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Abstrakt

Disertační práce se zabývá buňkovými sítěmi příští generace, zejména s ohledem na in-
tegraci bezdrátových sítí, které používají neortogonální vícenásobný přístup (NOMA) a

další pokročilé techniky, jako jsou víceanténové systémy, získávání energie z elektromagnetického
záření (EH), zabezpečení fyzické vrstvy (PLS) a satelitní komunikace.

Disertační práce nejprve zkoumá model komunikace s více anténami s cílem dosáhnout vyšší
efektivity přenosu. Nový model distribuce energie uživatelům NOMA, kteří se připojili přímým
spojem anebo zprostředkovaně (přes realy uzel), je navržen tak, aby zlepšil kvalitu přenosu.
Dále je v modelu navržen výkonový maják, který je schopen dodávat energii do relay uzlu, aby
podpořil přenos k příjemcům.

Za druhé, disertační práce studuje výkonnost PLS v sítích kognitivního rádia (CR)-NOMA.
V návrhu je uvažována architektura více vstupů s jedním výstupem (MISO) kombinující strategii
výběru vysílací antény (TAS), přičemž úroveň zabezpečení je zkoumána metrikou pravděpodob-
nosti výpadku utajení (SOP). Dále lze pro optimalizaci výkonu SOP získat faktor optimálního
přidělování energie (PA). Vzhledem k předpokládané přítomnosti nelegitimního uživatele vylep-
šujeme SOP pomocí výběru relay uzlu (RS) kombinující režimy dekóduj a přepošli (DF) s plně
duplexním (FD) přenosem.

A konečně, jako nejsilnější přínos disertační práce, je představena aplikace techniky více-
násobného přístupu NOMA v satelitních sítích, která vylepšuje spektrální účinnost. Satelitní
komunikační systémy se integrují s nově vznikajícími buňkovými sítěmi malého dosahu. Zajiš-
ťují bezproblémové připojení a vysokorychlostní širokopásmový přístup pro mobilní uživatele v
budoucích bezdrátových sítích. V disertační práci studujeme hybridní satelitně-terestrický relay
systém (HSTRS). K popisu sítě malých buněk s asistencí HSTRS je v případě satelitní komuni-
kace použit útlumový model "Shadowed-Rician" a v případě terestrické pak "Nakagami-m."

Klíčová slova: NOMA, MISO, EH, HSTRS, nová generace buňkových sítí.
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Abstract

The dissertation deals with next generation cellular networks, especially in regard to the
integration of wireless networks which apply non-orthogonal multiple access (NOMA) and

other advanced techniques such as multi-antennae, radio frequency energy harvesting (EH),
physical layer security (PLS) and satellite communication.

Firstly, the dissertation investigates a multi-antenna transmission model to enhance the
performance of communications. A novel model of power distribution to NOMA users, who
joined both direct link and relay link, is designed to improve transmission quality. Further, we
deploy the power beacon, which is able to feed energy to power-constraint relay node to further
support transmission to destinations.

Secondly, the dissertation studies the secrecy performance of a PLS in cognitive radio (CR)-
NOMA networks. The multi-input single-output (MISO) architecture combining transmit an-
tenna selection (TAS) strategy is considered to achieve secure performance analysis such as the
secrecy outage probability (SOP). Further, optimal power allocation (PA) factor can be ob-
tained to optimize SOP performance. Since the presence of an illegitimate user, we improve the
SOP by adopting relay selection (RS) combining decode-and-forward (DF) with full-duplex (FD)
relaying.

Finally, as the strongest contribution of the dissertation, an application of the NOMA tech-
nique, which improves the spectral efficiency, in satellite networks is introduced. Satellite com-
munication systems integrate with emerging small-cell networks to provide seamless connectivity
and high-speed broadband access for mobile users in future wireless networks. In the disser-
tation, we study a hybrid satellite-terrestrial relay system (HSTRS). To characterizing the
HSTRS-assisted small-cell network, Shadowed-Rician fading for satellite links and Nakagami-m
fading for terrestrial links are adopted.

Keywords: NOMA, MISO, EH, HSTRS, next generation cellular networks.
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Chapter 1:

Introduction

1.1 Motivations

The NOMA technique has received much attention recently for its ability to improve spectral
utilization [1]. By adopting the NOMA technique in next generation cellular wireless

networks, the base station (BS) may transmit signals to selected relays with a RS strategy and
serve multiple mobile users [2]. To expand network coverage, various relaying schemes have
been proposed. The outage probability (OP) performance has also been investigated to prove
that reliable transmission can be satisfied through the use of relaying models underlay NOMA
technique [3–7]. The authors in [3,4] proposed fixed PA factors for NOMA deployed in a wireless
power transfer (WPT) scenario to introduce green wireless networks (G-WNs). The device-to-
device (D2D) technique is another application of NOMA [7]. Greater benefits may be achieved
by combining cooperative relays and NOMA in a so-called cooperative non-orthogonal multiple
access (C-NOMA) [4].

It is difficult to supply power to large numbers of sensors in wireless sensor network (WSN).
The EH technique is therefore adopted to address this problem by collecting the radio frequency
(RF)-EH from flat-earth environments. To collect the wireless energy from RF signals, the
RF-EH technique is adopted [8]. Cooperative networks are very useful through their flexibility,
sustainability, and stability in serving devices in such networks [9–13]. In [10], renewable energy
was found an effective source for a large number of small cell base stations (SBSs) to adapt to the
growing demand of wireless communication services. The authors in [11] proposed unmanned
aerial vehicle (UAV)-assisted networks as a potential solution for power resource allocation
issues. In [11], multiple RF-EH-powered D2D pairs were powered by a UAV operating as a
wireless energy source for WPT supply. In [12], system throughput was improved through the
use of an optimal channel state information (CSI) selection method and RF-EH. The benefit of
RF-EH on cognitive radio CR WSN was investigated in [13], [NNL12].

The CR-NOMA has been confirmed as a potential technique in next generation wireless
cellular networks for its ability to enhance user network access efficiency [14–17]. The NOMA
technique may significantly enhance spectral efficiency by serving multiple devices simultane-
ously with power domain multiplexing. The BS transmits superimposed signals to multiple
users, simultaneously adopting superposition coding [18]. In NOMA networks, the near user
first decodes the message of the far user and then decodes its own message after removing the
decoded message of the far user by applying successive interference cancellation (SIC) [NNL13].
The OP and ergodic capacity of NOMA systems were studied in [19]. NOMA may also make the
RF power resource allocation more flexible and improve the fairness of quality of service (QoS)
by allocating appropriate PA factors [20–24].
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The RF-EH operations for both primary network and secondary networks were investigated
in recent studies [5,25–27]. Motivated by these major studies, I am going to examine the security
performance of next generation cellular networks through the application of the CR-NOMA
technique in terms of SOP.

In the past few decades, satellite communication systems have been widely adopted for their
coverage benefits to terrestrial users in various broadcasting and navigation applications [28].
Satellite communication systems have received much attention from researchers [29, 30]. The
transmission of the line of sight (LoS) link from source to a terrestrial destination in such satellite
communication systems has been limited by obstacles related to the masking effect. In the worst
cases, satellite communications systems are affected by obstacles when the satellite’s angle is
low or when the need to communicate with indoor terrestrial users arises. By adopting relay
networks to extend networking coverage and higher reliability, the feature study [28] proposed an
HSTRS to reduce the masking effect. Recently, the HSTRS has been advanced to integrate with
existing communication systems. For example, the authors in [31–33] investigated the amplify-
and-forward (AF) protocol [NNL04] to enhance the system performance of HSTRS [NNL01,
NNL02]. HSTRS has also been examined with the DF relay [34, 35]. The authors in [36]
investigated the effect of hardware imperfections on HSTRS in a scenario where a geosynchronous
earth orbit (GEO) satellite sends data to terrestrial users with the cooperation of DF terrestrial
relays; the authors also derived the closed-form of the OP. The authors in [37] examined the
delay-limited throughput of an HSTRS in hybrid automatic repeat request (HARR) mode. In
their system model, a satellite communicates with a terrestrial user through an AF terrestrial
relay. Specifically, the authors provided a theoretical analysis for two cases, i.e., the AF fixed gain
relay and the CSI-assisted protocols [37]. Paper [38] investigated an HSTRS where multiple DF
three-dimensional (3-D) mobile UAV relays assist a satellite in transmitting data to a terrestrial
user. In other work, the secure performance at the physical layer in a hybrid satellite and free-
space optical (FSO) cooperative system was studied [39]. The authors derived an exact analytical
equation together with an asymptotic analysis for the average secrecy capacity and SOP for
both cases of AF and DF relaying. However, the studies in [33–39] only examined a hybrid
terrestrial-satellite adopted in popular mobile networks. Note that the system performance of
hybrid terrestrial-satellite systems is low due to a large number of connections and higher traffic
requirements.

To face these challenges, the NOMA technique has been proposed and recently applied to
HSTRS [5,25,27,40–43]. The studies in [5,25,27] examined NOMA systems with multiple users
to allocate resources equally, i.e., the RF, time, space, or code domains. The other benefits
of the NOMA technique include massive connections, high spectral efficiency, and low delay.
For example, fairness and spectral efficiency requirements may be satisfied by CR transmission
and considered attractive benefits of NOMA [27]. In [40], the authors studied the security
and the reliability of ambient back scatter (AmBC) NOMA systems in which the BS was able
to transmit data to two NOMA users while an eavesdropper wiretapped the main signal. In
[41, 42] the advantages of UAV were explored in a UAV-NOMA system. In multi-way relaying
NOMA networks [42], multiple terrestrial users transmit their signals by adopting AF-aided UAV

2



relaying. The authors in [42] considered the real situation of residual hardware impairments
(RHIs) at the transceivers. Some works have integrated NOMA with HSTRS [43–47]. The
authors in [43] deployed a user with the best CSI as a relay node for forwarding the signal to other
users with worse CSI to alleviate the masking effect for users with weak CSI in heavy shadowing.
The authors in [45,46] examined NOMA to CR-based HSTRS, which permits spectrum sharing.
The authors in [45] examined NOMA for HSTRS adopting cooperative transmission. The studies
[45,46] explored the architecture of spectrum sharing; however, the authors only considered the
priority of the primary user, while the fairness of QoS between the primary network and the
secondary network was not considered. The authors in [47] investigated the system performance
of a CR HSTRS system which included a primary satellite transmitter with corresponding
terrestrial receiver while the secondary transmitter communicates with its paired users on the
ground.

In other emerging networks, a potential network architecture is well-known, i.e., heterogeneous
network (Hetnet). In a Hetnet-based cellular network, some macro cells coexist with different
types of other small cells, i.e., pico cells, femto cells and micro cells [48]. In a Hetnet system,
an expensive macro BS (MBS) needs the cooperation of a number of surrounding economical
SBSs to extend the network’s coverage and produce higher throughput capacity [49]. A small-
cell approach is better for improvements in networking capacity and networking coverage than a
conventional macro-centric network [50]. A small-cell solution is simpler, with lower cost deploy-
ment. Some other techniques, i.e., FD, caching and massive multi-input multi-output (MIMO),
were proposed to facilitate dense implementation of SBSs [51]. Small-cell networks were also
examined in the context of Hetnet adopted mobile networks for both down-link and uplink uti-
lizing three techniques, i.e., FD, EH, and NOMA [52]. The authors derived analytical equations
to evaluate the system’s performance in terms of the OP and throughput.

1.2 Dissertation structure

The dissertation is structured as follows: Chapter 2 describes the background knowledge related
to the dissertation directly, Chapter 3 introduces State-of-the-Art which strongly contributed
for cellular network evolution. Chapter 4 specifies the aims, Chapters 5, 6 and 7 details how I
achieve the aims and explains the achieved results which are how to contribute to future cellular
networks. Finally, Chapter 8 concludes the achieved results in the dissertation.
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Chapter 2:

Background

2.1 NOMA-assisted multi-users

In Ph.D. dissertation [53], the author sketched the differences of orthogonal multiple access
(OMA) and NOMA techniques. In contrast OMA technique, the NOMA technique is designed
to share spectrum among mobile devices with superposition and consequently needs to employ
multiple user detection (MUD) to separate interfered devices which shares the same RF, as
plotted in Figure 2.1.
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Figure 2.1: Difference 4G-OMA to 5G-NOMA for cellular networks.

The NOMA technique is advantage to density connections by allocating distinct PA factors
in the same power domain. Therefore, the NOMA technique could improve network capacity and
latency, whereas multiple user equipment (UE) with bit-rate requirements may be multiplexed
to transmit on the same RF. A comparison of OMA and NOMA is sketched in Table 2.1.

NOMA has therefore been confirmed as a potential multi-access technique for beyond fifth-
generation (5G) cellular networks because of its higher spectral efficiency, greater number of
connections, lower latency, and better fairness in QoS.

Table 2.1: Comparison of the OMA and NOMA-assisted cellular network.

Advantages Disadvantages

OMA
- Easy mobile device detection - Lower spectral efficiency

- Lower number of mobile devices
- Unfairness for mobile devices

NOMA

- Higher spectral efficiency - Higher mobile device complexity
- Higher number of mobile devices
- Higher fairness for mobile devices
- Lower latency
- Providing diverse QoS for mobile devices
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2.2 Multi-antennas assisted wireless communications

For the uplink multi-antenna model, Endo et al. [54] investigated a multi-NOMA network cells.
however, the authors assumed that devices in the same cell were orthogonally allocated in
resource blocks.

In [55], the authors proposed another uplink model underlay NOMA technique for the multi-
antenna environment, where a BS with N antennas to serve up to 2N devices simultaneously
and to enhance the sum capacity as well by sharing the space resource as shown Figure 2.2.
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Figure 2.2: System model of MISO for NOMA networks .

From the achieved results as shown in studies [54,55], the authors confirmed that the MISO
technique with multiple antennas on BS could improve network capacity for uplink cellular
network. From another point of view, my dissertation focuses on MISO technique as well,
however, my dissertation deals with MISO-NOMA techniques enabling for downlink cellular
networks. Further, the dissertation also proposes some novel solutions in order to improve QoS
for users joined the cellular network.

2.3 Satellite-assisted future cellular networks

This section describes the characteristics of satellite communication systems assisted future
cellular networks. It aims to satisfy the QoS requirements of mobile devices. Satellite com-
munications are issued from the outcome of research in the area of communications and space
technologies whose objective is to achieve ever increasing ranges and capacities with the lowest
possible costs. The authors provided an overview of a satellite communication systems and illus-
trates its interfacing with terrestrial entities [56]. The satellite systems are consisted of a space
segment, a control segment and a ground segment as Figure 2.3. These segments are detailed
as follows:

• The space segment includes one or some active and spare satellites allocated into a con-
stellation.
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• The control segment contains all ground facilities for the control and monitoring of the
satellites, which is named TTC (tracking, telemetry and command) stations, and for the
management of the traffic and the associated resources on-board the satellite.

