization of sum rate. Since max-min criterion is used for overall outage probability

minimization, an exhaustive search increasing the complexity, has to be carried out to

find triple antennas for transmission and reception, and the same deduction is also valid

for sum rate maximization. An antenna selection scheme at the relay based on sum rate

maximization which reduces search complexity for amplify-and-forward (AF) MIMO

TWRN is proposed in [90]. However, to the best of our knowledge, multiple antenna

selection at the sources accompanying with single antenna selection at a multi antenna
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relay has not been analyzed yet. Therefore, We propose an antenna selection scheme

where firstly a single antenna selection at relay and generalized antenna selection at

the source equipped with fewer number of antennas is committed for both transmission

and reception and secondly generalized antenna selection at the other source is carried

out by using the selected relay antenna. So, as depicted in Fig. 4.1, in the first phase

of the communication, generalized transmit antenna selection or generalized selection

transmission (GST), i.e, combined transmit antenna selection (TAS) and beamforming

(maximal ratio transmission) for transmission at the sources and receive antenna selection

(RAS) at the relay for reception between the relay and the source with fewer number

of antennas are committed (Note that there is no RAS between the relay and the source

having larger number of antennas). On the other hand, since we assume perfect reciprocity

of channels between the sources and the relay, in the second phase, generalized receive

antenna selection at the sources (well known as generalized selection combining (GSC)

[78]) for reception and TAS at the relay for transmission between the relay and the source

with fewer number of antennas are performed. The total number of antennas at the source

A, the source B, and the relay are assumed to be NA, NB, and NR, respectively. Without

loss of generality, it is assumed thatNA ≤ NB. The main contributions of this chapter can

be summarized as follows:

• It is proven that the diversity order of the proposed antenna selection strategy is

min(NANR, NB).

• The exact and asymptotic expressions of sum outage probability (SOP), moment

generating function (MGF), and SSER forM -ary phase shift keying (M -PSK) and

M -ary quadrature amplitude modulation (M -QAM) are derived.

• The ratio of the new and previous asymptotic SSER after an increment (decrement)

of L∆ in the number of selected antennas for the source dominating SSER at high

signal-to-noise ratio (SNR) regime is defined as selection attenuation (amplification)

factor (SAF) and is shown to be (LA!L
NA−LA
A )NR

((LA±L∆)!(LA±L∆)NA−(LA±L∆))
NR

if NANR < NB,

otherwise it is LB !L
NB−LB
B

(LB±L∆)!(LB±L∆)NB−(LB±L∆) .

• A smart antenna selection, where more antennas can be selected at low SNR region

and a single antenna can be selected at high SNR regime for the source having larger

number of antennas, is investigated to reduce the complexity further.

• It is illustrated that an increment in the number of antennas or power of any source

produces a shift in optimum relay location towards the other source. An increment in

the number of relay antennas shifts the optimum relay location towards the source

with larger number of antennas. Furthermore, it is presented that assigning equal
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Figure 4.1: The proposed single and generalized antenna selection scheme.

power to the sources and less or more power to the relay has no effect on optimum

relay location but it affects SSER.

The rest of this chapter is presented in four sections: In Section 4.2, the details of

the system model and the proposed antenna selection strategy are given. The derivations

of the exact and asymptotic cumulative distribution functions (CDF) of end-to-end (e2e)

SNR and SSER expressions are presented in Section 4.3. In Section 4.4, numerical results

supported by Monte-Carlo simulations are given. Finally, Section 4.5 concludes the work.

4.2. System Model

In this chapter we consider an AF MIMO TWRN which consists of two multi

antenna sources, namely an NA-antenna source A and an NB-antenna source B, and an

NR-antenna relay R. We assume that all nodes are half-duplex, no direct link between the

sources due to deep fading and signal blockage periods, errorless estimation of channel

coefficients at the relay and error free feedback channels. Besides, the sources are

equipped with Li RF chains, where i ∈ {A,B} and the relay is equipped with single

RF chain. We represent the complex channel gain between the rth antenna of the relay

and the mth transmit antenna of source i as hri,m, where i ∈ {A,B} and assume that

{hri,m,m = 1, . . . , Ni and r = 1, . . . , NR} are independent identically distributed (i.i.d.)
and circularly symmetric Gaussian random variables. Wemodel these random variables as

hri,m ∼ CN(0, d−fiiR ), where diR is the normalized distance between source i and the relay

(i.e., dAR + dBR = 1) and fi is the path loss exponent between source i and the relay. We

also assume perfect channel reciprocity between channels of source i–relay R and relay

R–source i, i ∈ {A,B} and the additive noise at all the receivers is zero mean complex
Gaussian noise with variance σ2

x, where x ∈ {A,R,B}.
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Selection Strategy: Without loss of generality, we suppose thatNA ≤ NB, single antenna

is selected at the relay for source A − R (and R−source A) link, and Li antennas are
selected at the sources, where i ∈ {A,B}. Antenna selection is carried out at the relay

in two time slots during training period: In the first time slot, LA antennas of the source

A and an antenna of the relay which maximize SNR between the source A and the relay

are selected. In this time slot only source A communicates with the relay. In the second

time slot, only sourceB communicates with the relay and LB antennas of the sourceB are

selected tomaximize SNR between the sourceB and the selected antenna of the relay in the

first time slot. To clarify the selection strategy, let us define SNR between the rth antenna

of the relay and the mth transmit antenna of source i to be αri,m = ∥hri,m∥2Es/σ2
R, where

Es is the average energy of transmitted symbols and is assumed to be 1. Let αrmi,1:Ni ≥
αrmi,2:Ni ≥ · · · ≥ αrmi,Ni:Ni be the order statistics obtained by arranging {αri,m}Nim=1 in

decreasing order of magnitude in the first time slot. To obtain the maximum SNR between

the rth antenna of the relay and the source A, the first LA antennas are selected. In order

to find the relay antenna that maximizes the SNR between the relay and the sourceA, first

LA variable(s) in the order statistics are summed up and the antenna of the relay which

maximizes total SNR is selected, namely, kMR = argmax
{∑LA

lA=1 α
r
mA,lA:NA

}NR
r=1

. In

this way, GST is done at the source A and RAS is carried out at the relay R. In the second

time slot of selection, kthMR antenna of the relay is used to communicate with the source

B and the first LB antennas of the source B are selected to maximize the SNR between

kthMR antenna of the relay and the source B. Hence, GST is carried out at the source B.

Since perfect channel reciprocity is assumed, GSC is committed at the sources and TAS

and single antenna transmissions are performed at the relay for the R−source A link and

the R−source B link, respectively, in the second phase of the transmission.

In the first phase of transmission, each source weights signals of selected antennas

to maximize instantaneous SNR at the relay and broadcasts the signals to the relay. Then,

the received signal at R via kthMR antenna of the relay for GST/RAS of source A and GST

of source B can be given as

YR =
√
PAw

T
AhAsA +

√
PBw

T
BhBsB + nR (4.1)

where si, where i ∈ {A,B}, is the transmitted signal at source i with unit energy, Pi is the
transmit power at source i, (·)T denotes transpose, hi = [hi1:Ni ;h

i
2:Ni

; · · · ;hiLi:Ni ] is theLi×
1 channel vector between source i and kthMR antenna of the relay, wi = h∗i /∥hi∥, where (·)∗

denotes complex conjugate, is the transmissionweight vector, ∥·∥ denotes Euclidean norm,
and nR is the additive Gaussian noise component at the relay with zero mean and variance
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σ2
R. In the second phase, YR is scaled byG =

√
PR/(PA∥hA∥2 + PB∥hB∥2 + σ2

R), where

PR is the relay power, and is broadcasted to each source. The received signals at the

sources are weighted and combined to obtain received signals of TAS/GSC and GSC at

the sources A and B, respectively:

Yi = GwTi hiYR + wTi ni (4.2)

In (4.2), ni is theLi×1 additive Gaussian noise vector at source iwith zero mean andmean
power ILiσ2

i where ILi denotes an identity matrix of order Li. Since each source knows its

own transmitted signal and channel state information, after self-interference subtraction ,

the intended signal at the source i is given by

Ỹi = G
√
Pj∥hj∥∥hi∥sj +G∥hi∥nR + wTi ni (4.3)

where (i, j) ∈ {(A,B), (B,A)}. Then, the e2e SNR at source i can be expressed as

γi =
αiΥiΥj

(αi + 1)Υi +Υj + ρ
(4.4)

where (i, j) ∈ {(A,B), (B,A)} and αi = PRσ
2
R/(Piσ

2
i ). In (4.4), Υi = Pi∥hi∥2/σ2

R

and Υj = Pj∥hj∥2/σ2
R are the instantaneous SNRs of the i − R link and the j − R link,

respectively. In (4.4), setting ρ = 1 and 0 correspond to channel-noise-assisted (CNA) AF

relaying, and channel-assisted (CA) AF relaying, respectively.

4.3. Performance Analysis

Derivations of exact and asymptotic SOP, MGF, and SSER expressions are

elaborated in this section.

4.3.1. Exact Analysis

In this section derivation of exact CDF and SER expressions are provided.
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4.3.1.1. Exact CDF of the e2e SNR

The proposed selection strategy results in two different random variables. In other

words, γA and γB have different statistical properties since ΥA and ΥB do not have the

same probability density functions (PDF). Because of that, derivations of CDF, MGF, and

SOP for one of these random variables, γA and γB are not valid for the other one. So we

have to derive them separately. The CDF of the instantaneous e2e SNR γi in (4.4) is given

as [27, eq. (61)]

Fγi(γ) = 1−
∫ ∞

ςiγ

F̃Υi(νi)fΥj(Υj)dΥj (4.5)

where F̃Υi(γ) = 1− FΥi(γ), ςi = (αi + 1)/αi, and νi = γ(Υj + ρ)/(αiΥj − γ(αi + 1)).

The random variable ΥA (the instantaneous SNR of the A − R link) is obtained after

GST/RAS (GSC/TAS) andΥB (the instantaneous SNR of theB−R link) is obtained after

GST (GSC). Their CDFs are given in [79, eq. (5) and eq. (4)], respectively. Using [79, eq.

(4)], the CDF of ΥB can be expressed as

FΥB(γ) = 1 +

LB∑

lB=1

ĉlBγ
lB−1

(lB − 1)!
e−γ/ῩB +

NB∑

lB=LB+1

ĉlBe
−lBγ/(LBῩB) (4.6)

where ῩB = PBd
−fB
BR /σ2

R is the average SNR of the B − R link and the coefficients ĉlB
are given by [79, eq. (3)]

ĉlB =





1 lB = 0

Ῡ−lB+1
B [−1 + δlBkB ] 1 ≤ lB < LB

−Ῡ−lB+1
B

(
NB

NB−LB
)

lB = LB
(−1)lB( NB

NB−lB
)( lB−1
lB−LB−1

)

(
lB
LB

−1)LB
LB < lB ≤ NB

(4.7)

where δlBkB =
∑NB

kB=LB+1

(−1)kB−lB( NB
NB−kB

)( kB−1
kB−LB−1

)

(
kB
LB

−1)LB−lB+1
. For simplicity, we rephrase

FΥB(γ) as

FΥB(γ) = 1 +

NB∑

lB=1

ClBγ
ωlB e−γΩlB (4.8)

where ClB = ĉlB/(lB−1)! if 1 ≤ lB ≤ LB and ClB = ĉlB if LB < lB ≤ NB, ωlB = lB−1

if 1 ≤ lB ≤ LB and ωlB = 0 if LB < lB ≤ NB, ΩlB = 1/ῩB if 1 ≤ lB ≤ LB and
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ΩlB = lB/(LBῩB) if LB < lB ≤ NB. Therefore, PDF of ΥB can be expressed as

fΥB(γ) =

NB∑

lB=1

ClBωlBγ
ωlB−1e−γΩlB −

NB∑

lB=1

ClBΩlBγ
ωlB e−γΩlB . (4.9)

Although the CDF ofΥA is given in [79, eq. (5)], we use another compact expression

for this CDF. To obtain the mentioned expression, let us define λA =
∑LA

lA=1 α
r
mA,lA:NA

which has the same CDF as ΥB and can be rephrased as

FλA(γ) = 1 + e−γ/λ̄A
LA−1∑

lA=0

ĉlA+1

lA!
γlA + e−(LA+1)γ/(LAλ̄A)

NA−LA−1∑

lA=0

ĉlA+LA+1e
−lAγ/(LAλ̄A)

(4.10)

where λ̄A = PAd
−fA
AR /σ2

R is the average SNR of the A− R link and the coefficients ĉlA+1

and ĉlA+LA+1 are calculated from (4.7) but using λ̄A instead of ῩB. The CDF of ΥA is

equal to FNR
λA

(γ). To derive the CDF of the ΥA, in [79] multinomial theorem is directly

applied to expand FNR
λA

(γ). Instead of applying multinomial theorem directly, binomial

theorem can be applied twice (firstly two summation terms taken as one term) and then

power of the series of finite terms is expanded using [65, eq. (0.314)]. When power of a

series of finite terms is expanded, the following expression is obtained:

(
m−1∑

n=0

cnx
n

)p

=

p(m−1)∑

q=0

µ(q, p,m− 1)xq (4.11)

where µ(0, p,m−1) = cp0 and µ(q, p,m−1) = 1
qc0

∑q
k=1(k(p+1)−q)ckµ(q−k, p,m−1).

Note that ck = 0 for k > m− 1. Hence, CDF of the ΥA can be given as

FΥA(γ) =

NR∑

mA=0

mA∑

kA=0

kA(LA−1)∑

l1A=0

(mA−kA)(NA−LA−1)∑

l2A=0

ClAγ
ωlAe−ΩlAγ, (4.12)

where ClA =
(
NR
mA

)(
mA
kA

)
µ1A(l1A, kA, LA− 1)µ2A(l2A,mA− kA, NA−LA− 1), ωlA = l1A,

and ΩlA = mA(LA+1)−kA+l2A
LAῩA

. The coefficients µ1A(l1A, kA, LA − 1) and µ2A(l2A,mA −
kA, NA−LA−1) are obtainedwhen the expansion in (4.11) is applied to the first and second
summations of (4.10) after two binomial expansions, respectively. For µ1A(l1A, kA, LA −
1), cn =

ĉlA+1

lA!
and for µ2A(l2A,mA − kA, NA − LA − 1), cn = ĉlA+LA+1. To avoid

ambiguity when binomial theorem is applied to the expressions such as (x + 0)N , we
41



define 00 to be 1 (This case occurs when all antennas are selected for the source A which

has fewer total number of antennas than source B). For the sake of simplicity, we let
∑

ΥA(mA=1) =
∑NR

mA=1

∑mA
kA=0

∑kA(LA−1)
l1A=0

∑(mA−kA)(NA−LA−1)
l2A=0 and restate the CDF of the

ΥA as

FΥA(γ) = 1 +
∑

ΥA(mA=1)

ClAγ
ωlAe−ΩlAγ. (4.13)

Furthermore, by taking derivative of (4.13), we find the PDF of the ΥA as follows

fΥA(γ) =
∑

ΥA(mA=1)

ωlAClAγ
ωlA−1e−γΩlA −

∑

ΥA(mA=1)

ClAΩlAγ
ωlAe−γΩlA . (4.14)

The CDF of the instantaneous e2e SNR γA, FγA(γ), is obtained after substitution of

(4.9) and (4.13) into (4.5) as

FγA(γ) = 1−
∑

ΥA(mA=1)

NB∑

lB=1

ΩlBClAClBI1(ωlB) +
∑

ΥA(mA=1)

NB∑

lB=1

ωlBClAClBI1(ωlB − 1)

(4.15)

where

I1(m) =

∫ ∞

ςAγ

xm
(

γ(x+ ρ)

αAx− γ(αA + 1)

)ωlA
e
−
(
ΩlBx+

ΩlA
γ(x+ρ)

αAx−γ(αA+1)

)

dx. (4.16)

The integral given in (4.16) is reformulated by a changing of variable as x = t+ ςAγ and

then binomial expansion given by [65, eq. (1.111)] is applied to the resulting two terms,

namely (t+ ςAγ)
m and (t+ ςAγ + ρ)ωlA . Consequently, the integral is reformulated as

I1(m) =

(
γ

αA

)ωlA
e
−
(
ΩlB ςA+

ΩlA
αA

)
γ
ωlA∑

p=0

m∑

q=0

(
ωlA
p

)(
m

q

)
(ςAγ + ρ)p(ςAγ)

m−q

∫ ∞

0

tq−pe
−
(
ΩlB t+

ΩlA
γ(ςAγ+ρ)

αAt

)

dt.

(4.17)

The identity [65, eq. (3.471.9)] is applied to the integral in (4.17) and I1(m) is obtained

as
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I1(m) = 2

(
γ

αA

)ωlA
e
−
(
ΩlB ςA+

ΩlA
αA

)
γ
ωlA∑

p=0

m∑

q=0

(
ωlA
p

)(
m

q

)
(ςAγ + ρ)p(ςAγ)

m−q

(
ΩlAγ(ςAγ + ρ)

ΩlBαA

) q−p+1
2

Kq−p+1


2

√
ΩlAΩlBγ(ςAγ + ρ)

αA


.

(4.18)

Kν(x) in (4.18) is the νth-order modified Bessel Function of the second kind [65, eq.

(8.407)], which is available in well known software programs such as MATHEMATICA

and MAPLE.

The closed form for FγA(γ), after substituting (4.18) into (4.15), is

FγA(γ) = 1 + 2
∑

ΥA(mA=1)

NB∑

lB=1

[
ωlBH1A(ωlB − 1)− ΩlBH1A(ωlB)

]
. (4.19)

H1A(m) in (4.19) is

H1A(m) =

ωlA∑

p=0

m∑

q=0

(
ωlA
p

)(
m

q

)
ClAClB

(
γ

αA

)ωlA
e
−
(
ΩlB ςA+

ΩlA
αA

)

(ςAγ + ρ)p

(ςAγ)
m−q
(
ΩlAγ(ςAγ + ρ)

ΩlBαA

) q−p+1
2

Kq−p+1


2

√
ΩlAΩlBγ(ςAγ + ρ)

αA


.

(4.20)

The CDF for CA-AF can be found by setting ρ = 0 in (4.19) and (4.20). However,

a simpler expression can be obtained by letting ρ = 0 and following the same derivation

steps as the CDF of the γA in (4.19):

FγA(γ) = 1 + 2
∑

ΥA(mA=1)

NB∑

lB=1

[
ωlBH2A(ωlB − 1)− ΩlBH2A(ωlB)

]
. (4.21)

H2A(m) in (4.21) is

H2A(m) =

ωlA+m∑

q=0

(
ωlA +m

q

)
ClAClBα

−ωlA
A ς

m+q+1
2

A γωlA+m+1

(
ΩlA

αAΩlB

)m−q+1
2

e
−
(
ΩlB ςA+

ΩlA
αA

)

Km−q+1

(
γ

√
4ΩlAΩlB ςA

αA

)
.

(4.22)
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To derive the CDF of the instantaneous e2e SNR γB, FγB(γ), we substitute (4.8) and

(4.14) into (4.5) but subscripts A and B in (4.5) are swapped. Tracking the same steps for

derivation of FγA(γ), the following expression is extracted:

FγB(γ) = 1 + 2
∑

ΥA(mA=1)

NB∑

lB=1

[
ωlAH1B(ωlA − 1)− ΩlAH1B(ωlA)

]
. (4.23)

H1B(m) in (4.23) is equal to the H1A(m) in (4.20) when subscripts A and B are

interchanged. The CDF of CA-AF for γB can also be derived as that of γB and it is obtained

as

FγB(γ) = 1 + 2
∑

ΥA(mA=1)

NB∑

lB=1

[
ωlAH2B(ωlA − 1)− ΩlAH2B(ωlA)

]
(4.24)

where H2B(m) equal to H2A(m) when subscripts A and B are swapped in (4.22).

The exact e2e SOP for CNA-AF is evaluated for a threshold γth as FγB(γth) +

FγB(γth) by using (4.19) and (4.23) and it is evaluated for CA-AF case by (4.21) and

(4.24).

4.3.1.2. Exact SSER

In this section, we derive closed-form expressions of SSER which is defined as

summation of the SERs of two sources [80] based on the CDFmethod forM-PSK [81]. On

the other hand, although it is hard to obtain closed-form expression of SSER from MGF

based analysis, we derive closed-form expressions for MGF of γA and γB which can be

used to calculate SSER numerically forM -PSK andM -QAM. Therefore, we firstly give

MGFs of γA and γB and secondly derive closed-form expressions of SSER based on CDF

analysis. The derivations based on both analysis methods are carried out for CA-AF case.

We use the CDF of the γA in (4.21) (γB in (4.24)), FγA(γ)(FγB(γ)), and express its MGF

as

Mγ(−s) = s

∫ ∞

0

e−sxFγ(x)dx. (4.25)

After substituting (4.21) into (4.25) and using the identity [67, eq. (2.16.6.3)], MγA(−s)
is obtained as
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MγA(−s) = 1 + 2s
∑

ΥA(mA=1)

NB∑

lB=1

[
ωlBH2A(ωlB − 1, s)− ΩlBH2A(ωlB , s)

]
(4.26)

H2A(m, s) in (4.26) is

H2A(m, s) =
√
π

ωlA+m∑

q=0

∆AB
2F1

(
ωlA + q + 1

2
,
ωlA + q + 2

2
;ωlA +m+

5

2
,

1−
4ΩlAΩlB ςA

αA(
ωlB ςA +

ΩlA
αA

+ s
)2
) (4.27)

where

∆AB =

(
ωlA+m

q

)
ClAClBα

−ωlA
A ςqAΩ

−(m−q+1)
lB

Γ(ωlA + q + 1)Γ(ωlA + 2m− q + 3)

2(ωlA+2m−q+3)Γ(ωlA +m+ 5
2
)
(
ΩlB ςA +

ΩlA
αA

+ s
)(ωlA+q+1)

. (4.28)

2F1(ι, τ ;w; z) in (4.27) is the Gauss hypergeometric function [65, eq. (9.111)], which is

available in well known software programs such as MATHEMATICA and MAPLE.

Similarly, the MGF of γB based on (4.24) is

MγB(−s) = 1 + 2s
∑

ΥA(mA=1)

NB∑

lB=1

[
ωlAH2B(ωlA − 1, s)− ΩlAH2B(ωlA , s)

]
(4.29)

where H2B(m, s) is the same as H2A(m, s) in (4.27) when subscripts A and B are

interchanged with each other. Thereby, SSER based on MGF analysis can be expressed

by using (4.26) and (4.29) as

PSSER,M =

Q∑

q=1

aq

∫ θq

0

[
MγA

(
− λmod

sin2(θ)

)
+MγB

(
− λmod

sin2(θ)

)]
dθ. (4.30)

Q, aq, λmod, and θq in (4.30) are modulation dependent parameters. For M -PSK and

M -QAM, these parameters are given in Table 2.1.

Although it is not easy to derive closed-form expression for SSER based on MGF

analysis, (4.30) can be used to calculate SSER numerically. On the other hand, SSER can

be derived in closed form forM -PSK by using CDF based analysis as

PSSER,C = PA,SER + PB,SER (4.31)
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PA,SER and PB,SER in (4.31) are SER at sources A and B and can be evaluated from

the integral a
√
b

2π

∫∞
0
x−1/2e−bxFγ(x)dx [81] where a and b are modulation dependent

parameters. a = 1 and b = 1 for Binary PSK (BPSK) and a = 2 and b =

sin2(π/M) for approximated SER of M -PSK. Firstly, let us consider PA,SER =

a
√
b

2π

∫∞
0
x−1/2e−bxFγi(x)dx: To solve this integral, the CDF of γi in (4.21), FγA(γ), is

substituted into PA,SER and then the identity [67, eq. (2.16.6.3)] is used to obtain the

PA,SER as

PA,SER =
a

2
+ a
√
b

∑

ΥA(mA=1)

NB∑

lB=1

[ωlBHSERA(ωlB − 1)− ΩlBHSERA(ωlB)], (4.32)

HSERA(m) in (4.32) is given as

HSERA(m) =

ωlA+m∑

q=0

(
ωlA +m

q

)
ClAClBα

−ωlA
A ςqA

Ωm−q+1
lB

ISERA(m) (4.33)

where

ISERA(m) =
Γ
(
ωlA + q + 1

2

)
Γ
(
ωlA + 2m− q + 5

2

)

2(ωlA+2m−q+ 5
2
)
(
ΩlB ςA +

ΩlA
αA

+ b
)(ωlA+q+ 1

2
)

Γ (ωlA +m+ 2)

2F1

(
ωlA + q + 1

2

2
,
ωlA + q + 3

2

2
;ωlA +m+ 2; 1− ΩlAΩlB ςA/αA

(ΩlB ςlA + ΩlA/αA + b)2

)
.

(4.34)

PB,SER can be derived by tracking the same steps and it is obtained as

PB,SER =
a

2
+ a
√
b

∑

ΥA(mA=1)

NB∑

lB=1

[ωlAHSERB(ωlA − 1)− ΩlAHSERB(ωlA)]. (4.35)

HSERB(m) in (4.35) is equal toHSERA(m) in (4.33)when subscriptsA andB are swapped.

4.3.2. Asymptotic Analysis

Exact SOP and SSER can be represented as asymptotic SOP and SSER at high SNR,

namely these two performance metrics are characterized by diversity order and array gain

[82]. Therefore, it is useful to derive asymptotic SOP and SSER for system performance

analysis at high SNR as given in this section.
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4.3.2.1. Asymptotic CDF of the e2e SNR

The asymptotic e2e CDF of the γA and γB can be represented in terms of their

diversity order and array gain at high SNR as given below:

F∞
γA
(γ) ≈ Ĝa,A

(
ῩA

γ

)−Ĝd,A
+ o

(
Ῡ

−Ĝd,A
A

)
(4.36)

and

F∞
γB
(γ) ≈ Ĝa,B

(
ῩB

γ

)−Ĝd,B
+ o

(
Ῡ

−Ĝd,B
B

)
, (4.37)

o(·) in (4.36) and (4.37) denotes higher order terms.
An asymptotic expression of e2e CDF of the γA, FγA(γ) can be obtained from

asymptotic expressions of the FΥB(γ) and FλB(γ) in (4.6) and (4.10), respectively, where

they are derived from single term polynomial approximation of the PDF and CDF of

Rayleigh fading [82]. However, they lose their tightness as the number of selected

antennas decreases. To obtain a tighter asymptotic CDF for FΥB(γ) and FλB(γ), we

apply the Taylor series expansion of the exponential function given by the identity [65, eq.

(1.211.1)] to the CDFs in (4.6) and (4.10) and we observe that the dominant components

of these two CDFs are as follows, respectively:

F∞
ΥB

(γ) =
1

LB!L
NB−LB
B

(
γ

ῩB

)NB
(4.38)

and

F∞
λA
(γ) =

1

LA!L
NA−LA
A

(
γ

λ̄A

)NA
. (4.39)

Since FΥA(γ) = FλA(γ)
NR , F∞

ΥA
(γ) is found to be

F∞
ΥA

(γ) =

(
1

LA!L
NA−LA
A

)NR ( γ

ῩA

)NANR
. (4.40)

In order to derive asymptotic CDF for FγA(γ) and FγB(γ), we use the inequality

αAΥAΥB/((αA + 1)ΥA + ΥB + ρ) < min(αAΥA, αAΥB/(αA + 1)) and obtain

F∞
γA
(γ) = F∞

ΥA
( γ
αA

) + F∞
ΥB

( (αA+1)γ
αA

) − F∞
ΥA

( γ
αA

)F∞
ΥB

( (αA+1)γ
αA

). We ignore the term
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F∞
ΥA

( γ
αA

)F∞
ΥB

( (αA+1)γ
αA

) and write F∞
γA
(γ) and F∞

γB
(γ) as in (4.41) and (4.42), respectively:

F∞
γA
(γ) = F∞

ΥA
(
γ

αA
) + F∞

ΥB
(ςAγ) (4.41)

and

F∞
γB
(γ) = F∞

ΥA
(ςBγ) + F∞

ΥB
(
γ

αB
). (4.42)

By substituting (4.38) and (4.40) into (4.41) and (4.42) and defining κA = ῩA/ῩB,

diversity order and array gain in (4.36) and (4.37) are found respectively, as

Ĝd,A = Ĝd,B = min(NANR, NB) (4.43)

and

Ĝa,A =





α
−NANR
A(

LA!L
NA−LA
A

)NR NANR < NB

ς
NB
A κ

NB
A

LA!L
NB−LB
B

NANR > NB

α
−NANR
A(

LA!L
NA−LA
A

)NR +
ς
NB
A κ

NB
A

LA!L
NB−LB
B

NANR = NB

Ĝa,B =





ς
NANR
B(

LA!L
NA−LA
A

)NR NANR < NB

α
−NB
B κ

NB
A

LB !L
NB−LB
B

NANR > NB

ς
NANR
B(

LA!L
NA−LA
A

)NR +
α
−NB
B κ

NB
A

LB !L
NB−LB
B

NANR = NB

. (4.44)

For evaluation of asymptotic SOP (4.41) and (4.42) can be used and it can be

calculated as F∞
γA
(γth) + F∞

γB
(γth).

4.3.2.2. Asymptotic SSER

In this section, two different asymptotic expressions are presented, namely, one of

them is derived for the asymptotic SSER expression which is obtained by using the CDF

based analysis method forM -PSK and the second one is for the MGF based analysis for

bothM -PSK andM -QAM.

To obtain asymptotic SSER based on the CDF based analysis method, (4.36) and

(4.37) are substituted into (4.31) and the result is found as
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P∞
SSER,C ≈

(
Ga,CῩA

)−Gd + o
(
Ῡ−Gd
A

)
. (4.45)

The diversity gain Gd is found as Gd = Ĝd,i = Ĝd,A = min(NANR, NB) and the array

gain is obtained as Ga,C =
(
ab−Gd
2
√
π
Γ
(
Gd +

1
2

)
ΨC

)−1/Gd
, where ΨC is given as

ΨC =





(
α
−NANR
A +ς

NANR
B

)

(
LA!L

NA−LA
A

)NR , NANR < NB

κ
NB
A

(
ς
NB
A +α

−NB
B

)

LB !L
NB−LB
B

, NANR > NB
(
α
−NANR
A +ς

NANR
B

)

(
LA!L

NA−LA
A

)NR +
κ
NB
A

(
ς
NB
A +α

−NB
B

)

LB !L
NB−LB
B

, NANR = NB

. (4.46)

To find asymptotic SSER based on MGF analysis method, we have to find asymptotic

MGFs of γA and γB. We substitute (4.36) and (4.37) into (4.25) and derive asymptotic

MGFs for γA and γB as follows:

M∞
γA(B)

(−s) ≈ Ĝa,A(B)Γ(Gd + 1)
(
sῩA(B)

)Gd + o
(
Ῡ−Gd
A(B)

)
(4.47)

Now, asymptotic SSER based on MGF analysis can be attained by substituting MGFs of

γA and γB in (4.47) into (4.30):

P∞
SSER,M =

Γ (Gd + 1) Ῡ−Gd
A

λGdmod

(
Q∑

q=1

aqI2(Gd, θq)

)(
Ĝa,A + Ĝa,B

)
. (4.48)

The I2(Gd, θq) is given as

I2(Gd, θq) =

∫ θq

0

sin2Gd(x)dx. (4.49)

The integral in (4.49), which is is valid for Gd > −1/2 and sin(θq) ≥ 0, is found as

I2(Gd, θq) =

√
πΓ
(
Gd +

1
2

)

2Γ (Gd + 1)
− cos(θq)2F1

(
1

2
,
1

2
−Gd;

3

2
; cos2(θq)

)
. (4.50)

Consequently, the asymptotic SSER based on MGF analysis method can be reorganized

as

P∞
SSER,M ≈

(
Ga,MῩA

)−Gd + o
(
Ῡ−Gd
A

)
. (4.51)
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The diversity gain Gd is found as Gd = Ĝd,A = Ĝd,A = min(NANR, NB) and the array

gain Ga,M is derived as Ga,M = (ΦMΨC)
−1/Gd , where

ΦM =
Γ (Gd + 1)

λGdmod

(
Q∑

q=1

aqI2(Gd, θq)

)
. (4.52)

Let us consider increasing or decreasing the number of selected antennas for the

source contributing to asymptotic SSER by L∆, i.e, let L̂i ← Li ± L∆, where i ∈ {A,B}
and consider the ratio of new and previous asymptotic SSERs by using (4.45) or (4.51).

The ratio is obtained as

RSSER =





(LA!L
NA−LA
A )NR

((LA±L∆)!(LA±L∆)NA−(LA±L∆))
NR

NANR < NB

LB !L
NB−LB
B

(LB±L∆)!(LB±L∆)NB−(LB±L∆) NANR ≥ NB

. (4.53)

Hence, we conclude that an increment (decrement) of L∆ in the number of selected

antennas for the source dominating asymptotic SSER reduces (increases) SSER by a factor

of RSSER. We call this ratio selection attenuation (amplification) factor (SAF). However,

increasing the number of selected antennas for the other source does not affect SSER in

the high-SNR region.

4.4. Numerical Results

In this section, numerical results and Monte Carlo simulations are provided to

validate the obtained analytical expressions for the proposed selection scheme. It is

assumed that total power PT = 1, σ2 = σ2
A = σ2

B = σ2
R, power of the sources and relay

are equal, PA = PB = PR = PT/3, and the relay is in the middle of the sources, namely,

dAR = dBR = 0.5. The path loss exponent fi is taken to be 3 which represents heavy

urban environment. Different power allocations and relay locations will be stated if they

are used. SOP, SSER, and SAF curves are plotted versus PT/σ2. The SSER expressions

are ploted for the CA-AF case, i.e., ρ = 0, for which they are derived only.

Fig. 4.2 validates analytical expressions of the exact and asymptotic SOP for

a threshold of 10 dB and several diversity orders, namely 2, 3, 4, and 5. The

exact SOP curves are plotted from (4.19) and (4.23) which means CNA-AF case, i.e.

ρ = 1. The asymptotic ones are plotted from (4.41) and (4.42). Total and selected

number of antennas are taken as NR ∈ {1, 2}, NA ∈ {2, 3}, NB ∈ {3, 5}, LA ∈
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Figure 4.2: SOP of the proposed selection strategy for different numbers of selected
antennas and diversity orders.

{1, 2, 3}, and LB ∈ {1, 2, 3, 5}. Analytical results coincide with the simulations results.
Increasing NR from 1 to 2, increases diversity order from 2 to 3 for (NA, NB, LA, LB) ∈
{(2, 3, 1, 1), (2, 3, 2, 3)} and also this results in an SNR gain of about 8.8 dB at a SOP

of 10−5 for (NA, NB, LA, LB) = (2, 3, 1, 1). When NR = 1, the SNR gap between

(NA, NB, LA, LB) = (2, 3, 1, 1) and (NA, NB, LA, LB) = (2, 3, 2, 3) at a SOP of

10−5 is about 1.7 dB, however, the gap becomes 2.7 dB when NR is set to 2. This

is because of the source dominating the SOP is changed from the source A to the

source B whose total number of active antennas becomes 3. Furthermore, at the same

SOP value, an SNR gain of about 4.4 dB is obtained when increasing the diversity

order from 3 to 4 (the SNR gap between (NR, NA, NB, LA, LB) = (2, 2, 3, 1, 1) and

(NR, NA, NB, LA, LB) = (2, 2, 5, 1, 1)). Increasing diversity order by 1 results in an

SNR gain of about 2.5 dB (the SNR gap between (NR, NA, NB, LA, LB) = (2, 2, 5, 1, 1)

and (NR, NA, NB, LA, LB) = (2, 3, 5, 1, 1)). Now let us consider the curves given for

(NR, NA, NB, LA, LB) = (2, 3, 5, 1, 2) and (NR, NA, NB, LA, LB) = (2, 3, 5, 3, 2): The

diversity orders of these two curves are the same, namely 5, and their asymptotic curves are

also the same. This situation leads us to a smart antenna selection strategy such that at high

SNRs only one antenna can be selected for the source not dominating the asymptotic SOP

and at low SNR region more antennas can be selected. This selection strategy decreases
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Figure 4.3: SSER of 16-PSK for different diversity gains and numbers of selected
antennas.

complexity further.

Fig. 4.3 shows curves of the SSER of 16-PSK for analytical, simulation, and

asymptotic results. The exact SSER for M -PSK are plotted from (4.31) and the

asymptotic ones are plotted based on (4.45). The curves are plotted for NR ∈
{1, 2}, NA = 3, NB = 5, LA ∈ {1, 3}, and LB ∈ {1, 2, 3, 5}. There is a

precise agreement between simulation and exact results which validates the accuracy

of analytical expressions derived. Furthermore, the agreement between exact and

asymptotic curves at high SNR regime is also nearly excellent. The SNR gap between

(NR, NA, NB, LA, LB) = (1, 3, 5, 1, 1) and (NR, NA, NB, LA, LB) = (2, 3, 5, 1, 1) at

an SSER of 10−5 is about 4.9 dB. When considering the lower 4 curves, which have

diversity order 5, and taking the (NR, NA, NB, LA, LB) = (2, 3, 5, 1, 1) as the reference

curve, the SNR gaps are about 1.4 dB, 2.6 dB, 3.2 dB, and 3.9 dB at an SSER of

10−5 for (NR, NA, NB, LA, LB) = (2, 3, 5, 1, 2), (NR, NA, NB, LA, LB) = (2, 3, 5, 3, 2),

(NR, NA, NB, LA, LB) = (2, 3, 5, 3, 3), and (NR, NA, NB, LA, LB) = (2, 3, 5, 3, 5)

curves, respectively. Hence, we observe that the SNR gain between successive curves

decreases as the number of selected antennas increases. So, we can conclude that

antenna selection can be performed to reduce complexity with a negligible loss in

performance. The aforementioned smart selection strategy can be seen from the curves of
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Figure 4.4: SSER of 16-QAM for different diversity gains.

(NR, NA, NB, LA, LB) = (2, 3, 5, 1, 2) and (NR, NA, NB, LA, LB) = (2, 3, 5, 3, 2) which

have the same asymptotic curve.

