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ABSTRACT

Performance Analysis of Generalized-k Fading
Channels in Vehicular Communications

Kardes ASLAN

Department of Electronics and Communication Engineering

Doctor of Philosophy Thesis

Advisor: Assoc. Prof. Dr. Tansal GUGLUOGLU

Releasing autonomous vehicles in the near future; communication of vehicles
with each other to circumvent traffic congestion, road safety, fuel-saving, efficient
transportation, road tolls, their connecting over the internet and storing of data of
vehicles on cloud and fog enforce research of vehicular communication systems. In the
first chapter of this dissertation, non-wide sense stationary (WSS) vehicular channels
having various issues are addressed. Then, the literature about vehicular channels are

presented.

Although shadowing effects are mostly neglected in the literature, it is known that it is
available in the most wireless communication environment. Hence, a channel model
like generalized-k (K;) including shadowing is a realistic one. Therefore, K fading
channels are described in the second chapter of this dissertation because the selected

channel for each different topic addressed in this dissertation is the K; fading channel.

In wireless communication, applying diversity techniques such as
multiple-input-multiple-output (MIMO), maximum ratio combining (MRC), antenna
selection, equal gain combining (EGC), beamforming is important in order to increase
communication quality. One of them is the maximum ratio transmission (MRT)
technique with low receiver complexity can make ultra reliable vehicular feasible
in practice. In the third chapter of this dissertation, performance improvement
with MRT over K, channels is investigated by considering error rates and outage
probability (OP).

Xiv



In recent years, non-orthogonal multiple access (NOMA) has drawn a lot of attention
due to serving multiple users in the same resource blocks (i.e., the same time-slots and
frequency bands). It accomplishes that by multiplexing multiple users in the power
domain with superposition coding (SC) at the transmitter and by using successive
interference cancellation (SIC) at the receiver. Thus, it considerably reduces frequency
scarcity and latency compared to orthogonal multiple access (OMA) techniques used
in previous communication generations. Therefore, in the fourth chapter of this
dissertation, the performance of downlink-non-orthogonal multiple access (NOMA)
which provides a noticeable gain in the frequency spectrum, quite decreases latency,
and is provisioned to be used in the fifth generation, is researched in K, vehicular

fading channels.

In the fifth chapter of this dissertation, the performance of uplink-NOMA over K,
vehicular channels is studied. Frequency scarcity and latency leads inherently to a
bigger problems in vehicular channels due to the requirement of fast and reliable.
Therefore, NOMA is more important for vehicular channels than other channels. To
this end, performance metrics such as OB average channel capacity (AVC), and symbol

error probability (SER) are mathematically analyzed for the considered system.

Keywords: Vehicular channels, generalized-k channels, maximum ratio transmission,
NOMA

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF SCIENCE AND ENGINEERING
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OZET

Araclar Arasi1 Haberlesmede Genellestirilmis-k
Soniimleme Kanallarinin Performans Analizi

Kardes ASLAN

Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Doktora Tezi

Danisman: Doc. Dr. Tansal GUCLUOGLU

Yakin gelecekte siiriiciisiiz araclarin yaygin bir sekilde piyasaya girecek olmasi,
trafikteki tikanikligin giderilmesi, giivenli yolculuk, yakit tasarrufu, yol gecis
ticretleri ve trafik yonetimi icin araclarin kendi aralarinda haberlesmesi ve internete
baglanmasi, arag verilerinin internet {izerinden bulut ve sis’te depolanma gereksinimi
araclar arasi kanallarin arastirilmasini elzem kilmistir. Bu tezin ilk boliimiinde genis
anlamda duragan telsiz haberlesmede karsilasilan sorunlara baska sorunlarin da
eklendigi genis anlamda duragan olmayan araclar arasi haberlesme kanallar1 hakkinda
genel bir bilgi verilmis olup daha sonra bu konuda yapilmis literatiir calismalari ele

alinmistir.

Literatlirde cogu kez golgelemenin etkileri ¢ok yollu soniimlemeye dahil edilmemesine
ragmen bir ¢ok haberlesme ortaminda golgelemenin mevcut oldugunu dolaysiyla
golgelemenin dahil edildigi bir kanal modelinin daha gercekci bir kanal modeli oldugu
bilinmektedir. Bu yiizden bu tezin 2. boliimiinde bu tezde ele alinan her 3 farkh
sistemde de kanal olarak secilen araclar arasi genellestirilmis-K kanallar tizerinde

durulmustur.

Telsiz haberlesmesinde, c¢ok girisli cok c¢ikish (CGCC), maksimum oranda
birlestirme (MOB), anten sec¢imi, esit kazanch birlestirme (EKB), huzmeleme
gibi performans: artiran cesitlilik tekniklerini gelistirmek ve uygulamak Onemlidir.
Bu cesitliliklerden bir tanesi de alicinin kompleksligini azaltan, pratikte giivenilir
araclarin uygulanabilirligini miimkiin kilabilen maksimum oranli iletim (MOI)

teknigidir. Bu yiizden, Bu tezin 3. boliimiinde, hata oranlari ve kesinti olasilig1 goz

XVvi



oniinde bulundurularak genellestirilmis-k kanallarda MOI ile elde edilen perfromans

arttirimi ara§t1r11m1§t1r.

Son yillarda, dikey olmayan coklu erisim (DOCE) teknigi, aym1 kaynaklarda (ayni
frekans bandi ve ayni zaman diliminde) birden fazla kullanici ile haberlesmeyi
miimkiin kildigindan dolay1 oldukca dikkat cekmistir ~ DOCE, bunu vericide
siiperpozisyon kodlama ile giic domaininde birden fazla kullanicinin olmasini
saglayarak ve alicida basarili karigim iptaili (BKI) kullanarak gerceklestirir. Bu yiizden
dikey coklu erisim (DCE) tekniklerine kiyasla, frekans kitligini ve gecikmeyi 6nemli
Olciide disiiriir.  Bu yiizden bu tezin 4. Boliimiinde frekans bandindan onemli
kazanc saglayan ve gecikmeyi oldukca azaltan ve 5. Kusak haberlesme tekniginde
kullanilmasi 6ngortilen dikey olmayan ¢oklu erisim (DOCE) tekniginin, araclar arasi

genellestirilmis-k kanallarda asag1 yonde performansi incelenmistir.

Bu tezin 5. Boliimiinde araglar arasi genellestirilmis-k kanallarda yukari yonde
DOCGE tekniginin performansi incelenmistir. Frekans kitlig1 ve gecikme dogal olarak
araclar arasi haberlesmede hiz ve giivenilir haberlesme gereksiniminden dolay1 daha
biiyiik bir problemlere yol acar. Bu ylizden DOCE, araclar arasi kanallar icin diger
kanallardan daha 6nemlidir. Bu amacla ele alinan sistemde Kesinti olasilig1, Ortalama
Kanal Kapasitesi, Ortalama Sembol Hata Olasilig1 gibi cesitli performans metrikleri

matematiksel olarak analiz edilmistir.

Anahtar Kelimeler: Araclar arasi haberlesme kanallari, Genellestirilmis-k kanallar,

Maksimum oranl iletim, NOMA

YILDIZ TEKNIK UNIVERSITESI
FEN BILIMLERI ENSTITUSU

xvii



1

INTRODUCTION

1.1 Literature Review

As the number of vehicles is increasing, the traffic problems are expected to increase
more in the near future since the road infrastructure is not developing proportionally,
especially due to continuing urbanization [[1]. However, researchers continue to
investigate improving vehicles and transportation systems for more safety, comfort,
and efficiency [2[]. Intelligent transportation systems (ITS) coined in 1999 had been
developed to avoid major problems [|1]]. It integrates sensors, pedestrians, roadside
infrastructures, vehicles, traffic management centers, satellites, cameras, global
positioning system (GPS) receivers, and multiple programs [[2]. These technological
advancements lead vehicles to collect data via sensors and share information with
each other and with roadside units (RSUs), vehicle to infrastructure (V2I) in the
future [3]]. Thus, vehicles can prevent a collision by transmitting valuable information,
and they can inform each other about environmental hazards, traffic conditions, and
other location-relevant information [4{]. It can be considered artificial intelligence.
ITS systems are organized by IEEE Standard 802.11p based on IEEE 802.11a with
the physical and medium access control layers. They are modified to support low
latency communication among vehicles [|5]. The most popular research topics about
ITS are RSU and V2I devices, autonomous (pilotless) vehicles, platoon driving patterns
using fog, and cloud computing. Delegating most of the human responsibilities
to control systems allows comfortable, efficient, and safer voyages while reducing
accidents caused by drivers [1]]. Nowadays, heterogeneous autonomous vehicles of
Google such as Freight liner Trucks, ISRobotCar, and European Cyber Cars are getting
attention [6]]. Another hot research topic related to vehicular technology is platoon
driving where a group of vehicles moves together by communicating with each other
which can be called cooperative driving. Vehicles follow each other by keeping a
constant space among them and thus optimize the use of the road. In the literature,
its benefits are highlighted as the increase of transportation capacity and reduction

of energy consumption and pollution [[7]]. All these new technologies do not only



require the performance of vehicular communication networks to be improved but also
require storing enormous data from vehicles and RSUs at fog and cloud data centers.
The traffic and vehicle database can be utilized for various goals such as improving
ITS. RSUs enable the data transmission between infrastructure-to-vehicle (I2V) and
vehicle-to-vehicle (V2V) communications [8]. Thus, they support traffic applications
by transmitting periodic updates to remote traffic control centers Network providing
communication in V2V and 12V is called vehicular ad hoc network (VANET) couple to
connect to the internet [|7]. Some RSUs can act as gateways by routing packets from
VANETS: to the internet. Obviously, the success of ITS highly depends on the condition
of vehicular communication channels. In a wireless transmission system, the signals
propagate from the transmitter to the receiver via different paths due to reflection,
refraction, diffraction, and scattering. These paths give rise to attenuated, delayed,

and phase-shifted components of the transmitted signal affecting the impulse response

of the channel which is random and time-varying [|9].
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Figure 1.1 Vehicle-to-vehicle communication

1.1.1 Characteristic of Vehicular Channels

Since the environment of wireless channels is dynamic, they are time-variant.
However, while cellular channels with low-speed are accepted quasi-wide sense
stationary (WSS), vehicular communication channels can be a stationary or a
non-stationary random process characterized by a transfer function h(f, t) or impulse
response h(t,t) [[10]. Although the statistical properties of non-WSS vary with
position or time, the statistical properties of WSS channels do not vary with position
or time, and thus it allows simplified analysis. Being a non-WSS channel leads to
Doppler spreading or Doppler shifting phenomena due to high speed. It can cause time

selectivity to arise as well as frequency selective stemming from multipath components

2



that can emerge in WSS channels. Therefore, the propagation characteristics
of V2V communication channels are significantly different from those of cellular
channels, especially in terms of the time and frequency selectivity and the associated
fading statistics. Here, time selectivity describes the temporal fluctuations of the
channel quality, whereas frequency selectivity relates to the occurrence of “spectral
holes” in the channel; both are very important for system performance. Dedicated
measurements are needed for the accurate characterization of V2V propagation
aspects, and dedicated V2V channel models are urgently needed to evaluate the
reliability and latency of data packet transmissions among vehicles [9]]. In wireless
channels, sounders, which are an essential tool in studying and modeling the wireless
propagation channels, are used to determine channel impulse response (CIR). They
sound the channel with known narrowband or wideband signals, measure the received
signals, and then estimate channel impulse. They use 2 types of tests called multi-tone
and single tone. A wideband signal is applied to the channel, and then it is measured
in the output of the channel in multi-tone. In a single tone, a monochromatic
signal is used for this purpose. On side of the receiver, algorithms such as minimum
mean square error, least-square (LS), linear minimum mean square error, maximum
likelihood estimation algorithms, etc., are used for channel estimation [|11]] that can be
performed in frequency or in time domains. While channel estimation in the frequency
domain reduces the complexity of the receiver, it increases the channel’s performance

with the long delay in the time domain.

It is necessary to first characterize vehicular channels in order to cope with
encountered problems or increase their performance. In other words, it is necessary
to figure out them. The most important problem encountered in the V2V channels
as the difference from cellular channels is doppler spreading that induces frequency
shifting and time-selectivity. At present, derivations of power Doppler spectra (PDS)
are intensively tried to make. PDS is obtained by determining autocorrelation function
which is also determined by using distributions of the angle-of-departure (AoD) and
the angle-of-arrival (AoA) of electromagnetic wave by geometrically modeling V2V

channel as elliptic, circular, or cylindrical.

In [[12], it is highlighted that non-WSS uncorrelated scattering (WSSUS) can be
analyzed with functions in Figure where 7, v denote delay and spread,
respectively. Local scattering function (LSF) and channel correlation function (CCF) as
well as functions in Figure are developed to estimate channel function. They give
knowledge about all parameters in Figure simultaneously. LSF estimates WSSUS
fading processes under additive White Gaussian noise [[13]]. CCF being dual of LSF is
defined to estimate vehicular channel in [|12]]. The other two important functions are

the envelope LCR and average fade duration (AFD) functions for V2V channels, which
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Figure 1.2 Relationship among different channel functions.

can be used to observe the undesired effect of signal attenuation. The LCR defines
how often the envelope crosses a specific level in the positive/negative direction. The
AFD indicates the average time over which the envelope stays below a certain level.
According to Cheng et al. [|14], their effects are fairly dominant in V2V channels.
In [[10, Eq. 31], the spatial time correlation function (STCF) is presented, and then
the time-correlation and spatial-correlation function are derived by using it. Fourier
transform of time correlation function leads to the derivation of the power spectrum.
All these functions depend on the AoD, AoA, and velocity of transceivers and scatters.
On the other hand, AoD and AoA are correlated to scatters. Therefore, the statistics
of scatters affect the statistics of the above-mentioned parameters in V2V channels.
Hence, V2V channels in some works are modeled based on the distribution of scatters

in the communication environment.

1.1.2 Modeling of Vehicular Channels

In this section, firstly V2V channel models are described, compared, their common
aspects with cellular channels are explained, and finally, recent papers considering

V2V channels are presented.

Vehicular channels can be modeled in three categories [|15] in order to derive

delay Doppler spread, CIR, LSE Doppler shift, power delay spread, Rms delay



spread, and so on. One of those categories is the empirical method used for initial
coverage estimation. It offers an advantage such as giving rapid results, but it
needs calibration based on measurements to ensure an adequate fit of the results
according to initial regression methods. This model is appropriate for the slow
channel variation since it can enable the understanding of the V2V communication
channel. Herbert et al. [|16] state that slow channel variation affects very little Doppler
spread. However, characterizing it allows the channel to be estimated. Thus, it can
provide the improvement of communication performance. Therefore, they address the
empirical methods to model slow channel variation. Researchers in [[17]] analyze the
V2V propagation channels by characterizing coherence time, signal strength versus
distance, Doppler analysis, and fading models based on empirical models. Likewise,
authors of [|18]] study empirically the multi-path properties of the V2V channel across
the suburban, highway, and rural environments. Acosta et al. [[19] investigate Doppler

delay profiles in V2V channels with frequency selective based on the empirical method.

A second category is the stochastic channel models that characterize the channel based
on a frequency selection by modeling PDPs, Doppler spectrum, Doppler shift, AoA, and
fadings, etc. The main idea of the stochastic scheme is to produce synthetic channel
responses representing physical propagation channels with an acceptable level of
accuracy. The stochastic approach can be classified into two major groups, namely
the correlation-based approach and the geometry-based approach, which are most
commonly used for propagation prediction in non-stationary mobile communication
channels, e.g., the geometrical model predicts the Doppler spectrum and AoA
distribution associated with the diffuse component for various V2V scenarios. The
geometry-based approach builds on placing (diffuse or discrete) scatterers at random,
specifying their properties, and based on certain statistical distributions. The incident
signals from the scatters are determined with Ray tracing and finally all reflections
overlap at the receiver. Benefits of this modeling approach: (i) it can easily model
non-WSSUS channels, (ii) it ensures not only PDS and delay, but inherently models
the MIMO properties of the channel, (iii) modifying easily the antenna influence by
including a different antenna pattern is possible, (iv) the environment can be easily
changed, and (v) it is much faster than deterministic ray-tracing since only single (or
double) scattering needs to be simulated. A few geometry-based approaches such as
two-ring models and two-cylinder models where scatters are placed on regular shapes
around transmitter and receiver have been developed for V2V communication. Such
approaches are useful for analytical studies of the joint space-time correlation function
since they enable the derivation of closed-form expressions. However, their underlying
assumption of all scatters being static does not agree with the results reported in

measurements. A more realistic placement of scatters, rather than reproducing the



physical reality, can remedy this. The drawback compared to regular-shaped models
is that closed-form expressions generally cannot be derived, but there is a major
advantage in terms of easily reproducing realistic temporal channel variations. In [20],
a three-dimensional (3D) cluster-based non-stationary channel model is proposed for
V2V communications. Scatters are located with the Poisson distribution. In that
paper, scatters in the environment are grouped according to line-of-sight (LOS), single
bounced, and double bounced, and CIR is obtained according to these groups and
then, STCF is derived. In [[21], PDSs and the autocorrelation functions (ACFs) are
derived and simulated based on the geometry-based elliptical and circular scattering
models, in V2V outdoor scenarios where the scatters are moving in arbitrary directions

and with random velocities.

The third category is deterministic methods, which are widely used for propagation
prediction, given a specific environment. The deterministic approach has two
major subcategories, namely the measurement-based approach and the ray-tracing
approach. Channel models based on measurement are developed from empirical data
collected by measurements performed in real-world propagation environments. Thus,
measured channel impulses are fairly accurate, which also offers to obtain accurate
channel models. However, this approach has a disadvantage such that the measured
data is considerably scenario-dependent. On the other hand, channel measurements
are quite costly, thus the amount of data capable to be collected is very restricted. In
the ray-tracing scheme, a simulation tool provides to launch and trace the propagation
mechanism in a simulated wireless environment. Their principle is based mainly on
ray optics (advanced ray-tracing techniques) or, more generally, on solving Maxwell’s
equations. These methods are precise but time-consuming due to their inherent
computational complexity. Thus, methods based on geometrical optics [ray launching
and ray tracing] for radio planning purposes, with strong diffractive elements, offer
a reasonable tradeoff between precision and required calculation time. In the ray
launching technique, rays are launched from a transmitter and, at the locations where
rays intersect an object; at least one new reflected, absorbed, diffracted, or scattered
ray begins. On the other hand, in the ray-tracing approach, imaging techniques are
usually employed, leading to a number of possible paths that rays follow from the
transmitter to the receiver over the direct, reflected, and diffracted rays [|3]]. In this
scheme, it is necessary that Maxwell’s equations must be often solved under some
boundary conditions imposed by the underlying site-specific wireless propagation
environment. To develop a channel model based on this scheme, characteristics
of the topographic and electromagnetic of the related propagation environment are
required known. Despite this scheme is less costly than the approach based on the

measurement, it is more expensive in terms of computation. Similar to channel models



based on measurement, the channel models designed by the ray-tracing technique
are very site-specific. Therefore, they are not preferred to employ for extensive
system-level simulations of communication systems. A ray-tracing approach is
exploited to model V2V the channel, which leads for wide-band as well as narrow-band
analysis in [22]]. A geometry-based path interpolation [[23] tool is proposed to deal
with the high computational complexity problem of the ray-tracing technique. It
utilizes knowledge of the specific movement of transmitting and receiving nodes and
their environment.

In this paragraph, the comparison of the aforementioned model types is discussed.
Empirical model and stochastic channel models do not take into account all the
elements of the environment and therefore, they could fail in situations where
the surroundings have a great impact on the electromagnetic propagation (i.e.,
where such things as vegetation, different types of scatters, or other materials are
present). Mathematically, deterministic channel models are generally more complex
than stochastic ones. Nevertheless, some realistic approaches may make a stochastic
channel model very complex due to the mobile radio channel being non-stationary.
Different from the deterministic approach, stochastic channel models can be set to
emulate various propagation environments, which is the main advantage of these
models [[24].