• The ground segment covers of all the traffic earth stations. Depending on the type of
service considered, these stations can be of different size, from a few centimetres to tens
of metres
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Figure 2.3: Satellite communications system.

The types of link shown in Figure 2.3 are:

• The uplinks from the earth stations to the satellites.

• The downlinks from the satellites to the earth stations.

• The intersatellite links, between the satellites.
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Chapter 3:

State-of-the-Art

From investigating the other research, it is well-known that a large number of antennae may
enhance the system performance of a NOMA network. In [57], the authors analyzed the

system performance of MISO adopted NOMA systems based on optional down-link beamform-
ing. In [58], MIMO-NOMA models were proposed to provide a significantly higher spectral
efficiency compared to conventional MIMO-OMA systems by taking into account the benefit of
the degree-of-freedom (DoF) provided in both the spatial domain and the power domain. More
attention was paid to the MIMO radio system [59,60]. This is a communication model between
transceiver pairs equipped with multiple antennae. However, it is not feasible to equip multiple
antennae in compact mobile devices. Therefore, this dissertation proposal aims to investigate
the OP and throughput performance by adopting the NOMA technique underlay MISO scheme
[NNL07, NNL11]. The wireless network consists of a pair of NOMA users, a BS equipped with
two antennae, and a cooperative relay. Additionally, all end-users operate in the NOMA trans-
mission protocol simultaneously. The following is some of the main work which will be discussed
in the dissertation.

• A new MISO-enabled NOMA model will be designed. The performance gap of two NOMA
users will also be subjected to QoS requirements.

• The exact OP satisfying the conditional power distribution for two NOMA users will be
derived.

• The system performance of the MISO-NOMA network will be investigated.

As a feature wireless access technique for next generation wireless communication, NOMA
was introduced and analyzed in [61]. To provide better spectral efficiency, NOMA communicates
non-orthogonal signals with the receivers. The BS allocates different PA factors to serve multiple
users with a superposed signal. In contrast with the OMA technique, NOMA can serve multiple
users over the same resource block. NOMA can therefore significantly enhance network capacity
[5, 25]. To decode user data, SIC is adopted at the receiver [NNL02]. Specifically, the receiver
first decodes the data with the biggest PA factor for the user with the weakest CSI by treating
other users’ data as interference. However, the authors in [5] did not consider multiple antennae
and power beacons, which can significantly enhance system performance. The advantages of
Internet of Things (IoT) networks with power beacons was investigated in [62]. Motivated by
the papers [5, 25, 62], I will model the issue of power beacon and antenna selection to evaluate
the OP performance of two NOMA users.

The multi-antenna technique has recently been adopted in NOMA networks to enhance sys-
tem performance [20–23]. The OP performance of a CR-NOMA system with a multi-antenna
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EH relay was analyzed in [22], [NNL08, NNL10]. Although system performance may potentially
improve with a large number of antennae, it leads to a high cost of RF chains at the termi-
nal devices. To face the high cost of hardware while maintaining the diversity and throughput
benefits of multiple antennae, the TAS protocol is considered an effective solution [22, 23]. Ef-
ficient and flexible, the OMA technique may be combined with various emerging techniques,
i.e., cooperative communication [24,63], FD [64], CR-NOMA [65], millimeter wave (mmW) [66],
and visible light communication [67] to enhance system performance. The PLS issue is one
of the most popular topics in both information security and wireless communications for its
advantages in secrecy achieved by utilizing the randomness and time-varying nature of wireless
channels without an encryption algorithm [68]. The authors in [69] investigated the PLS of a
CR-NOMA system in large-scale networks wherein both NOMA users and eavesdroppers were
spatially deployed at random locations. New exact and asymptotic expressions for the SOP were
also derived. The study [70] investigated the SOP performance of multi-antennae NOMA with
artificial noise and derived the exact and asymptotic expressions.

The current multiple access techniques have been described according to two schemes, i.e.,
OMA and NOMA, by distinctively considering a specific resource block occupied by multiple UE
[71]. Different types of the NOMA technique have also been described, i.e., code-domain NOMA
and power-domain NOMA, through an examination of the multiplexing gain gathered from the
different domains. The paper [72] explored a scenario of randomly roaming users to examine
the performance of the NOMA down-link. In [70], NOMA systems in large-scale networks
were investigated with respect to PLS for randomly arranged NOMA users and eavesdroppers.
Motivated by previous works and to fill the gap related to the relaying schemes in [73, 74], my
dissertation research will enhance the SOP performance of an FD relay network with a DF
scheme [NNL05], and more importantly, compare both OMA and NOMA schemes.

The authors in [75] investigated a cooperative small-cell system containing M small-cell
transmitters and N relays to examine the OP performance of an opportunistic relaying scheme.
A renewable energy-based power resource allocation method was proposed for FD small-cell
networks [76]. The authors presented a method for an outage-aware PA scheme, which was
considered an optimal transmission strategy for two-way transmission between a BS and UE in
a single small-cell network. The study [77] explored a sleeping scheme in next generation small-
cell networks by enabling the EH function. Cooperative caching and the energy consumption
minimization problem were also considered. To my best knowledge, the authors in recent works
[75–77] did not analyze the performance of a small-cell HSTRS which employs NOMA. This
motivates me to study small-cell HSTRS which adopt the NOMA technique. This type of
configuration may boost the system performance of HSTRS, especially with extended coverage
under the bottleneck link behaviour of traditional communications.
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Chapter 4:

The Aims of the Dissertation

Based on the State-of-the-Art on Chapter 3 and the motivations, I propose three main aims
in the dissertation, described in the chapter as follows.

4.1 Aim 1: Study of system models with a multiple-antennae transmission tech-
nique in a cooperative relay network using NOMA to power the allocation
efficiency of users

Over the last decade, the unprecedented proliferation of smart devices and internet-enabled
applications has urged next generation cellular networks to accommodate massively networked
devices. Contrary to preceding generations of wireless networks which primarily focused on en-
hancing peak achievable rates for all active users, next generation cellular networks are required
to enable IoT, machine-to-machine (M2M), and cellular IoT platforms. Facilitating such tech-
nologies calls for novel EE and spectral efficiency transmission techniques which can be easily
scaled to millions of devices and accommodate diverse QoS requirements. RF-EH has been
especially acknowledged as a potential technology to support EE dense networks, and NOMA
has emerged as a technique to improve the spectral efficiency of wireless networks [78].

Most of the studies on NOMA and RF-EH have so far been conducted on single-antenna
devices. In next generation cellular systems, the devices should be equipped with multiple
antennae, especially at the BS. Therefore, the first aim of the dissertation is to integrate the
EH and NOMA techniques into wireless cellular networks with a multiple-antennae transmitter.
Specifically, I propose two approaches as follows:

• First, I will examine a next generation cellular wireless network which uses the NOMA
technique and investigate the efficiency of multiple antennae equipped at the BS to serve
and enhance the OP of multiple NOMA end-users. I will introduce a power distribution
model to NOMA users who use direct links and relay links to improve transmission quality.
I will then determine the signal to noise ratio to discover separate signals for each user and
derive the exact OP expressions of the considered system. To better view my individual
method, I also compare the proposed system’s performance with a similar system which
uses the OMA technique.

• Second, I will extend the previous model, where the access point (AP) will be equipped
with multi antennae and the relay can EH from a power beacon. System improvement
can be achieved through the exact closed-form expressions of the outage probability (OP).
The performance gap between two users will be evaluated using a Rayleigh fading channels
model. Furthermore, I will compare NOMA with the traditional scheme, i.e., the OMA
technique.
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4.2 Aim 2: New proposed system models enabling MISO-NOMA and multi-
relaying to improve data safety efficiency for users in the wireless network

PLS has received much attention in the community recently, and the physical characteristics of
wireless channels, particularly the channel impulse response (CIR), have become an attractive
source of shared secrecy between two communicating parties for many wireless applications. As
with other advanced techniques such as NOMA and RF-EH, most of the results on PLS were
based on the assumption of single-antenna devices or simple network topology.

The second aim of the dissertation is to provide a thorough analysis of the performance of
the PLS for next generation cellular wireless networks which integrate advanced techniques such
as FD communication, NOMA, multiple antennae, and relay selection. I will consider two novel
PLS schemes:

• For the first model, the secrecy performance of the CR network, which applies NOMA
in the down-link scenario, will be derived. The MISO architecture with TAS strategy
will also be given special consideration in this model. Furthermore, an optimal PA factor
will be obtained to optimize SOP. Simulations will be performed to verify the proposed
analytical results.

• In the second model, a NOMA based FD-DF relay network will be designed and evaluated,
with the aim to secure system performance in the presence of a passive eavesdropper. The
closed-form expressions for the end-to-end signal-to-interference-plus-noise ratio (SINR)
in the legitimate link and the wiretap link will be derived; the closed-form expression for
the exact SOP of the proposed model will be presented over a Rayleigh fading channel. I
will additionally compare two SOP cases, i.e., OMA and NOMA.

4.3 Aim 3: A new proposed system model to optimize the power spectrum al-
location of small-cells in the integrated networks between the satellite and
terrestrial users

Satellite networks will serve as a critical segment in next generation cellular wireless networks
by providing wide-ranging coverage and massive connections for areas where ground wireless
infrastructures are too difficult or expensive to deploy. However, satellite networks provide
services in an inefficient manner in terms of resource utilization owing to the conventional use
of traditional techniques. Under specific conditions, the NOMA technique can improve spectral
efficiency, increase the number of connections for multiple access schemes, and flexibly inherit
the existing OMA schemes. The NOMA technique should therefore be studied with more insight
for future satellite communications.

For the third aim, I propose an integrated solution to enhance service quality in satellite
networks. First, satellite communications systems must be integrated with the emerging small-
cell networks to provide seamless connectivity and high-speed broadband access for mobile users
in future wireless networks. I will study an HSTRS which assists small-cell transmission under
interference constraints with macro-cell users. An HSTRS system will be enhanced by using the
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NOMA technique to improve spectrum efficiency. To provide a performance analysis, I will derive
the exact expressions for OP and throughput of the considered HSTRS system under Shadowed-
Rician fading channels for satellite links and Nakagami-m fading channels for terrestrial links.
The OP performances of the two users, which depend on PA factors, will also be investigated.
The results of this aim will provide potential deep insight for the design of future HSTRS for
small-cell communications.
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Chapter 5:

Multi-Antennae Combining Power Beacon-
Assisted NOMA Network Model

Part I – MISO-NOMA Assisted Future Cellular Networks

In the dissertation, I deal with MISO technique in NOMA networks to improve the fairness
QoS for multiple UE [NNL06, NNL10]. The feature contributions of this chapter are:

• A new MISO-enabled NOMA model is proposed and performance gap of two NOMA users
is provided to meet the requirements of the QoS in such MISO-NOMA system.

• The exact outage probability for two NOMA users is calculated while meeting certain
power distribution conditions. After that, the outage performance and the corresponding
throughput are identified in numerical results.

• The overall network performance is analyzed, the fixed PA problems are examined under
the constrained conditions of total system capacity and MISO diagram design to give
solutions to performance improvement problems.

5.1 System Models

In this chapter, we study a communication with MISO model as shown in Fig. 5.1. This model
comprises a BS, a relay R and a pair of NOMA users (U1 and U2). All entities in the network are
equipped with single antenna except for the BS equipped two antennas and the communication
of two antennas operate in such model using the NOMA transmission principles. It is assumed
that both the relay and two NOMA users can examine their SNR since they can recognize
the CSI of all the channels completely. Moreover, all channels are assumed to be quasi-static
Rayleigh fading, where the channel coefficients are constant for each transmission block but vary
independently between different blocks. The first antenna and the second antenna in the BS of
such model transmit x1, x2 respectively to both relay and far NOMA users in the same time
slot.
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Figure 5.1: System model of MISO for NOMA networks.

Besides, a1 and a2, where a1 < a2, are PA factors for two NOMA users U1 and U2 [NNL03],
respectively, and they satisfy condition a1 + a2 = 1. We denote PS1 and PS2 are transmit power
at two antennae. We then denote da,b is distance between node a and node b. hS1,U1 , hS2,U2 ,
hS1,R, hS2,R, hR,U1 and hR,U2 , are denoted as the complex channel coefficient of BS → {U1, U2},
BS → R and R → {U1, U2}, respectively. The channel power gains|hS1,U1 |2, |hS2,U2 |2, |hS1,R|2,
|hS2,R|2, |hR,U1 |2 and |hR,U2 |2 are assumed to be exponentially distributed random variables
(RVs).

The first antenna and the second antenna at the BS transmit x1 and x2, respectively. It is
assumed that inter-symbol among these signal does not exist. In the first phase, relay R may
receive the synthetic message from the BS

yR = hS1,R

√︂
a1PS1x1 + hS2,R

√︂
a2PS2x2 + nR, (5.1)

where nR is additive white Gaussian noise (AWGN) at relay and following nR ∼
(︁
0, σ2)︁ with

zero mean and variance σ2.
The received signal at destination U1 in relay link is shown by

yR,U1 = hR,U1

(︂√︁
a1PRx1 +

√︁
a2PRx2

)︂
+ nU1 , (5.2)

where nU1 is AWGN at user U1 and following nU1 ∼
(︁
0, σ2)︁ with zero mean and variance σ2.

Similarly, the received signal at destination U2 in relay link is expressed as follows:

yR,U2 = hR,U2

(︂√︁
a1PRx1 +

√︁
a2PRx2

)︂
+ nU2 . (5.3)

where nU2 is AWGN at user U2 and following nU2 ∼
(︁
0, σ2)︁ with zero mean and variance σ2.

The received signal at destination U1 in direct link is given by

yS1,U1 = hS1,U1

√︂
PS1x1 + nU1 . (5.4)
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The received signal at destination U2 in direct link is given by

yS2,U2 = hS2,U2

√︂
PS2x2 + nU2 . (5.5)

In this case, we assume variance noise terms given by σ2 = σ2
R = σ2

R,U1
= σ2

R,U2
= σ2

S1,U1
=

σ2
S2,U2

and SNR ρ = PS1
σ2 = PS2

σ2 = PR
σ2 .

