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Abstrakt

Dizertační práce zkoumala různé modely sítí a zaměřila se na tři důležité vlastnosti pro buň-
kové sítě příští generace s ohledem na mmW komunikace, kterými jsou: vliv útlumu a mezi-
kanálového rušení (CCI), energetická účinnost a účinnost spektra.

Co se týče prvního cíle, dizertace obsahuje studii techniky neortogonálního vícenásobného
přístupu (NOMA) v bezdrátové multiskokové relay síti využívající získávání energie, kde relay
uzly sbírají energii z energetických majáků (PB). Tato část přináší přesné výrazy propustnosti
pro NOMA a analýzu výkonnosti se třemi různými schématy NOMA s cílem určit optimální
parametry pro propustnost navrženého systému. Dále byl navržen samoučící se shlukovací
protokol (SLCP), ve kterém se uzel učí informace o sousedech, aby určil hustotu uzlů a
zbytkovou energii použitou k výběru hlavy shluku CH pro zlepšení energetické účinnosti,
čímž může prodloužit životnost sensorové sítě a zvýšit propustnost.

Za druhé, přístup NOMA poskytl mnoho příležitostí pro masivní připojení s nižší latencí,
NOMA však může způsobovat mezikanálové rušení v důsledku opětovného využívání kmi-
točtů. CCI a útlum hrají klíčovou roli při rozhodování o kvalitě přijímaného signálu. V této
dizertace je brána v úvahu přítomnost η a µ útlumových kanálů v síti užívající NOMA. Od-
vozeny jsou výrazy v uzavřené formě pro pravděpodobnost výpadku (OP) a propustnost s
dokonalým postupným rušením rušení (SIC) a nedokonalým SIC. Dále se dizertace zabývá
integrací přístupu NOMA do satelitní komunikační sítě a vyhodnocuje výkonnost systému při
dopadech nedokonalé informace o stavu kanálu (CSI) a CCI.

Závěrem disertační práce představuje nový model pro hybridní družicově-terestriální pře-
nosovou síť (HSTRN) založenou na NOMA vícenásobném přístupu využívající mmWave ko-
munikaci. Satelit využívá NOMA schéma, zatímco pozemní relay uzly jsou vybaveny více an-
ténami a aplikují protokol zesilování a předávání (AF). Je zaveden srážkový koeficient, který
je uvažován jako útlumový faktor mmWave pásma při výběru nejlepšího relay uzlu. Samotné
přenosové prostředí HSTRN je charakterizováno pomocí hybridních Rician a Nakagami-m ka-
nálů. Vztahy pro vyhodnocení výkonnosti systému navrženého modelu vyjadřující ergodickou
kapacitu (EC) a pravděpodobnost ztrát (OP) byly odvozeny v uzavřené formě a následně
ověřeny pomocí simulační numerické metody Monte Carlo.

Klíčová slova
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Abstract

The dissertation investigates different network models, focusing on three important features
for next generation cellular networks with respect to millimeter waves (mmWave) communica-
tions: the impact of fading and co-channel interference (CCI), energy efficiency, and spectrum
efficiency.

To address the first aim, the dissertation contains a study of a non-orthogonal multiple
access (NOMA) technique in a multi-hop relay network which uses relays that harvest energy
from power beacons (PB). This part derives the exact throughput expressions for NOMA and
provides a performance analysis of three different NOMA schemes to determine the optimal
parameters for the proposed system’s throughput. A self-learning clustering protocol (SLCP)
in which a node learns its neighbor’s information is also proposed for determining the node
density and the residual energy used to cluster head (CH) selection and improve energy
efficiency, thereby prolonging sensor network lifetime and gaining higher throughput.

Second, NOMA provides many opportunities for massive connectivity at lower latencies,
but it may also cause co-channel interference by reusing frequencies. CCI and fading play
a major role in deciding the quality of the received signal. The dissertation takes into ac-
count the presence of η and µ fading channels in a network using NOMA. The closed-form
expressions of outage probability (OP) and throughput were derived with perfect successive
interference cancellation (SIC) and imperfect SIC. The dissertation also addresses the integra-
tion of NOMA into a satellite communications network and evaluates its system performance
under the effects of imperfect channel state information (CSI) and CCI.

Finally, the dissertation presents a new model for a NOMA-based hybrid satellite-terrestrial
relay network (HSTRN) using mmWave communications. The satellite deploys the NOMA
scheme, whereas the ground relays are equipped with multiple antennas and employ the am-
plify and forward (AF) protocol. The rain attenuation coefficient is considered as the fading
factor of the mmWave band to choose the best relay, and the widely applied hybrid shadowed-
Rician and Nakagami-m channels characterize the transmission environment of HSTRN. The
closed-form formulas for OP and ergodic capacity (EC) were derived to evaluate the system
performance of the proposed model and then verified with Monte Carlo simulations.

Keywords
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Chapter 1

Introduction

1.1 Motivation

Next generation wireless networks have been continuously developed over the past decade to
meet the increasing demands for data. New techniques and resources have therefore been pro-
posed and deployed, and with the vastly larger spectrum and magnitude increase in system
capacity, mmWave is a viable candidate for next generation wireless network communica-
tions and a potential solution for the problem of limited spectrum. One of the candidate
bands for deploying mmWave cellular mobile networks is the spectrum between 20 GHz and
90 GHz [1, 2]. The results in [3] demonstrated that highly directional satellite communica-
tions in mmWave frequencies (as typically mounted on satellite platforms) is able to offer
high-capacity wide geographical coverage despite very long transmission distances and severe
attenuation experienced at those frequencies. Although the demand for frequency access is
greater, the technology allows many wireless users to transmit data simultaneously. In the
old manner of multiple access techniques such as Time-Division Multiple Access (TDMA),
Frequency-Division Multiple Access (FDMA) and Code-Division Multiple Access (CDMA),
these technologies apply the Orthogonal Multiple Access (OMA) techniques implemented in
many ad hoc wireless networks. However, conventional OMA techniques do not satisfy the
high demands of future radio access networks. Fifth Generation (5G) cellular networks place
high demands on throughput, delay time, user numbers and other factors. Non-orthogonal
multiple access (NOMA) therefore represents a suitable candidate for radio access technology
that allows many users to access frequency resources simultaneously through power levels.
NOMA uses superposition coding at the transmitter and successive interference cancellation
(SIC) in the uplink and downlink channels at the receiver [4]. Research towards the develop-
ment of beyond-5G solutions, Sixth Generation (6G), is already gaining momentum, both in
the scientific community and industry [5, 6]. The authors of [7] outlined new applications of
6G in agriculture, education, media and entertainment, tourism, transportation and logistics.
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6G research is also focusing on the development of non-terrestrial communications to provide
three-dimensional coverage through supplemental aerial platforms, including satellites [8, 9].
To increase the reliability and number of concurrent users accessing this resource, satellite
communications combined with terrestrial networks have been proposed as hybrid satellite-
terrestrial relay networks (HSTRN) [10, 11]. The novel network architecture of HSTRN has
received considerable interest because it provides broadband access in a seamless, efficient
and cost-effective manner, regardless of the availability of regular terrestrial infrastructures
[12]. Furthermore, future integrated wireless communications will include almost all network
entities such as space networks, air networks, underwater or sea networks, ground networks
and wireless sensor networks (WSN) (Fig. 1.1). In the area of WSN-based Internet of Things
(IoT), sensors can be distributed for many applications, such as sensing, monitoring and con-
trolling, all which have low energy consumption and high reliability [13, 14]. These sensors are
embedded with smart sensing and intelligent computing and are capable of communicating
with each other. The nodes in these networks can be examined as users which transmit data
to each other, either to the controller or the base station. Clustering protocols allow many
users to access the resource by grouping some users together.

Figure 1.1: Integrated Satellite-Terrestrial architecture [9].

In the general system model, CCI and multiple relays are considered. Many techniques
have been proposed for analyzing performance in terms of OP, ergodic capacity (EC) and
symbol error rate (SER). The relay in HSTRN deploys the DF or AF protocol, and it can
also be combined with EH, Cooperative NOMA (CNOMA) and CR techniques. The main
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problems with wireless networks are energy constraints and the throughput of networks which
depends on wireless applications, the number of users, QoS requirements and channel condi-
tions in the wireless links [15, 16].Communication links are adversely affected by interference,
fading and path loss, which reduce network performance to low throughput, a low packet
delivery ratio and high energy consumption.

1.2 Research Aims

• Survey and study wireless network models that apply a range of advanced techniques
under various channel conditions.

• Analyze the proposed network model’s OP to improve spectrum efficiency.

• Propose new energy efficient techniques according to the green networking application:
efficient power allocation of NOMA in HSTN and a clustering protocol in WSN.

• Apply the simulation results in an analysis to evaluate the performance of the system
and proposed protocol.

1.3 Dissertation structure

The dissertation is structured as follows: Chapter 2 describes the related background knowl-
edge to the dissertation, Chapter 3 introduces the State-of-the-Art and its specific aims, which
are presented in Chapter 4. Chapters 5, 6 and 7 address the results of the research in fulfilling
its aims. Finally, Chapter 8 summarizes the results of the dissertation.

9



Chapter 2

Background

2.1 Evolution of mobile communication network

Mobile communication networks have developed rapidly since their first appearance in the
1980s. The first generation was designed for analogue voice services, with low transmission
efficiency and no security. The system, 2G based on digital modulation technologies such
as Time Division Multiple Access (TDMA), Frequency Division Division (FDMA) and Code
Division Multiple Access (CDMA), supported better voice services and short message service
(SMS) capability. The third generation was proposed in 2000 with the goal of providing data
transmission rates of at least 2 Mbps. The 3rd Generation Partnership Project (3GPP) was
established to define specifications and define cellular standards and systems to achieve global
roaming [17].

Introduced in the late 2000s, 4G is an all-IP network which greatly improved spectral
efficiency and reduced latency. It is capable of providing high-speed data rates up to 1 Gbit-
s/s downstream and 500 Mbits/s upstream. Long-Term Evolution-Advanced (LTE-A) and
Wireless Interoperability for Microwave Access (WiMAX) used integrated technologies such as
coordinated multi-transmit/receive (CoMP), multi-output multi-output input (MIMO) and
orthogonal frequency division multiplexing (OFDM).

In recent years, the fifth generation mobile communication network has completed its
initial basic testing and standardization procedures and has been deployed for commercial use.
It not only uses the microwave band of the spectrum, it also uses millimeter wave (mmWave)
called FR2 (24 GHz up to 54 GHz) for greater capacity and higher throughput, data rates up
to 10 Gbps [18]. mmWaves have shorter ranges than lower frequency microwaves, therefore
its cells are smaller in size. 5G also applies advanced access technologies, including NOMA,
Beam Division Multiple Access (BDMA), Massive MIMO, EH, Software-defined networking
(SDN), Filter Bank Multi-Carrier (FBMC) modulation and D2D services to increase spectrum
efficiency.
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Figure 2.1: Evolution of mobile wireless systems [9].

The 6G network is targeted as a green network that enhances the performance of informa-
tion transmission – high data rates up to 1 Tbps and extremely low latency of microseconds.
It will feature terahertz frequency communication, space multiplexing, energy harvesting tech-
nology and the use of new materials that greatly improve energy efficiency. One 6G goal is to
achieve universal connectivity by integrating satellite communication networks and underwa-
ter communications to provide global coverage [19].

2.2 Millimeter wave

2.2.1 Introduction

To solve spectrum scarcity problems and attain 5G architecture, mmWave is one of many so-
lutions which have been explored in studies. mmWave delivers ultra-high capacity, ultra-high
data rates, very large bandwidth and ultra-low latency. The frequency ranges of mmWaves
are from 30 to 300 GHz, the wavelength of the electromagnetic radiation (EMR) being in the
millimeter range at these frequencies, although the propagation loss in mmWave technology is
higher since these frequencies cannot penetrate certain impediments such as walls, furniture
or people. These wavelengths are attenuated more by rain and atmosphere. These factors
should be carefully considered in calculating the RF link budget for implementing mmWaves
for future application in the mobile broadband market.

The 3rd Generation Partnership Project (3GPP) defined “5G” as any system using 5G NR
(5G New Radio) software, which is a new type of radio access technology (RAT) for the 5G
mobile network. In 2018, 3GPP published Release 15, described as “Phase 1” standardization

11



Table 2.1: Frequency Range 2.

Band f (GHz) Common
name

Uplink/Downlink
(GHz)

Channel bandwidths
(MHz)

n257 28 LMDS 26.50 – 29.50 50, 100, 200, 400
n258 26 K-band 24.25 – 27.50 50, 100, 200, 400
n259 41 V-band 39.50 – 43.50 50, 100, 200, 400
n260 39 Ka-band 37.00 – 40.00 50, 100, 200, 400
n261 28 Ka-band 27.50 – 28.35 50, 100, 200, 400
n262 47 V-band 47.20 – 48.20 50, 100, 200, 400
n263 60 V-band 57.00 – 71.00 100, 400, 800, 1600, 2000

for 5G NR. Named Release 16, “5G phase 2” was completed in June 2020, and Release 17
was scheduled for June 2022 [20]. 5G NR uses frequency bands in two frequency ranges, FR1
and FR2, where FR2 is in the mmWave range [21]. The study in [22] presented the new
frequency bands for 5G satellites. The new Ka-band (28 GHz) and Q/V band (37 to 53 GHz)
bandwidths are available for 5G satellites, and the backhaul link from the satellite to the
terrestrial can also use optical bands. The U.S. Federal Communications Commission (FCC)
has proposed wireless broadband for next-generation wireless services to operate in mmWaves
above 24 GHz, with WRC-19.

2.2.2 mmWave Propagation

The common apprehension in wireless engineering is that rain, the atmosphere, oxygen or wa-
ter vapor absorption means that the mmWave spectrum is useless in mobile communications:
this is one of the challenges in implementing mmWave communication in 5G networks and
beyond. The mmWave portion of the spectrum has high atmospheric attenuation and oxygen
absorption, leading to decreased coverage and wave strength. Worse, mmWave travels in rainy
or very humid conditions, resulting in signal loss and distortion. The proposed techniques of
beamforming and taking advantage of reflection and refraction for D2D communication pro-
vide some solutions to the frequency scattering problem affecting the throughput performance
of mmWaves [23]. Free-space path loss represents attenuation of the electromagnetic energy
between the transmitter and receiver. In fact, propagation and attenuation vary dramatically
with frequency in the mmWave spectrum due to effects from the above-mentioned environ-
mental parameters. Figure 2.2 illustrates details of the attenuation added in Friis free space
propagation at frequencies in the mmWave portion of the spectrum.

Figure 2.2 indicates that attenuation is very high at 60 GHz, 180 GHz and 320 GHz in
the curve at sea level. Specifically, attenuation shows a peak at 60 GHz because of gaseous
absorption by water oxygen molecules, and again at 180 GHz and 320 GHz due to water
vapor molecules. However, some frequency windows have minimal attenuation compared to

12



Figure 2.2: Free space propagation attenuation due to atmospheric absorption at mmWave
(FCC, 1997).

peak regions, for example around 35, 94, 140 and 220 GHz, and wave propagation in these
frequency ranges easily provides a perfect transmission medium for future wireless communi-
cation networks. They are viable for indoor and outdoor wireless networks, backhaul links,
and macrocells, microcells and femtocells in next-generation cellular networks. The differ-
ence in altitude greatly affects the numbers of interfering molecules; Figure 2.2 clearly shows
that at 4 km altitude, atmospheric attenuation is significantly lower than at sea level. It
is also important to reiterate that atmospheric attenuation is not the only phenomenon af-
fecting mmWave signals; weather conditions such as snow, rain and hail also produce high
attenuation at certain frequencies. To overcome atmospheric attenuation and weather-related
losses, potential solutions such as gain engineering, beam width and beam navigation should
be employed in future mmWave networks.

2.3 Cognitive Radio

2.3.1 Definition

A cognitive radio network is an ‘intelligent radio’ which can monitor, sense and detect its sur-
roundings and automatically reconfigure its operating parameters to best suit those conditions.
It uses dynamic spectrum access (DSA) technology which is transferable to next-generation
communication networks so that secondary users (SUs) can access a licensed spectrum with-
out causing interference to primary users (PUs). Mitola introduced the term cognitive radio
and defined it as a radio whose radio model uses rigorous inferences to achieve specific estab-
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lished objectives in related radio domains [24]. In [25], Haykin defined an intelligent radio
communication system as one that is aware of its environment and is able to learn and adap-
tively change its operating parameters (e.g., transmit power, carrier frequency and modulation
method) in real time, with two main goals:

• High-reliability communication, anytime, anywhere.

• Efficient use of the radio frequency spectrum.

Some basic concepts of a cognitive radio network:

• SDR – this was introduced by Joseph Mitola in 1991. SDR is a radio which can be
reconfigured in the field to instantly change its communication protocol to another
standard [26]. This allows the radio to rapidly adjust to different requirements such as
new channel conditions. SDR is therefore the key to achieving cognitive radio.

• Primary user (PU) or licensed user – the user who has been licensed to use the frequency.

• Secondary User (SU) or conscious user – this user is not authorized to use the spectrum.
The primary user does not need to know about the activity of other users. The secondary
user must also be aware of the primary user’s activity and perform special functions to
not disturb the primary user.

• Spectrum hole – A frequency range which has been licensed to the primary user but
may not necessarily be used by the primary user at certain times or locations.

2.3.2 Cognitive Radio Network Paradigms

The model of a cognitive radio network has been proposed with many different definitions
and paradigms. Cognitive radio networks are essentially divided into three models:

• Underlay paradigm

• Overlay paradigm

• Interweave paradigm

2.3.2.1 Underlay Paradigm

The underlay paradigm is shown in Figure 2.3, and it is assumed that techniques can be used
to measure the interference caused by the SU to the PU. The SU is able to transmit simulta-
neously alongside PU transmissions in the licensed band as long as the interference generated
by SU signals to primary receivers remains below an acceptable interference threshold limit
(ITL). Limiting interference can be accomplished by using multiple directional antennas to
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guide the SU signal away from a PU’s location or by using larger bandwidth and spectrum
spreading at the SU’s transmitter so that the signal power is below the noise threshold and
then performing spectrum despreading at the receiver. Future technologies are anticipated to
include the use of ultra-wideband (UWD) spectrum spread techniques.

SU interference to the PU can be measured by an antenna located in the cognitive user
area. It is also necessary to monitor whether the transmit power meets requirements at the
transmission end for cognitive users to ensure that interference is within permissible limits.
The limitation of the underlay paradigm is therefore that communication between secondary
users can only be done in a narrow range, but despite this, it can use multiple bands to serve
multiple cognitive users.

Figure 2.3: Underlay Paradigm.

2.3.2.2 Overlay Paradigm

The overlay paradigm is shown in Figure 2.4. A prerequisite for this paradigm is that the SU
has complete knowledge of the PU’s encoding from a codebook which includes all the codeword
systems used by the PU. Encoding information obtained through the use of a common code-
word standard by the PU or the codebook is broadcast periodically. Alternatively, the PU’s
codewords can be obtained by decoding by the SU’s receiver. However, the overlay paradigm
assumes that all the PU codewords are known as soon as the PU starts transmitting the sig-
nal. This assumption is not true under practical conditions, and decoding the codewords upon
receipt of the PU’s signal at the SU’s receiver may be affected by fading or noise. Understand-
ing the key user’s codewords ensures that mitigation and gradual approaches are completely
unaffected at the PU. Encoding can be employed in various sophisticated techniques, such as
dirty paper coding (DPC) [27].

However, the SU can share some of its power to partially support the PU’s data trans-
mission by acting as a relay station to forward the signal. This implemented feature will
contribute to an increase in the PU’s SNR, which offsets the effects caused by cognitive radio
users to the PU. This keeps the primary user’s connection intact, while the SU still uses some
capacity to perform data transmission. Of particular note is that the overlay paradigm can be
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registered for both licensed and unlicensed bands. In the licensed band, the overlay paradigm
uses the shared spectrum without affecting the PU, moreover contributing to the improvement
of the PU data transmission. In unlicensed bands, the overlay paradigm improves spectral
efficiency by sharing codebook knowledge to reduce interference.

Figure 2.4: Overlay Paradigm.

2.3.2.3 Interweave Paradigm

The interweave paradigm is based on the idea of opportunistic communication, which is the
original motivation for cognitive radio networks [28]. The idea arose from the results of the
FCC survey, which indicated that a large portion of the licensed band is not fully used most
of the time. This means that spectrum holes exist at specified times and locations and include
licensed and unlicensed bands. Spectrum efficiency is improved because of frequency reuse in
the empty portion of the spectrum.

Figure 2.5: Interweave Paradigm.

