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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 system with 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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OZET

Bu tezde roleli ve ¢esitlemeli haberlesme aglari, yari (tam) ¢ift yonlii iletim teknikleri
(HD/FD), ¢6z (kuvvetlendir)-ve-aktar (DF/AF) role iletim protokolleri ve dik(-olmayan)
coklu erisim (OMA/NOMA) teknikleri i¢in Rayleigh, Nakagami-m ve genellestirilmis- K
sontimlemeli/golgelemeli ortamlarda incelenmistir. S6z konusu sistemler haberlesmede
kapsama alanini genisletmekte, gii¢ tiiketimini azaltmakta, spektrum verimliligini
arttirmakta, yliksek veri hizin1 gerektiren hizmetleri sunmakta ve kitlesel baglantiy1
gerceklestirmektedir. Soniimlemenin bozucu etkisini azaltan uzaysal ¢esitleme teknigi
bu sistemlerde irdelenmistir. Cok-girisli ¢cok-cikish sistemlerin sagladigi performans
kazancin1 korumak fakat donanim karmasikligini1 azaltmak i¢in de genellestirilmis anten
secimi (AS) yapilmistir. Uzaysal cesitlemenin yararlarini saglamak i¢in yardimlagmali
haberlesmede rdle secimi (RS) de incelenmistir. ilk olarak ¢ok antenli iki kaynaktan ve
tek antenli bir HD AF roleden olusan iki yonlii bir sistemde yavas sonlimlemeli Rayleigh
kanallar icin genellestirilmis AS c¢alisilmistir. Sonraki adimda, biitiin birimlerin ¢ok
antenli oldugu iki yonlii sistem, rélede alici/verici AS ve kaynaklarda genellestirilmis AS
icin incelenmistir. Son olarak da FD DF tek antenli role ve ¢ok antenli FD iki kaynaktan
olusan iki yonlii sistem Rayleigh sonlimleme ic¢in calisilmisti. Bu sistemde onceki
sistemlerin aksine role ve kaynaklar arasindaki yollarin ayni olmadig1 varsayilmis ve
kaynaklarda iletim ve alim i¢in bir ¢ift anten se¢en yeni bir alici-verici anten se¢im yontemi
onerilmis ve analiz edilmistir. Incelenen diger ii¢ sistemde RS tek yonlii iletimin yapildig
aglarda incelenmistir. Birinci ¢alismada kaynak ve hedef arasinda direk goriis hattinin
olup olmamasini da igerecek sekilde genellestirilmis RS ele alinmistir. Bu sistemde FD
iletim AF rolelerle Rayleigh kanallarda gerceklestirilmistir. Diger iki sistemde ise NOMA
tabanl iletim i¢in iki agsamali RS yapilmistir; birinci kullanicinin veri hizin1 saglayan
DF rolelerin alt kiimesi belirlendikten sonra ikinci kullanicinin veri hizin1 maksimize
eden role segilerek FD/HD iletim gergeklestirilmistir. lki iki kaynakli olup Nakagami-m
sontimlemeli ortamlar i¢in incelenirken ikincisi ise tek kaynakli olup genellestirilmig-/
dagilimli ortamlar (golgelemeli soniimleme) i¢in calisilmistir. Her iki sistemde hatali
ardisik karisim iptali de ele alinmistir. Son olarak, DF ¢ok atlamali sistem direk goriis
hattinin olup olmamasi durumunda Nakagami-m kanal i¢in revize edilmistir.

Anahtar Kelimeler: Anten/Réle Secimi (Uzay Cesitlemesi), Dik-Olmayan Coklu
Erisim, Yari/Tam Cift Yonlii Role, Tek/Cift Yonlii Sistem, Yardimlasmali Cesitleme.
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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 demand means more spectrum should be used. But more 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
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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
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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 TWRNSs, 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 TWRNSs, 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 wireless medium 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 AF MIMO 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, DF multi-hop systems with/out DP between the source
and destination are revised in Chapter 9, and the deductions of studied issues are given in
Chapter 10.



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].



2.1.1. Statistical Models for Fading Channels

Several statistical models have been offered to describe the fading mobile media such
as Rayleigh, Rician, Nakagami, Gamma, Generalized Gamma, and Weibull. In this thesis,
Rayleigh and Nakagami-m models 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]

Xz e

fr(x) = e 2.2, 2.1

o2

where x > 0 and o2

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 = X? is preferred to represent

it, and the related PDF is

fely) = 55€ 27, (2.2)

subscript E stands for exponential distribution and its variance is 202. Moreover, the

cumulative distribution function (CDF) of Y is
Fp(y)=1—¢ 2. (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:

o2mmpml L,

fN(.ZU) = We_ﬁx s (24)

where N stands for the Nakagami-m distribution, = > 0, m > 1/2 and 2 are shaping and
scaling factors, respectively, and the gamma function is I'(m) = fooo tm=le~tdt [65, eq.
(8310.1)]. Square of a Nakagami-m RV is a Gamma RV whose PDF becomes

mmym—l m

faly) = me_ﬁy; (2.5)



the subscript G represents the Gamma distribution and its CDF is

v (m, §y)
F, = —— 2.6
where v (m,y) = foy tm~le~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]

4
= pmtmegmytmeslpe (2D 2.7
fGK('T) I‘(mf)F(ms) Zz s f( JJ), ( )
where GK stands for generalized-K distribution, > 0, b = "(;J; gs, and m; > 1/2

and m, > 0 are respectively fading and shadowing shape factors. Similarly, €2; and
are fading and shadowing scaling factors, respectively. K, (x) is the " order modified
Bessel function of the second kind [65, eq. (8.432.6)]. Hence, PDF related to its square

turns to

2 mytma
fax(y) = Wbmﬁms?/ E K,y (207/). (2.8)

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

derived as follows:
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where | F»(m; v, 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. This means 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



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
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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 to mitigate 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 the multi-relay unidirectional system with 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 conjunction with 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 w; for i’ 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 g; is
the i*" branch weighting factor and its value depends on the utilized combining technique.
Combining methods are selection combining (SC), maximal ratio combining (MRC), equal

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

.

X >O » Output Signal

SN

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 v.q, f,.,(7), and F,_ (),

respectively.

2.7.1. Ergodic Capacity

The normalized Shannon capacity for FD and HD systems is

1

C(V@Q) - RO

logy (1 + 7eq)- (2.10)

In (2.10), Ry = 1 and Ry = 2 for FD and HD transmissions, respectively. The average
capacity, i.e., ergodic capacity is derived based on CDF method as [75, eq. (38)]

1
Ravg. = E[EO 10g2(1 + VQQ)]

1 o0
=5 log,(1+ ) f,.,(z)dx (2.11)
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dx,

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, Ry, in turn, the instantaneous equivalent SNR/SINR, .,, is less than a
SNR/SINR threshold, ;1. In other words, outage happens when instantaneous equivalent
SNR/SINR is lower than the minimum SNR/SINR required to maintain an acceptable level
of the average probability of error. Mathematically, OP is
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Table 2.1: Modulation type dependent parameters for M-AM, M-QAM, and M-PSK
SER calculations.

Parameter | M-AM M-QAM M-PSK
2(M—1) 7r
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2
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where Pr(-) stands for probability and note that ~;;, = 2% =1 {5 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 of M-ary phase shift keying (M -PSK), M -ary amplitude modulation
(M-AM), and square M -ary quadrature amplitude modulation (M -QAM) can be evaluated
based on MGF method as

Py ser = Zaq/ < smm(();)) do, (2.13)

where the equivalent MGF, M., (s fo Jreo (T Je*rdx. ag, 0, and Apoq 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:

av/b _1/2 —ba
FPeser = or / V2e~br
0

Yeq

(x)dx, (2.14)
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where @ = 1 and b = 1 for BPSK, and for approximated M-PSK, a = 2 and b =
sin® (m/M).
Two type modulations, namely, M—PSK and M—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 N 4-antenna source A
and an Np-antenna source B exchange information via single antenna relay R using
amplify-and-forward (AF) protocol. L;, 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) and M -ary quadrature amplitude modulation (M-QAM) are derived.

* It is proven that the diversity order of the proposed antenna selection strategy is
min(Ny, Ng).

* The number of RF chains is reduced from N4 + Np to L4 + Lp 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 (e2¢) 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 AF MIMO TWRN with an N 4-antenna source A and an Nz-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 h!, be the complex channel gain between
the relay and the m!" transmit antenna of source i, where i € {A, B}. We assume
that {h! 'm = 1,..., N;} are independent identically distributed (i.i.d.) and circularly
symmetric Gaussian random variables which are modeled as ki, ~ C'N(0,d;"), where
d;r 1s the normalized distance between source ¢ and the relay (i.e., dag +dpr = 1) and f;
is the path loss exponent between source ¢ 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 o2, where = € {A, R, B}. Let us define SNR between the relay and
the m®™ transmit antenna of source i to be X, = |hi |*F,/0%, where E, is the average
energy of transmitted symbols and is assumed to be 1 and | - | represents absolute value.
Let Y,y > Ay > -+ > Xy be the order statistics obtained by arranging {\%,},
in decreasing order of magnitude in the first phase. The antennas for the first L; of these
ordered statistics are selected to obtain maximum SNR between source ¢ and relay R.
Then the signals for the selected antennas are weighted based on the channel coefficients
between source 7 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 = \/Pawlhass +\/Pewhhpsp +ng (3.1)
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where s; is the transmitted signal at source i, P; is the transmit power at source ¢,

(-)" denotes transpose, h; = [hi.y;hb.y; - ;hY.y] is the L; x 1 channel vector of
GTAS between source ¢ and the relay, w; = h/||h;||, where (-)* denotes complex
conjugate, || - || denotes Euclidean norm, and np is the additive Gaussian noise at the

relay with zero mean and variance c%. In the second phase, Yy is multiplied by G =

\/ Pr/(Pallhall? + Psllhs||? + 0%), where Pg 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:
Y; = Guw!'h;Yr + wl'n, (3.2)

In(3.2), n; is the L; x 1 additive Gaussian noise vector at source ¢ with zero mean and mean
power 1,02 where I, denotes an identity matrix of order L;. Since each source knows
its own transmitted signal and channel state information, after canceling self-interference,

the remained signal is
Yi = G/Pilhylllhills; + Gllhling + win; (3:3)

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

aiTiT]’

;= 3.4
gl ( (3.4

where (i,7) € {(A4,B),(B,A)} and oy = Pro%/(Po?). In 3.4), T; = Bi||h;|*/c%
and T; = P;||h;||?/o% are the instantaneous SNRs of the i — R link and the j — R link,
respectively. In (3.4), setting p = 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 +; in (3.4) can be expressed as [27, eq. (61)]

F)=1- [ " B () fr, ()41, (3.5)

i

where Fr,(7) = 1= Pr,(7), = (a; + 1) /as, and v, = 7(T; + p) /(@ T; = v(i + 1)).
Using [79, eq. (4)], the CDF of T; can be expressed as

Clﬂ” —/Y; A ol T
Pr) =1+ g gye "+ 2 aetEw (.6
;=1 l;i=L;+1

where T; = P,d~/i /o is the average SNR of the i — R link and the coefficients ¢;, are
given by [79, eq. (3)]

T =1+ 1<l< Ly
éli = r—1l;+1 N; _ (37)
-7 (Ni—L,L-) li = Li
N Ni ;-1
- (fif;”)(;f“*) L; <l < N;
\ (z;-D™

where 0,1, = > 1L 1) (ﬂ_{)LLzL i—. For simplicity we rephrase Fry, () as

N;
Fr,(y) =1+ Z O,y e (3.8)

l;=1

if L; < I; < N;. Now we can give the probability density function (PDF) of T; as

Nj Nj
fr;(v) = Z Crw, v e "M — Z Cy, Q7 (3.9)
z z

=1 =1
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To derive the CDF of the instantaneous e2e SNR ~;, we substitute (3.8) and (3.9) into (3.5)
and obtain £, () as

7, J

F(7) =1=>"> " 0,C,Cp L (w, +Zzwqu]1 wy, — 1) (3.10)

Li=11;=1 lLi=11;=1

where

o0 wli —(Q $+M
I (m) = / N Caa) T ) g, (3.11)
. a;x —y(a; + 1)

To solve I;(m), we make change of variable as x = ¢ + ¢;. After changing of variable,
we apply binomial expansion given by [65, eq. (1.111)] to (¢ + ¢;v)™ and (t + ¢y + p)“%.

Then we obtain

)y zm: (wl ) ( > sy + ) (am)"

p=0 q= (3.12)

Q,7(5
) (.t lz"/(c."/JrP)
tiPe \ 'V st/ dt.
0

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

Ii(m) =2 (%)Mi (Ql o ) ZZ (wl > < ) v+ p)P(sy)" 1

p=0 ¢=0

—p+1
Wy(sy +p) 2 K 9 Qlinj’Y(Cﬂ +p)
Qlj a; q—p+l1 o

where K, (z) is the v'"-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 ~; as

(3.13)

=1+ 222[&)[ H1 wl - 1) Qlel(wlj) (314)

li=11;=1

where
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wi .

s (W m pUI QLH‘%
Hy(m) = Z(zoll)(q)%zj (al) ‘ (s l)(<m+p)p(<ﬂ)m‘q

p=0 ¢=0
g—p+1
Uy +p)\ K 5 0,y (sy + p)
Q q—p+1 a

(3.15)

In order to obtain a simpler equation for the CDF of CA-AF, instead of setting p = 0
in (3.14) and (3.15), we reproduce it by setting p = 0 and continue from the beginning as
in derivation of the CDF of ~; in (3.14). Then, the CDF of v; for CA-AF is derived as

N; N
Fu() =142 3" 3 [, Hawr, — 1) — O, Ha(,) (3.16)
Li=11;=1
where
wy, +m — .
—wy, Mt Q. 2 (a2
HQ(m) = Z (wlz + m) CliCl]OC,L zgz 2 ,ywli—i-m—i-l < S_lzl ) e ( lj§+ az)
q=0 Qs el
48,6
Km—qr1 |7 '
£%)
(3.17)

For a threshold ~;;, the exact e2e SOP can be evaluated by using (3.14) and (3.16)
as F.,, (vin) + F, (7n) 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 v;, 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 v;. MGF of ~; can be

obtained as

M, (=s) = 5/000 e *°F,, (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

L ]

M, (—s) _1+2SZZ[M Hay(wy, — 1,8) — @, Hy(wy,, 5) (3.19)

Li=11;=1

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

wy.+m

; wy, + +1 wy, +q+2 3
Hy(m, s) = \/_ZAJFl(l 2q 4 2q wl+m—|—§
q=0

4Qlin]~ G (3.20)

e )
(leCi )

where

N (24 F™)CLCrag 6t T I (wy, + g + DT (wy, + 2m — q + 3)

(3.21)

(wr;+q+1)
2(Mi+2m_q+3)r(wli +m+ g) (Qljgi + Zlii + 8) |

o F1 (1, T;w; 2) in (3.20) is the Gauss hypergeometric function [65, eq. (9.111)] and I'(¢) 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

Psspray = Zaq / { ( Sm’”%) + M, (—8;7;(2))] do. (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

Pssprc = Paser + Ppser (3.23)

where P, spp = %5 Jo o a7 e E, (x)dx, ie{A, B} [81]. a and b are modulation

dependent parameters. For Binary PSK (BPSK) ¢ = 1 and b = 1, and for approximated
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M-PSK a = 2 and b = sin’(7/M). To derive P, spr, we concentrate on CA-AF with
p = 0. We substitute (3.16) into P; sgr and use the identity [67, eq. (2.16.6.3)] to derive

P; ser as

N; Nj
a
P, ser = 2 + a\/glz_:l ;[%HSER(% —1)— Qlj HSER(WIJ-)] (3.24)
Hgspr(m) in (3.24) is given as
wy.+m —wy,
— (wi +m)\ CLCLa;
q=0 J

where

U (w, +q+3)T (w, +2m—q+2)
D tam=at3) (Qw + o b) il (wi, +m +2)
QlinjCi/Oéi
(q, + /i + b))

Isgpr(m) =

(3.26)

w,+q+5 w,+q+3
2F1< b 9 2 b q Z,Cdll+m‘|‘2,1—

2 ’ 2

3.3.2. Asymptotic Analysis

Athigh 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 F,, () can be given by

T *Gd,i G‘
00 ~ i —Ga,i
F2(y) ~ Gy (7) Yo (Ti ) (3.27)
where (-) denotes higher order terms.

Clearly, it is not easy to determine array gain G’w and diversity gain G’d,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 o;Y;Y;/((cv; + 1)Y; +

T, +p) < min(o; Ty, ;T /(a; + 1)) to derive asymptotic CDF [83]. The single term

polynomial approximation for the PDF and CDF of Rayleigh fading are f(z) = 1/7T;

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

these approxima]‘ged PDF and CDF in [74, eq. (508)] and [74, eq. (510)]: M(s) =
N; N, Vi

N TN .. The asymptotic CDF of T, is derived by taking inverse Laplace

S

M),
i

L;'L;

transform of

N; i
() = —x—0 <%> : (3.28)

N;—L;+1
L\L]

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

00 ; il 00 _
e2e SNR v; [83]: F2°(y) = Pr(min(e;T;, m) < 7). Hence F*(y) = 1 —
Pr(min(o; Y, %) 7). Since T; and T ; are independent, Pr(min(c; Y, %)

> 7v) = Pr(oY; > ’y)Pr((aI{) > 7). PrieY; > v) =1 —FT-(li> and

Pr((gjﬁ) >v)=1-— FT].(M) Therefore, the asymptotic CDF is found as

F2() = () + P, (0 - e (D (L0

). (3.29)

If we ignore the third term in (3.29) and substitute (3.28) into (3.29), and define «; =
T,/Y;, then Gg4; and G, ; in (3.27) are respectively obtained as

Gd,i = mll’l(NZ,Nj> (330)
and
( NAaA Na N N
—L [ Na—Latt A< IVNp
A o NBg‘A KA
Ga,A = 9 LB'LNB Lp+1 Ny > Np
Nya, NB< Ky
| NAA La+1 + " 1\1?3 LAB+1 Ny = Np
\ LalL), 1Ly (3.31)
( NAggA N N ' )
TaiNa-Tatt A< B
“Npg N
~ NBa BK) B
Gaop = WL;‘H Ny > Np
NAggA Np Np

NBaB K4
\ LAlLNA i+ NB Lp+1 Na = Np

The asymptotic e2e SOP can be evaluated by using (3.27) as F2% (i) + F52 ().
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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

-G

PSSprc &~ (Ga,CTA) “+o (Tgad)

(3.32)

. . e
where Gy = Gga = Ggp = min(Ny, Np) and G, o = ( ab_ GdF (Ga + )\Ifc> ‘

U is given as

N N,
LA'LNAALA+1 (O‘A ! —|—g ) Na < Np
o Nprly B —NB
Ve = LB.LTALW(A +ag ") Na> Np .

N

LalLy Lp'LaB~"BH

A —Na Na NB“XB Np NB _
W(A +§B)+—_(OéB +< ) Ny = Np

(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):

Mz () ~ o (G” Dy o (176

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

. T(Gy+1) T (& . .
Pssprar = ( d/\gd> 4 (Z%E(Qlﬁq)) (Ga,AJrGa,B)

mod q=1

where

aq
I (G, 0,) :/ sin®% (z)dx
0

\

(3.34)

(3.35)
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and 0 < 6, < m. To solve the integrals in (3.36), we make change of variable as y =
sin’(z) where dy = 2sin(z)cos(z)dr = 2,/yy/T—y for 0 < 6, < 7/2 and dy =
2sin(x) cos(x)dr = —2,/y\/1 —y for m/2 < 6, < m. After proper arrangements, the

integral becomes

1 /! 1 [t
—/ 9(y)dy — —/ g(y)dy, 0<0, <m/2
2 Jo 2 sin(6,)

IQ(Gd79q) = 1 1 1
—/ g(y)dy + —/ g(y)dy, w/2<0,<m
2.Jo 2 sin?(6)

(3.37)

The function in this integral is g(y) = y™~'/2(1 — y)~'/2. The integrals in (3.37) can be
represented by incomplete Beta function, B, (p, q) = [, t*~'(1 — t)?"'dt. To solve these
integrals, we make change of variable as ¢t = 1 — y, use the facts cos?(z) = 1 — sin®()
and /cos?(z) = |cos(x)| where |cos(z)| = — cos(z) for /2 < 6, < 7 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 G4 > —1/2 and sin(6,) > 0:

VAl (Ga+ 1) 11 3
I,(Gy,0,) = TGyt 1)2 — cos(0y)2F1 35~ Ga; 3 cos?(6,) | . (3.38)
Now we can rephrase (3.35) as
P&pras ~ (GanTa) %+ 0 (T359) (3.39)

where G; = Gd,A = G’dﬂ = min(Na, Np) and G, = ((I)M\Ifc)*l/Gd. ), is given

below

Q
T'(Gy+1
Dy = % (Z a,12(Gy, eq)> . (3.40)
mod q=1

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 for M -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
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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 Pr = 1 and 0 = 6% = 0% = 0% . We also assume
Py = Pg = Pr = Pr/3 and dag = dgr = 0.5 unless otherwise is stated. The path loss
exponent f; is taken to be 3 which represents heavy urban environment. The curves are
plotted versus Pr/o?. 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 for M-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., p = 1 and
exact SSER is calculated for CA-AF, i.e., p = 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 N4y = 5, Ng = 3 and 4,
and L, = land 5, L = 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 1075 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
Ny = Ngp =4and Ly = Lg = 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~ 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 Ny = 3,4, Ng = 4, L4, = 1, 2 and
3,and Lp = 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 1072,

Fig. 3.5 plots SSER curves of 16-QAM with Ny = 2 and 4, Ng = 3 and 5, and
L, = Lp = 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 107°. 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.
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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 with Ny =4, Ng =4 and 5, Ly = 2
and 3, and Ly = 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) Py = 0.25, Pg = 0.35,
Pr = 0.40, 2) Py = 0.35, Pg = 0.35, Pr = 0.30, and 3) P4 = 0.25, Pg = 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 N4, N, and Ng, respectively. Without
loss of generality, it is assumed that N4 < Npg. 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(NaNg, Np).