It can be computed various signal to interference plus noise ratio (SINR) as below. SINR at
relay when it detects x2 is expressed as follows:

γR,x2 = a2ρ|hS2,R|2

a1ρ|hS1,R|2 + 1
. (5.6)

SINR at relay when it detects x1 is expressed as follows:

γR,x1 = a1ρ|hS1,R|2. (5.7)

Besides, SINR at U1 when it to detect x2 is expressed as follows:

γRU1,x2 = a2ρ|hR,U1 |2

a1ρ|hR,U1 |2 + 1
. (5.8)

It is noted that relay adopted DF protocol. SINR at U1 in cooperative link when U1 detects
x1 is expressed as follows:

γRU1,x2 = a1ρ|hR,U1 |2. (5.9)

SINR at U2 in cooperative scheme when U2 detects x2 is expressed as follows:

γRU2,x2 = a2ρ|hR,U2 |2

a1ρ|hR,U2 |2 + 1
. (5.10)

Particularly, SINR at U1 and U2 in direct link to detect their own signal are respectively
expressed as follows:

γS1U1,x1 = ρ|hS1,U1 |2, (5.11)

γS2U2,x2 = ρ|hS2,U2 |2. (5.12)

5.2 System Performance Analysis

In this section, the outage behavior for the MISO-NOMA downlink cooperative network with
perfect CSI is investigated [NNL07]. To this end, we first study exact expressions for the OP.
In order to achieve best throughput and the behavior of the network, a numerical method
is employed to detect optimal throughput, while fairness among NOMA users is satisfied as
requirement of NOMA scheme. We use maximum ratio combining (MRC) to further process
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signal at U1, U2 as representatives of direct link and relay link between the BS and NOMA
end-users [78].

An outage event happens at the far NOMA user and SINR at each user can be first formulated
as follows:

γMRC
U1 = γS1U1,x1 + γRU1,x1

= ρ|hS1,U1 |2 + a1ρ|hR,U1 |2, (5.13)

and

γMRC
U2 = γS2U2,x2 + γRU2,x2

= ρ|hS2,U2 |2 + a2ρ|hR,U2 |2

a1ρ|hR,U2 |2 + 1
. (5.14)

Then, the OP at user U1 can be expressed as follows:

PU1 = Pr
(︂
γMRC
U1 < γ1

)︂
⏞ ⏟⏟ ⏞

A1

Pr
(︂
γR,x1 > γ1

)︂
⏞ ⏟⏟ ⏞

A2

+ Pr
(︂
γR,x1 < γ1, γS1U1,x1 < γ1

)︂
⏞ ⏟⏟ ⏞

A3

, (5.15)

where γ1 = 22R1 − 1.
Proposition 1: The closed-form expression of OP at user U1 can be expressed as follows:

PU1 = φU1 exp
(︄

− γ1

d−m
S1,R

ρ

)︄
+
(︄

1 − exp
(︄

− γ1

d−m
S1,R

ρ

)︄)︄(︄
1 − exp

(︄
− γ1

d−m
S1,U1

ρ

)︄)︄
, (5.16)

where

φU1 = 1 − exp
(︄

− γ1

d−m
R,U1

a1ρ

)︄
−

d−m
S1,U1

d−m
S1,U1

− d−m
R,U1

a1
exp

(︄
− γ1

d−m
S1,U1

ρ

)︄

×
(︄

1 − exp
(︄

− γ1
a1ρ

(︄
1

d−m
R,U1

− a1

d−m
S1,U1

)︄)︄)︄
. (5.17)

Proof: From expression (5.15), each component A1, A2 or A3 is computed, respectively, as
follows:

A1 = Pr
(︂
γMRC
U1 < γ1

)︂

=

γ1
a1ρ∫︂
0

F|hS1,U1 |2

(︃
γ1
ρ

− a1x

)︃
f|hS1,U1 |2 (x) dx

= φU1 = 1 − exp
(︄

− γ1

d−m
R,U1

a1ρ

)︄
−

d−m
S1,U1

d−m
S1,U1

− d−m
R,U1

a1
exp

(︄
− γ1

d−m
S1,U1

ρ

)︄

×
(︄

1 − exp
(︄

− γ1
a1ρ

(︄
1

d−m
R,U1

− a1

d−m
S1,U1

)︄)︄)︄
, (5.18)
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A2 = Pr (γR,x1 > γ1) = Pr
(︃

|hS1,R|2 > γ1
ρ

)︃

=
∞∫︂

γ1
ρ

f|hS1,R|2 (x) dx = exp
(︄

− γ1

d−m
S1,R

ρ

)︄
, (5.19)

A3 = Pr (γR,x1 < γ1, γS1U1,x1 < γ1)

= Pr
(︃

|hS1,R|2 < γ1
ρ
, |hS1,U1 |2 < γ1

ρ

)︃

=

γ1
ρ∫︂

0

γ1
ρ∫︂

0

f|hS1,R|2 (x) f|hS1,U1 |2 (y) dxdy

=
(︄

1 − exp
(︄

− γ1

d−m
S1,R

ρ

)︄)︄(︄
1 − exp

(︄
− γ1

d−m
S1,U1

ρ

)︄)︄
. (5.20)

By substituting expressions (5.18), (5.19) and (5.20) into (5.15), we obtain closed form OP
at user U1. This is end of the proof.

Similarly, OP at user U2 can be calculated by

PU2 = Pr
(︂
γMRC
U2 < γ2

)︂
⏞ ⏟⏟ ⏞

B1

Pr (γR,x2 > γ2)⏞ ⏟⏟ ⏞
B2

+ Pr (γR,x2 < γ2, γS2U2,x2 < γ2)⏞ ⏟⏟ ⏞
B3

, (5.21)

where γ2 = 22R2 − 1.
From [78], the closed-form expression of OP at user U2 as shown (5.21) could be solved and

expressed in closed-form as follows:

PU2 =

⎛⎝1 − exp
(︄

− τ

d−m
R,U2

)︄
− exp (ξ)

Ψ2

∞∑︂
n=0

(−1)n

n!
(︂
d−m
R,U2

a1ρ
)︂Ξ2

⎞⎠
×

d−m
S2,R

d−m
S2,R

+ γ2d
−m
S1,R

exp
(︄

− γ2

d−m
S2,R

ρ

)︄
+ 1 − exp

(︄
− γ2

d−m
S2,U2

ρ

)︄

−
d−m
S2,R

d−m
S2,R

+ γ2d
−m
S1,R

exp
(︄

− γ2

d−m
S2,R

ρ

)︄
− exp

(︄
− γ2

d−m
S2,U2

ρ
− γ2

d−m
S2,R

ρ

)︄
, (5.22)

where

Ξ2 = (−1)2n+1Ψn+1
1

(n+ 1)! (Ei (ξ) − Ei (Ψ1))

+
n∑︂
k=0

exp (ξ) (1 + a1ρτ)n+1 − exp (Ψ1) Ψk
1

(n+ 1)n . . . (n+ 1 − k) , (5.23)
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and ξ = 1
a1ρd

−m
R,U2

− γ2
ρd−m

S2,U2
− Ψ1, Ψ1 = − a2

a1ρd
−m
S2,U2

and Ψ2 = a1ρd
−m
S2,U2

.
we further investigate optimal throughput in case of fixed data rates are known. Such system

throughput can be expressed as follows:

τ = (1 − PU1)R1 + (1 − PU2)R2. (5.24)

5.3 Numerical Results and Discussions

In this section, a model of two-user MISO NOMA system is investigated in term of OP and
throughput performance. Computer simulations are performed to confirm the correctness of the
analytical results. We set a1 = 0.2 and a2 = 0.8. We present analytical result in many figures
where the parameters are set as wherein. R1 = 3 , R2 = 0.5 , m = 2 , dS1,R = dS2,R = 0.3,
dR,U1 = dR,U2 = 0.7 and dS1,U1 = dS2,U2 = 1

OP performance can be seen in 5.2. For these target rate setups, it can be seen OP decreases
as increasing SNR and performance gap between two NOMA users exist in range of SNR. By
observing such figure, it can be confirmed that lower target rate exhibits better performance.
This confirmation can be explained as such target rate make varying outage levels. Analytical
and simulation result are matched well. In addition, our study provide improvement compared
results from [78].

Figure 5.2: OP of two NOMA users versus transmit SNR at the BS.

Figure 5.3 indicates that OP increases at higher target rates. Other observation is that higher
SNR at the BS contributes to improved outage performance of considered system. Performance
gap of two NOMA users still remains in range of target rate regime.
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Figure 5.3: Outage probability versus target rates at each user.

It can be observed throughput performance in Figure 5.4 where optimal throughput happens
as we change target rates and transmit SNR at the BS. In this situation, optimal throughout
can be achieved at ρ = 40 (dB), R1 = R2 = 7 (bps/Hz).

Figure 5.4: Throughput versus target rates.
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5.4 Conclusion

In this chapter, we examined outage and throughput performance in MISO based NOMA sys-
tems. A BS equipped two antennas can provide signal transmitting to relay and then the super-
imposed signal can be obtained at the NOMA end users. This scheme was applied for supplying
multiple access in downlink. Simulation results proved that the proposed MISO NOMA system
using the suggested fixed power distribution scheme can ensure fairness in NOMA considerably.
For specific data rate, the highest throughput can be achieved. In addition, our results proved
that the outage performance gap among two NOMA users of the proposed scheme was small
in regard to varying transmit SNR and validated the effect of various system parameters on
performance. Full MIMO NOMA with higher diversity order is goal in our future work.
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Part II – Power Beacon Combining MISO Technique-Assisted NOMA Networks

The WPT is a significant technique for future cellular networks. Recently, more interest
has been focused on multiple access technique without orthogonal signals for wireless

communication. NOMA scheme is proposed to allow users to be served simultaneously. In this
chapter, we propose the power beacon which is able to feed energy to power-constraint relay
node to further support transmission from the source to destinations in future cellular networks.
NOMA system is benefited by with WPT and antenna selection technique [NNL06]. The system
improvement can be achieved through the exact closed-form expressions of OP. The performance
gap among two users is evaluated using model of the Rayleigh fading channels. Furthermore,
we compare NOMA with traditional scheme to highlight advantage of such IoT system.

5.5 System Models

In this model, Figure 5.5 shows the cellular network containing the access point (AP), the
relay R, two users D1 and D2, and power beacon (B). Wireless channels denoted as in Figure
5.5 in such cellular network relying NOMA are subjected to Rayleigh flat fading plus AWGN.
The complex channel coefficients for the links AP → R, B → R, R → D1 and R → D2

are presented by |hSkR|2 ∼ CN (0, λSR), |hBR|2 ∼ CN (0, λBR), |hRD1 |2 ∼ CN (0, λRD1), and
|hRD2 |2 ∼ CN (0, λRD2), respectively. The are K antennae equipped at the AP.

Figure 5.5: System Model of multiple antennae in a NOMA assisted by a power beacon.

There are two links from the AP to NOMA users. In the first phase, the received signal at
the relay R is expressed as follows:

yAP−R = hAPk

(︂√︁
a1PAPx1 +

√︁
a2PAPx2

)︂
+ ωR, (5.25)

where PAP is the transmit power of AP, xi for i ∈ {1, 2} is the information symbol for device
Di, and ωR is AWGN at the relay. Optimization of such PA is out of concern in this chapter.

It can be achieved by the SINR at the receivers. In order to decode x1 at R, the corresponding
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SINR is expressed by

γAPkR−x1 = a1PAP |hAPkR|2

a2PAP |hAPkR|2 +N0
. (5.26)

In NOMA, SIC is employed to eliminate interference, the SINR to decode x2 is expressed as
follows:

γAPkR−x2 = a2PAP |hAPkR|2

N0
. (5.27)

During time for signal processing in the second phase, R transmits the signal consisting of
the decoded and re-encoded symbols to the destinations. The received signal at two users Di is
expressed as follows:

yRDi = hRDi

(︂√︁
a1PRx1 +

√︁
a2PRx2

)︂
+ ωDi , (5.28)

where PR is the transmit power of R, ωDi is the AWGN at device Di

The SINR at each receiver needs to be calculated. In this case, the destination is required
to decode x1 at D1 as below

γRD1−x1 = a1PR|hRD1 |2

a2PR|hRD1 |2 +N0
. (5.29)

The SINR to decode x1 at D2 is expressed as follows:

γRD2−x1 = a1PR|hRD2 |2

a2PR|hRD2 |2 +N0
. (5.30)

After SIC, the SINR to decode x2 is expressed as follows:

γRD2−x2 = a2PR|hRD2 |2

N0
. (5.31)

The best channel is selected with the index of antennae equipped at the AP as follows:

k∗ = arg max
k={1,...,K}

(︂
|hAPkR|2

)︂
. (5.32)

Together with (5.32), the cumulative distribution function (CDF) and probability density
function (PDF) related to selected channels are given as follows:

F|hAPk∗ R|2 (x) = 1 −
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 exp

(︃
− kx

λAPR

)︃
(5.33)
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and

f|hAPk∗ R|2 (x) =
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 k

λAPR
exp

(︃
− kx

λAPR

)︃
(5.34)

In the considered system, the relay harvests energy from beacons. The operation of the
second stage of signal processing is supported by harvesting energy at relay.

At EH phase, the time switching (TS) based EH technique is applied. In a transmission
block time T (in which a block of information is sent from the power beacon to the relay), the
relay takes αT to harvest energy from the power beacon, in which α is the EH time fraction that
depends on the schedule of B. We allocate the time slot of (1 − α)T into two equal sub-time
slots for the link from the AP to relay and the link from relay to destinations. Then, we can
compute harvested energy at the relay [9] as follows:

ER = τPBαT |hBR|2, (5.35)

where 0 < τ < 1 stands for the efficiency coefficient of the energy conversion process, PB is the
transmit power of the power beacon, assuming that these power beacons have the same power
level, respectively (optimizing TS factor α is out of the scope of this dissertation). Under the
assumption that the processing energy at R is negligible, the transmit power of the relay is
expressed as follows:

PR = 2τPBα|hBR|2

(1 − α) = ξ|hBR|2, (5.36)

where ξ = 2τPBα
(1−α) .

5.6 System Performance Analysis

In this section, we consider the OP analyses for the cellular network to look for impact of
harvested energy and the number of transmit antennae at the AP. In particular, we derive
the closed-form expressions to show the OP, and performance difference happens as comparing
two users’ performance. To provide insights, asymptotic outage performance analyses for the
considered system are determined in the high transmit signal to noise ratio (SNR) region.