Channel types termed based on the amplitude of channel coefficients in cellular
channels are also valid for V2V channels, due to distributions of scatters and channel
coefficients are statistically independent in the wireless channel. However, it is clearly
not stated in the literature. Articles in the sequel investigate V2V channels by also
considering the amplitude distribution of channel coefficients. Yuan et al. [25]
propose a novel 3D theoretical regular-shaped geometry-based stochastic model and
the corresponding sum-of-sinusoids simulation model for non-isotropic MIMO V2V
Rician fading channels. Scatterers in the channel are distributed by using von Mises
Fisher distribution.According to that model, CIR is derived as a sum of LOS, single
bounced, and double bounced paths. While Rician phase distribution in cellular
communication has uniform distribution between —m and 7 its phase does not have
a uniform distribution in the V2V channel. Channel characteristics such as amplitude
and phase distribution of CIR, STFC, PDS density, envelope level crossing rate (LCR),
and AFD are obtained in both proposed two models. In that paper, any performance
analysis is not performed. In the same such, channel estimation, which is obtaining
of CIR, also is done in [26]] by using a geometry-based stochastic channel model
for V2V The LS estimation algorithm is used for channel estimation. In [33], a
3D geometry-based stochastic scattering model for wideband MIMO V2V relay-based

cooperative fading channel based on geometrical three-cylinder is proposed. It
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is an amplify-and-forward Rayleigh channel. Channel characteristics, which are
STCE channel envelope, averaging PDB are obtained through CIR. As a result,
modeling channels as based-geometry does not change channel type (Rician, Rayleigh,
Nakagami). In [27], the impact of outdated CSI in a TAS system that operates in
the V2V communication environment is investigated by analyzing the performance
of the channel. The V2V channel is modeled by the double-Weibull distribution, a
widely adopted distribution for modeling scenarios where both the transmitter and the
receiver are in motion. Double distribution for V2V channels is used in some papers.
Its reason is that all reflections in the channel are assumed to be double bounced. In
[28], a V2V MIMO system using an MRT scheme is proposed, and its performance
is investigated. The cascaded Nakagami-m channel model is used for distribution.
Symbol error rate (SER) and moment generating function (MGF) statements in the
receiver are derived by carrying out MRT on the transmitter side and MRC on the
receiver side. A different number of antennas for MRT is used in order to examine
error performance. In this dissertation, the distribution of the amplitude of channel

coefficients is assumed as a generalized-k (K;) one.

In this paragraph, recently published articles dealing with V2V channels are subjected.
Abbas et al. [[29] highlight that gains of cellular communication are higher than V2V
ones because the base-station (BS) antenna is at an elevated position. Therefore,
they investigate the effects of antennas mounted to different vehicle locations to gain,
delay and Doppler spread. In [30], it is investigated whether the 22-23 GHz band is
feasible for V2I communications. Schack et al. [|31] also study receiver diversity and
MIMO capacity by mounting three antennas to the different locations of the vehicle
and applying a ray-tracing model. In [32]], characteristics of the V2V channel are
analyzed in the low TeraHertz band. A novel geometry-based model (3D scenario)

[33] is proposed to model V2I channels with deep learning.

1.2 Objective of the Thesis

Nowadays, vehicular communications are quite an attractive research field. Providing
safety of road, efficient transportation, fuel-saving, preventing traffic congestion
and road tolls is aimed with vehicular communication. Thanks to vehicular
communications, vehicles can provide different types of data to each other, such as
information about available parking spaces, accidents, emergency braking, obstacles
in the road, real-time traffic information, or information relative to the coordination of
vehicles in emergency situations [34]. On the other hand, one of the most important
reasons for death worldwide is road crashes. It is estimated that 1.2 million people

are killed, and over 50 million are injured each year due to road crashes which are



the second cause of death in the 5-29 year old age group [35]. For this purpose, it
is predicted that all vehicles will aggregate data providing from the road with sensors

and will share it with each other and infrastructure via wireless channels.

All these reasons and the developed new vehicle technologies enforce researchers
to investigate vehicular channels. In this dissertation, performance analysis is made
by applying MRT in order to increase performance in vehicular K fading channels.
Another problem is spectral efficiency and latency which constitute a considerable
problem in the future due to the increasing wireless communication. It is especially
much significant in vehicular communication because it is sensitive. Therefore,
downlink and uplink NOMA systems providing gain from spectrum and latency are

investigated.

1.3 Hypothesis

In the near future, new technologies within the scope of ITS will be released to prevent
current problems and to provide high efficiency e.g. fuel consumption. Vehicles
communicate via the VANET network and most of them will not be controlled by
humans. Operation with high performance depends on the performance of reliability
of vehicular communication channels. Furthermore, all vehicular communication
systems are required to have low latency and high spectral efficiency because
speedy responses are essential in crowded vehicular systems. Contributions of this

dissertation can be sorted as follows:

1. In vehicular K, fading channels, outage probability (OP), average channel
capacity (AVC), bit error rate (BER), asymptotic OB and asymptotic BER in
the receiver are derived by applying MRT in the transmitter with 4, 6, and
8 antennas, and obtained results are validated with simulations. Thus, the

performance success enabled by MRT is verified.

Results of this work were published called Performance of Maximal Ratio
Transmission over K, fading channels in the Institution Engineering and
Technology (IET).

2. In vehicular K fading channels and downlink-NOMA ensuring low latency
and high spectral efficiency; OB AVC, BER, asymptotic OB and asymptotic BER
for systems with 2, 3, 4, 5 users are analyzed as mathematically and results
are verified with simulations. Thus, it is demonstrated that downlink-NOMA
is applicable for V2V due to it provides enough performance in spite of high
interference. Furthermore, it is proved downlink-NOMA provides fairness

between users.



Results of this work were published by the Physical Communication journal with

the title of Performance Analysis of Downlink-NOMA over K, fading channels.

3. Likewise, in vehicular K; fading channels uplink-NOMA offering low latency and
high spectral efficiency; OB AVC, BER, asymptotic OB and asymptotic BER for a
system with 3 users are analyzed as mathematically and results are verified with

simulations.

Results of this work were submitted to Wiley online library journal with the title

of Performance Analysis of NOMA Uplink Transmission over K, fading channels.

The rest of this thesis is organized as follows: K, fading channels are presented in
Chapter 2, performance analysis is carried out in vehicular K; fading channels with
MRT in chapter 3, downlink-NOMA and uplink-NOMA in vehicular K; fading channels
are investigated in chapters 4 and 5, respectively. Finally, chapter 6 concludes and

summarizes this dissertation.
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2

BACKGROUND

2.1 Generalized-k Fading Channels

In the space (Outside of the atmosphere), while only pathloss is critical in
wireless communication, multipath (small-scale fading) and shadowing (large-scale
fading) due to diffraction, refraction, reflection, and scattering can severely
distort communication signals. These propagation mechanisms can also enable
communication even though transmitter and receiver antennas do not directly see
each other. On the other hand, they can lead to problems such as frequency selectivity
which emerges if symbols interfere with each other due to late arrivals of multipath
components. Time selectivity emerges due to Doppler spreading when mobile objects
are in the environment, or transmitter or receiver are moving. The probability of its
occurrence is quite high in vehicular channels. Both time and frequency selectivities
can significantly corrupt received signals. Thus, increasing performance is needed

with various techniques such as multiple antenna transmissions.

Friis formula is valid for free-space where only pathloss (attenuation) is present.
Pr—GG(A)z (2.1)
p, "\ 4nd '

In contrast to free-space, multipath fading and shadowing constituted by scattering,
refraction, diffraction, and reflection are present in the earth’s face as well as pathloss.
In [[36, Eq 1.4], due to pathloss originated distance, large-scale and small-scale fading,

received power in the receiver in terms of dB is as follows

Qp(dBm)(d) = nU’Qp(dBm)(dO) —10plog,y(d/dy) + €(dB) + y(dB) (2.2)

In (2.2), uQppm(dy) is received power in reference distance d,. [ is pathloss
order which some papers addressed especially its calculation as empirically. e(dB)
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is a large-scale fading random variable having gauss distribution (it has a gauss
distribution because it is written in terms of dB. If it is not written in terms of dB it has
log-normal distribution). y(dB) is small-scale fading random variables that can be
Rayleigh, Rician, Nakagami, or Weilbull distribution. u,pm)(do) —1081log,,(d/d,)
is the expected value of y(dB) random variables. If parameters in are not written
in terms of dB, they are written in such that way multiplication as in equation (2.3)).
As a result, pathloss is the mean of the shadowing, and shadowing is also the mean of
the multipath fading (Figure [2.1).

Q, (d)=ye, d*(d))’u, (d) (2.3)

Power

B
L

» Distance
Figure 2.1 Pathloss, Shadowing and Multipath Fadings. [37, Fig. 4.3]

The shadowing fading for a variety of terrains was firstly described in [|38]], and it
is detected that it has log-normal distribution. While shadowing fading is originated
buildings, trees, and terrain according to Alouini [|39]], Matz and Hlawatsch state that
it is originated buildings and dense vegetation. According to [40]], buildings and
hills cause it. Authors of [41]] express that multipath and shadowing fadings arise
simultaneously in many practical situations. Furthermore, they classify shadowing
fading into three groups, namely, frequent heavy shadowing (FHS), overall results,
which are Loo’s models, and the third one performed by Karsawa [[42]. They are
classified according to the standard deviation of log-normal. In [43]], multipath and
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shadowing fadings and pathloss emerge simultaneously in many cases. Miridakis [[44]]
emphasize that shadowing is always available in a wireless channel. It is expressed
that shadowing specifies the average of multipath fading envelope [45]. Bithas [46]
describes it affects transmission quality with its slow variation. While [|47]] explain
in which situation shadowing disappear, [48] present situation in which its effect
is neglected. In [[49] and [50], relationship of received power with pathloss and
shadowing is presented. Al-Hussaini [51] and Dwivedi [|52] determine values for
heavy and light shadowing. While Al-Husaini decides to heavy or light shadowing
according to the standard deviation of normal distribution. As a consequence,
although the impact of shadowing is mostly neglected, incorporated it into the channel
model gives a much realistic channel model [[53]. As mentioned above, shadowing is
modeled with a log-normal distribution. However, it is not tractable mathematically,
so gamma distribution being a general distribution is preferred instead. Therefore,
composite fading models for wireless transmissions (e.g., (K;) distribution introduced
in [54]) combine the effects of both multipath fading and shadowing. The use of K
model has been increasing since it is applicable to the unmanned aerial vehicle (UAV)
[55]], V2V [56]] as well as cellular communications. Decode-and-forward (DF) relaying
over K fading channels is considered in [57] to analyze secrecy outage and capacity,
and similarly simultaneous wireless information and power transfer (SWIPT) system
is investigated for K; fading channels to explore the secrecy OP [58]. Blagojevic et al.
[59] analyze the ergodic and outage capacities for energy harvesting and information
transmission based on time-switching and power-splitting relaying protocols over K
fading channels. Efthymoglou et al. [60] evaluate the SER performance of several
modulation schemes and the capacity of various transmission policies while Dziri
et al. [|61]] derive the SER and OP for DF relaying multi-hop IoT networks over K
fading channels. Zhang et al. [|62] derive the secrecy OP secrecy diversity order, and
array gain over K fading channels. On the other hand, Blagojevic and Cvetkovic [63]

analyze OP of DF energy harvesting relaying over K, fading channels.

The K, fading model is quite general as it includes the K distribution as a special case
and accurately approximates many other fading models, such as Rayleigh-Lognormal
(RL) and Nakagami-Lognormal (NL) fading [49]. In many papers, it is not stated
K, distribution created by the product of two Nakagami random variables. Thus, its

derivation is presented below.

2.2 Derivation of Generalized-K Probability Density Function

The probability density function (PDF) of the amplitude of K; fading channels is
derived by multiplying two Nakagami-m random variables one of which represent

13



multipath fading coefficients and the other one represent shadowing coefficients.

Nakagami-m distribution representing multipath fading is as follows,

2(71‘Lm)m’"JCZ"A‘m_le_TZ_?x2

F(mm)(Qx)mm

fx(x)= , x>0 (2.4)

where m,, > 0.5 multipath fading shaping parameter. Nakagami-m distribution

representing shadowing is as follows,

mg ,2m—1 —Q"—Syz
2(m)"y e ™

O ==

y>0 (2.5)

where m; > 0 shadowing shaping parameter. The level of impact of m,, and m, on OB
AVC, BER is studied by Bithas et al. [64]. X and Y having Nakagami-m distributions
are independent and not identically distributed (i.n.i.d.) random variables, and then
a = XY random variable gives the amplitude of K fading channel coefficients and its

distribution is obtained as
| a
fola) = —fx(=)fy(y)dy (2.6)
b Y Y
When % is substituted into Il it reverts as

m ay2
2(m,,)"ma?mn e ne ()

T(m,,)(Q,)m,,y>m—1 ’ 0<a<oo 2.7)

a
fX(_) =

Yy
When (2.5) and (2.7) are substituted into (2.6)), it becomes

4(my, )" @ (m)m [

(m,,)( Q)" T(m)( Q)™ ), _,

The change variable r = y? is applied in (2.8), integral transforms in the following

mma2 _mg
(yz)ms—mm—le—m nyzzyd_y (2.8)

fula) =

form,

4(mm)mma2mm_1(ms)ms JOO mg—m,,—1 —mpa®

ey g 2.9
@) ) o e

ful@) =
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According to [65, Eq. 3.471/9], integral in (2.9) is derived as follows

4am$+mm_1 ms+mm

fa(a) = WETKmS—mm(Za@) (210)

where & = T2% namely Q, = Q,£, which is mean of y = a®. K

QO ms_mm('

modified Bessel function with order m; —m,,. Square of K; random variable (a) or

) is the

multiplying two gamma random variables conclude with Gamma-Gamma (GG) one

and it is presented as,

mg+m,,—1

2
L(m,,)T(m,)

[

f(n) = e Kms_mm(z \/Ey) (2.11)

2.3 NOMA

With the advances of new applications and services, data traffic has been growing
which leads to problems such as reduced bandwidths and increased delays. The
demand for higher capacity enforces new wireless transmission techniques to be
developed. Recently, NOMA [|66] has attracted great attention since it can improve
spectral efficiency by exploiting all time and frequency resources without any guard
band or guard interval [|67]] unlike orthogonal multiple access (OMA) techniques
such as time division multiple access (TDMA) and frequency division multiple access
(FDMA). Therefore, NOMA is a strong candidate for increasing the throughput
of next-generation wireless systems as it can approach the capacity limits of the
downlink broadcast channels. On the other hand, investigation of its availability and
reliability are highly essential since multiple access interference becomes significant
due to non-orthogonal signaling. Signals of multiple users can be transmitted in
the same resource blocks at different power levels by using superposition coding
(SC) and successive interference cancellation (SIC) at the receivers can be used
in NOMA to increase spectral efficiency [68]]. Wunder et al. [69] explain the
necessity of non-orthogonal communications for 5G and Benjebbour [70]] presents a
comprehensive overview of NOMA. Kizilirmak [71]] describes the decoding of signals
for uplink and downlink NOMA and compares NOMA and OFDMA in terms of rate,
and energy, spectral efficiencies. Duan et al. [[72] study resource allocation for UAV
BSs to aggregate data from IoT nodes from NOMA uplink and compare with OMA.
Kwon et al. [|73]] deal with power allocation in UAV-aided NOMA uplink with carrier
sense multiple access with collision avoidance (CSMA/CA) networks. Chen et al. [[74]
derives channel capacity for NOMA with spatial modulation in the vehicular system

over the Rician channel. Even though the advance of NOMA systems is promising,
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the co-channel interference can reduce signal quality, and thus its capacity and error

performance for both downlink and uplink scenarios need extensive research.

2.4 Performance Evaluation Tools

2.4.1 Outage Probability

OP is a widely used performance metric providing information about the
availability of the system. It is defined as the probability of the received
signal-to-interference-plus-noise ratio (SINR) falling below a threshold value (y,;)
which can be determined based on the desired level of quality of service or receiver
sensitivity. Thus, the OP can be simply written in terms of the CDF of SINR as,

Fy(Yth) =Pr(y <7vw)- (2.12)

2.4.2 Outage Capacity

Channel capacity gives information about the limits on error-free transmission speed

and it can be computed by using the signal-to-noise ratio (SNR),

C=Wlog,(1+7y), (2.13)

where W denotes the bandwidth. The cumulative distribution function (CDF) of the
capacity (aka outage capacity) can be derived from the CDF of SNR as follows,

Fe(c)=Pr(C <c)=Pr(y <27 1) = F (27 — 1), (2.14)

where y = 2% —1 is used.

2.4.3 Average Channel Capacity

AVC for any channel can be found by taking the average of C above over the PDF of
SINR as below,

C= f Wlog,(1+7)f,(y)dy. (2.15)
y=0
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2.4.4 Symbol Error Rate

A widely used error performance metric is average SER which can be found by using
the PDF of SNR as

=0

p,= f P,(7)f,(y)dy. (2.16)
Y

P,(y) is error probability for a fixed SNR and in general it can be written as P,(y) =
Aerfc(4/By) where A and B are constants depending on the specific modulation
scheme [|75, Table I].

2.4.5 Asymptotic Analysis, Diversity and Array Gain

Outage diversity and outage coding gains can be found by studying asymptotic OP
expression. Based on [[76, Assumption 3], PDF of  (i.e. f(f)) can be approximated
by a single polynomial for (8 — 0*%) which is called as asymptotic PDF and it can be

expressed as,

f(B)=aB"+o(BY), (2.17)

where a is a positive constant and t represents the order of smoothness at the origin

and they must be computed in order to find diversity and coding gains.
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3

PERFORMANCE OF MAXIMAL RATIO TRANSMISSION
OVER GENERALIZED-K FADING CHANNELS

3.1 Introduction

MIMO techniques utilize multiple antennas at the transmitter and receiver sides
to achieve diversity in order to improve reliability performance. Considering size,
power and processing constraints of mobile units, diversity combining with the use
of multiple receiver antennas may not be desirable. Therefore, transmit diversity
approaches such as space time codes (STC) have become popular. For example
Peppas et al. analyze the performance of orthogonal space-time block code (STBC)
over cascaded K, fading channels in [77]]. Salahat and Saleh [|78]] obtain a unified
performance analysis of SER for STBCs for coherent modulation schemes over K
fading channels. Similarly, the performance of orthogonal STBC systems with M-ary
quadrature amplitude modulation transmission is investigated over independent but
not necessarily identically distributed (i.n.i.d.) K, fading channels in [[79]. Li et al.
[80] present an approximate capacity analysis for distributed MIMO system over K
channels. Diversity combining techniques such as MRC, EGC and selection combining
(SC) can also be used at the multi-antenna receiver to improve the reliability. However,
similar to space-time coding, these methods can also increase the receiver complexity
which is not desirable for size and power constrained mobile units such as sensors.
Dwivedi et al. [81]] provide the channel capacity by using MRC over the K fading
channel. Jung et al. [|82] investigate the capacity and error probability for MRC and
SC over K fading channels. Bithas et al. [[46] evaluate OP for diversity combining

techniques over K fading channels.

Similar to STC, MRT [83]] is another widely used transmit diversity technique which
can maximize the SNR and obtain full diversity while not increasing the complexity
of the receiver. Unlike STBC, it can be used with any number of transmit antennas
and thus MRT has been widely employed in massive MIMO schemes thanks to its

simplicity. The performance of a single cell massive MIMO downlink system using
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MRT is analyzed in the presence of both jammers and eavesdroppers in [|84]]. Recently,
the average SER of quadrature phase-shift keying (QPSK) transmission with MRT over
a Rayleigh fading channel is obtained in [|85]]. Chauhan and Kumar [[86]] study channel
capacity, OP and SER of the MRT with receive antenna selection over correlated
Nakagami-m fading. Badarneh et al. [87]] investigate OB, throughput, BER for wireless
power and information transfer under Nakagami-m fading where the source uses MRT.
Yang and Zhang [|88] present outage performance of MIMO relay channels with MRT.
Aladwani et al [[89] deal with a system with amplify-and-forward (AF) two-way relay
network exposed to co-channel interference where MRT is employed at the sources.
Similarly, MRT with DF relaying over Nakagami-m fading is studied in [90]. Ibrahim
et al. investigate the performance of MRT in free space optical links which is modeled
by Malaga distribution [[91]].

In this chapter, the performance metrics of MRT technique over K, channels are
explored. The contributions of the chapter can be listed as follows:

PDF and CDF of the received SNR for the considered system is studied.

* OB outage diversity and coding gains are obtained.

* Statistics of channel capacity and average channel capacity are provided.

* SER is analyzed by using the PDF of SNR.

* Diversity and coding gains are also computed from asymptotic SER.

* The impact of estimation errors on the performance is explored.

* Finally, numerical examples are illustrated to corroborate our theoretical

findings.

The rest of this chapter is organized as follows. In section 2, the system model and the
PDF of SNR in MRT over K, channel are explained. In section 3, performance metrics
such as OB channel capacity, SER, diversity and coding gains are derived. Simulation

results are discussed in Section 4 and finally Section 5 concludes the chapter.