The interweave paradigm requires insight into the PU’s transceiver activities at each point
in time. An extension of the interweave paradigm is that all active users using the given fre-
quency band are considered primary users; each new user is considered a cognitive user which
will reuse the parts of the spectrum left empty by existing users. The interweave paradigm
is an intelligent wireless communication system that uses periodic monitoring techniques to
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automatically detect spectrum holes and make use of empty parts of the spectrum to improve
spectrum efficiency.

2.4 Energy Harvesting (EH)

The SWIPT technique is as an emerging solution which prolongs the lifetime of energy-
constrained relay nodes in wireless networks by taking advantage of the ambient radio-
frequency (RF) signal to harvest energy and process information [29, 30]. SWIPT attempts
to supply power and transmit wireless signals from the source node to the destination via a
relay node that harvests energy from the received RF signal and uses that energy to forward
the source information, as illustrated in Figure 2.6. Information is transmitted from source
node S to destination node D through an energy-constrained relay node R. The channel gains
from S to R and from R to D are denoted h and g, respectively. Parameters d1 and d2 are
the distances from S to R and from R to D, respectively. Two relaying protocols have been
proposed, consisting of time-switching relaying (TSR) and power-splitting relaying (PSR).

Figure 2.6: System model for EH relays.

2.4.1 Time-Switching Relaying (TSR) Protocol

The principle of TSR protocol is shown in Figure 2.7, consisting of the parameters for EH and
information processing of the relay. T is the block time in which a certain information block
is transmitted from the source node to the destination node. Duration αT is the block time
for EH, where α is the time fraction 0 ≤ α ≤ 1. With the remaining block time (1 −α)T , half
(1−α)T/2, is used for information transmission from the source to the relay, and the remaining
half (1 − α)T/2, is used for information transmission from the relay to the destination.

The signal received at the relay node is given by

yr(t) = 1√︁
dm1

√︁
Pshs(t) + σn,R, (2.1)
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Figure 2.7: Principle of TSR protocol.

where d1 is the distance from the source to the relay, PS is the power of the source, h is
the channel gain from the source to the relay, σn,R denotes the Gaussian noise of the relay
with zero-mean, and s(t) is the information signal from the source. E

{︁
|s(t)|2

}︁
= 1, where

E{·} is the expectation operator and | · | is the absolute value operator.

The power of the relay node is

PR = PS |h|2d−m
1 . (2.2)

The energy harvested in αT block time is obtained from

ER = αTηPS |h|2d−m
1 , (2.3)

where 0 < η < 1 is the energy conversion efficiency. The power transmitted from the relay
node to the destination is

PTR = ER
(1 − α)T/2 = αTηPS |h|2d−m

1
(1 − α)T/2 . (2.4)

2.4.2 Power-Splitting Relaying (PSR) Protocol

The parameters of the PSR protocol for energy harvesting and information processing at the
relay are illustrated in Figure 2.8, where P is the power of the received signal at the relay, and
T is the total block time. During the first half of the block time (T/2), ρP is used for energy
harvesting, and (1 − ρ)P is used for information transmission from the source to the relay,
where ρ is the power fraction. The remaining half (T/2), (1 − ρ)P is used for information
transmission from the relay to the destination.
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Figure 2.8: Principle of PSR protocol.

Derived from the power at the relay node (2.2), the energy harvested at the relay is

ER = ηPS |h|2d−m
1 ρ

(︃
T

2

)︃
, (2.5)

where η is the harvesting efficiency and 0 < η < 1. The power of transmitted signal from
the relay to the destination is

PTR =
ηPS |h|2d−m

1 ρ
(︂
T
2

)︂
T
2

= ηPS |h|2d−m
1 ρ. (2.6)
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Chapter 3

State-of-the-Art

Increasing demand for highly reliable and low-latency broadband communications for multi-
media services has spurred research and development for next generation wireless networks.
Deployments of mmWave 5G cellular mobile networks use a portion of the spectrum between
20 GHz and 90 GHz [1, 2]. HSTNs have been actively researched and proposed as potential
models for the future, and mmWave will feature in the main spectrum band in future satellite
networks for wireless broadband access [22]. In [3], the authors demonstrated that highly-
directional satellite communications with mmWaves deliver high-capacity, broad geographic
coverage. The satellite network’s performance, however, is adversely affected by the masking
effect, and the line of sight (LoS) link is severely degraded [31, 32]. To correct these limitations
and seamlessly connect satellites to terrestrial communication systems, the authors of [33, 34]
proposed an HSTRN, which uses ground nodes as relays. However, with the continuous pro-
liferation of multimedia services, it is foreseen that the mmWave part of the spectrum may be
congested and lead to a scarcity of available bands for terrestrial and satellite communications
in future HSTRNs [35, 36]. Techniques to solve scarcity in the spectrum for wireless commu-
nication networks will also be studied and applied in HSTN. Recently, the European Space
Agency (ESA) recommended a model that integrates satellite and terrestrial networks in op-
tical communication systems – High Throughput Optical Network (HydRON) [37]. HydRON
targets Tbps "All-Optical Network" solutions with optical connections in the Tbps region as
a true "Fiber in Space" network, similar to optical fiber networks on the ground.

NOMA has numerous advantages in terms of spectral efficiency and energy efficiency to
support massive connectivity, user fairness and low suspension. Some modern techniques use
NOMA, which is a very suitable technology for application in 5G networks [38]. Specifically,
high-power transmission can be selected for users with poor channel conditions, and lower
power levels can be applied to transmissions for users with better channel conditions. At the
base station, the superposition coding technique is applied to receivers. With SIC technology,
stronger NOMA users with less power allocation will eliminate the greater power allocation
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of all weaker communication users to decipher their own packets [39]. 5G networks provide
multiple points of access to massive users, for example the IoT, sensor networks and relay
communications. Satellite networks are expected to support massive connectivity services
and reduce operational costs [40]. They can be deployed and integrated with geo-stationary
and non-geo-stationary orbit satellites and apply cooperative transmission, EH relaying or
CR networks to increase spectrum efficiency. EH technology is a promising method for sup-
plying power to wireless communication network nodes. Energy-limited devices can harvest
energy from their surroundings via radio frequencies and thereby prolong the network life-
time. RF-based EH technology can be classified into simultaneous wireless information and
power transfer (SWIPT), wireless-powered backscatter communication, and wireless-powered
communication (WPC) [41, 42]. The authors of [43] combined SWIPT with NOMA to trans-
mit weaker user packets via strong users. In [44], wireless powered communication network
(WPCN) technology was combined with a NOMA uplink network to increase the individual
data rate. NOMA has also been examined for its effects on energy in WPC systems [45].
A downlink using NOMA was researched in combination with SWIPT [46]. In [47], NOMA
security was addressed in an artificial noise-aided beamforming design which provided high
security in a multiple input single output (MISO) NOMA SWIPT network. In [48, 49], EH
combined with NOMA was able to prolong limited power networks. In the era of the IoT,
sensors can be distributed for numerous applications in sensing, monitoring and controlling
[14]. The experiment in [13, 50] integrated a WSN into the IoT and included a gateway
server, middleware and a mobile client. Sensor nodes can be grouped into clusters, each clus-
ter consisting of a cluster head (CH) and several cluster members [51, 52, 53, 54]. In [51], the
authors proposed a new clustering algorithm based on Fuzzy C-Means (FCM) for WSN-based
IoT applications. The algorithm applied an FCM approach to form clusters and minimize
the overall energy consumption in each cluster to choose the optimal CH in each transmission
round. The authors of [52] proposed a new efficient-energy data dissemination scheme that
focused on data storage at the devices layer. In [53], a modified low energy adaptive clustering
hierarchy (LEACH) was applied to select the number of nodes which would become a cluster
relay and forward data from the cluster to the sink. The efficient cluster CH algorithm signif-
icantly extends network lifetime and produces high throughput to ensure QoS requirements.
In [54], CH is selected to provide fault-resistant routing. An efficient routing path is achieved
by finding the minimum number of hops given the availability of alternative routing paths.

For relaying communication systems, the evaluation of network performance should con-
sider imperfect conditions for practical applications [55]. From the point of view of practical
scenarios, the SIC procedure potentially has specific problems, such as error propagation and
complexity scaling, that lead to errors during decoding. Hence, it is important to consider
the undesirable influence from imperfect SIC [56]. Other works have studied network perfor-
mance under imperfect conditions of CSI and SIC. In [57], the authors analyzed the outage
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performance in an underlay CR-NOMA system applying a DF relay and with imperfect CSI
at the receiver. In [58], the authors considered the impact of imperfect SIC on the ergodic
sum capacity. The NOMA technique in satellite communications has been widely studied in
relation to infrastructure network, network models, network performance and multiple access
techniques [59]. In [60], the authors studied integration of the NOMA technique with multi-
beam satellite networks. The performance of a NOMA-hybrid satellite relay network (HSRN)
was studied in [61, 62]. The study in [63] analyzed the OP of a NOMA-based integrated
cognitive HSRN. The authors of [64] examined the performance of NOMA-HSRN with the
presence of hardware impairments. In [65], a cooperative NOMA-HSRN took advantage of
users with better channel gain to act as relays for the remaining users in the cluster. In [66],
the authors studied the effect of imperfect CSI and channel impairments in a NOMA-based
terrestrial mobile communication network (TMCN) that functioned with multiple relays. In
[61], the authors investigated NOMA-based integrated terrestrial satellite networks (ISTN)
and the effects of relaying configurations such as AF and DF. In all the studied NOMA-HSRN
models, the effects of CCI have rarely been addressed. In practice, NOMA-HSRN might ex-
perience a situation of high CCI, which is a significant concern in the deployment of NOMA
and HSRN in wireless communications. The aggressive reuse of spectrum resources degrades
performance as a result of CCI. A more important priority, therefore, is to consider that
NOMA-HSRN performance can only be guaranteed if CCI is taken into account.

NOMA, however, gains more benefits from CR, which improves the efficiency of spec-
trum utilization and introduces CR-inspired NOMA scenarios. In the work [67], the authors
integrated NOMA with a cognitive satellite network to increase the ergodic performance of
the system. Relay network technology was also applied to expand coverage, and CR al-
lowed the sharing of radio resources, resulting in improved use of the spectrum for the major
HSTN applications. Cognitive HSTN (CHSTN) is a promising architecture under research
[68] and consists of a secondary terrestrial network which is permitted to operate with the
same spectrum resources as the primary satellite network. However, limited transmit power
for secondary users (SU) and inefficient use of available spectrum resources are two major chal-
lenges in CHSTN which can degrade the performance of secondary networks [69, 70]. Hybrid
satellite-terrestrial cooperative networks (HSTCNs) or space-air-ground integrated relay net-
works have received considerable interest for their advantages in improving the coverage and
effectively solving the masking effect. The work in [71] investigated the integration of NOMA
with CR into a holistic 5G system, which constituted a cognitive NOMA network for more
intelligent spectrum sharing. Three different cognitive NOMA architectures were presented,
including underlay NOMA networks, overlay NOMA networks and CR-inspired NOMA net-
works, allowing the SU and PU to operate simultaneously in a cognitive relay network. In [72,
73], the authors introduced NOMA as an overlay model into terrestrial communications. In
[74], The authors evaluated the performance of an overlay cognitive hybrid satellite-terrestrial
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relaying network (CSTRN). This type of system contains a primary satellite transmitter which
is used to transmit signals to multiple terrestrial receivers, and a secondary transceiver pair
on the ground. The primary satellite transmitter is employed with NOMA architecture to
serve all users simultaneously. To manage spectrum access, the secondary transmitter assists
primary communication by using a cooperative relaying method. The hybrid channels can
be described as shadowed-Rician fading and Nakagami-m fading models. The two main per-
formance metrics are the closed-form OP and approximate EC expressions for the PU and
SU.

In the Czech Republic, significant contributions in performance analysis and recommen-
dations for next-generation wireless network models are developed at the research laboratory
led by prof. Miroslav Voznak. In 2021, Hong-Nhu Nguyen [75] delivered a Ph.D. dissertation
in which he proposed models integrating satellite and terrestrial networks focused on reli-
able and secure transmission in HSTCNs. The author studied basic relaying models for EH
and information transmission, proposed relaying models for device-to-device (D2D) commu-
nications and derived the closed-form expression, simulating OP and average throughput to
analyze the effects on network performance. The research included an investigation of CR-
NOMA-based integrated networks based on the mathematical analysis and simulation results
of outage and throughput performance, with a fixed power distribution parameter to ensure
fairness in power allocation to the end users. High throughput was obtainable at a special rate
of data. The author also proposed an HSTCN relaying network based on NOMA and applied
BF methods and the interference constraint to reduce the interference of the secondary net-
work on the primary network. Ngoc-Long Nguyen’s dissertation [76] on NOMA schemes for
next-generation cellular networks proposed a multi-antenna model for next-generation mobile
wireless networks with straight and forward NOMA techniques, where the relay performs
EH supplied from a power beacon to enhance quality of service. A simile of the NOMA
and traditional OMA schemes indicated that the NOMA scheme performs remarkably better
than OMA. The author then studied CR-NOMA for the downlink with integrated FD, RS,
FD-DF techniques and MISO architecture and calculated and analyzed the SOP parameters
for optimization. Finally, he proposed a hybrid satellite-terrestrial relay system (HSTRS)
that uses NOMA to improve QoS for large numbers of connections and broadband access,
inferring new exact expressions for the OP and throughput of the HSTRS model to evaluate
the performance of the system.

Motivated by the above research, I investigated HSTNs for this dissertation. Satellites
in an HSTN deliver services to many users through a ground relay. Assuming perfect or
imperfect CSI at all nodes, the benefits of enabling CR and NOMA in an HSTN system were
examined. To improve the OMA protocol network performance, an energy efficient clustering
protocol was deployed. Alternatively, NOMA-HSTN was also used to improve channel access,
implementing CR with multiple antennas equipped at relays and users. The performance
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of NOMA-HSTN under different network scenarios with high interference channels was then
analyzed. It should be noted that relay nodes are required to implement both OMA and
NOMA for improvements in network performance.
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Chapter 4

Aims of Dissertation

This section lists the aims of the research, focusing on the different stages of the research
plan. The dissertation examines the effect of different channels such as Rayleigh, Rician and
Nakagami-m channels. mmWave transmission is characterized by an increase in transmission
frequency which leads to greater path loss [77]. Atmospheric degradation, attenuation by rain,
and path depolarization also increase with frequency [78]. However, the dissertation explores
proposed models and analyzes network performance with channel parameters modeled as
coefficients based on state-of-art empirical models. Various techniques are applied to the
physical layer, and network performance metrics include OP, SOP, EC, average throughput,
network lifetime and residual energy. The research investigates and analyzes the performance
of relay models, EH, NOMA networks, CR networks, WSN and terrestrial hybrid satellite
system models under the effects of fading and associated interference. The specific aims are
therefore detailed below.

4.1 Aim 1: Proposal of a new system model of wireless pow-
ered transfer and applying suitable clustering protocol in
mmWave WSNs to improve energy efficiency.

I propose a design for a new system model which includes a relaying model, EH, and NOMA
techniques, with a subsequent analysis of the network performance. The proposed model
applies NOMA in two scenarios, one with single SIC and the other with dual SIC. SWIPT
technology is employed to feed energy to the relays intended to serve distant NOMA users.
The difference in performance between two NOMA users therefore remains fair with careful
selection of power allocation factors, which is the main contribution of this part of the research.
Performance is evaluated by deriving exact OP expressions. I also propose a self-clustering
protocol in mmWave WSNs for IoT applications. The IoT sensor nodes transmit collected
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data to the sink, and several nodes form a cluster. A cluster contains one CH and M cluster
members (CM). Some nodes become cluster relays which do not belong to any cluster. The
cluster relay is able to transmit data directly to the sink. Network performance is analyzed
according to the residual energy in nodes.

4.2 Aim 2: Study of fading channels and CCI impact on per-
formance analysis in NOMA network models.

Recently, 5G and 6G network models have been devised to exploit relaying techniques with
satellite communication, forming a new architecture designated NOMA-HSRN [61, 62]. The
mmWave spectrum has also been assigned to hybrid satellite-terrestrial systems [22, 79]. Net-
work performance has therefore seen great enhancements in device connectivity, spectrum
efficiency and signal quality. Fading channels and CCI also play a major role in determining
the quality of the transmitted signal, an important consideration in the deployment of NOMA
and HSRN in wireless communications technology.
For the second aim, the dissertation provides an analysis of the performance of a NOMA
network model under more generalized fading conditions. Specifically, a NOMA system is
considered to have two users with a fading channel η − µ. The closed-form expressions are
derived for system OP and throughput under both perfect and imperfect SIC. These expres-
sions are analyzed numerically by varying certain parameters such as fading channels, power
level coefficients and the number of antennae at the receiver. The results can be used to
evaluate the performance of the system associated with each parameter, thereby recommen-
dations can be made for each user’s signal quality and the system OP. The network model is
then extended with a proposed NOMA-HSRN with interference channels. The dissertation
analyzes the performance of this system with two shadowing effect modes, including heavy
shadowing (HS) and average shadowing (AS). System OP and EC are analyzed. Closed-form
expressions are derived and subjected to a numerical analysis. Performance of the NOMA
and OMA systems is also compared.

4.3 Aim 3: Design of new HSTN models to improve the net-
work performance.

The authors of [5, 80, 81, 82] suggested that future 6G networks will be required to obtain
the performance to satisfy the more stringent requirements and demands of an intelligent
information society in 2030. This performance requirement includes ultra-high data rates,
ultra-low latency, ultra-high reliability, high energy efficiency, massive connectivity, and large
frequency bands. An integrated space-air-ground-underwater network will potentially form
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the core architecture of 6G networks [83, 84] and consist mainly of the following four tiers:
space network, air network, ground network, and underwater network. The desire to improve
the network performance of the layers in next-generation radio networks is therefore gain-
ing momentum. For the dissertation’s third aim, I investigate the performance of a NOMA
cognitive hybrid satellite-terrestrial relaying network and highlight the performance gaps be-
tween multiple users. The satellite source connects to secondary destinations on the ground
by activating the CR scheme, and the secondary network is a dedicated group which follows
the NOMA principle. A relay operates in the secondary source and uses AF mode to serve
remote NOMA users under certain interference restrictions. To characterize the transmis-
sion medium, shadowed-Rician fading and Nakagami-m fading models are widely applied to
the related hybrid channels. To provide a detailed examination of the system’s performance
metrics, closed-form expressions are derived for the OP of the secondary destinations under
power constraint interference from an adjacent primary satellite network.
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Chapter 5

A Wireless Powered Relaying System Model

5.1 Throughput Analysis of NOMA and OMA Assisted Wire-
less Energy Harvesting K-Hop Relaying Networks

This section addresses the first aim of the dissertation and presents a wireless energy harvesting
relay network assisted NOMA [NNT04], [NNT05], and [NNT12]. The work and research for
this section satisfies the aim with:

• An investigation of a time-switching multi-hop relaying model.

• The deployment of a decode-and-forward relaying protocol operating in half-duplex
model.

• The derivation of exact throughput analytical expressions for both NOMA and OMA-
assisted wireless energy harvesting multi-hop networks.

• An analysis and comparison of throughput performance using simulation results. The
closed-form throughput results are verified by independent Monte Carlo simulations.

The results of this section were previously published in the paper [NNT04].

5.1.1 Introduction

Wireless energy harvesting (EH) enables the development of new devices for Internet-of-
Medical Things (IoMT), wireless sensor networks (WSNs), infrastructure and environmental
monitoring and surveillance where battery-powered devices would be unsuitable [85, 86, 87].
EH also enables energy sufficiency and lifetime operation for devices placed within building
materials and the human body [85]. A potential application for wireless EH is relay networks,
where the source transmit power during the uplink functions as an arbitrary variable in a
wireless powered communication network (WPCN) because of its intrinsic power transmission.
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The dramatic increase of battery-powered communication devices means the goal of extending
their life is very important; for example, the highest possible throughput in the least time
and good allocation of uplink and downlink times were calculated in a study in [88], [89].
For example, in a wide-body area network (WBAN) or IoMT, the relays depend on a reliable
and perpetual source of energy since replacing batteries is undesirable [88], [90]. Various
types of natural source can be used for harvesting, for example thermal or chemical reactions,
or vibrations, etc. However, wireless EH multi-hop relaying networks face the fundamental
problem of throughput. In [91], the authors developed an optimal throughput broadcast
algorithm to address the stochastic character of the source and energy collection at the relays.
In [92, 93, 94], a throughput algorithm was designed to acquire solutions for the optimal
time and non-convex power distribution problem in wireless energy-harvesting cognitive radio
networks. The authors of [95, 96, 97] investigated WPNCs assisted by NOMA, where the
signal is transmitted to a sink node, and the sink applies successive interference cancellation
(SIC) to remove interference at its receivers.