» The exact and asymptotic expressions of sum outage probability (SOP), moment
generating function (MGF), and SSER for M-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)

(LalL'\ A" A)Npg .
((LAiLA)!(LAiLA)NA7(LAiLA))NR lfNANR < NB’

factor (SAF) and is shown to be

LplLyB "B
(Lp+LA)(Lp+tLa)NB=LBELA)"

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

otherwise it is

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.

e 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. Anincrement 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 N 4-antenna source A and an Npz-antenna source B, and an
Npg-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 L; RF chains, where ¢ € {A, B} and the relay is equipped with single
RF chain. We represent the complex channel gain between the r** antenna of the relay
and the m'" transmit antenna of source i as h!, , where i € {A, B} and assume that

iym>
{hipsm=1,...,Nyandr = 1,..., Ng} are independent identically distributed (i.i.d.)
and circularly symmetric Gaussian random variables. We model these random variables as
hi . ~ CN(0, di_Rf "), where d,p is the normalized distance between source 7 and the relay
(i.e., dar + dpr = 1) and f; is the path loss exponent between source ¢ 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 o2, where = € {A, R, B}.
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Selection Strategy: Without loss of generality, we suppose that Ny < Np, single antenna
is selected at the relay for source A — R (and R—source A) link, and L; antennas are
selected at the sources, where ¢ € {A, B}. Antenna selection is carried out at the relay
in two time slots during training period: In the first time slot, L 4 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 source B communicates with the relay and L 5 antennas of the source B are
selected to maximize SNR between the source B and the selected antenna of the relay in the
first time slot. To clarify the selection strategy, let us define SNR between the r** antenna
of the relay and the m'" transmit antenna of source i to be of,, = ||h7,,||*Es /0%, where
E; is the average energy of transmitted symbols and is assumed to be 1. Let oy, ;. n, >
Q. oy, = 00 = Q. .y, be the order statistics obtained by arranging {a;"?m}gi:l in
decreasing order of magnitude in the first time slot. To obtain the maximum SNR between
the r'* antenna of the relay and the source A, the first L4 antennas are selected. In order
to find the relay antenna that maximizes the SNR between the relay and the source A, first
L 4 variable(s) in the order statistics are summed up and the antenna of the relay which

. . . NR
maximizes total SNR is selected, namely, kyr = argmax {ZILA Qo NA} . In

this way, GST is done at the source A and RAS is carried out at the relay R. In thers:elcond
time slot of selection, k%%, antenna of the relay is used to communicate with the source
B and the first L antennas of the source B are selected to maximize the SNR between
kih . 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 kY%, antenna of the relay for GST/RAS of source A and GST

of source B can be given as

Vi = /Pawlhasa + \/Pswhhgsp + ng (4.1)

where s;, where i € {A, B}, is the transmitted signal at source 7 with unit energy, P is the
transmit power at source 7, (-)” denotes transpose, h; = [h.y ; hb. ;- -+ s bl .y ] isthe L;x
1 channel vector between source i and kY% , antenna of the relay, w; = h} /| k||, where (-)*
denotes complex conjugate, is the transmission weight vector, ||-|| denotes Euclidean norm,

and np is the additive Gaussian noise component at the relay with zero mean and variance
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o%. In the second phase, Yy is scaled by G = \/Pr/(Pallhall? + Pgl||hp|/? + 0%), 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:

Y; = Gwl'h;Yr + wln; (4.2)

In (4.2), n; is the L; x 1 additive Gaussian noise vector at source ¢ with zero mean and mean
power 1,07 where I, denotes an identity matrix of order ;. Since each source knows its
own transmitted signal and channel state information, after self-interference subtraction ,

the intended signal at the source 7 is given by

Y = Gy/BilIhy sy + Gllhaling + wln, (43)

where (i,7) € {(A, B), (B, A)}. Then, the e2e SNR at source ¢ can be expressed as

OéiTiTj
ozz—i-l)Tz—i—TJ—l—p

%= (4.4)

where (i,7) € {(A4,B),(B,A)} and o; = Pro%/(Pio?). In (4.4), Y; = Pj||hi|*/o%
and YT; = P;||h;||*/o% are the instantaneous SNRs of the ¢ — R link and the j — R link,
respectively. In (4.4), setting p = 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, 74 and vg have different statistical properties since T 4 and T g do not have the
same probability density functions (PDF). Because of that, derivations of CDF, MGF, and
SOP for one of these random variables, v, and 5 are not valid for the other one. So we
have to derive them separately. The CDF of the instantaneous e2e SNR ~; in (4.4) is given
as [27, eq. (61)]

R0V =1= [ B, (0T, 45)
where Fry,(y) = 1 — Fr,(7), s = (a; + 1)/, and v; = (L + p)/ (2 L; — v(w + 1)).
The random variable T 4 (the instantaneous SNR of the A — R link) is obtained after
GST/RAS (GSC/TAS) and T g (the instantaneous SNR of the B — 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 T g can be expressed as

—1
Fr,(v)=1+ Z (137 ; e~/ 1B + Z &, e~187/(LBTB) (4.6)

lg=Lp+1

where Y = PBdE;J];B / 012% is the average SNR of the B — R link and the coefficients ¢;,
are given by [79, eq. (3)]

.

1 I =0
77lB+1
TB [_1+613k3] 1<lg< Lp
Gy = S—lptl( N (4.7)
7 ~Tp"" (NB(—BLB) lp=Lp
s (5 )0, 50
fEte Ly <lp < Ny
\ B
1 kp—lp Np kp—1
where 0,1, Zk\g‘: Lot - ( ZB( Nf);';s)li’“fl_LB_l). For simplicity, we rephrase
B
Fr, () as
B
Py (y) =1+ Z Cy s e~ g (4.8)
Ip=1

where CIB = élB/(lB—l)Hfl < lB < LB andC’lB = élB lfLB < lB < NB;WZB = lB—l

if 1 < lp < Lp andwlB = OlfLB < Ilg < Ngp, QIB = 1/TB if1 < lp < Lp and
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O, =1lp/(LpTp) if Lp < lp < Np. Therefore, PDF of Y5 can be expressed as

Np
frs(y Z Crpwipye ™ e s — Z Cry s e s, (4.9)

Ilp=1 Ip=1

Although the CDF of T 4 is givenin [79, eq. (5)], we use another compact expression
for this CDF. To obtain the mentioned expression, let us define Ay = ZZLAA:1 Qs LN A

which has the same CDF as T 3 and can be rephrased as

_ La-1 é ~ Npg—La—1 .
la=0 ' 14=0

(4.10)

where Ay = Pyd} /o is the average SNR of the A — R link and the coefficients ¢;,
and ¢, 1,1 are calculated from (4.7) but using A4 instead of Y. The CDF of Y, is
equal to F! i\; 7 (~). To derive the CDF of the T 4, in [79] multinomial theorem is directly
applied to expand FA]Z (). 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 P p(m-1)
(chx”> = > pulg,p,m—1)a (4.11)

q=0
where 11(0,p,m—1) = cyand u(q,p,m—1) = - 1 (k(p+1)—q)crp(g—k,p,m—1).
Note that ¢, = 0 for £ > m — 1. Hence, CDF of the T 4 can be given as

Nr  my ka(La—1) (ma—ka)(Na—La—1)

Pr,)=> > > 3 Cpyiae a7, (4.12)

ma=0ks=0 1[14=0 loa=0

where C}, = (NR)( ),UlA(llAa ka,La—1)poa(loa,ma—ka,Na—La—1),w;, =lia,

_ mA(LA+1) katioa
and (), = T,

ka, Na—L—1) are obtained when the expansion in (4.11) is applied to the first and second

. The coefficients [L1A<Z1A,kA, LA — 1) and MQA(ZQA,mA —

summations of (4.10) after two binomial expansions, respectively. For i1 4(l14,ka, La —

1), ¢, = Cllf““ and for poa(loa,ma — ka,Na — La — 1), ¢, = ¢,410,41- To avoid

ambiguity when binomial theorem is applied to the expressions such as (z + 0)V, we
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define 0° 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
Do A (mam1) = ZmA DI fl‘: Lg‘ 2 Z(m“ Fa)(Na=La=1) and restate the CDF of the

loa=0
TA as
Pr(y)=1+ > Cpy~ae . (4.13)
Ta(ma=1)

Furthermore, by taking derivative of (4.13), we find the PDF of the T 4 as follows

fra(v) = Z wy, O yia e s — Z Oy, yae ha, (4.14)

Ta(ma=1) Ta(ma=1)

The CDF of the instantaneous e2e SNR v4, F’,, (), is obtained after substitution of
(4.9) and (4.13) into (4.5) as

Ng Np
F’YA (7) =1- Z Z QlBClAClle(wlB) + Z Z wlBClAClle(wlB - 1)

Ta(ma=1)lp=1 Ta(ma=1)lp=1

(4.15)

where

0o S o Q4 (@+p)
Il(m) :/ zm ( ’Y(l' + ,0) )) e ( B +o¢Azf'y(o¢A+l>)d:L_' (416)
S

™ asr —y(aa+1

The integral given in (4.16) is reformulated by a changing of variable as x =t + ¢4 and
then binomial expansion given by [65, eq. (1.111)] is applied to the resulting two terms,

namely (¢ + ¢4y)™ and (t 4+ 47y + p)“*a. Consequently, the integral is reformulated as

omy = ()R 525 (41 (M)

p=0 =0 (4.17)
) Q v(sav+p)
/ vy (B )
0

The identity [65, eq. (3.471.9)] is applied to the integral in (4.17) and [;(m) is obtained

as
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w

le f; <wzl9A> (?) (say + p)P(say)™ 1

g q:
g—p+1
(Qm(@wﬂ))) * » 2\/91A9137(§A7+p)
q—p

QlBQ{A OéA

Wi, Dy
]l(m) _y (l) Ae (QzBCAJraA)’Y

Qg

(4.18)

K,(z) in (4.18) is the v*"-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 F, (), after substituting (4.18) into (4.15), is

Np
Fu)=1+2 3 3 e Hialer, — 1) = Qi Hialr,)|. (4.19)

T a(ma=1)lp=1

Hys(m) in (4.19) is

Wia m wi, QBA‘FilfA
-5 () (2]

p=0 ¢=0 q
Q ( ) g—p+1 Q Q ( ) (420)
m—q 1,7(SaY +p : K 9 S hipy(Say +p
(ca7) (—QzB ~ —pt1 -

The CDF for CA-AF can be found by setting p = 0 in (4.19) and (4.20). However,
a simpler expression can be obtained by letting p = 0 and following the same derivation

steps as the CDF of the v, in (4.19):

Np
F(y)=1+2 Z Z [szHzA(wlB —1) = Hoa(wi,) |- 4.21)

Ta(ma=1)lp=1

Hya(m) in (4.21) is

wlA+m m—q+1
wr, +m —wy, mEetl QO
HQA(m) = Z ( lAq )CZAClBaA lAgA 2 ,ysz-i-m—I—l <ﬁ)
— A
q=0
4.22
*(QlBiAJr%) 4QIAQIB§A ( )
e Kin—g+1| e |
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To derive the CDF of the instantaneous e2e SNR 75, F, (), 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 F’, , (), the following expression is extracted:

Np
Fy)=1+2 > Y [szHw(wlA —1) = Q, Hiplw,)|. (4.23)

YTa(mya=1)lp=1

Hyp(m) in (4.23) is equal to the H;4(m) in (4.20) when subscripts A and B are
interchanged. The CDF of CA-AF for 5 can also be derived as that of vz and it is obtained

as

Np
F,y=1+2 Y % [wlAHQB(wlA —1) - QZAH2B(wlA)] (4.24)

Ta(ma=1)lp=1

where Hyp(m) equal to Hyx(m) when subscripts A and B are swapped in (4.22).

The exact e2e SOP for CNA-AF is evaluated for a threshold vy, as F,, (i) +
F,, () 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 CDF method for M-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 74 and vz which can be
used to calculate SSER numerically for M/-PSK and M-QAM. Therefore, we firstly give
MGFs of 74 and vp 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 7,4 in (4.21) (yp in (4.24)), F,, (7)(F,; (7)), and express its MGF

as
—3) = ) dz. 4.25
W( s) 3/0 e 7(ac) T ( )

After substituting (4.21) into (4.25) and using the identity [67, eq. (2.16.6.3)], M,,,(—s)

is obtained as
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Np
M,,(—s) =14 2s Z Z [wlBHQA(wlB —1,8) — QZBHQA(wlB,s)] (4.26)

TA(mAZI) Ip=1

Hys(m, s) in (4.26) is

wlAer
o AB wlA—i-q—l—l wlA+q+2_
HQA(m,S) = \/E qz:; A 2F1( 5 R B ;Wi +m+§,

100, n (4.27)

)
Q,
<wlB§A—|— e +S>

- (szq+m) Ciu CzBangA ngl*B(quJrl)I‘(wlA +q+ 1) (w, +2m — g+ 3)

. (4.28)
(wy , +4+1) (
2Wia T2m=atI D (1w +m + 5) <QZB§A + %“ - s) “

o F1 (¢, 7;w; 2) 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 5 based on (4.24) is

Np
M, (—s) =14+ 2s Z Z |:wlAH2B(wlA —1,8) - QIAHQB(wlAvs)] (4.29)

YTa(ma=1)Ip=1

where Hsp(m, s) is the same as Hoa(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

Q 0
a4 Amad /\mod
P = E M. —— |+ M ——— ]| db. 4.30
somm @%A {“(gﬂm> ”<SM@H (4.30)

Q, ag, Amod, and 0, 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 for M -PSK by using CDF based analysis as

Pssprc = Paser + Ppser (4.31)
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Py spr and Pp gppr in (4.31) are SER at sources A and B and can be evaluated from
the integral %E Jo o a7 27 F, (x)dx [81] where a and b are modulation dependent
parameters. a = 1 and b = 1 for Binary PSK (BPSK) and ¢« = 2 and b =
sin? (7 /M ) for approximated SER of M-PSK. Firstly, let us consider P4gspr =
%B J Sz 27 F, (x)dx: To solve this integral, the CDF of ; in (4.21), F,,(7),
substituted into P4 spr and then the identity [67, eq. (2.16.6.3)] is used to obtain the

— o

S

Py sEr as

Np
a
PA,SER = 5 + CL\/E Z Z[WIBHSERA(wlB — 1) — QlBHSERA(wlB)]; (432)

T a(ma=1)lp=1

Hsgr,(m) in (4.32) is given as

wiytm —wy
w, +m\C,Ca, ¢!
Hgpra(m)= ) ( " ) A Ispr, (m) (4.33)
q=0 q QlB
where
F(wlA—l—q—i-%)F(wlA—l—Qm—q—i-g)
‘[SERA<m): (01 +2m—qt8) Q (w1A+Q+%)
9wy a3 <QZB§A+Q—:—|—Z)> I'(w, +m+2) (4.34)
Wi, +q+3 w,t+q+d 0,0
2F1< 14 T4 2’ 14 T4 Q;WlA+m+2;1_ Ia zB€A/OéA 2>‘
2 2 (QlBglA + QlA/O‘A + b)

Pp skr can be derived by tracking the same steps and it is obtained as

Np
a
Pp ser = 3 +aVh Z Z lwi,Hsgry(wi, —1) — Q, Hspr, (wi,)]. (4.35)

T a(ma=1) Ip=1

Hsgr,(m)in(4.35)isequalto Hsgg, (m) in (4.33) when subscripts A and B 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 v4 and g can be represented in terms of their

diversity order and array gain at high SNR as given below:

R Y, —Ga,a e
F2(7) & Gaa (—) +o (T, (4.36)
Y
and
A TB ~Gap ——G
F,YO‘; (v) = Gup <7) +0 (TB d’B>, (4.37)

o(+) in (4.36) and (4.37) denotes higher order terms.

An asymptotic expression of e2e CDF of the v4, F,, () can be obtained from
asymptotic expressions of the Fr () and F) () 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 Fx () and F\,(7), 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:

1 ~ Np
B () = LT <T_B) (4.38)
and
- 1 y\ ™
E(y) = LT <E) : (4.39)

Since Fr, () = Fx,(7)"®, F¥ (7) is found to be

1 Ngr v NaNg
FY, () = (LA!L—]XA_LA) (T_A> : (4.40)

In order to derive asymptotic CDF for F,,(y) and F, (), we use the inequality
asYaYp/((aa + 1)Ta + T + p) < min(aaYa,aaYp/(as + 1)) and obtain
FX(y) = FE (L) + P (leatiln) - pe ()P (19ath) - We ignore the term

@A aA
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Fy (D) FY, (L2atbry and write F2(v) and F7 () as in (4.41) and (4.42), respectively:

oA

[o.¢] oo f}/ o
F0) = P () + PR () (441)
and
00 00 0o Y
FL(v) = Fy () + F’I‘B(g)' (4.42)

By substituting (4.38) and (4.40) into (4.41) and (4.42) and defining k4, = Y,/Y3g,

diversity order and array gain in (4.36) and (4.37) are found respectively, as

Gd,A = Gd,B = min(NANR, NB) (443)
and
( —NygNp N N N
<
L !LNA_LA) R AR &
Glun = i NaNg > N
a,A = RTLCRT ANR > INB
“ f*NANR NB VB
A A A —
(L |LNA_LA)NR + LA!LngLB NANR - NB
o (4.44)
NN . .
T NaNg < Ng
LalLYA~ A)
A a;NBKXB
Gap = TaN5-TB NaANR > Np
v ]zNANR o VB, NB
L + B4 NyNr =N
(LA'LNA_LA>NR LB!LgB Ly ALVR B
\

For evaluation of asymptotic SOP (4.41) and (4.42) can be used and it can be
calculated as F25 (in) + Foy (Vin)-

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 for M/-PSK and the second one is for the MGF based analysis for
both M-PSK and M-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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PSsprc = (Ga,CTA)iGd +0(T,5). (4.45)

N

The diversity gain G4 is found as Gy = Gdl Ga.a mm(N 4Ng, Np) and the array

G
gain is obtained as G, ¢ = (“b T Gd + ) Where U is given as
( ( ~NyNR , NgNpg
Xy +<p )
NaNgr < Np
(LA'LNAfLA NRr
NB B, .—NB
. Sa-toap
Ve = L('LNB - ), N4Np > Ng - (4.46)
B
(aZNANR—i-chNR) nXB (gﬁ,vB +a}_3NB NAN N
N Ng—-L ALVR = IVB
(i)™ L

To find asymptotic SSER based on MGF analysis method, we have to find asymptotic
MGFs of v4 and 5. We substitute (4.36) and (4.37) into (4.25) and derive asymptotic
MGFs for v4 and v as follows:

Gaaml(Gatl) (* ) (4.47)

M (—s)~ — o1,
YA(B) (STA(B))Gd

A(B)

Now, asymptotic SSER based on MGF analysis can be attained by substituting MGFs of
v4 and vp in (4.47) into (4.30):

o L(Ga+1)T,% (& . i
Psspray = (G )\Gd) 5 (ZanQ(Gdﬂq)) (GQ,A+GG,B>. (4.48)
mod q=1
The (G4, 0,) is given as
Gq
I,(Gq4,0,) :/ sin®“ (z)dz. (4.49)
0

The integral in (4.49), which is is valid for G; > —1/2 and sin(6,) > 0, is found as

VT (Ga+ )
2 (Gg+ 1)

— cos(0,)2Fy (; ; Gy, = 0082(9,1)>. (4.50)

IQ(Gd’ eq) =

Consequently, the asymptotic SSER based on MGF analysis method can be reorganized

as

G o (T599) . (4.51)
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The diversity gain G is found as Gy = CAldyA = Cld’A = min(NaNg, Ng) and the array

—1/Gq

gain G,y is derived as Gy = (@1 V) , where

Q
['(Gg+1)
Dy = Agd (Z 2(Ga, 0, ) (4.52)

mod

Let us consider increasing or decreasing the number of selected antennas for the
source contributing to asymptotic SSER by L, i.e, let L; + L; £ La, 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

(LalL{ A 4N

NaNk < N
_ Ngp ALVR B
Rsser = ((LAiLA)i(L,A;vzé)LNBA (La£Lla)) R | 453)
B!
(LB:I:LA)!(LB:tBLA)NB—(LB;ELA) NsNp > Np

Hence, we conclude that an increment (decrement) of LA in the number of selected
antennas for the source dominating asymptotic SSER reduces (increases) SSER by a factor
of Rsspr. 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 Pr = 1, 6% = 04 = 0% = 0%, power of the sources and relay
are equal, Py = Pp = Pr = Pr/3, and the relay is in the middle of the sources, namely,
dar = dgr = 0.5. The path loss exponent f; 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 Pr/c2. The SSER expressions
are ploted for the CA-AF case, i.e., p = 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.c.
p = 1. The asymptotic ones are plotted from (4.41) and (4.42). Total and selected

number of antennas are taken as Nr € {1,2}, Nx € {2,3}, Ng € {3,5}, Ls €
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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 Ly € {1,2,3,5}. Analytical results coincide with the simulations results.
Increasing Ng from 1 to 2, increases diversity order from 2 to 3 for (N4, N, La, Lp) €
{(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 107 for (N4, Np,La,Lg) = (2,3,1,1). When Np = 1, the SNR gap between
(Na,Np,La,Lp) = (2,3,1,1) and (N, Np,La,Lp) = (2,3,2,3) at a SOP of
10~° is about 1.7 dB, however, the gap becomes 2.7 dB when Ny 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 (Ng, Na, N, La,Lg) = (2,2,3,1,1) and
(Nr,Na,Np,La,Lg) = (2,2,5,1,1)). Increasing diversity order by 1 results in an
SNR gain of about 2.5 dB (the SNR gap between (Ng, Na, N, La, L) = (2,2,5,1,1)
and (Nr, N4, Np, La,Lg) = (2,3,5,1,1)). Now let us consider the curves given for
(Nr, Na,Np,La,Lg) = (2,3,5,1,2) and (Ng, Na, Np, L4, Lp) = (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 Np €
{1,2}, No = 3, Ng = 5, Ly € {1,3}, and Ly € {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,Np,La,Lg) = (1,3,5,1,1) and (Ng, Na, Np,La,Lg) = (2,3,5,1,1) at
an SSER of 1075 is about 4.9 dB. When considering the lower 4 curves, which have
diversity order 5, and taking the (Ng, Na, N, La, Lg) = (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
1075 for (Np, Na, Np,La,Lg) = (2,3,5,1,2), (Ng, Na, N, L4, Lg) = (2,3,5,3,2),
(Nr, Na,Np,La,Lg) = (2,3,5,3,3), and (Ng,Na, N, La,Lg) = (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, N, La,Lp) = (2,3,5,1,2) and (Ng, Na, N, L4, Lp) = (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
for M-QAM are plotted from (4.30) and the asymptotic ones are plotted based on (4.51).
The parameters used are Ny € {1,2}, No = 3, Ng = 4, L, € {1,3}, and Ly €
{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 1077 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, Np, La,Lg) = (2,3,4,1,1) curve as reference and consider the SNR gains for
the lower 3 curves at an SSER of 1075 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,Np,La,Lg) = (2,3,4,1,Lg), where Ly € {1,2,3,4}. For the sake of
simplicity, we represent ratios as SAF(L;/(L; £ La)). Five different ratios of SSER
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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, (P4, Pg, Pr) €
{(3,1,4),(0.1,0.45,0.45), (0.3,0.3,0.4), (0.4,0.4,0.2)} , with (Ng, Na, Np, L4, Lp) =
(Ng,3,4,La,4) where N € {1,2} and L4 € {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 (P4, = 0.1
and P = 0.45). Increasing or decreasing the relay power but allocating equal powers

to the sources does not have any effect on optimum relay location (P4 = Pp = 0.3 and
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Figure 4.6: Exact SSER of QPSK versus normalized distance between source A and the
relay.