3.2 System Description
The block diagram of the considered system model is shown in Figure [3.1] where the

multiple antenna transmitter employs MRT and the low complexity receiver has a
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Figure 3.1 Block diagram of the maximume-ratio transmission over generalized-K
channel

single antenna. The symbols to be transmitted are weighted in order to maximize the

recieved SNR [83|]]. The received signal can be written as,

Ne
y =Zhiwix+n, (3.1)
i=1

where x is the symbol with average energy E, transmitted from N, transmit antennas.
h; is the complex channel coefficient between i-th transmit antenna and the receiver
whose magnitude follows K, distribution. n denotes zero mean additive white
Gaussian noise sample with one sided power spectral density N,. w; (i =1,2,...,N,)
is the weighting factor for the i-th transmit antenna found by w; = %, hy below

represents the Frobenius norm of channel vector h = [hy, hy, ...hy ],

(3.2)

where |h;| is the magnitude of channel coefficient whose square |h;|*> has GG
distribution. By employing MRT at transmitter, total instantaneous SNR at the receiver

can be written as follows,
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In order to find the performance metrics such as SER, channel capacity, and OB the
PDF of y_ in (3.3) needs to be computed. For K;; fading channel, the PDF of y_ can be
obtained by using MGF [|64] of |h;|*,i=1,...,N,,

mg+mm—1
2

—
—

Myp2(s) = (f) eiw_%ﬁ’m(:), (3.4)

2 S

Usually, when multiple random variables are added, the MGF of each random variable
is computed first to derive the PDF of their summation. Then, all MGFs are multiplied
and inverse MGF of the obtained final term is computed. In the above case, multiplying
Whittaker functions and calculating inverse MGF are not tractable. Therefore,

approximated PDF of y_ can be used as shown in (47, p. 9],

A 2(bg)m"”g+m5"?
50 = Tom, T

(Yg)(mm’g+ms’g)/2_1Kms,g_mm,g(Zbg V Yg)’ Yg > 0 (35)

m m, -m .
where a = ";—T, m;.=—*=and b_ = ,/%, Q. = N, is the mean of y_. m, . and

a

m,, . are fading parameters depending on m,, and m;. m,, . is given by,

(1+ a)\/(l +a)l + gk,

m’g J
Z(a + mi + 1)

which is obtained by equating amount fadings statistics [47]] where k; = m,, + m,+ 1.

(3.6)

m

3.3 Performance Analysis

In this section, the OP of the system (i.e CDF of SNR), channel capacity, SER, diversity,

coding gain and the impact of channel estimation error are analyzed.
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3.3.1 Outage Probability

In order to obtain OP expression, CDF of SNR can be computed by integrating the PDF
in (3.5),

Vs 2( )mm tmg

F )= | flde= oot
mp, . S,

;= 3.7)
J T(mm’€+m5’<)/2_1Kmsg_mmg(Zbgﬁ)dT,
=0
(3.7) can be rearranged as follows,
2(b.)?
F, (r)= - x
Yerl g T m,, T m, zmm,g+m5,g—2
(M, )T (m ) (3.8)

Ye
f (zbgﬁ)mm,g‘i‘ms,g_szs,g_mm’g (Zbgﬁ)d T,
=0

The term (2bgﬁ)’"m»#m%_szsg_mmg(Zbgﬁ) in ID can be written in terms of
Meijer-G function [92, Section 2.6], then (3.8 can be rewritten as follows,

b 2
F},g(,)/g) m(;)f)'( m) ). T(b )?

)dT, (3.9)

5,62 m,g

By using [93]], CDF of SNR can be obtained as follows,

1,

(b.)?
I(my, JT(m )

FYg(Yg) = Gi,;((bg)ZYg (310)

ms,g-i-l, mm’§+1, 0 )

Analytical expressions of PDF and CDF are validated by comparing with their
simulation plots shown in Figure and Figure respectively where the number
of transmit antennas is selected as 8. In Figure [3.2]blue bars represent the histogram

values and red lines represent approximate PDE

In order to derive outage diversity and outage coding gain, the instantaneous SNR
at the receiver can be written as }fg = By where Q,  is given by E[y_ ] = Q, . =
N,(E,/N,) with 8 = A Z |h;|?, E[B]1=1. a and t in (2.17) are computed as follows
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for the considered system (Details of derivation can be seen in Appendix [Al),

1 5
t:§ ms’g+mm’g—§ B (3.11)

(my +mpy, ~2) %
(P ) s

I'(my, Jr(m;)

a (3.12)

According to [|76]], when the average SNR is large enough, the asymptotic OP can be
evaluated as,

F _ A (Tea)™ 7 ~(t+D) 3.13
e =17 7o) ol : (3.13)

Thus, while average SNR approaches to infinity (7. — ©0), the term o(}‘f;(t“)) can

be neglected, and Fyg(yg .») can be written as,

F,(y.,)~ — (Ygth)tﬂ“(w ), (3.14)
Ye Sth t+1 ,}_,g clhg

1

BN

where O; = t + 1 is outage diversity and O, = YL t%
Sth

When a and t are substituted into O; and O,, they can be shown as,

is outage coding gain.

1 S 1 1
Od = 5 my + My, — E +1=- ms, +mm,€_£ : (3.15)



D=

0, =
Ygth

(3.16)

(ms,g+mm,g_%)
N/ M -m R S
1 |:( 556 m’g) T ] %(ms,g-#mm,g—%)
m

1
(ms’g e ) 2 D(m T (my, )

It can be easily understood from (3.15) and (3.16) that diversity and coding gain
depend on multipath fading and shadowing parameters (m,,,m;) and number of

N

transmitter antennas.

3.3.2 Channel Capacity
With the help of (3.10)), the CDF in (2.14) can be written as below,
(b .

(my, T (m

(3.17)

Fo(o)= - )Gi’;((bg)z(z% —1)

mg +1, my +1, 0 )

Another statistical function of the capacity is its PDF which can be obtained by

derivation of the above CDF as below,

271n(2)(b,)?
WT(m,, Jr(m, )

fol0) = Gg@mY@%—D

), (3.18)

5,62 m,¢

AVC can be obtained by using the PDF of capacity, or by substituting the PDF of SNR
in (3.5) into (2.15) below,

ZW(bg)mmyg"'ms,g o0

“ = Tlm,, OTm, )@ |, _,

ln(l + ’)/g)(')/g)(mm’g-Hns’g)/2_11<m5’g—mm)g (Zbg \/Y_g)d}/gs

(3.19)

(mm,g-k—ms’g)/z—l .

and then with the help of [94], the term In(1 + v, )y, in (3.19) can be
written in terms of Meijer-G functions [65, p. 9.301],

(mm’g+m5,g)/2—1

Ye In(1+7y.)=Gr, (Yg

(M, c+mg )/ 2, (M e+ )/2
) (3.20)

(mm,g+ms,g)/2; (mm,g+ms,g)/2_1

Likewise, the modified Bessel function of the second kind in (3.19) can be expressed
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in terms of a Meijer-G function [95],

. 4b§y§

——\ _ 1 .20
ms,g_mm,g( 4b§}/§) - §G0,2( 4

By substituting (3.20) and (3.21) into (3.19) and using [65, pp. 7.811/1], the AVC is

obtained as,

. (3.21)
Ms,g™Mm,g _ Ms,¢™Mm,¢
2 s 2

_ Mmctms, e 2-Mm,c—Ms ¢
7 2

. (3.22)
_Msgtmme  MsctMme  Msc—Mme _ Ms,c—Mmy¢
2 > 2 ) 2 > 2

_ W (b, )"mstmss
C= (o) G‘“((bg)z'

[n(2)0(m,, JT(m, ) >

3.3.3 Symbol Error Rate

erfc(.) can be written in terms of Meijer-G function as in [96]], and thus,

1

A
P(y.) = ﬁGi’g(Byg ) (3.23)

1
0, 3

By substituting (3.5 and (3.23) into (2.16)), P,, can be written as,

2A(bg)mm:€+ms,g o0
se —
VAT TG ),

Kms,g_mm,g (2 V Y"J(bg)z) Gi’g (B}/g

(Yg)(mm,g+ms,g)/2—l %

(3.24)

1

)drg,
0,3

when integral in (3.24) is computed, the average SER is obtained as follows

(Derivation details are shown in Appendix [B),

_ A 2,2( B

1-mg ., 1-m, ., 1
p,= G ) (3.25)
[(my, IT(m, )V 2\ (b )?

1
0, 5
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3.3.4 Diversity and Coding Gain

In order to find diversity and coding gains, asymptotic SER at high SNR can be put in
the following form as in [76]],

B 2fay (t + %)

Py = —— 2 (ky )Y 4 oY), 3.26

where the term o(}'f;(”l)) becomes negligible when the average SNR approaches to

infinity (y. — ©0), and thus asymptotic P; can be approximated as,

3
_2ar(t+3)

N—— 27 (% —(t+1)
PR iy (ky ), (3.27)

where k is a constant depending on the modulation scheme. The coding gain is written
1

t+1

2tar(t+3) . . L
al(tt ;) , and the diversity gain becomes G; = t + 1 which is same as

Vr(t+1)
O4. When a and t derived in Appendix[Alare substituted into G., it can be obtained as

as G, =k(

‘ %(ms,g + mm,g - %)F(ms,g)r(mm,g) (3 28)

1 1
mg 4Amy, —2)q—+—-31——
(Mg +Mms~2) 3 (ms c+mm,c—3)

ms’gmm’g .

3.3.5 Impact of Channel Estimation Errors

Channel coefficients are estimated at the receiver with some errors due to limited
number of pilot symbols and noise. In practice, the relationship between actual and
estimated values can be written as,

hi - hi + ei, (3‘29)

where h; is actual channel coefficient for the i — th antenna, iAli is estimated channel
coefficient with channel estimation error (CEE) e; which is denoted as complex normal

random variable €.4(0,0?) [97]]. Therefore the resulting channel impact on the
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transmitted signal can be written as,

A
*

h = s 3.30
Z Y 2T (3.30)

and thus the received signal becomes,

y= \/_IIhFIIX+\/_”h ”Zh*e +n, (3.31)

The second term in (3.31)) can cause error floor when the estimation error becomes

. . . P,
dominant as shown in the next section. Let y. = (4/PlIhz11)?, v, = (”‘{—F] Zivfl hte;)?,

then the new SNR at the receiver is reduced as follows,

v (/PR
No"‘Yi N, %, 2
: (||hp|| Zl hie )

When complex K; and complex Gaussian random variables are added, PDFs of their

r.= (3.32)

real and imaginary parts are needed to derive the PDF of the new SNR. However,
it requires a lengthy and mathematically intractable computation, thus, we resort to

simulations to observe the impact of CEE on performance.

3.4 Simulation Results

In this section, simulation and analytical results are illustrated with several cases. At
least 10° channel vectors are randomly generated for all simulation curves and Kj
coefficients m,, and m, are selected as 5 and 6, respectively. Since we focus on the
performance improvement with MRT, the receiver is assumed to have a single antenna

and the number of transmit antennas can be 4, 6 or 8.

SER plots of the considered system are illustrated in Figure QPSK modulation
is used with 4 transmit antennas and a receiver with a single antenna. Obviously,
QPSK has higher SER than binary phase shift keying (BPSK) as expected, for example,
SER values of QPSK and BPSK are 2.23 x 107! and 4.69 x 1072, respectively at SNR
5 dB when 4 transmit antennas are used. As the number of antennas increases, SER
decreases, e.g. 4.69x 1072 for N, =4,1.93x107 2 for N, =6 and 7.9x 1073 for N, = 8
at SNR=5 dB. As can be seen, as the number of antennas is increased both SER results
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Figure 3.4 Symbol error rate for different number of transmit antennas

approach to that of the additive Gaussian white noise (AWGN) channel therefore MRT
can be highly useful to increase reliability.

OP plots are compared in Figure [3.5/ where the SNR threshold is selected as 5 dB. As
can be seen, theoretical and simulation results matches perfectly. As the number of
antennas is increased, OP decreases and diversity increases, and at SNR 9 dB OP values
are 8.107 x 107!, 2.854 x 10! and 2.75 x 1072 for 4, 6 and 8 antennas, respectively.

The AVC curves are depicted in Figure [3.6/ where markers represent theoretical results
and solid lines represent simulations. It can be seen that as the number of antennas
increases, the AVC also increases. For example, values of AVC for 4, 6 and 8 antennas
are approximately 12 b/s/Hz, 17 b/s/Hz and 21 b/s/Hz, respectively at SNR=14 dB.
When the value of m, is decreased from 6 to 3, the capacity decreases from 12 b/s/Hz
to 7.5 b/s/Hz for the system with 4 antennas.

Asymptotic SER results from (3.25) and (3.27) are illustrated in Figure As
observed, asymptotic results approach actual SERs at high SNR values. Theoretical G,
findings are verified as theoretical results and the slope of asymptotic plots are equal.

Similarly, asymptotic OP results by using (3.10) and (3.14) illustrated in Figure [3.8
also shows the validity of the analytical derivations.
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SER curves in the presence of channel estimation errors are shown in Figure for
two different systems. The number of antennas, multipath fading and shadowing
parameters for the first system are selected as N, = 2, m,, = 1 and m, = 2, respectively
and for second system, they are selected as N, = 4, m,, = 5 and m, = 6, respectively.
As can be seen, the increase of variance of CEE degrades the error performance. For
the system with 4 antennas, while CEEs with variances 0.01, 0.05 and 0.1 do not have
almost any considerable impact on SER while increasing the variance to 0.2 causes
a significant error floor approximately at SER=2 x 107°. On the other hand, CEE
variance larger than 0.01 can easily impact SER of the system with 2 antennas. Our
results indicate that as the number of antennas increases, the variance value affecting
SER increases as well which indicates that MRT transmission with higher diversity can

make the receiver more robust that can be preferable by low complexity IoT devices.

3.5 Chapter Summary

In this chapter, approximate PDF and CDF of SNR for MRT over K channels, SER, OB
channel capacity are obtained analytically which are validated by simulation results.

Furthermore, by deriving asymptotic expressions, diversity and coding are provided.
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Performance results are observed to be robust even if imperfect channel estimation
is used. Numerical examples demonstrate that the desirable performance increase
achieved by low complexity MRT over K channels as the number of transmit antennas
increases while the receiver complexity is kept the same, makes it a desirable candidate
for vehicular, drone and cellular communication systems. Our theoretical findings can
be useful for getting further insight about multiple antenna transmissions exposed to

both shadowing and fading distortions.
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4

PERFORMANCE ANALYSIS OF DOWNLINK-NOMA OVER
GENERALIZED-K FADING CHANNELS

4.1 Introduction

Performance analysis of NOMA based systems has been increasing in the literature.
For example, the OP of downlink-NOMA with fixed power allocation over Nakagami-m
fading channels is studied in [[98]], and Choi et al. [|99]] deal with the OP of NOMA over
block fading channels. Similarly, Arzykulov et al. [[100] explore the OP of a downlink
DF cooperative underlay cognitive radio NOMA transmission over Rayleigh fading
channels. Ding et al. [[101]] evaluate the OP and ergodic sum-rate of downlink-NOMA
over Rayleigh fading. SER and BER for downlink-NOMA with two users over
Rayleigh fading channels are obtained in [[102] and [[103]], respectively. Furthermore,
Sashiganth et al. [[104]] analyze the BER of a full-duplex relaying with NOMA in both
downlink and uplink over Nakagami-m fading channels. Can et al. provide the union
bound on BER for a downlink-NOMA with DF relaying over Rayleigh fading channel
where media based modulation is used [[105]]. Yu et al. [[106]] investigate block error
rate over Rayleigh-fading channel to obtain optimum block length for short-packet
communication. Most of the previous NOMA studies considered Rayleigh or Nakagami
fading models with only two users for mathematical simplicity. Obviously, research on
emerging NOMA systems over more realistic channel models is essential to get better

insights about their practical performance.

The performance of NOMA over K; fading channels has not been studied in the
literature. In this chapter, the reliability of downlink-NOMA transmission in the
presence of arbitrary number of users over K; channels is investigated by studying

OB AVC and SER expressions. The contributions can be listed as follows:

* PDF of signal-to-interference-plus-noise ratio (SINR) coefficients are obtained.

* Qutage Probability is explored by deriving the CDF of SINR.
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* Average channel capacity is also provided by using the PDF of SINR.
* Symbol error rate is found by using the PDF of SINR.

* Diversity and coding gains are derived from both asymptotic OP and SER

expressions.

* OB AVC and SER are also obtained by using mixture-gamma function based SINR

PDF to provide alternative expressions.

* Novel diversity and coding gains are derived for OMA system over K; channel

and compared with NOMA performance.

* Theoretical findings are verified by numerical examples.

The rest of the chapter is organized as follows. In Section 2, the system model and
the PDF of SINR for downlink-NOMA over K, channel are provided. In Section 3, OB
AVC, and SER are derived. Simulation results are discussed in Section 4 and finally,

Section 5 concludes the chapter.

4.2 System Description

| U1
—P UserMssignal| | | Userissignal | = | User 1's signal

decoding decoding decoding

[
N User M's signal |__,,_, .| Useri's signal
a decoding decoding

:‘r’;‘:‘fi:r- <.,

XX R ever

N,

XX
XX

\X

User M's signal
decoding

X

/X

Base station

3.
»

Figure 4.1 Block Diagram of Downlink-NOMA System with M Users

The block diagram of the considered system model which consists of a single BS and
M users with the distances d; > dy,—1---d;--- > d, > d,, is shown in Figure[4.1] The
BS transmits the superposition of all user signals in the same resource blocks (time
slot and frequency band). Each user has to decode the stronger signals first in order

to get its signal after removing their interference via SIC. The total transmit power at
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the BS is assumed to be P;. The power allocated to the user i is shown by P; below

which is directly proportional to the square of its distance from BS,

(di)’
1:PT D s

(4.1)

where d; is the distance of i-th user from BS and D = [(d;)?>+(d,)*+---+(d,;)?] is the
summation of squares of all distances. The received signal for j-th user can be written

as,

Z\/_x +n, 4.2)

Jll

where transmitted signal for user i is shown by x;. n; denotes zero mean White
Gaussian noise sample at j-th user. h; denotes complex channel coefficient for the
j-th user and its magnitude a has K distribution (2.1I)). Instantaneous SINR at the
j-th user is given as below [[107, Eq. 3],

Pj(z_j)z p;

J a. g
j Ny(d;)?
No+ZPi(—d,) +ZP
i=1 j

where P; is the allocated power to targeted j-th user and Zl P, is the allocated total
power to users having less power than j-th user. For the sake of simplicity, variables
are changed as P; = k, Ny(d;)* = & and Z{;i P, =p whered; > d; ;--- > d, > d,,
thus SINR becomes,

K
yj=——. (4.4)
(a,)Z +p
J

Note that channel power (a;)* = A; has GG distribution in (2.11). Appendix|C|shows
the derivation of the PDF of SINR y; in (4.4) and it is found as,

2K5._, S5y M
T rp)z(x v5) X
= o = LS
fr) = Kms_mm(z K_YPH), 0<y<=s. (4.5)
0, otherwise.
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4.3 Performance Analysis

In this section, firstly, the OP is studied by finding the CDF from the derived PDF
in (4.5), and then its asymptotic behavior is explored. Secondly, AVC is found by
averaging the capacity over the SINR distribution. Finally, the SER of the system and
its asymptotic behavior are analyzed to obtain diversity and coding gains.

4.3.1 Outage Probability
In order to obtain this CDE the PDF in (4.5) can be integrated,

Y mg+mm
25
F.(y)= d; = ———=X
1) J =S
Y mg+mm—2 (4-6)
KO 0T z ot
> Kp_m |2 = |d..
o (K—TP)2\Kk—7p K—1Tp
Then, the change of variable x = Kf;p is applied with dx = #dw
mg+mp oy

K=rp

2
=
=

50 = tamrtmy |,

xm—sﬂgm_szs_mm (21/ xE)dx. 4.7)

This integration can be put into the following form after simple manipulations,

2
T(m, )T ()22
_or_ (4.8)

K—yp mg+m,,—2
f (2\/)(5) Kms_mm(zv xS)dx.
x=0

mg+m,,—2
The term (2\/ xE) Kms_mm(zv XZ |in Il can be written in terms of Meijer’s
G-function [92], Section 2.6], and then (4.8]

[1]

F.(y)=

) becomes,

or
= K=Yp
e L |
Y(Y) F(ms)l—‘(mm) _Ix:() 02 * mg—1, mp,—1 X’ (4 9)

Indefinite integral of Meijer’s G-function in [93]] and definite integral of Meijer’s
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G-function in (4.9) are of the same form. Hence, integral of Meijer’s G-function in

(4.9) is written below,

1

=7 5 ,
f Gg’g(xz )dx - Gf’;[z( ! ) ] (4.10)
x=0 ' mg—1, m,,—1 ' K—=TYp mg, My, 0
As a result, the CDF of SINR (i.e. OP) is found as,
(
0, y <0.
1,
= 2,1 = 19 K
F,(v) = oo C1s [E(K_;p) ], 0<y<?2. (4.11)
mg, My, 0
K
&1, o <.