A. Outage Performance Analysis for NOMA

5.6.1 Outage Analysis at D1

With respect to the system performance evaluation, the OP can be achieved related to ability
to detect signal at relay and destinations as well. The expression of OP for the first user can be
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defined as follows:

OP1 = Pr
(︁
min

(︁
γAPk∗R−x1 , γRD1−x1

)︁
< γ1

)︁
= 1 − Pr

(︁
γAPk∗R−x1 > γ1, γRD1−x1 > γ1

)︁
= 1 − Pr

(︁
γAPk∗R−x1 > γ1

)︁⏞ ⏟⏟ ⏞
∂1

Pr (γRD1−x1 > γ1)⏞ ⏟⏟ ⏞
∂2

, (5.37)

Proposition 1: The close-form expression is computed to provide outage analysis at D1 as
follow:

OP1 = 1 −
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 exp

(︃
− kγ1N0
PAP (a1 − γ1a2)λAPR

)︃

×
√︄

4γ1N0
ξ (a1 − γ1a2)λAPRλRD1

K1

(︄√︄
4γ1N0

ξ (a1 − γ1a2)λAPRλRD1

)︄
, (5.38)

where K1 (.) is the second kind of modified Bessel functions.
Proof: Refer to Appendix 5.9.1 (pp. 31).

5.6.2 Outage Analysis at D2 with Perfect SIC

At the second user, it can be seen outage performance evaluated by

OP2 = Pr
(︁
min

(︁
γAPk∗R−x2 , γRD2−x1 , γRD2−x2

)︁
< γ2

)︁
= 1 − Pr

(︁
γAPk∗R−x2 > γ2, γRD2−x1 > γ2, γRD2−x2 > γ2

)︁
= 1 − Pr

(︁
γAPk∗R−x2 > γ2

)︁⏞ ⏟⏟ ⏞
V1

Pr (γRD2−x1 > γ2, γRD2−x2 > γ2)⏞ ⏟⏟ ⏞
V2

. (5.39)

Proposition 2: It can be achieved the close-form expression to provide outage analysis
perfect SIC at D2 in perfect SIC case as

OP2 = 1 −
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 exp

(︃
− kγ2N0
α2PAPλAPR

)︃

×
√︄

4θγ2N0
ξλBRλRD2

K1

(︄√︄
4θγ2N0

ξλBRλRD2

)︄
. (5.40)

Proof: Refer to Appendix 5.9.2 (pp. 31).

5.6.3 Scenario of Imperfect SIC

The SINR to decode x2 at the first link AP-relay is given by

γAPkRip = a2PAP |hAPkR|2

a1PAP |gAPkR|2 +N0
, (5.41)
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where gAPkR ∼ CN (0, µλAPRip) and µ is denoted as the level of residual interference caused by
imperfect SIC as 0 < µ < 1.

The second link is evaluated via SINR as below. It is used to decode x2 D2 and such SINR
is formulated by

γRD2ip−x2 = a2PR|hRD2 |2

a1PR|gRD2 |2 +N0
, (5.42)

where gRD2ip ∼ CN (0, µλRD2ip).
The outage performance of user D2 in imperfect SIC case can be written as follows:

OP2ip = Pr
(︁
min

(︁
γAPk∗Rip−x2 , γRD2ip−x2

)︁
< γ2

)︁
= 1 − Pr

(︁
γAPk∗Rip−x2 > γ2, γRD2ip−x2 > γ2

)︁
= 1 − Pr

(︁
γAPk∗Rip−x2 > γ2

)︁⏞ ⏟⏟ ⏞
ψ1

Pr (γRD2ip−x2 > γ2)⏞ ⏟⏟ ⏞
ψ2

. (5.43)

Proposition 3: The closed-form in outage analysis at D2 is formulated (imperfect SIC case)
by

OP2ip = 1 −
K∑︂
k=1

K∑︂
m=1

(︄
K

k

)︄(︄
K

m

)︄
(−1)k+m−2

× ma2λAPR
kγ2a1λAPRip +ma2λAPR

exp
(︃

− kγ2N0
a2PAPλAPR

)︃

× a2ξλRD2

γ2a1ξλRD2ip + a2ξλRD2ip

√︄
4γ2N0

a2ξλRD2λBR
K1

(︄√︄
4γ2N0

a2ξλRD2λBR

)︄
. (5.44)

Proof: Refer to Appendix 5.9.3 (pp. 32).

5.6.4 Asymptotic OP Analysis

When PAP → ∞ , asymptotic performance of D1 and D2 can be obtained. We first look on the
asymptotic performance of the first user in terms of as follows::

OP asym1 = 1 −
√︄

4γ1N0
ξ (a1 − γ1a2)λRD1λBR

K1

(︄√︄
4γ1N0

ξ (a1 − γ1a2)λRD1λBR

)︄
, (5.45)

OP asym1 = 1 −
√︄

4θγ2N0
ξλRD2λBR

K1

(︄√︄
4θγ2N0

ξλRD2λBR

)︄
. (5.46)

It is worth noting that perfect SIC and imperfect SIC cases are considered for user D2,
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respectively, as follows:

OP asym2ip = 1 −
K∑︂
k=1

K∑︂
m=1

(︄
K

k

)︄(︄
K

m

)︄
(−1)k+m−2

× ma2λAPR
kγ2a1λAPRip +ma2λAPR

a2ξλRD2

γ2a1ξλRD2ip + a2ξλRD2ip

×
√︄

4γ2N0
a2ξλRD2λBR

K1

(︄√︄
4γ2N0

a2ξλRD2λBR

)︄
. (5.47)

B. Outage Performance of OMA

In the first phase, the received signal at the first link AP - relay is expressed as follows:

yOMA
APR =

√︁
PAPhAPkRxi + ωR. (5.48)

The SINR computed to decode xi at R is expressed as follows:

γOMA
APkR−xi

= PAP |hAPkR|2

N0
. (5.49)

After that, R transmits the mixture signal (the decoded and re-encoded symbols) to the
destinations. The received signal at Di is expressed as follows:

yOMA
RDi

=
√︁
PRhRDixi + ωDi . (5.50)

The SINR to decode xi at Di is expressed as follows:

γOMA
RDi−xi

= PR|hRDi |
2

N0
. (5.51)
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The OP at Di can be expressed as

OPOMA
i = Pr

(︂
min

(︂
γOMA
APkR−xi

, γOMA
RDi−xi

)︂
< γOMA

i

)︂
= 1 − Pr

(︂
γOMA
APkR−xi

> γOMA
i

)︂
Pr
(︂
γOMA
RDi−xi

> γOMA
i

)︂
= 1 − Pr

(︄
|hAPkR|2 > γOMA

i N0
PAP

)︄
Pr
(︄

|hBR|2 > γOMA
i N0

ξ|hRDi |
2

)︄

= 1 −
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 1

λRDi

exp
(︄

− γOMA
i N0

PAPλAPR

)︄

×
∞∫︂

0

exp
(︄

−γOMA
i N0
ξx

− x

λRDi

)︄
dx

= 1 −
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 1

λRDi

exp
(︄

− γOMA
i N0

PAPλAPR

)︄

×

√︄
4γOMA

i N0
ξλRDi

K1

⎛⎝√︄4γOMA
i N0
ξλRDi

⎞⎠ , (5.52)

where γOMA
i = 24Ri − 1.

5.7 Numerical Results and Discussion

In this section, we show the comparisons of cellular network related outage performance of two
users using NOMA and OMA. These users are grouped in downlink of the AP using Rayleigh
fading channels under different simulated parameters.

The OP versus the transmit SNR at the AP is illustrated in Figure 5.6, where we consider
two main scenarios, i.e., NOMA and OMA. The different PA coefficients are assigned to two
users, and hence outage performance of the first user is better than that of the second user. It
can be easily seen that more antennas result in lowest outage. When the SNR is greater than 30
(dB), outage probabilities for these cases go to straight line. It means that they meet saturation
situation.
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Figure 5.6: Outage performance comparison of D1, D2 of NOMA and OMA versus PAP /N0 by
varying K (a1 = 0.7, τ = 0.6, α = 0.5, R1 = 0.5, R2 = 2, λAP = λBR = 1, λAPR = λRD1 = 10,
λRD2 = 5, λAPRip = λRD2 = 0.01, PB/N0 = 30 (dB))

In addition, imperfect SIC at the second user has worse outage performance compared with
perfect case. It is further confirmed that NOMA in IoT is better than in OMA case. The
exactness of the asymptotic lines corresponding with derived expressions for all the considered
cases is confirmed at high SNR. Similar trend can be seen in Figure 5.7 as considering impact
of transmit SNR at the power beacon on the OP.
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Figure 5.7: Outage performance comparison of D1, D2 of NOMA and OMA versus PAP /N0 by
varying K (a1 = 0.7, τ = 0.6, α = 0.5, R1 = 0.5, R2 = 2, λAP = λBR = 1, λAPR = λRD1 = 10,
λRD2 = 5, λAPRip = λRD2 = 0.01, PB/N0 = 30 (dB))

Considering outage performance of two users versus transmit SNR at the AP with different
PA factors as in Figure 5.8, the users’ performance change based on the amount of power
allocated. Higher a1 leads to better outage performance at the first user. These trends of curves
related outage behavior are similar as in Figures 5.6 and 5.7. While considering how transmit
SNR at beacon makes impact on outage probability, it can be seen similar performance as in
Figure 5.9.
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Figure 5.8: Outage performance comparison of D1, D2 of NOMA and OMA versus PAP /N0 by
varying a1 ( τ = 0.6, α = 0.5, R1 = 0.5, R2 = 2, λAP = λBR = 1, λAPR = λRD1 = 10, λRD2 = 5,
λAPRip = λRD2 = 0.01, PB/N0 = 30 (dB), K = 3).
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Figure 5.9: Outage performance comparison of D1, D2 of NOMA and OMA versus PAP /N0 by
varying a1 ( τ = 0.6, α = 0.5, R1 = 0.5, R2 = 2, λAP = λBR = 1, λAPR = λRD1 = 10, λRD2 = 5,
λAPRip = λRD2 = 0.01, PB/N0 = 30 (dB), K = 3).

5.8 Conclusion

In this chapter, we have investigated the cellular network by enabling EH and TAS schemes.
The main result of NOMA scheme provide acceptable outage performance. Such performance is
improved significantly at high SNR regime. The relaying scheme with WPT technique benefits
to such cellular network with performance improvement for two far users who need assistance
of WPT-assisted relay. Depending on PA factors, different performance of two users can be
observed. When SIC can be operated perfectly, it is able to exhibit better performance for the
second user. For the antenna selection scheme, it is unnecessary design of multiple antennas
system with complex signal processing technique, it can be reduced by exploiting antenna se-
lection as presented in this chapter. We derived in closed-form for the OP for two distant users
in the considered IoT system. More importantly, the asymptotic expressions for the outage
probabilities are provided. The superior outage performance achieved by the proposed cellular
network is confirmed in numerical results.
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5.9 Appendix

5.9.1 Proof of Proposition 1

By using (5.33) and (5.37), can be formulated by

∂1 = Pr
(︁
γAPk∗R−x1 > γ1

)︁
= Pr

(︃⃓⃓
hAPk∗R

⃓⃓2
>

γ1N0
PAP (a1 − γ1a2)

)︃

=
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 exp

(︃
− kγ1N0
PAP (a1 − γ1a2)λAPR

)︃
. (5.53)

In similar way, from (5.34) and (5.37), it can be obtained ∂2 as follows:

∂2 = Pr (γRD1−x1 > γ1)

= Pr
(︄

|hRD1 |2 > γ1N0

|hBR|2ξ (a1 − γ1a2)

)︄

=
∞∫︂

0

exp
(︃

− γ1N0
ξ (a1 − γ1a2)λRD1x

)︃ 1
λBR

exp
(︃

− x

λBR

)︃
dx

= 1
λBR

∞∫︂
0

exp
(︃

− γ1N0
ξ (a1 − γ1a2)λRD1x

− x

λBR

)︃
dx

=
√︄

4γ1N0
ξ (a1 − γ1a2)λRD1λBR

K1

(︄√︄
4γ1N0

ξ (a1 − γ1a2)λRD1λBR

)︄
. (5.54)

It is worth noting that the last equation follows from the fact that
∞∫︁
0

exp
(︂
− δ

4x − φx
)︂
dx

=
√︂

δ
φK1

(︁√
δφ
)︁

in [79, Eq. 3.324].
If we substitute (5.53) and 5.54 into (5.37), OP1 as the proposition can be achieved.

5.9.2 Proof of the Proposition 2

By applying (5.33) and (5.39), ∇1 can be computed as follows:

∇1 = Pr
(︁
γAPk∗R−x2 > γ2

)︁
= Pr

(︃⃓⃓
hAPk∗R

⃓⃓2
>

γ2N0
PAPa2

)︃

=
K∑︂
k=1

(︄
K

k

)︄
(−1)k−1 exp

(︃
− kγ2N0
PAPa2λAPR

)︃
. (5.55)
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Next, (5.39) is used to calculate ∇2 as follows:

∇2 = Pr (γRD2−x1 > γ2, γRD2−x2 > γ2)

= Pr
(︄

|hRD2 |2 > γ2N0

|hBR|2ξ (a1 − γ1a2)
, |hRD1 |2 > γ2N0

|hBR|2ξa2

)︄

= Pr
(︄

|hRD2 |2 > γ2N0

|hBR|2ξ
max

(︃ 1
(a1 − γ1a2) ,

1
a2

)︃)︄
. (5.56)

To make our computation simpler, we denote θ = max
(︂

1
(a1−γ1a2) ,

1
a2

)︂
, ∇2 can be rewritten

as follows:

∇2 = Pr
(︄

|hRD2 |2 > θγ2N0

|hBR|2ξ

)︄

=
∞∫︂

0

(︄
1 − F|hRD2 |2

(︄
θγ2N0

|hBR|2ξ

)︄)︄
f|hRD2 |2 (x) dx

=
∞∫︂

0

exp
(︃

− θγ2N0
λRD2ξx

)︃ 1
λBR

exp
(︃

− x

λBR

)︃
dx

= 1
λBR

∞∫︂
0

exp
(︃

− θγ2N0
λRD2ξx

− x

λBR

)︃
dx

=
√︄

4θγ2N0
λBRλRD2ξ

K1

(︄√︄
4θγ2N0

λBRλRD2ξ

)︄
. (5.57)

By substituting (5.55) and (5.57) into (5.39), OP2 can be obtained.