Fig. 4.4 verifies accuracy of expressions derived for SSER of M -QAM. It plots

the SSER of 16-QAM for analytical, simulation, and asymptotic results. The exact SSER

forM -QAM are plotted from (4.30) and the asymptotic ones are plotted based on (4.51).

The parameters used are NR ∈ {1, 2}, NA = 3, NB = 4, LA ∈ {1, 3}, and LB ∈
{1, 2, 3, 4}. The numerical results and simulation results have an excellent agreement.

The asymptotic results and exact ones precisely coincide with each other. An SNR gain

of about 3.4 dB at an SSER of 10−5 is obtained when increasing the diversity order from 3

to 4 and considering the case of selecting a single antenna at each source. Now let us take

(NR, NA, NB, LA, LB) = (2, 3, 4, 1, 1) curve as reference and consider the SNR gains for

the lower 3 curves at an SSER of 10−5: The gains are nearly 2, 2 dB for the upper one, 3.0

dB for the middle one, and 3.2 dB for the lowest one. This also supports that a significant

reduction in complexity can be reached with inconsiderable loss in performance.

Fig. 4.5 compares the ratio of SSERs for 16-PSK using exact expression,

equation (4.31), and the SAF expression, equation (4.53). It plots SAF of 16-PSK for

(NR, NA, NB, LA, LB) = (2, 3, 4, 1, LB), where LB ∈ {1, 2, 3, 4}. For the sake of

simplicity, we represent ratios as SAF(Li/(Li ± L∆)). Five different ratios of SSER

53



Figure 4.5: SAF of 16-PSK for different numbers of selected antennas.

are plotted, namely SAF(4/3), SAF(4/2), SAF(2/1), SAF(3/1), and SAF(4/1). The

asymptotic ratios, i.e., SAFs are 0.7500, 0.3333, 0.1250, 0.0556, 0.0417 for SAF(4/3),

SAF(4/2), SAF(2/1), SAF(3/1), and SAF(4/1), respectively. As expected, the exact

ratios reach the asymptotic ones at high SNRs which verify the accuracy of the derived

SAF expression.

Fig. 4.6 illustrates effects of primary factors that shift the optimum relay location.

To investigate effects of different parameters such as different power allocations, total

number of antennas, and number of selected antennas on optimum relay location, exact

SSER curves are plotted by using (4.31). The exact SSER curves of QPSK with

an SNR of 15 dB are plotted for 4 different power allocation cases, (PA, PB, PR) ∈
{(1

3
, 1
3
, 1
3
), (0.1, 0.45, 0.45), (0.3, 0.3, 0.4), (0.4, 0.4, 0.2)} , with (NR, NA, NB, LA, LB) =

(NR, 3, 4, LA, 4) where NR ∈ {1, 2} and LA ∈ {1, 3}. Increasing diversity order of the
link between the relay and a source (in this example source A) shifts the optimum relay

location towards the other source (source B). The same deduction is valid in case of

increasing the number of selected antennas for any source (number of selected antennas

for source A is changed from 1 to 3) or assigning more power to any source (PA = 0.1

and PB = 0.45). Increasing or decreasing the relay power but allocating equal powers

to the sources does not have any effect on optimum relay location (PA = PB = 0.3 and
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Figure 4.6: Exact SSER of QPSK versus normalized distance between source A and the
relay.

PA = PB = 0.4). Assigning more power to the relay only decreases SSER but does not

causes a shift in relay location when the sources are of equal power.

4.5. Conclusion

A generalized antenna selection strategy where multi antennas are selected at the

sources and a single antenna is selected at relay is proposed in AF MIMO TWRNs over

flat Rayleigh fading channel. The exact and asymptotic SOP, MGF, and SSER forM -PSK

and M -QAM are derived and validated through Monte Carlo simulations. The diversity

order of selection scheme is proven to be the minimum of the total number of antennas of

the sources with more antennas and the product of the total number of relay antennas with

the total number of antennas of the source having fewer antennas. It is shown that fewer

antennas can be selected to reduce the complexity without a significant loss in performance

with respect to full antenna selection at the sources, i.e., with respect to beamforming. It is

observed that a smart antenna selection strategy, where more antennas are selected at the

source with the larger number of antennas at the low SNR regime and only one antenna

is selected at the high SNR regime, can be performed to decrease complexity further.
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Furthermore, a ratio expression between asymptotic SSERs, which is called SAF, for any

increment or decrement in the number of selected antennas at the source contributing to

the diversity order is derived and its accuracy is verified by comparing it to the ratio of

exact SSERs. Finally, primary factors which affect optimum relay location are examined:

It is observed that increasing the total number of antennas of any source or assigning more

power to any source causes a shift in relay location towards the other source. Increasing

the total number of antennas of the relay shifts the relay location towards the source with

larger number of antennas. On the other hand, allocating equal power to the sources and

less or more power to the relay than the sources does not change the relay location.
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5. PERFORMANCE OF TRANSCEIVER ANTENNA
SELECTION IN TWOWAY FULL-DUPLEX
RELAY NETWORKS OVER RAYLEIGH FADING
CHANNELS

5.1. Introduction

Cooperative relay networks transmit data from the terminal sources to destinations

to gain extended coverage, high throughput and reduction in energy consumption [76].

However, reduction of spectral efficiency is a major weakness of half-duplex (HD)

one way cooperative relay networks. Hence, HD bidirectional end-to-end wireless

communications systems are offered to transmit and receive data in different time slots

or frequency subbands as a solution to improve spectral efficiency. In addition to

compensation of fading channel impairments and improvement of reception reliability,

Multi-input multi-output (MIMO) technique increases data rate [91]. Like MIMO,

orthogonal frequency division multiplexing is another advanced technique which transfer

ever-increasing data rates but this is not sufficient. Hence, new systems which improve

spectral efficiency further and compensate for the shortcomings of HD systems should

be adapted. For this reason, full-duplex (FD) systems are offered to improve achievable

spectral efficiency by always transmitting and receiving in the entire bandwidth [10].

Theoretically, this means doubling capacity as compared to HD systems. However, as

a drawback, this gain is limited by self-interference (SI) due to the large power difference

between the power imposed by own transmissions and the low-power received signals

arriving from remote transmit antennas. This SI may result in lower capacity than that

of HD systems. Therefore, SI cancellation is a critical issue, which is usually classified

into passive such as antenna separation, and active suppression such as analog and digital

cancellation [11]. Generally, applying single SI cancellation is not adequate, therefore,

two or more techniques are used together for improving system performance.

Although HD two way relay networks (TWRNs) are well studied in the literature

[26, 27, 87], recently FD TWRNs are offered to overcome HD constraints to enhance

spectral efficiency further [92–100]. In [92], outage probability of a single antenna

FD two way system is analyzed under imperfect channel state information. In [93],

FD two way and one way systems are compared in terms of average rate and outage

probability. In [94], relay power control for two way FD network is investigated. In
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[95], an FD TWRN where relay is equipped with multiple antennas, instead of a pure

SI suppression, end-to-end (e2e) performance is maximized by jointly optimizing the

beamforming matrix at the relay. Hence, the offered design claims that the total number

of radio frequency (RF) chains at the relay and sources is N r
TX

+ N r
RX

+ 4, where N r
TX

and N r
RX

are total number of transmit and receive antennas at the relay, respectively.

In [96], an FD amplify-and-forward (AF) TWRN with imperfect cancellation of loopback

SI is considered and joint design of relay and receive beamforming for minimizing the

mean square error under a relay transmit power constraint is investigated, where the

total number of RF chains is 2N s
TX

+ 2N s
RX

+ N r
TX

+ N r
RX

where N s
TX

and N s
RX

are the

number of transmit and receive antennas at the sources, respectively, and N s
TX

= N s
RX

,

N r
TX

= N r
RX

are assumed. In [101], an FD TWRN with multi-antenna nodes employing

spatial modulation technique is investigated and an upper bound on the average bit error

probability is proposed. The investigated system is also compared with an HD TWRN

counterpart. In [102], an FD AF TWRN with multi relays, two antennas at each node,

is presented and a relay is selected based on maximum paths between the end nodes

and relays. Moreover, although equivalent (reciprocal) paths are assumed between the

relay and nodes, an antenna is selected at the relay for transmission which maximizes

the SNR between a node and the relay. The selected antenna is used to transmit data

to the other node without any maximization which makes antenna selection absolutely

senseless for the other node. In [97], spectral and energy efficiency of a multi-pair two

way FD relay system is studied, where relay is equipped with multi transmit and receive

antennas to exchange data among many users. Antenna selection for a bidirectional FD

MIMO systems is investigated in [98] where a pair of transmit and receive antennas at

both ends for communications in each direction is selected to maximize the weighted sum

rate or minimize the weighted sum symbol error rate. In [99], a bidirectional FD MIMO

system with transmit or receive antenna selection is investigated to maximize the average

sum-rate where total number of RF chains is four. In [100], relay selection is investigated

to maximize effective e2e signal to self-interference-plus-noise ratio (SINR).

Although, some aforementioned studies consider forward and backward paths

between the sources and relay as different ones [95, 96], there are many works related

to AF FD networks which ignore this practical case by assuming reciprocal channel

gains [92, 93, 100]. This reciprocity assumption causes that the considered systems are

asymptotically analyzed. For non-fading SIs together with reciprocity assumption, e2e

SINR of FD networks can be expressed as that of HD AF networks. Hence, analyzing

such problems becomes easy but practical cases are ignored, which is not the case in this
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Figure 5.1: The proposed antenna selection scheme.

work.

To the best of our knowledge, antenna pair (transmit and receive antennas) selection

at terminal sources, where SIs are also taken into consideration, and forward and backward

paths between the sources and relay are assumed to be different, while the relay is equipped

with a single antenna, i.e. transmit and receive antenna pair, has not been investigated yet.

Therefore, we propose an AS scheme where pairs of antennas are selected at multi-antenna

sources for transmission and reception. In order to avoid the use of larger number of

antennas at the sources, the paths with maximum and second maximum effective SINRs

between the sources and relay are used for transmission and reception. Hence, the

proposed AS strategy means that transmit antenna selection (TAS) and receive antenna

selection (RAS) are performed at the sources for transmission and reception, respectively.

Furthermore, since a pair of antennas is selected at each source and FD transmission is

used, the selection scheme is a transceiver antenna selection (TRAS). Since path with

maximum SINR and path with maximum or second maximum SINR for transmission or

reception are used at the sources, there are four possible cases. We analyze and compare

all of these cases. The proposed AS scheme is depicted in Fig. 1.

In this chapter, an FD AF TWRN communication system with all FD nodes where

source A with NA antennas and source B with NB antennas exchange information via a

relay having a pair of antennas over Rayleigh fading channels is considered. The main

contributions of this work can be summarized as follows:

• Compact e2e SINR expressions for both fading and non-fading SI are provided.

• The exact sum outage probability (SOP) for fading SI and the exact, approximated,

and asymptotic SOP expressions for non-fading SI are derived and validated by

means of Monte-Carlo simulation technique.

• The diversity order at the high SINR regime is proven to be Gd = (1 − λ) ×
min(NA − 1, NB − 1) where variance of SI channels is modelled as κP λ−1, κ

and λ are linear and exponential attenuation factors depicting dependence of SI on

transmitted power, P , from each node and both vary between 0 and 1 [103–105].
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This result implies that the diversity order is dependent on SI and varies between

0 and minimum of the total number of antennas of two end sources minus 1, i.e.,

min(NA, NB)− 1.

• The number of RF chains (sum of transmit and receive RF chains at all nodes) is

reduced from NA + NB + 2 to 6 if the same system was considered to perform

beamforming.

• The proposed AS strategy uses all antenna space for both transmission and reception

which decreases total number of antennas used in each terminal node, i.e., since

antenna space is not divided into two subsets, where one subset is used for

transmission and the other one is used for reception, each antenna can be selected

for transmission or reception. Furthermore, the obtained analytical expressions are

also valid for the case where antenna set of any source is divided into two subsets,

i.e.,Ni = N i
Tx
+N i

Rx
whereN i

Tx
andN i

Rx
antennas can be used for transmission and

reception, respectively, and then one antenna is selected from each subset, based on

maximum path selection. But in that case, all antennas can not be used for both

transmission and reception.

• It is shown that an increment (decrement) in the number of antennas of any

source produces a shift in optimum relay location towards the other source (itself).

Assigning equal SI to the sources and less or more SI to the relay has no effect

on optimum relay location but it affects SOP. Furthermore, increasing (decreasing)

SI value at any source shifts the optimum relay location towards the other source

(itself).

The rest of this chapter is presented in five sections: In Section 5.2, the details of

the system model and the proposed AS strategy are given. The derivation of the exact,

approximated, and asymptotic cumulative distribution functions (CDFs) of e2e SINR are

presented in Section 5.3. In Section 5.4, case selection criterion is introduced. In Section

5.5, numerical results supported by Monte-Carlo simulations are given. Finally, Section

5.6 concludes the work.

5.2. System Model

We focus on an FD AF MIMO TWRN with an NA-antenna source A and an

NB-antenna source B which communicate via the relay R having a pair of antennas over

Rayleigh fading channels. We assume no direct link can be established between these
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two sources because of heavy channel conditions. All nodes are assumed to be FD and

also let him, gim be the complex channel gains between the mth antenna of the source

i and the receive and transmit antennas of the relay, respectively, where i ∈ {A,B}
. him and gim are assumed to be independent. We assume that {him,m = 1, . . . , Ni}
and {gim,m = 1, . . . , Ni} are independent identically distributed (i.i.d.) and circularly

symmetric Gaussian random variables, i.e., |him| and |gim| are Rayleigh distributed, which
are modelled as him ∼ CN(0,ΩiR) and gim ∼ CN(0,ΩRi), where CN stands for complex

normal. We let ΩiR = ΩRi = d−fiiR , where diR is the distance between the source i and the

relay and fi is the path loss exponent between the source i and the relay R. We assume

errorless estimation of channel coefficients and error free feedback channels. We also

represent SI channels between transmit and receive antennas of the sources and the relay

as hii, where i ∈ {A,B,R}. Variances of SI channels are modelled as κiP λi−1
i , where

κi and λi are linear and exponential attenuation factors representing dependence of SI on

transmitted power, these two parameters vary between 0 and 1, respectively [103–105]

and Pi is the transmitted power of ith node. A critical issue that should be clarified is

that SI channels can not be estimated but only their instantaneous power is detectable.

Furthermore, when fading SI channels are considered, |hii|s are assumed to be Rayleigh
distributed and SI channels are distributed with zero mean Gaussian noise in case of

non-fading SIs [106]. In addition, SI channels and channels between the sources and relay

are assumed to be mutually independent. The additive noise at all the receivers is assumed

to be zero mean complex Gaussian noise with variance σ2
x, where x ∈ {A,R,B}.

Selection Strategy: Antenna set of any source can be divided into two subsets, i.e.

Ni = N i
Tx
+N i

Rx
whereN i

Tx
andN i

Rx
antennas can be used for transmission and reception,

respectively and then a pair of antennas, one for transmission and one for reception, can

be selected from these two subsets. But doing that requires using more antennas. To

avoid usage of more antennas at the sources, we assume any antenna can be used for

transmission or reception. For this reason, AS can be done during two training periods

at the sources and relay. Since only transmission or reception is conducted during the

training periods, there is no SI. So signal-to-noise ratios (SNRs) of each path can be

represented as |him|2Es/σ2
R and |gim|2Es/σ2

i , where i ∈ {A,B} and Es is the average

energy of transmitted symbols and is assumed to be 1. During the first training period,

paths having maximum and second maximum SNRs between transmit antenna of the relay

and the sources are determined at the sources, namely, giM = max {|gim|2Es/σ2
i }

Ni
m=1 and

giSM = secondmax {|gim|2Es/σ2
i }

Ni
m=1 are found. Similarly, during the second period of
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Figure 5.2: Representation of training periods.

training, hiM = max {|him|2Es/σ2
R}

Ni
m=1 and hiSM = secondmax {|him|2Es/σ2

R}
Ni
m=1, the

paths having maximum and second maximum SNRs between receive antenna of the relay

and the sources, are determined at the relay. During the second training period, the paths

between the relay and sources (the transmit antennas at the sources) can be determined at

the relay simultaneously or in order to reduce complexity, they can be decided separately,

however in that case three training periods are needed. These two training periods are

illustrated in Fig. 5.2. Furthermore, let I iM = argmax {|him|2Es/σ2
R}

Ni
m=1 and I iSM =

argsecondmax {|him|2Es/σ2
R}

Ni
m=1 represent indices of the selected antennas between the

receive antenna of the relay and the source i, which are assumed to be transmitted to

the source i without feedback error. Let J iM = argmax {|gim|2Es/σ2
i }

Ni
m=1 and J iSM =

argsecondmax {|gim|2Es/σ2
i }

Ni
m=1 be the indices of reverse paths, i.e., the indices of the

selected antennas for the maximum and second maximum paths between the transmit

antenna of the relay and the source i. Clearly, it is possible I iM = J iM with a probability

of 1/Ni, for example the first antenna of source A in Fig. 5.2: If this happens, second

maximum antenna, whose index is represented by I iSM or J iSM is used for reverse path

(If the path where I iM = J iM is used for transmission from the source i to the relay, the

reverse path is used for reception at the source i, and vice versa). The probability of

selecting (I iSM)th or (J iSM)th antenna for the reverse path is 1 − 1/Ni. For simultaneous

antenna selection during the second training period, firstly, indices of maximum paths
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can be determined by (IAM , I
B
M) = argmax

{
(|hAm|2 + |hBn |2)Es/σ2

R

}
where m ∈

{1, 2, . . . , NA} and n ∈ {1, 2, . . . , NB}. Similarly, indices of second maximum paths

can be determined by (IASM , I
B
SM) = argsecondmax

{
(|hAm|2 + |hBn |2)Es/σ2

R

}
where m ∈

{1, 2, . . . , NA}/{IAM} and n ∈ {1, 2, . . . , NB}/{IBM} and / stands for exclusion. As

mentioned before determination of antennas in this way results in an exhaustive search

increasing complexity. Therefore, separated decision is more preferable than simultaneous

one. Although AS is conducted without considering SIs, the selected antennas still

maximize e2e SINR. AS in this manner is not optimum but it is a suboptimal one [107].

Selection of two antennas at each source in this way means that RAS is conducted in the

first training period and TAS is carried out in the second training period.

The whole antenna set at any source is used for both transmission and reception.

Therefore, it is possible for an antenna being selected as maximum (the antenna with the

link producing maximum SNR between the source and the relay) for both forward and

backward paths between a source and the relay. Then, if selected antenna is used for

transmission (reception), second maximum antenna (the antenna with the link producing

second maximum SNR between the source and the relay) will be used for reception

(transmission). But, it is also possible that another antenna is selected as maximum for

reverse path. In that case, the reverse path becomes a mixture path (It becomes sometimes

maximum path and sometimes second maximum path). We name this path as the path

with mix SINR or mix path. So, depending on using path with maximum or mix SINR for

transmission or reception at the sources, there are four possible schemes:

• First Case: Both sources A and B use the paths having maximum SINRs for

transmission and mix paths for reception.

• Second Case: Both sources A and B use the paths having maximum SINRs for

reception and mix paths for transmission.

• Third Case: The source A uses the path with maximum SINR for transmission and

mix path for reception, but the source B uses the path having maximum SINR for

reception and mix path for transmission.

• Fourth Case: The source A uses the mix path for transmission and path with

maximum SINR for reception, but the source B uses the mix path for reception

and the path having maximum SINR for transmission.

Single antennas are selected for transmission and reception, hence, let hiR be the path

between transmit antenna of the source i and the receive antenna of the relay after AS. We

also represent the reverse path, i.e., the path between the transmit antenna of the relay and
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Table 5.1: Antenna selection possibilities for proposed selection strategy.

Case Channel Gains Case Channel Gains

First

hiR = hiM

gRi =

{
giM I iM ̸= J iM
giSM I iM = J iM

where i ∈ {A,B}
Second

hiR =

{
hiM I iM ̸= J iM
hiSM I iM = J iM

gRi = giM
where i ∈ {A,B}

Third

hAR = hAM

gRA =

{
gAM IAM ̸= JAM
gASM IAM = JAM

hBR =

{
hBM IBM ̸= JBM
hBSM IBM = JBM

gRB = gBM

Fourth

hAR =

{
hAM IAM ̸= JAM
hASM IAM = JAM

gRA = gAM
hBR = hBM

gRB =

{
gBM IBM ̸= JBM
gBSM IBM = JBM

the receive antenna of the source i by gRi after AS. These four cases are summarized in

Table 5.1. Although, there are four cases, third and fourth cases are symmetrical. Because

of that, we will only consider the first three cases.

Hence, for all cases, the received signal at the relay R can be given as

YR = hAR
√
PAsA + hBR

√
PBsB + hRRsR + nR (5.1)

where si, i ∈ {A,B}, is the transmitted signal at the source i and sR, which is updated

for each transmission time slot as sR = βYR, is the new transmitted signal at the

relay R, Pi is the transmit power at the source i or the relay R, nR is the additive

Gaussian noise at the relay with zero mean and variance σ2
R. YR is multiplied by β =√

PR

(|hAR|2PA+|hBR|2PB+|hRR|2PR+σ2
R)

and is broadcasted to each source. So the received

signals at the sources are expressed as

Yi = βgRi

(
hiR
√
Pisi + hjR

√
Pjsj + hRRsR + nR

)
+ hii

√
Pis̃i + ni (5.2)

where (i, j) ∈ {(A,B), (B,A)} and s̃i is the new transmitted signal at the source i.

Since channel state information and previously transmitted signals are known, the

components including these parts of information are canceled out from (5.2) and the

remaining signals are given as

Zi = βgRihjR
√
Pjsj + βgRi

(
hRRsR + nR

)
+ hii

√
Pis̃i + ni, (5.3)

where (i, j) ∈ {(A,B), (B,A)}. The e2e SINR expression for each source can be obtained

as
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γi =

PR|gRi|2
Pi|hii|2+σ2

i

Pj |hjR|2
PR|hRR|2+σ2

R

PR|gRi|2
Pi|hii|2+σ2

i
+ Pi|hiR|2

PR|hRR|2+σ2
R
+

Pj |hjR|2
PR|hRR|2+σ2

R
+ ρ

, (5.4)

where (i, j) ∈ {(A,B), (B,A)}. In (5.4), ρ = 1 and 0 correspond to

channel-self-interference-noise-based (CINB) FD AF relaying, and channel-assisted (CA)

FD AF relaying, respectively. Since, we focus on both fading and non-fading SIs, the e2e

SINR expression for both cases are presented.

5.2.1. The e2e SINR Expression for Fading SIs

When SIs are modelled as fading ones, we rephrase e2e SINR expression in (5.4) as

γFi =

ΥFRi
Υii+1

ΥFjR
ΥRR+1

ΥFRi
Υii+1

+
ΥFiR

ΥRR+1
+

ΥFjR
ΥRR+1

+ ρ
(5.5)

where (i, j) ∈ {(A,B), (B,A)}, ΥF
Ri =

PR|gRi|2
σ2
i

, Υii =
Pi|hii|2
σ2
i

, ΥF
jR =

Pj |hjR|2
σ2
R

, ΥRR =
PR|hRR|2

σ2
R

, and ΥF
iR = Pi|hiR|2

σ2
R

. ΥF
Ri, ΥF

iR , and ΥF
jR are SNR expressions and Υii and ΥRR

are interference to noise ratios (INRs). For CA FD AF relaying, the e2e SINR expression

in (5.5) turns into

γFCAi =
ZRiΥ

F
jR

ZRi(ΥRR + 1) + ΥF
iR +ΥF

jR

(5.6)

where (i, j) ∈ {(A,B), (B,A)} and ZRi = ΥFRi
Υii+1

. γFCAi can also be rephrased as γFCAi =
ZRiZjR

ZRi+ZiR+ZjR
, where ZiR =

ΥFiR
ΥRR+1

and ZjR =
ΥFjR

ΥRR+1
, but in that case ZiR and ZjR become

dependent random variables (RVs).

5.2.2. The e2e SINR Expression for Non-Fading SIs

To obtain a compact e2e SINR expression for non-fading SIs case, the following

definitions are given: Since SIs are assumed to be non-fading, the powers of SI-plus-noise

at the sources and relay are given as

Ki = |hii|2Pi + σ2
i (5.7)
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where i ∈ {A,B,R} and SINRs of the paths are defined as

ΥNF
iR = Pi|hiR|2

KR
, ΥNF

Ri = Pi|gRi|2
KR

(5.8)

where i ∈ {A,B}. After all, e2e SINR expression for each source can be obtained as [54]

γNFi =
αiΥ

NF
Ri Υ

NF
jR

αiΥNF
Ri +ΥNF

iR +ΥNF
jR + ρ

(5.9)

where αi = KRPR
KiPi

and (i, j) ∈ {(A,B), (B,A)}.

5.3. Performance Analysis

The two-way relaying system is a special case of multi-user system. Therefore, the

considered FDAF TWRN is in outage if any end terminal is in outage [91, eq. (25)], [108],

namely, the overall outage probability (OOP) is

OOP(γth) = Pr (γrA ≤ γth or γrB ≤ γth)

= Pr (γrA ≤ γth) + Pr (γrB ≤ γth)− Pr (γrA ≤ γth and γrB ≤ γth)

(5.10)

where r ∈ {F,NF}, γrA and γrB are the instantaneous e2e SINRs in (5.5) for fading SIs and

in (5.9) for non-fading SIs. However, for FD case, it is mathematically challenging to get

simplified expressions for the third term in (5.10). An HD AF TWRN is explored in [109]

and exact expression can be given in double-integral-form, but closed-form is provided

only for asymptotic expression. Similar difficulties are stated for FD AF TWRNs [110].

Additionally, OOP is useful for focusing on individual traffic flow of two-way relaying

transmission but it is also essential to focus on the total traffic flows of two-way relaying

transmission [111]. Furthermore, the SOP, Pr (γrA ≤ γth)+Pr (γ
r
B ≤ γth), is a tight upper

bound of OOP which means all conclusions related to the SOP are also valid for OOP.

For these reasons, derivations of exact SOP of fading SIs case; exact, approximated, and

asymptotic SOP of non-fading case for all selection cases are detailed in this section.

There are four different RVs for the proposed selection strategy, i.e. four different

SINRs for selected paths between the sources and relay which are illustrated in Table

5.1 for each case. To obtain CDFs, since CDF of maximum path is evident, we should
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introduce CDFs of conditional selection, namely, CDFs of RVs (SNRs in fading case and

SINRs in non-fading case) depending on conditional channel gains as gRA and gRB in the

first selection case or hAR and hBR in the second selection case. In order to find the CDFs

of SNRs/SINRs belonging to mix paths, we suggest the following proposition and provide

its proof:

Theorem 5.1. Let Xi, i ∈ {1, 2, . . . , N}, be i.i.d. RVs with CDF of FXi(x), XM =

max{Xi}, and XSM = secondmax{Xi}. Define XMIX conditioning on event Y which is

independent from Xi’s with its occurrence probability being 1
N
as follows:

XMIX =




XSM , if Y occurs

XM , otherwise

The CDF of XMIX can be found as FXMIX
(x) = FXi(x)

N−1.

Proof: It is evident that FXMIX
(x) = N−1

N
FXM (x) +

1
N
FXSM (x). Since FXM (x) =

FXi(x)
N and FXSM (x) = N [FXi(x)]

N−1− (N−1) [FXi(x)]
N , FXMIX

(x) can be obtained

as FXMIX
(x) = FXi(x)

N−1.

5.3.1. Exact SOP of the e2e SINR For Fading SIs

There are five independent RVs in SINR expression given in (5.5). To proceed

further, we should introduce CDFs of these RVs. Therefore, we define the following SNRs

of each path between the source i and the relay R:

ΥF,m
iR = Pi|him|2

σ2
R

, ΥF,m
Ri = PR|gim|2

σ2
i

(5.11)

where i ∈ {A,B} and m ∈ {1, 2, . . . , Ni}. Since him and gim are circularly symmetric

Gaussian RVs, which means that |him| and |gim| are Rayleigh distributed RVs and therefore,
ΥF,m
iR and ΥF,m

Ri are exponential distributed RVs. Hence, we can give their CDFs as

FΥF,miR
(x) = 1− e−x/ῩFiR , FΥF,mRi

(x) = 1− e−x/ῩFRi (5.12)

where ῩF
iR = PiΩiR

σ2
R

and ῩF
Ri = PRΩRi

σ2
i

are average SNRs of the link between the mth

antenna of the source i and the receive antenna of the relay and the link between the mth

antenna of source i and the transmit antenna of the relay, respectively.

After all details and derivations given until now and by considering Proposition 5.1,

the CDFs of the SNRs depending onmaximum andmix paths given in (5.5), namely, CDFs
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of ΥF
Ri and ΥF

iR, for all cases can be expressed by using binomial theorem as

FΥFij
(x) = 1 +

Nij∑

m=1

Cm
ΥFij
e
−ωm

ΥF
ij

x

(5.13)

where (i, j) ∈ {(A,R), (B,R), (R,A), (R,B)}, Cm
ΥFij

=
(
Nij
m

)
(−1)m, ωm

ΥFij
= m/ῩF

ij , and

Nij is the order of each CDF given in Table 5.2. The probability density function (PDF)

of ΥF
ij can be easily obtained by taking derivation of (5.13):

fΥFij(x) =

Nij∑

m=1

Cm
ΥFij

(−ωmΥFij)e
−ωm

ΥF
ij

x

. (5.14)

Since SI magnitudes, i.e., |hii|s, are assumed to be Rayleigh distributed, PDF of Υii is

fΥii(x) = ωΥiie
−ωΥii

x, (5.15)

where i ∈ {A,B,R}, ωΥii = 1/Ῡii, and Ῡii = κiP
λi
i /σ2

i .

While considering the CINB FD AF relaying SINR expression in (5.5), it is a bit

difficult to obtain CDF of γFi . Therefore, we focus on the e2e SINR expression of CA FD

AF relaying in (5.6), i.e., γFCAi . To derive CDF of γFCAi , we need PDF of ZRi =
ΥFRi
Υii+1

which is obtained from FZRi(z) =
∫∞
0
FΥFRi

(z(y + 1))fΥii(y)dy by derivation as

fZRi(z) =

NRi∑

m=1

(
−Cm

ΥFRi
ωmΥFRi

ωΥii(ω
m
ΥFRi

z + ωΥii + 1)
e
−ωm

ΥF
Ri

z

(ωm
ΥFRi

z + ωΥii)
2

)
. (5.16)

Since CDFs and PDFs of all random varibles in (5.6) are avaliable, CDF of γFCAi can be

obtained as (See Appendix 5.7.1.)

FγFCAi
(γ) = 1 +

NjR∑

k=1

NiR∑

p=1

NRi∑

m=1

Cm
ΥFRi

Cp

ΥFiR
Ck

ΥFjR
ωΥiiωΥRR

ωk
ΥFjR

γ + ωΥRR

e
−(ωm

ΥF
Ri

+ωk
ΥF
jR

)γ

∫ ∞

0

[ z2
(
z +

ωm
ΥF
Ri

γ+ωΥii
+1

ωm
ΥF
Ri

)

(
z +

ωk
ΥF
jR

γ2

ωk
ΥF
jR

γ+ωΥRR

)(
z +

ωk
ΥF
jR

γ

ωp
ΥF
iR

) e
−ωm

ΥF
Ri

z−
ωk
ΥF
jR

γ2

z

(
z +

ωm
ΥF
Ri

γ+ωΥii

ωm
ΥF
Ri

)2

]
dz.

(5.17)
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Table 5.2: CDF orders for all cases.

Case CDF Order Case CDF Order

First

NAR = NA

NRA = NA − 1
NBR = NB

NRB = NB − 1

Second

NAR = NA − 1
NRA = NA

NBR = NB − 1
NRB = NB

Third

NAR = NA

NRA = NA − 1
NBR = NB − 1
NRB = NB

Fourth

NAR = NA − 1
NRA = NA

NBR = NB

NRB = NB − 1

To the best of our knowledge, the integral in (5.17) does not have a closed-form.

Since we can not proceed further, we focus on non-fading SIs case in next section for the

sake of mathematical tractability.

The SOP of the proposed AS strategy for fading SIs case can be calculated at a

specified threshold, γth, as FγFCAA
(γth) + FγFCAB

(γth).

5.3.2. SOP of the e2e SINR for Non-Fading SIs

In this section, we introduce exact, approximate, and asymptotic derivation of CDF

of SINRs for non-fading SIs case.

5.3.2.1. Exact and Approximate SOP

Similar to fading SIs case, we define the following SINRs for each path between the

sources and the relay:

Υm
iR = Pi|him|2

KR
, Υm

Ri =
Pi|gim|2
KR

(5.18)

where i ∈ {A,B} andm ∈ {1, 2, . . . , Ni}. SinceΥm
iR andΥm

Ri are exponential distributed

RVs, we can give their CDFs as

FΥmiR
(x) = 1− e−x/ῩiR , FΥmRi

(x) = 1− e−x/ῩRi (5.19)

where ῩiR = PiΩiR
KR

and ῩRi = PiΩRi
KR

are average SINRs of the link between the mth

antenna of the source i and the receive antenna of the relay and the link between the

transmit antenna of the relay and the mth antenna of source i , respectively. By using
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Proposition 5.1, the CDFs of the SINRs given in (5.8) for all cases can be expressed by

using binomial theorem as

FΥNFij
(x) = 1 +

Nij∑

m=1

Cm
ΥNFij

e
−ωm

ΥNF
ij

x

(5.20)

where (i, j) ∈ {(A,R), (B,R), (R,A), (R,B)}, Cm
ΥNFij

=
(
Nij
m

)
(−1)m, ωm

ΥNFij
= m/Ῡij ,

andNij is the order of each CDF given in Table 5.2. The PDF ofΥij is obtained by taking

derivation of (5.20):

fΥNFij (x) =

Nij∑

m=1

Cm
ΥNFij

(−ωmΥNFij )e
−ωm

ΥNF
ij

x

. (5.21)

Following similar steps used in derivation of CDFs of fading SIs case, CDFs of the

e2e SINR expressions given in (5.9), i.e., the CDFs of γNFA and γNFB are derived as (See

Appendix 5.7.2.)

FγNFi (γ) = 1 +

Ni∑

k=1

Ni∑

p=1

Nj∑

m=1

2ϵijC
m
ΥNFjR

Cp

ΥNFRi
Ck

ΥNFiR
e
ωk
ΥNF
iR

(γ+ρ)

e
−γ
(
ωm
ΥNF
jR

+

ω
p

ΥNF
Ri
αi

) ∫ ∞

uij

y2K1(y)e
−ϵijy2dy.

(5.22)

It is not tractable to take integral in (5.22). So, instead of exact derivation, we provide

an approximated closed form for FγNFi (γ). To proceed further, we use the approximated

first-order modified Bessel Function of the second kind as [65, eq. (8.446) and (8.451.6)]

K̂1(x) =





[
1

x
+

20∑

h=0

2−2h−1

h!(h+ 1)!
ln(x)x2h+1

−
20∑

h=0

ψ(h+ 2)2−2h−2

h!(h+ 1)!
x2h+1

−
20∑

h=0

2 ln(2) + ψ(h+ 1)

2h!(h+ 1)!
(
x

2
)2h+1

]
,

x ≤ 15.7

√
Π
2x
e−x, x > 15.7

(5.23)

where ψ(z) is digamma function [65, eq. (8.360.1)], i.e., logarithmic derivative of gamma

function Γ(z) =
∫∞
0
tz−1e−tdt [65, eq. (8.310.1)]. Approximation error is maximum
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around 15.7, which is about 2.33 %. The approximation for x > 15.7 leads to another

intractable integral. However, for any possible combination of uij and ϵij (uij and ϵij are

inversely related to each other), we find out that the effect of
∫∞
uij
y2K1(y)e

−ϵijy2dy (if

uij > 15.7) or
∫∞
15.7

y2K1(y)e
−ϵijy2dy (if uij < 15.7) is negligible. Hence, we only focus

on the integrals where uij ≤ 15.7.

We define Împk =
∫ uup
uij

y2K̂1(y)e
−ϵijy2dy, where uup = 15.7, and reformulate it as

Împk =

∫ uup

uij

ye−ϵijy
2

dy

︸ ︷︷ ︸
I3

+

20∑

h=0

2−2h−1

h!(h+ 1)!

∫ uup

uij

ln(y)y2h+3e−ϵijy
2

dy

︸ ︷︷ ︸
I1

−
20∑

h=0

(2 ln(2) + ψ(h+ 1) + ψ(h+ 2))2−2h−2

h!(h+ 1)!

∫ uup

uij

y2h+3e−ϵijy
2

dy

︸ ︷︷ ︸
I2

(5.24)

To obtain the integrals I1, I2, and I3, we make change of variable as x = ϵijy
2 and the

resulting integrals become (See Appendix 5.7.3. for derivation of I1)

I1 =
ϵ−h−2
ij

4

[
Γ(h+ 2, ϵijuij

2) ln(u2ij)− Γ(h+ 2, ϵijuup
2) ln(u2up)

+G 3 0
2 0

(
1,1

0,0,h+2

∣∣ϵijuij2
)
−G 3 0

2 0

(
1,1

0,0,h+2

∣∣ϵijuup2
)]
,

(5.25)

I2 =
ϵ−h−2
ij

2

[
Γ(h+ 2, ϵijuij

2)− Γ(h+ 2, ϵijuup
2)
]
, (5.26)

Figure 5.3: Approximation of the first order modified Bessel function of second type and
its error.
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and

I3 =
e−ϵijuij

2 − e−ϵijuup2

2ϵij
. (5.27)

Therefore, the approximated FγNFi (γ) becomes

F̂γNFi (γ) = 1 +

Ni∑

k=1

Ni∑

p=1

Nj∑

m=1

2ϵijC
m
ΥNFjR

Cp

ΥNFRi
Ck

ΥNFiR
e
ωk
ΥNF
iR

(γ+ρ)

e
−γ
(
ωm
ΥNF
jR

+

ω
p

ΥNF
Ri
αi

)

Împk.