Py, = Pp = 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 TWRNSs over
flat Rayleigh fading channel. The exact and asymptotic SOP, MGF, and SSER for A/-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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S. PERFORMANCE OF TRANSCEIVER ANTENNA
SELECTION IN TWO WAY 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 (TWRNSs) 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 + Np  + 4, where Ny
and Np - 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 2N7 + 2Ng + N+ Np where N7 and Nj_ are the
number of transmit and receive antennas at the sources, respectively, and Nj. = Np_,
Nr, = Np, 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 Sls 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 N4 antennas and source B with Np 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 G; = (1 — \) X
min(N4 — 1, Ng — 1) where variance of SI channels is modelled as kP!, &
and )\ 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.c.,
min(Na, Ng) — 1.

The number of RF chains (sum of transmit and receive RF chains at all nodes) is
reduced from N4 + Np + 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,
ie., N; = N}, + N}, where N}. and N}, 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 Nj4-antenna source A and an

Np-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 h! , g¢ be the complex channel gains between the m* antenna of the source
i and the receive and transmit antennas of the relay, respectively, where i € {A, B}

hi, and g: are assumed to be independent. We assume that {h! ,m = 1,... N;}
and {g’ 'm = 1,..., N;} are independent identically distributed (i.i.d.) and circularly
symmetric Gaussian random variables, i.e., |h! | and |¢’ | are Rayleigh distributed, which
are modelled as h!, ~ C'N(0,r) and g!, ~ CN(0,Qg;), where CN stands for complex
normal. We let Q,r = Qp; = d;{ ¢, where d;r is the distance between the source 7 and the
relay and f; is the path loss exponent between the source ¢ 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 hy;, where i € {A, B, R}. Variances of SI channels are modelled as /<;Z-Pfi_1, where
k; and )\; 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 P, is the transmitted power of i 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, |h;;|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 o2, where z € {A, R, B}.

Selection Strategy: Antenna set of any source can be divided into two subsets, i.e.
N; = Nj, + N}, where N}, and Ny, 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 |h!,|*E,/o% and |g: |*E,/c?, where i € {A, B} and F, 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, g%, = max {|¢¢ |?E,/ O'?}Zizl and

iy = secondmax {|gi |2E,/o2}™" | are found. Similarly, during the second period of

61



3 3
4 h“*‘han‘Y 4
Source A Source B

— » Represent the maximum and second maximum paths between the
transmit antenna of the relay and the source i which are determined in
the first training period.

Represent the maximum and second maximum paths between the
receive antenna of the relay and the source i which are determined in
the second training period.

Figure 5.2: Representation of training periods.

training, k%, = max {|hi |*E,/o%}""  and h%,, = secondmax {|hi, [2E,/o%}"" |, 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\, = argmax {|h’ |*E,/o%}"" | and I}, =
argsecondmax {|h! |*E,/ af%}ﬁizl represent indices of the selected antennas between the
receive antenna of the relay and the source ¢, which are assumed to be transmitted to
the source i without feedback error. Let Ji, = argmax {|¢’, [2E,/02}"" | and Ji,, =
argsecondmax {|g’ |2E,/02}* | 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}, = Ji, with a probability
of 1/N;, for example the first antenna of source A in Fig. 5.2: If this happens, second
maximum antenna, whose index is represented by I%,, or J%,, is used for reverse path
(If the path where I}, = J}, is used for transmission from the source i to the relay, the
reverse path is used for reception at the source ¢, and vice versa). The probability of
selecting (I%,,)™ or (J%,,)™ antenna for the reverse path is 1 — 1/N;. For simultaneous

antenna selection during the second training period, firstly, indices of maximum paths
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can be determined by (I3}, 15) = argmax {(|hi|>+ |hE|?)E,/o%} where m €
{1,2,...,Na}and n € {1,2,..., Ng}. Similarly, indices of second maximum paths
can be determined by (14,,, I5,,) = argsecondmax { (|hiy|* + |hE|*) E, /0% } where m €
{1,2,...,No}/{I{iy and n € {1,2,...,Ng}/{IE} 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 h;r be the path
between transmit antenna of the source ¢ 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
hiR:hﬁ\/l' . ‘ h,R:{th ]347&‘]]1!4
: 9 Iy #Ju ' s Iy =Ju
First P = ; : : Second >
IE { gsm Iy =Ju dri = 9p
where i € {A, B} where i € {A, B}
hAR:hgyA o hAR:{h% IA%#J]%
_Jaw In#FIu sy Iy = Jur
. IRA = Q?M [J\é[ = JJ\éf JrA = G
Third hom — { ngo 1B gp | Fouth g =t
9drB = 9 gsu I =Ju

the receive antenna of the source ¢ by gg; 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

YRZhAR\/ PASA+hBR\/PBSB+hRR3R+nR (51)

where s;, 1 € {A, B}, is the transmitted signal at the source i and sg, which is updated
for each transmission time slot as sg = (Yg, is the new transmitted signal at the
relay R, P; is the transmit power at the source ¢ or the relay R, ng is the additive

Gaussian noise at the relay with zero mean and variance 0%. Yy is multiplied by 8 =

(Iharl?Pa+|hpr|?Pp+|hrr|? Prto?,)
signals at the sources are expressed as

\/ L and is broadcasted to each source. So the received

Y = Bar <hz‘R\/ P;s; + hjr\/P;sj + hrgrsg + nR) + hiin/ Bisi +n; (5.2)

where (7, 7) € {(A, B), (B, A)} and §; 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 = Bgrihjr\/ Pjsj + Bari (hRRSR + nR) + hiin/ Bisi + ny, (5.3)

where (4, j) € {(A, B), (B, A)}. The e2e SINR expression for each source can be obtained

as
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Prlgril? Pjlhjr|?
Pi|hii|?+0? Prlhgrl?+0%

Vi T T Prlgml? Pilhin? Pyl (5.4)
P|iﬂ§+02 + PthRR\Ig-&-G% + PR|hRR|I;+‘72 - P
where (i,j) € {(A,B),(B,A)}. In (54), p = 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 Sls are modelled as fading ones, we rephrase e2e SINR expression in (5.4) as

F
Tgi TjR
F _ Tii+1 TRR+1

Tii+1 TRR-H + TRR-H +p

where (i, j) € {(4, B), (B, )}, T = Laliell oy, = PIE yr, — Pl oy,

Pr|h Pi|hir|?
Rl RR\ . and TF _ |02R|
ok

are interference to noise ratios (INRs). For CA FD AF relaying, the e2e SINR expression

) Tgi, Tf;} , and Tf r are SNR expressmns and T“ and YTrp

in (5.5) turns into

AF
FCA Z P“TJR

- Zri(Trr+ 1) + TR +Thy

(5.6)

where (i,§) € {(A, B), (B, A)} and Zp; = T—’jjl vF¢4 can also be rephrased as v/ ¢4 =
ZriZ; TE, T
ZerRTRJfZJR’ where Z,p = T2 and Z;p = Too +1 , but in that case Z;z and Z; 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 Sls case, the following
definitions are given: Since Sls are assumed to be non-fading, the powers of SI-plus-noise

at the sources and relay are given as

K; = |hi|*P; + o} (5.7)
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where i € {A, B, R} and SINRs of the paths are defined as

NF _ Pilhig|? NF __ Pilgril?
Tin =~ Tri =5 (5.8)

where i € {A, B}. After all, e2e SINR expression for each source can be obtained as [54]

NFYNF

RS VR i

(5.9)

where o; = 8258 and (i, ) € {(A, B), (B, A)}.

K;P;

5.3. Performance Analysis

The two-way relaying system is a special case of multi-user system. Therefore, the
considered FD AF TWRN is in outage if any end terminal is in outage [91, eq. (25)], [108],
namely, the overall outage probability (OOP) is

OOP(vin) =Pr(vy <~vm or g <)

=Pr(vh <)+ Pr(vp <) — Pr(va <7 and g <)
(5.10)

wherer € {F, NF'},~7, and v} 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 (v < vn)+ Pr (v < ), 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 Sls 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 gz4 and grp in the
first selection case or h 4 and hgp 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 X;, i € {1,2,...,N}, be i.i.d. RVs with CDF of Fy,(x), X =
max{X;}, and Xgp = secondmax{X;}. Define X,,;x conditioning on event Y which is

independent from X;’s with its occurrence probability being % as follows:

Xsnr, 1Y occurs
Xmrx =
Xy, otherwise
The CDF of X7y can be found as Fly,,,, () = Fx,(z)V L.
Proof: It is evident that Fy,,, (z) = Y2Fx, (z) + +Fx,,, (z). Since Fy,, (z) =
Fx,(z)N and Fx,,(z) = N [Fx,(2)]" " = (N —1) [Fx,(2)]", Fx,,, < () can be obtained

as FX]\/IIX ($> = FXi (x)N_l'

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 ¢ and the relay R:

Tf}%m _ Pizl?in\ Tg;m — PR|92rlm| (5.11)

9
UZ

where 1 € {A,B} and m € {1,2,...,N;}. Since h’, and g’, are circularly symmetric
Gaussian RVs, which means that |h! | and |g? | are Rayleigh distributed RV and therefore,

Y™ and T™ are exponential distributed RVs. Hence, we can give their CDFs as
Fyem(r) =1—e/Mn,  Frrm(z) =1- e/ (5.12)

where T, = % and T, = P’z# are average SNRs of the link between the m!"
antenna of the source 4 and the receive antenna of the relay and the link between the m!"
antenna of source ¢ 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 on maximum and mix paths given in (5.5), namely, CDFs
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of TX. and Y15, for all cases can be expressed by using binomial theorem as

_,m
(IJFQT

Fyr(x _1+ZCTF6 T (5.13)

where (Zvj) S {(Av R)a(BaR)v(R7A) (R B)} ’rF - (]X;])(_l)m’ wT’rnE _m/sz’ and
N;;j is the order of each CDF given in Table 5.2. The probability density function (PDF)

of TF can be easily obtained by taking derivation of (5.13):

fre(x Z —wgle T (5.14)
Since SI magnitudes, i.e., |h;|s, are assumed to be Rayleigh distributed, PDF of Y; is
fTu(x) = wTiie_wTiixv (5-15)

where i € {A, B7 R}, wy,;, = 1/T“, and T” = /iiljl-)\i/UiQ.

While considering the CINB FD AF relaying SINR expression in (5.5), it is a bit
difficult to obtain CDF of 77" Therefore, we focus on the e2e SINR expression of CA FD
AF relaying in (5.6), i.e., 7/'“4. To derive CDF of 7/"““4, we need PDF of Zp; = TT—%A
which is obtained from F,, (z) = [;° Fyr (2(y + 1)) fr,,(y)dy by derivation as

Nri

efw,rglz
Jzr(2) =) (‘C?giw?giwm (@ie 2 +wr, + 1) ) . (16)

(w?gz + wr,,)?

m=1

Since CDFs and PDFs of all random varibles in (5.6) are avaliable, CDF of v/““ can be
obtained as (See Appendix 5.7.1.)

P
NJR Nir Nrg; C CTF OTF CL)’I‘“(,L)TRR —(w™ - Fwk
JR

F,nyA (”)/) =1+ Z Z Z Tk e Tri i

TJFRPY + Wrpp

W™ ytwr,. +1 wk o 42
TF i T
2 <Z N RT) R (5.17)
L7
- dz.

W’I;FR’}E wTFR’Y w?gv’)/'l'w’rii 2
Z+ = — z+ — Z+ o
wop 1HOTRR “yF “rE,
JjR iR Ri

)
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Table 5.2: CDF orders for all cases.

Case CDF Order Case CDF Order
Nar = Ny Nar =Ny —1
) Nra=Nyu—1 Npa = Ny
First S d
irs Ny — Ny econ Npw — Noy — 1
Nrp=Np—1 Nrp = Np
Nag = Ny Nap=Ny—1
- Nra=Ny—1 Ngra = Ny
Third Npg = Np — 1 Fourth Npg = N
Nrp = Np Nrp=Np—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, 7, as F,YII:CA (Ven) + va;?CA (Ven)-

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:

Pi|hé, |2 Pilgi, |?
T%:L{_R‘j T = Lol (5.18)

where i € {A, B} andm € {1,2,..., N;}. Since Y7}, and Y7, are exponential distributed
RVs, we can give their CDFs as

Pry, () = 1= e7*/Tin, - Pry (z) = 1= 7/t (5.19)

where Y,z = %RR and Tp;, = % are average SINRs of the link between the m!"
antenna of the source ¢ and the receive antenna of the relay and the link between the

transmit antenna of the relay and the m!* 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
) W pT
Fryr(e) =1+ ) Ciyre 7 (5.20)

m

and [V;; is the order of each CDF given in Table 5.2. The PDF of T}; is obtained by taking
derivation of (5.20):

where (i,j) € {(A,R),(B,R),(R,A),(R,B)}, C%XF = (N”)(—l)m, w?gp = m/ Yy,

m —w;”NF:v
TNF E TNF CUTJ_\{F)Q R (5.21)
i

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 v4'*" and 4§ are derived as (See
Appendix 5.7.2.)

N; N; N;j

(v+p)
F’YiNF = 1+ZZZQEU Y‘NFC'ZI)*NFC'];‘NFe T%F

k=1 p=1 m=1

mt +— > y
e T;VRF i / y2K1 (y)eieljyzdy,

iJ

(5.22)

Itis not tractable to take integral in (5.22). So, instead of exact derivation, we provide
an approximated closed form for /7 nr (7). 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)]

( 1 20 2—2h—1
2h+1
[E T2+ ) In(z)
2h—2
i - Z i h,+ 22 e v <157
Ki(z) = hi(h +1)! (5.23)

_ZQIH )+ h+1)( )21
2R (h+ 1)1 2 ’

,/Qﬂe—w, x> 15.7
\ x

where ¥(2) is digamma function [65, eq. (8.360.1)], i.e., logarithmic derivative of gamma

function I'(z) = [~ t*'e~"dt [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 u;; and €;; (u;; and ¢;; are
inversely related to each other), we find out that the effect of fuoj 2K (y)e i dy (if
ui; > 15.7) or [ 42K, (y)e“i¥"dy (if uy; < 15.7) is negligible. Hence, we only focus
on the integrals where u;; < 15.7.

We define fmpk = [ Y2 K, (y)e~ s’ dy, where Uyp = 15.7, and reformulate it as

i

. Uup 9 20 272h71 Uup 9
Lypke = / ye Iy +) / In(y)y*" e dy

| |
y = M1,
20 fa “2h—2  [uup " (5-24)
RS (2In(2) + P(h+ 1) + p(h +2))2 / B eet gy
| |
o hi(h + 1)! )
I

To obtain the integrals I, I, and I3, we make change of variable as ©x = eiij and the

resulting integrals become (See Appendix 5.7.3. for derivation of I)

—h-2
=" [F(h + 2, e5ui%) In(uy) — T(h 42, €5u,°) In(uy,)
4 (5.25)
+G 30 (o0hez [61is”) = G30 (o0hee }GijuupQ)]7
(—h2
Iy = ”2 [F(h +2,€5u;°) — T(h+2, €ijuup2)} : (5.26)

Errar (%)

) n K L
186 158 157 158 159 1) ) 10 15 20 25 30
X x

Figure 5.3: Approximation of the first order modified Bessel function of second type and
its error.

71



and

_€ijuij2 _ —fijuup2
Iy =& ¢ . (5.27)

261']'

Therefore, the approximated F. v~ () becomes

N; N; Nj &
~ m wX nr (7 He)
FA/ZNF(’}/) =1+ E E E QEijCijRpC?ngf?%Fe rNF
k=1 p=1 m=1 (528)

p
“rNF
— m i)
Y\ wynFrt S, -
e iR

Lo

The approximated SOP of the proposed AS strategy can be calculated at a specified
threshold, v, as F%JXF (en) + szgF (Ven)-

5.3.2.2. Asymptotic SOP for Non-Fading SIs

Athigh 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

P =G4, L
%%r () & Gay (7) +o (Ti Gdﬂ) (5.29)

where P; is the transmitted power of the source 4, (-) denotes higher order terms, G, ; is
the array gain, and G4 is the diversity gain.

In HD TWRN:Ss, there are only two RVs in e2e SNR expressions. However, in FD
TWRN:S, 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,

~NNF~NF
a; T Tip

i TNF+ TN+ 10 F
TXE, i.e., we assume forward and backward paths between the source 7 and the relay are

ie. wesetp = 0: YN = For the sake of simplicity, we let T =

reciprocal, which will give us asymptotic results. Consequently, e2e SINR expression
reduces to

NF~NF

NF ;i Ty Tir

T T  + DYNF £ YNF

(5.30)

where (i, 7) € {(A4, B), (B, A)}. This result is well known from the analysis of HD CA AF

TWRNs. This assumption produces four candidate asymptotic SINRS, namely, for both
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T and Y7, there are two CDF possibilities. While considering e2e SINR expressions
in (5.9), we should let one of T%/ and T };" 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
T% be the path with maximum SINR and Y77 be the path with the mix SINR, which
produces a suitable solution. The single term polynomial approximation of the CDFs can

be obtained as

Ni Nj—1
ﬁ%WMﬂﬁﬁ, WkM%NJ%Q (5.31)

where i € {A, B}. The e2e asymptotic CDF for SINR expression in (5.30) is obtained
as [52, eq. 29]

e () = Frgf(;i) + Frg.VRF(a—i

). (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, G4, and
array gain, G, ;. For this reason, we assume that Py = Pp = Pg, |haa| = |hgs| = |hgrl,
and o4 = op = opr. Furthermore, at high SINR, we can ignore the noise variance at
the denominators of T}/ and T and for simplicity take k4 = kg = kg = 1. In
addition, we assume equal Sls, i.e., \y4 = Ap = Ap = A. Hence, Gy, and G ; in (5.29)

are respectively obtained as in (5.33) and (5.34).

(OéiQRi)_Ni Nz < Nj -1
, A\ V-1
Gas = N, (tDn) No>N—1 . (534)

N;—1
(aiQRi)—Ni + N; <%> ’ N;,=N; -1

Therefore, the diversity order of SOP becomes G, = (1 —\) x min(N; —1, N; — 1)
which implies that diversity order varies between 0 and min(N;, N;) — 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(N; — 1, N; — 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, v;5,, by using (5.29) as

F,Yozjw(%h) + Ffzgm (Ven)-

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{~’; ., 7};70}}11 (5.35)

where r € {F, NF'}, v}, . and 73 . are the instantaneous e2e SINRs in (5.5) for fading Sls

and in (5.9) for non-fading SIs. This criterion can be simplified further as

o pPr P}
case = argmax {mln{”yA’Z, ”yB’Z}} (5.36)
’ ’ c=1

where 75”" and 75’; are pseudo-expected values of e2e SINRs and calculated at a

,C

predetermined high SINR value as

F M~ F
Prf TR
_PF _ w1l pypp+1
Yie HopF HoyF HyF
Ri_ 4 iR JR + p
pry+l o oprpetl oprpptl

: (5.37)

_PNF _ Lilbr NF Ny

M oufieyr + fenp + fieny +p
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where jiyr = an’il (—C’%j /w%) is the expected value of T7; at the predetermined
high SINR value, (i,j) € {(A,R),(B,R),(R,A),(R,B)} andr € {F,NF}. uv, and
iy are the expected value of INRs at the source ¢ 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 P4 = Py = Pgr = Pr/3
where Pr is total power and 0 = ¢4 = 04 = 0% = 1. Weletdsgr = dr = 1 for
fading SIs and dar = dgg = 0.5 for non-fading SIs. The path loss exponent f; is taken
to be 3 which represents heavy urban environment. Furthermore, SI values at all nodes
are assumed to be equal and k4 = kg = kg = 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 Pr/o?. 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 Ay = A\g = A = 0.2,0.5. It also depicts SOP curve of no
selection case where each node has a pair of antennas, i.e., N4 = N = 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 Nagr = Nra = Npgr = Nrp = 1.