5.9.3 Proof of the Proposition 3

Plugging (5.33) and (5.43) to corresponding result, ψ1 can be written by

ψ1 = Pr
(︁
γAPk∗Rip−x2 > γ2

)︁
= Pr

⎛⎝⃓⃓hAPk∗R

⃓⃓2
>
γ2
(︂
a1PAP

⃓⃓
gAPk∗R

⃓⃓2 +N0
)︂

a2PAP

⎞⎠
=

∞∫︂
0

(︃
1 − F|hAPk∗ R|2

γ2 (a1PAPx+N0)
a2PAP

)︃
f|hAPk∗ R|2 (x) dx. (5.58)

By applying (5.33) and (5.34), then further employs corresponding CDF and PDF, ψ1 can
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be computed by

ψ1 =
K∑︂
k=1

K∑︂
m=1

(︄
K

k

)︄(︄
K

m

)︄
(−1)k+m−2 m

λAPRip

× exp
(︃

− kγ2N0
a2PAPλAPR

)︃ ∞∫︂
0

exp
(︄

−
(︄
kγ2a1
a2λAPR

+ m

λAPRip

)︄
x

)︄
dx

=
K∑︂
k=1

K∑︂
m=1

(︄
K

k

)︄(︄
K

m

)︄
(−1)k+m−2 ma2λAPR

kγ2a1λAPRip +ma2λAPR
exp

(︃
− kγ2N0
a2PAPλAPR

)︃
.

(5.59)

Based on (5.43), we compute ψ2 as follows:

ψ2 = Pr (γRD2ip−x2 > γ2)

= Pr

⎛⎝|hRD2 |2 >
γ2
(︂
a1ξ|hBR|2|gRD2 |2 +N0

)︂
a2ξ|hBR|2

⎞⎠
=

∞∫︂
0

∞∫︂
0

(︃
1 − F|hRD2 |2

(︃
γ2 (a1ξxy +N0)

a2ξx

)︃)︃
f|hBR|2 (x) dxf|gRD2 |2 (y) dy. (5.60)

In next step, using results of CDF and PDF, ψ2 is formulated as follows:

ψ2 = 1
λBR

1
λRD2ip

∞∫︂
0

exp
(︄

−
(︄

γ2N0
a2ξλRD2

+ 1
λRD2ip

)︄
y

)︄
dy

×
∞∫︂

0

exp
(︃

− γ2N0
a2ξλRD2x

− x

λBR

)︃
dx

= a2ξλRD2

γ2a1ξλRD2ip + a2ξλRD2

√︄
4γ2N0

a2ξλRD2λBR
K1

(︄√︄
4γ2N0

a2ξλRD2λBR

)︄
. (5.61)

Plugging (5.59), (5.61) into (5.43), OP2ip can be achieved.
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Chapter 6:

MISO-NOMA Combining Multi-Relays En-
abling Future Cellular Networks

Part I – MISO Combining Cognitive Radio

This section presents the secrecy performance of CR [NNL02, NNL09] networks by enabling
downlink NOMA. The MISO architecture with TAS strategy is considered. In particular,

PLS of CR-NOMA is studied to achieve secure performance analysis, i.e., SOP. Furthermore,
optimal PA factor can be obtained to show optimal value of SOP. Monte-Carlo simulations are
performed to verify the proposed analytical results

6.1 System model

We consider the BS is equipped with N antenna, two legitimate including user Di for i = {1, 2}
and a primary device (PD) as Figure 6.1. It is noted that TAS is adopted to indicate the best
antenna required to serve in downlink of the secondary network. In CR-NOMA, the BS make
interference to PD. It is noted that BS requires AF mode to forward signal to far users [NNL03].
It is assumed that BS is placed very far from the transmit primary source PD and hence it
cannot interfere with the primary network as shown in Figure 6.1.

Figure 6.1: System model of secure CR-NOMA.

34



However, in secure viewpoint, the existence of an eavesdropper (E) is main reason related to
unsecured transmission. We also assume that all receiving nodes are followed by AWGN with
mean zero and variance N0. Without loss of generality, all the wireless channels in Figure 6.1
are modeled to be independent quasi-static block Rayleigh fading channels. Furthermore, the
channel power gains |hk|2 (k ∈ {1, 2, SP,E}) have channel coefficients as λz. The interference
power at the PD should not exceed the maximum tolerable level IP , and therefore the cognitive
transmitter power at the BS should satisfy [14].

PS = min
{︄
Q,

I

|hSP |2

}︄
, (6.1)

where PS is the transmit power at BS and Q denotes the maximum power at BS. Following
principle of NOMA transmission, BS send the superimposed signal √

a1x1 + √
a2x2 to the user

Di. In which x1, x2 are denoted as the messages from BS to NOMA user. Then, the signal
received at Di is expressed as follows:

yDi = hDi

√︁
PS (

√
a1x1 +

√
a2x2) + ni, (6.2)

where ni is the AWGN. Moreover, the SINR at D1 when decode the own signal x1. Such SINR
is expressed as follows:

γ1,1 = PS |hD1 |2a1

PS |hD1 |2a2 +N0
. (6.3)

Similarly, the SINR at D2 when decode x1 is expressed as follows:

γ2,1 = PS |hD2 |2a1

PS |hD2 |2a2 +N0
. (6.4)

Apply SIC, the SINR at D2 to decode the own signal x2 is expressed as follows:

γ2,2 = PS |hD2 |2a2
N0

. (6.5)

The received signal at the eavesdropper can be expressed as follows:

yE = hE
√︁
PS (

√
a1x1 +

√
a2x2) + nE , (6.6)

where nE is the AWGN. The SINR at the eavesdropper when detected signal x1 is expressed as
follows:

γE,1 = PS |hE |2a1

PS |hE |2a2 +N0
. (6.7)

35



Similarly, the SINR at the E when it detects signal x2 is expressed as follows:

γE,2 = PS |hE |2a2
N0

. (6.8)

The secrecy capacity of D1 can be obtained as follows:

CE,1 =
[︄
log2

(︄
1 + γ1,1
1 + γE,1

)︄]︄+

, (6.9)

where [a]+ = max {0, a}, Ci = 2Rx,i − 1 and Rx,i is the target rate of Di. Then, the secrecy
capacity of D2 can be obtained as follows:

Cx,2 =

⎧⎨⎩
[︂
log2

(︂
1+γ1,1
1+γE,1

)︂]︂+
, where γ2,1 > C1

0, where γ2,1 < C1
(6.10)

6.2 Secrecy Outage Probability

6.2.1 Channel gain

Based on [79] the PDF and CDF of hz, where z ∈ {D1, D2, SP,E}, are respectively expressed
as follows:

f|hz |2 (x) =
N∑︂
n=1

(︄
N

n

)︄
(−1)n−1n

λz
exp

(︃
−nx

λz

)︃
, (6.11)

and

F|hz |2 (x) = 1 −
N∑︂
n=1

(︄
N

n

)︄
(−1)n−1 exp

(︃
−nx

λz

)︃
. (6.12)

6.2.2 SOP of D1

We investigate SOP performance of D1 as follows:

SOPD1 = Pr (Cx,1 ≤ Rx,1) . (6.13)

In particular, the closed-form expression of D1 in term of SOP is obtained as follows:

SOPD1 = 1 − I1 × I2. (6.14)

Proof: See in Appendix 6.5 (pp. 43).
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6.2.3 SOP of D2

Different from SOP of D1, user D2 exhibits its SOP performance as follows:

SOPD2 = Pr (Cx,2 ≤ Rx,2|γ2,1 ≥ C2) Pr (γ2,1 ≥ C1)

+ Pr (γ2,1 < C1) Pr (Cx,2 ≤ Rx,2|γ2,1 < C2) , (6.15)

where Pr (Cx,2 ≤ Rx,2|γ2,1 < C2) = 1.
First, Pr (Cx,2 ≤ Rx,2) ∆= Ξ1 is expressed as follows:

Ξ1 = 1 − Pr (Cx,2 > Rx,2)

= 1 − Pr
(︄
PS |hD2 |2a2

N0
>
γx,2PE |hE |2a2

N0
+ C2

)︄

= 1 − Pr
(︄

|hD2 |2 > Q4|hE |2 +Q5
ρ

, |hSP |2 < ρI
ρ

)︄
⏞ ⏟⏟ ⏞

H1

− Pr
(︄

|hD2 |2 >
(︄
Q4|hE |2 +Q5

ρ

)︄
|hSP |2, |hSP |2 < ρI

ρ

)︄
⏞ ⏟⏟ ⏞

H2

, (6.16)

where Q4 = γx,2ρE , Q5 = C2
a2

.
Moreover, H1 can be rewritten as follows:

H1 = Pr
(︄

|hD2 |2 > Q4|hE |2 +Q5
ρ

)︄
⏞ ⏟⏟ ⏞

H1,1

Pr
(︃

|hSP |2 < ρI
ρ

)︃
. (6.17)

It is noted that H1,1 is expressed as follows:

H1,1 = Pr
(︄

|hD2 |2 > Q4|hE |2 +Q5
ρ

)︄

=
∞∫︂

0

F̄ |hD2 |2

(︃
Q4z +Q5

ρ

)︃
f|hE |2 (z) dz

=
∑︂∑︂(︄

N

i

)︄(︄
N

m

)︄
mρλD2(−1)i+m−2

iQ4λE + ρλD2m
exp

(︃
− iQ5
ρλD2

)︃
. (6.18)
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Then, after some mathematical manipulations, H2 can be expressed as following formula

H2 = Pr
(︄

|hD2 |2 > Q4|hE |2 +Q5
ρI

|hSP |2, |hSP |2 > ρI
ρ

)︄

=
∞∫︂

0

∞∫︂
ρI
ρ

F̄ |hD2 |2

(︃(︃
Q4z +Q5

ρI

)︃
t

)︃
f|hSP |2 (t) f|hE |2 (z) dtdz

=
N∑︂
i=1

N∑︂
s=1

N∑︂
m=1

(︄
N

i

)︄(︄
N

s

)︄(︄
N

m

)︄
(−1)i+s+m−2λD2ρIsm

iλSPQ4λE

× exp
(︃

−sλD2ρI + iQ5λSP
ρλSPλD2

)︃ ∞∫︂
0

z

z +Q6
exp

(︃
− iQ4
λD2ρ

− m

λE

)︃
dz, (6.19)

where Q6 = Q5
Q4

+ sλD2ρI

iQ4λSP
. By applying [79, Eq. (3.352.4)], we obtain

H2 = −
N∑︂
i=1

N∑︂
s=1

N∑︂
m=1

(︄
N

i

)︄(︄
N

s

)︄(︄
N

m

)︄
(−1)i+s+m−3λD2ρIsm

iλSPQ4λE

× exp
(︃
iQ4Q6
ρλD2

+ mQ6
λE

− sλD2ρI + iQ5λSP
ρλSPλD2

)︃
Ei

(︃
− iQ4Q6
ρλD2

− mQ6
λE

)︃
. (6.20)

By substituting (6.18), (6.20) and (6.29) into (6.16), Ξ1 can be obtained as follows:

Ξ1 = 1 −
N∑︂
i=1

N∑︂
m=1

(︄
N

i

)︄(︄
N

m

)︄
(−1)i+m−2λD2ρsm

iQ4λE +mρλD2

× exp
(︃

− iQ5
ρλD2

)︃(︄
1 −

N∑︂
s=1

(︄
N

s

)︄
(−1)i−1 exp

(︃
− sρI
ρλSP

)︃)︄

+
N∑︂
i=1

N∑︂
s=1

N∑︂
m=1

(︄
N

i

)︄(︄
N

s

)︄(︄
N

m

)︄
(−1)i+s+m−3λD2ρIsm

iλSPQ4λE

× exp
(︃
iQ4Q6
ρλD2

+ mQ6
λE

− sλD2ρI + iQ5λSP
ρλSPλD2

)︃
Ei

(︃
− iQ4Q6
ρλD2

− mQ6
λE

)︃
(6.21)

Next, Ξ2
∆= Pr (λ2,1 ≥ C1) is formulated as follows:

Ξ2 = Pr
(︄

ρ|hD2 |2a1

ρ|hD2 |2a2 + 1
≥ C2, |hSP |2 < ρI

ρ

)︄
⏞ ⏟⏟ ⏞

K1

+
(︄

ρI |hD2 |2a1

ρI |hD2 |2a2 + |hSP |2
≥ C2

ρI

|hSP |2ρ
> Q

)︄
⏞ ⏟⏟ ⏞

K2

. (6.22)
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Next, K1 and K2 is calculated respectively by

K1 = Pr
(︃

|hD2 |2 ≥ C1
ρQ2

)︃
Pr
(︃

|hSP |2 < ρI
ρ

)︃

=
N∑︂
i=1

(︄
N

i

)︄
(−1)i−1 exp

(︃
− iC1
ρλD2Q2

)︃

×
(︄

1 −
N∑︂
s=1

(︄
N

i

)︄
(−1)s−1 exp

(︃
− sρI
ρλE

)︃)︄
, (6.23)

and

K2 = Pr
(︄

|hD2 |2 ≥ C1|hSP |2

ρIQ2
, |hSP |2 > ρI

ρ

)︄

= 1 −
N∑︂
i=1

N∑︂
s=1

(︄
N

i

)︄(︄
N

s

)︄
(−1)i+s−1sρIλD2Q2
iC1λSP + sρIλD2Q2

× exp
(︃

− iC1λSP + sρIλD2Q2
ρλD2λSPQ2

)︃
. (6.24)

Similarly, Pr (γ2,1 < C1) is calculated by

Pr (γ2,1 < C1) = 1 − Pr (γ2,1 ≥ C2)

= 1 −
N∑︂
i=1

(︄
N

i

)︄
(−1)i−1 exp

(︃
− sρI
ρλE

)︃

×
(︄

1 −
N∑︂
s=1

(︄
N

s

)︄
(−1)s−1 exp

(︃
− iC2
ρλD2Q2

)︃)︄

−
N∑︂
i=1

N∑︂
s=1

(︄
N

i

)︄(︄
N

s

)︄
(−1)i+s−2sρIλD2Q2
iC1λSP + sρIλD2Q2

× exp
(︃

− iC1λSP + sρIλD2Q2
ρλD2λSPQ2

)︃
. (6.25)

With the help of (6.21), (6.23), (6.24) and (6.25), the SOP of D2 can be obtained.