(5.28)

The approximated SOP of the proposed AS strategy can be calculated at a specified

threshold, γth, as F̂γNFA (γth) + F̂γNFB (γth).

5.3.2.2. Asymptotic SOP for Non-Fading SIs

At high SINR, exact SOP can be characterized by diversity order and array gain [82].

Hence, these two parameters are derived to examine SOP at high SINR. The asymptotic

e2e SINR can be expressed as

F∞
γNFi

(γ) ≈ Ga,i

(
Pi
γ

)−Gd,i
+ o

(
Ῡ

−Gd,i
i

)
(5.29)

where Pi is the transmitted power of the source i, (·) denotes higher order terms, Ga,i is

the array gain, and Gd,i is the diversity gain.

In HD TWRNs, there are only two RVs in e2e SNR expressions. However, in FD

TWRNs, there are three RVs. So it is a bit more difficult to obtain asymptotic CDFs. To

obtain asymptotic expressions, we consider the SINR expression of CA FD AF relaying,

i.e. we set ρ = 0: γNFi =
αiΥ

NF
Ri ΥNFjR

αiΥNFRi +ΥNFiR +ΥNFjR
. For the sake of simplicity, we let ΥNF

iR =

ΥNF
Ri , i.e., we assume forward and backward paths between the source i and the relay are

reciprocal, which will give us asymptotic results. Consequently, e2e SINR expression

reduces to

γNFi =
αiΥ

NF
Ri Υ

NF
jR

(αi + 1)ΥNF
Ri +ΥNF

jR

(5.30)

where (i, j) ∈ {(A,B), (B,A)}. This result is well known from the analysis of HDCAAF

TWRNs. This assumption produces four candidate asymptotic SINRS, namely, for both
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ΥNF
Ri and ΥNF

jR , there are two CDF possibilities. While considering e2e SINR expressions

in (5.9), we should let one of ΥNF
Ri and ΥNF

jR be SINR of the maximum path and the other

one should be the mix one. To obtain a valid expression for all selection cases, we let

ΥNF
Ri be the path with maximum SINR and ΥNF

jR be the path with the mix SINR, which

produces a suitable solution. The single term polynomial approximation of the CDFs can

be obtained as

F∞
ΥNFRi

(γ) ≈
(

γ
ῩRi

)Ni
, F∞

ΥNFjR
(γ) ≈ Nj

(
γ

ῩjR

)Nj−1
(5.31)

where i ∈ {A,B}. The e2e asymptotic CDF for SINR expression in (5.30) is obtained

as [52, eq. 29]

F∞
γNFi

(γ) = FΥNFRi
(
γ

αi
) + FΥNFjR

(
(αi + 1)γ

αi
). (5.32)

Since no assumption is made on total number of antennas at the sources, assigned powers,

SI values, and noise variances at all nodes, it is not easy to obtain diversity order,Gd,i, and

array gain,Ga,i. For this reason, we assume that PA = PB = PR, |hAA| = |hBB| = |hRR|,
and σA = σB = σR. Furthermore, at high SINR, we can ignore the noise variance at

the denominators of ῩNF
Ri and ῩNF

jR and for simplicity take κA = κB = κR = 1. In

addition, we assume equal SIs, i.e., λA = λB = λR = λ. Hence, Gd,i and Ga,i in (5.29)

are respectively obtained as in (5.33) and (5.34).

Gd,i = (1− λ)×min(Ni, Nj − 1). (5.33)

Ga,i =





(αiΩRi)
−Ni Ni < Nj − 1

Nj

(
(αi+1)ΩjR

αi

)Nj−1

Ni > Nj − 1

(αiΩRi)
−Ni +Nj

(
(αi+1)ΩjR

αi

)Nj−1

Ni = Nj − 1

. (5.34)

Therefore, the diversity order of SOP becomesGd = (1−λ)×min(Ni−1, Nj−1)

which implies that diversity order varies between 0 and min(Ni, Nj)− 1. Zero diversity

order means variances of SI channels are not dependent on transmitted power, i.e., SI

powers are linearly dependent on transmitted powers and min(Ni − 1, Nj − 1) means

there is no SI. Effect of SI on diversity order is illustrated in many works but not provided

in closed-form [112].
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The asymptotic e2e SOP can be evaluated at a specific value, γth, by using (5.29) as

F∞
γNFA

(γth) + F∞
γNFB

(γth).

5.4. Case Selection

The proposed selection scheme produces four different selection cases. Therefore,

it is a necessity to provide a case selection criterion in order to make selection strategy

being optimal for different network settings. Since exact SOP can be characterized by

diversity order and array gain at high SINRs, two reasonable parameters for case selection

are diversity order and array gain. Unfortunately, since all cases have the same diversity

order, the only remained candidate is array gain. Meanwhile, the obtained array gain is

only for non-fading SIs and derived based on some assumptions such as equal powers at

each node, hence, it can not be used as a criterion. But we can use the instantaneous e2e

SINR dominating SOP for case decision. Firstly, minimum instantaneous e2e SINR of

two end nodes can be determined for each selection case and then the maximum of these

minima is determined to decide the case for communication:

case = argmax
{
min{γrA,c, γrB,c}

}4
c=1

(5.35)

where r ∈ {F,NF}, γrA,c and γrB,c are the instantaneous e2e SINRs in (5.5) for fading SIs
and in (5.9) for non-fading SIs. This criterion can be simplified further as

case = argmax
{
min{γ̄P,rA,c, γ̄

P,r
B,c}

}4

c=1
(5.36)

where γ̄P,rA,c and γ̄P,rB,c are pseudo-expected values of e2e SINRs and calculated at a

predetermined high SINR value as

γ̄P,Fi,c =

µ
ΥF
Ri

µΥii+1

µ
ΥF
jR

µΥRR+1

µ
ΥF
Ri

µΥii+1
+

µ
ΥF
iR

µΥRR+1
+

µ
ΥF
jR

µΥRR+1
+ ρ

γ̄P,NFi,c =
αiµΥNFRi

µΥNFjR

αiµΥNFRi
+ µΥNFiR

+ µΥNFjR
+ ρ

, (5.37)
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where µΥrij
=
∑Nij

m=1

(
−Cm

Υrij
/ωmΥrij

)
is the expected value of Υr

ij at the predetermined

high SINR value, (i, j) ∈ {(A,R), (B,R), (R,A), (R,B)} and r ∈ {F,NF}. µΥii and

µΥRR are the expected value of INRs at the source i and the relay R, respectively.

The simplified criterion in (5.36) is merely dependent on average power of SNRs and

INRs for fading SIs and average power of SINRs for non-fading SIs. Therefore, if there are

no serious deviations in network settings, there is no need to search an optimum selection

case for long durations. So a selection case can be determined by considering current

network settings and then it can be used for block transmission. A wrong case selection

decision does not omit advantages of the proposed AS strategy except an allowable

performance loss. Proceeding in this way reduces frequency of training periods.

5.5. Numerical Results

In order to illustrate performance of the proposed AS strategy, numerical and

simulation results are presented in this section. It is assumed that PA = PB = PR = PT/3

where PT is total power and σ2 = σ2
A = σ2

B = σ2
R = 1. We let dAR = dBR = 1 for

fading SIs and dAR = dBR = 0.5 for non-fading SIs. The path loss exponent fi is taken

to be 3 which represents heavy urban environment. Furthermore, SI values at all nodes

are assumed to be equal and κA = κB = κR = 1. Other assignments for different relay

locations, SI values, and power allocations are separately given in the explanation of each

figure. The curves are plotted versus PT/σ2. We use (5.17) to obtain exact SOP curves

for fading SI case and (5.28) and (5.29) to plot the approximate (Since exact curves are

equal to approximated ones, for the sake of clarity and simplicity, they are not provided)

and asymptotic e2e SOP curves for non-fading SI case, respectively, and also provide

simulations.

Fig. 5.4 plots fading SI SOP curves for the first three selection cases, where whole

antenna set is used for both transmission and reception, and maximum selection case,

where antenna sets of the sources are divided into two equal subsets and the maximum

paths are used for transmission and reception. The curves are produced for a threshold of

6 dB with equal SIs where λA = λB = λR = 0.2, 0.5. It also depicts SOP curve of no

selection case where each node has a pair of antennas, i.e.,NA = NB = 2 and one antenna

is always used for transmission and the other one is used for reception. The exact curve

of no selection case is obtained from (5.17) by letting NAR = NRA = NBR = NRB = 1.

The total number of antennas at each source are NA = NB = 3, 4, 5 for the proposed AS
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Figure 5.4: SOP for different number of antennas and fading SIs.

strategy using whole antenna space and NA = NB = 4, 6, 8 for maximum selection case

with divided antenna sets. Choosing number of total antennas at each source in this way

means diversity orders of SOPs are proportional to 2, 3, and 4 for both selection strategies,

i.e., for selection strategy using whole antenna space and selection strategy using divided

antenna space into two subsets. The exact curves of divided antenna sets with maximum

path selection are obtained from (5.17) by lettingNAR = NRA = NBR = NRB = NA/2 =

NB/2. Although we divide the antenna sets of two sources into equal antenna subsets, the

total number of antennas of each subset can be set arbitrarily. At SI value of λ = 0.5,

curves of selection strategy using whole antenna space are given for NA = NB = 4

and curve of divided antenna set strategy is given for NA = NB = 6. For SI value

of λ = 0.2, upper, middle, and lower curves which demonstrate proposed AS strategy

using whole antenna sets are for NA = NB = 3, NA = NB = 4, and NA = NB = 5,

respectively. Similarly, upper, middle, and lower curves which verify divided antenna set

selection strategy are forNA = NB = 4,NA = NB = 6, andNA = NB = 8, respectively.

For the sake of clarity, simulation results of selection strategy using whole antenna sets are

only provided for first selection case. Simulation and exact results overlap perfectly for

both selection strategies. The selection strategy using all antennas for both transmission

and reception outperforms, although it uses fewer antennas, the selection strategy dividing

antenna space into two subsets while the same diversity orders are considered. Besides

the performance gain in SOP, the reduction in total number of antennas is 2, 4, and 6

while diversity order proportionality (SI effect is not considered) changes from 2 to 4,
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Figure 5.5: SOP of three selection cases for different fading SI values at each node.

respectively. The curves of the first and second selection cases get closer to each other,

and the gap between these curves and the curve of the third selection case becomes larger as

SI value and the total number of antennas becomes smaller. While considering the curves

of SI values for λ = 0.2, for a SOP value of 10−2, the gain in PT/σ2 with respect to no

selection case is nearly 17 dB, 22 dB, and 25 dB as total number of antennas changes from

3 to 5, respectively. The gain in PT/σ2 with respect to NA = NB = 3 curves at a SOP

value of 10−5 is nearly 10 dB and 15 dB as total number of antennas changes to 4 and 5,

respectively. Also, as considering the curves forNA = NB = 3 at a SOP value of 10−5, the

gain in PT/σ2 with respect to third selection case is about 2 dB and 3 dB for the first and

second selection cases, respectively. These gains reduce to 1 dB and 2 dB for the curves

ofNA = NB = 4. For the curves ofNA = NB = 5, the gain in PT/σ2 reduces further and

becomes about 0.5 dB and 1 dB for the first and second selection cases, respectively.

Fig. 5.5 illustrates effect of experiencing different fading SI values at each node for

three selection cases for a threshold of 6 dB. NA = NB = 4 and the SI values for each

assignment are given in a triple tuple as (λA, λB, λR) ∈ {(0.1, 0.3, 0.3), (0.3, 0.3, 0.5)}.
For the curves where λA = λB = λR = 0.2 in Fig. 5.4, the second selection case results

in smaller SOP than the other selection cases. So if all the nodes have equal SI values

and total number of antennas, and also all nodes have equal powers, using the second

selection case produces smaller SOP values. The smaller SOP can be obtained by using

the third selection case if the relay and one of the sources have equal SI and the other

source has smaller SI (consider the lower three curves). Note that about 5.6 dB gain in
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Figure 5.6: SOP of fading SIs for different power allocations at each node.

PT/σ
2 is obtained with respect to the first selection case at a SOP of 10−5. In case of equal

SI values at the terminal nodes and higher SI value at the relay, using the first selection

case results in the smallest SOP (consider the upper three curves). Note also that about 3.4

dB gain in PT/σ2 is obtained with respect to the second selection case at a SOP of 10−5.

Consequently, each selection case produces the smallest SOP for different SI occurrences.

Fig. 5.6 plots curves of three different power allocations for fading SI values where

λA = λB = λR = 0.1, 0.3, NA = NB = 4, and (PA, PB, PR) ∈ {(0.45 × PT , 0.10 ×
PT , 0.45×PT ), (0.45×PT , 0.45×PT , 0.10×PT ), (0.1×PT , 0.1×PT , 0.8×PT )}. The
threshold is taken as 6 dB. For the sake of clarity, simulation results are provided only

for the third selection case. The overlapping of exact and simulation results is excellent.

For equal number of total antennas and SI values, assigning equal and more power to

the sources than the relay causes the second selection case produce smaller SOP (middle

three curves), assigning equal and less power to the sources than the relay makes the first

selection case produce smaller SOP (lower three curves), letting one of the sources and the

relay have the same power which is bigger than the other source’s power causes the first

and second selection cases produce the same SOP, which is lower than that of the third

selection case (upper three curves). Hence, each selection case is suitable and dominant

for each power allocation choice. It means an optimum SOP can be obtained by using one

of the selection cases for different power allocations.

To validate the correctness and robustness of the proposed simplified case selection

criterion in (5.36), we represent the pseudo-expected values of e2e SINRs for any case in a
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Figure 5.7: SOP of three selection cases for different total number of antennas at
non-fading SI

triple form as (min(γ̄P,FA,1 , γ̄
P,F
B,1 ),min(γ̄

P,F
A,2 , γ̄

P,F
B,2 ),min(γ̄

P,F
A,3 , γ̄

P,F
B,3 )) and consider the curves

of NA = NB = 4 where (λA, λB, λR) ∈ {(0.1, 0.1, 0.1), (0.2, 0.2, 0.2), (0.1, 0.3, 0.3),
(0.3, 0.3, 0.3), (0.3, 0.3, 0.5)} and (PA, PB, PR) ∈ {(1/3×PT , 1/3×PT , 1/3×PT ), (0.45×
PT , 0.10×PT , 0.45×PT ), (0.45×PT , 0.45×PT , 0.10×PT ), (0.1×PT , 0.1×PT , 0.8×PT )}
in Fig. 5.4, 5.5, and 5.6. The pseudo-expected values are calculated at PT/σ2 = 30

dB. If equal powers and SIs occur, the optimum selection case is decided as the second

one since argmax(min(66.3, 66.3), min(69.2, 69.2), min(60.9, 75.3)) = 2 which is

the same as the result of curves for NA = NB = 4 in Fig. 5.4. In case of equal powers

and unequal SIs, we can consider curves in Fig. 5.5: For (λA, λB, λR) = (0.1, 0.3, 0.3),

argmax(min(70.9, 37.0),min(37.0, 68.9),min(64.0, 42.1)) = 3 and for (λA, λB, λR) =

(0.3, 0.3, 0.5), argmax(min(22.1, 22.1), min(21.5, 21.5), min(19.9, 23.8)) = 1. The

decisions of optimum cases correspond to the results produced in Fig. 5.5. Validity

of optimum case selection criterion for unequal power assignments can be verified by

considering the curves in Fig. 5.6. For (PA, PB, PR) = (0.45×PT , 0.10×PT , 0.45×PT ),
argmax

(
min(13.9, 79.4), min(14.1, 78.1), min(12.4, 84.9)

)
= 2, for (PA, PB, PR) =

(0.45× PT , 0.45× PT , 0.10× PT ), argmax
(
min(45.9, 45.9), min(51.0, 51.0),

min(42.7, 54.6)
)

= 2, and for (PA, PB, PR) =
(
0.10 × PT , 0.10 × PT , 0.80 × PT

)
,

argmax(min(86.7, 86.7), min(79.7, 79.7), min(77.1, 89.6)) = 1 which overlap with

the results of Fig. 5.6. Therefore, the proposed simplified case selection criterion is the

best choice for optimum selection.
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Figure 5.8: Optimum SOP for different fading SI values and power allocations.

Fig. 5.7 plots SOP curves of the three selection cases for a threshold of 6 dB with

non-fading SI values for λ = 0.2. The curves are plotted for various values of (NA, NB).

The diversity order of the curves obtained for (NA, NB) = (3, 3) and (NA, NB) = (3, 5)

is the same and equals to 1.6 but performances of the curves for (NA, NB) = (3, 5) are

better than those of (NA, NB) = (3, 3) and they get closer to each other. The reason for this

situation is the increment in total number of antennas of the sourceB. The diversity orders

of curves for (NA, NB) = (5, 5), (NA, NB) = (4, 4), (NA, NB) = (3, 5), and (NA, NB) =

(3, 3) are 3.2, 2.4, 1.6, and 1.6, respectively. For the sake of the clarity, simulation results

are only provided for the third selection case. Simulation and analytical results properly

coincide with each other. Asymptotic curves follow analytical and simulation curves, and

demonstrate effect of diversity order. Taking curves of (NA, NB) = (3, 3) as reference,

the gains in PT/σ2 at a SOP value of 10−5 are more than 8.5 dB and 14 dB for curves of

(NA, NB) = (4, 4) and (NA, NB) = (5, 5), respectively.

Fig. 5.8 plots fading SI SOP curves of different SI values for tuples (λA, λB, λR),

versus normalized power PA/PT for a threshold of 10 dB and NA = NB = 4 where

PT/σ
2 ∈ {32, 35, 40, 42} dB. The powers of nodes are assigned as PA = PB = PT ×

(0.05 + 0.025 × p) and PR = PT × (0.9 − 0.05 × p) where p changes from 0 to 16. For

all λ tuples (i.e. all SI tuples), the optimum SOP of each selection case occurs at different

power allocations. Furthermore, the first selection case results in smaller SOP for all SI

combinations. These results demonstrate the importance of power allocation for optimum

SOP .
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Figure 5.9: Optimum relay location for different non-fading SI values and power
allocations.

Fig. 5.9 illustrates effects of primary factors that shift the optimum

relay location for the first selection case (non-fading case is considered).

The linear attenuation factor values are obtained as 10 log10(κi) dB and

λi = 1 where i ∈ A,B,R. The curves are plotted for (κA, κB, κR) ∈
{(−10,−10,−10), (−10,−10,−20), (−10,−18,−10), (−20,−10,−20)}, PT = 3,

(PA, PB, PR) ∈ {(1, 1, 1), (0.8, 0.8, 1.4)}, PT/σ2 ∈ {20, 30} dB, (NA, NB) = (5, 5), and

(NA, NB) = (5, 4) for a threshold of 10 dB. Initial location is (dAR, dBR) = (0.1, 0.9).

The curves for the second and third selection cases are not provided but results obtained

for the first selection case are also valid for these two cases. For the sake of clarity, curves

for assigning more/less power and more total antennas to a source are not provided where

we observe the same results available in the literature as HD TWRNs. As expected,

for equal powers and SIs at all nodes, and antennas at end nodes, the optimum relay

location is 0.5 for the first and second selection cases, but it is 0.575 for the third selection

case, where distance increment (decrement) step is 0.025 (As stated, although curves

are provided for the first selection case, they are similar for other two cases and are not

provided for the sake of clarity). This result is because of unsymmetrical e2e SINRs at

the end nodes for the third selection case, where, for equal distance, SINR of source B

is bigger than that of source A. Assigning more (less) antennas to a source shifts the

optimum relay location towards the other source (itself). Assigning equal powers (SIs)

to the sources and different power (SI) to the relay does not change the optimum relay
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location. Decreasing SI at a source causes a deviation in optimum relay location towards

itself, however, increasing SI at a source shifts the optimum relay location towards the

other source.

5.6. Conclusion

We proposed a novel transceiver AS strategy in an FD AF MIMO TWRN where a

pair of antennas is selected at each end terminal based on maximum and second maximum

SINRs for transmission and reception. The exact SOP expression for fading SI and

exact, approximated, and asymptotic SOP expressions for non-fading SI are derived and

validated through Monte Carlo simulation technique when forward and backward paths

between the sources and the relay are different. The proposed AS strategy uses all antenna

space for either transmission or reception, thus reduces total number of antennas at the

sources. The offered selection strategy improves performance significantly. For all

selection cases, the diversity order of the proposed selection strategy depends on SI and

varies between 0 and minimum of the total number of antennas of two end sources minus

1. For different SI values, optimum power allocation is illustrated and the factors effecting

optimum relay location are also elaborated.

5.7. Appendix: Derivations for CDFs and the integral I1

Detailed derivation of CDFs for fading and non-fading SIs and closed form

derivation of I1 are given in this section.

5.7.1. CDF Derivation of Fading SIs

All RVs given in (5.6) aremutually independent. Hence the CDF of γFCAi ,FγFCAi
(γ),

can be expressed as
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FγFCAi
(γ) = Pr

(
ZRiΥ

F
jR

ZRi(ΥRR + 1) + ΥF
iR +ΥF

jR

≤ γ

)

= Pr
(
ΥF
jR ≤ ηFi , ZRi ≥ γ

)
︸ ︷︷ ︸

P1

+Pr
(
ΥF
jR ≥ ηFi , ZRi ≤ γ

)
︸ ︷︷ ︸

P2

(5.38)

where ηFi = γ
(
ZRi(ΥRR + 1) + ΥF

iR

)
/(ZRi − γ). Since ZRi, ΥF

jR, ΥRR, and ΥF
iR are

mutually independent RVs, P1 can be written as

P1 =

∫ ∞

γ

∫ ∞

0

∫ ∞

0

(
FΥFjR

(
ηFi
)
fΥFiR(x)fΥRR(y)fZRi(z)

)
dxdydz. (5.39)

For ZRi ≤ γ, γ(ZRi(ΥRR+1)+ΥFiR)
ZRi−γ < 0 butΥF

jR is an exponential RV which meansΥF
jR ≥ 0,

so P2 is derived as

P2 = Pr
(
ΥF
jR ≥ 0, ZRi ≤ γ

)

=

∫ γ

0

∫ ∞

0

fΥFjR (w) fZRi(z)dwdz

= FZRi(γ)

= 1−
∫ ∞

γ

fZRi(z)dz.

(5.40)

After insertion of (5.39) and (5.40) in (5.38), FγFCAi
(γ) can be rephrased as

FγFCAi
(γ) = 1−

∫ ∞

γ

[∫ ∞

0

∫ ∞

0

(
1− FΥFjR

(
ηFi
))
fΥFiR(x)fΥRR(y)dxdy

]
fZRi(z)dz.

(5.41)

FγFCAi
(γ) is simplified by using (5.13), (5.14), (5.15), and (5.16) such that (5.17) is

obtained.

5.7.2. CDF Derivation of Non-Fading SIs

To obtain CDFs of the e2e SINR expressions in (5.9), i.e., the CDFs of γNFA and

γNFB , since ΥNF
AR , ΥNF

BR , ΥNF
RA , and ΥNF

RB are independent RVs, by following the same steps

in Appendix 5.7.1., we obtain
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FγNFi (γ) = Pr

(
αiΥ

NF
Ri Υ

NF
jR

αiΥNF
Ri +ΥNF

iR +ΥNF
jR + ρ

≤ γ

)

= Pr

(
ΥNF
jR ≤ ηi,Υ

NF
Ri ≥

γ

αi

)
+ Pr

(
ΥNF
jR ≥ ηi,Υ

NF
Ri ≤

γ

αi

)

= 1−
∫ ∞

0

[∫ ∞

γ
αi

(
1− FΥNFjR

(ηi)
)
fΥNFRi (z)dz

]
fΥNFiR (x)dx

(5.42)

where ηi = γ
(
αiΥ

NF
Ri +ΥNF

iR + ρ
)
/(αiΥ

NF
Ri − γ). Using CDFs and PDFs forΥNF

iR ,ΥNF
Ri ,

and ΥNF
jR from (5.20) and (5.21), FγNFi (γ) is rephrased as

FγNFi (γ) = 1 +

NiR∑

k=1

NRi∑

p=1

NjR∑

m=1

Cm
ΥNFjR

Cp

ΥNFRi
Ck

ΥNFiR
ωkΥNFiR

ωp
ΥNFRi

∫ ∞

0

[∫ ∞

γ
αi

e
−
(
ωm
ΥNF
jR

αiγz+γ(x+ρ)

αiz−γ
+ωp

ΥNF
Ri

z+ωk
ΥNF
iR

x

)

dz

]
dx.

(5.43)

By change of variable z = t+ γ
αi

and proper rearrangements, FγNFi (γ) becomes

FγNFi (γ) = 1 +

Ni∑

k=1

Ni∑

p=1

Nj∑

m=1

Cm
ΥNFjR

Cp

ΥNFRi
Ck

ΥNFiR
ωkΥNFiR

ωp
ΥNFRi

e
−γ
(
ωm
ΥNF
jR

+

ω
p

ΥNF
Ri
αi

)

∫ ∞

0

[∫ ∞

0

e
−ωk

ΥNF
iR

x
e
−



γωm

ΥNF
jR

x+ωm
ΥNF
jR

γ(γ+ρ)

αit
+ωp

ΥNF
Ri

t



dt

]
dx.

(5.44)

We define the double integral in (5.44) as Impk, use [65, eq. (3.324)], and obtain the integral

as

Impk =

∫ ∞

0

[
2

√√√√
γωm

ΥNFjR

αiω
p

ΥNFRi

(
x+ (γ + ρ)

)
e
−ωk

ΥNF
iR

x

K1

(
2

√
γωm

ΥNFjR
ωp
ΥNFRi

αi

(
x+ (γ + ρ)

))]
dx

(5.45)

where K1(x) is the first-order modified Bessel Function of the second kind [65, eq.

(8.407)], which is available in well known software programs such as MATHEMATICA

and MAPLE.

We make change of variable as y2 =
4γωm

ΥNF
jR

ωp
ΥNF
Ri

αi
(x+ (γ + ρ)), define

uij =

√
4ωm

ΥNF
jR

ωp
ΥNF
Ri

γ(γ+ρ)

αi
, ϵij =

αiω
k

ΥNF
iR

4γωm
ΥNF
jR

ωp
ΥNF
Ri

, and make proper rearrangements such that

(5.22) is obtained.
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5.7.3. Derivation of Integral in the Approximation of CDF of Non-Fading
SIs

I1 =
∫ uup
uij

ln(y)y2h+3e−ϵijy
2
dy is rephrased by making change of variable as x =

ϵijy
2:

I1 =

∫ uup

uij

ln(y)y2h+3e−ϵijy
2

dy

=
ϵ−h−2
ij

4

∫ ϵijuup
2

ϵijuij2
ln(

x

ϵij
)xh+1e−xdx

=
ϵ−h−2
ij

4

[∫ ϵijuup
2

0

ln(
x

ϵij
)xh+1e−xdx−

∫ ϵijuij
2

0

ln(
x

ϵij
)xh+1e−xdx

]
,

(5.46)

To obtain a closed form of I1, we define I =
∫ a
0
ln(x/M)xKe−xdx and derive it by

the aid of [65, eq. (4.352.1) and (4.358.1)] as

I = −Γ(K + 1, a)[ln(a)− ln(M)]−G 3 0
2 0

(
1,1

0,0,K+1

∣∣a
)

+Γ(K + 1)[ψ(K + 1)− ln(M)],
(5.47)

where K > −1 and Gm n
p q

( a1,...,ap
b1,...,bq

∣∣z
)
is Meijer’s G function [65, eq. (9.301)], which

is available in well known software programs such as MATHEMATICA and MAPLE.

Hence, by using the result given in (5.47), I1 becomes as in (5.25).
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6. RELAY SELECTION FOR COOPERATIVE FD AF
RELAY NETWORKS

6.1. Introduction

Improvement of coverage area, reduction of power consumption, effective

utilization of bandwidth, and high data rates are the most important system parameters

required to be provided by the next generation wireless communication systems. Relaying

transmission, which has recently been accepted by several standards such as IEEE 802.11s,

IEEE 802.16j and long term evolution-advanced (LTE-advanced), is offered to broad the

coverage area, consume less power and overcome channel impairments due to fading

in a wireless communications system [1], where unlicensed users can also be used as

cooperative relays [113]. Although half-duplex (HD) relaying offers performance gains, it

suffers from inherent spectral efficiency loss due to the allocation of orthogonal listening

and forwarding phases. Full-duplex (FD) transmission, which allows simultaneously

transmission and reception on the same channel, is introduced to increase the spectral

efficiency and thus has received considerable attention recently [10, 114–116].

Relay selection (RS) is an attractive and effective technique to enhance the

performance of multi-relay communication systems in terms of lower power consumption

and better symbol error rate (SER). It has been shown that RS significantly improves

system performance since number of relays increases diversity order and selection

introduces lower hardware complexity [35]. Additionally, relayed communication is

an attractive method for secure communication and different RS schemes are offered

to analyze security-reliability trade-off, where it is proven that offered RS strategies

outperform opportunistic RS in terms of security-reliability trade-off analysis [36–40].

The intermediate relays in [36–40] are assumed to be trustworthy relays, i.e., they

are trusted at both service and data levels, where service level trustworthiness means

accurate channel state information (CSI) of the communication links are shared with the

source through relays and transmission confidentiality is not violated at the data level.

Moreover, unselected relays accepting collaboration are used for friendly jammer-based

jamming to disturb the eavesdropper by sending artificial noise, which boosts transmission

security further [40]. RS in case of untrusted relays, actually semi-trusted (trusted at the

service level but untrusted at the data level), has also been deeply studied for different

communications systems to improve transmission security [117–120].
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Utilization of direct-path (DP) signals improves reliability of the communication

systems since it increases diversity order of the considered system by 1 [121]. In reality,

ignoring DP is not a practical approach even if its signal-to-noise ratio (SNR) is too

low at the destination. Furthermore, FD RS is also studied deeply in the literature for

both decode-and-forward (DF) and amplify-and-forward (AF) protocols [106, 122–128].

In [106], for a cooperative DF system without DP, RS based on max-min criterion is

investigated for non-fading self-interference (SI) at the relays and closed-form expressions

for average capacity and SER are derived over an independent and identically distributed

(i.i.d.) Rayleigh fading channel. The same system in the presence of DP is analyzed

in [124]. In [122], five different RS schemes based on instantaneous channel gains

and SI gains are proposed for FD transmission and analyzed over slow Rayleigh fading

channels. The closed-form expressions of outage probability (OP) can not be derived

except max-min RS criterion without SI. On the other hand, the asymptotic expressions

are provided for all criteria. An analytical framework combining stochastic geometry and

semi-Markov processes is offered in [123] to account for the cost of a suitable RS. In [126],

the secrecy OP of an FD two-way relay network with RS scheme in the presence of an

eavesdropper is studied by implementing DF protocol over Rayleigh fading channels and

a closed form expression of sum OP is derived. FD RS with DP is elaborated in [128] for

DF protocols over Nakagami-m fading, where authors derive exact expressions of OPs

together with asymptotic ones. In [127], OP of a FD system using DF protocol without

a DP over i.i.d. Rayleigh fading environment is analyzed, where all relays attempt to

decode new message even if they do not transmit it except selected relay. OP analysis is

done based on a Markov chain-based analytical model, where inter-relay interference is

also considered.

For HD relaying, generalized selection transmission (GST) for multi-relay networks,

i.e., generalized relay selection (GRS), is investigated over i.i.d. Rayleigh fading

environment for different RS schemes without DP in [129]. The diversity orders of all

selection schemes are derived and numerically verified. GRS (GST) with DP (GSTDP)

is also studied in [130], where asymptotic OP and SER expressions are derived for

Nakagami-m fading channels. Although both these works claim that an array / coding gain

is obtained for multi-relay selections or usage of all relays (beamforming), i.e. maximum

ratio transmission (MRT), their comparisons are not fair. The results are not plotted

versus total consumed power but the transmitted power of the source. If the results were

plotted versus total consumed power, it would be seen that performance is nearly the same

for all RS choices or degrades as number of selected relays increases. Unlike antenna
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selection strategies, increasing number of selected relays does not keep decreasing OP or

SER, i.e. array / coding gain does not increase as total number of used relays increases.

Besides, although MRT technique without RS is more complex due to the usage of all the

relays, the disadvantage of the RS schemes with respect to MRT technique is the need of

feedback. In case of any feedback error, the performance of the RS schemes degrades

severely [131, 132]. On the other hand, MRT without RS provides close performance to

single RS.

6.1.1. Motivation

Analysis of DF relaying is mathematically tractable, however, reality of

power-limited and/or complexity-limited nodes may hinder practical implementation of

DF relaying. Moreover, AF relaying has no decoding/re-encoding module to detect

received signals, which means a much simpler amplifying and forwarding process can be

achieved by AF relaying [133,134]. Therefore, for easy and practical implementation, AF

protocol is preferred in the system under consideration. Moreover, nearly all RS analyses

for FD relaying are based on i.i.d. fading channels except [128] where DF protocol is

used, however, i.i.d. fading channels are rare owing to the insuficient physical separations

among relays [135].

It is well known that RS significantly improves system performance and reduces

hardware complexity but feedback error and exhaustive searching are drawbacks of

RS. Nevertheless, MRT is used without any selection to overcome feedback error and

exhaustive searching complexity. Moreover, by including DP signals, cooperative

diversity improves reliability of the communication systems. To the best of our knowledge,

single RS schemes are investigated over i.i.d. Rayleigh fading environment without DP for

FD AF transmission, however, there is no work considering single RS over independent

but not identically distributed (i.n.i.d.) Rayleigh fading environment without DP although

i.n.i.d. fading channels are more practical. In addition, single RS with DP is not

investigated over both i.i.d. and i.n.i.d. Rayleigh fading channels for FD AF transmission.

Furthermore, MRT for FD AF networks has not been studied yet, either. Therefore, as

depicted in Fig. 6.1, we focus on an FD AF multi-relay cooperative-diversity system

consisting of a source S, L intermediate relays, and a destination D where there exists

a DP between the source S and destinationD. In this system, a single relay is selected out

of L relays in order to maximize effective signal-to-interference-plus-noise ratio (SINR)

between the source and destination or MRT is performed without RS, i.e. all the relays
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Figure 6.1: An FD AF multi-relay cooperative-diversity system.

are used for transmission via MRT, where weighting is done at the relays by using both

first and second hop channel gains (Note that selecting more relays means increment of

computational complexity but no array / coding gain or a negligible array / coding gain is

attained in performance, therefore, only two special cases are worth considering). Due to

the mathematical intractability, researchers have been using max-min criterion in order

to get some closed form of the upper bounds of the investigated system performance

parameters and, in sequence, they have been trying to find asymptotic expressions.

However, in this chapter, we derive approximated and asymptotic expressions of OP and

SER for both GST (GRS without DP) and GSTDP (GRS with DP). Although our aim is to

focus on single RS and MRT without RS, it is reasonable to use the term GST since single

RS andMRTwithout RS are two special cases of GST (Note that the signals are transmitted

after weighted by channel gains even if a single relay is used). Moreover, OP and SER

expressions are also provided as if GST was conducted but derived results can be used

for any number of selected relays. Unlike the available approximations in the literature

where max-min criterion is used to get a closed form expression for upper bound of the

performance evaluation parameters such as OP and SER, the proposed approximation in

this chapter is directly based on exact expression of probability density function (PDF) of

end-to-end (e2e) SINR.
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6.1.2. Contributions

The main contributions of this chapter can be summarized as follows:

• RS for an FDAFmulti-relay cooperative-diversity systemwithout a DP between the

source and destination over i.i.d. slow Rayleigh fading channels is revised, MRT for

the same system is introduced. Additionally, RS andMRT for the considered system

are presented over i.n.i.d. slow Rayleigh fading channels. Furthermore, the same

system with a DP between the source and destination is analyzed over both i.i.d. and

i.n.i.d. slow Rayleigh fading channels for both RS and MRT techniques.

• Unlike common approach, the approximated PDF and cumulative distribution

function (CDF) of a dual-hop link with FD relay are derived from exact expressions

for Rayleigh fading channels.

• Using the fact that PDF and CDF of an exponential random variable can be

characterized by its expected value which is equivalent to its PDF value evaluated

at zero, we propose an adopted approximated PDF for e2e SINR of a dual-hop link

with FD relay and validate its correctness and robustness via exact and simulation

results. This proposed robust approximation of PDF facilitates the analyses of the

systems with FD relay.

• Based on the derived adopted approximation, we derive closed-form approximated

and asymptotic CDF, moment generating function (MGF), and SER expressions

for both GST and GSTDP over both i.i.d and i.n.d Rayleigh fading channels.

The theoretical findings are verified by numerical simulations via Monte-Carlo

simulation technique.

• The diversity order at the high SNR regime is proven to beGd.GST = (L−∑L
l=1 ϑl)

and Gd.GSTDP = (L + 1 − ∑L
l=1 ϑl) for GST and GSTDP, respectively, where

variance of SI channels is modelled as κlP ϑl−1
Ri

, κl and ϑl are linear and exponential

cancellation/attenuation factors depicting dependence of SI on the transmitted

power, PRi , from each relay and both vary between 0 and 1. This result implies the

diversity is dependent on SI and varies between 0 and L−∑L
l=1 ϑl / L+1−∑L

l=1 ϑl

for GST/GSTDP.

• Closed-form approximated ergodic capacity expressions for both i.i.d. GST and

GSTDP are provided and verified.

• OP, SER, and achievable rate results show that RS and MRT provide close

performance, however, RS and MRT attain significant performance gains with
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respect to single relay case. In addition, for the same rates, FD transmission

outperforms HD one.

The remainder of this chapter is organized as follows. In Section 6.2, details

of system model are provided. Section 6.3 includes derivations of approximated and

asymptotic OP, MGF, and SER for both GST and GSTDP. Ergodic capacity expressions

are provided in Section 6.4. Numerical results are detailed in Section 6.5. Finally, we

conclude our work in Section 6.6.