The total number of antennas at each source are Ny = Ny = 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 Ny = Np = 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 letting Nagp = Nga = Npr = Ngp = Na/2 =
Np/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 A = 0.5,
curves of selection strategy using whole antenna space are given for Ny = N = 4
and curve of divided antenna set strategy is given for Ny = N = 6. For SI value
of A\ = 0.2, upper, middle, and lower curves which demonstrate proposed AS strategy
using whole antenna sets are for Ny = Ng = 3, Ny = N = 4, and Ny = Np = 5,
respectively. Similarly, upper, middle, and lower curves which verify divided antenna set
selection strategy are for Ny = Ng =4, Ny = Ng = 6,and Ny = N = §, 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 A = 0.2, for a SOP value of 102, the gain in Pr/o? 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 Pr/o? with respect to N4y = Np = 3 curves at a SOP
value of 107° is nearly 10 dB and 15 dB as total number of antennas changes to 4 and 5,
respectively. Also, as considering the curves for Ny = Np = 3 ata SOP value of 1077, the
gain in Pr/c? 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
of Ny = Np = 4. For the curves of N4y = Ny = 5, the gain in Pr/o? 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. N4 = Np = 4 and the SI values for each
assignment are given in a triple tuple as (A4, Ag, Ag) € {(0.1,0.3,0.3),(0.3,0.3,0.5)}.
For the curves where Ay = A\g = A\g = 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.

Pr/c? is obtained with respect to the first selection case at a SOP of 107°. 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 Pr/c? is obtained with respect to the second selection case at a SOP of 1077.
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
Aa = Ap = Ag = 0.1,0.3, Ny = N = 4, and (Pya, Pg, Pg) € {(0.45 x Pr,0.10 x
Pr,0.45 x Pr), (0.45 x Pr,0.45 x Pr,0.10 x Pr), (0.1 x Pr,0.1 x Pr,0.8 x Pr)}. 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(ﬁiﬁ7 , Wg”f), min(iig : 75’5 ), min(ﬁig , 75:?; )) and consider the curves
of Ny = N = 4 where (A4, A, Ag) € {(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 (P4, Pp, Pr) € {(1/3xPr,1/3xPr,1/3x Pr), (0.45x
Pr,0.10% Pr, 0.45% Pr), (0.45% Pp, 0.45% Pp,0.10x Pyr), (0.1x Pr,0.1x Pr,0.8% Pr)}
in Fig. 5.4, 5.5, and 5.6. The pseudo-expected values are calculated at Pr/o? = 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 Ny = Np = 4 in Fig. 5.4. In case of equal powers
and unequal SIs, we can consider curves in Fig. 5.5: For (A4, A, Ag) = (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 (A4, A\, Ag) =
(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 (P4, Pg, Pr) = (0.45 x Pr,0.10 x Pr,0.45 x Pr),
argmax (min(13.9,79.4), min(14.1,78.1), min(12.4,84.9)) = 2, for (P4, P, Pr) =
(0.45 x Pr,0.45 x Pr,0.10 x Pr), argmax (min(45.9,45.9), min(51.0,51.0),
min(42.7,54.6)) = 2, and for (P4, Pg, Pg) = (0.10 x Pp,0.10 x Pr,0.80 x Pr),
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 A = 0.2. The curves are plotted for various values of (N4, Np).
The diversity order of the curves obtained for (N4, Ng) = (3,3) and (N4, Ng) = (3,5)
is the same and equals to 1.6 but performances of the curves for (N4, Ng) = (3,5) are
better than those of (N4, Ng) = (3, 3) and they get closer to each other. The reason for this
situation is the increment in total number of antennas of the source B. The diversity orders
of curves for (N4, Ng) = (5,5), (Na, Ng) = (4,4), (Na, Ng) = (3,5), and (N4, Np) =
(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 (N4, Ng) = (3, 3) as reference,
the gains in Pr/o? at a SOP value of 107> are more than 8.5 dB and 14 dB for curves of
(Na, Np) = (4,4) and (N4, Ng) = (5,5), respectively.

Fig. 5.8 plots fading SI SOP curves of different SI values for tuples (A4, A, Ar),
versus normalized power P/ Py for a threshold of 10 dB and Ny = N = 4 where
Pr/o* € {32,35,40,42} dB. The powers of nodes are assigned as Py = Pg = Pr x
(0.05 4+ 0.025 x p) and P = Pr x (0.9 — 0.05 x p) where p changes from 0 to 16. For
all A 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 10log,,(k;) dB and
Ai = 1 where i € A, B,R.The curves are plotted for (ka,kp,Kkgr) €
{(-10,-10, —10), (—10, —10, —20), (—10, —18,—10), (—20,—10,—-20)}, Pr = 3,
(P4, Pp, Pr) € {(1,1,1),(0.8,0.8,1.4)}, Pr/o? € {20,30} dB, (N4, Ng) = (5,5), and
(N4, Ng) = (5,4) for a threshold of 10 dB. Initial location is (dagr,dgr) = (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 Sls 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 [,

Detailed derivation of CDFs for fading and non-fading SIs and closed form

derivation of ; are given in this section.

5.7.1. CDF Derivation of Fading SIs

(2

AlIRVs given in (5.6) are mutually independent. Hence the CDF of 5/"“4, F_ rca(7),

can be expressed as
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F.rca(y) = Pr L <~
Vi Zri(Yrr+ 1)+ TH +TF -

= Pr(Yfp <l Zni > )
Py

Py

(5.38)

where 9/ = v (Zpi(Yrr + 1) + Y13)/(Zri — 7). Since Zp;, YT'r» Trr, and T/, are

mutually independent RVs, P, can be written as

n- ) /0 ) /0 (e, (1) Fr, (&) Fro ) F, (2) ) ddyd. (5.39)
Y

Y(Zri(Trr+1)+TT)
ZRi—Y

For Zp; < 7, < 0 but Y% is an exponential RV which means 17, > 0,

so P, is derived as

Py —PT TJR>0 ZR,<7)

_1—/ fzri (2

After insertion of (5.39) and (5.40) in (5.38), F. rca(7y) can be rephrased as

Fpeatr)=1- [ [ L] (0 Py ) ) e <y>dxdy] P (2)d

(5.41)

F,rca(y) 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 v}'* and
v, since TYE, TRE, THL, and

in Appendix 5.7.1., we obtain

THXE are independent RVs, by following the same steps
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wheren; = v (o YRF + YN + p) /(; YR — 7). Using CDFs and PDFs for T}, TNF,
and T2 from (5.20) and (5.21), Fnr(7) is rephrased as

) (5.42)

i

/woo (1 B FT;'VRF (ni))frgf(z)dz

g

frg; (z)dx

zR NRZ ]R

F NF =1+ Z Z Z C?NF TNFWTNFWYNF

k=1 p=1 m=1

(5.43)
) oo —|m _carzty(@te) | p w
/ [/ e < e et T%F:C) dZ] d.
0 o
By change of variable z = ¢ + - - and proper rearrangements, F. NF( ) becomes
N N N I
m D k -7 w'I‘NF+ Qg
F NF =1+ Z Z Z CTNFCTNFCTNFWTNFWTNFe iR

k=1 p=1 m=1

(5.44)

(’YWTNF Z+W’I‘NF v(v+p)

= ait]R +UJ )
Y dt] dx.

0o [e'e) k
/ / TWyNFE
e iR €
0 0

We define the double integral in (5.44) as I,,,,;, use [65, eq. (3.324)], and obtain the integral

as

> /waNF —wkNFJ:
o= [ )
0

Oéiw'erF

VWY N g
K2 %(er(erp)) dx

where K;(z) 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.

(5.45)

9 4VW?NF“’;;NF
. _ JR Ri
We make change of variable as y* = —5—"—(z + (y + p)), define

4‘”?NFW§NF’Y(’Y+P) Wk

iR Ri T'LR
Uy = : , €ij = , and make proper rearrangements such that
J o J 4yw™, WP
i 2 TNF T%F
J

(5.22) is obtained.
84



5.7.3. Derivation of Integral in the Approximation of CDF of Non-Fading
SIs

L= u:p In(y)y?"+3e<3¥"dy is rephrased by making change of variable as © =

U

2.
Gijy .

Uup
L = / In(y)y eV dy

U

giz’%*Q €ijUup T
=Y In(-—)2" e "da (5.46)
4 €2 €ij
—h—2 2. 2 w2
€. . ij Uup T B ijUij T B
S [/ In(=)z" e xdx—/ In(=)z" e gcdx],
4 0 €ij 0 €ij

To obtain a closed form of I, we define I = [ In(x/M)z" e "dx and derive it by
the aid of [65, eq. (4.352.1) and (4.358.1)] as
[ =—T(K +1,a)[In(a) — In(M)] = G3§ (o041 ]a)

“ (5.47)
+T(K + D[W(K + 1) — In(M)),

atye

where K > —land G § (% Zf: ‘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), I; 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, 1.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
inid. 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 destination D. 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 and MRT without 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 foran FD AF multi-relay cooperative-diversity system without 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 and MRT 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 1.1.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 be G4 st = (L — Zle )
and Gqgstop = (L + 1 — ZlL: L V) for GST and GSTDP, respectively, where
variance of SI channels is modelled as /@ngi ~! K, and 9, are linear and exponential
cancellation/attenuation factors depicting dependence of SI on the transmitted
power, Pp,, 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 —S"1 4/ L+1— 31, ¥,
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 R; by hg,, the link between the
relay RR; and destination D by hp,, the source-destination link by hgp , and the SI channel

at each relay by hp, », (This link is also assumed to include effect of all interferences from
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the other relays), where ¢ € {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 hg,, hp,, hsp, and hp,p, 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 Pr = Ps + Zfzcl Pp,, where
Pgs and P, represent the source and relay powers, respectively. The instantaneous SNRs of

2
the S—D, S—R;,and R;— D links are ypp = Sl—ZD',vS. = M ,andyp, = M,

? g
R; D

respectively. 0% and o2 7, are the noise variances at the D and the relay R;, respectively. The

. . Pgr.|hRr. R, |?
instantaneous INR at each relay is vr, = M

. 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 R; can be given as

where xg is the transmitted signal at the source S with unit energy and zp,, which is
updated for each transmission time slot as xp, = (Y5, is the new transmitted signal at
the relay R;, np, is the additive Gaussian noise at the R; with zero mean and variance
cr?%i. 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

and Bg, =

* *

the receiver side when DP exists. Hence, Y5, 1s scaled by wp,

\/PRi/(|hSi

then broadcasted to the destination D. At the D, the received signals through GST and DP

o IIhsl

2 Z_), where (.)* represents the complex conjugate, and

arc

YDGST = Zszcl YDi = ZzL:Cl (hDi/BRiwDiYRi + nDi)

, (6.2)
Ypp = vV Pshsprs +np,,

where np, and np,,, are the additive Gaussian noises at the D with zero mean and variance
o%. The signals given in (6.2) are combined by MRC technique to obtain the signal of
GSTDP as

h*
YDGSTDP = \hz_;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 — R; — D is expressed in terms of SNRs (g,
and vp,) and INR (vg,) as

VSRD = YD;VS; (6 4)
' <7D¢ + 1)<7Ri + 1) + s,
By rearranging {vsg,p} =, in decreasing order of magnitude, the order statistics
YSR4yD = VSR@oyD = --- = 7YSR,D are obtained. Note that this representation is used

for analytical purposes of GST but only single RS and MRT are considered. The first L,
of these order statistics and instantaneous SNR of the DP are added up to carry out GST
with/out DP, where L. = 1or L. = L:

Lc
YGST = § 7751{0)1)
i=1

YGSTDP = YDP + YGST

(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 — R; — 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 — R; — 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 — R; — 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 — R; — D.
Therefore, we propose an adopted! approximated PDF and CDF of a dual hop link as (See
Appendix 6.7.)

SR (x) = Age "

YSR;D (66)

E _ —AE;
F’YSqRiD<x> =1—en"

T The term “adopted” is used to emphasize the difference of the proposed approximation from the
available approaches.
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(Ap;+As,)AR; +2s;

provided that g, = v + < 1. Inserting equivalences of Ap,, \g,, and A, into
Ag;, we get
_'191' 1
SV L Vi il AP
Qp,Dfp, Qs.pys , (6.7)
Py

where the power allocation factors py, and py, are defined as py, = Pg,/Pr and py, =
Ps/ Pr, respectively. This representation implies that the diversity order and array gain of
dual-hop link are G; = 1 — 9, and G, = ¥ ,, respectively. The asymptotic PDF and CDF
are [82]

(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

. Le A\,
M= Z[ e, ]

sl et Ae)
n1<ng NL.—1 ’ 6.9
. L ) (69)
/ o (Lest3205 Amy, ) H (1 — e My ® ) dx
0 U=Lc+1
where > na...., nr.—1  denotes the ( ) possible combinations of selecting the (L.—1)

n1<n2< <NL.—1

largest SINR branches out of the L branches Zn denotes the index n, chosen from the
remaining L. — L. + 1 branches. Using the fact that there are L. ( ) terms in (6.9) and
substituting (6.8) into [141, eq. (3) and eq. (4)], the asymptotic MGF of the GST for i.n.i.d.

case is derived as
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Mind,oo(_ ) ~ F[L + 1] Hlel )‘El '

~ 6.10
YGST F[LC + 1]LCL*LC SL ( )

The asymptotic CDF of i.n.d case is obtained by using inverse Laplace transform [65, eq.
(17.13.26)]:

L
; A

Fmd,oo T ~ Hl:l Ey L
ast (@) T[L, + LLL"

L+ 9, L .
~ Pr iz Hl:l Vg, L
D[L.+ 1)LELe

(6.11)

The result in (6.11) implies that the diversity order and array gain of GST are

L v .
Gagse = (L — 27, 9;) and Gyst = F[LI_L:T&’ 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 A\ = Ag,, | =
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

L-L. L\ (L—Ley(_1\k\L LYy Le
M;id (—S) _ Z (Lc)( k )( 1) )\E + (Lc))\EL ‘ (6.12)
o = (s+ (Lc+/€))\E) (5 + Ap) ! (s+Ag)™°
L

The same result is derived in [78, eq. (13)]. By the aid of partial fraction decomposition,

M, (—s) is reformulated as

i L—L. Cg L. Cf
M () = N e 6.13
o L o o
where ), = L2806 and O are expressed as

L\ (L—L)\ (L)™'
G _ c Le  q\k—Lc+1

L "L rIN /L - L.
cy :<LC) Agulm — Lo+ > (L> ( i} ) (6.14)

k=1

I Le—m
(f) (—1)Eethmm=I my [ Lo —m — 1]
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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

L—Lc L CG m—1_—Agx

oer0) = 3 e+ 3 e (6.15)

Using the identity [65, eq. (2.321.2)], the CDF of ygsr derived as

L-L.
C’Ak

i, () Z Z 3
"= = (6.16)

LR og (y 1)/\ <k+l>r[k+1]xm—k—1e—w

2.2 T

m=1 k=0

G L—L. G —/\k,x
CAE Cy.e

The constant terms in (6.16) equal 1. Furthermore (6.10) and (6.11) reduce to

L[L+1] Mk
Miideo ~ °E 6.17
’YGST< ) F[LC + 1]L£,—LL SL ( )
and

) \L

11d,oo(m) ~ E IL

YGST L—L.

F[Lc—i-l]Lc (6.18)

v—1)L .
N pYIgL N
[[Le+ 1]LE-Le

For i.i.d. case, the diversity order of GST reduces to G4 gst = (1 — 9J) L.

6.3.3. MGF and CDF of GSTDP

Based on the independence of DP and relaying channels, the MGF of vgsrpp for

both i.i.d. and i.n.i.d. cases can be derived as

M.

YGSTDP

(_S>::A4W$T(_S)NADP<_S» (6.19)

The MGF of the direct path between the S and D is M, ,(—s) = - if\’gp [74, eq.
(5.5)]. Inserting M., . (—s) into (6.19), M., .., (—s) becomes

(—s) = _Aoe (—s). (6.20)

YGST
3+/\DP

M.

YGSTDP
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6.3.3.1. i.n.i.d. case

Substituting (6.9) into (6.20) results in

. 1 B,
Mrpp(—s) = Z Z [ Lc—ll(ls _f)iE )]
ny

Ni,NLe—1  np, =1
n1<n2<..<nr.-—1 (6 21)
L
A o Le -
__obP e‘(LchrEz:l gy, )o H (1 —e ’\E"l'x) dzx.
(s +Apr) Jo V=Lc+1

To obtain the asymptotic CDF of vgstpp for i.n.i.d. case, we substitute asymptotic

MGF of ypp, M° (—s) = A’% and asymptotic MGF of i.n.i.d. GST given in (6.10) into

TDP

(6.19) and get

F[L + 1] App Hlel )\El
F[LC + 1]LCL*LC sL+1

MESisp(—s) ~ (6.22)

The asymptotic CDF of i.n.i.d. case is obtained by using inverse Laplace transform:

L
ind,co (1.) ~ App Hz:1 )‘Ez $L+1
YGSTDP (L i 1)F[LC + 1]LCL7LC
1 L
PT A hin 1QZKI/DP HlL:1 \I/Ez L+1
(L + )I[L. + 1] LLLe

, (6.23)

~

where App = D Pl =9, rPr ! and the diversity order and array gain of GSTDP

pigQsp” T
L Upp[l, Ve
are Gagstor = (L+1—>,_,¥;) and Gogstopr = AL lJri]LLl—Lca
c c

respectively.

6.3.3.2. i.i.d. case

Inserting M4 (—s) givenin (6.12) and M, ,.(—s) into (6.19) and carrying a partial

YGST

fraction decomposition between the terms with the poles — A\, and —App, M, o pp(—S)

results in

M (—g) = LZL { () () (1R AppAE 1 < 11 )}
Jostor 1 (A — App) (s + /\E)LC_1 s+ App s+ A
() AoPAs

(s + App) (s + )\E)LC.
(6.24)
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The partial fraction decomposition is valid if App is not an integer multiple of Ag or vice
versa. Applying second partial fraction decomposition and making proper rearrangements

produces

C & C = C
M ()= —BC i L 6.25
’YGSTDP( S> (8+>\DP) kz—: (3—{—)\k) +mz:: (S—i-)\E)m ( )
The coefficients in (6.25) are

(£) (35 G (=R B e
L—Le. (L)AD;\DI))\ILDC_ Ak
Cpp = Z ((LC—Eu[—k]

A\ — )\DP)LC

LY\ (L—Lo\(_1\k L.

(A(L:)(A )l 11 ADPALEclu[k . 1]) . (6.26)
k ppr) (Ae — App)

[(5) (") opAg (1t ( 1

Pt (A — App) (

_ < L. )Lc—m)u[L —-m — 1]] + (LLC))\DPA]LEC(—l)LC—m
By . AL

Cr =

+

C,, = —
App — AE)LC

Taking the inverse Laplace transform of (6.25) gives the PDF of GSTDP

L—L. L.

i Cm m—1_—Agx
it (1) = Cope™27% = 37 G 430 gl (627)
k=1 m=1

and CDF of v45s7pp 1s obtained by using the identity [65, eq. (2.321.2)] as

_ L-L —
. CDP Ok ODpe ADPE . Ck€ Ak

- + —m _ L
App — hy4 ; Ak App . Ak

=1 6.28
s (" TR+ 1)C (©29

iid
’;/135TDP ( )

The constant terms in (6.28) equal 1.

Asymptotic expressions for MGF and CDF ofi.i.d. assumption are the same as those
of the i.n.i.d. case in (6.22) and (6.23), where the term Hle1 A, simplifies to A% and the
diversity order returns to G4gstpp = (1 — 9)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 Zqul a, foeq Mid (—M> df by using (6.13)

YGST sin?(6)

Q L—Lc G 0 - 2
i a,C @ sin®(6)
pOSTiid _ Z aCx, / 20
o 0 sin®(9) + Amod

m (6.29)
Q L-L. G 0 . 2
anAE ! S (9)
+ E — /0 do.