6.3 Numerical Results

In this section, some insightful numerical results are provided to exhibit the secrecy perfor-
mance of CR-NOMA systems. Also, we perform Monte-Carlo simulation results to confirm
our analytical results. We set power allocation factors a1 = 0.7, a2 = 0.3, channel gains are
λD1 = λD2 = λSP = λE = 1, the target rates Rx,1 = 0.5, Rx,2 = 1 and the number of antenna
N = 1 except for specific cases.
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Figure 6.2: SOP of D1 and D2 versus ρ with varying Rx,1, Rx,2.

In Figure 6.2, we plot the SOP curves for two cases of target rates. From Figure 6.2, we can
observe that the SOP of CR-NOMA tends to be a unchanged lines when SNR ρ at the source
is large enough. For such a case, the SOP performance of user D1 is better than that of user
D2. At high region of SNR, SOP performance can be enhanced significantly. Similarly, trends
of SOP versus ρI can be seen in Figure 6.3. The main reason is that ρ leads to varying of SNR
and then SOP can similar trend as Figure 6.2.
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Figure 6.3: SOP of D1 and D2 versus ρI with varying Rx,1, Rx,2.

In Figure 6.4, it can be seen more antenna at the source contribute to improve SOP perfor-
mance. We can see N = 3 shows the lowest SOP for both users D1 and D2. The reason is that
more antenna selected leads to higher SNR, then SOP can be improved. Performance gap still
exists among two users due to different PA factor assigned.
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Figure 6.4: SOP of D1 and D2 versus ρ with varying N .

As observation in Figure 6.5, we can conclude that existence of optimal SOP for user D2

when we change a1. It can be explained that SNR is computed based on a1.

Figure 6.5: SOP of D1 and D2 versus a1 with varying ρ = ρI .

42



6.4 Conclusion

In this section, the SOP performance of two-user in CR-NOMA system under benefit from TAS
scheme is investigated. The exact and approximated closed-form expressions of the SOP for
two NOMA users were derived and compared with some parameters such as the number of
transmit antenna or PA factors. The proposed analytical results were verified via Monte-Carlo
simulations. The results demonstrate that the secure performance can be improved at high SNR.
Subsequently, an effective PA strategy has been proposed to achieve optimal secure performance
of the second user D2.

6.5 Appendix

By substituting (6.3) and (6.7) into (6.13), we can rewrite SOPD1 as

SOPD1 = 1 − Pr
(︄

PS |hD1 |2a1

PS |hD1 |2a2 +N0
>

γx,1PE |hE |2a1

PE |hE |2a2 +N0
+ C1

)︄

= 1 − Pr
(︄

ρ|hD1 |2a1

ρS |hD1 |2a2 + 1
>
γx,1ρE |hE |2a1

ρE |hE |2a2 + 1
+ C1,

ρI

|hSP |2
> ρ

)︄
⏞ ⏟⏟ ⏞

I1

× Pr
(︄

ρI |hD1 |2a1

ρI |hD1 |2a2 + |hSP |2
>
γx,1ρE |hE |2a1

ρE |hE |2a2 + 1
+ C1,

ρI

|hSP |2
< ρ

)︄
⏞ ⏟⏟ ⏞

I2

, (6.26)

where γx,i = 2Rx,i , ρ = Q
N0

, ρE = PS
NE

, ρI = IP
N0

. Then, I1 is rewritten as

I1 = Pr
(︄

ρ|hD1 |2a1

ρS |hD1 |2a2 + 1
>
γx,1ρE |hE |2a1

ρE |hE |2a2 + 1
+ C1

)︄
⏞ ⏟⏟ ⏞

I1,1

× Pr
(︃

|hSP |2 < ρI
ρ

)︃
⏞ ⏟⏟ ⏞

I1,2

. (6.27)

Moreover, we can obtain I1,1 as

I1,1 = Pr
(︄

|hD1 |2 > Q3|hE |2 + C1

Q1ρ|hE |2 +Q2ρ

)︄

=
∞∫︂

0

F̄ |hD1 |2

(︃
Q3x+ C1
Q1ρx+Q2ρ

)︃
f|hE |2 (x) dx

=
N∑︂
n=1

N∑︂
m=1

(︄
N

n

)︄(︄
N

m

)︄
m(−1)m+n−2

λE

×
∞∫︂

0

exp
(︃

− n (Q3x+ C1)
λD1ρ (Q1x+Q2) − mx

λE

)︃
dx, (6.28)
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where F̄ hz (x) = 1 − Fhz (x), Q1 =
(︂
1 − γx,1 − a2C1

a1

)︂
ρEa1a2, Q2 = (a1 − a2C1),

Q3 = (γx,1a1 + a2C1) ρE . Next, with the help of (6.12), I1,2 is obtained as

I1,2 = Pr
(︃

|hSP |2 < ρI
ρ

)︃
= F|hSP |2

(︃
ρI
ρ

)︃

= 1 −
N∑︂
s=1

(︄
N

s

)︄
(−1)s−1 exp

(︃
− sρI
ρλSP

)︃
. (6.29)

Then, I2 can be calculated

I2 = Pr

⎛⎝|hD1 |2 >

(︂
Q3|hE |2 + C1

)︂
|hSP |2(︂

Q1|hE |2 +Q2
)︂
ρI

, |hSP |2 > ρI
ρ

⎞⎠
=

∞∫︂
0

f|hE |2 (t)
∞∫︂

ρ
ρI

f|hSP |2 (z) F̄ |hD1 |2

(︃ (Q3t+ C1) z
(Q1t+Q2) ρI

)︃
dzdt. (6.30)

Thus, It can be computed by

I2 =
N∑︂
n=1

N∑︂
s=1

N∑︂
m=1

(︄
N

n

)︄(︄
N

s

)︄(︄
N

m

)︄
(−1)i+s+m−3λD1ρIsm

λE

×
∞∫︂

0

Q1t+Q2
nλSP (Q3t+ C1) + sλD1ρI (Q1t+Q2)

× exp
(︃

−nλSP (Q3t+ C1) + sλD1ρI (Q1t+Q2)
λD1λSP (Q1t+Q2) − mt

λE

)︃
dt. (6.31)

Putting (6.28) and (6.29) into (6.27) and substituting the result (6.31) into (6.26), the final
result can be achieved.

It completes the proof.
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Part II – Multiple Relay-Assisted Future Cellular Networks

In the presence of an illegitimate user, we investigate the SOP of the optimal relay selection
(ORS) networks by applying DF based FD relaying mode. The closed-form expressions for

the allocations of the end-to-end SINR in each wireless network are derived as well as the closed-
form expression for the exact SOP of the proposed ORS system is presented under Rayleigh
fading schemes. As an important achievement, SOP is also compared between OMA and NOMA
schemes. Our results reveal that the SOP of the suggested scheme can be considerably influenced
by several parameters involved, including the number of relays, the average SNR of eavesdropper
links, transmit power and the average residual self-interference (SI) enforced on the FD relays.

6.6 System Model

As shown in Figure 6.6, consider a system composed of one source S, one destination D, N
full- duplex DF relays Rk with k = {1, ..., N}, and an eavesdropper E. The source, destination,
and the eavesdropper are assumed to have a single antenna while the relays have two antennas,
one for reception and the other for transmission [NNL05]. The direct links between the source
and the destination or the eavesdropper are unavailable due to severe fading and path-loss, and
thus communication can be established only via relays. Also, we concentrate on the situation
that the eavesdropper may only overhear the confidential message from the source through the
relays’ transmission.

Figure 6.6: System model of OMA and NOMA.

The channel coefficients for S → Rk, Rk → D, Rk → E and Rk → Rk are denoted as hSRk
,

hRkD, hRkE and hkk, respectively. It is considered that a quasi-static block-fading Rayleigh
channel between two nodes with hSRk

, hRkD, hRkE and hkk which are modelled as zero mean
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complex Gaussian random variables with variances δ2
SRk

, δ2
RkD

, δ2
RkE

and δ2
Rk

, respectively. The
noise associated with each channel is modelled as mutually independent AWGN with zero mean
and variance N0. We assume that the source and the relays transmit signal with fixed powers
PS and PR, respectively.

6.7 Secrecy Outage Probability in OMA Scheme

6.7.1 Secrecy Outage Probability for the system with FD-DF relays

Secrecy outage probability is defined as the probability that the instantaneous secrecy rate of
the system is less than a predefined target rate Ro (in bits/s/Hz). We denote γmn is SNR of
link m → n. Mathematically, the concerned SOP, i.e. SOPo = Pr (CRo < Ro) can be expressed
as [73,74]

SOP0 =
N∏︂
k=1

Pr

⎡⎢⎢⎣1 + min
(︃

γSRk

γkk + 1 , γRkD

)︃
1 + γE

< 2R0

⎤⎥⎥⎦
=

N∏︂
k=1

∞∫︂
0

FZk

(︁
a+ by

)︁
fγE (y)dy (6.32)

where Zk = min
(︂
γSRk
γkk+1 , γRkD

)︂
, a = 2R0 − 1, and b = 2R0 .

After some analysis, we have the following result [79]

SOP0 =
N∏︂
k=1

(︂
1 − AeµβEi(µβ)

)︂
, (6.33)

where A = λSRk
bλRkEλRk

exp
(︂
−u

(︂
1

λSRk
+ 1

λRkD

)︂)︂
, β = λSRk

+λRk
bλRk

, µ = b
λSRk

+ b
λRkD

+ b
λRkE

.

6.7.2 Secrecy outage probability for the system with HD-DF relays

In this section, we consider the SOP of the system using HD-DF relays. Similarly, secrecy outage
probability for the system with HD-DF relays can be expressed as

SOPH0 =
N∏︂
k=1

Pr
[︄

1 + min
(︁
γSRk

, γRkD

)︁
1 + γE

< 22R0

]︄

=
N∏︂
k=1

∞∫︂
0

FZH
k

(︁
a1 + b1y

)︁
fγE (y)dy, (6.34)

where ZHk = min
(︁
γSRk

, γRkD

)︁
, a1 = 22R0 − 1, and b1 = 22R0 .
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After some analysis we have the following result [73,74]

SOPH0 =
N∏︂
k=1

⎛⎜⎜⎜⎜⎝1 − e
−a1

(︃ 1
λSRk

+
1

λRkD

)︃
b1λRkE

λSRk

+ b1λRkE

λRkD
+ 1

⎞⎟⎟⎟⎟⎠ . (6.35)

6.8 Secrecy Outage Probability in FD-NOMA Scheme

In this scenario, the transmit signal at source XS is composed signal intended to two different
services, i.e. the first component for IoT data transfer, another for video streaming transmission.
Following principle of NOMA with PA factors are a1 and a2 satisfying a1 + a2 = 1 and hence it
can be obtained the received signals at Rk

yRk
= hSRk

(︂√︁
a1PSXS1 +

√︁
a2PSXS2

)︂
+
√︁
PRhkkXRk

+ nRk
, (6.36)

where nRk
is AWGN at Rk, PS and PR are transmit power at S and relay, respectively.

At relay, the composited signal is decoded to obtain data XS1 while considering XS2 as
interference. After using SIC to detect XS1 . The received SNRs for detecting XS1 and XS2 are
respectively expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

γ1
Rk

=

a1PS
N0

⃓⃓
hSRk

⃓⃓2
a2PS
N0

⃓⃓
hSRk

⃓⃓2 + PR
N0

⃓⃓
hkk

⃓⃓2 + 1
= a1γSRk

a2γSRk
+ γkk + 1

γ2
Rk

=

a2PS
N0

⃓⃓
hSRk

⃓⃓2
PR
N0

⃓⃓
hkk

⃓⃓2 + 1
= a2γSRk

γkk + 1

. (6.37)

Then, SOP for signal XS1 can be expressed by

SOP 1
0 = Pr

(︁
CR0 < R0

)︁

=
N∏︂
k=1

Pr

⎡⎢⎢⎢⎢⎣
1 + min

(︄
a1γSRk

a2γSRk
+ γkk + 1 , γRkD

)︄
1 + γE

< 2R0

⎤⎥⎥⎥⎥⎦
=

N∏︂
k=1

∞∫︂
0

FZk1

(︁
a+ by

)︁
fγE (y)dy, (6.38)

where Zk1 = min
(︄

a1γSRk

a2γSRk
+ γkk + 1 , γRkD

)︄
.
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After some analysis, we obtain the following result

SOP 1
0 =

N∏︂
k=1

⎛⎜⎝1 − 1
λRkE

ω∫︂
0

A
(︂
a+ by

)︂
e

−
y

λRkE dy

⎞⎟⎠ , (6.39)

where A(z) =
λSRk

(︁
a1 − a2z

)︁
zλRk

+ λSRk

(︁
a1 − a2z

)︁ exp
{︄

−z
(︄

1
λSRk

(a1 − a2z)
+ 1
λRkD

)︄}︄
, ω = 1

a2b
− 1,

ω <
a1
a2

.
Proof : See Appendix 6.11 (pp. 51).

In special case as λSRk
→ ∞, A(z)

⃓⃓
λSRk

→∞ = exp
(︄

−z 1
λRkD

)︄

SOP 1
0 |λSRk

→∞ =
N∏︂
k=1

⎛⎝1 − 1
λRE

ω∫︂
0

exp
(︄

(−a− by) 1
λRkD

)︄⎞⎠ exp
(︃ −y
eλRE

)︃
dy

= 1 +

⎛⎝ 1
bλRE
λRkD

+ 1

⎞⎠(︄exp
(︄

−ω
(︄

b

λRkD
+ 1
λRE

)︄
− a

λRkD

)︄
− exp

(︄
−a
λRkD

)︄)︄
,

(6.40)

When λRkD → ∞, we have A1(z) = A(z)|λRkD→∞ = λSRk
(a1−a2z)

zλRk
+λSRk

(a1−a2z) exp
(︃

−z
λSRk

(a1−a2z)

)︃
,

and we hence obtain

SOP 1
0 |λRkD→∞ =

N∏︂
k=1

⎛⎝1 − 1
λRE

ω∫︂
0

A1 (a+ by) exp
(︃ −y
λRE

)︃
dy

⎞⎠. (6.41)

Finally, in case of λRE → ∞, we obtain SOP 1
0 |λRkD→∞ = 1.

Similarly, in OMA case, SOP for signal XS2 can be computed by

SOP 2
0 =

N∏︂
k=1

(1 −An exp (µnβn)E1 (µnβn)) , (6.42)

where An = a2λSRk

bλRkEλRk

exp
(︄

−a
(︄

1
a2λSRk

+ 1
λRkD

)︄)︄
, µn = b

a2λSRk

+ b

λRkD
+ 1
λRkE

,

βn = a2λSRk
+ λRk

bλRk

.