6.2. System Model

As mentioned in Introduction, the main aim of this chapter is to provide analysis

of a single RS (Opportunistic RS, i.e., the best relay is selected to maximize the received

SINR) and MRT without RS (conventional transmission, i.e., all the relays participate the

transmission) with(out) a DP between the source, S, and destination, D. RS or MRT is

applied at the relays and in the presence of DP, maximal ratio combining (MRC) technique

is used to combine the received signals from DP and GST link at the destination by aid

of the rake receiver which is not needed if no DP exists. MRT is accomplished by using

first and second hop channel gains together and each relay only needs to know its first

and second hop CSI. Additionally, the source and relays transmit their signals at the

same time slot by a processing delay greater than the symbol period to guarantee that

the relays receive and transmit uncorrelated symbols at a certain moment [136–138]. It

is also assumed that signal replicas received from the relays through GST link and DP

are fully resolvable by the destination, D such that they can be appropriately co-phased

and merged via MRC based on the operation of rake receivers [137, 139, 140] and more

detailed discussion can be found therein. Rake receiver implementation on the receiver

side is only needed in case of existence of a DP between the source and destination and

it constitutes a theoretical performance benchmark for practical systems. Another critical

point is about the interference stemming from other relays: Since nearly the same replicas

are received, the amount of total received power increases, which is a desirable result for

active SI cancellation [103]. On the other hand, SI cancellation for the proposed network

is out of scope of this work. A block transmission is considered.

Let us denote the link between the source and relay Ri by hSi , the link between the

relay Ri and destinationD by hDi , the source-destination link by hSD , and the SI channel

at each relay by hRiRi (This link is also assumed to include effect of all interferences from

91



the other relays), where i ∈ {1, 2, . . . , L}. A critical issue that should be clarified is that

SI channels can not be estimated but only their instantaneous power is detectable. We

assume that hSi , hDi , hSD, and hRiRi are mutually independent and noise components

at the relays and destination are zero mean additive Gaussian. Since we assume slow

Rayleigh fading channels, SNRs and interference-to-noise ratios (INRs) are exponentially

distributed random variables. The total power is denoted by PT = PS +
∑Lc

i=1 PRi , where

PS andPRi represent the source and relay powers, respectively. The instantaneous SNRs of

theS−D, S−Ri, andRi−D links are γDP = PS |hSD|2
σ2
D

, γSi =
PS |hSi |2
σ2
Ri

, and γDi =
PRi |hDi |2

σ2
D

,

respectively. σ2
D and σ2

Ri
are the noise variances at theD and the relayRi, respectively. The

instantaneous INR at each relay is γRi =
PRi |hRiRi |2

σ2
Ri

. For the sake of clarity and simplicity,

time indexing is intentionally ignored but one can refer to [139] for more details. The

received signal at the relay Ri can be given as

YRi = hSi
√
PSxS + hRiRixRi + nRi , (6.1)

where xS is the transmitted signal at the source S with unit energy and xRi , which is

updated for each transmission time slot as xRi = βYRi , is the new transmitted signal at

the relay Ri, nRi is the additive Gaussian noise at the Ri with zero mean and variance

σ2
Ri
. Conducting GST at the relays and resolving the received signals at the destination

by means of a rake receiver is the way to cope with co-phasing and merging problem on

the receiver side when DP exists. Hence, YRi is scaled by ωDi =
h∗Sih

∗
Di

|hDi ||hSi |
and βRi =

√
PRi/

(
|hSi |2PS + |hRiRi |2PRi + σ2

Ri

)
, where (.)∗ represents the complex conjugate, and

then broadcasted to the destinationD. At theD, the received signals through GST and DP

are

YDGST =
∑Lc

i=1 YDi =
∑Lc

i=1

(
hDiβRiωDiYRi + nDi

)

YDP =
√
PshSDxs + nDDP

, (6.2)

where nDi and nDDP are the additive Gaussian noises at theDwith zero mean and variance

σ2
D. The signals given in (6.2) are combined by MRC technique to obtain the signal of

GSTDP as

YDGSTDP =
h∗SD
|hSD|YDP + YDGST . (6.3)

Since GST technique is used at the relays, MRC technique treats the signals of the relays

as if only one signal comes to the D and can combine this signal with that of DP by the
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aid of rake receiver. The SINR of the link S −Ri−D is expressed in terms of SNRs (γSi
and γDi) and INR (γRi) as

γSRiD =
γDiγSi

(γDi + 1)(γRi + 1) + γSi
. (6.4)

By rearranging {γSRiD}Li=1 in decreasing order of magnitude, the order statistics

γSR(1)D ≥ γSR(2)D ≥ . . . ≥ γSR(L)D are obtained. Note that this representation is used

for analytical purposes of GST but only single RS and MRT are considered. The first Lc
of these order statistics and instantaneous SNR of the DP are added up to carry out GST

with/out DP, where Lc = 1 or Lc = L:

γGST =

Lc∑

i=1

γγSR(i)D

γGSTDP = γDP + γGST

(6.5)

6.3. Performance Analysis

6.3.1. Equivalent PDF and CDF of Dual Hop Link

The notion of approximating the PDF of the link S−Ri−D for HD transmission as

an exponential random variable for Rayleigh fading is discussed in [1, eq. (46)], however,

this result can be used if the combined random variable can be expressed as a harmonic

mean of exponential random variables. Alternatively, equivalent or approximated PDF of

the link S −Ri−D can be assumed as an exponential distributed one and represented by

its expected value for Rayleigh fading channels. But this approach can be used only if the

expected value of the SINR of the link S −Ri −D is available. For FD relaying, it is not

tractable to derive closed form of the expected value of the SINR of the link S −Ri −D.

Therefore, we propose an adopted1 approximated PDF and CDF of a dual hop link as (See

Appendix 6.7.)

fEqγSRiD
(x) = λEie

−λEix

F Eq
γSRiD

(x) = 1− e−λEix
(6.6)

1 The term “adopted” is used to emphasize the difference of the proposed approximation from the
available approaches.
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provided that λEi =
(λDi+λSi )λRi+λSi

λRi
≤ 1. Inserting equivalences of λDi , λSi , and λRi into

λEi , we get

λEi =

[
σ2
DP

−ϑi
T

ΩDipfRi
+
σ2
Ri
P−ϑi
T + κip

ϑi
fRi

ΩSipfS

]
P ϑi−1
T

= ΨEiP
ϑi−1
T

, (6.7)

where the power allocation factors pfRi and pfS are defined as pfRi = PRi/PT and pfS =

PS/PT , respectively. This representation implies that the diversity order and array gain of

dual-hop link areGd = 1−ϑi andGa = ΨEi , respectively. The asymptotic PDF and CDF

are [82]

fEq,∞γSRiD
(x) = λEi

F Eq,∞
γSRiD

(x) = λEix
. (6.8)

6.3.2. MGF and CDF of GSC

MGF and CDF for i.n.i.d. and i.i.d. cases are provided in this section.

6.3.2.1. i.n.i.d. case

Inserting (6.6) in [141, eq. (3) and eq. (4)], the MGF of GST for i.n.i.d. channel and

SI gains is obtained as

M ind
γGST

(−s) =
∑

n1,...,nLc−1
n1<n2<...<nLc−1

∑

nLc

[ ∏Lc
l=1 λEnl∏Lc−1

l=1

(
s+ λEnl

)
]

∫ ∞

0

e−(Lcs+
∑Lc
l=1 λEnl )x

L∏

l′=Lc+1

(
1− e−λEnl′ x

)
dx

, (6.9)

where
∑

n1,...,nLc−1
n1<n2<...<nLc−1

denotes the
(

L
Lc−1

)
possible combinations of selecting the (Lc−1)

largest SINR branches out of the L branches,
∑

nLc
denotes the index nLc chosen from the

remaining L − Lc + 1 branches. Using the fact that there are Lc
(
L
Lc

)
terms in (6.9) and

substituting (6.8) into [141, eq. (3) and eq. (4)], the asymptoticMGF of the GST for i.n.i.d.

case is derived as
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M ind,∞
γGST

(−s) ≈ Γ[L+ 1]

Γ[Lc + 1]LL−Lcc

∏L
l=1 λEl
sL

. (6.10)

The asymptotic CDF of i.n.d case is obtained by using inverse Laplace transform [65, eq.

(17.13.26)]:

F ind,∞
γGST

(x) ≈
∏L

l=1 λEl
Γ[Lc + 1]LL−Lcc

xL

≈ P
−L+∑L

l=1 ϑl
T

∏L
l=1ΨEl

Γ[Lc + 1]LL−Lcc

xL
. (6.11)

The result in (6.11) implies that the diversity order and array gain of GST are

Gd.GSC = (L−∑L
l=1 ϑl) and Ga.GST =

∏L
l=1 ΨEl

Γ[Lc+1]LL−Lc
c

, respectively.

6.3.2.2. i.i.d. case

Since it is not tractable to derive MGF expression in (6.9) in closed form for i.n.i.d.

case, we assume SI and channel gains are i.i.d., namely, we assume that λE = λEl , l =

1, . . . , L. We use this assumption together with the Binomial Theorem in (6.9), then the

resulting MGF of the GST for i.i.d. assumption becomes

M iid
γGST

(−s) =
L−Lc∑

k=1

(
L
Lc

)(
L−Lc
k

)
(−1)kλLE(

s+
(Lc + k)λE

Lc

)
(s+ λE)

Lc−1

+

(
L
Lc

)
λLcE

(s+ λE)
Lc
. (6.12)

The same result is derived in [78, eq. (13)]. By the aid of partial fraction decomposition,

MγGST (−s) is reformulated as

M iid
γGST

(−s) =
L−Lc∑

k=1

CG
λk

s+ λk
+

Lc∑

m=1

CG
λE

(s+ λE)
m , (6.13)

where λk = (Lc+k)λE
Lc

, CG
λk

and CG
λE

are expressed as

CG
λk

=

(
L

Lc

)(
L− Lc
k

)(
Lc
k

)Lc−1

(−1)k−Lc+1λE

CG
λE

=

(
L

Lc

)
λLcE u[m− Lc] +

L−Lc∑

k=1

(
L

Lc

)(
L− Lc
k

)

(
Lc
k

)Lc−m
(−1)Lc+k−m−1λmEu[Lc −m− 1]

. (6.14)
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In (6.14), u[n] represents the unit-step function. Using inverse Laplace transform of

(6.13), the closed form PDF of the GST is obtained

f iidγGST (x) =

L−Lc∑

k=1

CG
λk
e−λkx +

Lc∑

m=1

CG
λE
xm−1e−λEx

Γ[m]
. (6.15)

Using the identity [65, eq. (2.321.2)], the CDF of γGST derived as

F iid
γGST

(x) =

L−Lc∑

k=1

CG
λk

λk
+

Lc∑

m=1

CG
λE

λmE
−

L−Lc∑

k=1

CG
λk
e−λkx

λk

−
Lc∑

m=1

m−1∑

k=0

CG
λE

(
m−1
k

)
λ
−(k+1)
E Γ[k + 1]xm−k−1e−λEx

Γ[m]
.

(6.16)

The constant terms in (6.16) equal 1. Furthermore (6.10) and (6.11) reduce to

M iid,∞
γGST

(−s) ≈ Γ[L+ 1]

Γ[Lc + 1]LL−Lcc

λLE
sL

(6.17)

and

F iid,∞
γGST

(x) ≈ λLE
Γ[Lc + 1]LL−Lcc

xL

≈ P
(ϑ−1)L
T ΨL

E

Γ[Lc + 1]LL−Lcc

xL
. (6.18)

For i.i.d. case, the diversity order of GST reduces to Gd.GST = (1− ϑ)L.

6.3.3. MGF and CDF of GSTDP

Based on the independence of DP and relaying channels, the MGF of γGSTDP for

both i.i.d. and i.n.i.d. cases can be derived as

MγGSTDP (−s) =MγGST (−s)MγDP (−s). (6.19)

The MGF of the direct path between the S and D is MγDP (−s) = λDP
s+λDP

[74, eq.

(5.5)]. InsertingMγDP (−s) into (6.19),MγGSTDP (−s) becomes

MγGSTDP (−s) =
λDP

s+ λDP
MγGST (−s). (6.20)
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6.3.3.1. i.n.i.d. case

Substituting (6.9) into (6.20) results in

M ind
GSTDP(−s) =

∑

n1,...,nLc−1
n1<n2<...<nLc−1

∑

nLc

[ ∏Lc
l=1 λEnl∏Lc−1

l=1

(
s+ λEnl

)
]

λDP
(s+ λDP )

∫ ∞

0

e−(Lcs+
∑Lc
l=1 λEnl )x

L∏

l′=Lc+1

(
1− e−λEnl′ x

)
dx.

(6.21)

To obtain the asymptotic CDF of γGSTDP for i.n.i.d. case, we substitute asymptotic

MGF of γDP ,M∞
γDP

(−s) = λDP
s

and asymptotic MGF of i.n.i.d. GST given in (6.10) into

(6.19) and get

M ind,∞
GSTDP(−s) ≈

Γ[L+ 1]

Γ[Lc + 1]LL−Lcc

λDP
∏L

l=1 λEl
sL+1

. (6.22)

The asymptotic CDF of i.n.i.d. case is obtained by using inverse Laplace transform:

F ind,∞
γGSTDP

(x) ≈ λDP
∏L

l=1 λEl
(L+ 1)Γ[Lc + 1]LL−Lcc

xL+1

≈ P
−1−L+∑L

l=1 ϑl
T ΨDP

∏L
l=1ΨEl

(L+ 1)Γ[Lc + 1]LL−Lcc

xL+1

, (6.23)

where λDP =
σ2
D

pfSΩSD
P−1
T = ΨDPP

−1
T , and the diversity order and array gain of GSTDP

are Gd.GSTDP = (L+ 1−∑L
l=1 ϑl) and Ga.GSTDP =

ΨDP
∏L
l=1 ΨEl

(L+1)Γ[Lc+1]LL−Lc
c

, respectively.

6.3.3.2. i.i.d. case

InsertingM iid
γGST

(−s) given in (6.12) andMγDP (−s) into (6.19) and carrying a partial
fraction decomposition between the terms with the poles −λk and −λDP , MγGSTDP (−s)
results in

M iid
γGSTDP

(−s) =
L−Lc∑

k=1

[( L
Lc

)(
L−Lc
k

)
(−1)kλDPλLcE

(λk − λDP )
1

(s+ λE)
Lc−1

(
1

s+ λDP
− 1

s+ λk

)]

+

(
L
Lc

)
λDPλ

Lc
E

(s+ λDP ) (s+ λE)
Lc
.

(6.24)
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The partial fraction decomposition is valid if λDP is not an integer multiple of λE or vice

versa. Applying second partial fraction decomposition and making proper rearrangements

produces

M iid
γGSTDP

(−s) = CDP
(s+ λDP )

−
L−Lc∑

k=1

Ck
(s+ λk)

+

Lc∑

m=1

Cm
(s+ λE)

m . (6.25)

The coefficients in (6.25) are

Ck =

(
L
Lc

)(
L−Lc
k

) (
Lc
k

)Lc−1
(−1)k−Lc+1λDPλE

λDP − λk
CDP =

L−Lc∑

k=0

( (
L
Lc

)
λDPλ

Lc
E

(λE − λDP )Lc
u[−k]

+

(
L
Lc

)(
L−Lc
k

)
(−1)kλDPλLcE

(λk − λDP ) (λE − λDP )Lc−1
u[k − 1]

)

Cm =

L−Lc∑

k=1

[( L
Lc

)(
L−Lc
k

)
λDPλ

Lc
E (−1)Lc+k−m−1

(λk − λDP )

(
1

(λDP − λE)Lc−m

−
(
Lc
kλE

)Lc−m)
u[Lc −m− 1]

]
+

(
L
Lc

)
λDPλ

Lc
E (−1)Lc−m

(λDP − λE)Lc−m+1

. (6.26)

Taking the inverse Laplace transform of (6.25) gives the PDF of GSTDP

f iidγGSTDP(x) = CDP e
−λDP x −

L−Lc∑

k=1

Cke
−λkx +

Lc∑

m=1

Cm
Γ[m]

xm−1e−λEx (6.27)

and CDF of γGSTDP is obtained by using the identity [65, eq. (2.321.2)] as

F iid
γGSTDP

(x) =
CDP
λDP

+

Lc∑

m=1

Cm
λmE
−

L−Lc∑

k=1

Ck
λk
− CDP e

−λDP x

λDP
+

L−Lc∑

k=1

Cke
−λkx

λk

−
Lc∑

m=1

m−1∑

k=0

(
m−1
k

)
Γ[k + 1]Cm

Γ[m]λk+1
E

xm−k−1e−λEx.

(6.28)

The constant terms in (6.28) equal 1.

Asymptotic expressions for MGF and CDF of i.i.d. assumption are the same as those

of the i.n.i.d. case in (6.22) and (6.23), where the term
∏L

l=1 λEl simplifies to λLE and the

diversity order returns to Gd.GSTDP = (1− ϑ)L+ 1.
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6.3.4. SER Analysis

In this section, SER analysis of GST and GSTDP are provided based on MGF

approach [74, eq. (5.3)]. For i.n.i.d. case only asymptotic expressions are derived. The

SER of GST can be derived from
∑Q

q=1 aq
∫ θq
0
M iid

γGST

(
− λmod

sin2(θ)

)
dθ by using (6.13)

PGST,iid
SER =

Q∑

q=1

L−Lc∑

k=1

aqC
G
λk

λk

∫ θq

0

sin2(θ)

sin2(θ) +
λmod
λk

dθ

+

Q∑

q=1

L−Lc∑

k=1

aqC
G
λE

λmE

∫ θq

0




sin2(θ)

sin2(θ) +
λmod
λE




m

dθ.

(6.29)

Similarly, by using (6.25), the SER of GSTDP becomes

PGSTDP,iid
SER =

Q∑

q=1

aqCDP
λDP

∫ θq

0

sin2(θ)

sin2(θ) +
λmod
λDP

dθ

−
Q∑

q=1

L−Lc∑

k=1

aqCk
λk

∫ θq

0

sin2(θ)

sin2(θ) +
λmod
λk

dθ

+

Q∑

q=1

L−Lc∑

k=1

aqCm
λmE

∫ θq

0




sin2(θ)

sin2(θ) +
λmod
λE




m

dθ.

(6.30)

The modulation dependent parameters in (6.29) and (6.30) forM -ary PSK (M -PSK) and

M -ary quadrature amplitude modulation (M -QAM) are given in Table 2.1.

All the integrals in (6.29) and (6.30) can be represented by a single integral, namely,

Im(θq; c) =

∫ θq

0

(
sin2(θ)

sin2(θ) + c

)m
dθ. (6.31)

The closed form of the integral, Im(θq; c), in (6.31) is derived in [74, eq.(5A.24) and

(5A.35)]. However, for the sake of easy implementation, we solve this integral in another

form. Using [74, (5A.33)], Im(θq; c) can be expressed as
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Im(θq; c) =

√
c

c+ 1

[∫ T

0

1

2(1 + a sin(x))
dx+

∫ T

0

1

2(1− a sin(x))dx

−
m−1∑

k=0

a2k
∫ T

0

sin2k(x)dx
]
,

(6.32)

where a =
√

1
c+1

, T = tan−1 NT
DT

+ 1
π

(
1− sign(NT )

1+sign(DT )
2

)
, NT = 2

√
c(c+ 1)

sin(2θq), and DT = (2c + 1) cos(2θq) − 1 [74, eq. (5A.31) and (5A.32)]. The closed

form of the first two integrals in (6.32) can be found by making a change of variable as

y = a±tan(x/2)√
1−a2 . Third integral is obtained in [52, eq. (37)]. Hence, the integral in (6.32)

has the following closed form:

Im(θq; c) = tan−1

[
a+ tan(T/2)√

1− a2
]
− tan−1

[
a− tan(T/2)√

1− a2
]

−
√

c

c+ 1

m−1∑

k=0

a2k
[√

πΓ[k + 1/2]

Γ[k + 1]
− cos(T )2F1(

1

2
,
1

2
− k; 3

2
; cos2(T ))

]
.

(6.33)

which is valid for 0 < θq < π. 2F1(ι, τ ;w; z) in (6.33) is the Gauss hypergeometric

function [65, eq. (9.111)], which is available in well known mathematical software

programs such as MATHEMATICA and MAPLE.

Using (6.10) and [52, eq. (37)], asymptotic SER for both i.i.d. and i.n.i.d. GST is

derived as

PGST,∞
SER (−s) =

Q∑

q=1

aq

∫ θq

0

M∞
γGST

(
− λmod

sin2(θ)

)
dθ

=

Q∑

q=1

aqΓ[L+ 1]
∏L

l=1 λEl
Γ[Lc + 1]LL−Lcc λLmod

∫ θq

0

sin2L(θ)dθ

=

Q∑

q=1

aqΓ[L+ 1]
∏L

l=1 λEl
Γ[Lc + 1]LL−Lcc λLmod

[√
πΓ[L+ 1/2]

Γ[L+ 1]

− cos(θq)2F1(
1

2
,
1

2
− L; 3

2
; cos2(θq))

]

. (6.34)

Similarly, by using (6.22), asymptotic SER for i.n.i.d. and i.i.d. GSTDP is

PGSTDP,∞
SER (−s) =

Q∑

q=1

[
aqΓ[L+ 1]λDP

∏L
l=1 λEl

Γ[Lc + 1]LL−Lcc λL+1
mod(√

πΓ[L+ 3/2]

Γ[L+ 2]
− cos(θq)2F1(

1

2
,−1

2
− L; 3

2
; cos2(θq))

)]. (6.35)
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Clearly, as expected, the diversity order for SER of GST and GSTDP are Gd.GST =

(L−∑L
l=1 ϑl) and Gd.GSTDP = (L+ 1−∑L

l=1 ϑl), respectively. For i.i.d. case,
∏L

l=1 λEl

reduces to λLE in (6.34) and (6.35), and diversity orders of GST and GSTDP become

Gd.GST = (1− ϑ)L and Gd.GSTDP = (1− ϑ)L+ 1, respectively.

6.4. Ergodic Capacity

In this section, we only give the achievable rate expressions for i.i.d. case. The

achievable rates can be computed based on CDF approach [75, eq. (38)]:

Riid
γGST /γGSTDP

= log2(e)
∫ ∞

0

1− F iid
γGST /γGSTDP

(x)

x+ 1
dx. (6.36)

Using the fact that constant terms in (6.16) and (6.28) are equal to 1, the rates can be

calculated as

Riid
γGST

= log2(e)
(L−Lc∑

k=1

CG
λk

λk
I0 (λk)

+

Lc∑

m=1

m−1∑

k=0

CG
λE

(
m−1
k

)
λ
−(k+1)
E Γ[k + 1]

Γ[m]
Im−k−1 (λE)

) (6.37)

and

Riid
γGSTDP

= log2(e)

(
CDP
λDP

I0 (λDP )−
L−Lc∑

k=1

Ck
λk
I0 (λk)

+

Lc∑

m=1

m−1∑

k=0

(
m−1
k

)
Γ[k + 1]Cm

Γ[m]λk+1
E

Im−k−1 (λE)

)
.

(6.38)

The integral in (6.37) and (6.38) is defined and solved as

Im (λ) =

∫ ∞

0

xme−λx

x+ 1
dx

= eλΓ[m+ 1]Γ[−m,λ]
, (6.39)

where λ > 0,m > −1, and Γ[m,λ] is incomplete gamma function [65, eq. (8.350.2)]. For
integerm values, as in our case, this integral is also solved in [65, eq. (3.353.5)] where it

includes an exponential integral.
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Table 6.1: Simulation Parameters.

Parameters Fig. 6.2 Fig. 6.3 Fig. 6.4 Fig. 6.5 Fig. 6.6
Powers PS = PRl

= PT /(Lc + 1)
Noise

Variances σ2 = σ2
Rl

= σ2
D = 1

Total Number
of Relays

(L)
1 {2, 3, 4} {1, 2, 3} {1, 3} {1, 3, 4}

Number of
Selected Relays

(Lc)
1 {1, 2, 3, 4} {1, 3} {1, 3} {1, 3, 4}

Linear SI
Cancellation

Factor
(κl)

1 1 {10−10, 1} {10−10, 1} {10−10, 1}

Exponential SI
Cancellation

Factor
(ϑl)

{0.2,0.5, 0.8, 1} 0.2 {0, 0.2} {0, 0.2} {0, 0.2}

SINR Threshold
(γth)

{6 dB, 10 dB} 6 dB 6 dB - -

Distances
(dSRl

, dRlD, dSD)
(0.5, 0.5, -) (0.5, 0.5, -) (0.5, 0.5, 1) (0.5, 0.5, 1) (1, 1, 2)

Path Loss
Exponent

(α)
3 3 3 3 3

6.5. Numerical Results

In this section, numerical results for OP and SER of M -PSK and M -QAM are

provided to validate the derived expressions for each measurement quantity. It is assumed

that PS = PRl = PT/(Lc + 1), where PT is total power and σ2 = σ2
Rl

= σ2
D = 1. We

assume normalized distances and let dSRl = dRlD = 1/2 and also dSD = 1 but exceptions

will be given where necessary. The path loss exponent α is taken to be 3 which represents

heavy urban environment. Furthermore, SI values at all relays are assumed to be equal.

The curves are plotted versus PT/σ2. Furthermore, simulation parameters for each figure

are provided in Table 6.1 for easy referring, where simulation results are derived after 108

iterations at each SINR value.

Fig. 6.2 shows validity of approximated and adopted approximation expressions

of OP for a dual-hop link, which are given in (6.43) and (6.6), respectively. The

exact results are produced by taking numerical integration given in (6.42). Linear SI

cancellation/attenuation factor κl = 1, the exponential one ϑl ∈ {0.2, 0.5, 0.8, 1},
and threshold γth ∈ {6 dB, 10 dB} are used, where the data rate thresholds become

log2(106/10 + 1) = 2.32 bits/s/Hz and log2(1010/10 + 1) = 3.46 bits/s/Hz. Although there
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Figure 6.2: Exact, approximated, asymptotic, and simulation OPs of a dual-hop link.

are small differences at low PT/σ
2 values, the overlap at the high PT/σ2 values is almost

excellent, which verifies correctness of the derived adopted approximation. The deviation

occurs for high thresholds, γth, and high exponential attenuation/cancellation factors of SI,

ϑl, which may happen in case of insufficient SI cancellation. Setting κl = ϑl = 1 means

that SI power equals to relay power, and shows the worst case.

Fig. 6.3 illustrates OP of GST for (κl, ϑl) = (1, 0.2), L ∈ {2, 3, 4}, Lc ∈ {1, 2, 3, 4},

Figure 6.3: OP of GST for different diversity orders.
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and a threshold of 6 dB. The exact (adopted approximated) curves are generated from

(6.16), and asymptotic ones from (6.18). The gap between the approximated and

simulation results reduces and finally becomes negligible at high PT/σ2 values. Similarly,

asymptotic curves follow the simulation and approximated curves. Approximation error

demonstrates its effect at low PT/σ
2 values and increases as total number of relays

increases. Increment in error stems from integration over adopted approximated PDF and

CDF of a dual-hop link. The gain in PT/σ2 with respect to single relay transmission

(consider Fig. 6.2) is about 22 dB, 30 dB, and 34 dB at an OP value of 10−4 as total

number of relays changes from 2 to 4, respectively. To observe the diversity order, one

can consider the OP values at 15 dB and 23 dB for (L,Lc) = (3, 1), which are about 10−3

and 10−5. Therefore, the diversity order is about 2/0.8 ≈ 2.5 which coincides with the

nominal one, namely, L × (1 − ϑl) = 2.4. Although single RS and MRT schemes have

nearly the same performance at high PT/σ2 values, single RS scheme outperforms MRT

scheme at low PT/σ
2 values especially as total number of relays increases.

Fig. 6.4 demonstrates numerical results of OP for GSTDP, where approximated and

asymptotic OPs are obtained from (6.28) and (6.23), respectively. The curves are plotted

for L ∈ {1, 2, 3}, Lc ∈ {1, 3}, threshold γth = 6 dB, and (κl, ϑl) ∈ {(10−10, 0), (1, 0.2)}.
The adopted approximation curves coincide with the simulation ones. At high PT/σ2

regime, the overlap among approximated, asymptotic, and simulation curves is nearly

perfect. While considering the two upper curves, as expected, HD one outperforms FD

one and the gain in PT/σ2 is more than 3 dB at an OP value of 10−6. This result is valid

Figure 6.4: OP of GSTDP.
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Figure 6.5: Ergodic capacity of GSTDP.

for equal thresholds but not for equal data rates. For equal data rates, the SINR threshold

of HD transmission can be obtained as 1
2
log2(10γ

HD
th /10 + 1) = 2.32 bits/s/Hz, therefore,

γHDth = 10× log10(24.64 − 1) = 13.73 dB, which means the HD curve shift towards right

and its performance becomes worse. The diversity orders, from upper to lower curves,

are 1.8, 2, 2.6, 3.4, and 3.4, respectively. For single RS, the gains in PT/σ2 at an OP

value of 10−6 with respect to the curve (L,Lc) = (1, 1) are about 11 dB and 17 dB for

the curves (L,Lc) = (2, 1) and (L,Lc) = (3, 1), respectively. Considering the two lower

curves, unlike multi-antenna case, there is no gain in PT/σ2 when all the relays are used

as compared to single RS case.

Fig. 6.5 verifies the ergodic capacity expression given in (6.38), i.e., ergodic capacity

of GSTDP. The curves are provided for (κl, ϑl) ∈ {(10−10, 0), (1, 0.2)}, L ∈ {1, 3}, Lc ∈
{1, 3}. The ratios between the achievable rates of FD cases and rate of HD case with

(L,Lc) = (1, 1) at PT/σ2 = 49.01 dB from upper curve to lower one are about 1.91, 1.86,

and 1.84. The theoretical value of ratios between the achievable rates is 2, however, these

values are not reachable in practice due to SI effect as illustrated. Furthermore, using all

the relays does not provide any gain as in OP.

Fig. 6.6 plots SERs of GSTDP using QPSK for FD transmission and 16-PSK for

HD transmission, where (κl, ϑl) = (1, 0.2) for FD transmission, (κl, ϑl) = (10−10, 0) for

HD transmission, L ∈ {1, 3, 4}, and Lc ∈ {1, 3, 4}. The exact and asymptotic curves are
obtained from (6.30), (6.33) and (6.35), respectively. Choice of QPSK for FD transmission

and 16-PSK for HD transmission is necessary for a fair comparison, which results in the
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Figure 6.6: SERs of GSTDP.

same data rate. The distances between the nodes are selected as dSRl = dRlD = 1 and

dSD = 2. The approximated and asymptotic curves of (L,Lc) = (4, 4) are not provided

for the sake of figure clarity, since their behavior is the same as those of (L,Lc) = (3, 3).

Approximated results follow the simulation ones. For FD transmission, the gains inPT/σ2

with respect to single relay case, i.e., (L,Lc) = (1, 1) for 3 and 4 total number of relays,

i.e., (L,Lc) = (3, 1) and (L,Lc) = (4, 1) are about 14 dB and 16 dB at a SER value of 10−6,

respectively. To observe the diversity order of FD transmission, one can consider the SER

values at 23 dB and 29 dB for (L,Lc) = (3, 1), which are about 10−4 and 10−6. Therefore,

the slope is about 2/0.6 ≈ 3.33 which coincides with the nominal slope, namely, L× (1−
ϑl) + 1 = 3 × (1 − 0.2) + 1 = 3.4. SER of HD transmission, i.e, 16-PSK, is only

plotted for (L,Lc) = (3, 1). At a SER value of 10−6, the gain in PT/σ2 obtained by FD

transmission with respect to HD transmission is 8 dB. For PT/σ2 = 25 dB, SER of FD

transmission is 2×10−5 but HD SER is just 10−2. Note that FD transmission outperforms

HD transmission significantly for equal data rates, and with respect to single relay case,

significant performance gains are obtained for FD transmission as the number of relays

increases.
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6.6. Conclusion

In this chapter, two extreme cases of GST (opportunistic RS and conventional

relaying, i.e., MRT) over i.i.d. (i.n.i.d.) non-selective Rayleigh fading channels are

investigated in (non-)existence of a DP between the source and the destination for

an FD AF multi-relay cooperative-diversity system. RS or MRT is applied at the

FD relays and the rake receiver with MRC is used to overcome with the problem

of co-phasing and merging of the received signals at the destination when DP exists.

The proposed robust approximations of PDF and CDF for dual-hop link with FD relay

facilitate OP and SER analyses of GST for FD AF multi-relay cooperative-diversity

systems. Additionally, ergodic capacity of the considered system is also analyzed over

i.i.d. channels. Furthermore, SI effect on diversity order is revealed and all analytic

findings are verified via Manto-Carlo simulation technique. Also, as compared to single

relay case significant performance gains are achieved by RS and MRT, which have

close performance. Although MRT provides worse performance than RS, it does not

need searching and any feedback, thus keeps its performance in case of any feedback

error. Numerical results reveals that substantial reduction in SER can be reached by FD

transmission as compared to HD one for equal rates.

6.7. CDF and PDF Derivations of S −Ri −D Link

Using [55, eq. (B.1)], the CDF of the S −Ri −D link can be expressed as

FγSRiD(γth) = 1−
∫ ∞

0

∫ ∞

γth

(
1− FγSi (η)

)
fγDi (x)fγRi (y)dxdy (6.40)

where η = γth(x+1)(y+1)
x−γth . For Rayleigh fading channels, CDFs and PDFs of SNRs (γSi and

γDi) and INR (γRi) are

fγζi (x) = λζie
−λζix

Fγζi (x) = 1− e−λζix
(6.41)

where ζ ∈ {S,D,R}, λSi =
σ2
Ri

PSΩSi
, λDi =

σ2
D

PRiΩDi
, and λRi =

σ2
Ri

PRiΩRi
. Ωζis are the

variances of the corresponding channels, defined as ΩDi = (1 − df )
−α, ΩSi = d−αf ,

0 < df < 1, α is path loss factor, and df is the distance between the S and each

relay. For the sake of simplicity, we use df as if all the relays are approximately at the
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same point. We let ΩRi = κiP
ϑi−1
Ri

where 0 ≤ κi, ϑi ≤ 1. κi and ϑi are linear and

exponential attenuation/cancellation factors demonstrating dependence of SI variance on

the transmitted relay power [103–105].

Inserting (6.41) in (6.40) results in

FγSRiD(γth) = 1− λDiλRie
−(λDi+λSi)γth

λRi + λSiγth

∫ ∞

0


1−

λSiγth(γth+1)

λRi+λSiγth

z +
λSiγth(γth+1)

λRi+λSiγth




e−
λSi

γth(γth+1)
z

−λDizdz

(6.42)

The same result is derived in [122, eq. (15)] where the number of randomvariables in SINR

expression is reduced from three to two by defining an intermediate random variable. We

ignore the rational term inside the integral in (6.42), which means the integral stemming

from this term is omitted, use identity [65, eq. (3.324)] and then get

FγSRiD(γth) ≈ 1− 2λRi
√
λDiλSiγth (γth + 1)

λRi + λSiγth

e−(λDi+λSi)γthK1

(
2
√
λDiλSiγth (γth + 1)

)
,

(6.43)

where K1(x) is the first-order modified Bessel Function of the second kind [65, eq.

(8.407)], which is available in well known software programs such as MATHEMATICA

and MAPLE.

Derivative of (6.42) with respect to γth gives the PDF of γSRiD as in (6.44) and using

the same reasons as in the derivation of approximated FγSRiD(γth), fγSRiD(γth) reduces to

(6.45).

fγSRiD(γth) = λDiλRie
−(λDi+λSi)γth

∫ ∞

0

((λDi + λSi) z + λSi (2γth + 1))

λSiγth(γth + 1) + (λRi + λSiγth) z

e−
λSi

γth(γth+1)
z

−λDizdz

+λDiλRiλSie
−(λDi+λSi)γth

∫ ∞

0

z (2γth + z + 1) e−
λSi

γth(γth+1)
z

−λDiz

(λSiγth(γth + 1) + (λRi + λSiγth) z)
2dz

(6.44)

and

fγSRiD(γth) ≈
2λRi (λDi + λSi)

√
λDiλSiγth (γth + 1)

λRi + λSiγth
e−(λDi+λSi)γth

K1

(
2
√
λDiλSiγth (γth + 1)

)
+

2λSiλRi
√
λDiλSiγth (γth + 1)

(λRi + λSiγth)
2

e−(λDi+λSi)γthK1

(
2
√
λDiλSiγth (γth + 1)

)
.

(6.45)
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Considering the fact that as x→ 0+, e−x ≈ 1 and K1(x) ≈ 1
x
, asymptotic PDF and

CDF of γSRiD are obtained as

f∞
γSRiD

(γth) ≈
(λDi + λSi)λRi
λRi + λSiγth

+
λSiλRi

(λRi + λSiγth)
2

F∞
γSRiD

(γth) ≈ 1− λRi
λRi + λSiγth

. (6.46)

The SINR of the single branch in (6.4) can be rephrased as

γSRiD =
γDi

γSi
γRi+1

γDi +
γSi

γRi+1
+ 1

<
γDi

γSi
γRi+1

γDi +
γSi

γRi+1

=
1

1
γDi

+
γRi+1

γSi

. (6.47)

This representation means the γSRiD is upper bounded by a random variable, which is

harmonic mean of two other random variables. Approximating the PDF of a random

variable, which is expressed as a harmonic mean of exponential random variables, as an

exponential random variable is previously discussed in [1, eq. (46)] and thereafter, this

result is used in [48, 142]. Although the expression of γSRiD is not simply a harmonic

mean of exponential random variables, it is a bit more complicated, but we can still

assume that it can be approximated as an exponential random variable at high SINRs.