This section describes the application of NOMA in a wireless EH K-hop relay network
to increase throughput. The relays have no dedicated energy source and therefore depend on
wireless energy harvesting from a power beacon (PB) based on the time-switching protocol
[98, 99, 100]. Hence, the source node transmits its data via relays, and every node makes
use of the harvested PB energy for data transmission [101, 102]. As a result, K-hop relaying
networks can provide line-of-sight (LoS) in obstruction filled environments such as indoor
networks, etc. [103].

5.1.2 System model

As illustrated in Figure 5.1, the source-T0 transmits information to the destination-TK via
K − 1 relays denoted T1, T2, ..., TK−1. The transmitter Tk harvests energy from the power
beacon (PB) to supply energy for its decode-and-forward (DF) actions, where k = 0, 1, ...,K−
1. All nodes in our system have a single antenna; therefore, K orthogonal time slots are used
for information transmission.

We define Q as the time for end-to-end transmission. Thus, the dedicated time slot for
data transmission is τ = Q/K. In addition, a portion of the time slot ατ is dedicated for EH
from the PB, and the remainder (1 − α) τ is used for decoding and forwarding operations,
where 0 < α < 1 represents the block time portion. The energy harvested by Tk is therefore
expressed as [49].

Ēk = ηατP̄P h̄Pk (5.1)
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Figure 5.1: A K-hop DF relay network with EH from PB functionality.

where (0 ≤ η ≤ 1) is the energy conversion efficiency, P̄P is the power of PB transmitter, and
h̄Pk represents the channel between PB and Tk.

From (5.1), we obtain the Tk transmitter power as in [104]:

P̄ k = Ēk
(1 − α) τ = δP̄Ph̄Pk (5.2)

where δ = ηα
1−α .

Remark 1: To simplify our calculations, we assume that EH operates on frequencies
different from the data transmission process, and therefore interference is prevented at the
relay receivers. We consider that in the k−th time slot, node Tk−1 transmits data to node
Tk, where k = 1, ...,K. To improve throughput, the relay Tk−1 uses superposition coding to
combine N signals to produce a superimposed signal expressed as

x̄ =
N∑︂
n=1

√︂
anP̄ k−1x̄n (5.3)

where n = 1, 2, ..., N ; an represents the power allocation coefficients,
N∑︁
n=1

an = 1 for a1 > a2 >

... > aN ; x̄n is the transmitted signal.

Remark 2: Traditionally, orthogonal multiple access (OMA) has been the backbone of
K-hop relaying, resulting in a data rate of 1/K. Thus, by superposing N signals, our proposed
scheme’s data rate is N/K.
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Assuming perfect SIC (pSIC) [105, 106, 107], and [108], the Tk the transmit signal-to-noise
ratio (SNR) for decoding x̄n under hardware impairments can be written as in [109]:

ψ̄
n
k =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

anP̄ k−1h̄Dk

κ2P̄ k−1h̄Dk +
N∑︁

i=n+1
aiP̄ k−1h̄Dk +N0

if n<N

aN P̄ k−1h̄Dk
κ2P̄ kh̄Dk +N0

if n=N

(5.4)

where h̄Dk is the channel gain between Tk−1 and Tk, κ2 is the combined hardware impairment
[110, 111, 112], and N0 is the additive white Gaussian noise (AWGN).

Substituting (5.2) into (5.5) yields

ψ̄
n
k =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ρanδh̄Pk−1 h̄Dk(︄
κ2 +

N∑︁
i=n+1

ai

)︄
ρδh̄Pk−1 h̄Dk + 1

if n<N

ρaNδh̄Pk−1 h̄Dk
κ2ρδh̄Pk−1 h̄Dk + 1

if n=N

(5.5)

where ρ = P̄P /N0 is the transmit SNR.
Furthermore, we obtain the instantaneous channel capacity of x̄n as

C̄
n
k = (1 − α) τ log2

(︂
1 + ψ̄

n
k

)︂
. (5.6)

The channel capacity of x̄n with DF relaying is expressed as

C̄
n
e2e = min

k=1,2,...,K

(︂
C̄
n
k

)︂
. (5.7)

Finally, we define the throughput similar to [92, 88]:

TNOMA = (1 − α) τ γ̄th
N∑︂
n=1

Pr
(︂
C̄
n
e2e ≥ γ̄th

)︂
, (5.8)

where γ̄th is desired target rate.
We also consider K-hop relaying with OMA. Here, Tk−1 uses power P̄ k−1 to transmit one

signal to Tk. Therefore, the throughput becomes [113]:

TOMA = (1 − α) τγth Pr
(︂
C̄

OMA
e2e ≥ γ̄th

)︂
, (5.9)

where
C̄

OMA
e2e = min

k=1,2,...,K

(︃
(1 − α) τ log2

(︃
1 + ρδh̄Pk−1 h̄Dk

κ2ρδh̄Pk−1 h̄Dk+1

)︃)︃
. (5.10)
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5.1.3 Throughput evaluation

5.1.3.1 Nakagami-m fading channel model

We assume the system channels follow Nakagami-m fading and also that the channel gains h̄Pk
and h̄Dk are exponential random variables (RVs). We define ΩPk and ΩDk as the RVs channel
parameters. The cumulative distribution functions (CDFs) of h̄Pk and h̄Dk can therefore be
written as in [114], respectively:

Fh̄Pk
(x) = 1 − e

− x
βPk

mPk−1∑︂
n=0

xn

n!βnPk
(5.11)

Fh̄Dk
(x) = 1 − e

− x
βDk

mDk−1∑︂
n=0

xn

n!βnDk
(5.12)

The probability density functions (PDF) of h̄Pk and h̄Dk are obtained as in[115], respec-
tively:

fh̄Pk
(x) = xmPk−1

Γ (mPk)βmPkPk

e
− x
βPk (5.13)

fh̄Dk
(x) = xmDk−1

Γ (mDk)βmDkDk

e
− x
βDk (5.14)

where βz
∆= Ωz/mz, z ∈ (Pk;Dk).

Taking the path loss into account, the channel parameters ΩPk and ΩDk can be modeled
as in [116]:

ΩPk = d−ε
Pk
, ΩDk = d−ε

Dk
, (5.15)

where dPk and dDk are the distances of PB → Tk and Tk → Tk+1, respectively, ε denotes the
path-loss exponent, and ΩPk and mz denote the mean and the integer fading factor.

5.1.3.2 NOMA throughput analysis

First, we calculate the probability Pr
(︂
C̄
n
e2e ≥ γth

)︂
. Taking n < N and combining (5.5)–(5.7),

we obtain

Pr
(︂
C̄
n
e2e ≥ γth

)︂
=

K∏︂
k=1

Pr
(︂
C̄
n
k ≥ γth

)︂
=

K∏︂
k=1

Pr

⎛⎜⎜⎜⎜⎝ ρanδh̄Pk−1 h̄Dk(︄
κ2 +

N∑︁
i=n+1

ai

)︄
ρδh̄Pk−1 h̄Dk + 1

≥ θ

⎞⎟⎟⎟⎟⎠
(5.16)
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where θ = 2
γth

(1−α)τ − 1 is the SINR threshold.

It is obvious from (5.16) that if an−θ

(︄
κ2 +

N∑︁
i=n+1

ai

)︄
≤ 0, then Pr

(︂
C̄
n
e2e ≥ γth

)︂
= 0, and

if an − θ

(︄
κ2 +

N∑︁
i=n+1

ai

)︄
> 0, (5.16) becomes:

Pr
(︂
C̄
n
e2e ≥ γth

)︂
=

K∏︂
k=1

Pr
(︂
h̄Pk−1 h̄Dk ≥ σ̄n

)︂
, (5.17)

where
σ̄n = θ[︄

an −
(︄
κ2 +

N∑︁
i=n+1

ai

)︄
θ

]︄
ρδ

. (5.18)

Remark 3: The transmit power ratio an must be carefully designed so that the conditions

an − θ

(︄
κ2 +

N∑︁
i=n+1

ai

)︄
> 0 are satisfied.

Now, the probability Pr
(︂
h̄Pk−1 h̄Dk ≥ σ̄n

)︂
can be formulated as

Pr
(︂
h̄Pk−1 h̄Dk ≥ σ̄n

)︂
=
∫︂ +∞

0

(︃
1 − Fh̄Pk−1

(︃
σ̄n
x

)︃)︃
fh̄Dk

(x) dx. (5.19)

Inserting (5.11), (5.12), (5.13) and (5.14) into (5.19), and then using [117, Eq. (3.471.9)],
we obtain

Pr
(︂
C̄
n
e2e ≥ γth

)︂
=

K∏︂
k=1

⎡⎣ ∞∫︂
0

(︃
1 − FPk−1

(︃
σ̄n
x

)︃)︃
fDk (x) dx

⎤⎦
=

K∏︂
k=1

⎡⎣mPk−1 −1∑︂
l=0

σ̄ln

l!βlPk−1
Γ (mDk)βmDkDk

×
∞∫︂

0

e
− σ̄n
βPk−1x

− x
βDk xmDk−l−1dx

⎤⎦

=
K∏︂
k=1

⎡⎣mPk−1 −1∑︂
l=0

2ρln
l!βlPk−1

Γ (mDk)βmDkDk

×
(︄
βDk σ̄n
βPk−1

)︄mDk
−l

2

KmDk−l

(︄
2
√︄

σ̄n
βPk−1βDk

)︄⎤⎥⎦
(5.20)

where Ku (.) represents the uth order of the modified Bessel function of the second kind [117,
Eq. (3.471.9)].

Similarly, when n = N , we obtain

Pr
(︂
C̄
N
e2e ≥ γth

)︂
=

K∏︂
k=1

⎡⎣mPk−1 −1∑︂
l=0

2σ̄lN
l!βlPk−1

Γ (mDk)βmDkDk

×
(︄
βDk σ̄N
βPk−1

)︄mDk
−l

2

KmDk−l

(︄
2
√︄

σ̄N
βPk−1βDk

)︄⎤⎥⎦
(5.21)
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where σ̄N = θ
(aN−κ2θ)ρδ .

Inserting (5.8), (5.20) and (5.21), the exact closed-form formula of TNOMA is obtained:

TNOMA = (1 − α) τγth

×

⎧⎨⎩
N∑︂
n=1

K∏︂
k=1

⎡⎣mPk−1 −1∑︂
l=0

2σ̄lN
l!βlPk−1

Γ (mDk)βmDkDk

×
(︄
βDk σ̄N
βPk−1

)︄mDk
−l

2

KmDk−l

(︄
2
√︄

σ̄N
βPk−1βDk

)︄⎤⎥⎦
⎫⎪⎬⎪⎭ .

(5.22)

5.1.3.3 OMA throughput analysis

For multi-hop relaying using OMA, we obtain

Pr
(︂
C̄

OMA
e2e ≥ γth

)︂
=

K∏︂
k=1

Pr
(︂
h̄Pk−1 h̄Dk ≥ ξ̄

)︂

=
K∏︂
k=1

⎡⎣mPk−1 −1∑︂
l=0

2ξ̄l

l!βlPk−1
Γ (mDk)βmDkDk

×
(︄
βDk ξ̄

βPk−1

)︄mDk
−l

2

KmDk−l

⎛⎝2

⌜⃓⃓⎷ ξ̄

βPk−1βDk

⎞⎠
⎤⎥⎦

(5.23)

where ξ̄ = θ
(1−κ2θ)ρδ .

From (5.23), the throughput TOMA is expressed as

TOMA = (1 − α) τγth

×
K∏︂
k=1

⎡⎣mPk−1 −1∑︂
l=0

2ξ̄l

l!βlPk−1
Γ (mDk)βmDkDk

×
(︄
βDk ξ̄

βPk−1

)︄mDk
−l

2

KmDk−l

⎛⎝2

⌜⃓⃓⎷ ξ̄

βPk−1βDk

⎞⎠
⎤⎥⎦ . (5.24)

5.1.4 Numerical results

Here, we address the main parameters of the Monte Carlo simulation. The source node
is located at the origin (0, 0) and the destination is at (1, 0), and therefore the distance
between the source node and destination node is 1. The coordinates of the relay Tk and the
power beacon PB are then (k/K, 0) and (0.5, 0.5), respectively, where k = 1, 2, ...,K − 1.
We set mPk−1 = mPk = mDk−1 = mDk = m = 2. Three NOMA schemes are considered
as follows. In scheme I, we consider a1 = 0.85, a2 = 0.15, and N = 2; in scheme II,
we set a1 = 0.85, a2 = 0.12, a3 = 0.03, and N = 3;in scheme III, the parameters are
an ∈ {0.85, 0.12, 0.025, 0.005}, where n = 1, 2, 3, 4, and N = 4. The Monte-Carlo results
are averaged over 107 independent channel executions. Table 5.1 summarizes the specific
parameters.
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Table 5.1: System parameters used in the throughput evaluation.

System Parameters Values
Aggregate impairment level κ2 = 0.01
Targeted data rate γ̄th = 0.1
Total transmission time Q = 1
Pass loss exponent ε = 3
Energy conversion efficiency η = 1
Fraction of the block time α = 0.1
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Figure 5.2: Throughput with m = 2, κ2 = 0.01, α = 0.1 and K = 3

Figure 5.3: Throughput with κ2 = 0.01, α = 0.1 and K = 3

Figure 5.2 plots the relationship between throughput and transmit SNR, where param-
eters m = 2, κ2 = 0.01, α = 0.1 and K = 3, and different throughput performance curves
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depending on N , the number of superposed signals. NOMA-analytical N = 4 indicates the
best performance. Compared to OMA, NOMA outperforms OMA significantly.
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Figure 5.4: Throughput where κ2 = 0, m = 3 and ρ = 25 (dB)
.
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Figure 5.5: Throughput where K = 3, κ2 = 0, m = 3 and ρ = 10 (dB)
.

Figure 5.3 shows the relationship between throughput and transmit SNR, where κ2 = 0.01,
α = 0.1 and K = 3, and different throughput performance curves depending on the Nakagami-
m fading parameter m, with NOMA-analytical m = 3 performing the best. Compared to
OMA, NOMA outperforms OMA significantly. The throughput of OMA also reaches a ceiling
at transmitting SNR ρ = 10dB.
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Figure 5.4 and Figure 5.5 indicate the continuous trend of NOMA outperforming OMA.
However, in Figure 5.4 shows a reduction in throughput with the addition of K hops. Fig-
ure. 5.5 also reveals a major decrease in throughput beyond the optimal α. This highlights
the importance of designing optimal time-switching protocols. All analytical curves match
the Monte Carlo simulation results well.

5.1.5 Conclusion

This section provided a throughput analysis of a NOMA-assisted wireless EH multi-hop
decode-and-forward network. Exact throughput expressions were derived for NOMA and
OMA assistance. The simulation results indicate that time-switching and the number of
relays have a significant effect on throughput.
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5.2 Self-learning Clustering Protocol in Wireless Sensor Net-
works for IoT applications

A WSN-based IoT is considered in this section. Wireless sensor networks have been de-
ployed in many applications to monitor the environment or collect data from objects [NNT05],
[NNT09], and [NNT10]. The network topology requires high reliability connections with low
energy consumption at the sink node and long network lifetime. To address the first aim, I
propose a self-learning clustering protocol to discover neighbors and the network topology.
The cluster head is selected according to the information from neighbors and the residual
energy of the node. The maximum number of cluster members is set according to the net-
work’s density. The proposed protocol is able to adapt to changes in the dynamic network
and consume low energy, thereby ensuring network connectivity. The results show that the
proposed clustering protocol performs well in terms of long network lifetime and high through-
put compared to other clustering protocols and are verified with independent Monte Carlo
simulations [NNT10].

5.2.1 Introduction

Wireless sensor networks have been deployed in many applications to monitor the environ-
ment or collect data from objects. Sensors are categorized into many types, for example static
or mobile devices, which can be deployed to collect information about their deployment areas.
In the era of the Internet of Things (IoT), these types of sensors can be distributed in many
applications to perform sensing, monitoring or controlling [14]. WSN-based IoT integrates
a WSN, gateway server, middle-ware, and mobile clients [118, 119]. WSN-based IoT can be
deployed in smart cities to monitor the environment or urban areas, with low energy consump-
tion [120, 121, 122]. Some WSN-based IoT networks fit the description of device-to-device
(D2D) or machine-to-machine (M2M) connections and have attracted considerable attention
from the research community. The quality of service (QoS) in these networks delivers good
connectivity, long lifespan, high throughput and low latency. IoT objects or sensors are ran-
domly distributed throughout the network; network lifetime is therefore affected by the link
connectivity and transmission activities of sensors. In a WSN-based IoT, network topology
can be divided into many clusters to save energy and extend lifespan [123, 53].

Sensor nodes can be grouped into clusters, each which consists of a cluster head and
several cluster members [121, 122, 123, 53, 124]. The network contains many sensors which
collect data on their environment and forward them to a sink. In LEACH, the cluster head
is selected using a random value [123]. In [53], the modified LEACH selects some nodes
to become cluster relays to forward data from one cluster to the sink. Effective cluster head
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selection algorithms may result in high network lifespan and throughput to fulfill QoS require-
ments. Other studies have selected the cluster head by considering the network topology [124].

This section examines the network of a WSN-based-IoT application consisting of sensor
nodes, routers and a sink. A Self-learning Clustering Protocol (SLCP) which evaluates the
number of neighbors and residual energy in nodes is proposed for maintaining the network’s
topology. The cluster head is selected from the number and average distance to neighbors
and the node’s residual energy. The maximum number of cluster members is defined by the
node density and ensures strong node connectivity.

5.2.2 Self-learning Clustering Protocol in WSN-IoT

5.2.2.1 Network model

The network consists of a sink and multiple nodes which are deployed in the area L(m)×L(m).
The sensor nodes support IoT applications which transmit the collected data to the sink. The
number of nodes in the network is N , and each node denoted ni. Each node knows its own
location and the location of the sink. Each cluster has one cluster head (CH) and M cluster
members (CM). The node which does not belong to any cluster is a cluster relay (CRe). The
CRe is able to transmit data directly to the sink. Some reasonable assumptions are:

• Nodes are randomly distributed in the area of L×L meters with the same initial energy
of 0.5 J. The sink’s location is fixed.

• Sensor nodes have certain limitations for energy, storage, radio communication capabil-
ities, and bandwidth.

• The CM will transmit data to the CH, which then forwards the aggregated data to the
sink. The CH is selected according to the residual energy, number of neighbors and
average distance to neighbors.

• The CH maintains the number of CMs according to the network’s density.

5.2.2.2 Energy consumption model

Let us assume that the energy consumption model follows the energy consumption model in
[123]. The energy consumed to transmit the l− bits message (Etx) and to receive the message
(Erx) as in [123] is expressed as, respectively:

Etx = l · Eelec + l

R
Pt (5.25)

39



Erx = l · Eelec (5.26)

where Eelec is the electronics energy dissipated per bit, R is the transmission rate (bit/s),
and Pt is the transmitted power. Here, l/R expresses the time required to send the message.

5.2.2.3 Self-learning Clustering Protocol (SLCP)

Figure 5.6: A self-learning clustering protocol in a WSN for IoT applications.

• SLCP

Figure 5.6 depicts the flowchart of the SLCP, which consists of three phases: Phase 1 is
neighbor discovery; Phase 2 is cluster head selection and cluster formation; Phase 3 is the
data transmission phase.

• Neighbor Discovery

In this phase, each node broadcasts a “HELLO” message which contains the node ID (ni),
node location (xi, yi) and residual node energy (Eres (ni)).
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Figure 5.7: Neighbor discovery procedure.

If any nodes nj fall within the transmission range of ni, node nj will successfully receive
the “HELLO” message. Node ni will then add node nj to the list of neighbors according to
the equation {Nei(i) = Nei(i) ∪ nj | d(i, j) < Tx} and vice versa (Fig. 5.7).