When λSRk
→ ∞

SOP0
⃓⃓⃓
λSRk

→∞
=

N∏︂
k=1

⎛⎜⎜⎜⎝1 − exp (−a/λRkD)

1 + b
λRkE

λRkD

)

⎞⎟⎟⎟⎠ . (6.43)
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When λRkD → ∞

SOP 2
0

⃓⃓⃓
λRkD→∞

=
N∏︂
k=1

(1 −An1 exp (µn1βn1)E1 (µn1βn1)) , (6.44)

where An1 = a2λSRk

bλRkEλRk

exp
(︄

− a

a2λSRk

)︄
, µn1 = b

a2λSRk

+ 1
λRkE

, β1 = a2λSRk
+ λRk

bλRk

.

Finally, when λRkE → ∞, we have A → 0 and SOP0
⃓⃓⃓
λRkE→∞ = 1.

Remark 1: It difficult of evaluate how the related parameter, i.e., the number of relay, PS
and PR, which affect on system performance by analytical expressions. Fortunately, they can
be determined through following simulation results for find optimal SOP.

6.9 Simulation Results

In this section, several Monte Carlo simulation results of the proposed relay section network
and existing HD/FD schemes are presented. In the simulations, the transmit power of source
and relay are changed to find optimal outage performance. In this chapter, we assume that
the self-interference is the residual self-interference exists small amount after the imperfect self-
interference suppression. For outage probability evaluation, we assume that the interference
is at noise level and channel gain of each channel as R0 = 0.5, |λSR1 |2 = 1.1, |λSR2 |2 = 1.3,
|λR1D|2 = 1.1, |λR2D|2 = 1.2, |λR1E |2 = 0.2, and |λR2E |2 = 0.5, which can be achieved through
numerical simulation.

Figure 6.7: Secrecy outage probability in OMA versus PR of FD-DF relays with the number of
relays N = {1, 2} and PS = {20, 40} dB.
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Figure 6.7 plots the SOP of the scenario in which we change the transmit power at the source
and the transmit power at the relay. We can observe that as expected, the SOP decreases to an
optimal point as approximately with mathematical programs such as Matlab, i.e, PS = 40 dB,
PR = 9.2 dB with N = 2 or N = 1. Another option for enhancing the PLS is to choose PA
between the source and the relay properly since it reduces the total OP. It is also worth noting
that having the best outage performance if we choose PS and PR in right manner.

In Figures 6.8 and 6.9, we compare SOP of OMA and NOMA.

Figure 6.8: SOP of the ORS scheme versus PS of FD-DF relays in NOMA with the number of
relays N = {1, 2} and PR = 10 dB of two signals XS1 and XS2.

The results confirmed that SOP performance of XS1 and XS2 lower than SOP performance
of OMA due to lower power allocated for each signal. In this case the transmit power at relay PR
contribute to change SOP performance at high region PS and the cross point is approximately
25 dB– 30 dB
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Figure 6.9: SOP of the ORS scheme versus PS of FD-DF relays OMA and NOMA with N = 2,
a1 = 0.95, a2 = 0.05 and PR = {5, 15} dB.

6.10 Conclusions

In this chapter, we studied the SOP of the FD relay by comparing performance of OMA and
NOMA scenarios with RS scheme. We suggested a novel FD operation, where each FD receives
the information signal from the previous node as well as transmits the jamming signal to the
eavesdropper at the same time. The transmit PAs for FD relay are calculated by a numerical
approach to minimize the lower bound of the secrecy outage performance. Numerical results have
revealed that the mentioned FD relay operation with the high number of the relay significantly
enhanced the outage performance compared with the conventional FD relay operation with the
single relay.

6.11 Appendix

It is noted that

Zk1 = min
(︄

a1γSRk

a2γSRk
+ γkk + 1 , γRkD

)︄
= min (Xk1, Yk) . (6.45)

We consider outage event as follows:

FZk1(z) = 1 − (1 − FXk1 (z)) (1 − FYk
(z)) . (6.46)
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We first derive FXk
with x > 0 as follows:

FXk1(x) = Pr
(︄

a1γSRk

a2γSRk
+ γkk + 1 < x

)︄
= Pr ((a1 − a2x) γSRk

< x (γkk + 1)) . (6.47)

We derive two cases as follows:

FXk1 =

⎧⎪⎪⎨⎪⎪⎩
Pr
(︃
γSRk

>
x(γkk + 1)
(a1 − a2x)

)︃
= 1 if x ≥ a1

a2

Pr
(︃
γSRk

<
x(γkk + 1)
(a1 − a2x)

)︃
if x < a1

a2

. (6.48)

By substituting FγSRk
(x) = 1 − exp

(︂
−x
λSRk

)︂
and fγSRk

(y) = 1
λSRk

exp
(︂

−y
λSRk

)︂
into (6.47), we

obtain

FXk1 =

⎧⎪⎨⎪⎩
1, where x ≥ a1

a2∞∫︁
0

(︃
1 − exp

(︃
−z(y+1)

λSRk
(a1−a2z)

)︃)︃
1

λRk
exp

(︂
−y
λRk

)︂
, where x < a1

a2

. (6.49)

FXk1 =

⎧⎪⎨⎪⎩
1, where x ≥ a1

a2

1 −
λSRk

(a1−a2z)exp
(︂

−z
λSRk

(a1−a2z)

)︂
zλRk

+λSRk
(a1−a2z) , where x < a1

a2

. (6.50)

By combining (6.46) and (6.48), we obtain

FZk1 =

⎧⎪⎨⎪⎩
1 if z ≥ a1

a2

1 −A(z) if x < a1
a2

. (6.51)

As a result, it can be shown that

SOP 1
0 =

N∏︂
k=1

∞∫︂
0

FZk1 (a+ by) fγE (y) dy

=
N∏︂
k=1

⎛⎝1 − 1
λRkE

ω∫︂
0

A (a+ by) exp
(︄

−y
λRkE

)︄
dy

⎞⎠, (6.52)

where A(z) = λSRk
(a1−a2z)

zλRk
+λSRk

(a1−a2z) exp
(︃

−z
(︃

1
λSRk

(a1−a2z) + 1
λRkD

)︃)︃
and

(︃
ω = 1

a2b
− 1

)︃
<
a1
a2

.
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Chapter 7:

NOMA-Aided Hybrid Satellite Terrestrial Re-
lay for Small-Cell network

Part I – A Novel Design for a SWIPT Framework with a PS protocol

Satellite communication systems need to be integrated with emerging small-cell network to
provide seamless connectivity and high-speed broadband access for mobile users in future

wireless networks. In this chapter, we study a HSTRS employing small cell transmission under
interference constraint with macro-cell users. To characterize such HSTRS-assisted small-cell
network, Shadowed-Rician fading for satellite links and Nakagami-m fading for terrestrial links
are adopted. We further deploy NOMA to improve spectrum efficiency. To provide performance
analysis, we derive exact formulas for outage probability and throughput of the considered
HSTRS, and further examine its achievable diversity order. More importantly, we conduct
the performance analysis by indicating performance gaps among two users, and such a gap
depends on power allocation factors. We evaluate key performance metrics through the derived
analytical expressions to provide useful framework of HSTRS and to characterize the impact of
interference in different cells, and integer values of the per-hop fading severity parameters. The
useful guidelines are introduced in the design of futuristic HSTRS for small-cell communications.

Note that the outcomes in the Chapter 7 have been published in the paper [NNL01] en-
titled "On Performance Analysis of NOMA-Aided Hybrid Satellite Terrestrial Relay With Ap-
plication in Small-Cell Network" (2020) IEEE Access, Article ID: Access-2020-9229415. DOI:
10.1109/ACCESS.2020.3032139. IF 3.367.

7.1 System Models

In this section, a small-cell base station (SCB), a small-cell relay (SCR) and two small-cell
user SUi (i = {1, 2} are considered to implement the advantage of NOMA, i.e. higher spectral
efficiency. Besides, the small-cell network can be operated together with a macro-cell satellite
(MCS) serving macro-cell users (MUs) [NNL01].

The transmit power at the SCB and the SCR in the context of small-cell is limited by many
factors [80]. These factors partly depend on channels. In particular, we denote ψ = 1

|hQM |2 ,
then we have the transmit power at the SCB and the SCR are expressed as follows:

PSCQ = min
(︂
P̄SCQ, PMψ

)︂
, Q ∈ {B,R} . (7.1)
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In the first phase, the received signal at the SCR is formulated by

ySCR = hBR
√︁
PSCB (

√
a1x1 +

√
a2x2)

+
√︁
PMCShMRxM + nSCR. (7.2)

Figure 7.1: System model of small-cell HSTRS relying on NOMA.

To evaluate system performance, it need be computed the SINR at the SCR to detect signal
x1 . In particular, SINR is expressed as follows:

ΓSCR→x1 = PSCB |hBR|2 a1

PSCB |hBR|2 a2 + PMCS |hMR|2 +N0
. (7.3)

By employing SIC, the SINR to detect x2 at the SCR is expressed as follows:

ΓSCR→x2 = PSCB |hBR|2 a2

PMCS |hMR|2 +N0
. (7.4)

In the second phase, the relay in SCR transmits signal to the cell-edge users SUi . The
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received signal at SUi is expressed as follows:

ySUi = hRi
√︁
PSCR (

√
a1x1 +

√
a2x2)

+
√︁
PMCShMixM + nSUi . (7.5)

The SINR measured at the SU1 to detect signal x1 is expressed as follows:

ΓSU1→x1 = PSCR |hR1|2 a1

PSCR |hR1|2 a2 + PMCS |hM1|2 +N0
. (7.6)

Then, the SINR at SU2 for detecting of signal x1 is expressed by

ΓSU2→x1 = PSCR |hR2|2 a1

PSCR |hR2|2 a2 + PMCS |hM2|2 +N0
. (7.7)

The user SU2 benefits by SIC, then SINR to detect signal x2 at SU2 is expressed as follows:

ΓSU2→x2 = PSCR |hR2|2 a2

PMCS |hM2|2 +N0
. (7.8)

7.2 Performance Analysis

In this section, we focus on main metric, OP and throughput performance by considering delay-
limited transmission mode. These metrics play important role in design relevant equipment for
the HSTRS.

7.2.1 Channel models

We adopt Shadowed-Rician fading model for the satellite links. In particular, the probability
density function of |hMj |2 with j ∈ (R, 1, 2) is formulated by [31]

f|hMj|2 (x) = αMje
−βMjx1F1 (mMj ; 1; δMjx) , x > 0, (7.9)

where αMj =
(︂ 2bMjmMj

2bMjmMj+ΩMj

)︂mMj
/2bMj and δMj = ΩMj/ (2bMj) (2bMjmMj + ΩMj), with ΩMj

and 2bMj represents the respective average power of the LOS and multi-path components, mMj

is the fading severity parameter and 1F1(.) is the first kind of confluent Hypergeometric function
[79, Eq. (9.210.1)].

In the dissertation, we consider arbitrary integer-valued fading severity parameter [81]. Then,
we can simplify (7.9) as follows:

f|hMj|2 (x) = αMj

mMj−1∑︂
nMj=0

ζMj (nMj)xnMje−ΨMjx, (7.10)
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where ζMi (nMj) = (−1)nMj (1 −mMj)nMj
δ
nMj

Mj / (nMj !)2, (.)a is the Pochhammer symbol [79, p.
xliii] and ΨMi = βMi − δMi. Thus, the CDF of |hMj |2 is expressed by

F|hMj|2 (x) = 1 − αMj

mMj−1∑︂
nMj=0

ζMj (nMj)

×
nMj∑︂
q=0

nMj !
q! (ΨMj)nMj−q+1x

qe−ΨMix. (7.11)

The PDF and CDF of |hk|2 for k ∈ {BR,BM,RM,R1, R2} are respectively given as follows:

f|hk|2 (x) = xmk−1

Γ (mk)ωmk
k

e
− x

ωk , (7.12)

and

F|hk|2 (x) =γ (mk, x/ωk)
Γ (mk)

=1 − e
− x

ωk

mk−1∑︂
nk=0

xnk

ωnk
k nk!

. (7.13)

where ωk = λk
mk

, mk and λk denoted the fading severity and average power, respectively.

7.2.2 Outage performance

7.2.2.1 Outage performance of SU1 To evaluate how the two edge-users work in the
context of small-cell, we continue to look at the OP performance. The user SU1 need to detect
its signal x1 . Based on conditions related to such outage event, the OP of user SU1 is formulated
by

Px1 =1 − Pr (min (ΓSCR→x1 ,ΓSU1→x1 ,ΓSU2→x1) > γ1)

=1 − Pr (ΓSCR→x1 > γ1)⏞ ⏟⏟ ⏞
A1

× Pr (ΓSU1→x1 > γ1)⏞ ⏟⏟ ⏞
A2

Pr (ΓSU2→x1 > γ1)⏞ ⏟⏟ ⏞
A3

, (7.14)
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Proposition 1: As a part of such OP, term A1 can be expressed as follows:

A1 =
mMR−1∑︂
nMR=0

mBR−1∑︂
nBR=0

nBR∑︂
a=0

(︄
nBR

a

)︄
ξMRnMR (nMR + a)!ρaSαMRθ

nBR
1

nBR!Γ (mBM )

×

⎛⎝(ωBRρ̄B)nMR−nBR+a+1γ
(︂
mBM ,

ρM
ωBM ρ̄B

)︂
exp

(︂
− θ1
ωBRρ̄B

)︂
(θ1ρS + ΨMRωBRρ̄B)nMR+a+1

+ ωnBR
BM Ψ−nMR−a−1

MR (ρMωBR)mBM

Γ (nMR + a+ 1) (θ1ωBM + ρMωBR)mBM +nBR

×G1,1,1,1,0
1,[1:1],0,[1:1]

⎡⎢⎢⎢⎢⎢⎣
θ1ρSωBM

ΨMR(θ1ωBM +ρMωBR)
ωBRωBM ρ̄B

θ1ωBM +ρMωBR

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓

1 +mBM + nBR

−nMR − a; 1
−−
0; 0

⎤⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎠ . (7.15)

See appendix 7.5.1 (pp. 69) for proof.
In term of computing of A2, by substituting (7.6) into (7.14), we obtain

A2 = Pr

⎛⎝|hR1|2 >
θ1
(︂
ρS |hM1|2 + 1

)︂
ρ̄R

, ρ̄R <
ρM

|hRM |2

⎞⎠
+Pr

⎛⎝|hR1|2 >
θ1 |hRM |2

(︂
ρS |hM1|2 + 1

)︂
ρM

, ρ̄R>
ρM

|hRM |2

⎞⎠ . (7.16)