We focus on the high SINR region and the asymptotic PDF derived in (6.46) where

f∞
γSRiD

(0) =
(λDi+λSi)λRi+λSi

λRi
. Considering this equality with exponential approximation

assumption facilitates the problem since PDF of an exponential random variable can only

be characterized by its expected value, namely, by its value at zero. Moreover, we define

the right hand side of (6.47) as γupSRiD and its inverse is

1

γupSRiD
=

1

γDi
+

1

γSi
+
γRi
γSi

. (6.48)

On the other hand, it is well known that the expected value of inverse of an exponential

random variable γζi can be expressed as
∫∞
0
e−x/xdx
E[γζi ]

, where E[·] is expected value operator.
So, if we assume γupSRiD can be approximated as an exponential random variable, we should

haveE[1/γupSRiD] =
∫∞
0
e−x/xdx

E[γ
up
SRiD

]
=
∫∞
0
e−x/xdx
E[γDi ]

+
∫∞
0
e−x/xdx
E[γSi ]

+
∫∞
0
e−x/xdxE[γRi ]

E[γSi ]
. Therefore, we

get 1
E[γ

up
SRiD

]
= λDi+λSi+

λSi
λRi

. Using this fact together with equality 1
E[γ

up
SRiD

]
= f∞

γSRiD
(0),

the equivalent PDF and CDF of γSRiD can be approximated as

fEqγSRiD
(γth) = λEqie

−λEqiγth

FEq
γSRiD

(γth) = 1− e−λEqiγth
, (6.49)
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Figure 6.7: Exact and approximated PDF and CDF of a dual-hop link with FD relay.

where λEqi =
(λDi+λSi)λRi+λSi

λRi
≤ 1. Fig. 6.7 illustrates three different examples of this

approximation, where PS = PRi = PT/2 = 5, α = 0, σRi = σD = ΩSi = ΩDi = 1,

κ ∈ {0.1, 1}, and ϑ ∈ {0.21, 0.51, 0.71, 0.91}. The exact and approximated results

are produced by (6.42) and (6.44), and (6.49), respectively. It is shown that a value of

0.21 for ϑ can be reached after active analog SI cancellation and a value of 0.12 can be

obtained after a combined active analog and digital cancellation [103]. As the exponential

attenuation/cancellation factor ϑ increases, the success of our approximation decreases

but, especially at high SINRs, OPs are calculated at low γth values, where the match

between the exact and approximated CDF values is nearly excellent. Finally, usage of

small exponential attenuation/cancellation factorsϑ together with the small values of linear

attenuation/cancellation factors κ increases robustness of the proposed approximation

since contribution of SI on the SINR decreases.

110



7. RELAY SELECTION FOR NOMA BASED
COOPERATIVE NETWORKS OVER
NAKAGAMI-m FADES

7.1. Introduction

Effective resource utilization of the communication resources such as latency, power

and spectrum are essential and critical issues that should be handled out carefully. A

promising technique to satisfy massive connectivity, low latency, and high spectral

efficiency for the fifth generation (5G) and beyond networks is non-orthogonal multiple

access (NOMA), which also achieves higher user fairness [12–15, 143, 144]. In NOMA,

all resource blocks, i.e., non-orthogonal resources can be used by each user; therefore, as

compared to traditional orthogonal multiple access (OMA) techniques where available

resource blocks are occupied separately, spectrum efficiency is improved [143, 145].

Application of NOMA can be implemented in different domains such as code and power

domains or mixed of them [16], where superposed signals can be simultaneously received

(up-link NOMA) or transmitted (down-link NOMA). In code domain, a unique spreading

code is assigned to each user, similarly, a portion of the total power is assigned to each

user in power domain. Successive interference cancellation (SIC) is used to separate the

superposed signals. However, due to the limited processing power at the end users, power

domain NOMA seems to be the dominant choice and gain more attention in the literature:

Two different power allocation (PA) strategies, namely, assigning more power to the users

having poor channel conditions or allocating power in accordance with quality of service

(QoS) requirements, where PA factors may be independent of channel state information

(CSI) or not. Considering CSI during PA means always assigning more power to the user

facing worse fading, on the other hand, more power is assigned to a user with QoS priority

where CSI is not considered.

Cooperative NOMA is first introduced in [143] for a system consisting of

multiple-users and a base station (BS) over Rayleigh fading channels, where less power is

allocated to the users with better channel conditions. Each user applies SIC and decodes its

signal and thereafter, they share decoded signals via short range communication channels

to avoid use of extra time slots. Since cooperative relaying networks (CRN) extend

coverage area, consume less power, and improve reliability and security; their application

on NOMA based transmission systems over many fading environment and forwarding
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protocols, namely, amplify/decode-and-forward (AF/DF) protocols with both half-duplex

(HD) and full-duplex (FD) relays has been deeply investigated in terms of ergodic capacity

and outage probability (OP) with adaptive and fixed PAs [41–48, 146–159]. Contrary to

OMAbased systems [56,122], opportunistic relay selection (RS) is not possible for NOMA

based systems due to the fact that at least two users are served and a single selected relay

can not enhance reliability for all users. Therefore, other approaches such as sub-optimum

[45,47,152], buffer-aided [149], partial [46,153], and multi-level (two-stage) [41–43,48]

RS schemes are offered and analyzed. Sub-optimum selection strategies are based on

conventional max-min criterion, partial relay selection (PRS) strategies are based on

selecting a relay with the maximum channel gain between the source (BS) and relays, two

stage RS (TSRS) schemes are based on selecting a relay from a predetermined subset of

relays realizing an assigned condition such as priority of a user or sum of users’ data rates,

which has also been proposed for OMAbased physical layer security [38–40,160,161]. RS

in case of buffer-aided transmission is done in accordance with a number of predetermined

conditions where not only relay link between the BS and relay providing target data rate but

also transmission mode (NOMA, time-division-multiple-access) is also selected, which

only implements downlink NOMA in the second hop (between the selected relay and

users) [149]. Additionally, TSRS scheme with the condition that at least N relays should

be in the predetermined subset is known as N th best RS scheme [151]. Without loss of

generality, hereinafter, we use the term CRN to emphasize a cooperative relaying network

consisting of a BS, multiple-relays, and two end users (destinations).

In [47], a sub-optimum RS based on max-min criterion for a CRN with HD relays

is offered over non-selective Rayleigh fade but the implementation is like FD relaying

operation except that the selected relay is not used in the subsequent transmission but a

relay is selected from the remaining set, where all the relays keep receiving transmitted

signals of the BS during broadcasting time slot of the selected relay. Therefore, self

(loop)-interference (SI) effect is eliminated but inter-relay interference due to previously

selected relay is not taken into account and it is not possible to conceal out this

interference as in FD relaying. By implementing fixed PA policy and giving priority

to the far user, OP and ergodic sum rate are analyzed. The proposed selection method

outperforms existing HD RS schemes but due to FD operation, comparisons are not fair.

A comprehensive comparison with FD RS schemes will complete the analysis of proposed

RS method. Another, sub-optimum RS using max-min strategy is investigated for a

two-way transmission system consisting of two pairs of NOMA users exchanging data

via multiple relays by implementing the downlink and uplink NOMA protocols [152]. OP

112



performance is illustrated together with hardware impairments for fixed power factors and

slow Rayleigh fading environment, where DF relays are used.

Conventional max-min (sub-optimum) RS and TSRS schemes are introduced and

compared for a CRN over slow Rayleigh fading channels to select an HD DF relay

in [41]. In this work, users are not ordered by their CSI but rather categorized by QoS

requirements, i.e., fixed PA is used and priority is given to user 1. Firstly an HD subset

of relays guaranteeing user 1’s target data rate at all nodes (relay, user 1, and user 2) is

determined and thereafter, a relay maximizing data rate of user 2 is determined. OP is

analyzed and it is proven that offered TSRS scheme outperforms conventional max-min

RS scheme. A similar system is considered in [42] and a slightly different condition is

assigned to determine the subset of HD AF/DF relays: The set of relays realizing data

rate of both users at relays and user 1 are determined, i.e., subset of relays satisfies QoS

requirements of user 1 is detected and then, the best relay is selected out of this subset

to serve user 2, where realization of data rate of user 1 at user 2 is not ensured. The

results demonstrate that offered selection criterion has better performance as compared to

previous works. In [45], two TSRS strategies termed as two-stage weighted–max–min

(WMM) and max–weighted–harmonic–mean (MWHM), are proposed for cooperative

NOMA with fixed and adaptive PAs at the relays, respectively. Since NOMA is only

applied in the second hop, in the first hop a coded message including data of both users

is transmitted so no need of SIC at the relay, relay-subset is determined based on the

relays achieving sum data rate of two users. The results demonstrate that the proposed RS

schemes outperform the existing TSRS schemes. OP of another different TSRS strategy

is studied in [154], where PAs are dynamically done in accordance with poorness of CSI,

i.e., more power is allocated to the poor link between the relay and users. Relay subset is

determined by taking the sum of data rates as a threshold, where a relay is in the selected

subset if its capacity is larger than or equal to sum of the data rates but additionally, QoS

priority for user 1 is also ensured. Similar to the work in [45], the considered CRN

has multiple HD DF relays and the BS transmitting a superposed signal produced by

Gray mapping based joint-modulation [162] so that both users’ messages can be decoded

simultaneously without the complicated SIC. Besides, such a coding strategy also leads

to lower OP than superposition coding at the relays. Furthermore, nearly the same TSRS

scheme is simultaneously investigated in spatially random CRN over non-selective block

Rayleigh fading with fixed PAs and QoS requirement for user 1 and the same condition is

applied to determine relay subset in [43,48] except that work in [43] considers DF HD/FD

relays but that of [48] focuses on DF/AF HD relays. A critical issue that should be pointed

113



out is the dilemma of zero/non-zero diversity order between these two works; non-zero

diversity order for HD transmission is claimed in the former one but zero-diversity order

is in the later one. In the context of this work, the reason for that dilemma is also clarified.

Finally, physical-layer security based onNOMAprotocol is also deeply examined as OMA

counterpart based on TSRS schemes in [155–159].

In this chapter, two different relay selection schemes, namely, single-stage relay

selection (SSRS) and TSRS strategies in accordance with service quality priority are

applied to a system consisting of two sources and two users (destinations) over independent

non-identically distributed (i.n.i.d.) slow Nakagami-m fading channels. A single relay

using DF is selected out of a set of FD/HD multiple relays in accordance with the quality

of service criterion, where first user is assumed to have service priority. Both perfect SIC

(pSIC) and imperfect SIC (ipSIC) situations are considered. For practical approaches, it is

reasonable and more comprehensive to investigate such systems over Nakagami-m fading

channel since it covers many fading environments such as Rayleigh and Rician. Moreover,

pSIC is difficult to achieve in practical applications, i.e., not possible in reality, therefore,

ipSIC should be analyzed to shed light on such communication systems.

7.1.1. Contributions

The main contributions of this chapter can be summarized as follows:

• Exact and asymptotic OP expressions for both RS strategies, namely, SSRS for the

user 1 and TSRS for the user 2 are derived over i.n.i.d. slow Nakagami-m fading

channels with not only pSIC but also ipSIC, and their validity is verified via Monte

Carlo simulation technique. Unlike existing works, our expressions are unique and

valid for all cases such as FD and HD together with pSIC and ipSIC, i.e., expressions

are not given separately but in a single compact form.

• At the high signal-to-noise (SNR), asymptotic expression of SSRS explicitly reveals

that throughput is almost not affected by PA factors at the selected relay and

characteristics (shaping and scaling factors) of the channels among the selected relay

and the two end users. However, it is dominated by PA factors at the sources and

characteristics of the channels among the sources and selected relay and that of SI

channel for FD transmission. For TSRS scheme, previously mentioned deductions

are also valid for pSIC case but characteristics of the channel between the selected

relay and user 2 and ipSIC at user 2 become effective on throughput when ipSIC

114



takes place. Additionally, characteristics of ipSIC at the selected relay are also other

substantial factors dominating throughput at the high SNR.

• Optimum relay location for many scenarios consisting of different PA factors, data

rates, SIs for FD transmission, total transmitted powers, and ipSIC at the relays /

user 2 are handled out and illustrated. The results demonstrate that relay location

changes toward to the second source for FD transmission to eliminate SI effect and

toward to the first source for HD transmission to eliminate SIC effect.

• Modeling of SI variance as κlP ϑl−1
Ri

, where κl and ϑl are linear and exponential

cancellation/attenuation factors depicting dependence of SI on the transmitted

power, PRi , from each relay and both vary between 0 and 1, allows to individually

investigate effect of SIC, SI, and ipSIC on error floors.

• At high SNR regions, signal-to-interference-plus-noise ratios (SINRs) approach

constant values, in turn, error floors, i.e., equal probabilities occur for the

communication systems using NOMA or FD protocol where SI power is only

linearly dependent on transmitted power. Therefore, dividing logarithm of the error

(OP or symbol error rate (SER)) by logarithm of transmitted power or SNR and

then letting power or SNR approach to infinity causes limit of this ratio to be zero,

which is commonly accepted as zero-diversity order. Actually, treating the slope

of log− log plot as diversity order is a common myth based on the work of Wang

and Giannakis, where even no diversity technique is used, slope of log− log plot is

considered as diversity order for Nakagami-m fade [82, eq. (6)]. The diversity order

is the number of independent paths between the source and destination, i.e., number

of independent scaled copies of a transmitted signal arriving to the destination but

not the slope of the log− log plot which is just only valid over Rayleigh fading

channels for HD/FD transmission over Rayleigh fading channels, where SI variance

dependence on transmitted power is assumed to be exponentially. But this approach

is not suitable to determine diversity order of HD analysis of this work. To be

more precise, a robust and comprehensive solution has already been offered but

does not attract attention in recent researches, especially on those of FD and NOMA

based transmission systems [163, eq. (1)], where diversity order is determined by

comparing probabilities for the system with a diversity technique and that without

any diversity technique. It is worth noting that diversity order and independent

number of channels are not always corresponding to each other [164].

The remainder of this chapter is organized as follows. In Section 7.2, details of

system model are provided. RS criteria are provided in Section 7.3. Section 7.4 includes
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derivations of approximated and asymptotic OP. Numerical results are detailed in Section

7.5. Finally, we conclude our work in Section 7.6.

7.2. System Model

We consider a multiple relay system with two sources and two users as depicted

in Fig. 7.1. Due to deep fading and shadowing, no direct link is assumed among the

sources (S1 ve S2) and users (D1 ve D2) and the communication is conducted via L

FD/HD multi-relays with DF protocol. The information signals are assumed to have unit

energy. A relay is selected to provide service quality priority for the user 1, D1. The

transmission from the sources to the selected relay and from the selected relay to the

users is done via uplink and downlink NOMA, respectively. Without loss of generality,

relays are assumed to be clustered such that they are at the origin of the cartesian system

and have equal distance to each node. Position of each node, the sources and users is

represented as (xj, yj), j ∈ {S1, S2, D1, D2} with respect to this origin. To investigate the
best relay location, the assumed origin is kept fixed and positions of relays are denoted

as
(
xRi , yRi

)
=
(
r cos(θ), r sin(θ)

)
. Whereby, distance between the node j and relays

is djRi =
√

(xj − r cos(θ))2 + (yj − r sin(θ))2. As in [165], the sources are assumed to
collaborate for PA. The PA coefficients at the S1 and S2 are represented as a1 and a2,

where a1 + a2 = 1 and a1 > a2. Similarly, after DF process at the selected relay, detected

signals are weighted in accordance with the service quality priority by PA coefficients a3
and a4, where a3 + a4 = 1 and a3 > a4. The relays are equipped with one transmit and

one receive antennas. All channel gains are assumed to have Nakagami-m distribution.

Therefore, square amplitudes of channel gains are Gamma distributed. The channel gains

of the links S1—ith relay, S2—ith relay, ith relay—D1, ith relay—D2, ipSIC at the ith

relay, ipSIC at theD2, and SI are gSi , hSi , gRi1 , hRi2 , g̃Si , h̃Ri2 and hRiRi , respectively. The

shape and scale parameters of the stated links are (mS1i
,ΩS1i

= Ω0
S1i
d−αS1Ri

), (mS2i
,ΩS2i

=

Ω0
S2i
d−αS2Ri

), (mD1i
,ΩD1i

= Ω0
D1i
d−αRiD1

), (mD2i
,ΩD2i

= Ω0
D2i
d−αRiD2

), (m̃Ri , 1), (m̃D2i
, 1),

and (mRiRi ,ΩRiRiκlP
ϑl−1
Ri

), respectively, where α is path loss exponent. Terms with

superscript 0 in the definition of scale parameters represent values where distances among

nodes are not considered or taken to be 1. Total power at the sources and ith relay are PS
and PRi , respectively.

The received signal at the ith relay, by omitting time indexing for the sake of the

simplicity, is
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Figure 7.1: Multi-relay system.

YRi =
√
a1PSgSix1 +

√
a2PShSix2 +ϖihRiRixRi + nRi , (7.1)

where xRi =
√
a3PRix̂1 +

√
a4PRix̂2, x̂1 and x̂2 are previously decoded signals by SIC

process. ϖi is 0 for HD and 1 for FD transmission. nRi is the additive Gaussian noise at

the relay i. Decoded signals are weighted in accordance with the service quality priority

and retransmitted. SINR related to the signal of the first source at the ith relay is

γRiD1
=

a1ρSi |gSi |2
a2ρSi |hSi |2 +ϖiρRi |hRiRi |2 + 1

, (7.2)

where ρSi =
PS
σ2
Ri

, ρRi =
PRi
σ2
Ri

, and σ2
Ri

is the variance of the additive Gaussian noise at the

relay i. Absolute value operator is represented by | · |. SINR related to the signal of the

second source at the ith relay is

γRiD2
=

a2ρSi |hSi |2
a1ϵRiρSi |g̃Si |2 +ϖρRi |hRiRi |2 + 1

, (7.3)

where ϵRi models the amount of the ipSIC at the ith relay and 0 ≤ ϵRi ≤ 1.

The received signals at the destinations are

YD1 =
√
a3PRigRi1x̂1 +

√
a4PRigRi1x̂2 + nD1 (7.4)
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and

YD2 =
√
a3PRihRi2x̂1 +

√
a4PRihRi2x̂2 + nD2 . (7.5)

nD1 and nD2 are the additive Gaussian noise at the destinations. The SINR related to the

first source at the user 1 is

γD1
D1i

=
a3ρD1i

|gRi1|2
a4ρD1i

|gRi1|2 + 1
, (7.6)

where ρD1i
=

PRi
σ2
D1

and σ2
D1

is the noise variance at the user 1. Similarly, SINR related to

the the first source at the user 2 is

γD2
D1i

=
a3ρD2i

|hRi2|2
a4ρD2i

|hRi2 |2 + 1
, (7.7)

and SINR related to the second source at user 2 is

γD2
D2i

=
a4ρD2i

|hRi2|2
a3ϵD2ρD2i

|h̃Ri2|2 + 1
. (7.8)

ρD2i
=

PRi
σ2
D2

, σ2
D2

is the variance of the noise at the user 2, ϵD2 models the amount of the

ipSIC at the user 2 and 0 ≤ ϵD2 ≤ 1.

7.3. Relay Selection

RS is carried out in two different methods, namely SSRS and TSRS, as offered in

[43].

SSRS is done by maximizing data rate of user 1 at the relay i and two users:

iS = argmax
i
{min{log(1 + γRiD1

), log(1 + γD1
D1i

), log(1 + γD2
D1i

)}, i ∈ {1, · · · , L}}. (7.9)

TSRS firstly determines a set of relays ensuring service quality for user 1 and then selecting

a relaymaximizing data rate of user 2. So the set of relays providing service quality priority

condition is determined as follows:

KR = {log(1 + γRiD1
) ≥ RD1 , log(1 + γD1

D1i
) ≥ RD1 , log(1 + γD2

D1i
) ≥ RD1},

i ∈ {1, · · · , L}}.
(7.10)
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RD1 is the data rate of the D1. Then, the relay maximizing data rate of D2 is found as

iT = argmax
i
{min{log(1 + γRiD2

), log(1 + γD2
D2i

)}, i ∈ KR}. (7.11)

Since a decision is made on selected relay in (7.9), (7.10), and (7.11), the prefactor 1/2,

which does not have any impact on the selected relay, is omitted for HD transmission.

7.4. Outage Probability Analysis

OP of both selection strategies is given in this section.

7.4.1. Outage Probability of Single Stage Relay Selection

The OP of SSRS is (Please refer to Appendix A)

PSSRS(γth1) = Pr(min{γRiSD1
, γD1

D1iS
, γD2

D1iS
} < γth1)

=

L∏

i=1

(
1− Pr(Ri ∈ KR)

)
,

(7.12)

where γth1 = 22RD1 − 1 for HD and γth1 = 2RD1 − 1 for FD. KR represents the set of

relays providing service quality priority expressed in (7.10), a relay in that set satisfies

min{γRiD1
, γD1

D1i
, γD2

D1i
} > γth1 which is expressed as Ri ∈ KR. Then, Pr(Ri ∈ KR) is

PRi∈KR(γth1) =

Γ

(
mD1i

,
mD1i

γth1
ΩD1i

ρD1i
(a3−γth1a4)

)
Γ

(
mD2i

,
mD2i

γth1
ΩD2i

ρD2i
(a3−γth1a4)

)

Γ(mD1i
)Γ(mD2i

)
e
−

mS1i
γth1

a1ρS1i
ΩS1i

mS1i−1∑

p1=0

p1∑

p2=0

p2∑

p3=0

[{(
mS1i

γth1
a1ΩS1i

)p1(a2ΩS2i

mS2i

)p3(p1
p2

)(
p2
p3

)
Γ(p3 +mS2i

)

Γ(p2 − p3 +mRi)

(
ϖiρRiΩRiRi

mRi

)p2−p3}/{
Γ(mS2i

)Γ(mRi)Γ(p1 + 1)

(
1 +

mS1i
γth1a2ΩS2i

mS2i
a1mS1i

)mS2i+p3(
1 +

mS1i
γth1ϖiρRiΩRiRi

mRia1ρSiΩS1i

)mRi+p2−p3
(ρSi)

p1−p3
}]

.

(7.13)

At high SNRs, i.e, at high ρD1i
, ρD2i

, and ρSi , asymptotic OP expression can be

derived from (7.13) by considering the following facts:
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• As x → 0, e−x → 1 and γ(m,x) → xm. Small x values correspond to the high

SNRs cases.

• At high SNRs, (1/ρSi)
p1−p3 → 0. Therefore, the only terms survive in the

summations of (7.13) are the ones where p1 = p3, in turn, this equality means

p1 = p2 = p3.

• To observe effect of SI on OP at high SNRs, the term
(
1 +

mS1iγth1ϖiρRiΩRiRi
mRia1ρSiΩS1i

)mRi

is not canceled out, which approaches to zero since SI variance is assumed to be not

only linearly but also exponentially dependent on the transmitted power of the relay.

Then, the asymptotic OP expression is obtained as

P∞
SSRS(γth1) =

L∏

i=1

[
1−

( mD1i
γth1

ΩD1i
ρD1i

(a3−γth1a4)
)mD1i

Γ(mD1i
)

)(
1−

( mD2i
γth1

ΩD2i
ρD2i

(a3−γth1a4)
)mD2i

Γ(mD2i
)

)

mS1i−1∑

p1=0

[{(
p1 +mS1i

− 1

p1

)(
mS1i

γth1a2ΩS2i

mS2i
a1ΩS1i

+mS1i
γth1a2ΩS2i

)p1}/

{(
1 +

mS1i
γth1a2ΩS2i

mS2i
a1ΩS1i

)mS2i(
1 +

mS1i
γth1ϖiρRiΩRiRi

mRia1ρSiΩS1i

)mRi}]]

.

(7.14)

Asymptotic expression reveals that at high SNRs, the parameters dominating OP are

SI channel parameters (shape and scale (variance) parameters), PA factors at the sources,

and fading channel parameters between the sources and the relays. On the other hand, PA

factors at the relays and the channel parameters between the relays and destinations are

only effective at the low SNRs.

7.4.2. Outage Probability of Two Stage Relay Selection

For TSRS, outage occurs in two cases, namely, whenKR is an empty set or not, i.e.,

there is at least one relay satisfying condition given in (7.10) but mathematically no need

to treat these states separately. For any data rate of the second user, RD2 , the OP of TSRS

is calculated as
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PTSRS(γth1 , γth2) =

L∑

l=0

Pr(min(γD2
D2iT

, γ
RiT
D2

) < γth2 , |KR| = l)

=

L∑

l=0

l∏

j=1
Ri∈KR

(
1− Pϕ(γth1 , γth2)

)(
L

l

) L−l∏

j=1
Ri /∈KR

(
1− Pr(Ri ∈ KR)

)

l∏

j=1
Ri∈KR

(
Pr(Ri ∈ KR)

)

.

(7.15)

The SINR threshold, γth2 , for HD and FD transmissions are γth2 = 22RD2 − 1 and

γth2 = 2RD2 − 1, respectively. The |KR| is the cardinality of KR. Pϕ(γth1 , γth2) =

Pr(min(γD2
D2i
, γRiD2

) > γth2/min{γRiD1
, γD1

D1i
, γD2

D1i
} > γth1) and it can be reformulated by

considering the Bayes theorem as

Pϕ(γth1 , γth2) =
Pϕ1 (γth1 ,γth2 )Pϕ2 (γth1 ,γth2 )Pϕ3 (γth1 ,γth2 )

PRi∈KR (γth1 )
, (7.16)

where Pϕ1(γth1 , γth2), Pϕ2(γth1 , γth2), and Pϕ3(γth1 , γth2) are defined as in (7.36) and their

closed form expressions are given in (7.17), (7.18), and (7.19), respectively (Please refer

to Appendix B).

Pϕ1(γth1 , γth2) = 1−
γ

(
mD2i,

mD2iUmax
ΩD2i

)

Γ(mD2i
)

−

(
mD2i

γth2a3ϵD2i

a4m̃D2i
ΩD2i

)mD2i

e
m̃D2i

a3ϵD2i
ρD2i

Γ(mD2i
)

(
1 +

mD2i
γth2a3ϵD2i

a4m̃D2i
ΩD2i

)mD2i

m̃D2i
−1∑

p1=0

p1∑

p2=0

[ (
p1
p2

)
Γ

(
p2 +mD2i

,
(mD2i

ΩD2i
+

a4m̃D2i

γth2a3ϵD2i

)
Umax

)

Γ(p1 + 1)(−ρD2i
)p1−p2

(a3ϵD2i

m̃D2i

)p1−p2
(
1 +

mD2i
γth2a3ϵD2i

a4m̃D2i
ΩD2i

)p2
]
,

(7.17)

where Umax = max
(

γth2
ρD2i

a4
,

γth1
ρD2i

(a3−γth1a4)

)
.

Pϕ2(γth1 , γth2) = 1−
γ

(
mD1i

,
mD1i

γth1
ρD1i

ΩD1i
(a3−γth1a4)

)

Γ(mD1i
)

, (7.18)

where γth1 ≤ a3
a4
, otherwise Pϕ2(γth1 , γth2) = 0.
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Pϕ3(γth1 , γth2) =

(mS1i−1,q1,q2)∑

(q1,q2,q3)=
−→
0

(q3+mS2i−1,k1,k2)∑

(k1,k2,k3)=
−→
0

[
ΦIΦIIΦIII

(ϖiρRiΩRiRi
mRi

)k2+q2−k3−q3
(
ρSi
)k1+q1−k3−q3

]

e
−
γth2

mS2ia1ΩS1i
+(γth2

+1)mS1i
γth1

a2ΩS2i
a1a2ρSi

ΩS1i
ΩS2i ,

(7.19)

where
∑(mS1i−1,q1,q2)

(q1,q2,q3)=
−→
0

∑(q3+mS2i−1,k1,k2)

(k1,k2,k3)=
−→
0

=
∑mS1i−1

q1=0

∑q1
q2=0

∑q2
q3=0

∑q3+mS2i−1

k1=0
∑k1

k2=0

∑k2
k3=0.

−→
0 is a three dimensional zero vector and ΦI , ΦII , and ΦIII in expression

of Pϕ3(γth1 , γth2) are

ΦI =

(
k1
k2

)(
k2
k3

)(
q1
q2

)(
q2
q3

)
Γ(k3 + m̃Ri)Γ(k2 + q2 +mRi − k3 − q3)Γ(q3 +mS2i

)

Γ(mS2i
)Γ(mRi)Γ(m̃Ri)Γ(k1 + 1)Γ(q1 + 1)

(mS1i
γth1

a1ΩS1i

)q1
(
a2ΩS2i

mS2i

)q3−k1(a1ϵRi
m̃Ri

)k3
(γth2)

k1

ΦII =
1

(
1 +

mS1iγth1a2ΩS2i
mS2ia1ΩS1i

)q3+mS2i−k1(
1 +

γth2 (mS2ia1ΩS1i+mS1iγth1a2ΩS2i )

m̃Ria2ΩS1iΩS2i
ϵRi

)k3+m̃Ri

ΦIII =
1

(
1 +

(
mS2ia1ΩS1iγth2+(γth2+1)mS1iγth1a2ΩS2i

mRia1a2ΩS1iΩS2i

)
ϖiρRiΩRiRi

ρSi

)k2+q2+mRi−k3−q3

(7.20)

The closed form of Pr(Ri ∈ KR) is obtained in the derivation of PSSRS(γth1), as given in

(7.13).

Using the same approach as in derivation ofP∞
SSRS(γth1), asymptotic expressions for

Pϕ1(γth1 , γth2), Pϕ2(γth1 , γth2), Pϕ3(γth1 , γth2), and P∞
Ri∈KR(γth1) are derived as follows

P∞
ϕ1
(γth1 , γth2) = 1−

m̃D2i
−1∑

p1=0

[ Γ
(
p1 +mD2i

)(mD2i
γth2a3ϵD2i

a4m̃D2i
ΩD2i

)mD2i

Γ(p1 + 1)Γ(mD2i
)

(
1 +

mD2i
γth2a3ϵD2i

a4m̃D2i
ΩD2i

)mD2i
+p2

]
, (7.21)

P∞
ϕ2
(γth1 , γth2) = 1− 1

Γ(mD1i
+ 1)

(
mD1i

γth1
ρD1i

ΩD1i
(a3 − γth1a4)

)mD1i

, (7.22)
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P∞
ϕ3
(γth1 , γth2) =

mS1i−1∑

q1=0

q1+mS1i−1∑

k1=0

[{
Γ(m̃Ri + k1)Γ(mS2i

+ q1)

(
mS2i

a2ΩS2i

)k1−q1

(
mS1i

γth1
a1ΩS1i

)q1(γth2a1ϵRi
m̃Ri

)k1}/{
Γ(mS2i

)Γ(m̃Ri)Γ(k1 + 1)Γ(q1 + 1)

(
1 +

(
mS2i

a1ΩS1i
γth2 + (γth2 + 1)mS1i

γth1a2ΩS2i

mRia1a2ΩS1i
ΩS2i

)
ϖiρRiΩRiRi

ρSi

)mRi

(
1 +

γth2(mS2i
a1ΩS1i

+mS1i
γth1a2ΩS2i

)

m̃Ria2ΩS1i
ΩS2i

ϵRi

)m̃Ri+k1

(
1 +

mS1i
γth1a2ΩS2i

mS2i
a1ΩS1i

)mS2i+q1−k1}]
,

(7.23)

and

P∞
Ri∈KR(γth1) =

(
1−

(
mD1i

γth1
ΩD1i

ρD1i
(a3−γth1a4)

)mD1i

Γ(mD1i
)

)(
1−

(
mD2i

γth1
ΩD2i

ρD2i
(a3−γth1a4)

)mD2i

Γ(mD2i
)

)

mS1i−1∑

p1=0

[{(
p1 +mS1i

− 1

p1

)(
mS1i

γth1a2ΩS2i

mS2i
a1ΩS1i

+mS1i
γth1a2ΩS2i

)p1}/

{(
1 +

mS1i
γth1a2ΩS2i

mS2i
a1ΩS1i

)mS2i(
1 +

mS1i
γth1ϖiρRiΩRiRi

mRia1ρSiΩS1i

)mRi}]
.

(7.24)

Consequently, the asymptotic expression of PTSRS(γth1 , γth2) is

P∞
TSRS(γth1 , γth2) =

L∑

l=0

l∏

j=1
Ri∈KR

(
1− P∞

ϕ (γth1 , γth2)

)(
L

l

) L−l∏

j=1
Ri /∈KR

(
1− P∞

Ri∈KR(γth1)

)

l∏

j=1
Ri∈KR

(
P∞
Ri∈KR(γth1)

)
,

(7.25)

where P∞
ϕ (γth1 , γth2) = P∞

ϕ1
(γth1 , γth2)P

∞
ϕ2
(γth1 , γth2)P

∞
ϕ3
(γth1 , γth2)/P

∞
Ri∈KR(γth1).

For pSIC and HD schemes, numerical results can be obtained from the above

equations. Although 1/0 takes place in (7.17) can be eliminated by using limit functions

in software programs such as MATHEMATICA and MAPLE, we provide its pSIC

counterpart as in (7.26). Simplification of other equations for pSIC and HD cases are

straightforward and actually they can be reached by cancellation of the terms including

ϵRi , ϵD2i
, and ϖi.
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P pSIC
ϕ1

(γth1 , γth2) = Pr

(
|hRi2|2 >

γth1
a3ρD2i

− a4ρD2i
γth1

)

= 1−
γ

(
mD2i,

mD2iUmax
ΩD2i

)

Γ(mD2i
)

(7.26)

7.5. Numerical Results

In this section, numerical results for OP are provided to validate the derived

expressions. It is assumed that PT = 2PS = 2PRi and σ2 = σ2
Ri

= σ2
D1

= σ2
D2

= 1.

The path loss exponent, representing urban environment, is taken to be 3. The curves are

plotted versus PT/σ2.

Fig. 7.2 verifies correctness of exact and asymptotic expressions of OP for SSRS

strategy over Rayleigh fading environment, namely, (7.12) and (7.14). PAs are chosen as

a1 = a3 = 0.75 ve a2 = a4 = 0.25. In meanwhile variances of channel gains are set

to 1, and data rates are RD1 = 0.1 bit per channel use (BPCU) and RD2 = 1 BPCU. SI

cancellation factors are chosen as (κl, ϑl) ∈ {(1, 0.2), (1, 0.5)}. Simulation and analytical
results coincide in excellent way for both FD and HD transmissions and FD transmission

provides better performance in case of sufficient SI cancellation. Effect of SI is also

illustrated, however, as SNR (PT/σ2) increases the same error floor is reached due to SIC

Figure 7.2: Exact, asymptotic, and simulation OPs of SSRS over Rayleigh fading
channels.
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Figure 7.3: Exact, asymptotic, and simulation OPs of SSRS over Nakagami-m fading
channels.

effect which dominates performance even if there are different SI powers. Furthermore,

as number of relays increases OP decreases, i.e., substantial gain is attained. As PT/σ2

goes to infinity SINRs approach constant values, therefore, error floors occur. But error

floor reduces as total number of relays increases, i.e., diversity order demonstrates its

effect on the OP. In error floor region diversity order is not zero but due to the constant

SINR values even if PT/σ2 increases, they attain fixed value and this results in error floor.

Unlike HD systems where OP or SERs are proportional to the transmitted power, in turn

SNR, as it goes to infinity, in the systems where FD or NOMA transmission is assumed,

error probabilities are proportional to a constant value. For example, in FD transmission,

error floor takes place if SI power is only linearly dependent on the transmitted power,

which causes a fixed SINR value as PT/σ2 reaches infinity. However, no error floor is

observed if SI power also exponentially depends on transmitted power as illustrated in this

work. Actually, linearly or exponentially dependence of SI power is not the reason for zero

or non-zero diversity order. Misinterpretation of diversity order as slope of log-log plot

causes this undesired situation although diversity order is the number of independent paths

from the source to the destination.

In Fig. 7.3, validity of exact and asymptotic expressions given in (7.12) and (7.14)

for Nakagami-m fading channels for FD transmission is investigated, where all shaping

parameters are set to 2 and scaling parameters (variances) are set to 1, thereby, distances

are also equal to 1. Results are demonstrated for different PAs (a1 ∈ {0.55, 0.75} &

125



Figure 7.4: Exact, asymptotic, and simulation OPs of TSRS over Rayleigh fading
channels.

a3 ∈ {0.55, 0.75}) and data rates of user 1, RD1 ∈ {0.5, 0.7}. The data rate of user 2 is
set to RD2 = 1, total number of relays is L = 4, and SI cancellation factors are chosen

as (κl, ϑl) = (1, 0.2). The overlap of the simulation and exact results is excellent and

asymptotic ones follow them. Error floor of two lower curves is the same even different

powers are assigned to the user 1 at the relays. This result is not surprising since power

allocation at the sources but not at the relays is effective on error floor, which is obvious

as can be observed from (7.14).

Fig. 7.4 demonstrates results of OP for TSRS over Rayleigh fading environment for

both HD and FD transmissions, where all parameter settings are the same as in Fig. 7.2.

Additionally, to illustrate effect of ipSIC on performance, two schemes for bothHD and FD

protocols are considered where ϵRi = ϵD2i
= 0.05 for L = 2. For the sake of figure clarity,

asymptotic curves are only provided for L = 3. Exact and asymptotic curves are derived

from (7.15) and (7.25), respectively. Exact and simulation results perfectly coincide with

each other. Asymptotic curves excellently overlap with exact and simulation curves in

error floors. All deductions in Fig. 7.2 for SSRS are also valid for TSRS. Unlike SSRS,

SI is more effective where worse performance can be attained in case of insufficient SI

cancellation. Imperfect SIC at the relay and destination has nearly the same effect and it

reduces performance strictly.

Fig. 7.5 verifies correctness of the OP expression of TSRS for different shape/scale

factors and also for imperfect SIC cases. Error floor happens due to SIC, imperfect SIC,

126



Figure 7.5: Exact, asymptotic, and simulation OPs of TSRS over Nakagami-m fading
channels.

and insufficient SI cancellation. The shape and scale parameters are chosen as (mS1i
=

2,ΩS1i
= 1.55), (mS2i

= 3,ΩS2i
= 1.7), (mD1i

= 1.75,ΩD1i
= 1.3), (mD2i

= 1.5,ΩD2i
=

1.6), (m̃Ri = 2, 1), (m̃D2i
= 2, 1), and (mRiRi = 1.25,ΩRiRi = P 0.2

Ri
). Data rates are

RD1 = 0.2 BPCU and RD2 = 1 BPCU. Total number of relays is L = 3 and ipSIC

parameters are ϵD2i
= ϵRi = 0.01. PA parameters are a1 = a3 = 0.75. Overlapping

of exact and simulation results reveals validity of OP expressions for non-integer shaping

parameters, namely, mD1i
, mD2i

, m̃Ri , and mRiRi , whereas other three ones are assumed

to be integers. Although ipSIC parameters are set to a small value, %1, their effect on

performance is enormous. The OP becomes about 9 times of the former value for both

HD and FD transmission, at a PT/σ2 value of 40 dB.