The distribution functions in (4.5) and (4.11)) can be used to obtain performance
metrics in the sequel.

In order to derive outage diversity and outage coding gains, the instantaneous SINR
at the receiver can be written as y = 3, where Q, is given by E[y] = Q, = E, /N, and
E[B]=7=1. To find a and t in (2.17)), OP can be written as follows by using (4.8)),

SYth
K=YthP
)

F(rw) = J f(B)dB. (4.12)
=0

By noting that the only difference between OP in [[76, Eq. 17] and OP in (4.12)) is at
the upper limits of the integrals, one can get,

A
) = H T tmyzmm
ms+m;,;—2 (413)
(2 /3\1:) Ky, [24/BY], B>0

where ¥ = ™2 = mm,, due to T = 1. By using the PDF in (4.13), derivations of a
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and t are presented in Appendix D}
1 5
t=5(m+m,—2) (4.14)
2 2

(/TLTT,) et =2
a= .
r(m,)r(m,)

(4.15)

As shown in [76]], when the average SINR is large enough, the asymptotic OP can be
evaluated as,

OYin

F (‘)/ h) _ a ( K—PYth )H‘l N O(Q _(t+1))- (416)
R e 10 9 0

Thus, while average SINR approaches to infinity (2, — ©0), the term O(QO_““))

can be omitted, and F, (y,,) can be written as,

OYn

a o t+1
F N ——| 2 ~ (0.Q,) 7%, 4.17
G~ ()~ (4.17)
Tl
where O; = t + 1 is outage diversity and O, = ﬁ(%) is outage coding gain.
K=pY(h

When a and t are substituted into O; and O,, they can be shown as,

1 S5 1
Oj=—=|m+m,—= |+1=—-|{m,+m,— = |, (4.18)

1

0. = K—PYwm [ (v msmm)(m5+mm_%)7'f% ]_ T +mm—1)
‘ 5Yth %(ms + mm - %)F(ms)r(mm) .

(4.19)

It can be easily observed from (4.18) and (4.19) that while O; depends only on
multipath fading and shadowing parameters (m,,, m,), O, depends also on allocated

power and distances of users as well as m,, and m;.
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4.3.2 Average Channel Capacity
Substituting (4.5) into (2.15)) results in,

- 2w
C= X
I'(my)r(m,)In(2)
X ms+mm—2 .20
P K6= 0=y z 0=y (4.20)
In(1+7y) > Kp_m | 2 dy.
r=0 (k—yp)»*\xk—yp K—Yp
When variables are changed as x = K‘S_Eytj, dx = (Kg-’;i)z d,. The new parameters are

substituted in (4.20) and after some simple mathematical manipulations, it becomes,

2W N
'(m,)T(m,,)ln(2)2ms*+mn—2

f ln(X(P-l‘K) +H5.:)(2ﬁ)ms+mm—2Km . (Zﬁ)dx.
v—0 xp+0= s

C=

(4.21)

The term (2 ﬁ)m5+mm_2Kms_mm(2 Vv/x) in Il can be expressed in terms of Meijer’s
G-function [|92, Section 2.6], and thus AVC becomes,

w X
[(m)I(m,,)In(2)

« x(p+x)+0E5Y 20
In — Gyl x
0 xXp+06E5 ’

Applying integration by parts and changing variables as u = ln(w) and dv =

C=
(4.22)

)dx.
mg—1, m,—1

xp+6Z2

)dx with

_ 11 _ 21
du = (x+5_5 —x+5_5)dx, v =G}, [x

1,

] according to [93]], one can obtain the

mg, My, 0
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following equation,

oo

f ln(X(p+K) +’_'5:4)G§,(2)(X )dx:[uv];io—f vdu
x=0 XpP + 6':' ’ mg—1, mp,—1 x=0

+K)+65 b
= [ln(x(p 2 )Gf;[x
xp+0o= ’

I o2
mg, My, 0 x=0

[e3s} 1
- f oz«

x=0

’ 1 1
]( o5 B o5 )dx’
mom o J\x + 25 x4 25
S m» P
2,1
where [uv]? ) = ln(l + f—))Gl’S[oo

1, 1

| ]
mg, My, 0

converges to zero when variable x goes to infinity. Therefore, [uv]2 = In| 1+

K 2,1
;)GLS [oo
ms, My, 0

be helpful in simplification as follows,

o0 oo 1
vdu = Gz’l[x
J;:o szo x+ ﬂl b
oo
1 2 1[
— —G7, | x
J;:o X+ /52 b2

When p,o,a in [|65, Eq. 7.811/5] are selected as p =1, 0 =1 and a = 1, then the
integral in (4.24) becomes,
0,1 —10, 1

e 5= =
vdu = GS’Z[—“ ] — G”[—“ ] (4.25)
Jx=0 24 P +K 0, mg, my,, O 24 P 0, ms, my,, 0O

When the derived results for [uv]?2  and f :0 vdu are substituted in (4.22), AVC can
be written as,

] and the term Gf;[oo

mg, My, 0

1,
6=

_ &=
cigs B = 5 can

] = 0. Another change of variables as 3; =

1,

}dx
My, My, 0

1,

]dx.
My, My, 0

(4.24)

- w
C= X
I'(my)T(m,,)In(2)
) — 10, 4.26
3,2 5501 3,2 0= o1 ( )
G2,4 T _G2,4 P .
p 0, my, mpy, O p+K 0, mg, my, O
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4.3.3 Asymptotic AVC

When asymptotic AVC based on [[108, Eq. 1] is computed, it is derived as follows since
B; =0 in (4.24),

% sz
C= Gyl — : 2
F(ms)F(mm)ln(Z)( 2’4[ e o m. mm,oD (427)

4.3.4 Symbol Error Rate

When integration by parts is applied to (2.16) by changing variables as u =
erfc(4/By), dv = f.(y)dy, du= —‘/—e Ydy, v =F,(r), and then one can obtain,

N b
P, =[uv]’_, —f vdu
s

=0

(4.28)

i FY(Y)( — ‘/\E;_j)dy),

where [uv]f=0 = [erfc(\/B_}/)FY(y)]fzo = erfc(\/%). Due to F,(y) =1 for F,(y) >

g, the integral in (4.28) can be divided into two parts as follows,

—A([erfc(\/_ F,(N1 J

Y

JY (y)( Ce_y)
reo( =

JBe b oo JBe bt (4.29)
[l [ (-
=5 rn
. . Bx . . .
Substituting er f c(, / ?) and (4.29)) into (4.28)), average SER is obtained as,
_ < By I
P, :A[erfc( B—K)+f Fy(y)(‘/ge )dy—erfc( lﬁ)]
P JIT P
= (4.30)

:ALO g )(“;;_j)dy
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It can be further simplified as follows when (4.11)) is substituted into (4.30)),

_ AVBE
P = X
* T(m)r(m,)vm

1, (4.31)

Changing of variable U = By results in

P = AZ x
T T(mOT(my,) V7

oo (4.32)
: s¢ |
J ﬁ_fe_ﬁGf’;[E’(—) ]dﬁ,
¥9=0 , Bk _ﬁp ms, my, 0
which allows us to use Gauss-Hermite quadrature formula in [[109]],
f x_%e_xf(x)dx = Zka(ak)+EL, (4.33)
x=0 k=1

where q, is the k-th zero of the Laguerre polynomial Lf(x), H, represents the weight
coefficients and E, is the truncation error. When the normalization of Laguerre
polynomials is chosen as,

LF(x) = Z (M)(_x)v, (4.34)

y=0 7V V!

then the weight coefficients are given by,

H, = e j ﬂ,f D ; (4.35)
Va7 Lo (@) ]?
and the truncation error by,
=P D ), 436)
(20)!

1,
] in (4.32). Thus,
mg, m,,, 0

S m>

The term f(a;) in (4.33) corresponds to Gi’;[E(—BKE_‘Zk p)
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SER can be found as,

- A=
P, ~ X
¥ T(m)T(m,)vr
1

Qe i LU | +E |
k1,3 L
k:1 BK - akp ms’ mm’ 0

In [[109, Table II], values for a, and H, are given depending on t.

(4.37)

3]

4.3.5 Diversity and Coding Gains

In order to find diversity and coding gains from the SER expression, it can be written
as follows after (4.5)) is substituted into (2.16)) by taking Q, =1,

mg+mm ms+mm—2

_ b 2kEU™S 5 :
Pse:J Q( BY) " ( r ) X
y=0

I'(m)r(m,)(x —yp)*\x—yp

(4.38)
o
K, _m (2 Y \I/)d)/.
o K=Yp
By changing variable as f3 = Kf;p, and df} = (K_’Sy’(p)zd}f, SER is simplified as,
_ * K
P, = f o \[B5 500 )7 (p)a. (439)
f=0 +Bp

Considering high SINR in (4.39) and using [76, Eq. 4a], asymptotic SER can be

obtained as follows,

2ar(t+3) ([ « ~(t+1)
P, = 9 + o(Q "y, 4.40
E ﬁ(t+1)( 5+p 0) (%) (4.40)

—(t+1)

where the term O(QO becomes negligible when the average SINR approaches

to infinity (2, — ©0), and thus asymptotic SER, P, can be approximated as,

2al(t + %)( K )—(Hl)
N 0 .

Per— = B (4.41)
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The diversity gain is G; = t + 1 which is the same as O, in (4.18)) and the coding gain
1

5+p J(t+1)

t 3y \ +1
isG, = Br (2 al"(t+2)) . When a in (4.14)) and ¢ in (4.15) are used, G. is found as,

( Bk )[22(’“*”% Dr(i[m, +m, +2])
o 2(m +m,, 2)F(m )r'(m,,)

1

(ms+mm 2) j(m;-%—mm—f)
mym,, .

(4.42) shows that G, depends on multipath fading and shadowing parameters

(4.42)

(m,,, m,), allocated powers and distances of users.

4.3.6 Performance Analysis of Downlink-NOMA over K Fading Channels Using

Mixture-Gamma Function

Atapattu et al. [|[110] prove that most PDFs such as RL and NL, K, K; and so on can
be written in terms of mixture gamma (MG) function to facilitate easier numerical
computations. In order to obtain alternative forms for performance results, (4.5) can

be written in terms of MG function [[110, Eq. 8] as follows,

SRR

(4.43)
—Yires K
e w, 0<y< o

f(r)= {

kO, otherwise.
In order to obtain OB AVC, and SER by using MG, change of variables can be applied
by using x = = YP’ dx = (KE;p )?dy in (4.43) and then substituted into (2.12)), (2.15
and (2.16). For example, CDF of SINR can be written from (2.12)) as

0, y <O0.
N .
1) Sre; .
F,(y) = Zm(—) [F(ei)—F(ei, s )], 0<y<=. (4.44)
i=1 Pi K—=Yp
|1 5 <r
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Similarly, when (4.43) is substituted into (2.15), AVC becomes

N oo
_ w XK
C= , cle=eiXInl 1+ dx |. 45
ln(Z)an[Jx e n( 5+xp) x] (4.45)

i=1 =0

By changing variable t = ¢;x and using dt = p;dx, (4.45)) is transformed as follows,

oo

w 3 E e;—1 _—t tx
zn(z)znl( ) [Lot e ln(1+5(pi+tp)dt]. (4.46)

1=

Integral in (4.46)) is the same form of Gauss-Laguerre quadrature [[109]] where f (a;) =

. Hence, AVC can be obtained as,

ln(l + 5@ +xp

O

B ln(z)Z”( ) [;Hkln(H 5%+akp)+EL]. (4.47)

When (4.44)) is substituted into (4.30), SER becomes,

N :
B 1)\%
S
T ; Pi
® « 5,
(F(ei)f x_fe_Bxdx—f X" Ze _B"F( XOP )dx)].
x=0 x=0 K—Xp

(4.48)

With the change of variable t = Bx and using dt = Bdx, (4.48) can be written in the

following form

N .
= 20(5)
= M\ — ) X
VT ; Pi
o0 o o0 o t6(‘0i
T'(e;) tT2etdt — t72e 'T| €, —— |dr | |,
t=0 t=0 Bx—rp

(4.49)
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where :0 t~2e~tdt = J/m. Then it can be substituted into (4.49) to find SER as,

i=1 (‘0
. - 5 (4.50)
1 1)\ 1 t ;
—Zni(—) (f t_ie_tF(ei,—(pl )dt)).
() Pi t=0 Brx—tp
Integral in (4.50) is the same form in (4.33) where f(a;) = T| €;, Bf_‘iip , and then

Gauss-Hermite quadrature is substituted into (4.50]), thus SER can be obtained as,

(4.51)

The above results can be used as an alternative forms to get insight about the
considered system. It is evident from [[110] that although using MG function in PDF
results in more theoretically tractable performance expressions for OMA, it provides
lengthy expressions especially for AVC and SER in downlink-NOMA system.

4.3.7 Performance of OMA over Generalized-K Fading Channels

OB AVC, and BER for OMA systems over K channels are derived in [64} Egs 3, 7,
8], however, asymptotic OP and BER are not available in the literature. In order to
compare performances of NOMA and OMA at high SNRs, one can find the asymptotic
OP for OMA as,

F,(Ay) = L(ﬁ)m + o(ﬂ‘“*”) (4.52)
AT 1\ 0, 0 ’ '
o
where outage coding gain is O, = A—th(% [76] although O, is the same as that

one in (4.18). When t in (4.14) and a in (4.15) are substituted into O,, it becomes

1

1 1
0, = [ 12 (T, )" D) ]‘ﬁ
C -_ .

A’th %(ms +m, — %)F(ms)r(mm)

(4.53)
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Note that the only difference between (4.53) and (4.19) is the term “£I.

In order to find diversity and coding gains for OMA, asymptotic SER at high SNR can

be approximated as in [|76]],

3
N 2taI‘(t + E)

~— - 27 —(t+1) .

1
t 3y\ &
where the coding gain is written as G, = B Zg((t:z))) , and the diversity gain
(4.18)

becomes G; = t + 1 which is same as O, in . When t in (4.14) and a in (4.15)

are substituted into G, it can be obtained as,

A0 DT (G, + 4 31)
%(ms +m, — %)F(ms)r(mm)

iy 1
(m5+mm 2) %(mﬁmm*%)
mSmm >

where the only difference between (4.42) and (4.55) is the term 5—'—.

6. =]
(4.55)

4.4 Simulation Results

In this section, numerical results for OB SER, AVC are illustrated for several shadowing
and multipath parameters where the NOMA system consists of up to five users whose
distances from the BS are selected as 4, 16, 64, 256, and 1024. At least 10® BPSK
symbols and channel coefficients are randomly generated for each simulation curve
where m,, and m, parameters for K coefficients are selected as 5 and 6, respectively
unless otherwise stated. Although simulation and analytical results of all users are
obtained in each system, only the performance of the first user is plotted to present
clearly and the performance of other users are almost the same due to power allocation
based on distances. In the figures, dashed lines and markers represent simulation and

analytical results of users and the dotted lines represent asymptotic results.

In Figure [4.2] and Figure [4.3] analytical PDF and CDF expressions are compared with
simulations in order to check their validity. In Figure blue bars represent the
histogram values and the red line represents the theoretical PDF in (4.5). Likewise,
in Figure the red line with the left-pointing triangle represents the simulated CDE,

and the dashed red line with the pentagram represents the theoretical CDF result in
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Figure 4.2 Histogram and theoretical
PDF of SINR of downlink-NOMA over K

channel

Figure 4.3 CDF of SINR for
downlink-NOMA over K channel from

simulation and derivation

(4.11)). As can be observed from Figure[4.2|and Figure theoretical and simulation
results perfectly match.
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Figure 4.4 OPs of first users in all systems
Figure shows the OP performance of NOMA systems with the different number

of users where theoretical and asymptotic results are based on expressions (4.11))
and (4.17). The SINR threshold is selected as 0.2 dB. At each system, all users
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have the same OP thus only a single marker is used as simulation results overlap.
It demonstrates that downlink-NOMA have perfect fairness in the network. As the
number of users increases in the system, the OP of the same user also increases. It is
expected because as the number of users increases allocated power to the same user
decreases. Users in all systems reach to 10~° OP value at 33 dB, 45 dB, 57 dB, 69
dB, respectively. Furthermore, as expected, asymptotic results converge simulation
and analytical ones at high SINR values. The slopes of asymptotic lines validate

theoretically obtained O, values in (4.18) and Oy’s of all users are equal.

100 rip=——ip—=ip

m——— Sim. OP with m m=1, ms=2
P Theo. OP with m m=1, ms=2
Sim. OP with m m=2, ms=4
% Theo. OP withm m=2, ms=4
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m S
@ Theo. OP withm m=3, ms=6
Sim. OP withm =5 m =6
m S
¢ Theo. OP withm =5, m =6
m S

—
o

Outage Probability (P out)

m———— Sim. OP withm =5, m =8
m S

% Theo. OP withm m=5, mS:8

Il
0 5 10 15 20 25 30 35
SNR [dB]

Figure 4.5 OPs of first user in system with two users for different multipath and
shadowing parameters

In Figure OPs results are depicted for several m,, and m, values. Analytical and
simulation results match perfectly in each case. OP values form,, =1, m, =2; m,, = 2,
m, =4; m,, =3, m, = 6; m,, =5, m, = 6; and m,, = 5, m, = 8 cases are 39.19 x 1072,
22.6 x 1072, 14.2 x 1072, 8.81 x 1072, and 7.14 x 1072 at SINR 22 dB, respectively.
As can be seen from figure, when m,, or m, increases (i.e. Random distortion of the
channel decreases), OP decreases. On the other hand, it can be concluded that as

values m,, and m, increase, decrease in OP diminishes.

The AVC curves are depicted in Figure 4.6l where theoretical results are obtained from
the expression (4.26) with W = 1. AVC values of all systems with two, three, four,
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Figure 4.6 AVCs of first users in all systems

five users are equal and their simulation and theoretical results match perfectly. As
can be observed, when the number of users increases in a downlink-NOMA system,
the AVC of each user decreases as the allocated power is reduced. AVC values at SINR
18 dBare 3,35x107},2.1x1072,1.3x 1072, and 8 x 10 b/s/Hz for two, three, four
and five user systems, respectively. Although not shown, simulation and theoretical
results for other m,,, and m, values also match perfectly. Unlike OP results, it is found

that changing channel parameters do not create significant difference in AVC.

In Figure AVC results in NOMA system with three users are depicted. Asymptotic
result is plotted based on (4.27). According to [[108| Figure 1], the power offset
corresponding to an isotropic input is the distance between the origin and the point
where the value of asymptotic AVC is zero. Therefore, the power offset for the
considered NOMA system is 87 dB and the high-SNR slope is found as 0.83.

SER performance of NOMA systems with different number of users are illustrated in
Figure Theoretical and asymptotic results are plotted according to (4.37) and
(4.41), respectively. As can be seen, the theoretical and simulation results of each
user match perfectly. SER of all users are approximately same and SER increases

when the number of users are increased since allocated power becomes lower. Users
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in all systems reach SER=10"" at SINRs 41 dB, 53 dB, 65 dB and 77 dB, respectively.
Moreover, SER result for only a single user OMA system is also illustrated in order to
compare it with NOMA. Its distance from BS is selected as equal to that of the third
user (i.e. 64). Theoretical and asymptotic results are plotted according to [|64, Eq 8]
and (4.54), respectively. As can be seen, OMA SER performance is slightly better than
that of NOMA as expected. For example, an OMA user has SER=10"" at SNR 53 dB
while NOMA user needs SNR 55 dB. Furthermore, one can observe that asymptotic
results approach analytical SERs at high SINR values and the slopes of the curves

validate theoretical diversity gains in (4.18).

o

L
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Figure 4.9 SERs of first user in system with five users for different multipath and
shadowing parameters

In Figure simulations and analytical SER results are given for different m, and m,,
values. Analytical and simulation results match perfectly in each case. SER values for
m,=1,m,=2;m, =2 m, =4, m, =3, m;=6; m, =5, m;=6; and m,, =5,
m, = 8 cases are 1.8 x 107, 1.4x 1071, 1.3x1073,1.2x 107!, and 1.1 x 107! at SINR
60 dB, respectively. As can be observed from the figure, when m,, or m, increases, SER

decreases. Similar to OP results, as m,, or m, increases, decrease of SER is reduced.