Am
sin? () 4 22
AE

Similarly, by using (6.25), the SER of GSTDP becomes

0 . 92
GSTDP,iid __ aCpp [ sin”(0)
Pger = N

sin?(0) + mod (6.30)

aqCin /% sin?(#) "
0

The modulation dependent parameters in (6.29) and (6.30) for M-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,

o [f sin?(0) \"

The closed form of the integral, I,,,(6,;¢), 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)], 1,,(0,; c¢) can be expressed as
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In(0g: ) = cj 1 UOT 2(1+ alsin(:c))dx i /OT 2(1 - CLlsm( ))dx

m—1 T (632)
a? sin?" }
k=0 0
where a = +1, T = tan™? g—; +1 (1 — sign(NT)%), Nr =2y/c(c+1)

sin(26,), and Dy = (2c + 1) cos(260,) — 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
attan( 1/2)

N

has the following closed form:

Third integral is obtained in [52, eq. (37)]. Hence, the integral in (6.32)

In(0h: ) — tan”" [a + tan(T/Q)} - {a - tan(T/Q)}

Vi@ Vi@
mlk+1/2 11 3
-y — ] a? {\/_ TTE j——l]/ ] cos(T)2F1(§, 5 k; Y cos?(T))].
(6.33)

which is valid for 0 < 6, < 7m. 2Fi(¢,7;w;2) 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

Q

" Amod ) g
Z aq 0 YGST o Sil’l2 (0)

q=1

_ o a4 Ui, A / " int (0)6
[L.+ 1]LCL*LC)\§]od . (634)
_ agl'[L + 1] Hz A [VAT[L41/2]

— [[L.+ 1]LE~ Lc)\éo [L + 1]

11 3

Lo 2
35— Ligicost0,)

GST,
Pir OO(—S)

o

q=1
Q

—cos(0,)2F1 (=,

Similarly, by using (6.22), asymptotic SER for i.n.i.d. and i.i.d. GSTDP is

Q
PGSTDP,OO(_S) _ Z {aqF[L + 1]App HzL LAE,

SER po T[L. + 1 LE-Le Lt . (6.35)
T[L+3/2 L 1 .3
(ﬁI‘[[L :—2]/ ) — OS(eq)2F1<§7 5 L; B% COSQ(%)))}
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Clearly, as expected, the diversity order for SER of GST and GSTDP are G4.gst =
(L — 1, ;) and Gygstop = (L +1 — Y1, ¥;), respectively. For i.i.d. case, [[/; \g,
reduces to A% in (6.34) and (6.35), and diversity orders of GST and GSTDP become
Gagst = (1 =)L and G4gstpp = (1 — ¥)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)]:

. o 1 — Fiid ( I)
11 / TDP
B = os(e) [ b 636)
0

Using the fact that constant terms in (6.16) and (6.28) are equal to 1, the rates can be

calculated as

k=1
m— e (6.37)
N e G Y\ (R P
F[m} m—k—1 E
m=1 k=0
and
L-L
.. C c C
iid _ DpP k
R’YGSTDP - 10g2(e) (EIO ()‘DP) - ; )\_kIO ()\k)
Le m—1 fm—1 - (6.38)
“ = (" )TIE A+ 1Cn
T T 2\t m—k—1 (AE)
m=1 k=0 [m]A\g

The integral in (6.37) and (6.38) is defined and solved as

00 ,.m ,—AT
I, (N) :/ A
o =+1 , (6.39)

= *T[m + 1T [—m, A

where A > 0, m > —1, and I'|m, )] is incomplete gamma function [65, eq. (8.350.2)]. For
integer m 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.63 [ Fig.64 | Fig. 65 Fig. 6.6
Powers Ps = Pg, = Pr/(L.+1)
Noise R
Variances 0" =0k =0p =1
Total Number
of Relays 1 {2,3,4} {1,2,3} {1, 3} {1, 3,4}
(L)
Number of
Selected Relays 1 {1,2,3, 4} {1, 3} {1, 3} {1, 3, 4}
(Le)
Linear SI
Cancellation
Factor
(k1)
Exponential SI
Cancellation
Factor
(1)
SINR Threshold
(Vin)
Distances
(dsr,,dr,D,dsD)
Path Loss
Exponent 3 3 3 3 3

(@)

1 1 {10719, 1} | {10710, 1} | {10719, 1}

£0.2,0.5,0.8, 1} 0.2 {0, 0.2} {0, 0.2} {0, 0.2}

{6 dB, 10 dB} 6 dB 6 dB - -

05,05,-) | (0.5,05,-) | (0.5,05,1) | (0.5,0.5,1) | (1,1,2)

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 = Pgr, = Pr/(L. + 1), where Py is total power and 0* = 03, = 07, = 1. We
assume normalized distances and let dgr, = dg,p = 1/2 and also dsp = 1 but exceptions
will be given where necessary. The path loss exponent « 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 Pr/c?. Furthermore, simulation parameters for each figure
are provided in Table 6.1 for easy referring, where simulation results are derived after 10
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 x;, = 1, the exponential one ¥, € {0.2,0.5,0.8,1},
and threshold vy € {6 dB, 10 dB} are used, where the data rate thresholds become

log, (105/1% 4+ 1) = 2.32 bits/s/Hz and log,(10'%/1° 4+ 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 Pr/c? values, the overlap at the high Pr/o? values is almost
excellent, which verifies correctness of the derived adopted approximation. The deviation
occurs for high thresholds, vy, and high exponential attenuation/cancellation factors of SI,
9;, which may happen in case of insufficient SI cancellation. Setting x; = 9; = 1 means
that SI power equals to relay power, and shows the worst case.

Fig. 6.3 illustrates OP of GST for (x;,9;) = (1,0.2), L € {2,3,4}, L. € {1,2,3,4},

10% T T - -
) Simulation, MRT, LC=L
_e_SimuIation, Single RS, Lc=1
1ot = = = Asymptotic
—P— Approximation, MRT, LC=L
—3¢— Approximation, Single RS, LC=1
102
102 E
o
o
104 E
10°F
108
10,7 1 1
5 10 15 20 25
P,/ 0” [dB]

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 Pr/o? values. Similarly,
asymptotic curves follow the simulation and approximated curves. Approximation error
demonstrates its effect at low Pr/c? 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 Pr/c? 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~ 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, L.) = (3, 1), which are about 1073
and 107°. Therefore, the diversity order is about 2/0.8 &~ 2.5 which coincides with the
nominal one, namely, L x (1 — 9;) = 2.4. Although single RS and MRT schemes have
nearly the same performance at high Pr/o? values, single RS scheme outperforms MRT
scheme at low Pr/c? 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}, L. € {1, 3}, threshold 4 = 6 dB, and (x;, ;) € {(107'°,0), (1,0.2)}.
The adopted approximation curves coincide with the simulation ones. At high Pr/o?
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 Pr/o? is more than 3 dB at an OP value of 107°. This result is valid

= = = Asymptotic

<] RS Simulation
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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 log, (107 ”/10 1 1) = 2.32 bits/s/Hz, therefore,
VP =10 x log,,(2%* — 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 Pr/o? at an OP
value of 107¢ with respect to the curve (L, L.) = (1, 1) are about 11 dB and 17 dB for
the curves (L, L.) = (2,1) and (L, L.) = (3, 1), respectively. Considering the two lower
curves, unlike multi-antenna case, there is no gain in Pr/c? when all the relays are used
as compared to single RS case.

Fig. 6.5 verifies the ergodic capacity expression given in (6.38), 1.e., ergodic capacity
of GSTDP. The curves are provided for (k;,9;) € {(1071°,0),(1,0.2)}, L € {1,3}, L. €
{1,3}. The ratios between the achievable rates of FD cases and rate of HD case with
(L, L.) = (1,1) at Pr/o* = 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 1s 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 (x;,7;) = (1,0.2) for FD transmission, (x;,7;) = (1071°,0) for
HD transmission, L € {1,3,4}, and L. € {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 dgr, = dgr,p = 1 and
dsp = 2. The approximated and asymptotic curves of (L, L.) = (4,4) are not provided
for the sake of figure clarity, since their behavior is the same as those of (L, L.) = (3, 3).
Approximated results follow the simulation ones. For FD transmission, the gains in Pr /o>
with respect to single relay case, i.e., (L, L.) = (1, 1) for 3 and 4 total number of relays,
ie,(L,L.)=(3,1)and (L, L.) = (4,1) are about 14 dB and 16 dB ata SER value of 1075,
respectively. To observe the diversity order of FD transmission, one can consider the SER
values at 23 dB and 29 dB for (L, L.) = (3,1), which are about 10~* and 1075, Therefore,
the slope is about 2/0.6 &~ 3.33 which coincides with the nominal slope, namely, L x (1 —
¥)+1=3x(1—-02)+1 = 34. SER of HD transmission, i.e, 16-PSK, is only
plotted for (L, L.) = (3,1). Ata SER value of 107, the gain in Pr/o? obtained by FD
transmission with respect to HD transmission is 8 dB. For Pr/o? = 25 dB, SER of FD
transmission is 2 x 10~ 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 — R; — D Link
Using [55, eq. (B.1)], the CDF of the S — R; — D link can be expressed as
Pronolm) =1 [ / o (0) Foo (2) o, W)y (640)

where 7 = Jn(e+D)(y+1) ;_i(yﬂ) For Rayleigh fading channels, CDFs and PDFs of SNRs (v, and
vp,) and INR (vg,) are

x) = e
fre (@) = . (6.41)
F’YQ ([L‘) = 1 - Cz
where ¢ € {S,D, R}, As, = g, Ap, = pB— "6 and Ap, = Pt Qs are the
variances of the corresponding channels, deﬁned as Q p, = (1 —df)™, Qs = d;°,

0 < dy < 1, ais path loss factor, and d; is the distance between the S and each

relay. For the sake of simplicity, we use d; as if all the relays are approximately at the
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same point. We let Qp, = mPg;’_l where 0 < k;,9; < 1. k; and 9, 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

s, Vi (Yin+1)

—(Ap,+As. o AR
>\Di/\Ri€ ( D;+ 51)71}1 /oo L Py v
0

As; Y (Y1
A Asi i 2+ Rty (642)

sy Y (1)
4

F’YSR,L-D (V) =1 -

e A%y

The same resultis derived in [122, eq. (15)] where the number of random variables 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

~ 22m /A0 Asym (v + 1)
AR; + As;Vih (6.43)

e*(}\Di+)\Si)%hK1 (2\/)\Dl)\5‘l'7th (,yth _|_ 1)) ,

F’YSRiD(%h> ~ 1

where K;(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 vy, gives the PDF of vsg, p as in (6.44) and using
the same reasons as in the derivation of approximated ., ,, (), fysz, » (7tn) Teduces to
(6.45).

(()‘Dz + /\Sz) Z+ )\Si (27th + 1))
As;Yh(Vn + 1) + (Mg, + As;ym) 2

A8 (vnt1)

e = Wz (6.44)

f'YSRiD(Vth) = ADiARie_(/\DH‘)‘Si)%h/
0

g (mt1)

—l-/\D,)\R./\S_e_()‘Dﬁ)\SZ-)%h /OO 22y +z+ 1) e~ = AR

dz
o (Mg vm(im + 1) + g + Ag.ym) 2)°

and

~ 2)‘31‘ <)\D7, + )\Sz) \/ADz‘)‘Si%h (%h + 1) —(AD.-&-)\S.)%},
f'YSRiD(Fyth> ~ )\ )\ € ‘ ‘
R; T A8, Vth

e A /Ap Ns 1
Ky (20300 G 7 D) + REAV ’i;f:hg;ﬂh ) (649)
R; S; Vth

Do g, (2\/ e e (o + 1)) .
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Considering the fact that as © — 07, 7 ~ 1 and K,(z) ~ 1, asymptotic PDF and

CDF of ygp,p are obtained as

(/\Di + )\Sz) >\Ri + )\Si)\Ri

VSR, D(%h) AR, + )‘)i%h (ARi + )‘Sz‘%h)g ‘ (6.46)
. ~l_ DR
Somyp (ih) AR, + As, Y

The SINR of the single branch in (6.4) can be rephrased as

757; FYS,L-
e B ke (647)
TR A B 1y + B L '
i TR;+1 i Yr;+1 YD, S,

This representation means the ysg,p 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 ysg,p 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

Ap, s, ) AR, +As, D . . : . o
o p(0) = (Ao, f\lp? % T7%  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 v}, ,, and its inverse is
5 — =—+t—+— (6.48)

On the other hand, it is well known that the expected value of inverse of an exponential

fooo e % /xdx

So, if we assume ’yg% p can be approximated as an exponential random variable, we should
have EU/’VSR D] fo T Jxdx _ fooo e*Z/xdx_i_foo e Jzdz foo e~ /zdzElyr,)

random variable 7, can be expressed as , where E[] is expected value operator.

E[“/SR » E[p,] Efvs,] L T . Therefore, we
get E[ = Ap,+Asg, + L. Using this fact together with equality it up = e (0),
SR D . .
the equivalent PDF and CDF of vsr,p can be approximated as
—~ABg
rsho ) = A0 (6.49)

Eq 1 _ = AEg:Y
F’YSR,L-D(’Yth) =1 e MEq; T
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Figure 6.7: Exact and approximated PDF and CDF of a dual-hop link with FD relay.

(Ao +As, JAn; s, < 1. Fig. 6.7 illustrates three different examples of this

where \g,, = v
approximation, where Ps = P, = Pr/2 =5, a = 0,0, = op = Qg, = Qp, = 1,
k € {0.1,1}, and ¥ € {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 ¥ 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 v increases, the success of our approximation decreases
but, especially at high SINRs, OPs are calculated at low ~y, values, where the match
between the exact and approximated CDF values is nearly excellent. Finally, usage of
small exponential attenuation/cancellation factors v together with the small values of linear

attenuation/cancellation factors x increases robustness of the proposed approximation

since contribution of SI on the SINR decreases.
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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
OMA based 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 OMA based 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 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
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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,
1.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
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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
1s in the later one. In the context of this work, the reason for that dilemma is also clarified.
Finally, physical-layer security based on NOMA protocol 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
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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 mPgi_l, where x; and ¥; are linear and exponential
cancellation/attenuation factors depicting dependence of SI on the transmitted
power, Pg,, 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 (57 ve S9) and users (D, ve D) 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, D;. 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 (z;,y;), j € {51, 52, 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 (zg,,yr,) = (rcos(d),rsin(f)). Whereby, distance between the node j and relays

is djg, = \/(x; — rcos(6))? + (y; — rsin(d))2. As in [165], the sources are assumed to
collaborate for PA. The PA coefficients at the S; and Sy are represented as a; and as,
where a; + a; = 1 and a; > ao. Similarly, after DF process at the selected relay, detected
signals are weighted in accordance with the service quality priority by PA coefficients ag
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 S;—i'" relay, So—i'" relay, i’ relay—D;, i'" relay—Ds, ipSIC at the i

relay, ipSIC at the Dy, and Sl are gs,, hs,, 9r,1> PRsy» Gs;5 h Ri, and hp, g, , respectively. The

i1
shape and scale parameters of the stated links are (ms,,, Qg,, = Q% d5% ), (ms,,, Qs,, =
05, ds)w,)> (mp,,, Qp,, = Qp dp’p,), (Mp,;, by, = U, diTp,)s (Mg, 1), (M, 1),
and (mg,g,, Qr, Ri/ingi_l), respectively, where « 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 i*" relay are Py
and P, respectively.

The received signal at the i’ relay, by omitting time indexing for the sake of the

simplicity, is
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Figure 7.1: Multi-relay system.

Yr, = Va1 Psgs,x1 + \/ a2 Pshg,xo + @wihp,r,Tr, + Ng,, (7.1)

where xp, = \/asPgr,21 + \/a4Pr,T2, 1 and T, are previously decoded signals by SIC
process. w; is 0 for HD and 1 for FD transmission. npg, is the additive Gaussian noise at
the relay . Decoded signals are weighted in accordance with the service quality priority

and retransmitted. SINR related to the signal of the first source at the i'" relay is

alPSi|QSi|2
asps;|hs,|? + @ipr|hrr,[* + 17

Ve = (7.2)

where pg, = fTS, PR, = %, and 012%_ is the variance of the additive Gaussian noise at the
R; R; v
relay i. Absolute value operator is represented by | - |. SINR related to the signal of the

second source at the i*” relay is

2

R _ a2p51'|h5i|
rYDQ - ~ 2 +

A1€R,;PS;|9s; WPR;

7.3
T (7.3)

hRi R;

where €, models the amount of the ipSIC at the i'" relay and 0 < € r < 1.

The received signals at the destinations are

YDl =V CLSPRi.gRu‘%l + V a4PRigRi1j72 +np, (74)
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and
YDQ =V a3PR¢hR¢23A71 + V a4PRihRi2§j2 + np,. (75)

np, and np, are the additive Gaussian noise at the destinations. The SINR related to the

first source at the user 1 is

2

9R;1
2 + 1’

Dy __ Q30D
Dy
‘ A4PD1; |YR;

(7.6)

where pp,. = @ and 02 is the noise variance at the user 1. Similarly, SINR related to
17 O—Dl D1y

the the first source at the user 2 is

2
Do _ GSPD% hRiQ 7 7
D a4pD2i|hRi2|2 + 1’ ( . )
and SINR related to the second source at user 2 is
|hg.|?
B2 = —4PDul TR (7.8)

241

A3€Dy PDy; |th’2

Pr. . . )
PDy; = i Ay 0123 is the variance of the noise at the user 2, e, models the amount of the
G'D2 2

ipSIC at the user 2and 0 < ep, < 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 ¢ and two users:
is = arg max{min{log(1 + 71;;), log(1 + 73111,), log(1 + vgi)},i e{l,---,L}}. (7.9)

TSRS firstly determines a set of relays ensuring service quality for user 1 and then selecting
arelay maximizing data rate of user 2. So the set of relays providing service quality priority

condition is determined as follows:

Kpr = {log(1 +7/%) > Rp,,log(1 + 7)) > Rp,,log(1 +v5%) > Rp,},

ie{l,---,L}}.

(7.10)
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Rp, is the data rate of the D;. Then, the relay maximizing data rate of D is found as
ir = argmax{min{log(1 + ’yg;), log(1 + 'ygji)},z’ € Kg}. (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(Vin,) = Pr(min{vﬁjs,vgfismgis} < Yihy )

= ﬁ(l — Pr(R; € KR)),

=1

(7.12)

where ~y,,, = 221 — 1 for HD and ~;,, = 2fP1 — 1 for FD. Ky, represents the set of
relays providing service quality priority expressed in (7.10), a relay in that set satisfies

min{vgiﬁgfi, 73121_} > 7, Which is expressed as R; € Kg. Then, Pr(R; € Kg) is

mpqy;Yth MDy; Vth
F m ] 13 1 ) 24 1
Diir Qp oy, (a3—in, aa) I'{ mpy,, Qp,,; Py (a3—Yenyaa) | _ _MS10thy
PRiEKR(’Ythl) - € 1051151
F<mD1i)F(mD2i)

mg i_l
1 P P2 H (msu%hl)m (angm)P3 (pl) (pz)r(pg +ms,)
Z Z 2
p1=0 p2=0p3=0 alQSli ms,, D2 P3 .

s pa o) (ZLE28 YL e, )0 G+ 1

me.

T

MS,, +P3 MR, +p2—p3
(1 + Mgy, Vthy CLZQS% ) ? (1 + Mgy, Vthy wipRiQRiRi > (/)s. )pl —p3
Mg, a1Mg,, mRia‘lpSz’QSh’ '

(7.13)

At high SNRs, i.e, at high pp,,, pp,,, and pg,, asymptotic OP expression can be

derived from (7.13) by considering the following facts:
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e Asx — 0, e — 1 and y(m,x) — x™. Small x values correspond to the high
SNRs cases.

e At high SNRs, (1/ps,)?* " — 0. Therefore, the only terms survive in the
summations of (7.13) are the ones where p; = ps, in turn, this equality means
P1 = P2 = Ps.

e To observe effect of SI on OP at high SNRs, the term | 1 4 ZSulm@r i n,

mpg,;a1ps; sy,

is not canceled out, which approaches to zero since SI variance is assumed to be not

mg;

only linearly but also exponentially dependent on the transmitted power of the relay.

Then, the asymptotic OP expression is obtained as

L MDy;Vthy )mDu ( MDy; Vthy )MD%
P QDhPDh a3—7Ythy a4) 1— QDy; PDy; (A3—Vth, a4)
Ssrs (Veny) ) r( )
i1 mDu M Dy;

mg,,—1
A TRy
— p1 Mgy, a18s,, + My, Yin, 02815,

p =
{ <]_ + Sy Ttha QQQS% > T (1 + msli’}/thlwipRiQRiRi ) MR, }:|:|
mS2iCLIQSM mRialpSiQSM

(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, when K 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, Rp,, the OP of TSRS

is calculated as
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L
: R;
Prsrs(Vinys Yins) = Z Pr(mln(vgjiT,’ny) < Yiny KR = 1)

=0
L l I L—1
= H (1—P¢(’ythl,’yth2)><l) H (1—PT(RZEKR>>
=0 j=1 j=1 !
Ri KR Ri¢KR
l
11 (PT(RZ» e KR))
ek
i €
" (7.15)

The SINR threshold, ~,,, for HD and FD transmissions are vy, = 202 — 1 and
Yen, = 2802 — 1, respectively. The |Kg| is the cardinality of Kgr. Py(Viny, Yen,) =
Pr(min(’yDD;, »y};;) > Yiny/ min{fygj,’yg;, 7{)’;} > 7, ) and it can be reformulated by

considering the Bayes theorem as

Py (Vny Vtho) Pog (Ving Vino) Pog (Viny Viny) (7.16)
Pr,erp(viny) ’ )

P¢ (/Yth1 ) 7th2) =
where Py, (Yihy s Vihs )s Pios (Vihy > Vens)> and Py, (Vens , Yin, ) 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).