• Cluster Head Selection and Cluster Formation Procedure

The cluster head is selected according to its residual energy, number of neighbors and average
distance to neighbors. The number of neighbors is determined after receiving the “HELLO”
message in Phase 1 . The average distance of node ni is the average of distance to all cluster
members, calculated from the equation {dst (ni) = average (distance (ni, nj)) | nj ∈ Nei (ni)}.
To control the network’s topology, the average number of cluster members (M) is set according
to the network’s node density. Node density is denoted K and calculated from

K = L× L

π × Tx2 , (5.27)

M ≤ K, (5.28)

where L×L is the network area, and Tx is the transmission range of the node. Each node
can is able to be a cluster head by calculating the probability of being selected as a CH. The
probability of ni being a CH is denoted pCH(i) and calculated from the desired node degree,
number of neighbors and residual energy:

pCH(i) = popt

(︃
α
Eres
Einit

+ β
dst

Tx
+ γ

NK

K

)︃
, (5.29)
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α+ β + γ = 1, (5.30)

where popt is the optimal probability of being a CH, Eres is the residual energy, Einit is the
initial energy, dst is the average distance to all neighbors, Tx is the transmission range, NK
is the number of neighbors, and K is the maximum number of cluster members; α, β, γ rep-
resent the energy coefficient, average distance coefficient, and the number of cluster members
coefficient, respectively. To balance the number of cluster heads in the network, we denote
G(r) as the set of nodes which are not the CH in the previous round r, as in the LEACH
protocol in [123, 53]. The node will generate a random number (rdn) between 0 and 1. If the
random number is less than the threshold Pth(ni), the node becomes a CH. The probability
threshold of selecting a cluster head is defined by

Pth (ni) =

⎧⎪⎪⎨⎪⎪⎩
pCH(i)

1−pCH(i)
(︂
r mod

(︂
1

pCH (i)

)︂)︂ , if ni ∈ G(r)

0, otherwise
(5.31)

In Phase 2, each node generates a random number rdn and then compares it to the
Pth(ni)− the probability of being a cluster head (Fig. 5.8). If the rdn is less than the Pth(ni),
node ni is elected as the cluster head. Node ni then transmits a join request “JOIN_RQT”
to its neighbors.

Otherwise, node ni can become a cluster member or cluster relay. If node ni receives
the “JOIN_RQT” from the CH, node ni will join the cluster by transmitting the message
“JOIN_ACK” to the CH. If node ni does not receive any “JOIN_RQT” message, node
will become CRe and send data directly to the sink. If node ni receives more than one
“JOIN_RQT” message, node ni will select the CH with the minimum distance to join.

In Phase 3, the CH schedules the transmission of each CM in a TDMA frame. Each
CM wakes up and transmits data during a predefined slot. The CH forwards the aggregated
data to the sink node by performing a carrier sense multiple access with collision avoidance
(CSMA/CA).

5.2.3 Performance evaluation

5.2.3.1 Simulation environment

In the simulations here, nodes were uniformly deployed at random in a 50 × 50m2 field [119].
The sink node was fixed at the center of the network area. The percentage of cluster heads in
the network varied over during the simulation time. Each node calculated the node density
and probability of becoming a cluster head using (5.27) and (5.29), respectively. In WSN-
based-IoT applications, we assume the network consists of N heterogeneous nodes. Any
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Figure 5.8: The cluster formation procedure.

node may elect to be the cluster head or a cluster relay. The energy consumption model for
transmitting and receiving data was calculated according to the model in [123, 53]. SLCP
was compared to the LEACH and Modified LEACH in [123, 53]. The detailed simulation
parameters are listed in Table 5.2. To focus on energy efficiency, the energy coefficient was
set to 0.5 and the other coefficients to 0.25.

5.2.3.2 Simulation results

• Network Lifetime

To evaluate the network performance, network lifetime is measured by the number of alive
nodes in the network. Network lifetime is calculated as the duration until a half of its nodes
shut down because of depleted batteries. The simulation results in Figure 5.9 reveal that the
number of alive nodes in SLCP is greater than in LEACH or Modified LEACH. With SLCP,
the cluster head is selected according to the number of neighbors, which may change as a
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Table 5.2: Simulation parameters

Parameter Value
Network size 50m× 50m
Number of nodes 100
Packet size 4000 bits
Probability popt 0.5
α (energy coefficient) 0.5
β (distance coefficient) 0.25
γ (cluster member coefficient) 0.25
Initial energy E0 0.5 J
Energy for data aggregation 5/nbit/signal
Transmitting and receiving energy Eelect 5 nJ/bit

result of mobility. SLCP is therefore able to select the effective CH, which reduces energy
consumption during transmission.

Figure 5.9: Number of live nodes.

• Residual Energy.

Figure 5.10 shows that the average residual energy with SLCP is greater than LEACH or
Modified LEACH. The number of CMs is limited to a predefined number, resulting in fewer
transmissions in the network. The CH is selected according to residual energy; any node with
low residual energy will therefore not become a CH. The CM will also select the CH with the
minimum distance to join, which results in lower energy consumption during transmission.
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Figure 5.10: Average residual energy at one node.

Figure 5.11: Total successfully received packets at the sink.

Furthermore, CHs are selected according to the network density and number of neighbors in
the network topology. If any node has shut down, the CH will learn about this by receiving the
message “JOIN_ACK”. Consequently, the CH in the previous round may become a CH in the
next round, thereby reducing the number of broadcast messages. The node also calculates
the network’s node density, and the CH will therefore select suitable cluster members for

45



prolonging network connectivity and receiving high numbers of packets.

• Successfully Received Packets at the Sink.

The successfully received packets at the sink are the sum of the packets transmitted from
the nodes to the sink node (Fig. 5.11). SLCP achieves better performance than LEACH and
Modified LEACH in terms of greater numbers of successfully received packets. SLCP achieves
a longer network lifetime and higher residual energy for transmitting and receiving greater
numbers of packets.

5.2.4 Conclusion

This section described a proposed SLCP algorithm to maintain the number of cluster members
while considering changes in the network topology. Sensors for IoT applications require long
network lifespan and high residual energy. Analysis of the simulation results reveal that
SLCP is effective in a dynamic network by learning the network’s topology. SLCP therefore
outperforms other clustering protocols by sustaining a longer network lifetime and successfully
receiving a greater number of packets at the sink node.
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Chapter 6

Impact of Generalized Fading Channels and
CCI on System Performance

6.1 Outage performance analysis of NOMA under η - µ fading
channels with conditions of imperfect SIC

For the second aim, the effect of generalized fading in a NOMA system with η − µ fading
channels was investigated. Closed-form expressions for outage probability (OP) and system
throughput under conditions of perfect SIC (pSIC) and imperfect SIC (ipSIC) were derived.
The expressions were numerically analyzed by varying system parameters such as fading chan-
nels, power level coefficients, and the number of antennae at receivers. The results indicated
that each parameter is significant in enhancing the user’s signal quality and improving the
system’s OP. The results were verified with Monte Carlo simulations [NNT03].

6.1.1 Introduction

The NOMA technique has proven its immense advantages in the trending technologies for
wireless networks. During data transmission in NOMA, signals are superimposed and sent to
the user. At the user’s end, the successive interference cancellation (SIC) technique is applied
to separate these superimposed signals [125]. During this procedure, the system is fully aware
of the channel state information (CSI). In ideal research cases, the CSI and SIC are considered
perfect, although these conditions can be fully imperfect in real-time scenarios. Any study of
minimal imperfections would therefore be a valid direction in practical research.

Although NOMA has immense advantages in wireless networking, it also has major chal-
lenges such as multipath fading and shadowing effects. Few statistical models can differentiate
multipath fading based on line-of-sight (LoS) and non-LoS (NLoS) such as Rayleigh, Rice,
Rician, Nakagami-m, etc. [126, 127, 128]. Research on various performance measurements
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such as OP, channel capacity and bit error rate has been performed to understand the effects.
α − η − µ is considered a more generalized fading model for understanding mathematical
evaluations and performance comparisons in any system. A number of authentic studies have
also evaluated the performance of fading models such as α − µ, α − η, η − µ, λ − µ, and
κ − µ [129, 130] in terms of OP, bit error rate and average capacity. In [131], the author
studied the generalized fading effect of combined α − η − µ channels. In η − µ channels,
η is the correlation between in-phase and quadrature multipath clusters, and µ defines the
number of multipath clusters. Similarly, in κ − µ channels, κ represents the ratio of power
dominants, and µ defines the number of multipath clusters. The special cases of η − µ are
Rayleigh, Nakagami-m and Hoyt distributions, and the special cases of κ − µ are Rayleigh,
Nakagami-m, and Rician distributions. Generalized fading channels are evaluated according
to the performance of channels.

As mentioned above, the effect of fading has a significant role in analyzing the efficacy
of a system. Studying the effect of various fading models in the NOMA system is therefore
still a major task. Although a few research articles have studied α − η − µ, only the ideal
cases such as perfect CSI and pSIC were examined. Motivated by this analysis, this chapter
provides a detailed analysis of the OP of a NOMA system with two users under η − µ fading
distribution in different scenarios. The ipSIC scenario and its effect on the fading channel is
also discussed. The major contributions of this section are derived expressions of exact OP
and throughput for a NOMA system with two users under η − µ fading distribution in pSIC
and ipSIC conditions, and a validation of the system performance based on these derived
expressions and Monte Carlo simulations.

6.1.2 System model and channel characteristics

6.1.2.1 System model

The system model shown in Figure 6.1 consists of a base station (BS) which transmits the
signals between two users D1 and D2, using the NOMA technique over η−µ fading channels.
D1 and D2 have M and N antennae, respectively. The channels from the BS to D1 and D2

are g1,m and g2,n, respectively. The signals received at two NOMA users D1 and D2 are given
by [132].

ỹm1 = g1,m
(︂√︁

Pν1x̃1 +
√︁
Pν2x̃2

)︂
+ ω̃m1 , (6.1)

ỹn2 = g2,n
(︂√︁

Pν1x̃1 +
√︁
Pν2x̃2

)︂
+ ω̃n2 , (6.2)

where P denotes the normalized transmission power at the BS, ω̃m1 ∼ CN (0, N0) and
ω̃n2 ∼ CN (0, N0) denote the additive white Gaussian noise (AWGN) at the user nodes D1
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Figure 6.1: Downlink NOMA with η − µ fading channels.

and D2, respectively, and x̃1 and x̃2 are assumed to be normalized unity power signals for the
two users, i.e., E

{︂
|x̃1|2

}︂
= E

{︂
|x̃2|2

}︂
= 1, where E is the Expectation operator. The power

allocation factor νj satisfies the relationship ν2 > ν1 for
2∑︁
j=1

νj = 1, which is for the purpose

of fairness between users.
In the first phase, the signal to interference-plus-noise ratio (SINR) after treating x̃1 as

interference is given by

Γ̃mD1,x2 = ν2P |g1,m|2

1 + ν1P |g1,m|2
= ν2ργ1

1 + ν1ργ1
, (6.3)

where γ1
∆= |g1,m|2, and the transmit signal-to-noise ratio (SNR) calculated at the BS is

ρ = P/N0. Note that γ1 and γ2 are independent random variables (RVs).
Under ipSIC conditions, the SINR of detect x̃2 is given as in [133]

Γ̃m,ipSICD1,x1 = ν1ργ1

1 + ρ|hI |2
, (6.4)

where |hI |2 ∼ CN (0, λI) such that λI (0 ≤ λI < 1) indicates the level of residual interfer-
ence caused by ipSIC as in [134] and CN ∼ (x, y) is the complex normal distribution with
average x and variance y.

Similarly, the instantaneous SINR at D2 to detect x̃2 is expressed as

Γ̃nD2,x2 = ν1P |g2,n|2

1 + |g2,n|2Pγ2
= ν1ργ2

1 + ν2ργ2
, (6.5)

where γ2
∆= |g2,n|2.
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6.1.2.2 Channel Characteristics

First, let us suppose that the antenna numbers of two users are equivalent, i.e., N = M . The
probability density function (PDF) of γ = γ1 = γ2 as given by [135, Eq. (1)] is

fγ (x) = 2
√
πµµ−0.5hµxµ−0.5

Γ (µ)Hµ−0.5γ̄µ−0.5 e
− 2µh

γ̄
x
Iµ−0.5

(︃2µH
γ̄

x

)︃
, (6.6)

where Γ (x) is the Gamma function, Iz (.) is the modified Bessel function of the first kind,
γ̄ = E {γ}, µ represents the fading severity, h =

(︁
2 + η−1 + η

)︁/︁
4 and H =

(︁
η−1 − η

)︁/︁
4 such

that 0 < η < ∞ for arbitrary values of µ. According to [130, Eq. (2)], the cumulative
distribution functions (CDF) of γ are expressed as

Fγ (x) = (Λ1Λ2)µ

Γ (1 + 2µ)x
2µΦ2 (µ, µ; 1 + 2µ; −Λ1x,−Λ2x) , (6.7)

where Φ2 ≡ Φ(2)
2 is the confluent Lauricella function [136], Λ1 = 2µ(h−H)

γ̄ and Λ2 = 2µ(h+H)
γ̄ .

For integer values of µ and with the help of [137, Eq. (15)] and [117, Eq. (8.352.6)], Fγ (x)
can be greatly simplified to

Fγ (x) =
√
π

Γ (µ)

∞∑︂
k=0

H2kΓ (2 (µ+ k))
k!Γ (µ+ k + 0.5) 22(µ+k)−1hµ+2k

⎡⎣1 − e−2µhx
2(µ+k)−1∑︂

l=0

(2µh)lxl
m!

⎤⎦ . (6.8)

Finally, we obtain PDF and CDF of |hI |2 as in [138]

f|hI |2 (x) = 1
λI
e

− x
λI , (6.9)

F|hI |2 (x) = 1 − e
− x
λI . (6.10)

6.1.3 Analysis of outage probability

The OP of D1 under ipSIC is calculated as

P̃
ipSIC
D1 = Pr

⎛⎝max⏞⏟⏟⏞
m∈M

{︂
Γ̃mD1,x2

}︂
< γ̃th2| max⏞⏟⏟⏞

m∈M

{︂
Γ̃m,ipSICD1,x1

}︂
< γ̃th1

⎞⎠
=

N∏︂
n=1

[︂
1 − Pr

(︂
Γ̃mD1,x2 > γ̃th2, Γ̃

m,ipSIC
D1,x1 > γ̃th1

)︂]︂
=
[︂
1 − Pr

(︂
γ1 > δ2, γ1 > δ1

(︂
ρ|hI |2 + 1

)︂)︂]︂M
,

(6.11)
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where γ̃thi = 22Ri−1, for i = 1, 2 is called the target rate at Di, δ2 = γ̃th2[ρ (ν2 − ν1γ̃th2)]−1

and δ1 = γ̃th1(ν1ρ)−1. We assume that δ1
(︂
ρ|hI |2 + 1

)︂
≫ δ2, P̃ ipSICD1 can be calculated by

P̃
ipSIC
D1 =

[︂
1 − Pr

(︂
γ1 > δ1

(︂
ρ|hI |2 + 1

)︂)︂]︂M
=

⎧⎨⎩1 −
∞∫︂

0

f|hI |2 (x) [1 − Fγ1 (δ1 (ρx+ 1))] dx

⎫⎬⎭
M

.
(6.12)

Case 1: When µ ∈ N,∀µ ≥ 0, then we use PDF of (6.9) and CDF of (6.8), (6.12):

P̃
ipSIC
D1 =

⎧⎨⎩1 −
∞∫︂

0

f|hI |2 (x) [1 − Fγ1 (δ1 (ρx+ 1))] dx

⎫⎬⎭
M

=
{︄ √

π

Γ (µ)

∞∑︂
k=0

H2kΓ (2 (µ+ k))
k!Γ (µ+ k + 0.5) 22(µ+k)−1hµ+2k

×

⎡⎣1 − e−2µhδ1

λI

2(µ+k)−1∑︂
m=0

(2µhδ1)m

m!

∞∫︂
0

e
−
(︂

1
λI

+2µhδ1ρS

)︂
x
(ρSx+ 1)m

⎤⎦ dx
⎫⎬⎭
M

(6.13)

Using [117, Eq. (1.111) and Eq. (3.351.3)], P̃ ipSICD1 is given by

P̃
ipSIC
D1 =

{︄ √
π

Γ (µ)

∞∑︂
k=0

H2kΓ (2 (µ+ k))
k!Γ (µ+ k + 0.5) 22(µ+k)−1hµ+2k

×

⎡⎣1 − e−2µhδ1

2(µ+k)−1∑︂
m=0

m∑︂
r=0

(︄
m

r

)︄
r!(2µhδ1)mλrIρrS

m!(1 + 2λIµhδ1ρS)r+1

⎤⎦ dx
⎫⎬⎭
M

.

(6.14)

Case 2: When µ ∈ I,∀µ ≥ 0, then we use the PDF of (6.9) and CDF of (6.7), (6.12):

P̃
ipSIC
D1 =

⎧⎨⎩1 − 1
λI

∞∫︂
0

e
− x
λI

[︃
1 − (Λ1Λ2)µ

Γ (1 + 2µ)(δ1 (ρSx+ 1))2µ

×Φ2 (µ, µ; 1 + 2µ; −Λ1δ1 (ρSx+ 1) ,−Λ2δ1 (ρSx+ 1))] dx}M .

(6.15)

Specifically, let q = x
λI

, and use Gauss-Laguerre integration as in [139, Eq. (25.4.45)]. The
closed-form approximation of the P̃ ipSICD1 is expressed as

P̃
ipSIC
D1 ≈

[︄
(Λ1Λ2)µδ2µ

1
Γ (1 + 2µ)

W∑︂
w=1

XwΘ(qw)2µΦ2 (µ, µ; 1 + 2µ; −Λ1δ1Θ (qw) ,−Λ2δ1Θ (qw))
]︄M
(6.16)
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where Θ (qw) = (ρSλIqw + 1), Xw and qw are the weight and abscissas for Gauss-Laguerre
integration, respectively. More specifically, qw is the w-th zero of the Laguerre polynomial
LW (qw), and the corresponding the w-th weight is given by Xw = (W !)2qw

[LW+1(qw)]2 . The parameter
W is used to ensure a complexity-accuracy trade off.

From (6.11), we have pSIC. Let us set ρ|hI |2 ≈ 0 and obtain the OP P̃
pSIC
D1 as follows:

P̃
pSIC
D1

= [1 − Pr (γ1 > δ2, γ1 > δ1)]M = [1 − Pr (γ1 > δmax)]M = [Fγ2 (δmax)]M

µ∈N=

⎧⎨⎩
√
π

Γ (µ)

∞∑︂
k=0

H2kΓ (2 (µ+ k))
k!Γ (µ+ k + 0.5) 22(µ+k)−1hµ+2k

⎡⎣1 − e−2µhδmax
2(µ+k)−1∑︂

l=0

(2µhδmax)l

l!

⎤⎦⎫⎬⎭
M

µ∈I=
[︄

(Λ1Λ2)µδ2µ
max

Γ (1 + 2µ) Φ2 (µ, µ; 1 + 2µ; −Λ1δmax,−Λ2δmax)
]︄M

(6.17)
where δmax = max (δ1, δ2).
Finally, The OP of D2 is calculated as

P̃ 2 = Pr

⎛⎝max⏞⏟⏟⏞
n∈N

{︂
Γ̃nD2,x2

}︂
< γ̃th2

⎞⎠
=

N∏︂
n=1

[1 − Pr (γ̃th2 > γ̃th2)] = [1 − Pr (γ2 > δ2)]N = [Fγ2 (δ2)]N .

(6.18)

Case 1: When µ ∈ N,∀µ ≥ 0, then we use CDF of (6.8), (6.18):

P̃ 2 =

⎧⎨⎩
√
π

Γ (µ)

∞∑︂
k=0

H2kΓ (2 (µ+ k))
k!Γ (µ+ k + 0.5) 22(µ+k)−1hµ+2k

⎡⎣1 − e−2µhδ2

2(µ+k)−1∑︂
l=0

(2µhδ2)l

l!

⎤⎦⎫⎬⎭
N

.

(6.19)
Case 2: When µ ∈ I, ∀µ ≥ 0, then we use CDF of (6.7), (6.18):

P̃ 2 =
[︄

(Λ1Λ2)µδ2µ
2

Γ (1 + 2µ) Φ2 (µ, µ; 1 + 2µ; −Λ1δ2,−Λ2δ2)
]︄N
. (6.20)

6.1.4 Throughput analysis

Further analysis can be performed using additional metrics such as the total system through-
put, which can be calculated from the OP. Throughput can be determined in delay-limited
mode at set target rates R1 and R2 and is consequently expressed as in [140]:

τ⋆1 =
(︂
1 − P̃

⋆
D1

)︂
R1, ⋆ ∈ {ipSIC, pSIC} , (6.21)
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τ2 =
(︂
1 − P̃ 2

)︂
R2. (6.22)

6.1.5 Numerical results

The parameters of µ and η were set as in [130], and the number of antennae M and N of U1

and U2 were the same value and equal to 2. The Monte Carlo results averaged more than
107 independent channel realizations. The target data-rates for the fixed-rate transmission
were R1 = R2 = 1. The mean value of the channel power gains of the interference signal was
λI = 0.01. The power allocation coefficients were ν1 = 0.2 and ν2 = 0.8. The number of
points for the Gauss-Laguerre quadrature was W = 40.

Figure 6.2 plots the simulation of OP versus transmit SNR for various values of (µ, η)
fading distribution, with the same number of antennae N = M = 2. By varying the value
of µ, the outage performance changes significantly under pSIC and ipSIC conditions for both
users. As µ increases, the performance at the users increases comparatively, thereby enhancing
overall system performance. The simulation indicates that ipSIC has less performance than
pSIC. It can be called the worst scenario since in all cases, it demonstrates a very low level
of performance.