Figure|4.10/shows the SER of the signals for three users computed at the first user (U1).

As aforementioned, any user receives signals of all users in a downlink-NOMA system,
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Figure 4.10 SERs of all users in the nearest user.

and at each user, signals of farther users are stronger. Theoretical and asymptotic
results are plotted based on (4.37) and (4.41), respectively. SER values of U1, U2, U3
users are 3.8 x 1071, 5.3x 1072 and 2.9 x 107, respectively at SINR=19 dB. Obviously,
near users get the signals of farther users with higher reliability although they do not
need it. However, this observation motivates the use of cooperative communication in
a NOMA system. In addition, it also shows the necessity of physical layer security in a

IoT system since an eavesdropper close to BS can easily capture all of the user signals.

4.5 Chapter Summary
In this chapter, PDF and CDF of SINR, OB AVC and SER of users for a downlink-NOMA

transmission over K; fading channels are analytically derived and validated by
simulations for several channel parameters with different number of users. The outage
diversity and coding gains are also obtained by deriving asymptotic expressions and
verified by the slopes of asymptotic OP and SER curves. Performance analysis is made
by using MG function over K; channel. However, by theoretical analysis made by
using MG function for downlink-NOMA, it is demonstrated that MG function does not
provide much more simplest. This study can be helpful in getting insights about the

performance of NOMA systems in vehicular communications, [oT, and sensor networks
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when the shadowing impact is not negligible. Furthermore, our findings demonstrate
that downlink-NOMA systems provide perfect fairness in the network regardless of the
number of users and the system can highly benefit from the use of cooperative/relay

transmissions significantly since users decode the signals of far users with lower errors.
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)

PERFORMANCE ANALYSIS OF NOMA UPLINK OVER
GENERALIZED-K FADING CHANNELS

5.1 Introduction

In the literature, the studies on the performance of uplink-NOMA systems have been
increasing since asynchronous transmissions from mobile stations with limited power
are becoming popular especially with the advance of IoT and sensor networks. For
example, Khan et al. [[111]] study optimization of power allocation of uplink-NOMA
over Nakagami-m fading channels and show that it can outperform the conventional
OMA in terms of sum-rate. Shen et al. []112]] consider beamforming design
for multi-cell MIMO uplink NOMA. Dai et al. []113]] design a low-complexity
multi-antenna system with a zero-forcing detector where users are divided into two
groups based on their power levels and then they derive an average sum rate in
Rayleigh fading channels. Sedaghat and Miiller [114] investigate optimum user
pairing in multiple uplink-NOMA scenarios. Seo et al. explore energy efficiency,
throughput, and access delay for uplink-NOMA over Rayleigh fading channels in
[115]. Xie et. al [[116] investigate a cooperative uplink-NOMA system with a novel
relay transmission scheme that receives the combined signal from two users, then
transmits to the BS with amplify-and-forward transfer protocol. They evaluate the
ergodic sum rate and OP of the considered system over Rayleigh fading channels.
Wang et al. [[117]] derive the OP expression using dynamically ordered SIC over
Rayleigh fading channels. Tegos et al. [118]] deal with the OP of uplink NOMA
for land mobile satellite communication with only two users. Tahir et. al [[119]
investigate the OP of an intelligent reflecting surface-assisted uplink-NOMA to boost
the signal of one of the users over Nakagami-m fading channels. Singh and Bansal
[120] derives an exact closed-form expression for the OP of a NOMA-based full-duplex
decode-and-forward relay system. Xu et. al [121]] analyze buffer-aided relay
hybrid uplink-NOMA/OMA cooperative system with two users by deriving closed-form
expressions of throughput, OB average packet delay, and diversity gain for Rayleigh
fading channels. Le et. al [[122] address uplink-NOMA system over composite
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fading channels by using mixture gamma distribution, and obtain expressions of
delay-limited throughput, OB and effective capacity with imperfect SIC stemming
the presence of residual hardware impairments and delay constraints. Sharma
et. al [123] derive secrecy OP of the uplink and downlink NOMA cooperative
system. Rabee and Gitlin [[124] present the BER simulation results for two users.
Theoretical BER expression for QPSK signaling at an uplink NOMA system is obtained
in [|125]] where two users employ a single-carrier frequency division multiplexing
scheme at the transmitter. Obviously getting insights for NOMA uplink systems
are useful before implementing them in practical scenarios. Bae et al [126]
analyze uplink-NOMA-based IoT system utilizing a space time line code and a BPSK
modulation and evaluate SER over complex Gaussian channels. As stated in the
current literature, the SWIPT in NOMA systems can offer performance improvement

in many aspects compared to OMA ones.

Although the impact of fading is mostly considered in NOMA studies, shadowing needs
to be taken into account for a more realistic wireless system. On the other hand, there
has been no research considering NOMA uplink transmission over K; channels. With
the motivation of exploring the performance of uplink NOMA schemes for an arbitrary
number of users over composite K; channels, OB AVC, and SER are provided in this

chapter. The contributions are listed as follows:

The PDF of SINR is obtained.

OP is derived by finding the CDF of SINR.

Analytical expression for average channel capacity is provided.

SER is found by using the PDF of SINR.

Theoretical findings are verified via numerical examples.

This chapter is organized as follows. In Section the system model and SINR for
uplink-NOMA over the K; channel are presented. In Section[5.3] performance metrics
OB AVC, SER are derived and then simulation results are discussed in Section [5.4]

Finally, conclusions are presented in Section|[5.5]

5.2 System Description

The block diagram of the considered system model is shown in Figure All M
users transmit their signals at equal power P in the same resource blocks to the BS
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Figure 5.1 System Model

which decodes the user symbols with the stronger magnitude first before dealing with
weaker signals. The received power of each user at the BS is inversely proportional to
the square of the distance as shown below,

p
p. =

i (d~)2’ (51)

where d; is the distance of i-th user to BS and d); < d),_; < ... < d; < ... < d;. The

1

received signal at the BS can be written as,

M
h;
y =Z:«/5Exi+n, (5.2)

where h; is the channel coefficient between i-th user and the BS, x; is signal
transmitted by i-th user, and n denotes white Gaussian noise with zero mean.
Therefore, instantaneous SINR of j-th user can be written as,

|h;|?
P&y Plg.|? g |2
@) g g
7= ) = ! (5.3)

NO+ZP(d)2 NO+PZ|gl|2 N°+Z|g|2

where g;, g; are channel gain coefficients of j-th and i-th users, respectively. N,
denotes the one sided power spectral density of White Gaussian noise. While |g j|2 is
channel power between j-th user and the BS, Z |g;|? is total interference impact of
users whose signals are weaker than j-th user. For the sake of simplicity, if variables

are changed such that * =, |g jI?=a and Z | |giI> = p are performed, I.l can
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be transformed into the following form,

(5.4)

In order to determine SER, AVC, OB the PDF of y in needs to be derived.
Therefore, PDFs of p, k + p and ﬁ have to be computed, respectively. In the
considered system, it is assumed that all channels between each user and the BS has
K distribution, thus |h;|* has GG distribution [|61, Eq. 2] and it is given as,

h 5 A 2(bi)ms+mm h 9 ms+r;m—2 b h 2 h 2>
f(lhy )_—F(m T (m )(| il%) Kipn—m,| 2b;v/ [h;|* ), |h]*=0 (5.5)

where m; > 0 and m,, > 0.5 are shadowing and multipath fading parameters,
mym,,
Qo,;

i-th user and the BS, K,,, _,,, (.) is the modified Bessel function with order m;—m,, and

respectively. b, = , Qg is the mean of |h;|? for channel coefficients between
I'(.) is Gamma function. There is any difference between f (|h;|?) and f(|g;|*) except
their means. Because, when channel coefficients are divided to any number, the mean
of their SNR is divided to the square of that number such that E[|h;|*] = Q,,; and
E[|h,*]= (K;:’j"z = U, Although all SNR coefficients (|h;|*) in are independent
and identically distributed (i.i.d.) random variables, channel gain coefficients (Igi|2)

in the same equation are i.n.i.d. ones. Because, their means are different in spite of

their shadowing and multipath fading parameters are the same.

When multiple random variables are summed, their PDFs are convolved. Multiple
vectors are convolved, their Laplace transforms are multiplied. Performing process
over Laplace transforms of random variables, which are called MGFs, is preferred
since the convolution process is more challenging. However, the MGF of a GG random
variable is equal to the Whittaker function, and multiplications of Whittaker functions
are not tractable. Therefore, approximated PDF is proposed [[47, Eq. 9] to compute
PDF of summation of multiple i.n.i.d GG random variables in (5.4),

2( bg )mm’§+m5’g
I'(mpy,)T(m )

fp(B) = prrnctm K, (2b /P, B>0, (5.6)

where b, = ,/ %, Uos = D1 o, is the mean of B. m, . = ma”;‘ and m, , m,, . are
fading parameters depending on m,, and m,. m,, . is computed by equating amount
of fadings [47, Eqs. 12, 14] (AF_, AF;;.:4) Of N i.i.d GG random variables and N
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i.n.i.d GG random variables,

j—1

(1+ ag)(nu’O,s)Z + .Uo,s\l (1+a.)?(ugs)?+4a, ZAFi(Mo,i)z
m = = : (5.7)

m,¢ j_l
2 ZAF i(Mo,i)z
i=1

where AF; is amount fading of each GG random variable and it is assumed that a. = 1.
SINR PDF of any user in (5.2) is derived at Appendix [F| and it is as follows,

1
T(m,)T(m,)T(m,, )T(m, )
o (—(bPK) ! oo (b))
2k 5

f(r)=

{1,1+k—m5,1+k—mm},{}) (5.8)

{mgc, mpy },1+k

5.3 Performance Analysis

In this section, all derivations are performed according to M users. Firstly, the OP is
obtained by finding the CDF from the derived PDF above. Secondly, AVC is obtained
by averaging the capacity for a fixed SINR over the SINR distribution. Finally, the SER

of the system is analyzed.

5.3.1 Outage Probability
In order to find OB CDF of SINR can be computed by integrating the PDF in (5.8)),

Y
1
luﬂ=J4M”¢:mmwmmnm@H%JX

; e3¢} _ ,14+k—mg,14+k—m,,}, (59)
! Z (—(b,)*x) " 1G§’§’( (b)) |frremetsiomab
. k! “\(b,)*T

Jo.
=0 k=0 {ms,g’ mm,g};1+k
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The summation and integral in (5.9) can be replaced as below,

F () = 1 g
V)= I'(m,)T'(m,,)T'(m,, g)r(ms,g)

2 {1, 14+k—my,1+k—m,},{} (5.10)
Z( (b )ZK)k k—1 2,3 (bg) " "
TG d. |
7=0 a {mg, mpy },1+k
When change of variable with x = 1 is applied, then x = v} = dde = Lo,
dx =—1%dr. Furthermore x =1"' = v =x"'. The integral in must be
firstly multiplied == - term to enable dx = —7t~2d T condition.
_ Y 2 [{1,14k—my,1+k—m,, },{}
_Tzf lezs( (b.) )d
— 3,3 T
—77% )iz (b, )27 My}, 14k 511
{1,1+k—my,1+k—m,, },{} ( : )

Y ( 5.2
— k+1~2,3
= Lﬂ G“(w)%

when integral in (5.11)) is rearranged according to above variables, integral in (5.10]
becomes as,

),

o My} 1+k

Y 23 (bg)Z {1,1+k—mg,1+k—m,, },{}
k—1 2,
J : G3’3((b 2T | )dT
7=0 mg o, My, },1+k

fo%) (b )2 {1,1+k—m,,1+k—m,, },{} (512)
= x k1G22 dx.
L 3,3 (b )2
=y

M., mm,g}s1+k

The definite integral in (5.12) and indefinite integral [[127]] are of the same form

. . b,
Parameters in these formulas are matched by selecting a = —k, w = Eb 12, =1,
a,=1+k—mg,a3=1+k—m,, by =m,, b, =m,, ., by =1+k. Accordingly, (5.12)
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can be simplified as follows,

F.(y)= 1 X
" T (m )T (m,)T(m,, )T(m, )

24 (bg)Z {1,1,1-m,,1—m,, },{} ” (bg)2 1
Gis 5 O — Gy 5=
“\(by) {ms.c, My h{1, 0} (b)Y

1

[(m,)T(m, )T (m,, JT(m,. )

((b P g 8 Y
Z [ kGij((bi)Z

{1,1,1-m,1-m,, }.{}

{ms,g’ mm,g}:{]-’ 0} )]

{1+k, 1, 1+k—m,, 1+k—mp},{}

|
Vlmg o, mp 114K, k)

With the help of Matlab, the result of the following subtraction is determined as zero,

(5.13)

(b )2 {1,1,1-m,,1—m,, },{} (b )2 1 {1,1,1-m,,1—m,, },{}
i e )iy )=0 1o
(b)* ., mu b1, 0} (0)* ¥ I, mp 111, 0}
Therefore, CDF of SINR in (5.9) is derived as follows,
—1
F,(y)= X
’ I'(m,)r'(m,,)T(m,, JT'(m; )
{14k, 1, 1+k—m,, 1+k—m,},{} (5.15)
Z( (b, )ZK)k kG24((b )2 + +k—m, 1+k—mp,} )
44 .
(ba)Z {ms,g, My 1,{1+k, k}

In Figure and Figure analytical PDF and CDF expressions are compared
with simulations in order to check their validity. In Figure blue bars represent
the histogram values and red lines represent approximate PDE As can be observed,
theoretical and simulation results perfectly match, thus the above distribution

functions can be used to obtain performance metrics.
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5.3.2 Average Channel Capacity
By substituting (5.8) into (2.15),

5 _ w (= (b )zx)k
© = Tm)E(m, T (m,, )T, )in(2) 2 Z

(=] ( )2 {11+k mg,1+k—m, },{} (5'16)
In(1+y)y<'G> (
[ L T T by

)dy .
{mg o, mpy, },1+k
Change of variables can be applied such that x = %, then dx = —y2dy and y = x~ 1.

Before all new values are substituted in integral (5.16), it is multiplied ::j as follows

to provide equality dx = —y2dy,

{1,1+k—m,,1+k—m,, },{}

Jar
mm’g},1+k

{1,1+k—m,,1+k—m,, },{} (517)
)(—Y_de)-

_Y_z oo - 23( (b )2
In(1+ G
m—— Lo TG ey

= ( )2
=— | In(1+y)Yc
Jy=o e 33((19 >y

M., mm,g}s1+k

After these processes, integral in (5.17) can be written as follows,

°° 1, (b )2
fx ln(l-i—;) “Gg;((b P

=0

{1,1+k—my,1+k—m,, },{}

)dx. (5.18)

{mg o, mp c},1+k
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When integration by parts is applied, u = ln(l + %), dv =

k1 2,3 (B)?
x7k 1G3,3((bi)2x

{1,1+k—my,1+k—m,, },{}

dx, and v =

)dx, du =

__1
(1+x)x2
{ms,g; mm,g};1+k

(5.2 {1, 1+k—my,1+k—m,, },{}
—k—1 2,3
fx GS,S((bZ)Zx

indefinite integral [127] are matched such that a = —k, w =

)dx. Parameters in this integral of v and
{my ¢, mp },1+k

(b.)?

6 @ = 1,
a=1+k—mga3=1+k—m,, by =m,, by =m,, ., by =1+ k. Based on this, v
{1+k,1,14+k—mg,14+k—m,, },{}

. . —k ~2,4[ (b)?
is derived as v = x kG4’4( X

4| oo ) The integral in (5.18) can be

{my e, my c}1{1+kk}

determined as,

{1,1+k—my,1+k—m,, },{}

°° 1 (b.)?
f In(1+ ;)x_k_lGi’g( : )dx
x {my ¢, mp },1+k

S 2"

o0
= [uv];io — f vdu
X
{1+k,1,1+k—mg, 1+k—m,, },{}

1 (b.)? =
= [ln(l + —)x—kci’;‘( X )]
X NP [y, mp 140K x=0

00 2 1{1+k,1,1+k—m,,14+k—mp, },{}
_J X—kG2,4((bg) ¥ )(_;)dx
4,4 ’
=0 (e Ly, my 114K (14 x)x
{1+k,1,1+k—m,,1+k—m,, } {}

(5.19)

2,4
G4,4(c>o

) is equal to a great number for k = 0 and it is
{mg o, My 3 A1+kK}
{1+k,1,1+k—m,,1+k—m,, },{}

equal to zero for k > 0. Therefore, ln(l)OkGi’j(oo

) - O
{ms,ga mm,g}’{1+k’k}
{1+k,1,1+k—mg,1+k—m,, },{}

and ln(oo)ookGijj(O

1 ). —k 24 (b)?
;)x G4,4((b;)2x

) = 0. On the other hand, [ln(l +
{my ¢, my, }{1+kk}
{1+k,1,14+k—m,,14+k—m,, },{}

oo
)=
{ms ¢, mp 1 {1+k,k} x=0

[ee) 1 (b )2 {1,1+k—my,1+k—m,, },{}
In(1+ —)x_k_ng’g( " x )dx
x=0 X ’ (ba)2 {mg ., my, },1+k
= 5,62 m,gJ>

oo (b )2 {1+k,1,14+k—mg,14+k—m,, },{}
= J x 21+ x)_lGi’:( 2 S X )dx,
x=0 (ba) {mg o, mp, }{1+k,k}

(5.20)
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integral in (2.16)) and the formula in [65, Eq. 7.811/5] are of the same form,

(o] a,...,a, ﬁp_g 1—p,ay,..., a,
_ _ m.n +1,n+1
J xP(x +pB) UGp,:z (ax b )dx = mG;”H’qil (aﬁ ), (5.21)
b'e

=0 0—p,b1,....bq

......

2
where p =—k—1,=1,0=1,and a = (bggz. Thus the integral in (5.16

. can be
obtained as follows,
%) (b )2 {1+k,1,1+k—m,,1+k—m,, },{}
J x_k_2(1+x)_1G2:2( 2 S X )dx
x=0 (ba) {mg o, my 3 {1+k,k}
b 2 ({2+k,1+k,1,1+k—mg,1+k—m,, },{} (522)
_gas( 8D
— s\ (B2 ’
a {2+k,m, ., my, },{1+k,k}
Eventually, the AVC is obtained as below by substituting (5.22)) into (5.16)),
_ w
C= X
I'(m,)I'(m,, )T (m,y, )T (my )In(2)
{24k, 14k, 1, 1+k—m,, 1+k—m,},{} (5.23)

2 (b)) s (b
2 [G;g((ba)z

{2+k: Mg, mm,g}>{1+k;k} ):|

5.3.3 Symbol Error Rate

When integration by parts is applied in Il u=erfc(4/By), dv = f,(y)d,, du=
-/ %e_BYdY and v = F,(y),

J erfC(\/B_Y)fy(Y)dY=[uV];’io—J vdu

=0 y=0

_ [erfC(\/B_Y)Fy(Y)]:O— L ” e \l%e_”)dw (5.24)

=0
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First part of is obtained as,
[erfc(\/B_y)FY(y)] =erfc(«/Boo)FY(oo)—erfc(\/B_O)FY(O) (5.25)
r=0
erfc(o0) = 0, erfc(0) = 1, F(o0) = 1 and F,(0) = 0. Therefore,

[erfc(\/B_Y)Fy(Y)]oo =0,

r=0

o ) VB
_ fy vdu = L Nt B = ST, T m, )V

o0 b 2.k (b,)? 1 |1+ 1 Tk 1koma. 0 (5.26)
Z —( ) K) J Yk—-e—Bsz 4( iy
=1 y=0 4 (b )2

Mg e, My 114K, k)

Meijer’s G-function (5.26) can be converted into form [[128] as follows,

(b )2 1 {1+k, 1, 1+k—m,, 1+k—mp,},{} b )2 {1-m; ., 1-mp, },{~k, 1-k}
Gf,;;( 2 ) _ G:’g(% ) (5.27)
NCA {m o, My 1 {1+k, k} ’ (bg) {=k, 0, m—k, my,—k},{}
(5.26) can be written as follows,
_ —AVB b )?*k)k
B = Z (—( ) "
I'(m )T (m,, )T (m,, JT(m, )v/'7 £
o) b 2 {1-m, 1— mm,g}{ —k, 1—k} (528)
r=0 (b ) {—k, 0, my—k, m,,—k},{}
integral in (5.28)) and [|65, Eq. 7.813/1] are of the same form,
oo ay,...,dp ) a £,a1,--,0p
—p ,—PBx ~m,n _ —1  ~m,n+ -
f x Pe Gp’q (ax )dx = pr Gp+1,q (ﬁ ), (5.29)
x=0 by,bg by,by
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Figure 5.4 Outage Probabilities of all users for Uplink-NOMA over K channels.