Tables 7.1, 7.2, 7.3, 7.4 together with Fig. 7.6 and 7.7 illustrate different schemes

of TSRS over Nakagami-m fading channels for optimum relay locations. All shape

factors are set to 2 and scaling factors (variances) are assumed only characterized by relay

location and path loss exponent, α. The nodes S1, S2, D1, and D2 are assumed to be

located at the points (xS1 , yS1) = (−6, 6), (xS2 , yS2) = (−6,−6), (xD1 , yD1) = (6,−6),
and (xD2 , yD2) = (6, 6), respectively, which corresponds to the case of equal distances

among the relays and nodes. As assumed, the relays are clustered and located at the

origin, thereafter, different schemes are assigned and related optimum relay locations

are obtained. The relay’s location is set to
(
xRl , yRl

)
=
(
r cos(θ), r sin(θ)

)
where r =

n×6/64, n := 0 : 1 : 63 and θ = p×6.28/64, p := 0 : 1 : 63. All coordinates are inmeters
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Table 7.1: Optimum relay location of FD transmission for TSRS.

PT /σ
2

(dB) a1 a3 (κl, ϑl) (ϵRl
, ϵD2l

) (RDl
, RD2 ) (xRl

, yRl
) OPmin

50 0.55 0.75 (1, 0.31) (0, 0) (0.1, 1) (0.000, 000) 3.69× 10−2

50 0.75 0.55 (1, 0.31) (0, 0) (0.1, 1) (0.000, 000) 1.74× 10−1

50 0.75 0.75 (1, 0.31) (0, 0) (0.1, 1) (0.000, 000) 1.75× 10−1

50 0.55 0.75 (1, 0.31) (0, 0) (0.1, 1) (-4.415, -0.870) 6.27× 10−4

50 0.75 0.55 (1, 0.31) (0, 0) (0.1, 1) (-5.386, -1.623) 3.70× 10−4

50 0.75 0.75 (1, 0.31) (0, 0) (0.1, 1) (-4.421, -1.822) 9.10× 10−4

50 0.75 0.75 (1, 0.31) (0, 0) (0.3, 1) (-4.875, -0.961) 6.58× 10−3

50 0.75 0.75 (1, 0.31) (0, 0) (0.1, 2) (-4.421, -2.246) 8.52× 10−2

50 0.75 0.75 (1, 0.51) (0, 0) (0.1, 1) (-5.048, -2.687) 2.19× 10−2

60 0.75 0.75 (1, 0.31) (0, 0) (0.1, 1) (-5.879, -0.569) 1.70× 10−7

50 0.75 0.75 (1, 0.31) (10−4, 10−4) (0.1, 1) (-2.732, -1.818) 5.38× 10−2

and first three rows are not optimum relay locations but provided for comparison. Table

Table 7.2: Optimum distances of FD transmission for TSRS.

dS1Rl
dS2Rl

dD1Rl
dD2Rl

OPmin
8.485 8.485 8.485 8.485 3.69× 10−2

8.485 8.485 8.485 8.485 1.74× 10−1

8.485 8.485 8.485 8.485 1.75× 10−1

7.050 5.369 11.610 12.477 6.27× 10−4

7.648 4.420 12.198 13.702 3.70× 10−4

7.980 4.466 11.227 13.030 9.10× 10−4

7.051 5.163 11.986 12.912 6.58× 10−3

8.396 4.073 11.077 13.289 8.52× 10−2

8.739 3.447 11.534 14.054 2.19× 10−2

6.570 5.432 13.062 13.574 1.70× 10−7

8.474 5.307 9.682 11.720 5.38× 10−2

Table 7.3: Optimum relay location of HD transmission for TSRS.

PT /σ
2

(dB) a1 a3 (ϵRl
, ϵD2l

) (RDl
, RD2

) (xRl
, yRl

) OPmin

50 0.55 0.75 (0, 0) (0.1, 1) (0.000, 000) 4.02× 10−5

50 0.75 0.55 (0, 0) (0.1, 1) (0.000, 000) 8.37× 10−6

50 0.75 0.75 (0, 0) (0.1, 1) (0.000, 000) 3.39× 10−5

50 0.55 0.75 (0, 0) (0.1, 1) (-0.191, 1.959) 5.89× 10−6

50 0.75 0.55 (0, 0) (0.1, 1) (-1.379, 0.276) 4.91× 10−6

50 0.75 0.75 (0, 0) (0.1, 1) (-0.312, 0.468) 3.13× 10−5

50 0.75 0.75 (0, 0) (0.3, 1) (-1.247, 1.523) 7.48× 10−5

50 0.75 0.75 (0, 0) (0.1, 2) (-0.052, 0.078) 2.13× 10−1

55 0.75 0.75 (0, 0) (0.1, 1) (-1.188, 1.451) 1.24× 10−8

50 0.75 0.75 (10−4, 10−4) (0.1, 1) (-0.036, 0.087) 1.45× 10−1

7.2 includes distances among each node and relays for the schemes provided in Table 7.1

for FD transmission. Similarly, Table 7.4 includes distances corresponding to the schemes

provided in Table 7.3 for HD transmission. For FD transmission, all optimum locations fall

in the third quarter of the cartesian system, i.e. relays move towards the second source,

on the other hand, those of HD transmission are located in the second quarter and their

changes with respect to origin are not as hard as that of FD. This interesting finding is due
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Figure 7.6: Optimum relay locations of FD transmission.

to SI effect which governs the best relay location of the FD transmission. Unequal power

allocations at the sources and the relays result in better performance than equal allocations

for both FD and HD protocols. Increasing total transmitted power in FD transmission

moves the best relay location towards the middle of the sources. The best relay location

of FD transmission is more sensitive to PA factors, users’ data rates, ipSICs at the relay

and user 2, and total power, whereas data rate of the second user and ipSICs are not more

effective in HD transmission.

Table 7.4: Optimum distances of HD transmission for TSRS.

dS1Rl
dS2Rl

dD1Rl
dD2Rl

OPmin
8.485 8.485 8.485 8.485 4.02× 10−5

8.485 8.485 8.485 8.485 8.37× 10−6

8.485 8.485 8.485 8.485 3.39× 10−5

7.076 9.853 10.083 7.393 5.89× 10−6

7.356 7.794 9.687 9.339 4.91× 10−6

7.935 8.613 9.037 8.393 3.13× 10−5

6.530 8.899 10.446 8.518 7.48× 10−5

8.393 8.504 8.577 8.467 2.13× 10−1

6.622 8.870 10.353 8.507 1.24× 10−8

8.398 8.522 8.572 8.450 1.45× 10−1
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Figure 7.7: Optimum relay locations of HD transmission.

7.6. Conclusion

A system consisting of two sources and users with FD/HD multi relays, applying

NOMA in both sources and relays with up and down link transmissions, is investigated

over i.n.i.d. Nakagami-m fading environment for both perfect and imperfect SIC cases,

where DF protocol is used. Two different relay selection methods are investigated in

accordance with service quality priority, where priority is assumed for user 1. Exact and

asymptotic OP expressions of both strategies for i.n.i.d. Nakagami-m fade are derived

and validated via Monte-Carlo simulation technique. At the high SNRs, it is observed

that SSRS throughput is almost not affected by PA factors at the selected relay and

characteristics (shaping and scaling factors) of the channels among the selected relay and

the two end users. However, it is dominated by PA factors at the sources and characteristics

of the channels among the sources and selected relay and that of SI channel for FD

transmission. For TSRS scheme, deductions of SSRS scheme are also valid for pSIC case

but characteristics of the channel between the selected relay and user 2 and ipSIC at user

2 become effective on throughput when ipSIC takes place. Additionally, characteristics

of ipSIC at the selected relay are also other substantial factors dominating throughput at

the high SNR. Best relay locations of different schemes including combination of power

allocations, data rates, ipSICs, and total powers are illustrated. The results demonstrate

that optimum relay location changes toward to the second source for FD transmission to
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eliminate SI effect and toward to the first source for HD transmission to eliminate SIC

effect. Finally, non-zero diversity order is asserted and explained in details.

7.7. Appendix: Outage Probability Derivations

7.7.1. Outage Probability Derivation of Single Stage Relay Selection

The OP of SSRS selection scheme can be expressed and formulated in terms of

integrals as

PSSRS(γth1) = Pr(min{γRiSD1
, γD1

D1iS
, γD2

D1iS
} < γth1)

=

L∏

i=1

Pr(min{γRiD1
, γD1

D1i
, γD2

D1i
} < γth1)

=

L∏

i=1

(
1− Pr(min{γRiD1

, γD1
D1i
, γD2

D1i
} > γth1)

)

=

L∏

i=1

(
1− Pr(Ri ∈ KR)

)
,

(7.27)

Due to the independence of channel gains, in turn the independence of γRiD1
, γD1

D1i
, and γD2

D1i
,

Pr(Ri ∈ KR) = Pr(γRiD1
> γth1)Pr(γ

D1
D1i

> γth1)Pr(γ
D2
D1i

> γth1). Therefore, in order to

obtain a closed form of PSSRS(γth1), it is sufficient to derive CDFs of γ
Ri
D1
, γD1

D1i
, and γD2

D1i
.

The CDF of γRiD1
, F

γ
Ri
D1

(γth1) is derived as follows.

F
γ
Ri
D1

(γth1) = Pr(γRiD1
< γth1)

= Pr(
a1ρS1i

|gSi|2
a2ρS1i

|hSi |2 +ϖiρRi |hRiRi|2 + 1
< γth1)

= Pr

(
|gSi |2 <

γth1
a1ρS1i

(
a2ρS1i

|hSi |2 +ϖiρRi |hRiRi |2 + 1

))

=

∫ ∞

0

∫ ∞

0

F|gSi |2

(
γth1
a1ρS1i

(
a2ρS1i

x+ϖiρRiy + 1
))
f|hSi |2(x)

f|hRiRi |2(y)dxdy,

(7.28)

where the CDFs and PDFs of the square of all channel gains are given in (7.29).
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F|gSi |2(x) =

γ

(
mS1i

,mS1i
x/ΩS1i

)

Γ(mS1i
)

f|gSi |2(x) =
m
mS1i
S1i

xmS1i−1e−mS1ix/ΩS1i

Ω
mS1i
S1i

Γ(mS1i
)

F|hSi |2(x) =

γ

(
mS2i

,mS2i
x/ΩS2i

)

Γ(mS2i
)

f|hSi |2(x) =
m
mS2i
S2i

xmS2i−1e−mS2ix/ΩS2i

Ω
mS2i
S2i

Γ(mS2i
)

F|gRi1 |2(x) =

γ

(
mD1i

,mD1i
x/ΩD1i

)

Γ(mD1i
)

f|gRi1 |2(x) =
m
mD1i
D1i

xmD1i
−1e−mD1i

x/ΩD1i

Ω
mD1i
D1i

Γ(mD1i
)

F|hRi2 |2(x) =

γ

(
mD2i

,mD2i
x/ΩD2i

)

Γ(mD2i
)

f|hRi2 |2(x) =
m
mD2i
D2i

xmD2i
−1e−mD2i

x/ΩD2i

Ω
mD2i
D2i

Γ(mD2i
)

(7.29)

Similarly, CDFs and PDFs of ipSIC and SI are given in (7.30)

F|g̃Si |2(x) =

γ

(
m̃Ri , m̃Rix

)

Γ(m̃Ri)

f|g̃Si |2(x) =
m̃
m̃Ri
Ri

xm̃Ri−1e−m̃Rix

Γ(m̃S1i
)

F|h̃Ri2 |2
(x) =

γ

(
m̃D2i

, m̃D2i
x

)

Γ(m̃D2i
)

f|h̃Ri2 |2
(x) =

m̃
m̃D2i
D2i

xm̃D2i
−1e−m̃D2i

x

Γ(m̃D2i
)

F|hRiRi |2(x) =

γ

(
mRiRi ,mRiRix/ΩRiRi

)

Γ(mRiRi)

f|hRiRi |2(x) =
m
mRiRi
RiRi

xmRiRi−1e−mRiRix/ΩRiRi

Ω
mRiRi
RiRi

Γ(mRiRi)

(7.30)

After substitution of F|gSi |2(x), f|hSi |2(x), and f|hRiRi |2(x) in (7.28) and carrying out the

following steps, the closed form of F
γ
Ri
D1

(γth1) is derived as in (7.31):
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• Firstly, use the equality for upper incomplete gamma function given in [65, eq.

(8.352)]: γ
(
mS1i

, z
)
= (mS1i

− 1)!

[
1− e−z∑mS1i−1

p1=0
zp1
p1!

]
.

• Secondly, apply Binomial theorem to the term
(
a2ρS1i

x +

ϖiρRiy + 1
)p1 twice to obtain

(
a2ρS1i

x + ϖiρRiy + 1
)p1 =

∑p1
p2=0

∑p2
p3=0

(
p1
p2

)(
p2
p3

)(
a2ρS1i

x
)p3(ϖiρRiy

)p2−p3 .
• Finally, after proper rearrangement, obtain two integrals which are in the form of

Gamma function given in [65, eq. (8.310)], namely, Γ(z) =
∫∞
0
e−ttz−1dt.

F
γ
Ri
D1

(γth1) =1− e−
mS1i

γth1
a1ρS1i

ΩS1i

mS1i−1∑

p1=0

p1∑

p2=0

p2∑

p3=0

[{(
mS1i

γth1
a1ΩS1i

)p1(a2ΩS2i

mS2i

)p3(p1
p2

)

(
p2
p3

)
Γ(p3 +mS2i

)Γ(p2 − p3 +mRi)

(
ϖiρRiΩRiRi

mRi

)p2−p3}/

{
Γ(mS2i

)Γ(mRi)Γ(p1 + 1)

(
1 +

mS1i
γth1a2ΩS2i

mS2i
a1mS1i

)mS2i+p3

(
1 +

mS1i
γth1ϖiρRiΩRiRi

mRia1ρSiΩS1i

)mRi+p2−p3
(ρSi)

p1−p3
}]

.

(7.31)

The closed form of F
γ
D1
D1i

(γth1) is

F
γ
D1
D1i

(γth1) = Pr(γD1
D1i

< γth1)

= Pr(
a3ρD1i

|gRi1|2
a4ρD1i

|gRi1|2 + 1
< γth1)

=





1 γth1 ≥ a3
a4

Pr
(
|gRi1|2 <

γth1
a3ρD1i

−a4ρD1i
γth1

)
γth1 <

a3
a4

=





1 γth1 ≥ a3
a4

γ

(
mD1i

,
mD1i

γth1
ρD1i

ΩD1i
(a3−a4γth1 )

)

Γ(mD1i
)

γth1 <
a3
a4

. (7.32)

In the same manner, F
γ
D2
D1i

(γth1) is

F
γ
D2
D1i

(γth1) = Pr(γD2
D1i

< γth1)

=





1 γth1 ≥ a3
a4

γ

(
mD2i

,
mD2i

γth1
ρD2i

ΩD2i
(a3−a4γth1 )

)

Γ(mD2i
)

γth1 <
a3
a4

. (7.33)
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Inserting complementaries of (7.31), (7.32), and (7.33) into (7.27) together with the fact

that Γ(m) = γ(m,x) + Γ(m,x), the closed form of PSSRS(γth1) reduces to (7.12).

7.7.2. Outage Probability Derivation of Two Stage Relay Selection

PTSRS(γth1 , γth2) is rearranged as

PTSRS(γth1 , γth2) =

L∑

l=0

Pr(min(γD2
D2iT

, γ
RiT
D2

) < γth2 , |KR| = l)

=

L∑

l=0

Pr(min(γD2
D2iT

, γ
RiT
D2

) < γth2
/
|KR| = l)Pr(|KR| = l)

=

L∑

l=0

l∏

j=1
Ri∈KR

(
1− Pr

(
min(γD2

D2i
, γRiD2

) > γth2
/
Ri ∈ KR

))
Pr(|KR| = l)

=

L∑

l=0

(
L

l

) l∏

j=1
Ri∈KR

(
1− Pϕ(γth1 , γth2)

) L−l∏

j=1
Ri /∈KR

(
1− Pr(Ri ∈ KR)

)

×
l∏

j=1
Ri∈KR

Pr(Ri ∈ KR)

.

(7.34)

The closed form expression of Pr(Ri ∈ KR) in (7.34) is obtained in the

derivation of PSSRS(γth1) in (7.13) and Pϕ(γth1 , γth2) = Pr(min(γD2
D2i
, γRiD2

) >

γth2/min{γRiD1
, γD1

D1i
, γD2

D1i
} > γth1), by the aid of Bayes theorem, we get

Pϕ(γth1 , γth2) =
Pr(min(γD2

D2i
,γ
Ri
D2

)>γth2 ,min(γ
Ri
D1
,γ
D1
D1i

,γ
D2
D1i

)>γth1 )

PRi∈KR (γth1 )

=
Pϕ1 (γth1 ,γth2 )Pϕ2 (γth1 ,γth2 )Pϕ3 (γth1 ,γth2 )

PRi∈KR (γth1 )

, (7.35)

where Pr(min(γD2
D2i
, γRiD2

) > γth2 ,min(γ
Ri
D1
, γD1

D1i
, γD2

D1i
) > γth1) = Pr

(
γD2
D2i

> γth2 , γ
Ri
D2

>

γth2 , γ
Ri
D1
> γth1 , γ

D1
D1i

> γth1 , γ
D2
D1i

> γth1
)
. Using the independence of the channels, it can

be rephrased into three independent components as in the numerator of the second line of

(7.35). These components, namely, Pϕ1(γth1 , γth2), Pϕ2(γth1 , γth2) and Pϕ3(γth1 , γth2), are

defined as follows:
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Pϕ1(γth1 , γth2) = Pr

(
|h̃Ri2 |2 >

a4ρD2i
|hRi2|2 − γth2

γth2a3ϵD2i
ρD2i

, |hRi2 |2 >
γth1

a3ρD2i
− a4ρD2i

γth1

)

= Pr

(
|h̃Ri2|2 <

a4ρD2i
|hRi2|2 − γth2

γth2a3ϵD2i
ρD2i

, |hRi2 |2 > Umax

)

Pϕ2(γth1 , γth2) = Pr

(
|gRi1|2 >

γth1
a3ρD1i

− a4ρD1i
γth1

)

Pϕ3(γth1 , γth2) =Pr

(
|hSi |2 >

γth2
(
ϖiρRi |hRiRi|2 + 1

)

a2ρSi
,

|gSi |2 >
γth1
(
a2ρSi |hSi |2 +ϖiρRi |hRiRi |2 + 1

)

a1ρSi

)
.

(7.36)

where Umax = max
( γth2
a4ρD2i

,
γth1

ρD2i
(a3−a4γth1 )

)
. To find closed form of Pϕ1(γth1 , γth2), we

need to take the integral given in (7.37):

Pϕ1(γth1 , γth2) = Pr

(
|h̃Ri2|2 <

a4ρD2i
|hRi2|2 − γth2

γth2a3ϵD2i
ρD2i

, |hRi2 |2 > Umax

)

=

∫ ∞

Umax

F|h̃Ri2 |2

(
a4ρD2i

x− γth2
γth2a3ϵD2i

ρD2i

)
f|hRi2 |2(x)dx.

(7.37)

and it is attained as in (7.17) after implementation of the following steps:

• Firstly, insert equivalences of F|h̃Ri2 |2
(x) and f|hRi2 |2(x) from (7.30) and (7.29) into

(7.37).

• Secondly, insert the identity [65, eq. (8.352.1)] for lower incomplete Gamma

function into (7.37) to obtain γ
(
m̃D2i

, z
)
= (m̃D2i

− 1)!

[
1− e−z∑m̃D2i

−1

p1=0
zp1
p1!

]
.

• Thirdly, use Binomial theorem to get
(a4ρD2i

γth2
x − 1

)p1 =
∑p1

p2=0

(
p1
p2

)
(−1)p1−p2

(a4ρD2i

γth2
x
)p2 .

• Finally, after proper rearrangements, use the identity [65, eq. (8.350.2)] for upper

incomplete Gamma function, namely, Γ(z, x) =
∫∞
x
e−ttz−1dt to get closed form of

the integral in (7.37), thereafter, closed form of Pϕ1(γth1 , γth2) is reached as given

in (7.17).

The second probability, Pϕ2(γth1 , γth2), is

Pϕ2(γth1 , γth2) =





0 γth1 ≥ a3
a4

1−
γ

(
mD1i

,
mD1i

γth1
ρD1i

ΩD1i
(a3−γth1a4)

)

Γ(mD1i
)

γth1 <
a3
a4

(7.38)

and the third part of Pϕ(γth1 , γth2) can be derived as
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Pϕ3(γth1 , γth2) =

∫ ∞

0

∫ ∞

0

∫ ∞

γth2

(
a1ϵRi

ρSiψ+ϖiρRiz+1

)
a2ρSi

∫ ∞

γth1

(
a2ρSi

y+ϖiρRiz+1

)
a1ρSi

f|gSi |2(x)

f|hSi |2(y)f|hRiRi |2(z)f|g̃Si |2(ψ)dxdydzdψ.

(7.39)

The closed form of Pϕ3(γth1 , γth2) can be derived after carrying out the steps provided

below:

• The order of integration is respectively with respect to x, y, z, and ψ.

• Substitute equivalences of f|gSi |2(x), f|hSi |2(y), f|hRiRi |2(z), and f|g̃Si |2(ψ) into (7.39)

from (7.29) and (7.30). Then make change of variable for x to convert the integral

into the form of upper incomplete Gamma function [65, eq. (8.350.2)].

• Use the identity given in [65, eq. (8.350.2)] for upper incomplete Gamma function

to obtain Γ(mS1i
, x) = Γ(mS1i

)e−x
∑mS1i−1

q1=0
xq1

Γ(q1+1)
.

• Apply Binomial theorem twice to derive (a2ρSiy +ϖiρRiz + 1)q1 =
∑q1

q2=0

∑q2
q3=0(

q1
q2

)(
q2
q3

)
(a2ρSiy)

q2(ϖiρRiz)
q2−q3 and represent the triple summations as

∑mS1i−1

q1=0

∑q1
q2=0

∑q2
q3=0 =

∑(mS1i−1,q1,q2)

(q1,q2,q3)=
−→
0

, where
−→
0 is a three dimensional zero

vector.

• Integration over y is similar to integration over x. Therefore, track the

same steps: Use expansion of upper incomplete Gamma function for integer

numbers to get Γ(q3 + mS2i
, x) = Γ(q3 + mS2i

)e−x
∑q3+mS2i−1

k1=0
xk1

Γ(k1+1)
.

Then, apply Binomial theorem twice to derive (a1ϵRiρSiψ + ϖiρRiz +

1)k1 =
∑k1

k2=0

∑k2
k3=0

(
k1
k2

)(
k2
k3

)
(a1ϵRiρSiψ)

k2(ϖiρRiz)
k2−k3 and represent the triple

summations as
∑q3+mS2i−1

k1=0

∑k1
k2=0

∑k2
k3=0 =

∑(q3+mS2i−1,k1,k2)

(k1,k2,k3)=
−→
0

.

• After proper simplifications, remaining two integrals are independent of each other

and in the form of Gamma function given in [65, eq. (8.310)] which completes

closed form derivation of Pϕ3(γth1 , γth2) provided in (7.19).
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8. RELAY SELECTION FOR NOMA BASED
COOPERATIVE NETWORKS OVER
SHADOWED FADING CHANNELS

8.1. Introduction

Spectral efficiency, services with high data rates, and massive connectivity are

the main factors to be satisfied in the next generation wireless communication systems.

Especially, to overcome exponentially growing mobile data volume, simultaneously

transmission of different data types is the key factor in the fifth generation (5G)

communication systems and beyond [2]. The volume of worldwide mobile data has been

predicted to be about 136 exabytes or 5 zettabytes per month [3, 4]. This enormously

growing demandmeansmore spectrum should be used. Butmore spectrum is only possible

in millimeter-wave (mmWave) bands, however, transmission in mmWave bands comes

with many challenges such as high path losses, blockages, and poor signal diffraction

properties [5].

Multi-input multi-output (MIMO) technique increases data rate [91], and likely,

orthogonal frequency division multiplexing. Unfortunately, these methods also remain

insufficient to fulfill ever-increasing mobile data demand. Hence, full-duplex (FD)

transmission protocol, which always transmits and receives in the entire bandwidth,

has been offered to double the data rate [10]. Although, efficient self-interference (SI)

cancellation methods are available [11], this theoretical limit is unreachable since there

is no possibility to entirely cancel out SI due to the large power difference between

the power imposed by own transmissions and the low-power received signals arriving

from remote transmit antennas. Another issue that cannot be addressed by the stated

techniques is the sharing of block sources like time slots and frequency bands. Wasting

of such sources disturbs researchers and, to cope with this un-solicited status, eventually

non-orthogonal multiple access (NOMA) technique has been offered for high spectral

efficiency, low-latency, reliable, and fairness wireless connectivity [12–15]. NOMA is

applied in code or power domain. The superimposed signals are decomposed at multiple

receivers by application of successive interference cancellation (SIC) technology to extract

their own messages. In practical implementations, perfect SIC (pSIC) cancellation is

infeasible, therefore, imperfect SIC (ipSIC) is a bottleneck of NOMA to be taken into

consideration.
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MIMO NOMA is introduced in [166] and demonstrated that it outperforms

traditional orthogonal multiple access (OMA) technique. In addition to extending

coverage area, consuming less power, improving reliability and security, cooperative

relaying virtually forms a MIMO system. Therefore, it has been combined with

NOMA technique to improve performance further [143]. Additionally, multi-relay

systems with relay selection (RS) have inclusively been offered and investigated for both

amplify/decode-and-forward (AF/DF) protocols to overcome deep fading over Rayleigh

and Nakagami-m fades [41–49,149,150,167]. Outage probability (OP) is commonly used

as a performance evaluation parameter but sum rate is also considered. Unlike traditional

OMA networks, it is impossible to select an optimum relay to simultaneously serve

multiple users in NOMA networks. Hence, some preconditions such as service priority

[41, 42], decoding of coded/joint modulated signals at relays (but in that case NOMA

is only implemented at the relays/second hop) [45, 150], and buffer-aided transmission

where access protocol is also considered/selected together with the link between the relay

and source providing total target data rate (selection of this link named as partial RS

[47]) [149] are assigned. After satisfaction of preconditions, a relay is selected in two

stages. Moreover, RS is considered not only with fixed total number of relays but also

with governing by a Poisson point process [43, 48], where nearly the same analyses are

provided. Some analyses provide max-min criterion, which is a sub-optimum method,

for comparison purpose together with the offered two-stage RS schemes [41]. Briefly,

implementation of RS is attractive and essential to provide diversity.

Transmission in mmWave bands gives rise to high path loss, blockages, and

poor diffraction properties, where attenuations in the range 28 dB–40 dB are reported

[5]. Similar results have been previously provided; a person blocking line-of-sight

(LOS) can lead to an attenuation up to 20 dB [168]. Therefore, modeling

the wireless medium even as Nakagami-m fade remains inadequate, in sequence,

analyses depending on such distribution models avoid comprehensive understanding of

transmission techniques. Thereby, the systems under consideration should be investigated

for both small-scale and large-scale faded transmission medium. To model such

environments, composite distributions such as Rayleigh/Log-normal, Rician/Log-normal,

and Nakagami/Log-normal are proposed, however, it is mathematically intractable to

analyze the systems for such composite distributions. As an approximation, generalized-K

distribution (GKD) is offered.

RS implementing NOMA technique is almost focused and studied over Rayleigh

fading [41–48, 149, 150] except [49, 167] over Nakagami-m fading channels, where RS
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for HD transmission protocol with pSIC and imperfect channel estimations is investigated

in [49] and partial RS for HD with ipSIC and imperfect channel estimations in [167].

However, RS for FD transmission with ipSIC has not been given in any work ( [43] is

devoted to only pSIC in Rayleigh fading channel). FD transmission with ipSIC over

Nakagami-m fade is carried out for a system consisting of a base station and two users, base

station directly communicates with the near user, while it requires the help of a dedicated

FD relay to communicate with the far user [169]. Apparently, even for Nakagami-m fading

channels, RS for FD transmission has not been addressed yet and practical implementation

of SIC, i.e., imperfect SIC has not been studied for RS, either.

In whole, by the motivation stated above, for a comprehensive analysis, RS in this

work is investigated over independent-identically distributed (i.i.d.) generalized-K fading

channels for a system consisting of a source, multiple HD/FD relays using DF protocol,

and two far users without LOS between the source and them. Downlink NOMA with

fixed power allocations (PAs) is used at both hops, namely, at the source and the relays.

A two-stage RS scheme offered in [41], where decomposition of the messages belonging

to user 1 is provided and then data rate of user 2 is maximized, i.e., priority is given to

user 1, is implemented. SI and ipSIC are assumed to have Nakagami-m distribution. OP

is focused, where SI variance is supposed to be exponentially and linearly dependent on

transmitted power of the relay, therefore, both fading and non-fading SI cases are easily

investigated by a single OP expression in addition to ipSIC at the relays and user 2.

The main contributions of this chapter can be summarized as follows:

• A slightly different but less complex cumulative distribution function (CDF)

expression for square of a GKD random variable (RV), in turn for GKD RV, is

obtained. Thereafter, approximated probability density function (PDF) and CDF

expressions are offered based on generalized Gauss–Laguerre quadrature which are

more robust and efficient than the approximation offered based on Gauss–Laguerre

quadrature. Later approximation works from an analytical perspective, but it is

not always numerically stable. Furthermore, approximation based on generalized

Gauss–Laguerre quadrature approach is numerically stable, whereas CDFs based

on generalized Hypergeometric function, Meijer’s-G function, and Gauss–Laguerre

quadrature are not stable at high values. Additionally, CDF expressed in terms

of generalized Hypergeometric function can not be used for the case when the

difference between the fading and shadowing factors is an integer but the proposed

solution works.

• Approximated and asymptotic OP expressions are derived over i.i.d. slow
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generalized-K fading channels for both HD and FD transmission with not only

pSIC but also ipSIC, and their validity is verified via Monte Carlo simulation

technique. Additionally, to demonstrate correctness of the proposed approximated

PDF and CDF, OP expression for HD transmission based on pSIC assumption is

also provided.

• For HD transmission, error floor of OP is dependent on the channel characteristics

including that of ipSIC and PA factors but not on the transmitted power. Similarly,

in addition to deductions for HD transmission, for FD transmission error floor is also

dependent on the channel characteristics of SI. Insufficient SI cancellation leads to

error floor like ipSIC. Moreover, effect of ipSIC at the selected relay and second

user can be individually observed from the derived OP expression, likely, effect of

SI. It is shown that ipSIC at the selected relay is more effective than the one at the

second user.

• Contrary to common acceptance, nonzero diversity order assertion is provided

and its dependence on channel characteristics is also omitted. Unlike channel

characteristics, number of uncorrelated/independent multipaths is effective. If there

are L relays/antennas at both transmitter and receiver or uncorrelated/independent

paths at the receiver where multipath/Rake diversity is considered, diversity order

is L even if error probability is saturated, i.e., it reaches to an error floor no matter

what the type of channel is.

The remainder of this chapter is organized as follows. In Section 8.2, details of

system model are provided. RS criterion is given in Section 8.3. The details of proposed

approximated PDF and CDF are provided in Section 8.4. Section 8.5 includes derivations

of approximated OP and asymptotic expression is given in Section 8.6. Numerical results

are elaborated in Section 8.7. Finally, we conclude our work in Section 8.8.

8.2. System Model

We consider a multiple relay system with a source, S, and two users (D1 and D2)

as depicted in Fig. 8.1. Due to deep fading and shadowing, there is no LOS between

the source and users, and the communication is conducted via L FD/HD multiple relays

with DF protocol. The information signals are assumed to have unit energy. A relay is

selected to maximize the data rate of the second user but also providing service quality

priority for user 1, D1. The transmission is done via downlink NOMA. Without loss
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Figure 8.1: Multi-relay system.

of generality, relays are assumed to be clustered such that they are at the origin of the

system. The PA coefficients at the S are represented as a1 and a2, where a1 + a2 = 1 and

a1 > a2. Similarly, after DF process at the selected relay, detected signals are weighted in

accordance with the service quality priority by PA coefficients a3 and a4, where a3+a4 = 1

and a3 > a4. The relays are equipped with one transmit and one receive antennas. All

channel gains are assumed to have generalized-K distribution, whereas SI and ipSIC are

Nakagami-m distributed. The channel gains of the links S—ith relay, ith relay—D1, ith

relay—D2, ipSIC at the ith relay, ipSIC at the D2, and SI are hSi , gRi1 , gRi2 , g̃Ri , g̃D2

and hRiRi , respectively. The characteristics of a GKD RV are represented by a quadruple

(mf ,ms,Ωf ,Ωs), where mf , ms, Ωf , and Ωs represent fading shape factor, shadowing

shape factor, fading scale factor, and shadowing scale factor, respectively. We also use

this quadruple representation for characteristics of the channel gains between the S and

relays. However, the characteristics of the channel gains between the relays and D1, and

relays and D2 are denoted by (mD1f ,mD1s,ΩD1f ,ΩD1s) and (mD2f ,mD2s,ΩD2f ,ΩD2s),

respectively. The fading shape and scale parameters of the channel gains g̃R, g̃D2 and

hRiRi are (m̃R, 1), (m̃D2, 1), and (mRR,ΩRiRi = κiP
ϑi−1
Ri

), respectively, where κi and

ϑi are linear and exponential cancellation/attenuation factors depicting dependence of SI

on the transmitted power, PRi , from each relay and both vary between 0 and 1, allows

to individually investigate effect of SI and ipSIC on error floors. Finally, min(mf ,ms),

min(mD2f ,mD2s), and m̃R are assumed to take integer values.

The received signal at the ith relay, where time indexing is omitted, is
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YRi = hSi(
√
a1PSx1 +

√
a2PSx2) +ϖihRiRixRi + nRi , (8.1)

where PS is the source power, and x1 and x2 are the symbols transmitted to the first and

second users, respectively, xRi =
√
a3PRix̂1 +

√
a4PRix̂2, x̂1 and x̂2 are previously

decoded signals by SIC process. ϖi is 0 for HD and 1 for FD transmission. nRi is the

additive Gaussian noise at relay i. Decoded signals are weighted in accordance with the

service quality priority and retransmitted. Signal-to-interference-plus-noise ratio (SINR)

related to the signal of the first user at the ith relay is

γRiD1
=

a1ρSi |hSi |2
a2ρSi |hSi |2 +ϖiρRi |hRiRi |2 + 1

, (8.2)

where ρSi =
PS
σ2
Ri

, ρRi =
PRi
σ2
Ri

, and σ2
Ri
is the variance of the additive Gaussian noise at relay

i. Absolute value operator is represented by | · |. SINR related to the signal of the second

user at the ith relay is

γRiD2
=

a2ρSi |hSi |2
a1ϵRiρSi |g̃Ri |2 +ϖρRi |hRiRi |2 + 1

, (8.3)

where ϵRi models the amount of the ipSIC at the ith relay and 0 ≤ ϵRi ≤ 1.

The received signals at the destinations are

YD1 =
√
a3PRigRi1x1 +

√
a4PRigRi1x2 + nD1 (8.4)

and

YD2 =
√
a3PRigRi2x1 +

√
a4PRigRi2x2 + nD2 . (8.5)

nD1 and nD2 are the additive Gaussian noise at the destinations. The SINR related to the

signal of the first user at itself is

γD1
D1i

=
a3ρD1i

|gRi1|2
a4ρD1i

|gRi1|2 + 1
, (8.6)

where ρD1i
=

PRi
σ2
D1

and σ2
D1

is the noise variance at user 1. Similarly, SINR related to the

signal of the first user at user 2 is
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γD2
D1i

=
a3ρD2i

|gRi2|2
a4ρD2i

|gRi2|2 + 1
(8.7)

and SINR related to the signal of the second user at itself is

γD2
D2i

=
a4ρD2i

|gRi2|2
a3ϵD2ρD2i

|g̃D2|2 + 1
. (8.8)

ρD2i
=

PRi
σ2
D2

, σ2
D2

is the variance of the noise at user 2, ϵD2 models the amount of the ipSIC

at user 2 and 0 ≤ ϵD2 ≤ 1. Note that ρSi and ρRi in (8.2), ρD1i
in (8.6), and ρD2i

in (8.7)

and (8.8) are signal-to-noise ratios (SNRs)

8.3. Relay Selection

The selection criterion used in this work has been offered in [41], where two stage

RS firstly determines a set of relays ensuring service quality for user 1 (ensure messages

of user 1 are decomposed at three nodes, namely, at the relay and both users) and then

selecting a relay maximizing data rate of user 2. So the set of relays providing service

quality priority condition is determined as follows:

KR = {log(1 + γRiD1
) ≥ RD1 , log(1 + γD1

D1i
) ≥ RD1 , log(1 + γD2

D1i
) ≥ RD1},

i ∈ {1, · · · , L}}.
(8.9)

RD1 is the data rate of the D1. This condition focuses on the decomposition of the signal

of the first user at all three nodes, namely, at the relay, user 1, and user 2. Then, the relay

maximizing data rate of D2 is found as

iT = argmax
i
{min{log(1 + γRiD2

), log(1 + γD2
D2i

)}, i ∈ KR}. (8.10)

Since a decision is made on the selected relay in (8.9) and (8.10) the prefactor 1/2, which

does not have any impact on the selected relay, is omitted for HD transmission.

8.4. Exact and Approximated PDF and CDF of Square of
Generalized-K Distribution

In this section, PDF and CDF of square of a GKD RV are provided.
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Let Y be a GKD RV and X = |Y |2. In this case PDF of X for RV Y with

characteristics (mf ,ms,Ωf ,Ωs) is [66]

fX(x) =
2

Γ(mf )Γ(ms)
bmf+msx

mf+ms

2
−1Kms−mf (2b

√
x). (8.11)

where b =
√

mfms
ΩfΩs

, Γ(x) represents the gamma function [65, eq. (8.310.1)], andKν(x) is

the νth order modified Bessel function of the second kind [65, eq. (8.432.6)].