Figure 6.2: OP versus transmit SNR for different values of (µ, η) fading distribution, where
N = M = 2.

Figure 6.3 plots the simulation for OP versus transmit SNR for different numbers of
antennae at D1 and D2, where R1 = R2 = 1, η = 0.1 and µ = 1.2. As the numbers of
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Figure 6.3: OP versus transmit SNR for different numbers of antennae at D1 and D2, where
R1 = R2 = 1, η = 0.1 and µ = 1.2.

antennae increase, the difference between the performance of each user in both ipSIC and
pSIC becomes large. The graphs indicate that D2 has better performance than D1 in both
scenarios because it has the highest power allocation. This demonstrates the effect of power
allocation in improving the performance at the users.

Figure 6.4 plots the simulation for OP versus power allocation coefficients at D2 for differ-
ent values of transmit SNR, where λI = 0.1 (dB), R1 = R2 = 0.5, η = 0.5 and µ = 1, clearly
indicating the performance of both users under ipSIC and pSIC conditions. As the power
allocation increases for a certain user, the performance at that user also increases, whereas
the performance at the other user decreases. The primary finding is that with an increase in
the transmit SNR, the system performance increases respectively in all scenarios.

Figure 6.5 plots the simulation for throughput versus transmit SNR under different levels
of ipSIC at D1, where ν1 = 0.05, ν2 = 0.95, η = 0.5 and µ = 1. The results indicate that
with a reduction in the level of ipSIC, the throughput performance at the user increases. The
simulation also charts the throughput performance at the user under pSIC and indicates that
D2 has the better throughput.

6.1.6 Conclusion

This section investigated a NOMA system serving two users D1 and D2, with η − µ fading
channels. Both pSIC and ipSIC were evaluated, and the closed-form OP expressions and
system throughput expressions for each condition were derived. The simulations indicated
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Figure 6.4: OP versus power allocation coefficients at D2 for different values of transmit SNR,
where λI = 0.1 (dB), R1 = R2 = 0.5, η = 0.5 and µ = 1.

Figure 6.5: Throughput versus transmit SNR for different levels of ipSIC at D1, with ν1 =
0.05, ν2 = 0.95, η = 0.5 and µ = 1.

that varying the values of η while keeping µ constant has a significant role in enhancing system
performance, even comparatively in ipSIC mode. The results also illustrated the system
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performance for examples which varied the number of antennas, power level coefficients, and
transmit SNR. The main finding is that the outage performance of the system increases rapidly
as the transmit SNR increases, regardless of the scenario.
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6.2 Analysis of the impact of CCI on performance in down-
link satellite terrestrial systems: outage probability and
ergodic capacity perspective

This section addresses the second aim of the dissertation by investigating the integration
of NOMA with a satellite communications network [NNT01], [NNT02], [NNT06], [NNT07],
[NNT08], [NNT11] and evaluating system performance under conditions of imperfect channel
state information and co-channel interference from nearby systems. The results of this section
were published in [NNT02]. The main contributions in this section are:

• An analysis of a NOMA-based terrestrial satellite relay network which encounters inter-
ference from nearby sources. The network uses a shadowed-Rician channel between the
satellite and the relay and a Nakagami-m channel between the relay and the destination.

• An analysis and comparison of the system’s performance under heavy shadowing (HS)
and average shadowing (AS) effects resulting from the shadowing channel links. Multiple
antennae relays are also investigated for their effect on performance.

• Derived closed-form expressions for outage probability (OP) and ergodic capacity (EC)
at both users in a dedicated NOMA user group.

• A numerical analysis and Monte Carlo simulations for the derived expressions to verify
their authenticity and analyze system performance. The system’s performance in HS
mode is demonstrated by varying the interference links and mean square error of the
channels.

6.2.1 Introduction

Satellite communications are especially able to provide radio access in difficult areas [22].
Because satellite networks can provide higher quality of services (QoS) for comparatively
less cost, they can also attain significant improvements in the efficiency of fixed and mobile
satellite services. In the evolution of fifth generation (5G) networks, satellite communications
have been viewed as a potential addition to many technologies such as the Internet of Things
(IoT), sensor networks and relaying communications [141]. The future of satellite networks is
expected to support services of massive connectivity and reduce operational costs. Therefore,
they can be deployed by integrating them with various geostationary and non-geostationary
orbital satellites and applying cooperative transmission or cognitive radio networks to increase
spectrum efficiency. To date, most satellite networks have adopted the orthogonal multiple
access (OMA) technique for the transmission and reception of data [142].
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The major disadvantage of OMA is that it cannot satisfy the growing requirements of com-
munications networks. Under OMA, efficient spectrum use and limitations on the number
of users have become major challenges which diminish system performance. In this section,
NOMA is considered as a method for tackling the challenges raised by OMA. Of the two
NOMA categories, Power-Domain NOMA was applied, since much of the research has proved
that this system has the most promising features. In NOMA, signals are transmitted super-
imposed in the same resource block by varying the power level of each user according to the
channel gain. To identify the required user signal at the receiver, the system applies SIC
and thereby extracts the required signal. As mentioned, NOMA uses the same resource block
for multiple users and thus increases the efficiency of spectrum use at a reasonable level of
implemented complexity [143], [144]. The NOMA technique has achieved significant atten-
tion from researchers and is a promising technology with advantages that can be exploited in
5G communications. Numerous studies have been performed to compare the performance of
the NOMA system to OMA. The main finding is that NOMA is efficient [145], [146]. With
increased spectrum efficiency, NOMA performance may be more widespread through the use
of NOMA in conjunction with other techniques.

Various studies have introduced the NOMA technique in satellite communications [59, 60,
67, 61, 62, 63, 64, 147, 148]. In [60], the authors studied integration of the NOMA tech-
nique with multi-beam satellite networks, while in [67], the authors investigated integration
of NOMA with cognitive satellite networks to increase the ergodic performance of the system.
The performance of NOMA-hybrid satellite relay networks (HSRN) was studied in [61, 62].
NOMA integrated cognitive HSRN has been studied to analyze outage performance [63]. The
performance of a similar system was studied in [61] and [64] with the effect of hardware im-
pairments. The research in [149, 150, 151] studied NOMA-based satellite-terrestrial networks
and increasing spectrum efficiency by beamforming. The study in [65]evaluated a cooperative
NOMA-HSRN where the user with better channel gain acted as a relay to the remaining users
in the cluster. In [66], the authors studied the effect of imperfect CSI and channel impairments
(CI) in a NOMA-based terrestrial mobile communications network (TMCN) functioning with
multiple relays. In [61], the authors considered NOMA-based integrated terrestrial satellite
networks (ISTN) to study the effect of relaying configurations such as amplify and forward
(AF) and decode and forward (DF). The authors of [152] investigated a system similar to
system studied in [61] and explored the effect of CI under a DF relay configuration.

In the context of NOMA-HSRN, the effect of co-channel interference (CCI) in all system
models has rarely been addressed. In practice, NOMA-HSRN might experience a situation
of high CCI, which is an important consideration in the deployment of NOMA and HSRN in
wireless communications. It can be demonstrated that aggressive reuse of spectrum resources
leads to degraded performance under the effect of CCI. Consequently, this is more than simply
an important priority consideration, as the performance of NOMA-HSRN is guaranteed only

58



if CCI is taken into account. To the best of my knowledge, the performance degradation in
NOMA-HSRN due to CCI has not yet been solved. Aiming to overcome the effect of CCI,
which is unavoidable in practical scenarios, the authors of [153] reported degraded performance
in a single-user hybrid satellite-terrestrial amplify-and-forward relay network (HSTAFRN)
with multiple Rayleigh-faded interference sources. The performance metrics of a downlink
multi-user HSTAFRN were examined using a fixed-gain relaying protocol under the effect of
CCI [154]. The authors of [155] employed dual-hop relay networks which assumed interference-
limited relays and noisy destinations. These may arise from cell-edge or frequency-division
relaying [156], although NOMA-HSRN still experiences worse performance under the effect
of CCI. In [157], the authors analyzed the performance of mmWaves in a multi-user HSRN
system with a shadowed-Rician channel for the link from satellite to the relay. The authors
of [158] deployed a single-antenna satellite for a multi-user HSTAFRN system and evaluated
its outage performance under the effect of both CCI and outdated CSI.

Satellite networks have been designed to replace terrestrial communications systems, but
challenges still exist in some aspects of signal processing. The studies referred to above
suggest that integrating NOMA with satellite systems extends the efficiency of communication
between users. Although satellite systems have numerous advantages, challenges such as
fading effect and interference require solutions. The majority of research has studied the
effect of multiple scenarios, including imperfect SIC, imperfect CSI and channel impairments,
but none has addressed the effect on system performance from CCI. Therefore, this section
discusses the effect of interference by considering shadowing and interference links in dual-
user communications occurring under a NOMA-assisted satellite network. The effects of
both heavy shadowing (HS) and average shadowing (AS) and the effect of interference links
on communications channels in HS mode were investigated. In contrast to similar studies
summarized in Table 6.1 and to highlight the superiority of NOMA-aided satellite systems,
performance was analyzed fully in terms of OP and EC.

6.2.2 System model

This section describes the configuration consisting of a satellite (S), relay (R) and two users
Di, i ∈ (1, 2) (Fig. 6.6). All nodes are equipped with a single antenna, and the relay operates
with the DF protocol. The relay node is also affected by N co-channel interference sources
{In}Nn=1. The link from S to Di is not available because of heavy shadowing [159]. hR denotes
the channel coefficient from S to R on a shadowed-Rician channel, hi denotes the channel
coefficients from R to Di on a Nakagami-m channel, hnR denotes the channel coefficient of
the link between the n-th interference source and relay, using independent and non-identically
distributed (i.ni.d.) Nakagami-m random variables (RVs). Under these conditions, the CSI
procedure exhibits error.

59



Table 6.1: Summary of related works.

References Context built
on NOMA

Performance
Analysis

Contributions

[60] Multi-beam
satellite systems

Data rate fair-
ness

Performance comparison of SIC to simul-
taneous non-unique detection (SND)

[67] Cognitive hybrid
satellite terres-
trial networks

EC Investigated improvement of the radio
spectrum efficiency

[61, 63] Hybrid satellite
terrestrial net-
works

Outage perfor-
mance

Investigated power allocation and user
fairness problems

[64] Integrated satel-
lite terrestrial
networks

Outage per-
formance and
energy efficiency

Investigated system performance under
the effect of hardware impairments

[150] Integrated satel-
lite terrestrial
networks

System capacity Investigated beamforming for maximiza-
tion of the minimum channel correlation
and achieved efficient user pairing with the
proposed scheme

[61] Hybrid satellite
terrestrial relay
networks

Outage perfor-
mance

Investigated the system under the effect
of imperfect CSI and analyzed the system
with channel estimation errors and fading
parameters. Proposed a low complexity
algorithm to yield efficient results.

Our re-
search

Terrestrial
satellite relay
networks with
CCI and imper-
fect CSI

Outage Perfor-
mance and EC

Investigated and compared performance
with CCI and imperfect CSI.

The estimation channel is expressed as in [61]:

hj = ĥj + ej , (6.23)

where j ∈ {R, 1, 2}, ej is the error term for CN(0, σ2
ej ) [160].

The power-domain-assisted NOMA signal from the source transmits user signals super-
imposed in the same resource block by varying the power coefficient of each user according
to their CSI. At the receiver’s end, perfect SIC is assumed to extract the desired signal from
the superimposed signal. Imperfect CSI should therefore be studied in practical scenarios.
Satellite-terrestrial networks need relays to power signals before forwarding them to mobile
users. The main aim in designing a relay is to address signal transmission at long distances.
The satellite must allocate suitable power levels to expected users. The first user D1 is as-
sumed to be distant, and a weak signal such as this requires a higher power allocation. The
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Figure 6.6: System model

near user D2 simply acquires the lower transmit power level. In the first phase, S transmits
the signal

√
PSA1x1 +

√
PSA2x2 to R, where PS is the transmit power, A1 and A2 are power

allocations such that A1 + A2 = 1 and A1 > A2, assumed under the NOMA scheme. Then,
the signal received at R is expressed as

yR =
(︂√︁

A1x1 +
√︁
A2x2

)︂√︁
PS
(︂
ĥj + ej

)︂
+

N∑︂
n=1

√︁
PcnhnRxn + nR, (6.24)

where PCn is the transmit power of the n-th interference source, and nR is the additive white
Gaussian noise (AWGN) at R for CN(0, N0). The signal to interference plus noise ratio
(SINR) is then used to decode x1, expressed as

ΓR→x1 =
ρSA1

⃓⃓⃓
ĥR
⃓⃓⃓2

ρSA2
⃓⃓⃓
ĥR
⃓⃓⃓2

+ γC + ρSσ2
eR

+ 1
, (6.25)

where ρS = PS
N0

is the transmit SNR, ρCn = PCn
N0

, and γC =
N∑︁
n=1

ρCn |hnR|2. The SINR decoded
x2 is expressed as
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Table 6.2: Table of parameters.

Notation Definition
N The number of CCI sources affecting the relay.
xi Messages for destination Di

xn Unit energy signal of the n-th interference source
Ai Power allocation coefficients, where A1 +A2 = 1 and A1 > A2.
PS Transmit power at S
PR Transmit power at R
PCn Transmit power of the n-th interference source
PCn Transmit power of the n-th interference source
nj Additive white Gaussian noise (AWGN) for CN(0, N0)
hR Channel coefficient from S to R
hi Channel coefficient from R to Di

hnR Channel coefficient from n-th interference source to the relay
ĥj Estimated channel coefficients
ej Channel estimation error
Γ(.) Complete Gamma function
Γ(., .) Upper incomplete Gamma function
1F1 (., ., .) Confluent hypergeometric function of the first kind
G1,1

1,1[.] Meijer’s G-function
G1,1,1,1,1

1,[1,1],0,[1,1][., .] Meijer’s G-function with two variables

ΓR→x2 =
ρSA2

⃓⃓⃓
ĥR
⃓⃓⃓2

γC + ρSσ2
eR

+ 1 . (6.26)

In the second phase, relay R forwards the signals to ground users. The signal received at
Di is expressed as

yDi =
(︂√︁

A1x1 +
√︁
A2x2

)︂√︁
PR
(︂
ĥi + ei

)︂
+ ni, (6.27)

where PR is the transmit power at R, and nDi AWGN for CN(0, N0). The other main
parameters are listed in Table 6.2. The SINR which decodes x1 at D1 is expressed as

ΓD1→x1 =
ρRA1

⃓⃓⃓
ĥ1
⃓⃓⃓2

ρRA2
⃓⃓⃓
ĥ1
⃓⃓⃓2

+ ρRσ2
e1 + 1

, (6.28)

where ρR = PR
N0

. The SINR which decodes signal x1 at D2 is expressed as in [160]:
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ΓD2→x1 =
ρRA1

⃓⃓⃓
ĥ2
⃓⃓⃓2

ρRA2
⃓⃓⃓
ĥ2
⃓⃓⃓2

+ ρRσ2
e2 + 1

, (6.29)

Applying SIC, the SINR which decodes its own signal x2 at D2 is expressed as

ΓD2→x2 =
ρRA2

⃓⃓⃓
ĥ2
⃓⃓⃓2

σ2
e2 + 1 . (6.30)

For performance analysis, these SINRs provide important information for calculating prob-
abilities.

6.2.3 Performance analysis

This section provides an analysis of the two main system metrics with the assumed channel
models described below.

6.2.3.1 Channel model

Following the results obtained in [161], the probability density function (PDF) of |ĥR|2 is
expressed as

f|ĥR|2 (x) = αRe
−βRx1F1 (mR, 1, δRx) , (6.31)

where αR =

(︂
2bRmR

2bRmR+ΩR

)︂mR
2bR , βR = (2bR)−1, δR = ΩR

2bR(2bRmR+ΩR) , mR is the fading sever-
ity parameter, 2bR and ΩR denote multipath components and the average power of LoS,
respectively, and 1F1 (., ., .) is the confluent hypergeometric function of the first kind [117, Eq.
9.210.1]. Using [162], we can rewrite the PDF of |hR|2 as

f|ĥR|2 (x) = αR

mR−1∑︂
k=0

ξ (k)xke−ΞRx, (6.32)

where ξ (k) = (−1)k(1−mR)kδkR
(k!)2 , ΞR = βR − δR, and (.)x denotes the Pochhammer symbol

[117, p. xliii]. Based on [117, Eq.3.351.2], the the cumulative distribution function (CDF) of⃓⃓⃓
ĥR
⃓⃓⃓2

is expressed as

F|ĥR|2 (x) = 1 − αR

mR−1∑︂
k=0

ξ (k)
k∑︂
l=0

k!xle−ΞRx

l! (ΞR)k−l+1 . (6.33)

The PDF and CDF of |hi|2 are then expressed as in [138]:
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f|ĥi|2 (x) =
(︃
mi

Ωi

)︃mi xmi−1e
−
(︂
mi
Ωi

)︂
x

Γ (mi)
, (6.34)

and

F|ĥi|2 (x) = 1 − 1
Γ (mi)

Γ
(︃
mi,

mix

Ωi

)︃

= 1 −
mi−1∑︂
bi=0

1
bi!

(︃
mix

Ωi

)︃+bi
e

−
(︂
mi
Ωi

)︂
x
,

(6.35)

where mi and Ωi are the fading severity parameter and average power, respectively, and
Γ(., .) is the upper incomplete gamma function [117].

The PDF of γC is also calculated with corresponding severity parameters {mCn}Nn and
average powers {ΩCn}Nn . The PDF of γC is expressed as in [163], [164] and [154]:

fγC (x) =
(︃
mI

ΩI

)︃mI xmI−1

Γ (mI)
e

−
(︂
mI
ΩI

)︂
x
, (6.36)

where the parameters mI and ΩI are obtained from moment based estimators. For this,
we define Θ =

I∑︁
n=1

|hnR|2, and without loss of generality, we assume no power control is used,

i.e., PCn = PC or ρCn = ρC . Then, we have ΩI = ρCΩC , where ΩC = E [Θ] =
N∑︁
n=1

ΩCn and

mI = Ω2
C

E[Θ2]−Ω2
C

. From this, the exact moments of Θ are expressed as

E [Θn] ≈
n∑︂

n1=0

n1∑︂
n2=0

· · ·
nN−2∑︂
nN−1=0

(︄
n

n1

)︄(︄
n1
n2

)︄(︄
nN−2
nN−1

)︄

×E
[︂
|h1R|2(n−n1)

]︂
E
[︂
|h1R|2(n1−n2)

]︂
· · ·E

[︂
|h1R|2(nN−1)

]︂ (6.37)

where E [|hiR|n] = Γ(mCn+n
2 )

Γ(mCn)

(︂
mCn
ΩCn

)︂−n
2 .

6.2.3.2 Outage probability of D1

An outage event of D1 occurs when R and D1 cannot detect x1 correctly. The OP of D1 is
therefore expressed as

PD1 = Pr (min (ΓR→x1 ,ΓD1→x1) < γ1)

= 1 − Pr (ΓR→x1 > γ1)⏞ ⏟⏟ ⏞
B1

Pr (ΓD1→x1 > γ1)⏞ ⏟⏟ ⏞
B2

, (6.38)

where γi = 22Ri − 1, and Ri is the target rate.
Proposition 1: Here, the closed-form of B1 is
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B1 = αR

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

(︄
l

p

)︄
ξ (k) k!Γ (mI + p)
l!Γ (mI) (ΞR)k−l+1 e

−ΞRϕ1(ρSσ2
eR

+1)

×
(︂
ϕ1
(︂
ρSσ

2
eR

+ 1
)︂)︂l (︃

1 + ΩIΞRϕ1
mI

)︃−mI−p
⎛⎝ ΩI

mI

(︂
ρSσ2

eR
+ 1

)︂
⎞⎠p (6.39)

Proof: See Appendix A (pp. 75).
Next, using (6.28), B2 is rewritten as

B2 = Pr

⎛⎜⎝ ρRA1
⃓⃓⃓
ĥ1
⃓⃓⃓2

ρRA2
⃓⃓⃓
ĥ1
⃓⃓⃓2

+ ρRσ2
e1 + 1

> γ1

⎞⎟⎠
= Pr

(︃⃓⃓⃓
ĥ1
⃓⃓⃓2
> ϕ2

)︃
= 1 − F|ĥ1|2 (ϕ2)

(6.40)

where ϕ2 = (ρRσ2
e1 +1)γ1

(A1−A2γ1)ρR . Based on the CDF of ĥi in (6.35), B2 is expressed as

B2 =
m1−1∑︂
b1=0

e
−m1ϕ2

Ω1

b1!