MDy; ™ Dy;
- mp2iUmax MDgy;Vthy A3€Dy; a3ep,.PD.,,
")/ mDQ’M (& 21 21

by, a4mp,, 2p,y,

Hmed g, ) (14 2 )
24

a4 Dy, 2Dy,

Pd)l (ﬁythl I fyth2> -

)
P1 MDy; 4Dy,
(pQ)F (p2 + Mpy;, (QD% + Vthy A3€Dy; ) Uma:z; :|
D2

i

p1=0 p2=0 — )P1—p2 —af’eDQi p1=p2 —mD2"ﬁ%h2a36D2i
p1+ 1)( pDQz) ( MDy; ) 1+ aamp,, 2Dy,
(7.17)
o ’YthQ FYthl
where Upqp = max (PDQZJM’ PDy; (@3—=Vthy a4)) )
MDy; Vthy
,Y(leﬂ leiQDu(ag—'ythlazl))
Py, (s, Yiny) =1 (7.18)

F<mD1i) ’

where vy, < 22, otherwise Py, (Viny» Vin,) = 0.
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(msy; —1,q1,q2) (g3+ms,, —1,k1,k2) (wipRiQRiRi ) k2+q2—ks—gs
mp

Py (Veny s Veho) = Z Z [CI)I(I)H(I)IH 7 ) " —
Si

— —
(q1,92,93)=10 (k1,k2,k3)=10

Vthy™Sg;01Q8,  +(Vehy 1M Vehy 22908,;

e ajagpg, g8,
)
(7.19)
msy, —1,q1,92) ~(g3+ms,, —1,k1,k2) msh—l @ a g3+ms,, —1
where = — = - — -
Z Q1,¢127Q3) 0 Z(kl k2,k3)=0 Z 22=0 £=q3=0 £~k1=0

Z ky—0 ks o- 0 1s a three dimensional zero vector and ®;, ®;;, and @, in expression

of Py, (Veny , Veny) are

P, — (:;) (ﬁi) (Z;) (gi)r(ki% +mg,)U (ks + g2 + mp, — k3 — q3)I'(qz + ms,,)
T F(msm)r(mRi)F(mRi)F(kl + 1)F(Q1 + 1)

(m51¢7th1 >Q1 <a2952¢ ) e (QleRi ) o (/Yth )k1
p 2

alQSli M8y, MR,
o 1
= g3+mg,, —k1 ks+mp;
1+ Mgy, Yehy 02805, 1+ Vtho (mSQia1951i+m51i7th1a2952i)€R
Msy;a18lsy; MR, a28ls,, sy, g
o 1
11 = k2+q2+mp,—ks—q3
1+ MS,, 01925, Veho +(Ving +1)Ms Vi @295y, \ @ipR, R, R,
mp;a1a2Qs,,Qs,, Ps;

(7.20)

The closed form of Pr(R; € Kg) is obtained in the derivation of Pssrs(7Y:n, ), @s given in
(7.13).
Using the same approach as in derivation of Pgg ¢ (71n, ), asymptotic expressions for

P¢1 (’Yth1 ) ’Ythz)’ P¢2 (’Yth1 ) Vthz)’ P¢3 (’Yth1 ) ’Ythz)’ and PI%?GKR (%M) are derived as follows

MDy;
- M Dy, Vtho G3€ Doy,
N Mmpy, —1 F(p1 + szi) < afm;;QDQf )

P¢>1 (’yth17fyth2) =1- Z MDy; +P2
p1=0 F(pl + 1)F(mD2i) <1 + W)

a4y, 2Dy,

}, (7.21)

POO( ) =1- 1 M Dy Vth o (7.22)
o \Tths Tths F(’I’I’LDM + 1) pDu‘QDu (CL3 - ’7th1a4) 7 .
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mg;,—1lq+mg,,—

k1—q1
~ meg.,.
ng(’)/thmf)/thz Z Z l{r(mRz + kl)F(mSQi + Q1) (a2;: )
24

q1=0

k1
(msu%m) (’Ythzf‘leRz‘) }/{r(msm)r(mm)r(kl + Dl (q1 + 1)
alﬂsu Mg,
(1 + (mSzialﬂSu’Ythz + (’Ythg + 1)m51i7th1a2952i> wipRiQRiRi>mRi (723)

mRia’la29S1iQSZi Ps;
mp, +k1
Vtha (mSQiG’IQSIi + Mg, Viny a2QSQi) ‘
1+ = €R;
me; a2QSliQSm

ms ,L‘+q1_k1
mSlifYtMQQQS% 2
1+ ,
mSzialgsu

and
MDy; My,
Dy Tehy M Doy; Vthy
P> ( ) (1 (QDlz‘pDu(‘lS—’}’thltM)) ) (1 (QD%PD%(&:;’—%;LI(M)) )
et F(lei) F(szz‘)
mg i_]‘
zl: |i{ (pl + mgsy,;, — 1) ( msli’ythlazQS% )Pl }/
p1=0 P1 Mms,,a1€2s,, + Mg, Vin, 4225,
{ (1 1 mS117th1a2QSQi ) MSa; <1 n msli’}/thlwipRiQRiRi)mRi }:| .
m52¢a1QSh~ mRialpSiQSM
(7.24)

Consequently, the asymptotic expression of Prsrs(Vin,, Viny) 18

L =
w5 1 (- mn) () ()

=0 j=1 -

sze Kgr szgKR
!
(PE?EKR (’Yth1>) 5
Rlekn
(7.25)

where P3°(Yiny, Vens) = Py (Veny s Vena ) gy (Ve s Vena ) Py (Ve s Veno )/ Pive iy (Vea )
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

€R;s €Dy, 5 and w;.
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h
2 > Vthq >
A3PDy; — A4PDo; Vthy

o (7.26)
¥ (mDin —DéDZm”>
— 1 -

P(szi)

SI1C
qu;l (’Yth17’yth2) = Pr (|hRi2

7.5. Numerical Results

In this section, numerical results for OP are provided to validate the derived
expressions. It is assumed that Pr = 2Py = 2P, and 0 = o} = 0}, = 0p, = L.
The path loss exponent, representing urban environment, is taken to be 3. The curves are
plotted versus Pr/c?.

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
a; = az = 0.75 ve as = a4 = 0.25. In meanwhile variances of channel gains are set
to 1, and data rates are Rp, = 0.1 bit per channel use (BPCU) and Rp, = 1 BPCU. SI
cancellation factors are chosen as (x;, ;) € {(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 (Pr/c?) increases the same error floor is reached due to SIC

O Simulation, HD, L=1
+ Simulation, FD, L=1, x=1, #=0.2
X Simuaion HD,L=2 | SONORNL Ve A
o¢| % Simulation, D, L=2, 5=1, =02

¢ Simulation, HD, L=3

Simulation, FD, L=3, k=1, J=0.5
' Simulation, FD, L=3, s=1, 0.2
—Exact
s + Asymptotic/Error Floor |
0 5 10 15 20 25 30 35 40
PT/UZ [dB]

P S

10°

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 Pr/o?
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 Pr/o? 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 Pr/o? 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 (a; € {0.55,0.75} &
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Figure 7.4: Exact, asymptotic, and simulation OPs of TSRS over Rayleigh fading
channels.

az € {0.55,0.75}) and data rates of user 1, Rp, € {0.5,0.7}. The data rate of user 2 is
set to Rp, = 1, total number of relays is L = 4, and SI cancellation factors are chosen
as (k;,¥;) = (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 both HD and FD
protocols are considered where e, = €p,, = 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,
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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 (mg,, =
2,Qg,, = 1.55), (mg,, = 3,Qg,, = 1.7), (mp,, = 1.75,Qp,, = 1.3), (mp,, = 1.5,Qp,, =
1.6), (g, = 2,1), (Mp,, = 2,1), and (mg,r, = 1.25,Qpz, = Pp?). Data rates are
Rp, = 0.2 BPCU and Rp, = 1 BPCU. Total number of relays is L = 3 and ipSIC
parameters are €p,, = €, = 0.01. PA parameters are a; = a3 = 0.75. Overlapping
of exact and simulation results reveals validity of OP expressions for non-integer shaping
parameters, namely, mp,,, mp,,, Mg, and mp, g,, 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 Pr/o? 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, a. The nodes Sy, S, Dy, and D, are assumed to be
located at the points (zg,,ys,) = (—6,6), (zs,,ys,) = (—6,—6), (zp,,yp,) = (6,—6),
and (xp,,yp,) = (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 (zg,,yr,) = (rcos(f),rsin(d)) where r =

nx6/64,n:=0:1:63andfd = px6.28/64,p := 0 : 1 : 63. All coordinates are in meters

127



Table 7.1: Optimum relay location of FD transmission for TSRS.

2
P(’{lg; a1 as (Kl ’ 191) (ERZ ’ EDQZ) (RDl ) RDQ) (sz ) yRL) OPm'm
50 0.55 | 0.75 | (1,0.31) (0, 0) (0.1, 1) (0.000, 000) 3.69 x 102
50 0.75 | 0.55 | (1,0.31) (0, 0) 0.1, 1) (0.000, 000) 1.74 x 1071
50 0.75 [ 0.75 | (1,0.31) (0, 0) 0.1, 1) (0.000, 000) 1.75 x 1071
50 0.55 [ 0.75 | (1,0.31) (0, 0) 0.1, 1) (-4.415,-0.870) | 6.27 x 10— %
50 0.75 | 0.55 | (1,0.31) (0, 0) 0.1, 1) (-5.386,-1.623) | 3.70 x 10~ %
50 0.75 [ 0.75 | (1,0.31) (0, 0) 0.1, 1) (-4.421,-1.822) | 9.10 x 10— %
50 0.75 [ 0.75 | (1,0.31) (0, 0) 0.3,1) (-4.875,-0.961) | 6.58 x 10—3
50 0.75 | 0.75 | (1,0.31) (0, 0) 0.1,2) (-4.421,-2.246) | 8.52 x 102
50 0.75 | 0.75 | (1,0.51) (0, 0) 0.1, 1) (-5.048,-2.687) | 2.19 x 10~ 2
60 0.75 [ 0.75 | (1,0.31) (0, 0) 0.1, 1) (-5.879,-0.569) | 1.70 x 10— 7
50 0.75 [ 0.75 | (1,0.31) | (10~%,10~%) 0.1, 1) (-2.732,-1.818) | 5.38 x 102

and first three rows are not optimum relay locations but provided for comparison.

Table 7.2: Optimum distances of FD transmission for TSRS.

ds,r, | ds,r, | dp.R, | dDsR, O Prin

8.485 | 8.485 8.485 8.485 | 3.69 x 1072
8.485 | 8.485 8.485 8.485 | 1.74 x 1071
8.485 | 8.485 8.485 8.485 1.75 x 1071
7.050 | 5369 | 11.610 | 12.477 | 6.27 x 10~*
7.648 | 4420 | 12.198 | 13.702 | 3.70 x 10~*
7.980 | 4.466 | 11.227 | 13.030 | 9.10 x 10~ %
7.051 | 5.163 | 11.986 | 12.912 | 6.58 x 103
8396 | 4.073 | 11.077 | 13.289 | 8.52 x 102
8.739 | 3.447 | 11.534 | 14.054 | 2.19 x 1072
6.570 | 5.432 | 13.062 | 13.574 | 1.70 x 10—~
8.474 | 5.307 9.682 11.720 | 5.38 x 1072

Table 7.3: Optimum relay location of HD transmission for TSRS.

2
P(Q;H/S a1 as (€Rr;>€Dy;) (Rp,, Rp,) (zRr,>YR,) O Prin
50 0.55 | 0.75 (0, 0) 0.1, 1) (0.000,000) | 4.02x 10~ °
50 0.75 | 0.55 (0, 0) 0.1, 1) (0.000,000) | 8.37 x 10~ ©
50 0.75 | 0.75 (0, 0) 0.1,1) (0.000, 000) | 3.39 x 10— °
50 055 | 0.75 (0, 0) 0.1,1) (-0.191,1.959) | 5.89 x 10~ ©
50 0.75 | 0.55 (0, 0) 0.1, 1) (-1.379,0.276) | 4.91 x 10~ ©
50 0.75 | 0.75 (0, 0) 0.1, 1) (-0.312,0.468) | 3.13 x 10~°
50 075 | 0.75 (0, 0) 03,1) (-1.247,1.523) | 7.48 x 10~°
50 075 | 0.75 (0, 0) 0.1,2) (-0.052,0.078) | 2.13 x 10T
55 0.75 | 0.75 (0, 0) 0.1,1) (-1.188,1.451) | 1.24 x 10~ 8
50 0.75 | 0.75 | (10=%,107%) 0.1, 1) (-0.036,0.087) | 1.45 x 10~ 1

Table

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.

dsr, | ds,r, | dp,R, | dD,R, O Puin

8.485 | 8.485 | 8.485 8.485 | 4.02 x 107°
8.485 | 8.485 8.485 8.485 | 837 x 10°©
8.485 | 8.485 | 8.485 8.485 | 3.39 x 107°
7.076 | 9.853 | 10.083 | 7.393 | 5.89 x 10~F
7.356 | 7.794 | 9.687 9339 [ 491 x 1076
7.935 | 8.613 9.037 8.393 | 3.13 x 107°
6.530 | 8.899 | 10.446 | 8.518 | 7.48 x 10~°
8.393 | 8.504 | 8.577 8.467 | 2.13 x 107!
6.622 | 8.870 | 10.353 | 8.507 | 1.24 x 10~%
8.398 | 8.522 | 8.572 8.450 | 1.45 x 107!
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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(en,) = Pr(mm{%t)lsa%t)hsﬁph} Vi )

Pr(min{v5, 75", 7%} < Viny)

I
'z“

@
I
—

(7.27)
(1= Pr(min{y, 755, 752} > Vi)

I
.zh

ﬁ
Il
—

(1 —PT(Ri € KR)),

|
,zh

@
I
—

Due to the independence of channel gains, in turn the independence of vgj , 75111_, and vgf
Pr(R; € Kg) = Pr(vgi > ythl)Pr(yglll > %hl)Pr(vgf > Yin, ). Therefore, in order to
obtain a closed form of Pssrs (i, ), it is sufficient to derive CDFs of 7D1= 71) ,and 7

The CDF of fygj  E R, (ven, ) is derived as follows.
Dy

F r () = Pr(vp; < in,)
Dy

= Pr( 105 < Yty )
a2psy;
= Pr(|gSi 2 < i (a2p51i )) (7.28)
ai1pPs,;

- / / EQS-P ( : (GQpSux + WipR,Y + 1)>fhs|2(‘r)
o Jo o\ a1psy; '

f\hRiRiI2 (y)dzdy,

where the CDFs and PDFs of the square of all channel gains are given in (7.29).
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f|9R.1|2(£L') _ Dy —
Z QDM 1F(mD1i)
v <mD2i’ ngil"/QD%)
ki —
‘hRi2|2(x) F(ngi)
f\h |2(5L') = mgimmezi_le—mD%I/QDzi
Rio QDQIzQi F(mD% )
Similarly, CDFs and PDFs of ipSIC and SI are given in (7.30)
F; =
|gsi‘2(x) I'(mg,)
m 7 R; xﬁlR —1€7mR T
.f~ .2 xTr) = v _
|9s; | (z) )
v (’I:ﬂD%’ ngix>
Fj, xTr) = _
(%) -~ D(mp,,) (7.30)
- . mDQi%l’mDm*le*ngix
f|hRi2‘2 (x) F(szz)
Y (mRiRiv mRiRix/QRiRi)
F =
e, 2(2) T(man)
PR e i
xTr) = S
o, 2 O D )

After substitution of Fi,, 12(), fing 2(x), and fs, , () in (7.28) and carrying out the
following steps, the closed form of F ok, (7Ven, ) 1s derived as in (7.31):
Dy
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e Firstly, use the equality for upper incomplete gamma function given in [65, eq.
(8.352)]: v(ms,,, 2) = (mg,, — 1)! {1 — ey ﬂ} .

pl!
e Secondly, apply Binomial theorem to the term (CLQ,OSUCC +
wipry + 17 twice to obtain (axps,z + wipry + 1) =
p3 p2—p3
g;:O Zzzo (ﬁi) (i;) (anSux) (wl’pRz‘y) :
e Finally, after proper rearrangement, obtain two integrals which are in the form of

Gamma function given in [65, eq. (8.310)], namely, I'(z) = [~ e~"t*1d.

mSlZ’Ythl msy; =1 p1 o po m p1 0O P3
S 7th1 ag So; D1
1 - 3 S S ()" () (o

p1=0 p2=0p3=0

w; Op 5. p2—p3
(pQ)F(pg + mSQZ—)F(pZ — p3 _|_ mRi) (M) }/
b3 Mg,

. Q ) m52i+p3
{F<m521)r(mm)F(p1 +1) (1 L 151 thy 92 5'%)

Mgy A1TN Sy,
pa—
mslifythlwipRiQRiRi TR P1—P3
mRiallOSiQSIi
(7.31)
The closed form of F. b, (Ven, ) 18
Dy
D
F%gl (Veny) = Pr(vp,. < Vihy)
1i
2
a3PD1i|9R;
e PT( ! 21 < fythl)
a4ppy; |JR;1 |~ + 1
a3
! Vet 2 g (732)
2 Yth as : :
PT(|gRi1 U«SPDh-*fMlPDM'Ythl) Vihy < aq
as
1 7th1 2 as
= ™Dy thy
T\ ™MDy PDy,; 2Dy, (@3—a47¢h) "
as
I'(mpy;) Veht < a4
In the same manner, F’ D (Ven, ) 18
14
F’yg2 (%&hl) = PT(WDIQ < %hl)
1%
a3
1 Veht = gy (7.33)
= M Do, Vth
T\ P20 bp, Op, 2('13 flhwthl) a
as
T(mp,,;) Vthy < as
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Inserting complementaries of (7.31), (7.32), and (7.33) into (7.27) together with the fact
that I'(m) = vy(m, z) 4+ I'(m, z), the closed form of Pssrs(vin, ) reduces to (7.12).

7.7.2. Outage Probability Derivation of Two Stage Relay Selection

PTSRS (fyth1 ) fythz) is rearranged as

L
. R;
Prsrs(Yeny s Vin,) = Z Pr(mm(vé’;Tme) < Yty | KRl =1)

=0
L
=" Pr(min(v5?, ,3p,") < Yuns /| Knl = ) Pr(|Kn| = 1)
lz() l
=> II (t=Pr(min(v52,75) > vin, /Ri € Kg)) Pr(|Kg| =1)
™ Rl |
L I 1 L—1
:Z (l) H (1 — P¢(%h1,’7th2)) H (1 - PT(Ri S KR))
=0 j=1 j=1
R,eKR R;¢KR

o~

(7.34)

The closed form expression of Pr(R; € Kg) in (7.34) is obtained in the
derivation of Pssps(vn,) in (7.13) and Py(yun,,ym,) = Pr(min(yp?,vp;) >

Vihy/ min{Vgi, %13711” ngi} > Y, ), by the aid of Bayes theorem, we get

. D R; . R; D D
Pr(min(yp2 Yph)>Vhy Min(vpt Yp. VD2, ) >Vihy)
Pr.
RZEKR('Ythl) , (735)
Py, (Vehq Veho) Pg (Vihy Viho ) P (Venq Vthy)
Pr ek p (Ythy)

P(b (’Ythl ) ’Ythg) =

where Pr(min(y/2 1) > Y min(Y5:, Y5 V52) > ) = Pr(vD2 > Yines Ty >
Vihs s vgi > %hl,vglli > %hl,vgi > %hl)- 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, Py, (Vin, Vehs )s Loy (Ven> Veny) and Py (Viny, Veny )» are

defined as follows:
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Ytho Ythy
a4PpDy; ' PDy; (A3—A4Ytny )

need to take the integral given in (7.37):

where U, = max( ). To find closed form of Py, (in,, Viny)» We

- a |hp |?2 —
P¢>1 (7th177th2) = Pr <‘h‘Ri2‘2 < 4pD2l| R12| Jthy ) ‘h‘RiZ 2 > Uma:fc>
Vthy A3€Dy; PDy;

o0
A4PDo; T — Vthy
= / F’\ER-QP (— f|hRi2\2(:E)dl"
Unmazx ¢ Vtho A3€Dy; PDy;

and it is attained as in (7.17) after implementation of the following steps:

(7.37)

e Firstly, insert equivalences of | iyl (z) and fs, 2(x) from (7.30) and (7.29) into
(7.37).

e Secondly, insert the identity [65, eq. (8.352.1)] for lower incomplete Gamma
function into (7.37) to obtain v (rp,,, z) = (iup,, — ! |1 —e™* Y

mpy;—1 zp1

p1=0 il |-
e Thirdly, wuse Binomial theorem to get (a:f%x — 1)101 =
2
P1 D — A4PDy; .\ P2
p2=0 (p;) (_1);01 pz( 'Yth; :E) )

e Finally, after proper rearrangements, use the identity [65, eq. (8.350.2)] for upper
incomplete Gamma function, namely, ['(z, x) = f;o e~t*~1dt to get closed form of
the integral in (7.37), thereafter, closed form of Py, (Vis,, Vin,) is reached as given
in (7.17).