Although, CDF for RV X is available in the literature [170, eq. (3)], we use the

identity [67, eq. 1.12.1.2] and obtain a slightly different formula as

FX(x) =
Γ(ms −mf )(b

2x)mf

Γ(ms)Γ(mf + 1)
1F2(mf ;mf −ms + 1,mf + 1; b2x)

+
Γ(mf −ms)(b

2x)ms

Γ(mf )Γ(ms + 1)
1F2(ms;ms −mf + 1,ms + 1; b2x),

(8.12)

where 1F2(m; ν, n;x) is the generalized hypergeometric function [65, eq. (9.14.1)]. Note

that, there is no cosecant function in this formula and minus in front of the second term

is canceled out while compared to the formula given in the literature. A critical point is

that due to the generalized hypergeometric function, FX(x) does not preserve to be a CDF

function at high x values. In this work, high x values take place in the cases of sufficient

SI cancellation (combination of small κi and ϑi) and nearly perfect SIC (small ϵD2 and

ϵRi). The same deduction is also valid for Meijer’s-G function formulation of this CDF.

Furthermore, gamma function, Γ(x), cannot be evaluated for negative integers, which

means cases with integer value of ms − mf or mf − ms cannot be evaluated from the

above form. Therefore, another representation of FX(x) becomes essential for our system

analysis. As a solution the approximation of the PDF based on Gauss–Laguerre quadrature

can be used, however, this approximation which named as mixture gamma distribution

is not stable, either to analyze the system under consideration [171]. Hence, we offer

the following approximation for the PDF, fX(x), based on generalized Gauss–Laguerre

quadrature by using the identity [65, eq. (8.432.6)] for negative values, i.e., we use the

fact Kms−mf (2b
√
x) = K−|ms−mf |(2b

√
x):

f̃X(x) =

N∑

p=1

(
Wpb

2GdsxGds−1

Γ(mf )Γ(ms)
e
− b2

Tp
x

)
(8.13)

where Gds = min(mf ,ms) and normalized Laguerre polynomial for generalized

Gauss–Laguerre quadrature is chosen as L(x,N, β) =
∑N

p=0

(
n+β
n−p
)

(−x)p
Γ(p+1)

.
(
n+β
n−p
)
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represents the Binomial coefficients and β = |ms −mf | in the above approximation. Tp
is the pth zero of Laguerre polynomial L(x,N, β). Therefore, the corresponding weight

coefficients are calculated as Wp = Γ(N+β+1)Tp

Γ(N+1)[(N+1)L(x,N+1,β)]2
[172]. In sequence, the

approximated CDF, FX(x), is

F̃X(x) =

N∑

p=1

(
WpT

Gds
p

Γ(mf )Γ(ms)
γ

(
Gds,

b2

Tp
x

))
, (8.14)

where γ (m,x) is the lower incomplete gamma function [65, eq. (8.350.1)].

On the other hand, it is possible that the above approximated CDF

produces values slightly larger than 1 which violates CDF properties. Hence,

a normalization is unavoidable. As x goes to infinity, F̃X(x) approaches to

Wnorm =
∑N

p=1

(WpT
Gds
p Γ(Gds+1)

Γ(mf )Γ(ms)

)
. So using this normalization coefficient, Wp in

(8.13) and (8.14) can be updated asWp :=
Wp

Wnorm
.

As previously mentioned, the above representation is also used for the channels

between the source and relays. The parameters in the approximation for the channels

between the relays and user 1, gRi1 , are denoted by Gd1, Wp,1, and Tp,1. For gRi2 , the

representations are Gd2, Wp,2, and Tp,2. Additionally, the total number of terms in the

approximation, N , is taken to be 20 in all numerical calculations.

8.5. Exact Outage Probability

To find the OP, outage of the second user is divided into two parts, namely, the first

component corresponds toKR being an empty set and the second one is the situation even

the KR is not an empty set, the second user is in outage. However, it is not necessary to

separate the outage condition into two components. Additionally, we introduce another

pretty expression which is simpler than the methodology used in [41] for i.i.d. channel

assumptions and, thereafter, in many other works. The reason for keeping the stated

approach is that it can be used for future works on independent non-identically distributed

(i.n.i.d.) channel assumptions where provided OP expression cannot be simplified by

Binomial expansion equality. Moreover, the derived probability components related to

a relay being in KR can be used as a reference in future works. Having data rates of user

1 and 2 denoted by RD1 and RD2 , respectively, tracking the methodology of [41], OP can

be expressed as follows.
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P (γth1 , γth2) =

L∑

l=0

Pr(min(γD2
D2i∗

T

, γ
Ri∗
T

D2
) < γth2 , |KR| = l)

=

L∑

l=0

Pr(min(γD2
D2i∗

T

, γ
Ri∗
T

D2
) < γth2

/
|KR| = l)Pr(|KR| = l)

=

L∑

l=0

[
1− Pr

(
min(γD2

D2i
, γRiD2

) > γth2
/
Ri ∈ KR

)]l
Pr(|KR| = l)

=

L∑

l=0

(
L

l

)[
1− Pϕ(γth1 , γth2)

]l[
Pr(Ri ∈ KR)

]l

[
1− Pr(Ri ∈ KR)

]L−l

(8.15)

where this probability is valid for γth1 < min
(
a1
a2
, a3
a4

)
, otherwise it is zero. The SINR

threshold, γthi where i ∈ {1, 2}, for HD and FD transmissions are γthi = 22RDi − 1 and

γthi = 2RDi − 1, respectively. The |KR| is the cardinality of KR. Pr(Ri ∈ KR) =

Pr(γRiD1
> γth1)Pr(γ

D1
D1i

> γth1)Pr(γ
D2
D1i

> γth1) and derived as in (8.16) (Please see

Appendix A for the derivation).

PRi∈KR(γth1) =
N∑

p=1

Gds−1∑

k=0

k∑

k1=0

[
WpT

Gds
p

(
k
k1

)
m
mRiRi
RiRi

(ϖiρRi)
k1Γ(Gds)Γ(k1 +mRiRi)

Γ(mf )Γ(ms)Γ(k + 1)Γ(mRiRi)Ω
mRiRi
RiRi

×

(
b2γth1

TpρSi (a1−a2γth1 )

)k

(
mRiRi
ΩRiRi

+
b2γth1ϖiρRi

TpρSi (a1−a2γth1 )

)k1+mRiRi e
−

b2γth1
TpρSi

(a1−a2γth1 )

]

×
[
1− F|gRi1 |2

(
γth1

ρD1i
(a3 − a4γth1)

)][
1− F|gRi2 |2

(
γth1

ρD2i
(a3 − a4γth1)

)]
.

(8.16)

The conditional probability is Pϕ(γth1 , γth2) = Pr(min(γD2
D2i
, γRiD2

) >

γth2/min{γRiD1
, γD1

D1i
, γD2

D1i
} > γth1) and it can be reformulated by considering the

Bayes theorem as in (8.17) (Please refer to Appendix B for the derivations of closed

forms).

Pϕ(γth1 , γth2) =
Pϕ1(γth1 , γth2)Pϕ2(γth1 , γth2)PγD1

D1i

(γth1)

PRi∈KR(γth1)
, (8.17)

where the components of the numerator are defined in (8.36) and (8.39). Independence

of channels, in turn, SINRs without a common channel gain, allows decomposition of

the numerator into three components. Note that P
γ
D1
D1i

(γth1) = Pr
(
γD1
D1i

> γth1
)
is the

common term in the numerator and denominator (PRi∈KR(γth1) also includes this term)

of Pϕ(γth1 , γth2), which cancels out and means conditional probability is independent
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of the condition γD1
D1i

> γth1 . However, we keep this term for the sake of the clarity,

simplicity, and legibility. Now, let us again focus on the last line of (8.15) with the fact

that Pϕ(γth1 , γth2) can be expressed as in (8.17): Substituting this expression in the last

line of (8.15), making proper cancellations, and considering the expansion of Binomial

theorem, (8.15) reduces to

P (γth1 , γth2) =

L∑

l=0

((
L

l

)[
Pr(Ri ∈ KR)− Pϕ1(γth1 , γth2)Pϕ2(γth1 , γth2)

× P
γ
D1
D1i

(γth1)
]l[

1− Pr(Ri ∈ KR)
]L−l

)

=
(
1− Pϕ1(γth1 , γth2)Pϕ2(γth1 , γth2)PγD1

D1i

(γth1)
)L

. (8.18)

Alternatively, this result for i.i.d. assumption of all channel gains can also be reached

by considering the OP of the investigated system with a single relay providing the same

condition, i.e. accomplishing decomposition of the signals transmitted for user 1. For

the second user, the coverage probability which is complementary of OP can be found as

Pr
(
min(γD2

D2i
, γRiD2

) > γth2 ,min{γRiD1
, γD1

D1i
, γD2

D1i
} > γth1

)
which is the probability given

in the numerator of Pϕ
(
γth1 ,

γth2
)
. Therefore, OP of user 2 for multi-relay case becomes straightforward as in the last

line of (8.18).

The three probability components in the numerator of the Pϕ(γth1 , γth2), namely

Pϕ1(γth2 , γth2), PγD1
D1i

(γth1), and Pϕ2(γth1 , γth2) are given in (8.19), (8.20), and (8.21),

respectively (Please refer to Appendix B for the derivations of closed forms)
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Pϕ1(γth1 , γth2) =

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

k1∑

k2=0

k2+m̃R−1∑

k3=0

k3∑

k4=0

[WpT
Gds
p

γth2b
2

Tpa2ρSi

(
k
k1

)(
k1
k2

)(
k3
k4

)
m
mRiRi
RiRi

Γ(mf )Γ(ms)Γ(k + 1)Γ(k3 + 1)

×m̃
m̃R
R Γ(k2 + m̃)Γ(k1 − k2 + k4 +mRiRi)Γ(Gds)(a1ϵRiρSi)

k2

Γ(m̃R)Γ(mRiRi)Ω
mRiRi
RiRi

(m̃R +
γth2b

2a1ϵRi
Tpa2

)k2+m̃

×
(ϖiρRi)

k1−k2+k4
(
(m̃RTpa2+γth2b

2a1ϵRi)Λm
Tpγth2a1ϵRiρSi

)k3
e
−
(
(m̃RTpa2+γth2 b

2a1ϵRi)Λm
Tpγth2

a1ϵRi
ρSi

+
γth2

b2

Tpa2ρSi

)

(
mRiRi
ΩRiRi

+
γth1b

2ϖiρRi
Tpa2ρSi

+
(m̃RTpa2+γth2b2a1ϵRi)ΛmϖiρRi

Tpγth2a1ϵRiρSi

)k1−k2+k4+mRiRi

]

+

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

[ WpT
Gds
p Γ(Gds)

(
k
k1

)
(ϖiρRi)

k1m
mRiRi
RiRi

Γ(k1 +mRiRi)(
b2Λ
Tp

)k

Γ(mf )Γ(ms)Γ(mRiRi)Ω
mRiRi
RiRi

(
mRiRi
ΩRiRi

+
b2ΛϖiρRi

Tp

)k1+mRiRi

× e
− b2Λ
Tp

Γ(k + 1)

]
−

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

m̃R−1∑

q=0

q∑

q1=0

[
WpT

Gds
p Γ(Gds)Γ(k1 + q1 +mRiRi)

Γ(mf )Γ(ms)Γ(k + 1)Γ(q + 1)Γ(mRiRi)

×
(
k
k1

)(
q
q1

)
m
mRiRi
RiRi

(ϖiρRi)
k1+q1

(
b2Λ
Tp

)k (
m̃Ra2Λm

γth2a1ϵRiρSi

)q1
e
−
(
b2Λ
Tp

+
m̃Ra2Λm

γth2
a1ϵRi

ρSi

)

Ω
mRiRi
RiRi

(
mRiRi
ΩRiRi

+
b2ΛϖiρRi

Tp
+

m̃Ra2ΛmϖiρRi
γth2a1ϵRiρSi

)k1+q1+mRiRi

]

,

(8.19)

where Λ = max
(
γth2
a2ρSi

,
γth1

a1ρSi−a2ρSiγth1

)
and Λm = max

(
0,

γth1
a1−a2γth1

− γth2
a2

)
,

P
γ
D1
D1i

(γth1) = 1− F|gRi1 |2

(
γth1

ρD1i
(a3 − a4γth1)

)
, (8.20)

and

Pϕ2(γth1 , γth2) =

N∑

p=0

Gd2−1∑

k=0

k∑

k1=0

[Wp,2T
Gd2
p,2 Γ (Gd2)

(
k
k1

)
(a3ϵD2ρD2i

)k1
(

γth2b
2
D2

Tp,2a4ρD2i

)k

Γ(mD2f )Γ(mD2s)
(
m̃D2 +

γth2b
2
D2a3ϵD2

Tp,2a4

)k1+m̃D2

×m̃
m̃D2
D2

e
−

γth2
b2D2

Tp,2a4ρD2i

Γ(k + 1)Γ(m̃D2)
Γ

(
k1 + m̃D2 ,

a4Λ2

γth2a3ϵD2ρD2i

(
m̃D2 +

γth2b
2
D2a3ϵD2

Tp,2a4

))

+F|g̃D2
|2

(
a4Λ2

γth2a3ϵD2ρD2i

)(
1− F|gRi2 |2(

γth1
ρD2i

(a3 − a4γth1)
)

)]
,

(8.21)

where Λ2 = max
(
0,

γth1
a3−a4γth1

− γth2
a4

)
.

For HD transmission with perfect SIC, Pϕ1(γth1 , γth2) and Pϕ2(γth1 , γth2) reduce to

(8.22) and (8.23), respectively (Their derivations become straightforward while setting

ϵRi = ϖi = 0 in (8.40) and ϵD2 = 0 in (8.46)).
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PHD,pSIC
ϕ1

(γth1 , γth2) = 1− F|hSi |2

(
max

( γth2
a2ρSi

,
γth1

a1ρSi − a2ρSiγth1
))

(8.22)

and

PHD,pSIC
ϕ2

(γth1 , γth2) = 1− F|gRi2 |2

(
max

( γth2
a4ρD2i

,
γth1

a3ρD2i
− a4ρD2i

γth1

))
(8.23)

8.6. Asymptotic Outage Probability

To investigate, which parameters such as channel characteristics, HD and FD

transmission, SI, and ipSIC are dominant at high SNR values (ρSi , ρRi , ρD1i
, and ρD2i

),

the asymptotic expressions for each probability components are provided in this section.

At high SNRs, i.e., at low x values, the exact CDF given (8.12) becomes

F∞
X (x) =





Γ(Gdm −Gds)

Γ(Gdm)Γ(Gds + 1)
b2GdsxGds mf ̸= ms

2

Γ(Gdm)Γ(Gds + 1)
b2GdsxGds ms = mf

, (8.24)

since as x → 0, 1F2(m; ν, n;x) → 1. The minimum and maximum shape factors

are Gds = min(mf ,ms), Gdm = max(mf ,ms), respectively. Similarly, asymptotic

approximated CDF turns to

F̃∞
X (x) =

b2GdsxGds

Γ(Gdm)Γ(Gds + 1)

N∑

p=1

(
Wp

)
. (8.25)

Note that approximation does not work for equal shape factors, ms = mf , therefore,

asymptotic expression does not include this case.

Herein after, to get asymptotic expressions of remaining probability components, all

1s in the denominators of SINRs are omitted and, without of loss of generality, equality of

all SNRs is assumed (ρSi = ρRi = ρD1i
= ρD2i

).

Firstly, the derivation of asymptotic expression of PRi∈KR(γth1) is focused. Since

PRi∈KR(γth1) consists of three components, its asymptotic expression is straightforward

if the asymptotic expression for Pr
(
min{γRiD1

, γD1
D1i
, γD2

D1i
} > γth1

)
is provided. Therefore,

we write this component and derive its closed form by the aid of identity [65, 9.455.2] as
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Pr∞(γRiD1
> γth1) = Pr

(
|hRiRi |2 <

ρSi (a1 − a2γth1)
γth1ϖiρRi

|hSi |2
)

=

∫ ∞

0

F|hRiRi |2

(
a1 − a2γth1
γth1ϖi

x

)
f|hSi |2 (x) dx

=

N∑

p=1

[
b2GdsWpΓ (mRiRi +Gds) (mRiRi (a1 − a2γth1))mRiRi(

mRiRi (a1 − a2γth1) +
b2γth1ϖiΩRiRi

Tp

)mRiRi+Gds

× (γth1ϖiΩRiRi)
Gds

Γ(mf )Γ(ms)Γ(mRiRi)
2F1

(
1,mRiRi +Gds;mRiRi + 1;

mRiRi (a1 − a2γth1)Tp
mRiRi (a1 − a2γth1)Tp + b2γth1ϖiΩRiRi

)]

(8.26)

An interesting result deduced from (8.26) is that this probability is independent of SNR. It

depends on PA factors and channel characteristics. Moreover, its value can be reduced in

case of successful SI cancellation since variance of SI dominates this probability.

Asymptotic Pϕ1(γth, γth2) can be derived by following the same methodology as in

its exact derivation. Unlike its exact counterpart, this component simplifies to a single

term where only a non-zero lower bound integral is remained and instead of two Binomial

expansions, single expansion is applied. Closed form of P∞
ϕ1
(γth, γth2) is given as

P∞
ϕ1
(γth1 , γth2) = Pr

(
|hSi |2 >

γth2 (a1ϵRiρSi |g̃Ri |2 +ϖiρRi |hRiRi |2)
a2ρSi

)

=

∫ ∞

0

∫ ∞

0

∫ ∞

γth2(a1ϵRiρSiy+ϖiρRiz)
a2ρSi

f|hSi |2 (x) f|g̃Ri |2 (y) f|hRiRi |2(z)dxdydz

=

N∑

p=0

Gds−1∑

k=0

k∑

k1=0

[
WpT

Gds
p m̃m̃R

R Γ (Gds) Γ (k − k1 +mRiRi)

Γ(mf )Γ(ms)Γ(k + 1)Γ(m̃R)Γ (mRiRi) Ω
mRiRi
RiRi

×
Γ (k1 + m̃R)m

mRiRi
RiRi

(
k
k1

)
(a1ϵRi)

k1(ϖi)
k1−k

(
γth2b

2

Tpa2

)k

(
mRiRi
ΩRiRi

+
γth2b

2a1ϖi
Tpa2

)k−k1+mRiRi (
m̃R +

γth2b
2a1ϵRi

Tpa2

)k1+m̃R
]
.

(8.27)

In case of pSIC, i.e., ϵRi = 0, the above equation can be simplified further, where only the

terms with k1 = 0 survive and all the components including related terms (components

including ϵRi and m̃R ) are canceled out. This cancellation lets one to focus only on the

FD transmission with pSIC.

Finally by the aid of the identity [65, 9.455.2], asymptotic expression of the

Pϕ2(γth1 , γth2) can be formulated and derived as
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P∞
ϕ2
(γth1 , γth2) = Pr

(
|g̃D2|2 <

a4gRi2 |2
γth2a3ϵD2

)

=

∫ ∞

0

F|g̃D2
|2

(
a4x

γth2a3ϵD2

)
f|gRi2 |2(x)dx

=

N∑

p=1

[
b2Gd2D2 Wp,2Γ (Gd2 + m̃D2) (a4m̃D2)

m̃D2 (γth2a3ϵD2)
Gd2

Γ(mD2f )Γ(mD2s)
(
a4m̃D2 +

γth2b
2
D2a3ϵD2

Tp,2

)Gd2+m̃D2

×
2F1

(
1, Gd2 + m̃D2 ; m̃D2 + 1;

m̃D2
a4Tp,2

m̃D2
a4Tp,2+b

2Gd2
D2 γth2a3ϵD2

)

Γ(m̃D2 + 1)

]
.

(8.28)

Note that P∞
ϕ2
(γth1 , γth2) is independent of SNR, which means it is a constant dependent

on PA factors and channel characteristics. This is the reason why OP approaches to an

error floor.

To shade light on diversity order (DO), firstly let’s focus on asymptotic OP

for HD with pSIC. Substituting the related asymptotic components into (8.18),

PHD,pSIC,∞(γth1 , γth2) can be rephrased as

PHD,pSIC,∞(γth1 , γth2) =

[
1−

(
1− F∞

|hSi |2

(
U1

ρSi

))(
1− F∞

|gRi1 |2

(
U2

ρD1i

))

×
(
1− F∞

|gRi2 |2

(
U3

ρD2i

))]L

<

[
F∞
|hSi |2

(
U1

ρSi

)
+ F∞

|gRi1 |2

(
U2

ρD1i

)
+ F∞

|gRi2 |2

(
U3

ρD2i

)]L
,

(8.29)

where U1 = max
(γth2
a2
,

γth1
a1−a2γth1

)
U2 =

γth1
a3−a4γth1

, and U3 = max
(γth2
a4
,

γth1
a3−a4γth1

)
.

While obeying the traditional approach provided in [82], the DO of the system

under consideration for HD with pSIC as SNR approaches to infinity is

L × min
(
mf ,ms,mD1f ,mD1s,mD2f ,mD2s

)
. Now, let’s consider the special

case, i.e., L = 1, which means no diversity technique is applied and DO is

min
(
mf ,ms,mD1f ,mD1s,mD2f ,mD2s

)
. However, this result does not make sense,

since it is well-known that distribution of mobile medium governs the error probabilities

(OP, symbol error rate, and so on). To us, without implementing any diversity method

and talking about DO is unreasonable. Actually, the way to find the DO has been offered

in [163, eq. (1)], where it is reformulated for our system as

DO = lim
SNR→∞

log
(
PL(γth1 , γth2)

)

log
(
PL=1(γth1 , γth2)

) . (8.30)
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Briefly, DO is the ratio between the logarithm of OP for the system with L relays and the

logarithm of OP for single relay as SNR approaches to infinity, while all other parameters

are kept to be the same. Hence, according to this approach, DO is independent of channel

characteristics and becomes L. This suites to the aim of the diversity techniques; the

signals are transmitted such that probability of all copies facing deep fading is reduced.

Providing the above description, DO of all other combinations like HD transmission

with ipSIC, FD transmission with pSIC, and FD transmission with ipSIC becomes

straightforward. To shade more light on details of our assertion, the derivation of DO

for remaining parts is indicated below.

Asymptotic expressions derived for P∞
ϕ1
(γth1 , γth2) and P∞

ϕ2
(γth1 , γth2) in (8.27) and

(8.28), respectively, are shown to be independent of transmitted power but dependent

solely on channel characteristics. Thereby, they are constant terms and causes OP to

saturate, i.e., OP reaches to an error floor. Without loss of generality, these two probability

components can be rephrased as P∞
ϕ1
(γth1 , γth2) = 1−P ϕ1

ef and P∞
ϕ2
(γth1 , γth2) = 1−P ϕ2

ef .

Note that P ϕ1
ef = F∞

|hSi |2
(
U1

ρSi

)
and P ϕ2

ef = F∞
|gRi2 |2

(
U3

ρD2i

)
in case of HD transmission with

pSIC as seen in (8.29). Hence, for all conditions, asymptotic OP turns to

P∞(γth1 , γth2) =

[
1−

(
1− P ϕ1

ef

)(
1− P ϕ2

ef

)(
1− F∞

|gRi1 |2

(
U2

ρD1i

))]L

<

[
P ϕ1
ef + P ϕ2

ef + F∞
|gRi1 |2

(
U2

ρD1i

)]L . (8.31)

Clearly, in case of FD transmission with pSIC or HD/FD transmission with ipSIC,

F∞
|gRi1 |2

(
U2

ρD1i

)
becomes negligible and OP is dominated by P ϕ1

ef or P ϕ2
ef . Apparently, OP

reaches to an error floor and there is no point of increasing transmitted power in error

floor region to change the slope but OP is significantly reduced by means of diversity

techniques. Because of this error floor, in turn, zero slope of log− log plot, DO has been

accepted to be zero. However, reduction of OP from
(
P ϕ1
ef + P ϕ2

ef + F∞
|gRi1 |2

(
U2

ρD1i

))
to

(
P ϕ1
ef + P ϕ2

ef + F∞
|gRi1 |2

(
U2

ρD1i

))L
means DO is L.

8.7. Numerical Results

In this section, numerical results for OP are provided to validate the derived

expressions. It is assumed that PT = 2PS = 2PRi and σ2 = σ2
Ri

= σ2
D1

= σ2
D2

= 1. The

total number of terms in the approximations isN = 20. The curves are plotted versus total

SNR, PT/σ2. All parameter settings are provided in the explanation of each figure. In all
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Figure 8.2: OP of HD transmission with perfect SIC.

figures approximated CDFs are used except Fig.8.2, where both exact and approximated

expressions are used.

Fig.8.2 verifies correctness of OP expression given in (8.18) for HD transmission

in case of perfect SIC, which also demonstrates robustness of the proposed approximated

PDF and CDF. OP curves are calculated from (8.18) with using (8.20), (8.22) and (8.23).

The exact and approximated CDFs in (8.12) and (8.14), respectively, are used. Their

asymptotic counterparts are produced by (8.24) and (8.25), where both expressions have

the same results. Channel characteristics for all three links are chosen to be the same with

unit fading and shadowing scale factors. Multi-path fading and shadowing shape factors

are assigned as (mf ,ms) ∈ {(1, 5/3), (5/2, 5/3), (5/2, 7/2), (5/2, 10)}. PA factors are

a1 = a3 = 0.75. Note that exact results cannot be calculated for (mf ,ms) = (5/2, 7/2),

where the difference between fading and shadowing shape factors is an integer. Data rates

are RD1 = 0.3 bit per channel use (BPCU) and RD2 = 1 BPCU. Total number of relays,

L, is set to 2. Although, 3 approximated CDFs are used in (8.18), overlap of the exact

and approximated OPs is almost excellent. Additionally, since L = 2, squaring operation

increases the deviation further but it remains negligible. The deviation between exact and

approximated results becomes larger as the difference between fading and shadowing scale

factors, namely |ms −mf |, get smaller: The minor deviation (square of the error) in the
most upper curve (It may not be detect from the curve but exists in numerical values) is

an example of this situation. While the difference is set to |ms −mf | = |2.1 − 2| = 0.1

for the same settings, the deviation is negligible at lower total SNR (PT/σ2) and gradually
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Figure 8.3: OP of FD transmission with imperfect SIC for different total number of
relays.

increases to 20% at an OP value of 4.79912 × 10−7. Even this result reveals robustness

of the proposed approximation. As PT/σ2 increases, the deviation between asymptotic

and exact curves decreases. Simulation results follow the exact ones which validates the

correctness of the OP expression given (8.15). Comparison of two upper curves with the

same shadowing shape factor demonstrates how performance is affected by fading and

comparison of lower three curves shows dependence of performance on shadowing.

Fig.8.3 demonstrates effect of the total number of relays on OP and correctness

of (8.15) for FD transmission in case of imperfect SIC. All fading and shadowing scale

factors are set to 1. Shape factors are chosen as (mf ,ms) = (2, 5/2), (mD1f ,mD1s) =

(3/2, 7/3), (mD2f ,mD2s) = (2, 8/3), mRiRi = 9/5, m̃Ri = 2, and m̃D2 = 8/5. SI

cancellation parameters, namely, linear and exponential attenuation parameters are set to

(ϑi, κi) = (0.21, 0.1). The imperfect SIC parameters are taken to be ϵRi = ϵD2 = 0.01.

Total number of relays is L ∈ {1, 2, 3}. The data rates are set to RD1 = 0.2 BPCU and

RD2 = 1 BPCU. PA factors are set to a1 = 0.55 and a3 = 0.65. Clearly, simulation

and approximated results are nearly the same, furthermore, asymptotic ones also follow

them. While considering the OP at the total SNR value of 30 dB, OP is nearly 10−2, 10−4,

and 10−6 for L = 1, 2, 3, respectively. Evidently, OP (L = 2) ≃ (OP (L = 1))2 and also

OP (L = 3) ≃ (OP (L = 1))3. This equality holds for every point in the error floor region,

therefore, DO apparently equals to the total number of relays. Note that the reduction in

OP is observed for the same channel characteristics which means it is not reasonable to

154



Figure 8.4: OP of FD transmission with different SI variances.

consider the effect of shaping factors as DO. Hence, at error floors unlike the common

assumption of the zero DO, it can be evaluated as log(OP (L))
log(OP (L=1))

and without usage of any

diversity technique, it does not make sense to talk about DO.

Fig. 8.4 shows the effect of SI on the performance for various combination of linear

and exponential cancellation factors. The imperfect SIC factors, ϵRi and ϵD2 , are set to

10−8 to solely observe the effect of SI on the performance, where m̃R = m̃D2 = 1.

Other channel characteristics are the same as those of Fig. 8.3 except mRiRi = 2. The

data rates are set to RD1 = 0.3 BPCU and RD2 = 2 BPCU. PA factors are chosen as

a1 = a3 = 0.55 and (ϑi, κi) ∈ {(0.31, 1), (0.41, 1), (0.51, 0.1), (1, 0.01), (1, 0.005)}.
Total number of relays, L is 3. Approximated curves coincide with simulation ones and

asymptotic curves follow them. Apparently, as exponential factor increases performance

degrades, consider the two upper curves with (ϑi, κi) = (0.41, 1) and (ϑi, κi) = (0.31, 1)),

since this corresponds to the increment of variance of SI. OP decreases as the linear

cancellation factor becomes smaller (consider the curves with (ϑi, κi) = (1, 0.01) and

(ϑi, κi) = (1, 0.005)). Note that insufficient SI cancellation means variance of SI is

only linearly proportional to the transmitted power, which eventually results in an error

floor and it becomes meaningless to increase the transmitted power further. Therefore,

to decrease error in case of insufficient SI cancellation, it is critical and essential to use

diversity techniques.

Fig. 8.5 illustrates how performance changes in accordance with SI and imperfect

SIC at the selected relay and the second user, D2. Only approximated and simulation
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Figure 8.5: Effect of SI and ipSIC on OP at the selected relay and second user.

results are provided and for the sake of clarity, asymptotic ones are omitted. Shape

factors are chosen as (mf ,ms) = (2, 5/2), (mD1f ,mD1s) = (3/2, 7/3), (mD2f ,mD2s) =

(2, 8/3), mRiRi = 2, m̃Ri = 2, and m̃D2 = 2. The data rates are set to RD1 = 0.3

BPCU and RD2 = 2 BPCU. PA factors are chosen as a1 = a3 = 0.55 and (ϑi, κi) ∈
{(0.21, 1), (1, 0.01)}. The ipSIC factors at the selected relay and D2 are chosen as

ϵRi ∈ {10−8, 10−2} and ϵD2 ∈ {10−8, 10−2}. All the variances are set to 1 except that of
SI. Total number of relays is 3. Case of ipSIC and pSIC at both nodes for FD transmission

with constant SI variance, (ϑi, κi) = (1, 0.01), is demonstrated by ϵRi = ϵD2 = 10−2

and ϵRi = ϵD2 = 10−8, respectively. As seen from the two upper curves, ipSIC degrades

the performance. To investigate the effect of ipSIC at the selected relay (second user

(D2)), SI at the selected relay and SIC at the second user (selected relay) are chosen to

be (ϑi, κi) = (0.21, 1) and ϵD2 = 10−8 (ϵRi = 10−8), respectively. From the two lower

curves, it is observed that at low and high SNRs, the cases of ipSIC at the selected relay and

second user have nearly the same performance but at the mid-range ipSIC at the selected

relay degrades the performance more than that of the second user. Furthermore, even if

sufficient SIC is conducted, error floor will take place in case of insufficient SI cancellation

(See the second curve from the top). All the curves validate our approximated results.

156



8.8. Conclusion

In this paper, two stage relay selection over i.i.d. slow fading generalized-K

distributed channels, namely, fading and shadowing channels, is investigated for HD/FD

transmission with imperfect SIC, where DF protocol is used. A new closed form CDF

for generalized-K distribution is derived. Thereafter, robust approximated PDF and

CDF are offered based on generalized Gauss-Laguerre quadrature. Since stable OP

expression cannot be derived based on exact PDF and CDF (even if it is derived and

correct from analytical perspective, it produces unstable values at the low SNR values),

approximated expression is obtained based on offered approximated PDF and CDF.

Similarly, asymptotic OP is also provided. Approximated and asymptotic equations

are validated via Monte Carlo simulation technique. Effects of SI, ipSIC, fading and

shadowing on OP are demonstrated and it is also shown that RS can sufficiently reduce

OP. Finally, nonzero diversity order is asserted and related details are provided.

8.9. Appendix: Derivations of Probabilities in OP Expression

The probability of a relay providing service quality and conditional probability takes

place in OP expression are derived in this part.

8.9.1. Probability of a Relay Providing Service Quality

Due to the independence of channel gains, in turn the independence of γRiD1
, γD1

D1i
,

and γD2
D1i

, probability of a relay being in the subset of relays providing priority criterion is

PRi∈KR(γth1) = Pr
(
min{γRiD1

, γD1
D1i
, γD2

D1i
} > γth1

)

= Pr(γRiD1
> γth1)Pr(γ

D1
D1i

> γth1)Pr(γ
D2
D1i

> γth1)
(8.32)

Therefore, in order to obtain a closed form of PRi∈KR(γth1), it is sufficient to derive

Pr(γRiD1
> γth1), Pr(γ

D1
D1i

> γth1), and Pr(γ
D2
D1i

> γth1). The first one is expressed

as:
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Pr(γRiD1
> γth1) = Pr(γRiD1

> γth1)

= Pr(
a1ρSi|hSi |2

a2ρSi |hSi |2 + χ
> γth1)

= Pr

(
|hSi |2 >

γth1χ

ρSi (a1 − a2γth1)

)

=

∫ ∞

0

∫ ∞

ψ1

f|hSi |2 (x) f|hRiRi |2(y)dxdy,

(8.33)

where χ = ϖiρRi |hRiRi |2 + 1 and ψ1 =
γth1 (ϖiρRiy+1)

ρSi (a1−a2γth1 )
. Since derivation of the Pr(γRiD1

>

γth1) based on the exact PDF or CDF of |hSi |2 results in unstable results at low SNR values,

we use approximated PDF given in (8.13) for the derivation of this probability. CDF and

PDF of |hRiRi |2 are given respectively as follows

F|hRiRi |2(x) =

γ

(
mRiRi ,mRiRix/ΩRiRi

)

Γ(mRiRi)

f|hRiRi |2(x) =
m
mRiRi
RiRi

xmRiRi−1e−mRiRix/ΩRiRi

Ω
mRiRi
RiRi

Γ(mRiRi)

(8.34)

After substitution of f̃|hSi |2(x) and f|hRiRi |2(y) given in (8.13) and (8.34) into (8.33) and

carrying out the following steps, the closed form of Pr(γRiD1
> γth1) is derived as in (8.35):

• Firstly, invert the inner integral into lower incomplete gamma function and

use the equality given in [65, eq. (8.352.1)] to obtain Γ
(
Gds, z

)
=

Γ(Gsd)e
−z∑Gsd−1

k=0
zk

Γ(k+1)
, where z = b2

Tp

γth1 (ϖiρRiy+1)

ρSi (a1−a2γth1 )

• Secondly, apply Binomial theorem to the term
(
ϖiρRiy+ 1

)p1 to obtain
(
ϖiρRiy+

1
)p1 =∑k

k1=0

(
k
k1

)(
ϖiρRiy

)k1 .
• Finally, after proper rearrangement, obtain the integrals which is in the form of

Gamma function given in [65, eq. (8.310)], namely, Γ(z) =
∫∞
0
e−ttz−1dt.

Pr(γRiD1
> γth1) =

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

[
WpT

Gds
p

(
k
k1

)
m
mRiRi
RiRi

(ϖiρRi)
k1Γ(Gds)

Γ(mf )Γ(ms)Γ(k + 1)Γ(mRiRi)Ω
mRiRi
RiRi

×
Γ(k1 +mRiRi)

(
b2γth1

TpρSi (a1−a2γth1 )

)k

(
mRiRi
ΩRiRi

+
b2γth1ϖiρRi

TpρSi (a1−a2γth1 )

)k1+mRiRi e
−

b2γth1
TpρSi

(a1−a2γth1 )

]
.

(8.35)

The second probability is derived as below:
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Pr(γD1
D1i

> γth1) = 1− Pr(γD1
D1i

< γth1)

= 1− Pr( a3ρD1i
|gRi1|2

a4ρD1i
|gRi1 |2 + 1

< γth1)

= 1− Pr
(
|gRi1|2 <

γth1
ρD1i

(a3 − a4γth1)

)

= 1− F|gRi1 |2

(
γth1

ρD1i
(a3 − a4γth1)

)

, (8.36)

and following the same steps as above, the third term turns to

Pr(γD2
D1i

> γth1) = 1− F|gRi2 |2

(
γth1

ρD2i
(a3 − a4γth1)

)
, (8.37)

which completes the derivation of PRi∈KR(γth1) as in (8.16).