2
where p = %— k,3 =B and a= ((2“;. Therefore,
S

{1—my ¢, 1-my, },{—k, 1-k}

Jar-
{=k, 0, my—k, m,,—k},{}

{3k, 1-m,, 1-my, },{—k, 1—k}

R b)Y
k ie B)/G4,2(( a
Loy “ (0,

1 b,)?
B—k—§G4,3( ( a
>*\(b.)*B

(5.30)

{—k, 0, my—k, m,—k},{} )

When the expression (5.30) is substituted in (5.26)), SER is found as follows,

P, = —A X
* T(m)T(m,)T(m, JT(m, )7

< (—(b,)*kB)* _,a( (b,)?
; k! G5’4((bg)2B

{1k, 1=m, ., 1=my }{—k, 1=k} (5.31)

{=k, 0, my—k, my—k},{}

5.4 Simulation Results

In this section, simulation and analytical results are plotted and discussed for several
cases. At least 10° symbols are randomly generated for all simulation curves and
K, coefficients m,, and m, are selected as 5 and 6, respectively. In this scenario,

BS and users have a single antenna. Users are referred to as nearest user (U,), a
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median user (U,,), and the farthest user (Uf) whose distances from BS are 1, 5, and
32, respectively. All simulations are carried out for BPSK modulation. Theoretical
curves in the figures are obtained by considering the first 30 terms of the summations

in the relevant equations.

OP results are illustrated in Figure where theoretical results are plotted by using
the expression (5.15). The SNR threshold is selected as 4 x 10~ dB. As can be seen,
theoretical and simulation results match perfectly. OP of U, is lower than that of other
users because its received power at BS is strongest. U,, U, and U; reach 1073 OP value
at -23 dB, -9 dB, and 7 dB, respectively. On the other hand, theoretical and simulation
results of U,, are also plotted by selecting multipath fading and shadowing parameters
as 2 and 3, respectively. As expected, OP increases since channel distortions increase.
It reach 10~ OP value at -1 dB.
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Figure 5.5 Average Channel Capacities of each user in Uplink-NOMA over K
channels.

The AVC curves are presented in Figure where theoretical results from the
expression and simulation results match perfectly where the bandwidth is taken
as 1 KHz. This figure shows that as the distance of the user from BS increases, the AVC
also increases. For example, AVCs for U,,, U,, and U; are approximately 11.2 b/s/Hz,
48.5x 1072 b/s/Hz and 11.2 x 1072 b/s/Hz, respectively at SNR=9 dB. Furthermore,
when multipath and shadowing parameters increase, AVC also increases since the

channel degradation is less.

Figure depicts the SER performance where the theoretical results are plotted by
using the expression (5.31]). One can see that there is a little bit discrepancy between

simulation and theoretical results. It stems from the truncation used in the summation
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Figure 5.6 SER of all users for Uplink-NOMA over K; channels.

of the expression (5.31). As more terms are added, simulation results approach to
theoretical ones. U,, U, and U; reach 107! SER value at approximately 3 dB, 15 dB,
and 30 dB, respectively. SER values of U, are lower than the others since it is the
nearest to the BS and its received power is the strongest. SER results of U, for m,, = 2

and m, = 3 are also shown where the SER reach 10! value to 5 dB.

5.5 Chapter Summary

In this chapter, the uplink NOMA system consisting of a BS communicating with
multiple users all equipped with a single antenna is analyzed when the realistic K
channel model is considered to represent both shadowing and fading in practical
wireless mediums. Theoretical analyses include detailed derivations of PDF and CDF
of SINR, SER, OB and AVC. With the help of extensive simulations, numerical examples
validate the correctness of the mathematical findings for several channel parameters
and also provide insights into the performance. As expected, being closer to the BS and
decreasing shadowing impact result in better reliability and higher transmission rate.
In order to benefit from the higher capacity of NOMA in practice, more sophisticated
transmission approaches such as NOMA with physical layer security and energy
harvesting, multiple antennas, and cooperative transmission with relaying can be
incorporated. To this end, the comprehensive analysis presented in this chapter can
be quite helpful and fundamental in deriving their analytical performance expressions

over practical channel models.
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6

RESULTS AND DISCUSSION

In this dissertation, performance analysis in vehicular K; fading channels is carried
out by applying the MRT technique which transfers the computational burden to
the transmitter and hence, alleviates the complexity of the receiver. On the other
hand, increasing network communication mandates the development of techniques
decreasing latency and providing gain from the frequency spectrum. It is critical
for vehicular communication because the data transmission rate must be higher
due to high speed. Therefore, downlink and uplink-NOMA techniques for vehicular

communication are investigated.

6.1 Conclusions

MRT transferring the burden of the receiver to the transmitter is a beamforming
technique. Although one or multiple antennas can be used in the receiver, multiple
antennas have to been used in the transmitter in that technique. In this dissertation,
MRT is firstly applied by using different modulation types and a different number
of antennas in vehicular K; fading channels, and performance metrics such as OB
AVC, and SER are derived. Furthermore, diversity and coding gains are obtained
via asymptotic SNR PDF in high SNR values. All derivations are validated with
simulations. Apart from these, in presence of channel estimation errors, it is detected
with simulations that in which variance values, set floor emerges. On the set floor,
increasing the SNR does not increase performance. Derivations of channel estimation
errors can not be made due to channel and channel estimation errors have K,
and Gauss distributions, respectively. Because the closed-form of PDF emerging

relationship with those distributions is not tractable.

Increasing data traffic requires gaining spectral efficiency and low latency. One of the
most attractive techniques is NOMA envisioned used in 5G. In this technique, multiple
users can communicate in the same resource blocks (in the same frequency band and

time slot). Downlink and uplink NOMA are addressed in different chapters due to
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different frequencies are used. Closed forms of OB AVC, and SER are derived for those

techniques and they are validated with simulations. On the other hand, asymptotic

expressions of OP and SER are obtained in high SNR values. However, it is observed

that asymptotic simulations and derivations for uplink-NOMA are not consistent due

to its SNR PDF is much more complex.

6.2

1.

Future Works

MRT work performed in this dissertation is extended to investigating MRT and
spatial modulation over K fading channels in the future. Spatial modulation
increases the data transmission rate by not transmitting all data and it provides
that channel is early to be free. But, the SER derivation of not transmitted
bit especially in the K, fading channel is fairly challenging compared to other
techniques.

In downlink-NOMA, each user has to decode other users’ stronger signals
in order to achieve its signal. Therefore, it is a candidate for cooperative
communication. In such a case, each user does not receive other user signals
and decode stronger signals. Therefore, in the next work, we investigate the
downlink-NOMA system by applying cooperative communication over the K

fading channel.

Security vulnerabilities raise because each user receives signals of all other users
in spite of NOMA provides gain from frequency spectrum and latency. We will
consider outage secrecy in downlink-NOMA over the K fading channel to enable

insights into this issue.

Recently, the other popular researching topic is free-space optics (FSO)
communication in where the requirements of bandwidth are virtually unlimited
and frequency bands are a license-free spectrum. It is attractive due to it yields
the high transmission rate, low power consumption, and low interference. In
this communication, distributions such as Negative Exponential/Gamma model
(it is commonly known as K distribution.), I-K distribution, log-normal Rician
channel (it is referred to as Beckman), Gamma-Gamma are used. Therefore, in
the next works, we will investigate the performance of that communication by

applying the MRT technique and gamma-gamma distribution.

70



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

R. Hult, G. R. Campos, E. Steinmetz, L. Hammarstrand, P Falcone, H.
Wymeersch, “Coordination of cooperative autonomous vehicles: Toward safer
and more efficient road transportation,” IEEE Signal Processing Magazine,
vol. 33, no. 6, pp. 74-84, 2016. po1: 10.1109/MSP.2016.2602005.

E Qu, E-Y. Wang, L. Yang, “Intelligent transportation spaces: Vehicles, traffic,
communications, and beyond,” IEEE Communications Magagzine, vol. 48,
no. 11, pp. 136-142, 2010. por: 10.1109/MCOM.2010.5621980.

L. Azpilicueta, C. Vargas-Rosales, E Falcone, “Intelligent vehicle
communication: Deterministic propagation prediction in transportation
systems,” IEEE Vehicular Technology Magazine, vol. 11, no. 3, pp. 29-37, 2016.
DOI:110.1109/MVT.2016.2549995.

M. Khodaei, P Papadimitratos, “The key to intelligent transportation: Identity
and credential management in vehicular communication systems,” IEEE Ve-
hicular Technology Magazine, vol. 10, no. 4, pp. 63-69, 2015. po1: 10.1109/
MVT.2015.2479367.

A. Cidronali, S. Maddio, M. Passafiume, G. Manes, “Car talk: Technologies
for vehicle-to-roadside communications,” IEEE Microwave Magagine, vol. 17,
no. 11, pp. 40-60, 2016. por1: [10.1109/MMM. 2016.2600949.

M. Silva, E Moita, U. Nunes, L. Garrote, H. Faria, J. Ruivo, “Isrobotcar: The
autonomous electric vehicle project,” in 2012 IEEE /RSJ International Confer-
ence on Intelligent Robots and Systems, 2012, pp. 4233-4234. po1: 10.1109/
TROS.2012.6386292.

D. Jia, K. Lu, J. Wang, X. Zhang, X. Shen, “A survey on platoon-based vehicular
cyber-physical systems,” IEEE Communications Surveys Tutorials, vol. 18, no. 1,
pp. 263-284, 2016. po1:|10.1109/COMST.2015.2410831.

X. Ge, Z. 1i, S. Li, “5g software defined vehicular networks,” IEEE Communica-
tions Magazine, vol. 55, no. 7, pp. 87-93, 2017. por: 10.1109/MCOM. 2017 .
1601144,

A. E Molisch, E Tufvesson, J. Karedal, C. E Mecklenbrauker, “A survey
on vehicle-to-vehicle propagation channels,” IEEE Wireless Communications,
vol. 16, no. 6, pp. 12-22, 2009. po1: 10.1109/MWC.2009.5361174.

A. AKKi, E Haber, “A statistical model of mobile-to-mobile land communication
channel,” IEEE Transactions on Vehicular Technology, vol. 35, no. 1, pp. 2-7,
1986. por1: 10.1109/T-VT.1986.24062.

Y. Yang, “Inter-vehicle cooperative channel estimation for ieee802.11p
systems,” in 2016 IEEE 83rd Vehicular Technology Conference (VTC Spring),
2016, pp. 1-5. po1: 10.1109/VTCSpring.2016.7504299.

71


https://doi.org/10.1109/MSP.2016.2602005
https://doi.org/10.1109/MCOM.2010.5621980
https://doi.org/10.1109/MVT.2016.2549995
https://doi.org/10.1109/MVT.2015.2479367
https://doi.org/10.1109/MVT.2015.2479367
https://doi.org/10.1109/MMM.2016.2600949
https://doi.org/10.1109/IROS.2012.6386292
https://doi.org/10.1109/IROS.2012.6386292
https://doi.org/10.1109/COMST.2015.2410831
https://doi.org/10.1109/MCOM.2017.1601144
https://doi.org/10.1109/MCOM.2017.1601144
https://doi.org/10.1109/MWC.2009.5361174
https://doi.org/10.1109/T-VT.1986.24062
https://doi.org/10.1109/VTCSpring.2016.7504299

[15]

[17]

[20]

G. Matz, “On non-wssus wireless fading channels,” IEEE Transactions on Wire-
less Communications, vol. 4, no. 5, pp. 2465-2478, 2005. po1: 10.1109/TWC.
2005.853905.

L. Bernado, T. Zemen, A. Paier, J. Karedal, B. H. Fleury, “Parametrization of
the local scattering function estimator for vehicular-to-vehicular channels,”
in 2009 IEEE 70th Vehicular Technology Conference Fall, 2009, pp. 1-5. DOI:
10.1109/VETECF.2009.5378762.

X. Cheng, C.-X. Wang, B. Ai, H. Aggoune, “Envelope level crossing rate
and average fade duration of nonisotropic vehicle-to-vehicle ricean fading
channels,” IEEE Transactions on Intelligent Transportation Systems, vol. 15,
no. 1, pp. 62-72, 2014. po1: 10.1109/TITS.2013.2274618.

J. Karedal, E Tufvesson, N. Czink, A. Paier, C. Dumard, T. Zemen, C. E
Mecklenbrauker, A. E Molisch, “A geometry-based stochastic MIMO model
for vehicle-to-vehicle communications,” IEEE Transactions on Wireless Com-
munications, vol. 8, no. 7, pp. 3646-3657, 2009. po1: 10.1109/TWC.2009.
080753.

S. Herbert, I. Wassell, T.-H. Loh, J. Rigelsford, “Characterizing the spectral
properties and time variation of the in-vehicle wireless communication
channel,” IEEE Transactions on Communications, vol. 62, no. 7, pp. 2390-2399,
2014. po1: 10.1109/TCOMM. 2014 .2328635.

L. Cheng, B. E. Henty, D. D. Stancil, E Bai, P Mudalige, “Mobile
vehicle-to-vehicle narrow-band channel measurement and characterization of
the 5.9 ghz dedicated short range communication (dsrc) frequency band,”

IEEE Journal on Selected Areas in Communications, vol. 25, no. 8, pp. 1501-
1516, 2007. po1:|10.1109/JSAC.2007.071002.

L. Cheng, B. Henty, R. Cooper, D. D. Stancil, E Bai, “Multi-path propagation
measurements for vehicular networks at 5.9 ghz,” in 2008 IEEE Wireless
Communications and Networking Conference, 2008, pp. 1239-1244. poi: 10.
1109/WCNC. 2008.223.

G. Acosta, K. Tokuda, M. Ingram, “Measured joint doppler-delay power
profiles for vehicle-to-vehicle communications at 2.4 ghz,” in IEEE Global
Telecommunications Conference, 2004. GLOBECOM ’04., vol. 6, 2004, 3813-
3817 Vol.6. po1:110.1109/GLOCOM. 2004 . 1379082.

Y. Li, R. He, S. Lin, K. Guan, D. He, Q. Wang, Z. Zhong, “Cluster-based
nonstationary channel modeling for vehicle-to-vehicle communications,” IEEE
Antennas and Wireless Propagation Letters, vol. 16, pp. 1419-1422, 2017. DOI:
10.1109/LAWP.2016.2631633.

X. Zhao, Q. Han, S. Geng, J. Li, “V2v doppler spectra for geometry-based
scattering models with moving scatterers,” in 2015 IEEE 16th International
Conference on Communication Technology (ICCT), 2015, pp. 752-756. DOI:
10.1109/ICCT.2015.7399941.

J. Maurer, T. Fugen, T. Schafer, W. Wiesbeck, “A new inter-vehicle
communications (ivc) channel model,” in IEEE 60th Vehicular Technology Con-
ference, 2004. VTC2004-Fall. 2004, vol. 1, 2004, 9-13 Vol. 1. por: 10.1109/
VETECF . 2004 .1399905.

72


https://doi.org/10.1109/TWC.2005.853905
https://doi.org/10.1109/TWC.2005.853905
https://doi.org/10.1109/VETECF.2009.5378762
https://doi.org/10.1109/TITS.2013.2274618
https://doi.org/10.1109/TWC.2009.080753
https://doi.org/10.1109/TWC.2009.080753
https://doi.org/10.1109/TCOMM.2014.2328635
https://doi.org/10.1109/JSAC.2007.071002
https://doi.org/10.1109/WCNC.2008.223
https://doi.org/10.1109/WCNC.2008.223
https://doi.org/10.1109/GLOCOM.2004.1379082
https://doi.org/10.1109/LAWP.2016.2631633
https://doi.org/10.1109/ICCT.2015.7399941
https://doi.org/10.1109/VETECF.2004.1399905
https://doi.org/10.1109/VETECF.2004.1399905

[34]

J. Nuckelt, M. Schack, T. Kiirner, “Geometry-based path interpolation for rapid
ray-optical modeling of vehicular channels,” in 2015 9th European Conference
on Antennas and Propagation (EuCAP), 2015, pp. 1-5.

A. Borhani, “Modelling and analysis of non-stationary mobile fading channels
using brownian random trajectory models,” 2014.

Y. Yuan, C. Wang, X. Cheng, B. Ai, D. I. Laurenson, “Novel 3d geometry-based
stochastic models for non-isotropic MIMO vehicle-to-vehicle channels,” IEEE
Transactions on Wireless Communications, vol. 13, no. 1, pp. 298-309, Jan.
2014.

S. Beygi, E. G. Strom, U. Mitra, “Geometry-based stochastic modeling and
estimation of vehicle to vehicle channels,” in 2014 IEEE International Confer-
ence on Acoustics, Speech and Signal Processing (ICASSP), May 2014, pp. 4289—
4293.

X. Liang, X. Zhao, S. Li, Q. Wang, W. Lu, “A 3d geometry-based scattering
model for vehicle-to-vehicle wideband MIMO relay-based cooperative
channels,” China Communications, vol. 13, no. 10, pp. 1-10, 2016. poI: 10.
1109/CC.2016.7732007.

H. Ilhan, “The performance of MIMO system using MRT scheme in vehicular
systems,” International Journal of Communication Systems, vol. 30, no. 9,
e3188, Sep. 2016. poi: [10.1002/dac . 3188. [Online]. Available: https:
//doi.org/10.1002%2Fdac.3188.

T. Abbas, J. Karedal, E Tufvesson, “Measurement-based analysis: The effect of
complementary antennas and diversity on vehicle-to-vehicle communication,”
IEEE Antennas and Wireless Propagation Letters, vol. 12, pp. 309-312, 2013.
poI:10.1109/LAWP.2013.2250243.

G. Noh, J. Kim, S. Choi, N. Lee, H. Chung, I. Kim, “Feasibility validation of a
5g-enabled mmwave vehicular communication system on a highway,” IEEE
Access, vol. 9, pp. 36535-36 546, 2021. po1: 10 . 1109 / ACCESS . 2021 .
3062907.

M. Schack, D. Kornek, E. Slottke, T. Kiirner, “Analysis of channel parameters
for different antenna configurations in vehicular environments,” in 2010 IEEE
72nd Vehicular Technology Conference - Fall, 2010, pp. 1-5. por: 10. 1109/
VETECFEF.2010.5594350.

J. M. Eckhardt, V. Petrov, D. Moltchanov, Y. Koucheryavy, T. Kiirner,
“Channel measurements and modeling for low terahertz band vehicular

communications,” IEEE Journal on Selected Areas in Communications, pp. 1-1,
2021. po1:(10.1109/JSAC.2021.3071843.

P Qi, Y. Zhang, Z. Yuan, L. Yu, P Tang, J. Zhang, “Channel modeling based
on 3d scenario information for v2i communications,” in 2021 15th European
Conference on Antennas and Propagation (EuCAP), 2021, pp. 1-5. pot: 10.
23919/EuCAP51087.2021.9410931.

S.Ilarri, T. Delot, R. Trillo-Lado, “A data management perspective on vehicular
networks,” IEEE Communications Surveys Tutorials, vol. 17, no. 4, pp. 2420—
2460, 2015. po1:|10.1109/COMST.2015.2472395.

73


https://doi.org/10.1109/CC.2016.7732007
https://doi.org/10.1109/CC.2016.7732007
https://doi.org/10.1002/dac.3188
https://doi.org/10.1002%2Fdac.3188
https://doi.org/10.1002%2Fdac.3188
https://doi.org/10.1109/LAWP.2013.2250243
https://doi.org/10.1109/ACCESS.2021.3062907
https://doi.org/10.1109/ACCESS.2021.3062907
https://doi.org/10.1109/VETECF.2010.5594350
https://doi.org/10.1109/VETECF.2010.5594350
https://doi.org/10.1109/JSAC.2021.3071843
https://doi.org/10.23919/EuCAP51087.2021.9410931
https://doi.org/10.23919/EuCAP51087.2021.9410931
https://doi.org/10.1109/COMST.2015.2472395

[43]

P Alexander, D. Haley, A. Grant, “Cooperative intelligent transport systems:
5.9-ghz field trials,” Proceedings of the IEEE, vol. 99, no. 7, pp. 1213-1235,
2011. po1:10.1109/JPROC.2011.2105230.