The second probability, Py, (Vin, s Vins ), 18

0 ,Ythl Z 43
Py, (Yonss Yony) = 7< iy ) (7.38)
1 —

m
Dyj» PDq; QDh(a3 Vth1a4)

F(lei) ’Ythl < aq

and the third part of Py (i, , Vin,) can be derived as
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The closed form of Py, (Vs ,Vh,) can be derived after carrying out the steps provided

below:

e The order of integration is respectively with respect to z, y, z, and 1.

e Substitute equivalences of fi,; 12(2), fins 2(¥), fing, g 2(2), and fg, 2 (¢)) 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)].

e Use the identity given in [65, eq. (8.350.2)] for upper incomplete Gamma function
to obtain I'(mg,,, z) = ['(mg,,)e ">

msy;—1  gan
n=0  T(g+1)"

e Apply Binomial theorem twice to derive (asps,y + @wipr,z +1)" =370 >°

q2
q3=0
(Zi ) (gi ) (aops,y)? (w;pr,z)?~% and represent the triple summations as
mgy; —1 msy; —1,41,q2 N i i
S o e Z( um ), where 0 is a three dimensional zero
Q= q2=0 £4q3=0 (q1,92,q3)=0

vector.
e Integration over y is similar to integration over x.  Therefore, track the
same steps: Use expansion of upper incomplete Gamma function for integer
e Btms,, =1 gk

numbers to get I'(¢s + mg,,x) = TI'(gs + mg,,)e k=0 CESE

Then, apply Binomial theorem twice to derive (ai€g,ps,¥0 + wipr,z +

ko k1 ko k1\ (ko L ko—Fk .
DR =3 02 ko (,@) (kg)(alﬁRiPSﬂ/J) 2(wo;pr,2)™ " and represent the triple
. @3+ms,, —1 <k ko (g3+ms,; —1,k1,k2)
summations as P _ — i .
Zklfo ko=0 k3=0 E(’ﬁ,k‘g,]{:g):ﬁ

e 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 Py, (ytn,, Vin,) 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 demand means more spectrum should be used. But more 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
i1s 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.1.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 RY, 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 iid. 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 (D; and Dy)
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, D;. 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 a; and a,, where a; + a; = 1 and
ay > aq. 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 az+ay, = 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—i'" relay, i'* relay—D;, i'"
relay—Ds, ipSIC at the ' relay, ipSIC at the Dy, and SI are hs,, gr.,» 9R.»> TR:» GD2
and hp, r,, respectively. The characteristics of a GKD RV are represented by a quadruple
(my, ms, Qp, ), where my, my, 2y, and Q, 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 D, and
relays and D are denoted by (mp, r, mp,s, 2, f, 2p,s) and (mp, s, mp,s, Lo, 7, Upys),
respectively. The fading shape and scale parameters of the channel gains gg, gps and
hr,r, are (Mg, 1), (Mpe, 1), and (mgr, Qr,r, = /@inzfl), respectively, where x; and
¥; are linear and exponential cancellation/attenuation factors depicting dependence of SI
on the transmitted power, Pg,, from each relay and both vary between 0 and 1, allows
to individually investigate effect of SI and ipSIC on error floors. Finally, min(m g, ms),
min(mp, s, Mp,s), and mp are assumed to take integer values.

The received signal at the i’ relay, where time indexing is omitted, is
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YRi = hSi(\/ alPsxl + vV a2P5$2) + wihRiRixRi + ng;, (81)

where Pgs is the source power, and x; and x5 are the symbols transmitted to the first and
second users, respectively, xp, = \/ag—Pm»%l + \/cu—%a%g, 21 and Z, are previously
decoded signals by SIC process. w; is 0 for HD and 1 for FD transmission. np, is the
additive Gaussian noise at relay 7. 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 i'" relay is

2
R; __ alpsi hSi 8 2
/YDI - h 2 h 2 1 ) ( . )
P, ) ) .. ) )
where pg, = UPTS, PR, = Jg , and 012%1, is the variance of the additive Gaussian noise at relay

1. Absolute value operator is represented by | - |. SINR related to the signal of the second

user at the i relay is

R: a2p5.|h5.|2
i _ iS50 7 8.3
P, A1€R; PS; |9R; 2+ WPR, hRiRi 2+1 ( )
where €, models the amount of the ipSIC at the i'" relay and 0 < € r <L
The received signals at the destinations are
Yp, = v/ a3Pr,gr, v1 + \/ @4 Pr,gr,, T2 + np, (8.4)
and
Yp, = v/ a3Pr,gr,,t1 + \/ @4 PR, gR,,T2 + Np,. (8.5)

np, and np, are the additive Gaussian noise at the destinations. The SINR related to the

signal of the first user at itself is

2

a3Ppy;
A4PDy;

IR,
IR 2+ I

o, = (8.6)

Pfi
9D

where pp,, = and o7, is the noise variance at user 1. Similarly, SINR related to the
1

signal of the first user at user 2 is
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2

Dy _ A3PDo; |9R;o 87
T 4P Dy |9Riz 2+1 ( )
and SINR related to the signal of the second user at itself is
Do QA4P Dy, |gRi2 |2
YDy = (8.8)

a3€D, PDy, |gp2|?> + 17

PDy; = %, 01232 is the variance of the noise at user 2, e, models the amount of the ipSIC
Do

atuser 2 and 0 < ep, < 1. Note that ps, and pg, in (8.2), pp,, in (8.6), and pp,, 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:

Kp = {log(1 +75) > Rp,,log(1 +vp5',) > Rp,,log(1 +~5%) > Rp, },

ie{l,-- L},

(8.9)

Rp, is the data rate of the D;. 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 D5 is found as
ir = argmax{min{log(1 + ”ygg), log(1 + 'yg;)},i € Kg}. (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|% In this case PDF of X for RV Y with
characteristics (my, mg, 2y, €) is [66]

2 mf+ms

fx<x):Wbmf+me = Koy, (26/7). (8.11)

where b =, / g;;’;, ['(x) represents the gamma function [65, eq. (8.310.1)], and K, (z) is
the v*" 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

D{m, — my) (Ba)™
['(mg)I'(my+ 1)
L(my — mg)(bz)™s
L(ms)D(ms + 1)

Fx(x) = 1 Fo(mpymyp —mg + 1,my + 1;6%2)

(8.12)

+ 1F2<ms;ms_mf+1:ms+1;b2m)a

where | F»(m; v, 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, F'x (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 x; and ¥;) and nearly perfect SIC (small €p, and
€r,). The same deduction is also valid for Meijer’s-G function formulation of this CDF.
Furthermore, gamma function, I'(x), cannot be evaluated for negative integers, which
means cases with iteger value of m, — my; or my — m, cannot be evaluated from the
above form. Therefore, another representation of F'y (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 Ky, —m, (203/2) = K_jpm,—m | (20y/):

N
_ %14 bQGdsdes_l —ﬁx
fx(z) = ( : e Tp) (8.13)
2 Tt
where G4s = min(my, ms) and normalized Laguerre polynomial for generalized
Gauss—Laguerre quadrature is chosen as L(z, N,() = Z;V:o (Zﬁ)% (Z’:g)
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represents the Binomial coefficients and 5 = |m, — m/| in the above approximation. 7},

is the p" zero of Laguerre polynomial L(z, N, 3). Therefore, the corresponding weight

D(N+B+1)T,
D(N+1)[(N+1)L(z,N+1,8

coefficients are calculated as W, = i [172]. In sequence, the

approximated CDF, Fx(x), is

N N W, T b’
) =3 (it (O 7)) o

p

where 7y (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 xz goes to infinity, FX(JC) approaches to

G S
Woorm = Z;Ll (%) So using this normalization coefficient, W, in
(8.13) and (8.14) can be updated as W, := W
p WTLO’V"’YL

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, gg,,, are denoted by G41, W), 1, and T, ;. For gg,,, the
representations are Ggo, W, 2, and T, 5. 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 to K i being an empty set and the second one is the situation even
the K 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 Kz can be used as a reference in future works. Having data rates of user
1 and 2 denoted by Rp, and Rp,, respectively, tracking the methodology of [41], OP can

be expressed as follows.
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P(%hla%hz mln(’yD i a'YDQ ) < Vthgs ’KR’ = l)

Mh T Mm

Pr (mm(VDmeQ < Ytny [ |1KR| = ) Pr(|Kg| =1)

=0

| 8.15
[1 = Pr(min(v52,v5:) > Yeny / Ri € Kg)]'Pr(|Kg| =1) (8.15)

M-

=0

M-

(7)1 = o] [Pr(s € K]

Il
=)

[1— Pr(Ri € Kg)]"™

where this probability is valid for v;,, < min (Zl, f) otherwise it is zero. The SINR
threshold, ~;,, where i € {1,2}, for HD and FD transmissions are v;,, = 22%#P: — 1 and
Yin, = 28Pi — 1, respectively. The |Kg| is the cardinality of K. Pr(R; € Kg) =
Pr(vgi > %hl)Pr(yglli > %hl)Pr(vgi > 74, ) and derived as in (8.16) (Please see

Appendix A for the derivation).

Prcrrn(Vin,)

N Ggs—1 k k MR, R;
N P ( )mR R; (prRl)klr‘(G 5)F<kl + mRiRi)
DI d

p=1 k=0 k1=0 my)L(m S)F(k+1)F(mRiRi)Qgﬁéf"

b k
_ T vthy b2
Tpps,; (a1 —a27viny) e
% PlS; thy Tpps,; (a1 —azvp,)
k ‘R
MR, R, b2yih, @ipR, 1HMER; R,
QRr,R; Tpps,; (a1 —a2viny)

fythl ’-)/thl
x|1—F 1= F '
[ omia (PDu(GS - a47th1)>} [ e (pD%(ag - a4%h1)>}
(8.16)

The conditional probability is  Py(Vin,, Vehs) = Pr(min(ygji,yg;) >
Viho /mln{VDlﬁDhﬁDh} > p,) 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).

P¢1 (715}11 ) Vthz)PCbQ (7th1 » Vtha )P7gl (Vthl)
1i

Py (Vi s Yena) = , (8.17)

PRZ'EKR (’Ythl )

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 D1 (Ven,) = Pr (lel > %hl) is the
common term in the numerator and denominator (PR ek (7tn, ) also includes this term)

of Py(Vin,, Veny ), Which cancels out and means conditional probability is independent
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of the condition yglli > vp,. 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 Py(Ven,, in,) 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

L

P(Yiny s Viny) Z << ) P7" R; € KR) — Py, (Yeny s Vino) Py (Veny s Vins)
1=

% Pvﬁii (%hlﬂ [1— Pr(R; € KR)}LZ) (8.18)

L
= (1 - P¢1 (’Yth1>7th2)P¢>2 (f}/thl?'ythz)Pﬁ/gl (715}11))
1i

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(mln(va,vDQ) > Yiho, mln{le, 7D11,7DM} > Y, ) which is the probability given
in the numerator of Py (v, ,
%hQ)- 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 Py(7,, Vin,), namely
Py, (Ythy s Vens)s P7£11i (Vehy )> and Py, (Y, i, ) 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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k1 kotmp—1 ks {W TGdS Yhob? (k) (kl) (k’3)mmRiRi

N K
P<z>1(%h1,%h2)zz ZZ Z Z plp " Thasps, W) ko RiR;

=1 k=0 k1=0ka—=0 k3=0 ks—=0 L(m )L (m)P(k + 1T (ks +1)
'y T (ky + m)D(ky — ko + ka 4+ mp,r,)T(Gas) (ar€r, ps, )

~ t b2a €ER.: ~
F(mR)F(mR R )QR%R ( Mg+ M)kﬁm

Tpaz
k (mRTpa2+'yth2b2aleR.)Am Yth b2
~ 2 3 — 7 2
(wp )k1—k2+k4 (mRTpa2+”/tth aleRi)Am e TpVthy@1€R,PS,; Tpazpg,
iPR: TP'Yth2a1€RiPSi
X
_ k1—kotks+mpg, R,
MR, R, Yty b2wipR, (mRTpa2+'Yth2b2a1€Ri)AmwiPRi E
QRiRi Tpazps; Tpythyai€R,PS;

)

3D IDY

p=1 k=0 ki=

N Ggs—1 &k |:WprGds (Gds)( )(wsz) 177’LRZ ler(kl—i_mRR)(bA)k
0

w (m b2Aw;pg. \ 1R R,
D) (ma) D ()0 i (s 4 A2 )

QR;R,

k mr_l 4 WprGdSF(GdS)F<k1 + a1 -+ mRiRi)
2 2 [F(mf)F(ms)F(k‘ + DI(g+ DI(ma,r,)

q  —

k m 2a\F A LAy mpaghm
q RiR; ) kl-‘rql M fnRaQ m Tp Vthy G1€R;PS;
(k1) (q1)mRiRi (w“ORi) Ty Vtho A1€R; PS; ‘ }

mRiRi MR, R; + b2AwiPRi + ThRazAm‘wipRi k1+q1+mRiRi
RiR; QR,R, Ty Vtho Q1€R, LS,
(8.19)
where A = max ( Ly Tihy ) and A,, = max (0, —thy %ﬂ),
azps; * a1ps; —a2ps;Vthy a1—a2%thq az
Vtha
P o, (yn) = 1= Flgg, 2 ( , (8.20)
Dy; ppy; (a3 — asVen,)
and
2 k
N Gp-1 k ki (_thobpo
d2 p,2 (Gdg) ( ) (GSEDQPD%) (Tp,2a4PD2i
P¢2 ’Ythl ) ’ythz E E E ki+m
=0 k=0 k=0 - I'( )T( ) (b, + Jengbbatscy ) TTD2
p= = 1= mp,f Mpys mp, Tyoa
m 'Ythng2
~ Dy T T, 2a4p
Mmp, e P2 a0 Yihs Vb3,
x U ( ko + i, i, + e D203€Ds
I'(k+ 1) (mp,) Vthy @3€D2 P Dy, Tp a4
asy Vtha
+P"|QD2 ( ) (1 ﬂgRZQ |2( ) ’
Vtho A3€ D3 PDy; PDy; (a3 - a47th1)
(8.21)
Vth Vth
where Ag = max <0, m — a_42>'

For HD transmission with perfect SIC, Py, (Y, Viny) and Py, (Vin, , Ytn, ) Teduce to
(8.22) and (8.23), respectively (Their derivations become straightforward while setting

er, = @; = 0 in (8.40) and ep, = 0 in (8.46)).
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pHDpSIC Vit Yens) = 1 — . (max Vtho : Vthy ) (8.22)
s (s ) sl (azpsi a1ps; — a2psﬁth1)

and

pHD.pSIC o) =1— F ) (max Vths : Vthy ) 823
¢z (% o 2> 19742 (a4pD22‘ a3Ppy; — a4pD2¢7th1) ( )

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 (ps,, pr,, pp,;» and pp,,),
the asymptotic expressions for each probability components are provided in this section.

At high SNRs, i.e., at low z values, the exact CDF given (8.12) becomes

U(Gam — Gas)  106,. G
b= dsx=ds my # my
F)O(O(:L') = F<de)F(Gds + 1) ’ (8.24)
2 bQGdsdes m. =1m
F<de>F(GdS + 1) ° /

since as + — 0, 1F2(m;v,n;z) — 1. The minimum and maximum shape factors
are Ggs = min(mys, my), Gan, = max(mg,ms), respectively. Similarly, asymptotic

approximated CDF turns to

b2Gd5deS N
8.25
D(Gam)(Gas + 1) Z ( )

pzl

F¥(x) =

Note that approximation does not work for equal shape factors, m; = my, therefore,
asymptotic expression does not include this case.

Herein after, to get asymptotic expressions of remaining probability components, all
Is in the denominators of SINRs are omitted and, without of loss of generality, equality of
all SNRs is assumed (ps, = pr, = PD,;, = PDy;)-

Firstly, the derivation of asymptotic expression of Pg,cx, (7, ) 1s focused. Since
Pr,crp(7in,) consists of three components, its asymptotic expression is straightforward
if the asymptotic expression for Pr (mm{yD1 D Diss WDIZ} > %hl) 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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) a1 — a
PTOO(’)/IB; > 7th1> — Pr(|hRiRi 2 < Ps; ( 1 Q/Ythl) |hSZ 2)
Yth1 WiPR;

o ay — aoYih,
— F 2L T2t d
/0 hgr, ( Vthy Wi m) Jins, 2 (@) dx

N TR Ry
b2Gds Wpr (mRiRi + Gds) (mRiRi (a’l - a?Vthl)) it
)mRiRi+Gds (826)

b2ytn, @iQR, R,

p=1 (mRiRi (a1 — azYen,) + Ty

(Yen, @i, )

F(mf)r(mS)F(mRiRi
MR, R; (al — a27th1) TP )}
mRiRi (a’l - a2'7th1) Tp + bzpythl leRsz

)QFI <]-7 MR;R; + Gds; MR;R; + 1’

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 Py, (Y, Vi, ) 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 PJ? (i, Yin,) is given as

o lin 2+ wipn |hr g |2
P (Veny > Vina) = Pr(|hsi|2 > Ttk (GIERlpSAg}Z |pjL alhan, ))
208,

- /0 /0 /Vthg (aléRipsierwwRiZ) f|h5i|2 (:E) f|§Ri‘2 (y) f|hRiRi‘2(Z)dmdde

azps;

_ - Gdil i [ WprGdsmT}?RF (GdS) r (k — ki + mRz‘Ri)
T(m )T (mo)T(k + DI (mg)T (mp,r,) Qp i

p=0 k=0 k1=0
o . . — b2 k
T (ky -+ 1) Mg (&) (anem, ) () (22 ) ]

<mRiRi Nthy b2 a1wi ) Rkt <77~1R 4 Dt b2aier, ) Fatn
Tpaz

X

QR;R, Tpaz

(8.27)

In case of pSIC, i.e., e, = 0, the above equation can be simplified further, where only the
terms with £, = 0 survive and all the components including related terms (components
including e, and mp ) 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

Py, (Veny , Yen,) can be formulated and derived as
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P> - p ~ 2 A49R;, 2
b2 (YVehr» Yenn) = Pr{ |Gp,|" < M

o s
= Fe 2| ——— | fion 12(x)dx
/0 13D, (’YthQCLSED2> l9R;s | ( )

- {bgﬁwpzr (Gaz + Mp2) (a4mp2)™ (Ymyasen,) ™ (8.28)

Gao+m
~ Yth b2 asep d2 D3
277 L D, )T () (auri, + 12500
Fi(1,Ga+ mp,: 1; 171Dy 34 T2
2471 s T d2 +mD27mD2 + ) 2G 4o
MpyaaTp 2+bpy" Vihy a3€D,
X =
F(mDQ + 1)

Note that ng(%hl , Vth,) 18 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),

PHDPSIC0 (4~ ) can be rephrased as

U U.
HD,pSIC,00 — o ! o :
P P (’ythp’ythz) - [1 - (1 - ﬂhSiP <p_s,z)> (1 - ﬂgRiIIQ (pDu))
U L
2 PDy;
00 Ul o0 U2 o0 U3 "
< |:F]hsi|2 (p_SZ) + ﬂgRil‘Q (lei) + F]QR¢2|2 <pD2¢ (8’

Tth Tth Yth Tth Tth
where U; = max (;—;,#) Uy = ——, and U3 = max (ﬁ’_f—l)
thy 3 a4’7th,1 a4 as a4'yth1

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 x min(mg, ms, mp, s, Mpys, Mp,f, MD,s). Now, let’s consider the special
case, 1.e., L = 1, which means no diversity technique is applied and DO 1is
min(my, ms, mp, f, Mp,s, Mp, s, Mp,s). 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

log (PL (’Ythl ) ,ythg))

DO = 1m ’
SNR—oc log (PX=Y (Yeny, Vens) )

(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 PS°(vin, , Yiny) @and P55 (Yen, , Yih,) 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 Pg° (vin,, Vin,) = 1 — Pffl and P3(Viny , Viny) = 1 — Pf]?.
Note that Pf; = ‘C;LOSZ_‘Q <i) and Pff? = F® o <$> in case of HD transmission with

ps; lgr PDy;

pSIC as seen in (8.29). Hence, for all conditions, asymptotic OP turns to

P2 (ony s Yona) = [1 - (=P —Pf’f)(l ~ Flon 2 ( . ))r

PDy;
U, \ 1"
< |PY + PR+ Fx (—)}
|: f ! |gRZ‘1|2 leZ

(8.31)

Clearly, in case of FD transmission with pSIC or HD/FD transmission with ipSIC,
F“;’%ﬂ 2 <%> becomes negligible and OP is dominated by Pf]} or ij?. 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 (ijl + Pjﬁ + £ (p%)) to
17

9R;q |2

L
(P + P+ F, o () means DO L.
1 1%

\gR,L-

8.7. Numerical Results

In this section, numerical results for OP are provided to validate the derived
expressions. It is assumed that Py = 2Py = 2Py, and 0 = 0}, = 0}, = 07, = 1. The
total number of terms in the approximations is N = 20. The curves are plotted versus total

SNR, Pr/c?. 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 (my,ms) € {(1,5/3),(5/2,5/3),(5/2,7/2),(5/2,10)}. PA factors are
a; = ag = 0.75. Note that exact results cannot be calculated for (ms, ms) = (5/2,7/2),
where the difference between fading and shadowing shape factors is an integer. Data rates
are Rp, = 0.3 bit per channel use (BPCU) and Rp, = 1 BPCU. Total number of relays,
L, 1s 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 — my|, 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 |m, — ms| = [2.1 — 2| = 0.1

for the same settings, the deviation is negligible at lower total SNR (Pr/0?) 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 x 10~7. Even this result reveals robustness
of the proposed approximation. As Pr/c? 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 (my, m,) = (2,5/2), (mp,f, mp,s) =
(3/2,7/3), (mp,s,mp,s) = (2,8/3), mp,r, = 9/5, mp, = 2, and mp, = 8/5. SI
cancellation parameters, namely, linear and exponential attenuation parameters are set to
(¥4, k) = (0.21,0.1). The imperfect SIC parameters are taken to be ez, = €p, = 0.01.
Total number of relays is L € {1,2,3}. The data rates are set to Rp, = 0.2 BPCU and
Rp, = 1 BPCU. PA factors are set to a; = 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 1072, 1074,
and 107% for L = 1,2, 3, respectively. Evidently, OP(L = 2) ~ (OP(L = 1))? 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
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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 % 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, ep, and €p,, are set to
1078 to solely observe the effect of SI on the performance, where mp = mp, = 1.
Other channel characteristics are the same as those of Fig. 8.3 except mp,z, = 2. The
data rates are set to Rp, = 0.3 BPCU and Rp, = 2 BPCU. PA factors are chosen as
a; = az = 0.55 and (94, ;) € {(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 (¢;, ;) = (0.41, 1) and (¢¥;, ;) = (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 (¥;, ;) = (1,0.01) and
(¥, ki) = (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, Dy. 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 (my, m;) = (2,5/2), (mp, f,mp,s) = (3/2,7/3), (Mpyf, Mp,s) =
(2,8/3), mp,r, = 2, mp, = 2, and mp, = 2. The data rates are set to Rp, = 0.3
BPCU and Rp, = 2 BPCU. PA factors are chosen as a; = a3 = 0.55 and (¢;, k;) €
{(0.21,1),(1,0.01)}. The ipSIC factors at the selected relay and D, are chosen as
€r, € {1078,1072} and €p, € {107®,1072}. 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, (9;, x;) = (1,0.01), is demonstrated by €p, = ep, = 1072
and ez, = ep, = 107%, respectively. As seen from the two upper curves, ipSIC degrades
the performance. To investigate the effect of ipSIC at the selected relay (second user
(D»)), SI at the selected relay and SIC at the second user (selected relay) are chosen to
be (9;,k;) = (0.21,1) and e€p, = 1078 (e, = 107®), 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.
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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 V}D%j, 75;,

and 73121_, probability of a relay being in the subset of relays providing priority criterion is