8.9.2. Derivation of Conditional Probability

The conditional probability Pϕ(γth1 , γth2) can be rephrased as follows:

Pϕ(γth1 , γth2) =
Pr(min(γD2

D2i
,γ
Ri
D2

)>γth2 ,κi>γth1 )
PRi∈KR (γth1 )

=
Pϕ1 (γth1 ,γth2 )Pϕ2 (γth1 ,γth2 )Pr

(
γ
D1
D1i

>γth1

)

PRi∈KR (γth1 )

(8.38)

and κi = min{γRiD1
, γD1

D1i
, γD2

D1i
}. Pr

(
γD1
D1i

> γth1
)
is given in (8.36). The transition from

the first line of (8.38) to the second line is because of independence of channels, in turn,

SINRs without a common channel gain, which allows decomposition of the numerator into

three independent components. Pϕ1(γth1 , γth2) and Pϕ2(γth1 , γth2) are respectively defined

as follows:

Pϕ1(γth1 , γth2) = Pr

(
γRiD1

> γth1 , γ
Ri
D2
> γth2

)

Pϕ2(γth1 , γth2) = Pr

(
γD2
D1i

> γth1 , γ
D2
D2i

> γth2

) . (8.39)

Firstly, define χ = ϖiρRi |hRiRi |2 + 1, Λ = max
(
γth2
a2ρSi

,
γth1

a1ρSi−a2ρSiγth1

)
, η = ϖiρRiz +

1, Λm = max
(
0,

γth1
a1−a2γth1

− γth2
a2

)
, and η1 =

γth2(a1ϵRiρSiy+η)
a2ρSi

thereafter, the first

probability, namely Pϕ1(γth1 , γth2), can be reformulated as
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Pϕ1(γth1 , γth2) = Pr

(
a2ρSi |hSi |2

a1ϵRiρSi|g̃Ri|2 + χ
> γth2 ,

a1ρSi |hSi |2
a2ρSi |hSi |2 + χ

> γth1

)

= Pr

(
|hSi |2 >

γth2 (a1ϵRiρSi |g̃Ri |2 + χ)

a2ρSi
, |hSi |2 > Λχ

)

= Pr

(
|hSi |2 >

γth2 (a1ϵRiρSi |g̃Ri |2 + χ)

a2ρSi
,
γth2 (a1ϵRiρSi |g̃Ri |2 + χ)

a2ρSi
> Λχ

)

+ Pr

(
|hSi |2 > Λχ,

γth2 (a1ϵRiρSi |g̃Ri |2 + χ)

a2ρSi
< Λχ

)

= Pr

(
|hSi |2 >

γth2 (a1ϵRiρSi |g̃Ri |2 + χ)

a2ρSi
, |g̃Ri |2 >

a2Λmχ

γth2a1ϵRiρSi

)

+ Pr

(
|hSi |2 > Λχ, |g̃Ri |2 <

a2Λmχ

γth2a1ϵRiρSi

)
.

(8.40)

Therefore, two probability components should be derived based on the last two lines in

(8.40), which are defined as P 1
ϕ1
(γth1 , γth2) and P 2

ϕ1
(γth1 , γth2):

P 1
ϕ1
(γth1 , γth2) = Pr

(
|hSi |2 >

γth2 (a1ϵRiρSi |g̃Ri |2 + χ)

a2ρSi
, |g̃Ri |2 >

a2Λmχ

γth2a1ϵRiρSi

)

=

∫ ∞

0

∫ ∞

a2Λmη

γth2
a1ϵRi

ρSi

∫ ∞

η1

f|hSi |2 (x) f|g̃Ri |2 (y) f|hRiRi |2(z)dxdydz.

(8.41)

To obtain closed form of this component, we use (8.13), (8.34), and the following PDF of

|g̃Ri |2

f|g̃Ri |2(x) =
m̃m̃R
R xm̃R−1e−m̃Rx

Γ(m̃R)
, (8.42)

and it is attained as in (8.43) after implementation of the following steps:

• Firstly, insert equivalences of f̃|hSi |2(x), f|g̃Ri |2 (y) and f|hRiRi |2(z) into (8.41).

• Secondly, convert the most inner integral into the form of upper incomplete

Gamma function and insert the identity [65, eq. (8.352.1)] for upper incomplete

Gamma function to obtain Γ
(
Gds, z

)
= Γ(Gds)e

−z∑Gds−1
k=0

zk

Γ(k+1)
, where z =

b2γth2(a1ϵRiρSiy+ϖiρRiz+1)
Tpa2ρSi

.

• Thirdly, use Binomial theorem twice to get (a1ϵRiρSiy +ϖiρRiz + 1)k =
∑k

k1=0

∑k1
k2=0

(
k
k1

)(
k1
k2

)
(a1ϵRiρSiy)

k2 (ϖiρRiz)
k1−k2 .

• Fourthly, inserting f|g̃Ri |2(y) in (8.42) into the integration (Up to this step, no

need to insert closed form of f|g̃Ri |2(y) into (8.41)) and transform the integral

into upper incomplete Gamma function. Thereafter, use the identity [65, eq.
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(8.352.1)] for upper incomplete Gamma function to get Γ
(
k2 + m̃R, z

)
= Γ(k2 +

m̃R)e
−z∑k2+m̃R−1

k3=0
zk3

Γ(k3+1)
, where z =

(m̃Tpa2+γth2b
2a1ϵRi)Λm

Tpγth2a1ϵRiρSi
(ϖiρRiz + 1). Then,

apply Binomial theorem to get (ϖiρRiz + 1)k3 =
∑k3

k4=0

(
k3
k4

)
(ϖiρRiz)

k4 .

• Finally, insert closed form of f|hRiRi |2(z) in (8.34) into (8.42) and after proper

rearrangements, the integral is in the form of Gamma function, which completes

the derivation of P 1
ϕ1
(γth1 , γth2) as given in (8.43).

P 1
ϕ1
(γth1 , γth2) =

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

k1∑

k2=0

k2+m̃R−1∑

k3=0

k3∑

k4=0

[WpT
Gds
p

γth2b
2

Tpa2ρSi

(
k
k1

)(
k1
k2

)(
k3
k4

)
m
mRiRi
RiRi

Γ(mf )Γ(ms)Γ(k + 1)Γ(k3 + 1)

×m̃
m̃R
R Γ(k2 + m̃)Γ(k1 − k2 + k4 +mRiRi)Γ(Gds)(a1ϵRiρSi)

k2

Γ(m̃R)Γ(mRiRi)Ω
mRiRi
RiRi

(m̃R +
γth2b

2a1ϵRi
Tpa2

)k2+m̃

×
(ϖiρRi)

k1−k2+k4
(
(m̃RTpa2+γth2b

2a1ϵRi)Λm
Tpγth2a1ϵRiρSi

)k3
e
−
(
(m̃RTpa2+γth2 b

2a1ϵRi)Λm
Tpγth2

a1ϵRi
ρSi

+
γth2

b2

Tpa2ρSi

)

(
mRiRi
ΩRiRi

+
γth1b

2ϖiρRi
Tpa2ρSi

+
(m̃RTpa2+γth2b2a1ϵRi)ΛmϖiρRi

Tpγth2a1ϵRiρSi

)k1−k2+k4+mRiRi

]

(8.43)

The remaining probability component, P 2
ϕ1
(γth1 , γth2), can be rephrased as

P 2
ϕ1
(γth1 , γth2) = Pr

(
|hSi |2 > Λχ, |g̃Ri |2 <

a2Λmχ

γth2a1ϵRiρSi

)

=

∫ ∞

0

∫ ∞

Λη

∫ a2Λmη

γth2
a1ϵRi

ρSi

0

f|hSi |2 (x) f|g̃Ri |2 (y) f|hRiRi |2(z)dxdydz

=

∫ ∞

0

∫ ∞

Λη

f|hSi |2 (x) f|hRiRi |2(z)dxdz−
∫ ∞

0

∫ ∞

Λη

∫ ∞

a2Λmη

γth2
a1ϵRi

ρSi

f|hSi |2 (x) f|g̃Ri |2 (y) f|hRiRi |2(z)dxdydz.

(8.44)

For this formulation let’s follow the same steps as in the derivation of (8.35) and (8.43)

for the first and second components, respectively and get the closed form as follows
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P 2
ϕ1
(γth1 , γth2) =

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

[WpT
Gds
p Γ(Gds)

(
k
k1

)
(ϖiρRi)

k1m
mRiRi
RiRi

( b
2Λ
Tp

)k

Γ(mf )Γ(ms)Γ(k + 1)Γ(mRiRi)Ω
mRiRi
RiRi

× Γ(k1 +mRiRi)e
− b2Λ
Tp

(
mRiRi
ΩRiRi

+
b2ΛϖiρRi

Tp

)k1+mRiRi

]
−

N∑

p=1

Gds−1∑

k=0

k∑

k1=0

m̃R−1∑

q=0

q∑

q1=0

[
WpT

Gds
p Γ(Gds)Γ(k1 + q1 +mRiRi)

(
k
k1

)(
q
q1

)

Γ(mf )Γ(ms)Γ(k + 1)Γ(q + 1)Γ(mRiRi)

×
m
mRiRi
RiRi

(ϖiρRi)
k1+q1

(
b2Λ
Tp

)k (
m̃Ra2Λm

γth2a1ϵRiρSi

)q1
e
−
(
b2Λ
Tp

+
m̃Ra2Λm

γth2
a1ϵRi

ρSi

)

Ω
mRiRi
RiRi

(
mRiRi
ΩRiRi

+
b2ΛϖiρRi

Tp
+

m̃Ra2ΛmϖiρRi
γth2a1ϵRiρSi

)k1+q1+mRiRi

]
.

(8.45)

This ends up the derivation of Pϕ1(γth1 , γth2) = P 1
ϕ1
(γth1 , γth2) + P 2

ϕ1
(γth1 , γth2). The

second component, Pϕ2(γth1 , γth2), is reformulated as

Pϕ2(γth1 , γth2) = Pr

(
a3ρD2i

|gRi2|2
a4ρD2i

|gRi2|2 + 1
> γth1 ,

a4ρD2i
|gRi2|2

a3ϵD2ρD2i
|g̃D2|2 + 1

> γth2

)

= Pr

(
|gRi2|2 >

γth2 (a3ϵD2ρD2i
|g̃D2|2 + 1)

a4ρD2i

, |gRi2|2 >
γth1

ρD2i
(a3 − a4γth1)

)

= Pr

(
|gRi2|2 >

γth2 (a3ϵD2ρD2i
|g̃D2|2 + 1)

a4ρD2i

,
γth2 (a3ϵD2ρD2i

|g̃D2|2 + 1)

a4ρD2i

>
γth1

ρD2i
(a3 − a4γth1)

)
+ Pr

(
|gRi2|2 >

γth1
ρD2i

(a3 − a4γth1)
,

γth2 (a3ϵD2ρD2i
|g̃D2 |2 + 1)

a4ρD2i

<
γth1

ρD2i
(a3 − a4γth1)

)

= Pr

(
|gRi2|2 >

γth2 (a3ϵD2ρD2i
|g̃D2|2 + 1)

a4ρD2i

, |g̃D2|2 >
a4Λ2

γth2a3ϵD2ρD2i

)

+ Pr

(
|gRi2|2 >

γth1
ρD2i

(a3 − a4γth1)
, |g̃D2|2 <

a4Λ2

γth2a3ϵD2ρD2i

)

(8.46)

where Λ2 = max
(
0,

γth1
a3−a4γth1

− γth2
a4

)
. So Pϕ2(γth1 , γth2) can be rewritten as

Pϕ2(γth1 , γth2) =

∫ ∞

ψ2

∫ ∞

ψ3

f|gRi2 |2(x)f|g̃D2
|2(y)dxdy

+

∫ ψ2

0

∫ ∞

U2
ρD2i

f|gRi2 |2(x)f|g̃D2
|2(y)dxdy

(8.47)

where ψ2 = a4Λ2

γth2a3ϵD2
ρD2i

, ψ3 =
γth2(a3ϵD2

ρD2i
y+1)

a4ρD2i
, the last double integral turns to

two independent integrals and can be expressed in terms of CDFs. Closed form of the
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first double integral in (8.47) is obtained as in (8.49) by following the similar method

to the derivation of (8.35) and (8.43), where the inner integral is transformed into

upper incomplete Gamma function, thereafter Binomial expansion is used, and finally

remaining integral is again converted to form of upper incomplete Gamma function. The

approximated PDF of |gRi2|2, to distinguish it from those of |hSi |2 and |gRi1|2, is denoted
as

f̃|gRi2 |2(x) =
N∑

p=1

(
Wp,2b

2Gd2
D2 xGd2−1

Γ(mD2f )Γ(mD2s)
e
− b2D2
Tp,2

x

)
(8.48)

where Gd2 = min(mD2f ,mD2s) and bD2 =
√

mD2f
mD2s

ΩD2f
ΩD2s

. (8.48) is used in (8.47) to get

(8.49).

Pϕ2(γth1 , γth2) =

N∑

p=0

Gd2−1∑

k=0

k∑

k1=0

[Wp,2T
Gd2
p,2 Γ (Gd2)

(
k
k1

)
(a3ϵD2ρD2i

)k1
(

γth2b
2
D2

Tp,2a4ρD2i

)k

Γ(mD2f )Γ(mD2s)
(
m̃D2 +

γth2b
2
D2a3ϵD2

Tp,2a4

)k1+m̃D2

×m̃
m̃D2
D2

e
−

γth2
b2D2

Tp,2a4ρD2i

Γ(k + 1)Γ(m̃D2)
Γ

(
k1 + m̃D2 ,

a4Λ2

γth2a3ϵD2ρD2i

(
m̃D2 +

γth2b
2
D2a3ϵD2

Tp,2a4

))

+F|g̃D2
|2

(
a4Λ2

γth2a3ϵD2ρD2i

)(
1− F|gRi2 |2(

γth1
ρD2i

(a3 − a4γth1)
)

)]
.

(8.49)
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9. DF MULTI-HOP NETWORKS OVER
NAKAGAMI-m FADING CHANNELS

9.1. Introduction

The multi-hop communication systems have been offered to extend coverage area

and to make power more manageable [173]. In multi-hop communication systems, the

main purpose is to realize the transmission through the relays in between. Therefore,

coverage area extension is accomplished without the need for too much power in the

transmitter part.

Multi-hop communication was first examined in [174]. In this work, OP expressions

are provided for both DF and AF protocols, where the expression of DF case is in a

closed form for i.i.d. Nakagami-m fading channels. On the other hand, an upper bound

of OP for AF over i.n.i.d. Nakagami-m fading channels is given in terms of inverse

Laplace Transform, hence, it can be calculated via numerical inversion of the Laplace

transform. Lower and upper bounds of OP for the same work with co-channel interference

and AF protocol over i.n.i.d. Nakagami-m fades are derived in [175]. In [176], closed

forms of OP and SER expressions for the system studied in [175] are obtained for i.i.d.

Nakagami-m fading channels. A multi-hop system with AF transmission is investigated

over i.n.i.d. Generalized Gamma distribution channels in [177]. In this study, moment

generating function (MGF) of end-to-end SNR is presented, hence, SER ofM -ary coherent

modulations can be calculated numerically.

Multi-hop networks with DF protocol over i.n.i.d. Nakagami-m fading channels

have also been examined in detail [178–181]. In [178], FD transmission is investigated

and OP expression is given in terms of the infinite Gamma series representation. In

the work of [179], exact analytical expression for the e2e OP considering the effects

of co-channel interference caused by inter-relay links and the echo interference at the

FD relays is provided. Additionally, an OP expression for HD transmission protocol is

also introduced. However, the complexity of the derived expression and its impractical

implementation can easily be realised. The SER analysis for HD transmission is focused

in [180], where a symbol transition matrix (STM) whose entries are the symbol transition

probabilities of a relay in a DF relaying system is defined. Using the STM as a state

transition matrix of a discrete-timeMarkov chain, the source-to-destination STM is shown

to be the product of intermediate STMs in multihop DF relaying systems. The probability
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of correct decision at the destination is shown to be the trace of the source-to-destination

STM divided by the modulation order.

Without any doubt, next generation communication systemswill operate inmmWave

bands, therefore, effect of fading and shadowing unfortunately becomes more dominant

than ever. Hence, multi-hop systems seem to be revised again. One of the most recent

work over i.n.i.d Nakagami-m fading channels with DF protocol considering co-channel

interference is illustrated in [181]. In this work, i.n.i.d. channel assumption is not stated

directly but values of shaping factors are probabilisticaly determined based on line of sight.

Thereafter, all performance criteria are calculated over all possible occurrences. In the

stated work, while CDF is obtained, the terms resulting from the product of polynomials

are given by ordering from the smallest to the largest degree. In our work, terms in the

CDF are given without ordering since no need to waste effort to calculated coefficients of

each term. Furthermore, unlike [181] where SER of each modulation type is separately

evaluated based on conditional probabilities, closed form of SER forM -PSK andM -QAM

is provided in a single term based on MGF method. Moreover, SER expression is not

derived for M -PSK in [181]. Additionally, closed form of ergodic capacity is also

derived which is simpler than that given in [181]. Consequently, simplicity of the derived

expressions is essential for both future works and easy interpretations. Furthermore, in

case of the smaller number of hops, direct path (DP) signal cannot be ignored and should

also be taken into consideration. For this reason, analysis with DP case are additionally

provided. The closed form expressions forMGF, OP, and SER considering DP are derived.

The remainder of this chapter is organized as follows. In Section 9.2, details of

systemmodel are provided. OP, SER, and ergodic capacity derivations are given in Section

9.3, 9.4, and 9.5, respectively. Analysis of the system considering availability of DP is

detailed in 9.6. Numerical results are elaborated in Section 9.7. Finally, we conclude our

work in Section 9.8.

9.2. System Model

In this work, a multi-hop communication network consisting of a source and (N−1)
HD DF relays given in Fig. 9.1 is revised over i.n.i.d. Nakagami-m fading channels.

Ergodic capacity, OP, and SER expressions are provided in closed form which are simpler

than the existing ones.

The signal at the source and decomposed signal at the each relay is represented with

xi which has unit energy. The channel gain of the ith hop is represented as hi with mi
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Figure 9.1: The multi-hop system under the consideration.

shaping and Ωi scaling factors, i ∈ {1, 2, . . . N}. The received signal is decoded and

retransmitted at each relay. The receipt signal at each hop is

YRi = hi
√
Pixi + nRi , (9.1)

where nRi is the additive Gauss noise (AGN) at the ith hop. The power at the each hop

is given by Pi; in that case P1 is the source power and PN is the power of (N − 1)th

relay. Hence, SNR at each relay is γi = Pi|hi|2/σ2
i and inverse of its expected value is

λi = σ2
i /(PiΩi), where | · | is absolute value operator and σ2

i denotes variance of the AGN

at ith hop.

9.3. Outage Probability

Usage of DF protocol means the overall system is in outage if any hop is in

outage. Therefore, outage case is mathematically represented by min{γ1, γ2, · · · , γN} <
γth, where γth is the SNR threshold corresponds to the data rate R, therefore, γth =

22R − 1. The equivalence instantaneous SNR of the overall system is shown by γeq =

min{γ1, γ2, · · · , γN}. So OP expression, in turns CDF of γeq, is

Fγeq(γth) = Pr(min{γ1, γ2, · · · , γN} < γth)

= 1−
N∏

i=1

Pr(γi > γth)

= 1−
N∏

i=1

Γ(mi,miλiγth)

Γ(mi)

, (9.2)

where, the gamma function is Γ(mi) =
∫∞
0
tmi−1e−tdt [65, eq. (8310.1)] and upper

incomplete Gamma function is Γ(mi, x) =
∫∞
x
tmi−1e−tdt [65, eq. (8350.2)]. The last

line of the equality is reached by using the fact that Γ(mi) = Γ(mi, x) + γ(mi, x), i.e.,
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Γ(mi, x)/Γ(mi) = 1 − γ(mi, x)/Γ(mi, x) is considered. γ(mi, x) =
∫ x
0
tmi−1e−tdt

is the lower incomplete gamma function [65, eq. (8350.1)]. For integer mi values,
Γ(mi,x)
Γ(mi)

= e−x
∑mi−1

pi=0
xpi

Γ(pi+1)
, so Fγeq(γth) can be rephrased as follows:

Fγeq(γth) =1−
m1−1∑

p1=0

m2−1∑

p2=0

· · ·
mN−1∑

pN=0

[ N∏

i=1

(
(miλi)

pi

Γ(pi + 1)

)
xpe−ωx

]
, (9.3)

where p =
∑N

i=1 pi and ω =
∑N

i=1(miλi). This ends up the derivation of OP.

9.4. SER Analysis

Taking inverse Laplace transform of (9.3) and multiplying it by s results in MGF of

γeq [65, eq. (17.11) and (17.12.2)] as follows:

Mγeq(−s) = 1−
m1−1∑

p1=0

m2−1∑

p2=0

· · ·
mN−1∑

pN=0

[
ψN

s

(s+ ω)p+1

]
, (9.4)

where ψN =
∏N

i=1

(
(miλi)

pi

Γ(pi+1)

)
Γ (p+ 1). Based on MGF method, SER expression is

obtained by the equility
∑Q

q=1 aq
∫ θq
0
Mγeq

(
− λmod

sin2(θ)

)
dθ [74, eq. (5.3)]. Closed form of

the SER expression is derived as below

PSER =

Q∑

q=1

aq

{
θq −

m1−1∑

p1=0

m2−1∑

p2=0

· · ·
mN−1∑

pN=0

[
ψNIp

(
θq;λmod;ω

)]}
. (9.5)

The modulation dependent parameters are provided in Table 2.1. The integral

Ik

(
θq;λmod; bi

)
in the PSER is given in (9.6).

Ik

(
θq;λmod; bi

)
=

∫ θq

0

λmod(sin2(θ))k

(bi sin2(θ) + λmod)k+1
dθ. (9.6)

The integral in (9.6) for k = 0 is derived by aid of the identity [65, eq. (2.262.1)] as

I0

(
θq;λmod; bi

)
=





Ψ arctan
(
tan(θq)

Ψ

)
θq <

π
2

Ψπ
2

θq =
π
2

Ψ
(
π + arctan

(
tan(θq)

Ψ

))
θq >

π
2

, (9.7)
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where Ψ =
√

λmod
λmod+bi

. The Ik
(
θq;λmod; bi

)
under k ≥ 1 and 0 ≤ θq ≤ π conditions turns

to

Ik

(
θq;λmod; bi

)
=

1

(λmod)
1/2 (λmod + bi)

k+1/2

[
T

22k

(
2k

k

)

+
(−1)k
22k−1

k−1∑

j=0

(−1)j
(
2k

j

)
sin[(2k − 2j)T ]

2k − 2j

]
,

(9.8)

where T = 1
2
tan−1 N1

D1
+ 1

π

(
1− (1+sign(D1))

2
sign(N1)

)
,N1 = 2

√
λmod(λmod + bi) sin(2θq)

and D1 = (2λmod + bi) cos(2θq)− bi.

9.5. Ergodic Capacity

The ergodic capacity can be derived based on CDF method as [75, eq. (38)]

RAvg. = log2(e)
∫ ∞

0

1− Fγeq(x)
x+ 1

dx. (9.9)

After inserting the (9.3) into (9.9), ergodic capacity becomes

RAvg. =1−
m1−1∑

p1=0

m2−1∑

p2=0

· · ·
mN−1∑

pN=0

[ N∏

i=1

(
(miλi)

pi

Γ(pi + 1)

)∫ ∞

0

xpe−ωx

x+ 1
dx

]
. (9.10)

The integral in this equation is [56, eq. (39)]

Ip (ω) =

∫ ∞

0

xpe−ωx

x+ 1
dx

= eωΓ(p+ 1)Γ(−p, ω)
. (9.11)

9.6. Analysis of Multi-Hop with Direct Path

In case of the smaller number of hops, availability of a direct path (DP) between

the source and destination is possible with a high probability, which provides diversity.

Since it increases diversity order by 1. Hence, merging the signals of the DP and last hop

with maximal ratio combining (MRC) decreases error rates (SERs) and OP significantly,

similarly other combining techniques such as selection combining (SC). Let’s assume
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the DP channel gain distributes as Nakagami-m and represent it with hDP , its shaping

factor with mDP and scaling factor as ΩDP . So, the SNR related to the DP becomes

γDP = P1|hDP |2/σ2
N and inverse of its expected value is λDP = σ2

N/(P1ΩDP ). After

MRC processing at the destination, SNR is

γMRC = γeq + γDP . (9.12)

Note that the exact SNR is γMRC = γN + γDP but we focus on γMRC = γeq + γDP to

simplify the analysis. Actually, this is a tight bound and generally used in the literature

without mentioning exact SNR. Therefore, MGF of γMRC turns to

MγMRC
(−s) =Mγeq(−s)MγDP (−s). (9.13)

The MGF related to DP is [74, eq. (5.15)]

MγDP (−s) =
(mDPλDP )

mDP

(s+mDPλDP )
mDP . (9.14)

Inserting (9.4) and (9.14) into (9.13) results in

MγMRC
(−s) = (mDPλDP )

mDP

(s+mDPλDP )
mDP −

∑

NHOP

[
ψN (mDPλDP )

mDP s

(s+ ω)p+1 (s+mDPλDP )
mDP

]
.

(9.15)

For the sake of clarity, the shorthand abbreviation
∑

NHOP
=
∑m1−1

p1=0

∑m2−1
p2=0 · · ·

∑mN−1
pN=0

is used. To get closed form of CDF and tractable integrals in SER calculations, we define

ϕ(s) = 1
(s+ω)p+1(s+mDPλDP )

mDP
and use partial decomposition to get

ϕ(s) =

p+1∑

m=1

( Cω
m

(s+ ω)m

)
+

mDP∑

m=1

( CDP
m

(s+mDPλDP )
m

)
, (9.16)

where Cω
m and CDP

m are

Cω
m =

(−1)p−m+1Γ(p+mDP −m+ 1)

Γ(mDP )Γ(p−m+ 2) (mDPλDP − ω)p+mDP−m+1

CDP
m =

(−1)mDP−mΓ(p+mDP −m+ 1)

Γ(p+ 1)Γ(mDP −m+ 1) (ω −mDPλDP )
p+mDP−m+1

. (9.17)
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Substituting (9.16) into (9.15) gives

MγMRC
(−s) = (mDPλDP )

mDP

(s+mDPλDP )
mDP −

∑

NHOP

[ p+1∑

m=1

(ψN (mDPλDP )
mDP Cω

ms

(s+ ω)m

)

+

mDP∑

m=1

(ψN (mDPλDP )
mDP CDP

m s

(s+mDPλDP )
m

)]
.

(9.18)

Closed form expression for SER based on MGF method is straightforward as in (9.5)

except the first term in (9.18) results in the integral
∫ θq
0

(
sin2(θ)

sin2(θ)+c

)k
with the closed form

given in [74, eq. (5A.26)] and the integrals in the summations are as in (9.6).

The CDF, in turn OP, is the inverse Laplace transform ofMγMRC
(−s)/s and derived

as

FγMRC
(x) =

Γ(mDP )− Γ(mDP −mDPλDPx)

Γ(mDP )

−
∑

NHOP

[ p+1∑

m=1

(ψN (mDPλDP )
mDP Cω

mx
m−1e−ωx

Γ(m)

)

+

mDP∑

m=1

(ψN (mDPλDP )
mDP CDP

m xm−1e−ωx

Γ(m)

)]
.

(9.19)

This ends up the derivation of OP and SER expressions for the multi-hop system with DP.

9.7. Numerical Results

In this section, the validity of the derived OP and SER expressions is shown by

numerical and simulation results. The variances at the hops are assumed to be equal,

σ2 = σ2
i = 1. The curves are plotted versus total SNR, PT/σ2 =

∑N
i=1 Pi/σ

2. The total

power is PT =
∑N

i=1 Pi. The data rate threshold is set to R = 2 bits/s/Hz, hence, SNR

threshold becomes 10 log 10(15) = 11.76 dB. Channel scale factors are Ωi = 1 for all

hops. The total number of hops is at most 4. For the multi-hop system without DP, the

shaping factors are mi = 2 for OP curves, additionally, a case with all shaping factors

being different, (m1,m2,m3,m4) = (2, 3, 4, 1), is also provided. QPSK (4-PSK/QAM),

16-PSK, and 16-QAM SER curves are also illustrated for this distinct shape factors. OP

and SER curves are calculated from (9.3) and (9.5), respectively. OP curves of multi-hop

system with DP are produced from (9.19). The shaping factors are mi = 2 for multi-hop

channels, whereas mDP ∈ {1, 2} for DP. To accommodate the path loss effect, we set

the normalized distance between the hops, d to 1 and, therefore, the normalized distance
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Figure 9.2: OP of the multi-hop transmission.

between the source and destination, dDP roughly becomes total number of hops. Path lost

exponent is set to 3 to represent urban transmission environment.

Fig. 9.2 demonstrates that as number of hops increases performance degrades. The

loss in SNR for the same shaping factor,mi = 2, is 5 dB, 7 dB, and 8.6 dB while number

of hops changes from 1 to 4 at OP value of 10−4. As a common mistake in the literature,

curves are plotted versus the power of the source which means an unfair comparison. In

that case the loss in SNR becomes 2 dB, 2.23 dB, and 2.58 dB. The hop that causes the

performance of the top curve to be so bad is the fourth one. In this hop shape factor is

m4 = 1, which corresponds to Rayleigh fading channel and is the weakest hop. Keep

in mind, considering a multi-hop transmission without any direct path from the source to

the relays, from the relays to the relays, and from the relays to the destination causes an

asymptotic analysis. Therefore, given curves are upper bounds.

Fig. 9.3 illustrates the SER performance of the system under consideration, namely

the multi-hop system with FD relays, where curves are given for QPSK (4-PSK/QAM),

16-PSK, and 16-QAM. The almost excellent overlapping of the numerical and simulation

results shows the validity of the derived expression.

Fig. 9.4 shows ergodic capacity performance of the multi-hop system. As in OP

curves, channel variances are set to Ωi = 1. Total number of hops is at most 4 and

mi ∈ {1, 2}. As number of hops increases, capacity decreases. While the difference

is high at low SNR values (PT/σ2), this difference decreases gradually at high values.

The average capacity decreases as the fading shape factor decreases, that is, the effect of
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Figure 9.3: SER of multi-hop transmission.

Figure 9.4: Ergodic capacity of the multi-hop networks.

fading increases. The overlap of the numerical and simulation results is excellent.

Fig. 9.5 validates the accuracy of OP expression for the multi-hop systemwith DP, in

turn, this also proves the validity of SER expression since OP/CDF is derived from MGF.

The gain in total SNR at an OP value of 10−6 for lower three curves (from left to right) with

respect to the OP of the multi-hop system without considering DP signal (the most upper

curve) is about 18 dB, 9.5 dB, and 7 dB, respectively. The effect of path loss is impressive

which can be observed from the two lowest curves and the change in total SNR is about 8.5
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Figure 9.5: OP of MRC for multi-hop with DP.

dB at an OP value of 10−6. At low total SNRs, DP signal is negligible due to the path loss

effect. However, as SNR increases direct link becomes dominant. Therefore, especially in

case of smaller number of hops, it does not make sense to ignore the signal of DP. Clearly,

availability of DP provides diversity which improves the performance significantly.

9.8. Conclusion

The analysis of the DF multi-hop systems over i.n.i.d. Nakagami-m fading channels

is revised. Firstly, simpler expressions for OP, SER, and ergodic capacity are derived and

validated for the system without DP between the source and destination. Thereafter, the

system with existence of DP link is considered and closed for expressions for MGF, OP,

and SER are derived, where the closed form MGF of the system without DP is used. All

analytical expressions are validated via Monte-Carlo simulation technique. Furthermore,

it is shown that DP provides diversity. Hence, it improves performance and it should not

be omitted in the case of smaller number of hops.
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10. CONCLUSION

In this thesis, bidirectional and unidirectional relayed communication networks are

investigated over independent (non-)identically distributed Rayleigh, Nakagami-m, and

generalized-K wireless media for HD/FD transmission schemes, AF/DF relay protocols,

and OMA/NOMA techniques. To mitigate degradation effects of fading/shadowing

channels, mainly two different diversity techniques, namely, multi-antenna and

multi-relay networks, are considered with generalized antenna and relay selections.

Generalized selections include all cases, i.e., single antenna/relay selection and use of

all antennas/relays (beamforming). Generalized antenna selection reduces hardware

complexity but keeps offered performance gain of multi-input multi-output systems.

Additionally, cooperative communication is investigated with relay selection to provide

benefits of spatial diversity.

The first investigated system is a bidirectional system with two multi-antenna

sources and an AF relay equipped with a single antenna. HD transmission with OMA

technique is considered. Generalized antenna selection, i.e., GSC and GST, is carried

out over i.i.d. slow Rayleigh fading environments for both transmission and reception.

Exact and asymptotic expressions for CDF of e2e SNR, in turn, SOP of the system,

and SSER based on MGF method for M -PSK and M -QAM are derived in closed form.

Additionally, approximated SSER for M -PSK is also introduced based on CDF method.

SER calculations for M -PSK and M -QAM are provided in a unique expression, which

decreases the number of equations and simplifies analysis. Thereafter, the accuracy of the

obtained expressions is validated by the aid of Monte Carlo simulation technique, where

results demonstrate that hardware complexity, i.e., number of radio frequencies, can be

reduced without significant loss in performance such as OP and SER.

The second analyzed system is a generalization of the first system, where relay has

also multi-antenna with all other assumptions kept to be the same. Since it is not possible

to select an antenna that simultaneously maximizes e2e SNRs of both sources in such

systems, selection strategy is offered to help the source equipped with fewer antennas,

thereby, diversity order of the link between the relay and the source having fewer antennas

is increased. Single antenna selection at the relay means TAS/RAS. Therefore, generalized

antenna selection at the source with fewer antennas and antenna selection at the relay

is GST/RAS and TAS/GSC. Multi-antenna selection at the source having more antennas

means GST and GSC. SOP and SSER expressions are derived and validated. Numerical
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results illustrate that SOP and SSER can be significantly reduced by the offered antenna

selection strategy.

The third system is similar to the first one except HD transmission and reciprocity

assumption between the relay and the sources. Instead FD transmission is assumed and

unlike reciprocal channel gains, forward and backward paths between the sources and

relay are taken to be different which happens in practice but makes the mathematical

analysis much harder. Additionally, FD transmission results in self-interference (SI),

hence, fading SI also makes the problem to be further complicated. Despite all, a novel

TRAS method selecting a pair of antennas for transmission and reception at terminal

sources is proposed, where effective e2e SINR is maximized and all antenna space is

used for either transmission or reception which results in a reduction in the total number

of antennas at each terminal node. With four different AS scenarios, the exact SOP for

fading SI and the exact, approximated, and asymptotic SOP expressions for non-fading

SI are derived and validated. It is shown that performance can be significantly improved

by the usage of offered TRAS strategy at terminal sources. In addition, it outperforms

the selection strategy using maximum-paths from two divided antenna sets at each source,

where one set is only used for transmission and the other one for reception. For different SI

values, optimum power allocations are demonstrated and factors affecting optimum relay

location are also elaborated. Each AS scenario produces the lowest SOP for different

combinations of SI occurrences, power allocations, and relay locations.

In the remaining three works, RS is investigated for unidirectional relayed networks.

In the first work, an FD variable gain AF multi-relay cooperative-diversity system

with(out) DP/LOS between the source and destination is studied over i.i.d. (i.n.i.d.) slow

Rayleigh fading channels. Generalized RS is investigated for two extreme cases; single

RS and use of all relays, i.e., MRT/beamforming. By developing an equivalent link, the

approximated PDF and CDF of a dual-hop link with FD relay are obtained, thereafter, the

adopted approximated PDF and CDF are offered. Then, approximated and asymptotic

expressions for OP, MGF, and SER of GST with(out) DP are derived. Additionally,

approximated ergodic capacity expressions are also obtained and validated. For equal

rates, a substantial reduction in SER can be obtained by FD transmission as compared

to HD one. Furthermore, significant improvement in performance measures such as OP

and SER is attained by the cooperative diversity (network with DP) as compared to the

network without DP.

Two of remaining works are related to NOMA, first one consisting of two sources

and two users with no line-of-sight among the sources and users but the second network
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has only one source, are based on NOMA technique using HD and FD transmission

protocols, where a DF relay is selected out of multi-relays in two stages to maximize

data rate of the second user with providing quality service for the first user. The former

network, which includes an extra selection method named as single stage RS given priority

and maximizing data rate of the first user, is analyzed over i.n.i.d. Nakagami-m fade

and later one over i.i.d. generalized-K fade. In both systems imperfect SIC is also

considered. Unlike existing works, derived expressions are unique and valid for all

cases such as FD and HD together with perfect and imperfect SIC, i.e. expressions are

not given separately but in a single compact form. Exact OP expression is derived for

Nakagami-m, whereas, analysis over generalized-K fade is done based on approximated

PDF where generalized Gauss-Laguerre quadrature approach is used to obtain a robust

approximation. Additionally, a slightly different CDF expression of generalized-K

distribution is presented. Thereafter, the validity of approximation is verified by the aid

of the exact CDFs, where results are almost excellent. For both systems, the effect of each

component such as perfect SIC, imperfect SIC, and SI for FD transmission on error floor

of OP is demonstrated.

Lastly, DF multi-hop systems with/out direct link are revised and simpler

expressions are introduced for MGF, OP, and SER. The validity of derived expressions is

shown via Monte-Carlo simulation technique. Moreover, especially for smaller number of

hops, the importance of the signal of direct path is illustrated and it is shown that omitting

this signal is unreasonable since it provides diversity, identified as cooperative diversity

in the literature.

Finally, to summarize, generalized transmit/receive antenna selection is investigated

for HD two-way relay networks and results demonstrate that hardware complexity

can be reduced without significant reduction in performance such as OP and SER.

Additionally, for the first time in the literature, transmit/receive antenna selection is

presented for FD bidirectional networks without reciprocity assumption of forward and

backward paths between the sources and relay which makes the analysis realistic as

in practice (real implementation). Furthermore, analysis of generalized relay selection

in unidirectional/one-way networks reveals that, unlike generalized antenna selection

and contrary to common belief due to always plotting curves with respect to source

power/SNR, diversity gain cannot be reached or is negligible or is in reverse direction

(negative gain). In brief, maximum ratio transmission does not provide such performance

as in antenna implementation and its practical application in conjunction with the

availability of direct path is possible with rake receiver together maximal ratio combining
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at the receiver side. Besides, relay selection is examined in two different NOMA

based transmission networks with HD/FD and imperfect SIC schemes; unlike available

works, OP expressions are provided in a single term involving all conditions. Finally,

nonzero diversity order assertion is declared and supported by analytical derivations.

Unlike common myth, error floor (Some common reasons of error floor are insufficient

SI cancellation, imperfect SIC, restriction on relay location, and even design of the

whole system can also be a reason as in the system analyzed in Chapter 7 over i.n.i.d.

Nakagami-m fades) does not mean zero diversity order but it is intrinsic property of the

system under consideration.
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