G. L. Stiiber, G. L. Steuber, Principles of mobile communication. Springer, 1996,
vol. 2.

P M. Shankar, Fading and Shadowing in Wireless Systems, 2nd. Springer
Publishing Company, Incorporated, 2017, 1SBN: 3319531972.

J. J. Egli, “Radio propagation above 40 mc over irregular terrain,” Proceedings
of the IRE, vol. 45, no. 10, pp. 1383-1391, Oct. 1957, 1SSN: 0096-8390. DOTI:
10.1109/JRPROC. 1957 .278224.

M. .-. Alouini, A. J. Goldsmith, “A unified approach for calculating error rates
of linearly modulated signals over generalized fading channels,” IEEE Trans-
actions on Communications, vol. 47, no. 9, pp. 1324-1334, Sep. 1999, 1SSN:
0090-6778. DOI: 10.1109/26.789668.

E. Al-Hussaini, A. Al-Bassiouni, “Performance of mrc diversity systems for the
detection of signals with nakagami fading,” IEEE Transactions on Communi-
cations, vol. 33, no. 12, pp. 1315-1319, Dec. 1985, 1ssN: 0090-6778. DOTI:
10.1109/TCOM. 1985.1096243.

K. P Peppas, “Performance evaluation of triple-branch gsc diversity receivers
over generalized-k fading channels,” IEEE Communications Letters, vol. 13,
no. 11, pp. 829-831, Nov. 2009, 1ssN: 1089-7798. por: 10.1109/LCOMM .
2009.091197.

Y. Karasawa, K. Kimura, K. Minamisono, “Analysis of availability improvement
in lmss by means of satellite diversity based on three-state propagation
channel model,” IEEE Transactions on Vehicular Technology, vol. 46, no. 4,
pp. 1047-1056, Nov. 1997, 1SSN: 0018-9545. po1: 10.1109/25.653078.

Weijun Cheng, “Performance analysis and comparison of dual-hop
amplify-and-forward relaying over mixture gamma and generalized-k fading
channels,” in 2013 International Conference on Wireless Communications and
Signal Processing, Oct. 2013, pp. 1-6.

N. I. Miridakis, “On the ergodic capacity of underlay cognitive dual-hop
af relayed systems under non-identical generalized-kfading channels,” IEEE
Communications Letters, vol. 19, no. 11, pp. 1965-1968, Nov. 2015, ISSN:
1089-7798. po1:110.1109/LCOMM. 2015.2475739.

A. Abdi, M. Kaveh, “On the utility of gamma pdf in modeling shadow fading
(slow fading),” in 1999 IEEE 49th Vehicular Technology Conference (Cat.
No0.99CH36363), vol. 3, May 1999, 2308-2312 vol.3. po1:|10.1109/VETEC.
1999.778479.

P S. Bithas, P T. Mathiopoulos, S. A. Kotsopoulos, “Diversity reception over
generalized-k (kg) fading channels,” IEEE Transactions on Wireless Commu-
nications, vol. 6, no. 12, pp. 4238-4243, Dec. 2007, 1SSN: 1536-1276. DOI:
10.1109/TWC.2007 .4400789.

74


https://doi.org/10.1109/JPROC.2011.2105230
https://doi.org/10.1109/JRPROC.1957.278224
https://doi.org/10.1109/26.789668
https://doi.org/10.1109/TCOM.1985.1096243
https://doi.org/10.1109/LCOMM.2009.091197
https://doi.org/10.1109/LCOMM.2009.091197
https://doi.org/10.1109/25.653078
https://doi.org/10.1109/LCOMM.2015.2475739
https://doi.org/10.1109/VETEC.1999.778479
https://doi.org/10.1109/VETEC.1999.778479
https://doi.org/10.1109/TWC.2007.4400789

S. Al-Ahmadi, H. Yanikomeroglu, “On the approximation of the pdf of the
sum of independent generalized-k rvs by another generalized-k pdf with
applications to distributed antenna systems,” in 2010 IEEE Wireless Communi-
cation and Networking Conference, Apr. 2010, pp. 1-6. po1: 10.1109/WCNC.
2010.5506178.

G. Cooper, R. Nettleton, “A spread-spectrum technique for high-capacity
mobile communications,” IEEE Transactions on Vehicular Technology, vol. 27,
no. 4, pp. 264-275, 1978. po1:10.1109/T-VT. 1978.23758.

Y. Tokgoz, B. Rao, “Performance analysis of maximum ratio transmission based
multi-cellular MIMO systems,” IEEE Transactions on Wireless Communications,
vol. 5, no. 1, pp. 83-89, 2006. por: 10.1109/TWC. 2006 . 1576532,

C. He, G. Y. Li, E-C. Zheng, X. You, “Energy-efficient resource allocation in
ofdm systems with distributed antennas,” IEEE Transactions on Vehicular Tech-
nology, vol. 63, no. 3, pp. 1223-1231, 2014. por: 10.1109/TVT . 2013.
2282373.

E. Al-Hussaini, I. Sayed, “Performance of the decorrelator receiver for
DS-CDMA mobile radio system employing RAKE and diversity through
nakagami fading channel,” IEEE Transactions on Communications, vol. 50,
no. 10, pp. 1566-1570, Oct. 2002. po1: 10.1109/tcomm. 2002 . 803975.
[Online]. Available: https : //doi . org/ 10 . 1109 7% 2Ftcomm . 2002 .
803975.

V. K. Dwivedi, G. Singh, “Analysis of channel capacity of generalized -k fading
with maximal-ratio combining diversity receivers,” in 2011 International Con-
ference on Communication Systems and Network Technologies, IEEE, Jun. 2011.
DOI: 10.1109/csnt.2011.117. [Online]. Available: https://doi.org/
10.1109%2Fcsnt.2011.117.

P M. Shankar, “Performance analysis of diversity combining algorithms
in shadowed fading channels,” Wireless Personal Communications, vol. 37,
pp. 61-72, Apr. 2006.

P Shankar, “Error rates in generalized shadowed fading channels,” Wireless
Personal Communications, vol. 28, no. 3, pp. 233-238, Feb. 2004.

P S. Bithas, V. Nikolaidis, A. G. Kanatas, G. K. Karagiannidis, “Uav-to-ground
communications: Channel modeling and uav selection,” IEEE Transactions on
Communications, pp. 1-1, 2020.

H. Rasheed, E Haroon, N. Rajatheva, “Energy detection with diversity
combining over kg fading for cognitive vanet,” ser. 2016 IEEE 84th Vehicular
Technology Conference (VTC-Fall), Sep. 2016, pp. 1-5. por: 10 . 1109 /
VTCFall.2016.7880983.

H. Zhao, Z. Liu, L. Yang, M. Alouini, “Secrecy analysis in DF relay over
generalized-K fading channels,” IEEE Transactions on Communications, vol. 67,
no. 10, pp. 7168-7182, Oct. 2019. po1: 10.1109/tcomm.2019.2926719.

Z. Wang, H. Zhao, S. Wang, J. Zhang, M. Alouini, “Secrecy analysis in SWIPT
systems over generalized-K fading channels,” IEEE Communications Letters,
vol. 23, no. 5, pp. 834-837, May 2019. po1: 10 . 1109/ 1comm . 2019 .
2907490.

75


https://doi.org/10.1109/WCNC.2010.5506178
https://doi.org/10.1109/WCNC.2010.5506178
https://doi.org/10.1109/T-VT.1978.23758
https://doi.org/10.1109/TWC.2006.1576532
https://doi.org/10.1109/TVT.2013.2282373
https://doi.org/10.1109/TVT.2013.2282373
https://doi.org/10.1109/tcomm.2002.803975
https://doi.org/10.1109%2Ftcomm.2002.803975
https://doi.org/10.1109%2Ftcomm.2002.803975
https://doi.org/10.1109/csnt.2011.117
https://doi.org/10.1109%2Fcsnt.2011.117
https://doi.org/10.1109%2Fcsnt.2011.117
https://doi.org/10.1109/VTCFall.2016.7880983
https://doi.org/10.1109/VTCFall.2016.7880983
https://doi.org/10.1109/tcomm.2019.2926719
https://doi.org/10.1109/lcomm.2019.2907490
https://doi.org/10.1109/lcomm.2019.2907490

[65]

V. M. Blagojevi¢, A. M. Cvetkovi¢, P N. Ivanis, “Performance analysis of energy
harvesting DF relay system in generalized-K fading environment,” Physical
Communication, vol. 28, pp. 190-200, 2018.

G. P Efthymoglou, N. Y. Ermolova, V. A. Aalo, “Channel capacity and average
error rates in generalised-K fading channels,” IET Communications, vol. 4,
no. 11, pp. 1364-1372, Jul. 2010.

A. Dziri, M. Terre, N. Nasser, “Performance analysis of relay selection for IoT
networks over generalized-K distribution,” in 2019 15th International Wireless
Communications Mobile Computing Conference (IWCMC), Tangier, Morocco,
Jun. 2019, pp. 1411-1415. po1: 10.1109/iwcmc.2019.8766438.

L. Zhang, H. Zhao, G. Pan, L. Yang, J. Chen, “Secure analysis over
generalized-K channels,” Sciece China. Information Sciences, vol. 63, May 2019.
DOI:10.1007/s11432-019-9892-y.

V. M. Blagojevic, A. M. Cvetkovic, “Outage probability of energy harvesting df
relay systems in generalized-k fading,” pp. 240-243, Oct. 2017.

P S. Bithas, N. C. Sagias, P T. Mathiopoulos, G. K. Karagiannidis, A. A.
Rontogiannis, “On the performance analysis of digital communications over

generalized-K fading channels,” IEEE Communications Letters, vol. 10, no. 5,
pp. 353-355, 2006. poi: 10.1109/LCOMM. 2006. 1633320.

I. S. Gradshteyn, I. M. Ryzhik, Table of integrals, series, and products, Seventh.
Elsevier/Academic Press, Amsterdam, 2007, pp. xlviii+1171, Translated from
the Russian, Translation edited and with a preface by Alan Jeffrey and
Daniel Zwillinger, With one CD-ROM (Windows, Macintosh and UNIX), ISBN:
978-0-12-373637-6; 0-12-373637-4.

A. Benjebbour, Y. Saito, Y. Kishiyama, A. Li, A. Harada, T. Nakamura, “Concept
and practical considerations of non-orthogonal multiple access (NOMA) for
future radio access,” in 2013 International Symposium on Intelligent Signal
Processing and Communication Systems, Naha, Japan, 2013, pp. 770-774.

Y. Zhang, D. Kwan, “Energy-efficient user scheduling and power allocation for
NOMA wireless networks,” 2017.

A. Benjebbour, “An overview of non-orthogonal multiple access,” ZTE Commu-
nications, vol. 15, no. S1, 21, pp. 21-30, 2017. D01:/10.3969/7 .issn.1673-
5188.2017.S1.003.

G. Wunder, P Jung, M. Kasparick, T. Wild, E Schaich, Y. Chen, S. T.
Brink, I. Gaspar, N. Michailow, A. Festag, L. Mendes, N. Cassiau, D.
Ktenas, M. Dryjanski, S. Pietrzyk, B. Eged, P Vago, E Wiedmann, “5gnow:
Non-orthogonal, asynchronous waveforms for future mobile applications,”
IEEE Communications Magazine, vol. 52, no. 2, pp. 97-105, 2014.

A. Benjebbour, “An overview of non-orthogonal multiple access,” NTT DO-
COMO, vol. 15, 2017. por:[10.3969/7 ..

R. C. Kizilirmak, “Non-orthogonal multiple access (NOMA) for 5g networks,”
in, ser. Towards 5G Wireless Networks, H. K. Bizaki, Ed., Rijeka: IntechOpen,
2016, ch. 4. po1:10.5772/66048. [Online]. Available: https://doi.org/
10.5772/66048.

76


https://doi.org/10.1109/iwcmc.2019.8766438
https://doi.org/10.1007/s11432-019-9892-y
https://doi.org/10.1109/LCOMM.2006.1633320
https://doi.org/10.3969/j.issn.1673-5188.2017.S1.003
https://doi.org/10.3969/j.issn.1673-5188.2017.S1.003
https://doi.org/10.3969/j.
https://doi.org/10.5772/66048
https://doi.org/10.5772/66048
https://doi.org/10.5772/66048

[75]

R. Duan, J. Wang, C. Jiang, H. Yao, Y. Ren, Y. Qian, “Resource allocation
for multi-uav aided iot NOMA uplink transmission systems,” IEEE Internet of
Things Journal, vol. 6, no. 4, pp. 7025-7037, 2019. por1: |10.1109/JI0T.
2019.2913473.

Y. Kwon, H. Baek, J. Lim, “Uplink NOMA using power allocation for uav-aided
csma/ca networks,” IEEE Systems Journal, pp. 1-4, 2020. po1: 10. 1109/
JSYST.2020.3028884.

Y. Chen, L. Wang, Y. Ai, B. Jiao, L. Hanzo, “Performance analysis of NOMA-sm
in vehicle-to-vehicle massive MIMO channels,” IEEE Journal on Selected Areas
in Communications, vol. 35, no. 12, pp. 2653-2666, 2017. po1: 10.1109/
JSAC.2017.2726006.

O. Badarneh, M. Aloglah, “Performance analysis of digital communication
systems over generalized a—n—u fading channels,” IEEE Transactions on Ve-
hicular Technology, vol. 65, pp. 1-1, Jan. 2015. po1: 10.1109/TVT.2015.
2504381.

Z. Wang, G. B. Giannakis, “A simple and general parameterization quantifying
performance in fading channels,” IEEE Transactions on Communications,
vol. 51, no. 8, pp. 1389-1398, Aug. 2003.

K. Peppas, E Lazarakis, A. Alexandridis, K. Dangakis, “Cascaded generalised-k
fading channel,” IET Communications, vol. 4, no. 1, pp. 116-124, Jan. 2010.

E. Salahat, H. Saleh, “Novel unified analysis of orthogonal space-time block
codes over generalized-k and awgn MIMO networks,” pp. 1-4, May 2015,
ISSN: 1550-2252.

J. He, K. Xiao, “Performance analysis of ostbc-MIMO systems employing
m-qam transmission over independent but not necessarily identical
generalized-k fading channels,” pp. 160-165, Jun. 2016, 1sSN: null. DpDOTI:
10.1109/ICCSN.2016.7586640.

X. Li, L. Li, X. Su, Z. Wang, P Zhang, “Approximate capacity analysis for
distributed MIMO system over generalized-k fading channels,” pp. 235-240,
Mar. 2015, 1sSSN: 1558-2612.

V. Dwivedi, G. Singh, “A novel mgf based analysis of channel capacity of
generalized-k fading with maximal-ratio combining diversity,” Progress In Elec-
tromagnetics Research C, vol. 26, pp. 153-165, Jan. 2012. por: 10 . 2528/
PIERC11100103.

J. Jung, S. Lee, H. Park, S. Lee, I. Lee, “Capacity and error probability analysis
of diversity reception schemes over generalized- k fading channels using a
mixture gamma distribution,” IEEE Transactions on Wireless Communications,
vol. 13, no. 9, pp. 4721-4730, 2014.

T. K. Y. Lo, “Maximum ratio transmission,” IEEE Transactions on Communica-
tions, vol. 47, no. 10, pp. 1458-1461, Oct. 1999.

K. Neupane, R. J. Haddad, D. L. Moore, “Secrecy analysis of massive MIMO
systems with mrt precoding using normalization methods,” pp. 1-6, Apr. 2018,
1SSN: 1091-0050. por1:[10.1109/SECON.2018.8478872.

77


https://doi.org/10.1109/JIOT.2019.2913473
https://doi.org/10.1109/JIOT.2019.2913473
https://doi.org/10.1109/JSYST.2020.3028884
https://doi.org/10.1109/JSYST.2020.3028884
https://doi.org/10.1109/JSAC.2017.2726006
https://doi.org/10.1109/JSAC.2017.2726006
https://doi.org/10.1109/TVT.2015.2504381
https://doi.org/10.1109/TVT.2015.2504381
https://doi.org/10.1109/ICCSN.2016.7586640
https://doi.org/10.2528/PIERC11100103
https://doi.org/10.2528/PIERC11100103
https://doi.org/10.1109/SECON.2018.8478872

E Adachi, A. Boonkajay, “Analysis of maximal-ratio transmit and combining
spatial diversity,” IEICE Communications Express, vol. 8, no. 5, pp. 153-159,
20109.

S. S. Chauhan, S. Kumar, “Performance analysis of maximal ratio transmission
with receiver antenna selection over correlated nakagami-m fading channels,”
Wireless Networks, vol. 26, Nov. 2019.

O. S. Badarneh, D. B. Da Costa, P H. J. Nardelli, “Wireless-powered
communication networks with random mobility,” IEEE Access, vol. 7,
pp. 166476-166 492, 2019.

L. Yang, Q. T. Zhang, “Outage performance of MIMO relay channels with
maximal ratio transmission,” Electronics Letters, vol. 45, no. 5, pp. 273-274,
Feb. 2009.

A. Aladwani, E. Erdogan, T. Gucluoglu, “Impact of co-channel interference
on two-way relaying networks with maximal ratio transmission,” Electronics,
vol. 8, p. 392, Apr. 2019. po1: 10.3390/electronics8040392.

Y. Sahin, E. Erdogan, T. Gucluoglu, “Performance analysis of two way decode
and forward relay network with maximum ratio transmission,” Physical Com-
munication, vol. 32, Nov. 2018. po1:10.1016/j.phycom.2018.11.004.

A. Ibrahim, T. Gucluoglu, “Performance analysis of maximum ratio
transmission based fso link over mdlaga turbulence channel,” Optics Commu-
nications, Jun. 2019. po1: 10.1016/j.optcom.2019.06.035.

A. M. Mathai, R. K. Saxena, Generalized Hypergeometric Functions with Appli-
cations in Statistics and Physical Sciences,Lecture Notes in Mathematics. 1973,
vol. 348.

Indefinite integral of Meijer-G function. [Online]. Available: https : / /
functions.wolfram. com/HypergeometricFunctions/MeijerG/21/
01/01/ (visited on 05/20/2020).

In function in terms of Meijer-G function. [Online]. Available: http : / /
functions.wolfram.com/07.34.03.0456.01 (visited on 06/20/2020).

Besselk function in terms of Meijer-G function. [Online]. Available: http://
functions.wolfram.com/03.04.26.0009.01 (visited on 08/20/2020).

Erfc function in terms of Meijer-G function. [Online]. Available: http: //
functions.wolfram.com/07.34.03.0619.01 (visited on 05/20/2020).

C. Wang, T. C. .-. Liu, X. Dong, “Impact of channel estimation error on the
performance of amplify-and-forward two-way relaying,” IEEE Transactions on
Vehicular Technology, vol. 61, no. 3, pp. 1197-1207, Mar. 2012.

T. Hou, X. Sun, Z. Song, “Outage performance for non-orthogonal multiple
access with fixed power allocation over nakagami-m fading channels,” IEEE
Communications Letters, vol. 22, no. 4, pp. 744-747, 2018.

J. Choi, “On multiple access using H-ARQ with SIC techniques for wireless ad
hoc networks,” Wireless Personal Communications, vol. 69, no. 1, pp. 187-212,
Mar. 2012.

78


https://doi.org/10.3390/electronics8040392
https://doi.org/10.1016/j.phycom.2018.11.004
https://doi.org/10.1016/j.optcom.2019.06.035
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/21/01/01/
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/21/01/01/
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/21/01/01/
http://functions.wolfram.com/07.34.03.0456.01
http://functions.wolfram.com/07.34.03.0456.01
http://functions.wolfram.com/03.04.26.0009.01
http://functions.wolfram.com/03.04.26.0009.01
http://functions.wolfram.com/07.34.03.0619.01
http://functions.wolfram.com/07.34.03.0619.01

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

S. Arzykulov, T. A. Tsiftsis, G. Nauryzbayev, M. Abdallah, “Outage performance
of cooperative underlay CR-NOMA with imperfect CSL,” IEEE Communications
Letters, vol. 23, no. 1, pp. 176-179, 2019. por: 10.1109/1comm . 2018.
2878730.

Z. Ding, Z. Yang, P Fan, H. V. Poor, “On the performance of non-orthogonal
multiple access in 5G systems with randomly deployed users,” IEEE Signal
Processing Letters, vol. 21, no. 12, pp. 1501-1505, 2014.

I. Lee, J. Kim, “Average symbol error rate analysis for non-orthogonal multiple
access with M-ary QAM signals in rayleigh fading channels,” IEEE Communi-
cations Letters, vol. 23, no. 8, pp. 1328-1331, 2019. po1: 10.1109/LCOMM.
2019.2921770.