Priercn(iny) = Pr(min{yi, v51  v02} > Yun, ) 532

= PT(’yg; > %M)PT(VDD; > %hl)PT(ngi > Vthl)
Therefore, in order to obtain a closed form of Pg,cr (71, ), it is sufficient to derive

Pr(vgj > Ve, ), Pr(yglli > Yip, ), and Pr(vgfi > Y, ). The first one is expressed

as:
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Pr(fygzl > ’yth1) = P,ln(’ygzl > ’yth1)

= PT( D) X > Vthl)
' (8.33)
PS; (@1 - Gﬂtm)

:/(; . f|h5i\2 ('T) f|hRiRi\2(y)dxdy7

where Y = @;pr, |hR.R, 2+ 1and ¢ = Ve, (@ipR,y+1)

s (=) Since derivation of the Pr(vjy >

7:n, ) based on the exact PDF or CDF of | hg, |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 |hg,r,|* are given respectively as follows

v (mRiRi7 mRiRix/QRiRi)

MR- R
mp RiRi pmp,r,—1p=mp,R;/QR;R,

fing o 2(x) = = i i
|hR; R, ng%f’r(mRiRJ

F]hRiRi 2 (J:) =

After substitution of f|hsi|2(x) and f‘hRiRiP(y) given in (8.13) and (8.34) into (8.33) and
carrying out the following steps, the closed form of Pr(fygj > v, ) 18 derived as in (8.35):

e Firstly, invert the inner integral into lower incomplete gamma function and
use the equality given in [65, eq.  (8.352.1)] to obtain I'(Ggs,z) =
—aGaa—1 2k b2 Yehy (Wipry+1)
F(Gsd)e k’:% (k+1 WheI‘e z = Tp _pt;il(al_aivthl)
e Secondly, apply Binomial theorem to the term (wi PRY + 1)p1 to obtain (wi PRrY +

)" =Sk 2o () (@iory) "

e Finally, after proper rearrangement, obtain the integrals which is in the form of

Gamma function given in [65, eq. (8.310)], namely, I'(z) = [~ e~"t*~ d.
S [ G G
Pr(vy > vim,) = [ fult
01 = ) ZZ Z mo)T(k + DI (mp,r,) Qg
byun, k (8.35)
F<k1 +mRsz) (Tpps al a2'7th1 ) " Tprg, l(;a:thalQ,ythl)
<mRiRi b2vin, WipR, )k1+mR R
QR;R, Tpps;(a1—a27n,)

The second probability is derived as below:

158



PT(”YDD; > Yin,) = 1 — PT(VBL < Veny)
a3pD1i|gRil |2

A4PDy;|9Rin 2+1

=1-Fr (lgRil

:1—P7’( <’Ythl>

o , (8.36)
)

PDy; (a3 — A47Vthy

Vthy
—1-F,
|9R;; | (lei (ag — a4’7th1))

and following the same steps as above, the third term turns to

2 <

Yt
Pr(v5> > =1-F 2( 1 >7 7
(’YDM ’ythl) l9R;, | ngi(a?) — CL4’}/th1) ( )

which completes the derivation of Pg ek, (71, ) as in (8.16).

8.9.2. Derivation of Conditional Probability

The conditional probability Py (s, ,V:h,) can be rephrased as follows:

. Dy R;
. PT(mln(’YD;. VDo) >Vthy 7 >Vthy )

Py (Yehy » Vihy) Prycrp(iny) (8.38)

D
P¢1 (’Ythl " Vtho )P¢2 (’Ythl »Vtho )PT‘ (’YDIIZ >’Yth1 )

PRiGKR (’Ythl)

and »; = min{vgj,'ygi, 731_}. Pr (73111_ > 'ythl) 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. Py, (Ven, s Vi, ) and Py, (Ven, » Y2, ) are respectively defined

as follows:

P¢1 <7th1afyth2) = Pr ’7]5%1 > f)/thlaﬁ)/g; > P)/thg)

(8.39)
D D
P¢2 <7th1a7th2) = Pr PVDi > f}/thpﬁ)/D; > '-Ythg)
F. tl d f — ) h 2 1 A — Vtho Vthq _ ) +
1rstly, define x T PR, |NRR;|” T 1, max 2205, 51P5, 0295, Tehy , N WiPR,Z
1, A,, = max (0, — 2 _ T2 ) apd _ Jmg(@ersps,yin) thereafter, the first
> m ' a1—a27in, az )» G azps; ’

probability, namely P, (i, , Vin, ), can be reformulated as
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2

hS- a1ps; hg. 2
— > , — >
Pt x " apslhs P x ™
~ 2
_ PT(|hSi 2 = Vtho (aleRipSilgRil + X>, |h 2 > AX)
a2p0s;
~ 12 ~ 2
_ PT(|hSi|2 > Vtho (alﬁRipsi gr;|” + X)’ Vtho (G1€Ripsi dr;|” + X) < AX)
az20s; azpPs,;

2
_l’_
X) _ AX)
az2p0s,;

ai€r. ps.|ar > + as\,y,
2 Yiny (@1€R, 5, |TR;| X>,|§Ri 2o _ G2Amx )
205, Ytho A1€ER; PS;
a2AmX )

Vtho A1€ER; PS;

a2p0s,;
QA1€R; PS;

P¢1(’yth1afyth2) = PT(

S

+ P?“(\hs,.|2 > Ay, Vtha (a1€RiPSi 9R;

= PT(UISZ

—i—P?“(‘hSi ’ <

2 > AX7 |§Rz

(8.40)

Therefore, two probability components should be derived based on the last two lines in

(8.40), which are defined as P, (Vi,, Ven,) and le (Vety > Veny )

~ 2
Vtho (A1€R, PS,;|9R; 1" + X ~ a AmX
P<;1(’Vth177th2> = Pr(’hSi‘Z > ' 2( . )7 ‘gRi 2 > 2—)
A2ps; Vthe A1€ER; PS;
:/ / . / fins, 12 () fian, 12 (v) f‘hRiRi|2(z)dxdydz.
0 __a2hmn__ [

Vthy 1ER;PS;

(8.41)

To obtain closed form of this component, we use (8.13), (8.34), and the following PDF of

|ng‘ 2

m’f}ngmelemem

8.42
Tn) (8.42)

fan, 2 () =

and it is attained as in (8.43) after implementation of the following steps:

e Firstly, insert equivalences of ﬁhsi‘z(x), fiar, 2 (y) and fin,, , 2(2) into (8.41).
e 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 I'(Gy, 2) = T'(Gas)e™ kGif)_l #il), where z =

b*Yihy (a1 €R,;PS;YTTiPR, Z+1)
Tpa2pSi :

e Thirdly, use Binomial theorem twice to get (ai€g, ps,y + w;pr,z + 1)k =

Z:lzo ZZ;zo (lfl) (12) (aleRipsiy)kQ (wipRiz)klikQ'

e Fourthly, inserting f|5, 12(y) in (8.42) into the integration (Up to this step, no
need to insert closed form of f|§Ri‘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 F(kz + Mg, z) = T'(ks +

(ﬁ’LTpag +Vthy b%a1 €R; )Am

~ _ ko+mp—1 k3
Me)e 30" iggy Where 2 = SRl S (@ip, 2 + 1), Then,
apply Binomial theorem to get (ww;pp,z + 1) = 3% ) (wipr,z)™.

e Finally, insert closed form of f,, . 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 (v, ,Vin,) as given in (8.43).

’ PLE 1 MR; R;
CCTRIRES 35 5 35 DHD Db pi s T () G2) ()i
61 \Vth1s Vthe ) =
p=1 k=0 ki=0ko=0 k3=0 k4=0 F(mf)F(ms)I‘(k;+1)[‘(k3+1)
o mpil (ke +m)I(ky — ko + ks + mRiRi>F<GdS)(a16RipSi)k2

F<mR)F<mR¢Ri)QZﬁ%? (mR + M)kgﬂh

Tpao
[ (’7LRTpa2+%h2 bzaﬁR,. )/\m Vihy b
k1—ko+ky (ThRTpaz-i-%hQ bzalfRi)Am TpVtho 1€R, PS; Tpazps,
(prRz) Tp'}/th2 A1€R;PS; € :|
X
MR, R, VthleWiﬂRi (ﬁLRTpag—F’ythQ b2a1€Ri>AmwiPRi k1 k2+k4+mRiRi
QR;R; Tpazps; Tpvthya1€R, PS;

(8.43)

The remaining probability component, qul (Veny > Veny )» can be rephrased as

2 <

a2AmX )

P2 : = Pr( |hs|? > Ax, |G,
¢1(%h1 ’Vch) 7“(| SZ‘ X |gRZ Vtha A1€ER; LS,

agAmn

%[ [Fimyerer,rs,
= / / / 2 fins,12 (z) fign, 2 (v) f|hRiRi‘2(z)da:dydz
0 An JO
- / flhsiIQ €9 f\hRiRiP(Z)dxdz—
0 An

/0 /A / - f\hsi|2 (ZL‘) f|§Ri|2 (y) f\hRiRi|2(z)dxdde‘
T Nhyater,Ps,

(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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N
P(]%l <7th1 ) P)/thz) = Z

MR, R;

L(myg)L(ms)(k + DI (mpr, ) Qg g,

b2A
F(kl -+ MR.R; )6 Tp
_>k1+mR iR; o

{WprGdg (Gds)( )(wsz )klmRR (b;—:)k

q1

> {WTGdeNGds) (ky + a1+ mer) () (3)

2 k = a1 —(ﬁ+7mRa2Am )
mmRiRi(wipRi)k1+q1 (M) ( mRra2NAm, ) e Tp ' Ythyo1€R, PS, :|

RiR; Tp Vthy G1€R, P,

7 + +

QM Rk ((TmRR; b2Awipr, MmRra2Am@ipR;
QR;R; Ty Vthg A1E€R; PS;

ki+qi+mr;r;
R;R; )
(8.45)

This ends up the derivation of Py, (Yin,, Ven,) = P, (Viny, Yens) + P, (Yeny, Yen,). The

second component, Py, (Vin, , Vin, ), 18 reformulated as

a30D,, |gRi2 |2 440Dy, |gRi2 |2 > Yth )
2

P , = Pr > ) ~
o2 (7th1 fythg) (G4PD21- |gRi2 |2 +1 Ythy 43€Dy P Dy, |gD2|2 +1

a 1ap. |2+ 1
— Pr (|9Ri2|2 > Vthso ( 3€D2PDy; gDQ’ )7 |gRi2|2 N Vtha )
A4P Doy, PDa; (a?’ - a4’7th1)
( o Dty (a3€D, 005,905 > + 1) Ve, (a3€D, 0D, G, > + 1)
fiz 4P Dy, ’ 4P Dy
e R (e
PDy; (a3 - a4%h1) PDy; (CL3 - aﬂthl)
Viho (a’3€D2pD2i §D2‘2 + 1) < Vithy )
A4PDo; PDy; (a3 a4’Yth1)
o iy (as€ g +1) . as\
_Pr(|g s ths (a3€D,PDy, |G, | ),!gp2|2> 4412 )
A40D,; Viha O3€ED P Dy;

5 as/\
+Pr(\gRﬂr2> i >,rgD2\2<L)

PDy; (a3 — QsVin, Vthy A3€Dy PDsy;
(8.46)
where Ay = max <0, %_7;—21%1 - %) So Py, (Viny , Vi, ) can be rewritten as
Pt 0) = [ [ S 0, 0y
2 3
Yo poo (8.47)
+/ /U2 figny12(@) figp, 12 (y) dzdy
o JoE
where 1, = —ahe 4. — Tt (a3cpyp D”y+1), the last double integral turns to

VthoA3€Do PDy; ’ 4P Dy,
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 |gg,, |?, to distinguish it from those of |hg,|? and |gr,, |, is denoted

as
N 2G a2 .G go—1 b2
. W, obroigGa=t Vb,
fign. 2(x) = b e Tr2 (8.48)
o] Z L (mpy )T (mop,)
where G4 = min(mp, s, mp,s) and bpy = % (8.48) is used in (8.47) to get
(8.49).

N Ggo—1 k

P¢>2 Vth177th2 Z Z Z

t b22 k
{ (Gd2) ( ) (CL3€D2/)D21)k1 (T;2h54£:)2i)
p=0 k=0 k1=0 - I'(mp,s)I'(mp,s) (mD2

=
+ VthobTat3€D, 1H7MDy
Tp,204

2
Tthg bD2

~ ™MDy " T, saspp A 2

m e 'p 2i a b as€e

x D2 — <k1 +iip,, ————— (ﬁwz + _%hsz ° DQ) )
I'(k+ 1I'(mp,) Vthy @3€ Dy P Dy, p204

as\y Ythy
F 1 — F 2 .
o, (7 hgasﬁDngzz) ( 197:] (PDzi (az — a4%h1)))}
(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 of M -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-time Markov 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 systems will operate in mmWave
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 for M/ -PSK and M -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 for MGF, OP, and SER considering DP are derived.

The remainder of this chapter is organized as follows. In Section 9.2, details of
system model 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

x; which has unit energy. The channel gain of the i hop is represented as h; with m;
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Figure 9.1: The multi-hop system under the consideration.

shaping and €; scaling factors, i@ € {1,2,...N}. The received signal is decoded and

retransmitted at each relay. The receipt signal at each hop is

Yr, = hi/ Piw; + ng,, 9.1

where ng, is the additive Gauss noise (AGN) at the i’ hop. The power at the each hop
is given by P; in that case P, is the source power and Py is the power of (N — 1)
relay. Hence, SNR at each relay is v; = P;|h;|?/o? and inverse of its expected value is

i = 02 /(PXY;), where | - | is absolute value operator and o7 denotes variance of the AGN

at 5" 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{vyy, v, -+ ,7n} <
Yin, Where 7y, 1s the SNR threshold corresponds to the data rate R, therefore, v, =
22F — 1. The equivalence instantaneous SNR of the overall system is shown by 7., =

min{vy,Ya,- -+ ,yn}. So OP expression, in turns CDF of v, is

E,.,(ven) = Pr(min{y, 72, - , v} < V)

N
i=1 ’ ’
N

—1_ H F(mi7 mz’/\z‘%h>
i=1 T'(m)

where, the gamma function is ['(m;) = [ ¢™ 'e~'dt [65, eq. (8310.1)] and upper
incomplete Gamma function is I'(m;,z) = [~ t™~'e~'dt [65, eq. (8350.2)]. The last

line of the equality is reached by using the fact that I'(m;) = T'(m;, z) + v(my, x), i.e.,
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L(mg, x)/T(m;) = 1 — ~(mg,x)/T(m;, ) is considered. ~y(m;, x) = [ t™ e dt
is the lower incomplete gamma function [65, eq. (8350.1)]. For integer m,; values,

F(m, .',E — 67;[ Zmlfl xPi SO F

Ty pis0 TOp T Seq (7tn) can be rephrased as follows:

mi—1mo—1 mny—1r N (m/\)pz -
Fubm)=1= 3 Y Y | (m)“ [T

where p = SV p;and w = S~ (m;),). 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
Veq [65, €q. (17.11) and (17.12.2)] as follows:

mi—1mo—1 my—1
M

(=) =13 > - Z[ Swpﬂ}, 9.4)

p1=0 p2=0 pN=0

where vy = [, ((;’(‘pﬁr)f; ) I'(p+1). Based on MGF method, SER expression is

obtained by the equility Z a=1 Qg f ~eq ( Ao ) df [74, eq. (5.3)]. Closed form of

sin(6)

the SER expression is derived as below

mi1—1mo—1 mpy—1
PSER—Zaq{e — Z Z Z |:1/1NI (eqa/\modv >:|} (95)

q=1 p1=0 p2=0 pN=0

The modulation dependent parameters are provided in Table 2.1. The integral
I, (Qq; Amod; bi> in the Pspp is given in (9.6).

0, -2 k
7 Amod(sin®(0))
L[ 00 Amod: bi | = : df. 9.6

The integral in (9.6) for £ = 0 is derived by aid of the identity [65, eq. (2.262.1)] as

tan(6y) T
W arctan (T) 0, <3

Iy (Qq; )\mod;bi) = % 0,=% 9.7)
\11(7? + arctan (mn(Teq)>) 0, >3
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where ¥ = 4/ pw 'Z‘jﬁb The I, <6q, Amod; b-) under £ > 1 and 0 < 6, < 7 conditions turns

to

1 T (2k
I ( 6,3 Amod; b 1
k( qr od ) ()\mod)l/Q ()\mod + bi)k+1/2 l22k ( k‘)
1

() =2

(9.8)

92k—1
J=0

where T = L tan™' §L 41 (1 — Mmgn(l\ﬁ)), N1 = 24/ Amod(Amod + bi) sin(26,)
and Dy = (2A\mod + ;) cos(26,) — b;.

9.5. Ergodic Capacity

The ergodic capacity can be derived based on CDF method as [75, eq. (38)]

> 1 B F’}’eq (‘/E)

: 9.9
P (9.9)

Ravg. = logQ(e)/
0

After inserting the (9.3) into (9.9), ergodic capacity becomes

mi1—1mao—1 my—1 p. 0 ,.p,—WT
Riv. =1- 3. 3 - % {H( o +1))/ | da:]. 9.10)

p1=0 p2=0 pn=0 ti=1

The integral in this equation is [56, eq. (39)]

o0 D ,—wWT
I, (w) :/ Tl dr
o r+1 . (9.11)

=e“T'(p+ HI'(—p,w)

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 hpp, its shaping
factor with mpp and scaling factor as Q2pp. So, the SNR related to the DP becomes
ypp = Pi|hpp|?/c% and inverse of its expected value is A\pp = 0% /(PiQ0pp). After

MRC processing at the destination, SNR is

YMRC = TYeq + VDP- 9.12)

Note that the exact SNR is yarrc = v~ + 7pp but we focus on yarre = Veq + YpP tO
simplify the analysis. Actually, this is a tight bound and generally used in the literature
without mentioning exact SNR. Therefore, MGF of v,;r¢c turns to

M'YJ\/IRC<_S) = M’qu<_8)M'YDP(_S)' (9.13)

The MGF related to DP is [74, eq. (5.15)]

mpp

(—s) = (mppApp)

M B : 9.14
e (S + mDp)\Dp)mDP ( )
Inserting (9.4) and (9.14) into (9.13) results in
M'YMRC(_S) = <mDP)\DP - N Z [ o mDP)\DP) . mpp |’
(s +mppApp)™ NTOP (s +w)” (3+mDP)\DP)
(9.15)

For the sake of clarity, the shorthand abbreviation ) .. ., = 22?;01 Z;"Q:Ol e Z;”NN:BI

is used. To get closed form of CDF and tractable integrals in SER calculations, we define

_ 1
¢(S) T (s+w)PT (s+mppApp)™DP

and use partial decomposition to get

p+1 w mpp DP

where C% and CPF are

(=P~ (p+mpp —m + 1)
p+mpp—m+1

Cr =

m

C(mpp)l'(p —m +2) (mppApp — w)
DP _ <_1)mDP—mF(p ¥ mpp —m+ 1)

(9.17)

m
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Substituting (9.16) into (9.15) gives

p+1

. (mDP)\DP) be (N mDP)\DP) br Cffls
(_S) (S+mDp/\Dp) NHZOP |:Z ( s—i—w) ) (9 18)

X Z <'€/JN mDP)\DP)mDP g,QPS)]'

S + mDpADP)

M.

YMRC

Closed form expression for SER based on MGF method is straightforward as in (9.5)
sin?(0) ko
) with the closed form

except the first term in (9.18) results in the integral fog" (s.

in?(0)+c
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 of M., ...(—s)/s and derived
as
F(mDP) - F(mDP - mDP)\DPZU)
F’YMRC (:L‘) =
I‘(mDp)
_ Z {Z <¢N (mppApp)™"*t C,“;ba:m_le_“*’”> .19
NHOP “m=1 L(m) '
mpp A DP CDP m—1_,—wz
+Z<¢NmDPDP) m T € )
I'(m)

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,
02 = 02 = 1. The curves are plotted versus total SNR, Pp/o2 = S~ P,/o?. The total
power is Pp = Ef\il P;. The data rate threshold is set to R = 2 bits/s/Hz, hence, SNR
threshold becomes 101log 10(15) = 11.76 dB. Channel scale factors are 2; = 1 for all
hops. The total number of hops is at most 4. For the multi-hop system without DP, the
shaping factors are m; = 2 for OP curves, additionally, a case with all shaping factors
being different, (my, ma, mg, mg) = (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 m; = 2 for multi-hop
channels, whereas mpp € {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, dpp 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, m; = 2, is 5 dB, 7 dB, and 8.6 dB while number
of hops changes from 1 to 4 at OP value of 10~%. 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
my4 = 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 €2; = 1. Total number of hops is at most 4 and
m; € {1,2}. As number of hops increases, capacity decreases. While the difference
is high at low SNR values (Pr/c?), 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.
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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 system with 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~ 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 107, 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 1.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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