(︃
m1ϕ2

Ω1

)︃b1

. (6.41)

Finally, substituting (6.39) and (6.41) into (6.38), PD1 is obtained from

PD1 = 1 − αR

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

m1−1∑︂
b1=0

(︄
l

p

)︄
ξ (k) k!Γ (mI + p) e−ΞRϕ1(ρSσ2

eR
+1)−m1ϕ2

Ω1

b1!l!Γ (mI)(ΞR)k−l+1
(︂
ϕ1
(︂
ρSσ2

eR
+ 1

)︂)︂−l

×
(︃
m1ϕ2

Ω1

)︃b1 (︃
1 + ΩIΞRϕ1

mI

)︃−mI−p
⎛⎝ ΩI

mI

(︂
ρSσ2

eR
+ 1

)︂
⎞⎠p

(6.42)

6.2.3.3 Outage probability of D2

The outage events of D2 occurs when R and D2 cannot detect x2 correctly. The OP of D2 is
therefore expressed as

PD2 = Pr (min (ΓR→x2 ,ΓD2→x2) < γ2)

= 1 − Pr (ΓR→x2 > γ2) Pr (ΓD2→x2 > γ2)
(6.43)

Proposition 2: The closed-form OP of PD2 is obtained from
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PD2 = 1 − αR

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

m2−1∑︂
b2=0

(︄
l

p

)︄
k!ξ (k)Γ (mI + p) e−ΞRψ1(ρSσ2

eR
+1)−m2ψ2

Ω2

b2!l!Γ (mI)(ΞR)k−l+1
(︂
ψ1
(︂
ρSσ2

eR
+ 1

)︂)︂−l

×
(︃
m2ψ2

Ω2

)︃b2 (︃
1 + ΩIΞRψ1

mI

)︃−mI−p
⎛⎝ ΩI

mI

(︂
ρSσ2

eR
+ 1

)︂
⎞⎠p

(6.44)

Proof: See Appendix B (pp. 76)

6.2.3.4 Diversity order

To gain some insight, we derive the asymptotic OP of Di under a high SNR (ρ = ρS = ρR →
∞). The diversity order is defined as in [165]:

d = − lim
ρ→∞

log
(︂
P∞
Di

)︂
log (ρ) , (6.45)

where P∞
Di

is the asymptotic OP of Di.

Proposition 3: The asymptotic OP of D1 is expressed as

P∞
D1 = 1 −

(︃
1 − 1

Γ (m1 + 1)

(︃
m1ϕ2

Ω1

)︃m1)︃
×
(︃

1 − αRϕ1

(︃ (mI)!
Γ (mI)

(︃ΩI

mI

)︃
+
(︂
ρSσ

2
eR

+ 1
)︂)︃)︃ (6.46)

Proof: See Appendix C (pp. 76)

Similarly, the asymptotic of D2 is expressed as

P∞
D2 = 1 −

(︃
1 − 1

Γ (m2 − 1)

(︃
m2ψ2

Ω2

)︃m2)︃
(︃

1 − αRψ1

(︃ (mI)!
Γ (mI)

(︃ΩI

mI

)︃
+
(︂
ρSσ

2
eR

+ 1
)︂)︃)︃ (6.47)

The results in (6.46) and (6.47) refer to limits of outage performance in the region of high
SNR. It can be predicted that the outage performance of two ground users will encounter
the lower bound, even though other system parameters have improved. As discussed, the
diversity is therefore zero.
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6.2.3.5 Ergodic capacity of D1

The EC of xi is expressed as in [166]:

Rx1 = 1
2 log (2)

A1
A2∫︂
0

1 − FQ1 (x)
1 + x

dx, (6.48)

where Q1 = min (ΓR→x1 ,ΓD1→x1).

Proposition 4: The closed-form EC of x1 is expressed as (6.49), where Ψ1 = (ρSσ2
eR

+1)ΞR(1+θp)
A2ρS(1−θp) +

m1(ρRσ2
e1 +1)(1+θp)

A2Ω1ρR(1−θp) .

Rx1 ≈ αR
2 ln (2)

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

m1−1∑︂
b1=0

(︄
l

p

)︄
ξ (k) k!

b1!l!Γ (mI)
Γ (mI + p)
(ΞR)k−l+1

×
(︄(︁
ρRσ

2
e1 + 1

)︁
m1

Ω1ρR

)︄b1
⎛⎝ ΩI

mI

(︂
ρSσ2

eR
+ 1

)︂
⎞⎠p⎛⎝

(︂
ρSσ

2
eR

+ 1
)︂

ρS

⎞⎠l

× π

P

P∑︂
p=0

A1
√︂

1 − θ2
pe

−Ψ1

2A2 +A1 (1 + θp)

(︄
1 + ΩIΞR (1 + θp)

A2mIρS (1 − θp)

)︄−mI−p(︄ (1 + θp)
A2 (1 − θp)

)︄b1+l

(6.49)

Proof: See Appendix D (pp. 77)

6.2.3.6 Ergodic capacity D2

Similarly, the EC of x2 is expressed as

Rx2 = 1
2 ln (2)

∞∫︂
0

1 − FQ2 (y)
1 + y

dy, (6.50)

where Q2 = min (ΓR→x2 ,ΓD1→x2).

Proposition 5: The closed-form EC of x1 is expressed as (6.51), where Ψ2 = ΞR(ρSσ2
eR

+1)
ρRA2

+
m2(ρRσ2

e2 +1)
Ω2ρRA2

, and G1,1,1,1,1
1,[1:1],0,[1:1][., .] denotes the Meijer-G function with two variables [167].
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Rx2 = αR
2 ln (2)

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

m2−1∑︂
b2=0

(︄
l

p

)︄
k!ξ (k) (ΞR)−k+l−1

b2!l!Γ (mI)

×
(︄
m2

(︁
ρRσ

2
e2 + 1

)︁
Ω2ρRA2

)︄b2
⎛⎝
(︂
ρSσ

2
eR

+ 1
)︂

ρRA2

⎞⎠l⎛⎝ ΩI

mI

(︂
ρSσ2

eR
+ 1

)︂
⎞⎠p

×G1,1,1,1,1
1,[1:1],0,[1:1]

⎡⎢⎢⎢⎢⎢⎣
ΩIΞR

mIρRA2Ψ2
1

Ψ2

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓

1 + l + b2

1 −mI − p

−
0, 0

⎤⎥⎥⎥⎥⎥⎦

(6.51)

Proof: See Appendix E (pp. 78)

6.2.4 Consideration on case of Multiple Antenna Relay

This section examines how a multiple-antenna relay affects the performance of two usersDi. In
particular, a DF relay can be equipped with KR receiver antennas and KT transmit antennas.
To represent mathematical expressions from this point onward, hR = [h1

R,h
2
R, ...,h

KR
R ]T

denotes the KR × 1 channel vector between S and R, hi = [h1
i ,h

2
i , ...,h

KT
i ]T denotes the

KT ×1 channel vector between R and Di. In this first phase, the signal received at R assisted
by (6.23) is expressed as

yIIR =
(︂√︁

A1x1 +
√︁
A2x2

)︂√︁
PSw

H
RĥR

+
(︂√︁

A1x1 +
√︁
A2x2

)︂√︁
PSw

H
ReR

+
N∑︂
n=1

√︁
PcnhnRxn + wH

RnR

(6.52)

where nR denotes the vector of zero mean AWGN with variance N0 and wR = ˆ︁hR

∥ĥR∥
F

.
The SINR is used to decode x1 is therefore expressed as

ΓIIR→x1 = A1ηR
A2ηR + ρSσ2

eR
+ γC + 1 , (6.53)

where ηR = ρS
⃦⃦⃦
ĥR

⃦⃦⃦2

F
. The SINR used to decode x2 is expressed as

ΓIIR→x2 = A2ηR
ρSσ2

eR
+ γC + 1 (6.54)

In the second phase, the received signal at Di is expressed as
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yIIDi =
(︂√︁

A1x1 +
√︁
A2x2

)︂√︁
PRĥi

H
wi

+
(︂√︁

A1x1 +
√︁
A2x2

)︂√︁
PRei + nDi

(6.55)

where wi = ĥi

∥ĥi∥F

. The SINR which decodes x1 at D1 is expressed as

ΓIID1→x1 = η1A1
η1A2 + ρRσ2

e1 + 1 , (6.56)

where ηi = ρR
⃦⃦⃦
ĥi

⃦⃦⃦2

F
, the SINR which decodes signal x1 at D2 is expressed as

ΓIID2→x1 = η2A1
η2A2 + ρRσ2

e2 + 1 (6.57)

Similarly, the SINR which decodes its own signal x2 at D2 is calculated from

ΓIID2→x2 = η2A2
ρRσ2

e2 + 1 (6.58)

6.2.4.1 Statistical characterization

This section considers ĥR and ĥi with independent and identically distributed (i.i.d.) entries
as in [168]. The PDF of ηR is then expressed as in[169]:

fηR (x) = αKRR
Γ (KR)e

−βR
ρS
x

∞∑︂
a=0

(mRKR)a δaR
a! (KR)a (ρS)KR+ax

KR+a−1. (6.59)

Assisted by [117, Eq. 3.351.2], the CDF of ηR is expressed as

FηR (x) = 1 − αKRR
Γ (KR)

∞∑︂
a=0

KR+a−1∑︂
b=0

Γ (KR + a) (mRKR)a δaR
a!b! (KR)a (ρS)b (βR)KR+a−bx

be
−βR
ρS
x
. (6.60)

The CDF of ηI is also expressed as in [169]:

Fηi (x) =
γ
(︂
miKT ,

mi
ρRΩix

)︂
Γ (miKT ) (6.61)

6.2.4.2 Outage probability

Proposition 6:
The OP of D1 is expressed as
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Table 6.3: SYSTEM PARAMETERS.

System Parameters Values
Monte Carlo simulation 106 iterations
Power allocation A1 = 0.7 and A2 = 0.3
Target rate R1 = 0.3 and R2 = 0.5 bits per chan-

nel use
Mean square error of channel σ2 = σ2

eR
= σ2

e1 = σ2
e2 = 0.001

Fading severity m1 = m2 = 2
Average power Ω1 = Ω2 = 1

P IID1 = 1 − αKRR
Γ (KR) Γ (mI)

∞∑︂
a=0

KR+a−1∑︂
b=0

b∑︂
c=0

(︄
b

c

)︄
Γ (KR + a) (mRKR)a

a!b! (KR)a

×
(︃
mI

ΩI

)︃mI Γ (mI + c) δaR
(︂
ϕ̄1

)︂b
e

−
βRϕ̄1(ρSσ2

eR
+1)

ρS

(ρS)b (βR)KR+a−b
(︂
ρSσ2

eR
+ 1

)︂c−b
Γ (m1KT )

×
(︃
mI

ΩI
+ βRϕ1

ρS

)︃−mI−c
Γ
(︄
m1KT ,

m1ϕ̄1
(︁
ρRσ

2
e1 + 1

)︁
ρRΩ1

)︄
.

(6.62)

Proof: See Appendix F (pp. 79)
Similarly, the OP of D2 can be expressed as

P IID2 = 1 − αKRR
Γ (KR) Γ (mI)

∞∑︂
a=0

KR+a−1∑︂
b=0

b∑︂
c=0

(︄
b

c

)︄
Γ (KR + a) (mRKR)a

a!b! (KR)a

×
(︃
mI

ΩI

)︃mI Γ (mI + c) δaR
(︂
ϕ̄2

)︂b
e

−
βRϕ̄2(ρSσ2

eR
+1)

ρS

(ρS)b (βR)KR+a−b
(︂
ρSσ2

eR
+ 1

)︂c−b
Γ (m2KT )

×
(︄
mI

ΩI
+ βRϕ̄2

ρS

)︄−mI−c

Γ
(︄
m2KT ,

m2ϕ̄2
(︁
ρRσ

2
e2 + 1

)︁
ρRΩ2

)︄
(6.63)

where ϕ̄2 = γ2
A2

6.2.5 Simulation results and discussion

In this section, we set ρC = 1 dB, ρ = ρS = ρR and the main parameters according to Table
6.3. The shadowed-Rician fading parameters for the satellite link are taken from [170] and
summarized in Table 6.4. Additionally, the interference channels parameters were set and
calculated according to the respective analytical curves in [154] and are listed in Table 6.5.
Monte Carlo simulations were produced in MATLAB.
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Table 6.4: SATELLITE LINK PARAMETERS.

Shadowing mR bR ΩR

Heavy shadowing
(HS)

1 0.063 0.0007

Average shadowing
(AS)

5 0.251 0.279

Table 6.5: INTERFERENCE LINK PARAMETERS.

N 1 2 3 4 5
ΩCn 1 2.5 2.5 3.2 3.5
mCn 1 2 2.5 3 3.5
ΩI 1 3.5 6 9.2 12.7
mI 1 2.9697 5.4340 8.4317 11.9136

Figure 6.7 plots the outage performance versus the ρ (dB) for different shadowing satellite
links. The results indicate that the performance of the system under AS exceeds the system
under HS, suggesting that the satellite channel conditions contribute significantly to system
performance at the ground user. The results also show a difference in performance between the
NOMA and OMA systems. In the OMA system, the gap between the two curves indicates
that as the SNR increases, system performance increases as in the NOMA system. The
strict match of the Monte-Carlo simulations with the analytical simulations also indicates the
authenticity of the derived expressions.

0 10 20 30 40 50
10

-3

10
-2

10
-1

10
0

AS

HS

Figure 6.7: OP vs ρ(dB) in different satellite links.

Figure 6.8 represents the contribution of multiple antennae at the relay contribute in
improving the system performance at the ground user. A relay with KT = KR = 3 exhibits a
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Figure 6.8: OP vs ρ(dB), varying KT = KR with the satellite link under HS.

major difference in outage behavior can be observed compared to a relay with KT = KR = 2,
a possible reason being that higher diversity from a multi-antenna design strengthens the
signal received at the ground user, hence improving outage performance.
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Figure 6.9: OP vs ρ(dB), varying σ2 with the satellite link under HS.

Figure 6.9 indicates the impact of imperfect CSI on OP when the value of ρ is changed
for case of HS. It is clear that performance could be affected by CSI error and varying σ2. An
increase in the value of σ2 shows a reduction in performance at the user, whereas a reduction
in the value of σ2 produces better performance at both users. As the SNR increases, the
performance at both users continues to increase, whereas in similar conditions (Fig.6.10), the
number of interfering links at both users was varied while keeping σ2 constant. Considering
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the impact of CCI, the simulation shows that with a greater number of interference links, the
performance at both users decreases. However, in all the links, the curves for each user meet
at a saturated point at high SNR, indicating that in the high SNR region, interference links
do not have a great effect on performance at the user.
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Figure 6.10: OP vs ρ(dB), varying N with the satellite link under HS.

Figure 6.11 plots the simulation for outage performance versus ρ (dB) with the different
satellite links, as in Figure 6.7. The EC rates of the message at D1 are almost the same in
both HS and AS modes, but for messaging at D2, the gap between the curves of EC in both
modes is comparatively very high. With a simultaneous increase in the SNR, the gap increase
is unlike D1.
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Figure 6.11: EC vs ρ(dB) with different satellite links.
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Figure 6.12 and Figure 6.13 indicate the several curves of EC versus ρ (dB) under HS. The
impact of CSI error levels of σ2 are shown in Figure 6.12. Figure 6.13 confirms that the number
of CCI sources affects the level of degradation in EC performance. Figure 6.12 indicates that
as the value of σ2 increases, the gap between the curves increases simultaneously at high
SNR values. Figure 6.13 plots EC versus ρ (dB), varying N with a satellite link under HS.
Although the differences between the curves are evident at medium SNR values, the curves
for both users converge at a single point at higher SNRs, suggesting that a greater number of
interference links does not have much differential effect on EC at higher SNRs.
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Figure 6.12: EC vs ρ(dB), varying σ2 with the satellite link under HS.
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Figure 6.13: EC vs ρ(dB), varying N with the satellite link under HS.
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6.2.6 Conclusion

This section described the use of NOMA for communication between a satellite to a relay and
the relay to users. The performance of the system was investigated in terms of OP and EC
under the effect of CCI at the relay. The performance gap between two destinations is a result
of the differences in power level allocated at the destinations. The closed-form expressions
for OP and EC at both users were also derived. As the channel error increased, both the
OP and EC of the users were affected significantly. The effect of CCI on both OP and EC
was more prominent when the SNR was in range of 20–30 dB, whereas a greater number of
interference links indicated little effect in the region of high SNR. For example, if the number
of interference sources is 5, the OP of the system experiences a decrease of approximately
40% at an SNR of 30 dB at the satellite. The OP and EC saturate at SNRs of 50 dB and 45
dB, respectively. System performance in terms of both OP and EC was also simulated and
compared between AS and HS modes.
Appendix A

Using (6.25), B1 is expressed as

B1 = Pr

⎛⎜⎝ ρSA1
⃓⃓⃓
ĥR
⃓⃓⃓2

ρSA2
⃓⃓⃓
ĥR
⃓⃓⃓2

+ γC + ρSσ2
eR

+ 1
> γ1

⎞⎟⎠
= Pr

(︃⃓⃓⃓
ĥR
⃓⃓⃓2
>
(︂
γC + ρSσ

2
R + 1

)︂
ϕ1

)︃
,

(6.64)

where ϕ1 = γ1
(A1−A2γ1)ρ . B1 is therefore expressed as

B1 =
∞∫︂

0

fγC (x)
(︃

1 − F|ĥR|2

(︂(︂
x+ ρSσ

2
R + 1

)︂
ϕ1
)︂)︃

dx. (6.65)

Substituting (6.33) and (6.34) into (6.65), B1 is rewritten as

B1 = αR

mR−1∑︂
k=0

k∑︂
l=0

ξ (k) k! (ϕ1)l e−ΞRϕ1(ρSσ2
R+1)

l!Γ (mI) (ΞR)k−l+1

(︃
mI

ΩI

)︃mI

×
∞∫︂

0

xmI−1
(︂
x+ ρSσ

2
R + 1

)︂l
e

−
(︂
mI+ΩIΞRϕ1

ΩI

)︂
x
dx.

(6.66)

Based on [117, Eq. 1.111] and [117, Eq. 3.381.4], the closed-form of B1 is expressed as

B1 = αR

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

(︄
l

p

)︄
ξ (k) k!Γ (mI + p)
l!Γ (mI) (ΞR)k−l+1 e

−ΞRϕ1(ρSσ2
R+1)

×
(︂
ϕ1
(︂
ρSσ

2
R + 1

)︂)︂l (︃
1 + ΩIΞRϕ1

mI

)︃−mI−p
(︄

ΩI

mI

(︁
ρSσ2

R + 1
)︁)︄p .

(6.67)
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This completes the proof.
Appendix B

Let us denote the first and second terms of (6.43) as C1 and C2, respectively. Using (6.26),
C1 can then be expressed as

C1 = Pr

⎛⎜⎝ ρSA2
⃓⃓⃓
ĥR
⃓⃓⃓2

γC + ρSσ2
eR

+ 1 > γ2

⎞⎟⎠
= Pr

(︃⃓⃓⃓
ĥR
⃓⃓⃓2
> ψ1

(︂
γC + ρSσ

2
eR

+ 1
)︂)︃

=
∞∫︂

0

fγC (x)F|ĥR|2

(︂(︂
x+ ρSσ

2
eR

+ 1
)︂
ψ1
)︂
dx,

(6.68)

where ψ1 = γ2
ρSA2

. As in Proposition 1, we obtain C1 as

C1 = αR

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

(︄
l

p

)︄
k!ξ (k) Γ (mI + p)
l!Γ (mI) (ΞR)k−l+1 e

−ΞRψ1(ρSσ2
eR

+1)

×
(︂
ψ1
(︂
ρSσ

2
eR

+ 1
)︂)︂l (︃

1 + ΩIΞRψ1
mI

)︃−mI−p
⎛⎝ ΩI

mI

(︂
ρSσ2

eR
+ 1

)︂
⎞⎠p . (6.69)

Next, C2 is calculated as

B2 = Pr

⎛⎜⎝ ρRA2
⃓⃓⃓
ĥ2
⃓⃓⃓2

ρRσe22 + 1 > γ2

⎞⎟⎠
= Pr

(︃⃓⃓⃓
ĥ2
⃓⃓⃓2
> ψ2

)︃

=
m2−1∑︂
b2=0

e
−m2ψ2

Ω2

b2!

(︃
m2ψ2

Ω2

)︃b2

,

(6.70)

where ψ2 = (ρRσ2
e2 +1)γ2
ρRA2

.
Using (6.69) and (6.70), the closed-form OP of D2 is obtained as (6.44).
This completes the proof.