E Kara, H. Kaya, “BER performances of downlink and uplink NOMA in the
presence of sic errors over fading channels,” IET Communications, vol. 12,
no. 15, pp. 1834-1844, 2018.

M. Sashiganth, S. Thiruvengadam, D. S. Kumar, “Outage analysis of
SWIPT-based full-duplex cognitive NOMA downlink system over nakagami-m
fading channels,” International Journal of Communication Systems, vol. 33,
no. 8, e4362, Feb. 2020. po1: 10.1002/dac .4362.

M. Can, I Altunbas, E. Basar, “NOMA-based downlink relaying with
media-based modulation,” Physical Communication, vol. 41, p. 101 116, Aug.
2020. po1:10.1016/j .phycom.2020.101116.

Y. Yu, H. Chen, Y. Li, Z. Ding, B. Vucetic, “On the performance of
non-orthogonal multiple access in short-packet communications,” IEEE Com-
munications Letters, vol. 22, no. 3, pp. 590-593, 2018.

J. Choi, “NOMA: Principles and recent results,” in 2017 International Sympo-
sium on Wireless Communication Systems (ISWCS), 2017, pp. 349-354.

A. Lozano, A. M. Tulino, S. Verdu, “High-SNR power offset in multiantenna
communication,” IEEE Transactions on Information Theory, vol. 51, no. 12,
pp. 4134-4151, 2005. po1: 10.1109/TIT.2005.858937.

P Concus, D. Cassatt, G. Jaehnig, E. Melby, “Tables for the evaluation of
f x = 0%°xPe—x f(x)dx by gauss-laguerre quadrature,” Mathematics of Com-
putation, vol. 17, no. 83, pp. 245-256, 1963.

S. Atapattu, C. Tellambura, H. Jiang, “A mixture gamma distribution to model
the SNR of wireless channels,” IEEE Transactions on Wireless Communications,
vol. 10, no. 12, pp. 4193-4203, 2011.

W. U. Khan, E Jameel, T. Ristaniemi, B. M. Elhalawany, J. Liu, “Efficient power
allocation for multi-cell uplink NOMA network,” ser. 2019 IEEE 89th Vehicular
Technology Conference (VTC2019-Spring), 2019, pp. 1-5. por: [10.1109/
VTCSpring.2019.8746316.

R. Shen, X. Wang, Y. Xu, “Beamforming design for uplink multi-cell
MIMO-NOMA systems,” ser. 2019 IEEE 5th International Conference on
Computer and Communications (ICCC), 2019, pp. 2039-2043. por1: 10 .
1109/ICCC47050.2019.9064165.

79


https://doi.org/10.1109/lcomm.2018.2878730
https://doi.org/10.1109/lcomm.2018.2878730
https://doi.org/10.1109/LCOMM.2019.2921770
https://doi.org/10.1109/LCOMM.2019.2921770
https://doi.org/10.1002/dac.4362
https://doi.org/10.1016/j.phycom.2020.101116
https://doi.org/10.1109/TIT.2005.858937
https://doi.org/10.1109/VTCSpring.2019.8746316
https://doi.org/10.1109/VTCSpring.2019.8746316
https://doi.org/10.1109/ICCC47050.2019.9064165
https://doi.org/10.1109/ICCC47050.2019.9064165

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

J. Dai, L. Sun, C. Yang, “On the average rate and power allocation of uplink
multi-antenna NOMA systems,” ser. 2017 IEEE 86th Vehicular Technology
Conference (VTC-Fall), 2017, pp. 1-5. po1: 10 . 1109 /VTCFall . 2017 .
8288076.

M. A. Sedaghat, R. R. Miiller, “On user pairing in uplink NOMA,” IEEE Trans-
actions on Wireless Communications, vol. 17, no. 5, pp. 3474-3486, 2018. DOI:
10.1109/TWC.2018.2815005.

J. Seo, B. C. Jung, H. Jin, “Performance analysis of NOMA random access,”
IEEE Communications Letters, vol. 22, no. 11, pp. 2242-2245, 2018.

X. Xie, Y. Bi, X. Nie, “Performance analysis of uplink cooperative noma system
with an af relay,” in 2020 IEEE 20th International Conference on Communi-
cation Technology (ICCT), 2020, pp. 178-181. po1: 10.1109/ICCT50939.
2020.9295870.

J. Wang, B. Xia, K. Xiao, Y. Gao, S. Ma, “Outage performance analysis
for wireless non-orthogonal multiple access systems,” IEEE Access, vol. 6,
pp. 3611-3618, 2018. po1: 10.1109/ACCESS.2018.2789581.

S. A. Tegos, P D. Diamantoulakis, J. Xia, L. Fan, G. K. Karagiannidis, “Outage
performance of uplink NOMA in land mobile satellite communications,” IEEE
Wireless Communications Letters, vol. 9, no. 10, pp. 1710-1714, 2020. DOTI:
10.1109/LWC.2020.3001916.

B. Tahir, S. Schwarz, M. Rupp, “Outage analysis of uplink irs-assisted noma
under elements splitting,” Apr. 2021, pp. 1-5. po1: 10 . 1109 /VTC2021 -
Springb1267.2021.9449027.

S. Singh, M. Bansal, “Outage analysis of uplink noma based fd
decode-and-forward cooperative relay system,” in 2020 IEEE 4th Confer-
ence on Information Communication Technology (CICT), 2020, pp. 1-6. DOI:
10.1109/CICT51604.2020.9312108.

P Xu, J. Quan, Z. Yang, G. Chen, Z. Ding, “Performance analysis of
buffer-aided hybrid noma/oma in cooperative uplink system,” IEEE Access,
vol. 7, pp. 168 759-168 773, 2019. po1: 10.1109/ACCESS.2019.2955118.

N. P Le, L. C. Tran, X. Huang, J. Choi, E. Dutkiewicz, S. L. Phung, A.
Bouzerdoum, “Performance analysis of uplink noma systems with imperfect
sic detection and delay constraints over composite fading channels,” IEEE
Transactions on Vehicular Technology, pp. 1-1, 2021. por: 10.1109/TVT .
2021.3086045.

S. Sharma, S. D. Roy, S. Kundu, “Secrecy performance of uplink-downlink
noma network at physical layer,” in 2021 Sixth International Conference on
Wireless Communications, Signal Processing and Networking (WiSPNET), 2021,
pp. 57-61. por: 10.1109/WiSPNET51692.2021.9419364.

E T. A. Rabee, R. D. Gitlin, “Performance of uplink non-orthogonal multiple
access (NOMA) in the presence of channel estimation errors,” ser. IEEE
Wireless Telecommunications Symposium (WTS2019), April 9- 12, New York
City, USA, Apr. 2019.

80


https://doi.org/10.1109/VTCFall.2017.8288076
https://doi.org/10.1109/VTCFall.2017.8288076
https://doi.org/10.1109/TWC.2018.2815005
https://doi.org/10.1109/ICCT50939.2020.9295870
https://doi.org/10.1109/ICCT50939.2020.9295870
https://doi.org/10.1109/ACCESS.2018.2789581
https://doi.org/10.1109/LWC.2020.3001916
https://doi.org/10.1109/VTC2021-Spring51267.2021.9449027
https://doi.org/10.1109/VTC2021-Spring51267.2021.9449027
https://doi.org/10.1109/CICT51604.2020.9312108
https://doi.org/10.1109/ACCESS.2019.2955118
https://doi.org/10.1109/TVT.2021.3086045
https://doi.org/10.1109/TVT.2021.3086045
https://doi.org/10.1109/WiSPNET51692.2021.9419364

[125]

[126]

[127]

[128]

[129]

X. Wang, E Labeau, L. Mei, “Closed-form ber expressions of gqpsk constellation
for uplink non-orthogonal multiple access,” IEEE Communications Letters,
vol. 21, no. 10, pp. 2242-2245, 2017.

J. Bae, K.-H. Lee, J. M. Kim, B. C. Jung, J. Joung, “Performance analysis of
uplink noma-iot networks with space-time line code,” in 2019 IEEE 90th Ve-
hicular Technology Conference (VTC2019-Fall), 2019, pp. 1-5. po1: 10.1109/
VICFall.2019.8891160.

Indefinite integral of combination of Meijer-G and elementary func-
tions. [Online]. Available: https : / / functions . wolfram . com /
HypergeometricFunctions/MeijerG/21/01/02/01/0002/ (visited on
12/23/2020).

Transform of Meijer-G function to other form of Meijer-G function.
[Online]. Available: https : / / functions . wolfram . com /
HypergeometricFunctions / MeijerG / 17 / 02 / 03 / 0002/ (visited
on 12/20/2020).

P M. Shankar, Fading and Shadowing in Wireless Systems. Springer
International Publishing, Apr. 2014, pp. 1-464.

81


https://doi.org/10.1109/VTCFall.2019.8891160
https://doi.org/10.1109/VTCFall.2019.8891160
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/21/01/02/01/0002/
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/21/01/02/01/0002/
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/17/02/03/0002/
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/17/02/03/0002/

DERIVATIONS OF (3.11) AND (3.12;

In this section, derivation of the parameters t in (3.11) and a in (3.12) which are
needed to determine coding and diversity gain, is presented. As aforementioned in
section (3.3.1), there is a relationship like y. = B, between y_ and 8. Therefore,
there is not any difference in their PDFs excluding their averages so that while the
average of y_ is equal to Q, ., the average of  is equal to 7. In that case, the PDF in
for B can be rewritten as

(3 ) 9 9 1 (ms,g+mm,g_2)
—m -~y =
23—y =i bg(Z(bg[j)Z)

F(mm,g)r(ms,g)

Ko, —m, [2(678)7], B>0
(A.1)

fB)=

where b_ = 4/ w = J/m, m,, _since E[]= 7 = 1. The relationship between the
modified Bessel function of the second kind and Meijer-G [92, Section 2.6] is

_ r
raKa(r) = 2‘1 1G(2):(2)(Z|a+7a’ %): (AZ)

(ms,g+mm,g_2) 1
) K, g_mmg[Z(bgﬁ)i] in (A.1)) can be written

in such case, the term (Z(bgﬁ)%

. .. . _ 2pV\: _ — —
in terms of Meijer-G function where r = 2(b2$)?, a = m, . + m, . —2 and a = m

m,, .. According to (A.2)), (A.1) can be rewritten as,
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= 2 G ’ —latv a—v |» >0 A3
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when r, a and a are substituted into (A.3)), it can be written as,

b2

_ S 2,0r1.2
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The asymptotic expansion of Meijer-G function G(Z)’g (b? Bl. _, .. _;)in(A.4)is given
5 5,6 1 m,g

as follows (|92, Theorem 1.4.3, (1.4.14)]) where z, q, p, a, and b, correspond to b?/i,
2,0,(—, —)and(m,.—1, m, —1), respectively,
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N 1 [ el . Z N p—q-+ 1:| (A.6)
p=—7 iT2uGT T ) :
9=PL5 j=1 2

When p = 0 and q = 2 are substituted into (A.5) and (A.6), they become,

a * M M
R [P VLV R
i q Z2 Z2
and
pr=glmct+mp —21. (A-8)

Moreover, Maclaurin series expansion of e 2¥? can be used to get,
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This result can be used in (2.17) to obtain,
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and

ﬁt b? o % b? (bZﬁ)%[m +m —%] %
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which finally allows us to obtain,
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DERIVATION OF (3.24 E

In this section, the solution of the integral in (3.24) for SER computation is presented.
Firstly, it can be written in the following form,

- 2A
Pse = (b )mm’g+ms’g_2(b )ZX
Vrr(m, Jr(m; )" ° :
f (Yg)(mm,;+ms,g)/2—1Kms,;_mm)g(2 /Yg(bg)z)Gi’g(BYg l)d}/g'
YgZO 0, 2
When the term (bg)2 is taken inside of integral in Il
- 2A
Pse = ( )mm’g+ms’g_2 X
Jrl(m, Jr(m, )
0o 1 (B.2)
| gomemorg, L, (25 R Jois(ar] | Joorar,
Y=0 0, 3

The integral in can be put into the form of [[65, pp. 7.821/3] by applying the
change of varlable as x = (b )zyg Thus, ax =4 bzyg — dx = (b)?dy, and

Y¢ = gy By rearranging , one can obtain
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is taken outside of the integral in (B.3)), then SER

1
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when term (
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becomes,
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The solution for this type of integrals is given in [65} pp. 7.821/3] as follows,

al...,ap 1 m’n+2
dx = EGp+2,q a

The integral in (B.3) can be put into the form of the integral in (B.4) by using change
of variable as p = 1—(m,, . +m, )/2, v=m,_,—m, ,m=2,n=0,p=1,q=2,

a= ﬁ, a;=1,b;,=0and b, = % When all these parameters are substituted into
<

(B.4) and by using the Meijer-G function with new parameters in (B.3)), the (3.25]) can
be obtained.
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DERIVATION OF (4.5

In this section, PDF of y in |i is derived in three steps by finding PDFs of 2, %+ p and
ﬁ. In the first step, PDF of % needs to be evaluated to obtain PDF of y. The PDF of
P

T= % can be found via CDF of A in Ii The CDFof TisF (1) =1—Pr(0< A < %),
then

FT(T)=1—fT fl(x)dA:I—Fl(é). (C.1)
A

=0 T

When derivative process is applied to both side of II then f_(7) = % fl(g). By
substituting g in || f-(7) is found as,
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20572 o o
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= trmale) | een(2\35) (€2
(4.4) can be written as y = ——. To obtain PDF of y, it is required to evaluate PDF of

T+p*
¢ = T + p in the second step. It can be obtained by utilizing CDF in such a way that

F(o)=Pr(t+p <¢) = F(¢)=Pr(0 <7 < ¢—p)=F.(c—p). Itisevident
that after derivative of F.(¢ — p) is determined and the chain rule is applied f.(¢) is
obtained as,

f(g)= ( ) K, . (2 5) (C.3)
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Il becomes y = g In third step, PDF of y can be evaluated by using CDF in such
a way that F,(y) = Pr(g <y) = F(y)=1-Pr(p<¢< g). Then, by repeating
processes in the first step, f,(y) can be given as follows,

K 2557 5\ 5
== < ( Ky —m (2 . 5) (C.4)
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B]cj)ur.lda;y values of y are determined as 0 <y < =. When Il is arranged, Ii is
obtained.
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DERIVATIONS OF (4.13) AND (4.14:

In this section, derivation of the parameters a and t which are needed to determine
mg+m,,—2

coding and diversity gain, is presented. The term (2 v/ /3\1!) Ky, [24/B¥]in

(4.13)) can be written in terms of Meijer’s G-function [|92, Section 2.6] as follows,

ms+m;,—2
(2 /5\1/) Ky —m, (2¢/B¥) = 2m3+mm—3G§:§(/5\I/|m_L . _1). (D.1)

When (D.1) is substituted into (4.13)), it can be written as follows,
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The asymptotic expansion of Meijer’s G-function

ng /3\I/|ms_1’ mm—l) in (D.2)) is given as follows ([92, Theorem 1.4.3, Eq. (1.4.14)])
where z, q, p, a, and b, correspond to ¥, 2, 0, (—, —) and (m,—1, m,—1),
respectively.
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When p = 0 and q = 2 are substituted into (D.3]) and (D.4), they become GS’S (ZIZ" )~
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s (—24/7) M, M '
2y M[n% + 2y ]]
— 1! 23 23
and
v 1 Y 1 541
t e ————— p* e \Ij E[ms+mm_§] 3
P = oty T Tmrm)s “
Tmam. —1y 1 (D.9)
WEITIR 3]
= Tmrm)s " ’

which eventually offers to obtain (4.14) and (4.15).
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DERIVATION OF (5.8)

In this section, PDF of y in (5.8) is obtained. (5.8) can be rewritten as y = 5, PDF
of T =k + f firstly can be evaluated by utilizing CDF such that F_(t) =Pr(t < 7) =
Pr(k+p <1) = F.(t)=Pr(0<p <17—xK),

T—K

B=0

When integral in (E.1) is solved f.(7) = fg(7 — ) is obtained,

2( b )mm,g+m5,g

fT(T) = F(m : )F(m )(T - K)(mm’g+m5’g)/2_1Km5’g—mm’g(Zbg Y% (T - K)): (Ez)
m,¢ $,6

Boundary values of 7 are evaluated as k < 7 < 00,

2(b )mm gHms.c mm g+m5g
fT(T) = {F(mm §)F(ms g)( ) ms’;_mm)g(Zbg vV (T —_ K)), K<T

0, otherwise.

(E.3)

(5.8) becomes y = 7 and PDF of y can be evaluated. Eq. 2.265 [[129]] leads that PDF
of division of two random variables a and 7 is found as,

f(r)= J Tfa(y7,7)dT = f Tfa(yT)f:(T)d7, (E.4)
where f,(y7) = ?E:{;Wﬁmm m—m, (2bq/Y7). When f,(y7) is substituted in
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(E.4)), it can be rewritten as follows,

fi( )_Joo TM( T)m5+nz1m_2K (2b,/77) 2(b ) »
A T m)my) memn SV T o m) . (E.5)

Mmm, c+ms c—2
(t—K)" 2 K, —m, (2b./ (T —K))dT,

After performing some mathematical manipulations, (E.5) becomes as below,

21—m5—mm ,)/—1 21—mm,g—m3,g

fY(Y) = F(ms)r(mm) F(mm’g)r(ms’g) J;:K(Zba \/Y_T)ms-‘rmmes—mm(zba \/')/_T)X
(2b VT —K)"metMes (T — K)_les!g_mm,g(Zbg V(t—x))dr,

(E.6)

Bessel-k functions in (E.6)) can be written by terms of Meijer’s G-function [92}, Section
2.6],

I R i (CO o I SR Y
Likewise,
(2b VT — K)mmﬁms’gKmS,g_mm’g(2bg V(T —x))
(E.8)

{0 P

Ms,c> Mg

Meijer’s G-functions in (E.7) and (E.8) can be used in (E.6) to obtain,

1
T(m,)T(m, )T (my, T (m, )y

L:(T — K)_ng,’g((baYyr - )G(i’g((bgy('r —x)

s m

f(r)=
(E.9)

)dfr,

5,62 m,g

when change of variable with x = 7 —« is applied, then dx = d 7 and new parameters

92



are substituted in (E.9), then it can be rewritten as follows,

1
T(m,)T(m, )T (my, )T (m, )y

Jx: _1G20((b )2y(x + ) . mm)Gé’g((bg)Zx

When variable is changed such that t = (b,)?yx, then =t = L[(b,)yx] = dt=
(b,)?*rdx and furthermore, x = 5. Before all new values are substituted in integral

f,tr)=
(E.10)

)dx,
Ms.c Mp,¢

E.10), it is multiplied EZ“%Z as follows to provide equality dt = (b, )*ydx.
(ba)*y

WJX _1G20((b Yr(x +x) . )ngg((bg)zx o )dx

=0 1)2yf ‘1G2°((b Yr(x +K) )Gi’g((bg)zx )[(ba)Zde]_
o o (E.11)

When all above parameters are substituted in (E.11)), it becomes,

1
T(m )T (m, )T (my, JT(m, )y

foot‘le’O(—(bg)z t )Gz’o((b YyK +t
—o 0,2 (ba)z,}/ — 0,2 a

[92, Eq.3.2.12] is as follows,

o0 b Cy
o—1,~m,n a,f
f LG (At )Gm(b+t )dt
0 by ds

i (—=b)k 1-0,a,,1+k—0—d;s (E.13)
p+m,a+n+1

k! 5+p+1,T+q+1
k=0

f,(r)=

(E.12)

)d t,
mS’ mm

J
bq,1+k—0—c~f,1+k—a)

The integral in (E.12]) can be put into the form of the integral in (E.13) by using change

ofvariableaso=O,m=2,n=0,p=0,q=2,7t—%, a,={}, by={m,,, m,

a=2,=0,T=0,6=2,b=(b,)vk, cy ={} and ds = {m,, mm}. When all these
parameters are substituted into (E.13]) and by using the Meijer’s G-function with new

93



parameters in (E.12)), the (E.4) can be obtained.

J t‘ng’g(( ) t
t=0 ’ (ba)z}/

Jat
mS’ mm

Jozs((wrrn +
e M (E.14)

1%} 1,14+k—mg,1+k—m,,},
_$h b G( (b,)? |(Hhomet il
k=0 k! > (ba)zy {mg o, my }1+k

Finally, when the result in (E.14) is substituted in (E.12), the SINR PDF can be obtained
as shown in expression (5.8)).
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