Appendix C
In the high SNR region, the CDF of |ĥR|2 and |ĥi|2 are respectively expressed as

F∞
|hR|2 (x) = αRx (6.71)

and
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F|hi|2 (x) = 1
Γ (mi + 1)

(︃
mi

Ωi
x

)︃mi
. (6.72)

Next, the asymptotic OP of D1 is calculated as

P∞
D1 = 1 −B∞

1 ×B∞
2 (6.73)

Then, B∞
1 is expressed as

B∞
1 = 1 − Pr

(︃⃓⃓⃓
ĥR
⃓⃓⃓2
<
(︂
γC + ρSσ

2
eR

+ 1
)︂
ϕ1

)︃

= 1 −
∞∫︂

0

fγC (x)F∞
|ĥR|2

(︂(︂
x+ ρSσ

2
eR

+ 1
)︂
ϕ1
)︂
.

(6.74)

Using (6.71) and (6.36), B∞
1 can be rewritten as

B∞
1 = 1 −

(︃
mI

ΩI

)︃mI αRϕ1
Γ (mI)

∞∫︂
0

xmI−1e
−
(︂
mI
ΩI

)︂
x(︂

x+ ρSσ2
eR

+ 1
)︂−1

= 1 −
(︃
mI

ΩI

)︃mI αRφ1
Γ (mI)

⎛⎝ ∞∫︂
0

xmIe
−
(︂
mI
ΩI

)︂
x
dx

+
(︂
ρSσ

2
eR

+ 1
)︂ ∞∫︂

0

xmI−1e
−
(︂
mI
ΩI

)︂
x
dx

⎞⎠ .
(6.75)

B∞
1 is thus expressed as

B∞
1 = 1 − αRϕ1

(︃ (mI)!
Γ (mI)

(︃ΩI

mI

)︃
+
(︂
ρSσ

2
eR

+ 1
)︂)︃

. (6.76)

The term B∞
2 can therefore be expressed as

B∞
2 = Pr

(︃⃓⃓⃓
ĥ1
⃓⃓⃓2
> ϕ2

)︃
= 1 − F∞

|ĥ1|2 (ϕ2)

= 1 − 1
Γ (m1 + 1)

(︃
m1ϕ2

Ω1

)︃m1

.

(6.77)

Substituting (6.76) and (6.77) into (6.73), we obtain (6.46).
This completes the proof.

Appendix D
First, the CDF of Q1 is expressed as
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FQ1 (x) = αR

mR−1∑︂
k=0

k∑︂
l=0

l∑︂
p=0

m1−1∑︂
b1=0

(︄
l

p
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×
(︄ (︁
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2
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(︂
ρSσ2

eR
+ 1
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⎞⎠p

×e−
x(ρSσ2

eR
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⎛⎝x
(︂
ρSσ

2
eR

+ 1
)︂

(A1 −A2x) ρS

⎞⎠l .
(6.78)

Substituting (6.78) into (6.48), we obtain Rx1 as

Rx1 = αR
2 ln (2)
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(6.79)

Using the Gaussian-Chebyshev property and denoting θp = cos
(︂

2p−1
2P π

)︂
, the closed-form

EC of x1 (6.49) can be obtained.

This completes the proof.

Appendix E

Similarly, the CDF of Q2 is expressed as

FQ2 (y) = 1 − αR

mR−1∑︂
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(6.80)

where Ψ2 = ΞR(ρSσ2
eR

+1)
ρRA2

+ m2(ρRσ2
e2 +1)

Ω2ρRA2
. Next, we can calculate Rx2 as
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Rx2 = αR
2 ln (2)
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(6.81)

Using [171], we have

(1 + ax)−b = 1
Γ (b)G

1,1
1,1

[︄
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⃓ 1 − b

0

]︄
(6.82)

where G1,1
1,1[., .] is the Meijer G-function [117]. Substituting (6.82) into (6.81), Rx2 is

rewritten as

Rx2 = αR
2 ln (2)
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(6.83)

Based on [172, p. 2.6.2], (6.32) is obtained.
This completes the proof.

Appendix F
The OP of D1 can be expressed as

P IID1 = 1 − Pr
(︂
ΓIIR→x1 > γi

)︂
⏞ ⏟⏟ ⏞

F1

Pr
(︂
ΓIID1→x1 > γi

)︂
⏞ ⏟⏟ ⏞

F2

(6.84)

Assisted by (6.53), the first term F1 is obtained from
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where ϕ̄1 = γ1
(A1−A2γ1) . Based on (6.36) and (6.59), F1 can be calculated as
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The second term of (6.85) is therefore calculated by

F2 = Pr
(︂
η1 >

(︂
ϕ̄1

(︂
ρRσ

2
e1 + 1

)︂)︂)︂
= 1 − Fη1

(︂
ϕ̄1

(︂
ρRσ

2
e1 + 1

)︂)︂
= 1

Γ (m1KT )Γ
(︄
m1KT ,

m1ϕ̄1
(︁
ρRσ

2
e1 + 1

)︁
ρRΩ1

)︄ (6.87)

Substituting (6.86) and (6.36) into (6.84), we obtain the expected result. This completes
the proof.
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Chapter 7

Performance Analysis of NOMA-based Hy-
brid Satellite-Terrestrial Relay System Using
mmWave Technology

This chapter discusses the dissertation’s third aim. A new NOMA-based HSTRN system
model [NNT01], [NNT02], [NNT08], [NNT11] is proposed, and the system performance is
analyzed. The results of this section were previously published in [NNT01]. The key contri-
butions to the dissertation’s third aim are summarized as follows:

• A proposed NOMA-based HSTRN using mmWave communications, where a geosta-
tionary Earth orbit (GEO) satellite and amplify and forward (AF) protocol relaying are
considered to serve multiple devices in NOMA to improve the spectrum.

• Analyze system performance based on Nakagami-m and shadowed-Rician channels. Fur-
thermore, investigate the rain attenuation values to select the best relay.

• The benchmarks for comparing the NOMA-based scheme to the OMA-based scheme
are supplied, demonstrating the benefits of the NOMA scheme.

• The closed-form of outage probability (OP) and ergodic capacity (EC) are expressed,
and Monte Carlo simulations are presented to further confirm the accuracy of the find-
ings.

7.1 Introduction

Recently, satellite communication (SatCom) has been one of the potential technologies for the
5G network and beyond, which brings many advantages such as high throughput, outstanding
reliability, extensive coverage, inexpensive operations, and energy-efficient [173, 174, 175].

81



Therefore, the integration of SatCom into current terrestrial communication systems has
received considerable attention in researching and proposing models of the integrated satellite-
terrestrial network (ISTN) [176, 177]. In SatCom, geostationary Earth orbit (GEO), middle
Earth orbit (MEO), and low Earth orbit (LEO) satellites can operate efficiently in the high
frequency bands of mmWave (e.g. Ka/Q/V-band) [157]. They effectively provide system
throughput and extensive coverage of the terrestrial wireless network [178, 179]. However,
using traditional OMA techniques in SatCom would result in a waste of block resources, such
as the time / frequency / code block due to the limitation in the number of simultaneously
connected users, the ability to meet for services requires low latency and high throughput [31,
180]. Contributing to solving the limitations of OMA, a promising technology for 5G has been
proposed, NOMA [181]. NOMA helps improve resource efficiency and increase the number of
users served in the same resource block with higher data speed, higher reliability, and lower
latency than the conventional OMA scheme [182]. With these advantages, the combination
of SatCom with NOMA will significantly improve network performance; therefore, this is a
promising job for the future.

Under the influence of rain, fog, and obstacles, the performance of ground users will
be severely affected. Therefore, the hybrid satellite-terrestrial relay network (HSTRN) is
proposed to solve the above problems. The authors in [183] presented the relay selection
as well as round-robin scheduling schemes for the physical-layer security (PLS) in HSTRN,
where secrecy performance has been analyzed with the decode and forward (DF) relaying
protocol. To evaluate the security and reliability of a satellite-terrestrial network with multiple
ground relays in the presence of an eavesdropper, the authors in [184] deployed a friendly
jammer and an amplify and forward-based relaying scheme to subtract the consequence of the
eavesdropper on system performance. In [154], the authors investigated the EC in HSTRN
with an adopted AF relaying protocol. Furthermore, the authors combined opportunistic
scheduling for terrestrial destinations. To achieve optimal power performance, rate adaptation
and truncated channel inversion with fixed rate in HSTRN have been proposed in [185]. In
[186], the authors employed a cache-enabled for HSTRN, which is regarded as the common
and most widely used content-based caching strategy. The average symbol error rate (ASER)
has been examined in both the cases of a degraded LoS link and without a degraded LoS
link, which is presented in [16] and [15], respectively. The authors in [187] analyzed the
OP performance of decode-and-forward HSTRN with the best relay selection technique while
taking into account a multiple-relay scenario. Also, the performance of downlink HSTRN
with relay selection was presented in [188]. Furthermore, hardware impairments (HIs) and
interference are considered for the relay and terrestrial destination. The effect of co-channel
interference (CCI) in HSTRN has been evaluated in terms of bit error rate at the relay and
destination nodes in [189]. To increase the total throughput and reduce system complexity,
full-duplex (FD) and relay selection techniques are applied at the relay proposed in [190].
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Table 7.1: Features, methodology and challenges of previous works on NOMA-based Satellite
Networks.

Papers (years) Features Methodology Challenges
[188] (2020) MIMO-DF relay proto-

col, relay selection and
GEO satellite

OP, throughput of sys-
tem and asymptotic
outage are analyzed

Without NOMA, low
frequency

[191] (2020) Satellite network coop-
erative with NOMA

OP and asymptotic
outage are analyzed

Without relay, two
destinations, low
frequency

[192] (2021) DF MIMO relay pro-
tocol, cooperative with
NOMA

OP and asymptotic
outage are analyzed

Two destinations, low
frequency

[193] (2021) DF relay protocol,
relay selection, GEO
satellite, satellite net-
work cooperative with
NOMA

OP, asymptotic outage
and EC are analysis

Two destinations, sin-
gle antenna at relay,
low frequency

[194] (2022) DF relay protocol,
relay selection, LEO
satellite, cooperative
with NOMA

OP and asymptotic
outage are analyzed

Two destinations, low
frequency, single an-
tenna at relay

[195] (2022) AF relay protocol,
Multiple destinations,
GEO satellite, cooper-
ative with NOMA

OP and asymptotic
outage are analyzed

Single relay, low fre-
quency, single antenna
at relay

The NOMA scheme is considered to improve spectrum efficiency and serve multiple users
in a time/frequency/code block in conjunction with HSTRN. Recently, the investigations on
the impact of NOMA on satellite-terrestrial network (STN) in order to use spectrum efficiently
and serve multiple users at the block resources [196, 197, 198, 149]. The exact outage behaviors
of NOMA-based STN and the asymptotic analysis were studied in [196]. Identical OP analysis
was achieved in [197], where the authors discussed the effectiveness of NOMA-based uplink
of land mobile satellite (LMS) communications. The authors in [198] considered the OP and
asymptotic OP obtained after evaluating the system performance of NOMA-based HSTRN
with the AF protocol. To maximize the sum rate of the suggested NOMA-based HSTRN,
the authors provided an iterative penalty function-based beamforming (BF) method. This
algorithm could quickly get the BF weight vector and power coefficient [149]. To collaborate
with the primary satellite network for dynamic spectrum access, the secondary terrestrial
network and the overlay cognitive integrated satellite-terrestrial relay network (CISTRN)
based on NOMA were examined in [NNT08],[199]. Moreover, the authors in [200] analyzed
the performance of the secondary network when the near user employed the full-duplex mode
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and used the DF protocol to enhance the performance of the far user in the NOMA network.
In [201], the authors investigated the OP and average transit time for an underlay cognitive
NOMA-based HSTRN with an HD secondary receiver. Table 7.1 summarizes the related work
on the NOMA-based satellite network, in which its features, methodology, and challenges are
highlighted in the previous works. To the best of our knowledge, the NOMA-based HSTRN
with mmWave communications has not yet been disclosed.

7.2 System model

DM

S

R1

R2
RK

NR NT NR NT NR NT

D1

Figure 7.1: The system model of the satellite using mmWave communications

The system model consists of an AF-multirelay satellite cooperative NOMA network as
shown in Figure 7.1, which consists of the source node S, the K terrestrial relay nodes
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Table 7.2: The table of main notations.

Notation Definition
K Number of relays
M Number of Devices
NR Number received antenna of relays
NT Number transmit antenna of relays
PS Transmit power of satellite
PR Transmit power of relays
xi The signal of Di

ϖi The power allocation
ϑr,k∗ The expected rain attenuation of link

from S to Rk∗
ϑd,m∗ The expected rain attenuation of link

from Rk∗ to devices Dm

GS The antenna gain at the satellite
Gmax
R The antenna gain at relays

(•)H Hermitian transpose
|| • ||F Frobenius norm
Jν(•) The first-kind Bessel function with or-

der ν
B(•, •) Beta function
γ(•, •) The lower incomplete gamma function
Kν(•) The second-kind Bessel function with

order ν

Rk(k = 1, 2, ...,K) equipped with NR receiving antennas and NT transmitting antennas, and
M devices Dm(m = 1, 2, ...,M). Furthermore, assuming that the direct communication links
between S and Dm are not available due to the heavy shadowing [161]. Therefore, satellite S
communicates with terrestrial devices with the help of the best terrestrial relay Rk∗ based on
opportunistic scheduling [157].

In the first phase, the satellite transmits the signal xS =
M∑︁
i=1

√
ϖixi to the relay node Rk∗,

and the relay node performs the maximum ratio combining (MRC) to combine the received
signals [202]. Hence, the received signal at the best relay node is given by

ySRk∗ =
√︂
LSGS (ϕ)GRPSϑr,k∗hSRk∗w

H
SRk∗

xS + nRk∗

=
√︂
LSGS (ϕ)GRPSϑr,k∗hSRk∗w

H
SRk∗

M∑︂
i=1

ϖixi + nRk∗

(7.1)

where hSRk∗ = [h1
SRk∗

,h2
SRk∗

, ...,hNR
SRk∗

]T is the NR × 1 channel coefficient vector between S
and Rk∗, ϑr,k∗ denote the expected rain attenuation between S and Rk∗, wSRk∗ = hSRk∗

||hSRk∗ ||
F

is the receive beamforming weight vector and nRk∗ is the vector of zero mean additive white
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Gaussian noise (AWGN) with variance N0. Then the desired relay node amplifies the received
signal ySRk∗ by a gain factor G =

√︃
1

PS∥hSRk∗∥2
F
ϑ2
r,k

+N0
, and performs maximum ratio trans-

mission (MRT) to forward it to the desired destination node according to the feedback of the
pilot signal from each destination node during second phase[202]. Additionally, the free space
pathloss coefficient LS can be expressed as [201, 193, 203]

LS = λ2

(4πdR)2Np

(7.2)

where λ = c
fc

is the wavelength, c is the light speed, fc is the carrier frequency, dR is the dis-
tance between the satellite and Rk∗, Np = KBTBω is noise power, KB denote the Boltzmann
constant, T is the noise temperature of the terrestrial receiver and Bω represents the band-
width. For the Rk∗ location, ϕ represents the angle between Rk∗ and beam center compared
to the satellite. In addition, GR denotes the antenna gain at Rk∗, GS (ϕ) denotes the satellite
beam gain, and the beam gain GS(ϕ) is given as [193]

GS(ϕ) = Gmax
S

(︃
J1(u)

2u + 36J3(u)
u3

)︃2
(7.3)

where Gmax
S denotes the maximal beam gain and u can be expressed as

u = 2.07123 sin (ϕ)
sin (ϕ3dB) (7.4)

where ϕ3dB is the constant 3-dB angle for the beam.

Next, the received signal at the desired destination node is given by

yRk∗Dm = Gϑd,m∗

√︂
LDmPRh

H
Rk∗Dm

wRk∗DmySRk∗ + nDm

= GhHRk∗Dm
wRk∗Dm

√︂
LSLDmGS (ϕ)GRPSPR

×ϑd,m∗ϑr,k∗hSRk∗w
H
SRk∗

M∑︂
i=1

ϖixi

+Gϑd,m∗

√︂
LDmPRh

H
Rk∗Dm

wRk∗DmnRk∗ + nDm

(7.5)

where hRk∗Dm = [hRk∗Dm,1, hRk∗Dm,2, ..., hRkDm,NT ]T is the NT × 1 channel coefficient vector
from Rk∗ to Dm, ϑd,m∗ denote the expected rain attenuation between Rk∗ and Dm, wRkDm =

hRkDm
||hRkDm ||F is the transmitting beamforming weight vector. Without loss of generality, the
channel gains from Rk to Dm are ordered hRkD1 ⩽ hRkD2 ⩽ . . . hRkDM

and nDm is the zero mean additive white Gaussian noise (AWGN) with variance N0. In
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the mmWave network, the path loss LDm in the terrestrial link can be modeled as [204]

LDm = κ+ 10ν log (dm) + θ (7.6)

where κ and ν denote the linear model parameters, θ is accounting for variances in shadowing
fading and dm denotes the distance between Rk∗ and Dm.

Following NOMA procedures [105], the received signal to interference and noise ratio
(SINR) at m-th device to detect the information of q-th device (m > q) is given below.

γm→q = η̄mPSPRG
2 ∥hSRk∗∥2

F ∥hRk∗Dm∥2
F ϖq

η̄mPSPRG
2 ∥hSRk∗∥2

F ∥hRk∗Dm∥2
F

M∑︁
i=q+1

ϖi + (Gϑd,m∗)2 PRLDm ∥hRk∗Dm∥2
F N0 +N0

= ρSρDm η̄mϖq

η̄mρSρDm
M∑︁

i=q+1
ϖi + ρDmLDmϑ

2
d,m∗ + ρSϑ2

r,k∗ + 1

(7.7)
In which, η̄m = LSLDmGS (ϕ)GR (ϑd,m∗ϑr,k∗)2, η = PS

N0
, ηR = PR

N0
, ρS = ηS ∥hSRk∗∥2

F and
ρDm = ηR ∥hRk∗Dm∥2

F .
Then the received SINR of m-th device to detect the information by treating M − p

devices’s signals as interference is given by

γm = ρSρDm η̄mϖm

η̄mρSρDm
M∑︁

i=m+1
ϖi + ρDmLDmϑ

2
d,m∗ + ρSϑ2

r,k + 1
(7.8)

After the information of M−1 devices can be detected, the received SINR for M -th device
is given by

γM = ρSρDM η̄MϖM

ρDMLDMϑ
2
d,m∗ + ρSϑ2

r,k + 1 (7.9)

7.3 Statistical Analysis

The rain attenuation is the important attenuation factor in mmWave band channels. The
expected value of the rain attenuation from S to Rk∗ link can be treated as a constant during
a transmission phase. Therefore, to reduce computational complexity, satellite can select the
desired relay node according to the feedback of expected rain attenuation rather than the
channel gain vector, namely

k∗ = arg min (ϑr,k)
k=1,...,K

(7.10)
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Therefore, the rain attenuation value of Rk can be expressed as A∗ = min(ϑr,1, . . . , ϑr,K).
Assuming that the rain attenuation values are independently and identically distributed (IID).
The cumulative density function (CDF) of A∗ can be given by FA∗(x) = 1 − [1 − FA(x)]K ,
where FA(x) is the CDF of the lognormal rain attenuation distribution [205]. In order to
investigate the effect of the different number of relays, we need to derive the expected value of
A∗, which can validate the means of our proposed relay selection scheme and shown in [157].

Next, assuming that the channel conditions of all hops are IID. Furthermore, mmWave
satellite-terrestrial communications are mainly impaired by the masking effect and weather
conditions, especially rain attenuation [206]. Under the Shadowed-Rician fading model for
the satellite links, the probability density function (PDF) of ρS is given by [168]

fρS (x) =
mSR−1∑︂
i1=0

. . .
mSR−1∑︂
iNR=0

Ξ (NR)
ηΛ
S

xΛ−1e
− ∆
ηS
x (7.11)

where

Ξ (NR) =
NR∏︂
τ=1

ζ (ξτ )αNR
NR−1∏︂
υ=1

B

⎛⎝ υ∑︂
↕=∞

ξ↕ + υ, ζυ+∞ + ∞

⎞⎠ (7.12)

ζ (a) = (−1)a(1−mSR)aδa

(a!)2 , Λ =
N∑︁
τ=1

ξτ +NR, ∆ = βSR − δSR, α =

(︂
2bSRmSR

2bSRmSR+ΩSR

)︂mU
2bSR , β = 1

2bSR

and δ = ΩSR
2bSR(2bSRmSR+ΩSR) , ΩSR, 2bSR and mSR are the average power of the LOS and

multipath components and the fading severity parameter, respectively. Based on [207, Eq.
3.351.2], the CDF of ρS is given as

FρS (x) = 1 −
mSR−1∑︂
i1=0

. . .
mSR−1∑︂
iNR=0

Ξ (NR)

×
Λ−1∑︂
n=0

Γ (Λ)
n!∆Λ−nηnS

xne
− ∆
ηS
x

(7.13)

Considering the characterization of Nakagami-m fading, the PDF and CDF of unordered
estimated channel gains ρ̃Dm are given respectively as[153]

fρ̃Dm (x) =
(︃
λRDm
ηR

)︃mRDNT xmRDNT−1e
−
λRDm

x

ηR

Γ (mRDNT ) (7.14)

Fρ̃Dm (x) =
γ
(︂
mRDNT ,

λRDmx
ηR

)︂
Γ (mRDNT ) , (7.15)

where ΩRDm is the average power, mRD = mRD1 = ... = mRDM is the fading severity and
λRDm = mRD

ΩRDm
. Using order statistics [208], the PDF and CDF of the ordered channel gains
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ρDm are respectively given by

fρDm (x) = Θ
M−m∑︂
a=0

(−1)a
(︄
M −m

a

)︄

×fρ̃Dm (x)
[︂
Fρ̃Dm (x)

]︂m+a−1
(7.16)

FρDm (x) = Θ
M−m∑︂
a=0

(−1)a

m+ a

(︄
M −m

a

)︄[︂
Fρ̃Dm (x)

]︂m+a
(7.17)

where Θ = M !
(m−1)!(M−m)! . Then, using the series form of γ(•, •) in [207, Eq. 8.352.1] and

applying binomial and multinomial expansions [207, p. 0.314], we can rewrite (7.16) as

fρDm (x) = Θ
M−m∑︂
a=0

m+a−1∑︂
b=0

b(mRDNT−1)∑︂
c=0

(︄
M −m

a

)︄

×
(︄
m+ a− 1

b

)︄
(−1)a+b ωbc
Γ (mRDNT )

(︃
λRDm
ηR

)︃mRDNT+c

×xmRDNT+c−1e
−λRD(b+1)

ηR
x

(7.18)

where εl = 1
l! , ωbc can be calculated as ωb0 = εb0, ωb1 = εb1, ωbb(mRDNT−1) = εbmRDNT−1, when

2 ⩽ c ⩽ mRDNT − 1 we have ωbc = 1
cε0

∑︁c
g=1 [gb− c+ g]εgωbc−g, and when mRDNT ⩽ c ⩽

mRDNT − 1, we have ωbc = 1
cε0

∑︁mRDNT
g=1 [gb− c+ g]εgωbc−g.

7.4 Performance Analysis

In this section, the OP of the satellite network cooperative with NOMA will be analyzed in
terms of OP and system diversity order. To this end, both exact and asymptotic expressions
for the OP will be studied.

7.4.1 Outage probability

The outage event will occur at Dm if Dm fails to decode its own signal or the signal of Dq.
The OP at Dm is expressed as

Pm = 1 − Pr {Em,1,Em,2, . . . ,Em,m} (7.19)

where Em,q denotes the event that Dm can successfully detect the Dq’s signal and can be
given by

Em,q =
{︂
γm→q > γthq

}︂
(7.20)

where γthq denotes the target rate of Dq.
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Proposition 1: The closed-form OP of device Dm can be expressed as (7.21).

Pm = 1 − 2Θ
mSR−1∑︂
i1=0

. . .
mSR−1∑︂
iNR=0

Λ−1∑︂
n=0

∑︂
(a, b, c, d, e) Ξ (NR) Γ (Λ) (−1)a+b ωbc (Φ3ϑ

∗
m)d e−Φ2ϑ∗

m

n!∆Λ−nΓ (mRDNT )
(︂
ϑ∗
mϑ

2
r,k∗

)︂−(mRDNT+c−e−1)

×
(︃
λRDm
ηR

)︃mRDNT+c (︃ϑ∗
m

ηS

)︃n (︃ϑ∗
m∆ (Φ3ϑ

∗
m + 1)

ηSΦ1

)︃ e−n+1
2

Ke−n+1

(︄
2
√︄

∆Φ1ϑ∗
m (Φ3ϑ∗

m + 1)
ηS

)︄
(7.21)

Proof: Substituting (7.7) into (7.20) and putting the result into (7.19), we can write Pm
as (7.22).

Pm = 1 − Pr

⎛⎝ρS > ϑ∗
m

(︂
ρDmLDmϑ

2
d,m∗ + 1

)︂
ρDm − ϑ∗

mϑ
2
r,k∗

, ρDm > ϑ∗
mϑ

2
r,k∗

⎞⎠
= 1 −

∞∫︂
ϑ∗
mϑ

2
r,k∗

fρDm (x)

⎧⎨⎩1 − FρS

⎛⎝ϑ∗
m

(︂
xLDmϑ

2
d,m∗ + 1

)︂
x− ϑ∗

mϑ
2
r,k∗

⎞⎠⎫⎬⎭ dx
(7.22)

where ϑm = γthm

η̄m

(︃
ϖm−γthm

M∑︁
i=m+1

ϖi

)︃ , ϖm > γthm
M∑︁

i=m+1
ϖi, ϑ∗

m = max (ϑ1, ϑ2, ..., ϑm).

Then, putting (7.13) and (7.18) into (7.22), we claim

Pm = 1 − Θ
mSR−1∑︂
i1=0

. . .
mSR−1∑︂
iNR=0

Γ (Λ) Ξ (NR)
n!∆Λ−nηnS

M−m∑︂
a=0

m+a−1∑︂
b=0

×
b(mRDNT−1)∑︂

c=0

(︄
M −m

a

)︄(︄
m+ a− 1

b

)︄
(−1)a+b ωbc
Γ (mRDNT )

×
∞∫︂

ϑ∗
mϑ

2
r,k∗

(︃
λRDm
ηR

)︃mRDNT+c
xmRDNT+c−1e

−λRD(b+1)
ηR

x

×

⎛⎝ϑ∗
m

(︂
xLDmϑ

2
d,m∗ + 1

)︂
x− ϑ∗

mϑ
2
r,k∗

⎞⎠n e−
ϑ∗
m∆(xLDmϑ2

d,m∗+1)
ηS

(︁
x−ϑ∗

mϑ
2
r,k∗

)︁
dx

(7.23)
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Put t = x− ϑ∗
mϑ

2
r,k∗ => x = t+ ϑ∗

mϑ
2
r,k∗, (7.23) can be calculated as follows.

Pm = 1 − Θ
mSR−1∑︂
i1=0

. . .
mSR−1∑︂
iNR=0

Γ (Λ) Ξ (NR)
n!∆Λ−n

M−m∑︂
a=0

m+a−1∑︂
b=0

×
b(mRDNT−1)∑︂

c=0

(︄
M −m

a

)︄(︄
m+ a− 1

b

)︄
(−1)a+b ωbc
Γ (mRDNT )

×
(︃
λRDm
ηR

)︃mRDNT+c (︃ϑ∗
m

ηS

)︃n
e−Φ2ϑ∗

m

×
∞∫︂

0

(t+ ϑ∗
mϑ

2
r,k∗)mRDNT+c−1e−Φ1te

−ϑ∗
m∆(Φ3ϑ

∗
m+1)

ηSt

×
(︄
tLDmϑ

2
d,m∗ + ϑ∗

mLDmϑ
2
d,m∗ϑ

2
r,k∗ + 1

t

)︄n
dt

(7.24)

where Φ1 = λRD(b+1)
ηR

, Φ2 = λRDϑ
2
r,k∗(b+1)
ηR

+ ∆LDmϑ2
d,m∗

ηS
,Φ3 = LDmϑ

2
d,m∗ϑ

2
r,k∗. Next using [207,

Eq 1.111], we can rewrite (7.24) as

Pm = 1 − Θ
mSR−1∑︂
i1=0

. . .
mSR−1∑︂
iNR=0

Λ−1∑︂
n=0

∑︂
(a, b, c, d, e)

× Ξ (NR) Γ (Λ) (−1)a+b ωbce
−Φ2ϑ∗

m (Φ3ϑ
∗
m)d

n!∆Λ−nΓ (mRDNT )
(︂
ϑ∗
mϑ

2
r,k∗

)︂−(mRDNT+c−e−1)

(︃
ϑ∗
m

ηS

)︃n

×
(︃
λRDm
ηR
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where ∑︂
(a, b, c, d, e) =

M−m∑︂
a=0

m+a−1∑︂
b=0

b(mRDNT−1)∑︂
c=0

n∑︂
d=0

mRDNT+c+d−1∑︂
e=0

×
(︄
M −m

a

)︄(︄
m+ a− 1

b

)︄(︄
n

d

)︄(︄
mRDNT + c+ d− 1

e

)︄ (7.26)

Based on [207, Eq. 3.471.9], the integral in (7.25) can be calculated. And the proof is
complete.

7.4.2 Diversity order

For more insights, the order of diversity is analyzed. For this, in the high SNR regime, we
assume η = ηS = ηR → ∞. Then, the diversity order of the terrestrial device can be given by
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[196, 166]
D = − lim

η→∞
log (P∞

m (η))
log (η) (7.27)

where P∞
m (η) denotes the asymptotic OP.

Proposition 2: The asymptotic OP of the device Dm in the high SNR regime is given
by

P∞
m ≈ αNR

(NR)!ηNRS

(︄
ϑ̄

∗
m

ϑ2
r,k∗

)︄NR
+
(︃
λRDm
ηR

)︃mRDNTm

× Θ
m [Γ (mRDNT + 1)]m

(︄
ϑ̄

∗
m

LDmϑ
2
d,m∗

)︄mRDNTm (7.28)

Proof: See Appendix G (pp. 99).

Remark: Upon substituting (7.28) into (7.27), the achievable diversity order of m-th
device is min (NR,mRDNTm).

7.4.3 Ergodic Capacity (EC)

In this section, the ergodic rate of m-th device is discussed in detail, where the target rates of
devices are determined by the channel conditions. Next, m-th device detects the q-th device’s
information successfully, since it holds hRkDm ⩾ hRkDp . In this situation, the achievable rate
of m-th is expressed as R̃m = 1

2 log2(1+γm). Thus, the ergodic rates of m-th and M -th device
are as follows

R̃m,ave = E
{︃1

2 log2(1 + γm)
}︃

(7.29)

and
R̃M,ave = E

{︃1
2 log2(1 + γM )

}︃
(7.30)

Proposition 3: The closed-form of ergodic rate for m-th and M -th device are given by
(7.31) and (7.32), respectively.
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R̃m,ave ≈ Θπϖm
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(7.31)
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(7.32)

Proof: See Appendix H (pp. 100).

7.5 Numerical results

Table 7.3: Channel parameters [190, 199, 193]

Shadowing Frequent heavy shadowing
(FHS)

Average shadowing (AS)

bSR 0.063 0.251
mSR 1 5
ΩSR 0.0007 0.279
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Table 7.4: Simulation Parameter [209], [210], [211]

Parameter Value
The number of device M = 3
The number of Relay K = 2
The number of received antenna at relays NR = 2
The number of transmit antenna at relays NT = 2
Satellite Orbit GEO
Frequency band 38 GHz
Bandwidth 500 MHz
Noise temperature 300 K
Maximal beam gain 48 dBi
Antenna gain at Rk∗ 4 dBi
Angle between the satellite and relay 0.3o
Angle ϕ3dB 0.4o
Path loss exponents κ = 118.77, ν = 5.78 and θ = 0.12
Distance between Rk∗ and devices d1 = 0.5km, d2 = 0.4km and d3 = 0.3km
The power allocation ϖ1 = 0.5, ϖ2 = 0.4 and ϖ1 = 0.1
The target rate R1 = 0.4, R2 = 0.9 and R3 = 1.2
The fading severity mRD = mRD1 = mRD2 = mRD3 = 1
The average power ΩRD1 = ΩRD2 = ΩRD3 = 1
The expected rain attenuation ϑdm = 0.5dB

In this section, to verify the mathematical analysis, it is necessary to simulate and illustrate
the proposed assisted NOMA scheme. Here, the shadowing scenarios of the satellite links,
including frequent heavy shadowing (FHS) and average shadowing (AS) being given in Table
7.3. Furthermore, the parameters can be provided in Table 7.4. Monte Carlo simulations are
performed to validate the analytical results shown in the following figures.

Figure 7.2 shows the OP versus η in dB with different satellite links. First, the performance
of the devices will be improved by increasing the transmit power. Next, the performance of
device D1 is the best due to the power allocation of D1 is better than D2 and D3. Moreover,
the improvement of satellite link also greatly improves device performance, i.e. AS is the best
case. Furthermore, the system uses the NOMA scheme better than OMA. The fundamental
cause is that OMA uses more time slots than NOMA to serve the same number of devices.
Over the whole SNR range, Monte Carlo simulation curves and analytical results accord very
well. At high SNR, it can be seen that the asymptotic OP curves closely reflect the actual
findings.

Figure 7.3 shows the OP versus η in dB under the influence of the relay antenna. We
can easily see that increasing the number of antennas at the relay will significantly improve
the system’s performance. It proves the superiority of installing multiple antennas in the
system. Compared to the case of the relay with NR = NT = 2, the large OP gap can be
seen once the relay is designed with NR = NT = 3. The explanation is that a design with
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Figure 7.2: OP of Dm versus transmit η in dB varying the parameter of satellite links with
K = 1.
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Figure 7.3: OP of Dm versus transmit η in dB varying the transmit and received antenna of
Rk∗ with K = 1 and the satellite link in FHS case.

more diversity from many antennas could enhance the signal received for the devices on the
ground. Figure 7.4 shows the simulation OP versus η in dB with different numbers of relays.
When the number of relays is increased, the performance is improved more. It demonstrates
the effectiveness of using a relay selection scheme.

Fig. 7.5 shows the OP versus transmit η in dB varying the carrier frequency. It can
be observed that the higher the carrier frequency, the worse the OP. The rationale behind
this phenomenon is that with higher frequency, the path-loss drops dramatically thus an
appropriate antenna beamforming gain is necessary to compensate for such losses. Regarding
the selection of the 38GHz, we choose because it is in the range of GEO operation [204, 209].
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Figure 7.4: OP of Dm versus transmit η in dB varying the number of Relay with the satellite
link in FHS case.
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Figure 7.5: OP versus transmit η in dB varying the carrier frequency in FHS case.

Figure 7.6 indicates the EC versus η with different satellite links, as well as Figure 7.2. The
EC rates at D1 and D2 are almost unchanged for the FHS and AS case. But the difference
between the EC curves at D3 in both modes is quite comparably large. Moreover, when
increasing in high SNR, the gap of D3 is different with D2 and D1.

Figure 7.7 and Figure 7.8 show the EC of Dm versus η in dB varying the number of relay
antennas and the number of relays, respectively. For EC of D1 and D2, the gaps between
cases change only in the low SNR region and will intersect at a point in the high region.
Therefore, changing the number of antennas and the number of relays does not have much
effect on EC. But for the EC of D3, the gaps between instances will be large. It shows the
effect of the number of antennas and the number of relays to the EC.
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Figure 7.6: EC of Dm versus transmit η in dB varying the parameter of satellite links with
NR = NT = K = 1.
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Figure 7.7: EC of Dm versus transmit η in dB varying the transmit and received antenna of
Rk∗ with K = 1 and the satellite link in FHS case.

7.6 Conclusion

In this section, the performance of NOMA-based HSTRN using mmWave communications
was investigated, where devices are supported by multiple relays. Multiple antennas receiving
and transmitting at relay and NOMA were considered in the context of serving multiple
devices. In addition, the rain attenuation value is used to choose the best relay. The closed
form of OP, EC, and asymptotic expressions of OP were developed based on the model of the
considered system. To support those performance studies and demonstrate how important
factors such as fading and rain attenuation affect system performance, simulations have been
made available. Our results showed that the OP of the system under consideration can be
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Figure 7.8: EC of Dm versus transmit η in dB varying the number of Relay with the satellite
link in FHS case.

greatly improved compared to the OMA scheme, highlighting the advantages of implementing
the NOMA scheme in the system. These results provide a theoretical framework for further
investigation.
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Appendix G
First, when ηS → ∞ and apply the Maclaurin series expansion of the exponential function

in (7.11). So, the PDF of ρS can be approximated as

fρS (x) = αNRxNR − 1
(NR − 1)!ηNRS

(7.33)

Next, the CDF ρS has asymptotic behavior as

FρS (x) = αNRxNR

(NR)!ηNRS
(7.34)

Furthermore, when ηR → ∞ and taking the first term (a = 0 of series representation, the
asymptotic behavior of CDF ρDm can be obtained as

FρDm (x) = Θ
m [Γ (mRDNT + 1)]m

×
(︃
λRDm
ηR

)︃mRDNTm
xmRDNTm

(7.35)

Then, the asymptotic P∞
m can be expressed as
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Using the inequality uv
u+v ⩽ min(u, v). Thus, the asymptotic P∞

m can be calculated as
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With help (7.34) and (7.35), we can obtain as
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m ≈ αNR

(NR)!ηNRS
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99



Appendix H
The ergodic rate of m-th device can be calculated as

R̃m,ave = 1
2 ln (2)
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ϖ̃m∫︂
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1 + x

dx (7.39)

where ϖ̃m =
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ϖi. Similarly, Proposition 1, the CDF of γm can be obtained as
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(7.40)

where ϑ̂m (x) = x
η̄m(ϖm−xϖ̃m) . Putting (7.34) into (7.33), we can calculate R̃m,ave as
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(7.41)

Using the Gauss-Chebyshev quadrature [212] into the equation (7.41) with φk = cos
(︂

2k−1
2I π

)︂
,

we obtain (7.31).
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Next, the ergodic rate of M -th device can be calculated as

R̃M,ave = 1
2 ln (2)
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1 + x

dx (7.42)

Similarly, the PDF of γM can be expressed as
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where ϑ̂M (x) = x
η̄mϖM

. Putting (7.43) into (7.42), the ergodic rate of M -th device can be
calculated as
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(7.44)

Furthermore, we set t = 4 arctan(x)
π − 1 ⇒ x = tan

(︂
(t+1)π

4

)︂
, dx = π

4 sec2
(︂

(t+1)π
4

)︂
and using

the Gaussian-Chebyshev quadrature. We can approximate the ergodic rate R̃M,ave as (7.32).
The proof is complete.
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Chapter 8

Summary

The dissertation discussed EH relay models, NOMA networks, integrated terrestrial and satel-
lite networks, and the deployment of new techniques which are applied to 5G networks and
beyond, such as mmWave technology, NOMA power domain, SWIPT, AF, DF, BF, multiple
antennae and energy-efficient clustering. The ultimate goal of this research was to provide
models for improving network performance through network maintenance, throughput op-
timization, and improvement in overall power allocation and consumption efficiency. The
dissertation described the design, analysis and simulation of the proposed system models to
complete its three aims.

To fulfill the first aim, an energy harvesting model with k relay nodes was proposed.
Exact throughput expressions and simulations for NOMA and OMA were derived. The sim-
ulation results showed that the time fraction and number of relays have a significant effect
on throughput and provided important material for analysis of a multi-hop energy harvesting
model applied in practice to improve coverage [NNT04]. The research also proposed SLCP
in WSN for IoT applications, which indicated its ability to adapt to change in a dynamic
network. The proposed protocol calculates the number of neighbors, the residual node en-
ergy, and the maximum number of cluster members. The simulation results indicated that
the SLCP performed well, producing long network lifetime and high throughput compared to
other clustering protocols [NNT10].

For the second aim, the research focused on analyzing the effect of fading and CCI on the
NOMA communication technique, especially in HSRNs, which consist of two communication
links from the satellite to the ground relay, which performs DF to forward the signal to
users. System performance was analyzed and simulated for OP and EC under imperfect
channel state information conditions and CCI at the relay. An interesting finding was that
the performance of two destinations depends on the strength of the transmit power at the
satellite. However, floor outage occurred because the system depends on other parameters
such as satellite link modes, noise levels and the number of interference sources [NNT02],
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[NNT03]. These important analyses will be an essential practical guide in designing and
improving system performance which is impacted by generalized fading and CCI.

For the third aim, a NOMA-HSTRN system model was designed using mmWave communi-
cations. Multiple antennae were deployed at the relays and used the amplify and forward (AF)
protocol to forward the satellite’s superimposed information to multiple users, considering the
rain attenuation as the fading factor of the mmWave band to choose the best relay. To charac-
terize the transmission environment, shadowed-Rician fading and Nakagami-m fading models
were widely adopted in the relevant hybrid channels. Closed-form expressions for the OP
and EC were derived and enabled a detailed examination of the system performance metrics.
Finally, results showed how the performance is improved due to a greater number of antennae
and selecting the best relay in NOMA-HSTRNs. These observations contribute as essential
guidelines for designing this type of NOMA-HSTRN system using mmWave communications
[NNT01].
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