Similarly, A2 can be calculated by

A2 =
mM1−1∑︂
nM1=0

mR1−1∑︂
nR1=0

nR1∑︂
b=0

(︄
nR1
b

)︄
ζM1 (nM1) (nM1 + b)!αM1

nR1!Γ (mRM )

×

⎛⎝(ωR1ρ̄R)nMR−nR1+b+1 γ (mRM , ρM/ωRM ρ̄R) e− θ1
ρ̄BωR1

ρ−b
S θ−nR1

1 (θ1ρS + ΨM1ρ̄RωR1)nMR+b+1

+ ρbSθ
nR1
1 ωnR1

RMΨ−nM1−b−1
M1 (ρMωR1)mRM

Γ (nM1 + b+ 1) (θ1ωRM + ωR1ρM )mRM +nR1

× G1,1,1,1,0
1,[1:1],0,[1:1]

×

⎡⎢⎢⎢⎢⎢⎣
θ1ρSωRM

ΨM1 (θ1ωRM + ωR1ρM )
ωR1ωRM ρ̄R

θ1ωRM + ωR1ρM

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓

1 +mRM + nR1

−nM1 − b; 1
−−
0; 0

⎤⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎠ . (7.17)
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Moreover, we can write A3 as follows:

A3 =
mM2−1∑︂
nM2=0

mR2−1∑︂
nR2=0

nR2∑︂
c=0

(︄
nR2
c

)︄
ζM2 (nM2) (nM2 + c)!αM2

nR2!Γ (mRM )

×

⎛⎝(ωR2ρ̄R)nMR−nR2+c+1 γ (mRM , ρM/ωRM ρ̄R) e− θ1
ρ̄BωR2

ρ−C
S θ−nR2

1 (θ1ρS + ΨM2ρ̄RωR2)nMR+c+1

+ ρbSθ
nR2
1 ωnR2

RMΨ−nM2−c−1
M2 (ρMωR2)mRM

Γ (nM2 + c+ 1) (θ1ωRM + ωR2ρM )mRM +nR2

× G1,1,1,1,0
1,[1:1],0,[1:1]

×

⎡⎢⎢⎢⎢⎢⎣
θ1ρSωRM

ΨM2 (θ1ωRM + ωR2ρM )
ωR2ωRM ρ̄R

θ1ωRM + ωR2ρM

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓

1 +mRM + nR1

−nM2 − c; 1
−−
0; 0

⎤⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎠ . (7.18)

Finally, the closed-form expression of OP for user SU1 can be obtained as follows:

Px1 =

⎧⎨⎩1 −A1 ×A2 ×A3, if : γ1 <
a1
a2

1 , otherwise.
(7.19)

7.2.2.2 Outage performance of SU2 Different from performance of SU1 , user SU2 is able
to detect its signal for the first hop and the second hop based on achieved SINR, i.e. ΓSCR→x2 ,
ΓSU2→x2 . In particular, the OP of user SU2 is formulated by

Px2 =1 − Pr (min (ΓSCR→x2 ,ΓSU2→x2) > γ2)

=1 − Pr (ΓSCR→x2 > γ2)⏞ ⏟⏟ ⏞
Ā1

Pr (ΓSU2→x2 > γ2) .⏞ ⏟⏟ ⏞
Ā2

(7.20)

Proposition 2: The first term in (7.20) can be expressed as follows:

Ā1 =
mMR−1∑︂
nMR=0

mBR−1∑︂
nBR=0

nBR∑︂
a=0

(︄
nBR
a

)︄
ζMR (nMR) (nMR + a)!αMR

nBR!Γ (mBM )

×

⎛⎝(ωBRρ̄B)nMR−nBR+a+1 γ (mBM , ρM/ωBM ρ̄B) e− θ2
ρ̄BωBR

ρ−a
S θ−nBR

2 (θ2ρS + ΨMRρ̄BωBR)nMR+a+1

+ ρaSθ
nBR
2 ωnBR

BM Ψ−nMR−a−1
MR (ρMωBR)mBM

Γ (nMR + a+ 1) (θ2ωBM + ωBRρM )mBM +nBR
G1,1,1,1,0

1,[1:1],0,[1:1]

×

⎡⎢⎢⎢⎢⎢⎣
θ2ρSωBM

ΨMR(θ2ωBM +ωBRρM )
ωBRωBM ρ̄B

θ2ωBM +ωBRρM

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓

1 +mBM + nBR

−nMR − a; 1
−−
0; 0

⎤⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎠ . (7.21)

58



Proof : With the help of (7.1) and (7.4), we can write Ā1 as follows:

Ā1 = Pr
(︄

PSCB |hBR|2 a2

PMCS |hMR|2 +N0
> γ2

)︄

= Pr

⎛⎝|hBR|2 >
θ2
(︂
ρS |hMR|2 + 1

)︂
ρ̄B

, ρ̄B <
ρM

|hBM |2

⎞⎠
+ Pr

⎛⎝|hBR|2>
θ2 |hBM |2

(︂
ρS |hMR|2+1

)︂
ρM

, ρ̄B>
ρM

|hBM |2

⎞⎠ , (7.22)

where θ2 = γ2
a2

. Similarly Appendix 7.5.2 (pp. 71), the closed-form expression of Ā1 can be
obtained.

The proof is completed.
Similarly, Ā2 is given as follows:

Ā2 =
mM2−1∑︂
nM2=0

mR2−1∑︂
nR2=0

nR2∑︂
c=0

(︄
nR2
c

)︄
ζM2 (nM2) (nM2 + c)!αM2

nR2!Γ (mRM )

×

⎛⎝(ωR2ρ̄R)nMR−nR2+c+1 γ (mRM , ρM/ωRM ρ̄R) e− θ2
ρ̄BωR2

ρ−C
S θ−nR2

2 (θ2ρS + ΨM2ρ̄RωR2)nMR+c+1

+ ρbSθ
nR2
2 ωnR2

RMΨ−nM2−c−1
M2 (ρMωR2)mRM

Γ (nM2 + c+ 1) (θ2ωRM + ωR2ρM )mRM +nR2
G1,1,1,1,0

1,[1:1],0,[1:1]

×

⎡⎢⎢⎢⎢⎢⎣
θ2ρSωRM

ΨM2 (θ2ωRM + ωR2ρM )
ωR2ωRM ρ̄R

θ2ωRM + ωR2ρM

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓

1 +mRM + nR1

−nM2 − c; 1
−−
0; 0

⎤⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎠ . (7.23)

Thus, the closed-form expression of OP for user SU2 is expressed as follows:

Px2 = 1 − Ā1 × Ā2. (7.24)

Remark 1: In this section, we provide our analytical result on OP. Although, these expres-
sions of OP are complicated, but main impacts rely on the transmit SNR at he small-cell base
station and various fading scenarios. For the considered Shadowed-Rician fading for satellite
links and Nakagami-m fading for terrestrial links, we further examine these related parameters
in numerical simulations. It is predicted that power allocation factors lead to different perfor-
mance of two small-cell users. To obtain more insight in term of the desired OP expressions,
one can derive the expression for asymptotic OP for two users. We also obtain the achievable
diversity order. Such findings are extra benefits to design of such network in practice.
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7.2.3 Asymptotic and diversity outage behavior analysis

In this section, we examine the peak interference constraint. In particular, PM is fixed value
and only P̄SCQ becomes large in the high SNR region. The asymptotic behaviors of OP for user
SU1 in this case is presented as Proposition 3 below.

Proposition 3: The asymptotic OP of SU1 can be expressed as follows:

P∞
x1 = 1 −

⎛⎝1 −
mMR−1∑︂
nMR=0

mBR∑︂
nBR=0

(︄
mBR

nBR

)︄
ξMRnMRρ

nBR
S αMR (nMR + nBR)!

Γ (mBR + 1) Γ (mBM ) ΨnMR+nBR+1
MR

(︃
θ1
ωBR

)︃

×

⎛⎝γ
(︂
mBM ,

ρN
ρ̄BωBM

)︂
ρ̄mBR
B

+ Γ
(︄
mSP +mR,

ρM
ρ̄BωBM

)︄(︃
ωBM
ρM

)︃mBR

⎞⎠⎞⎠
×

2∏︂
i=1

⎛⎝1 −
mMi−1∑︂
nMi=0

mRi∑︂
nRi=0

(︄
mRi

nRi

)︄
ξMinMiρ

nRi
S αMi (nMi + nRi)!

Γ (mRi + 1) Γ (mRM ) ΨnMi+nRi+1
Mi

(︃
θ1
ωRi

)︃mRi

×

⎛⎝γ
(︂
mRM ,

ρM
ρ̄RωRM

)︂
ρ̄mR
R

+ Γ
(︄
mRM +mRi,

ρM
ρ̄RωRM

)︄(︃
ωRM
ρM

)︃mRi

⎞⎠⎞⎠ . (7.25)

See appendix 7.5.2 (pp. 71) for proof.
Similar to the derivation reported in appendix 7.5.2, the asymptotic of OP for user SU2 can

be obtained as follows:

P∞
x2 = 1 −

⎛⎝1 −
mMR−1∑︂
nMR=0

mBR∑︂
nBR=0

(︄
mBR

nBR

)︄
ξMRnMRρ

nBR
S αMR (nMR + nBR)!

Γ (mBR + 1) Γ (mBM ) ΨnMR+nBR+1
MR

(︃
θ2
ωBR

)︃mBR

×

⎛⎝γ
(︂
mBM ,

ρN
ρ̄BωBM

)︂
ρ̄mBR
B

+ Γ
(︄
mSP +mR,

ρM
ρ̄BωBM

)︄(︃
ωBM
ρM

)︃mBR

⎞⎠⎞⎠
×

2∏︂
i=1

⎛⎝1 −
mM2−1∑︂
nM2=0

mR2∑︂
nR2=0

(︄
mR2

nR2

)︄
ξM2nM2ρ

nR2
S αM2 (nM2 + nR2)!

Γ (mR2 + 1) Γ (mRM ) ΨnM2+nR2+1
M2

(︃
θ2
ωR2

)︃mRi

×

⎛⎝γ
(︂
mRM ,

ρM
ρ̄RωRM

)︂
ρ̄mR
R

+ Γ
(︄
mRM +mR2,

ρM
ρ̄RωRM

)︄(︃
ωRM
ρM

)︃mR2
⎞⎠⎞⎠ . (7.26)

Regarding the diversity order, we have such formula

D = − lim
ρ̄→∞

log10

(︂
P§⟩ (ρ̄)

)︂
log10 (ρ̄) . , (7.27)

It can be concluded that when SNR is larger, the diversity order is zero. We further check
this result in numerical simulation section. It is useful insights in design of practical system.
newpage
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7.2.4 Throughput performance

It is necessary to consider other metric of such system. In particular, the overall throughput
can be achieved based on obtained OP derived for performance evaluation of two users. In
delay-limited mode, at fixed target rates R1, R2 the throughput can be obtained.

According to obtained OPs, we can calculate the overall throughput as

Ttotal = (1 − Px1)R1 + (1 − Px2)R2. (7.28)

7.3 Numerical Results

To provide mathematical analysis, it is necessary to simulate and illustrate for the proposed
small-cell HSTRS relying on NOMA scheme. According main configuration, we set the shad-
owing scenarios of the satellite links hPj , including the heavy shadowing (HS) and average
shadowing (AS) in Table 7.1 like [82]. We further set ρ̄ = ρ̄B = ρ̄R and the parameters in Table
7.2. Moreover, we vary m = 1 for the Nakagami-m fading related to terrestrial links. In these
following figures, Monte-Carlo simulations are performed to validate the analytical results.

Table 7.1: Channel parameters related to the satellite

Shadowing b m Ω
The heavy shadowing (HS) 0.063 1 0.0007
The average shadowing (AS) 0.251 5 0.279

Table 7.2: Table of main parameters in simulations

Monte Carlo simulations 106 iterations
PA factors a1 = 0.8 and a2 = 0.2
The target rates R1, R2 = 0.5 bit per channel user (BPCU)
Average power λBM = λRM = 0.01, λ = BR = λR1 = λR2 = 1
The fading severity m = mBR = mBM = mRM = mR1 = mR2
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Figure 7.2: The outage probability versus ρ̄, where m = 1, ρm = 20dB , ρS = 5dB and the
satellite link is set HS case.

Figures 7.2 and 7.3 plot the OPs of two users in the considered HSTRS versus the transmit
SNR at the MCB ρ̄ and the transmit SNR at the SCB ρM , respectively. It is valuable result
as analytical and Monte-Carlo curves are matched very tightly and it confirms the exactness of
derived OP in this chapter. It is clearly seen that the OP performance would be improved at
high SNR region. The performance gap among two users is resulted by different power allocation
factors. More specifically, the OP performance of SU2 is better than that of SU1 and two OPs
of two users are still better than that of the OMA-based HSTRS. The reason is that the OMA-
based HSTRS needs more time slots to transmit two consecutive signals x1 and x2 while only
one time slot is served for NOMA-based HSTRS counterpart. Moreover, the asymptotic curves
of OP is matched with the exact OP curves at high SNR regime. It is further confirmed that
OP will be unchanged at high SNR. Such situation is consistent with diversity order found in
previous section. In Figure 7.3, similar trends of OP can be seen.
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Figure 7.3: The outage probability versus ρM , with different values of ρ̄, where m = 1, ρS = 5dB
and the satellite link is set HS case.

In Figure 7.4, we can see the impact of ρS on the OP performance of small-cell network. It
can be explained that higher transmit power at MCB leads to limit the transmit power at SCB,
then OP will reduce. The other trend of these OPs can be seen similarly with Figures 7.2 and
7.3. In this experiment, ρS = 5 exhibits the best performance of small-cell network in term of
OP.
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Figure 7.4: The outage probability versus ρ̄, with different values of ρS , wherem = 1, ρM = 20dB
and the satellite link is set HS case.

Figure 7.5 illustrates the OPs of the two users as varying average SNR at SCB from 0 to 50,
where the satellite link undergoes HS case. Three cases of channel coefficients are m = {1, 2, 3}.
The performance gap is still seen for these curves related OPs of two users. It is reported that
the OPs of two users are best case as m = 3. It is obvious to conclude that the improved
channels result in better OP performance.
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Figure 7.5: The outage probability versus ρ̄, with different values of m, where ρM = 20dB,
ρS = 5 dB and the satellite link is set HS case.

Figure 7.6 depicts the OPs of the two users against two crucial parameters, i.e., status of
satellite links (HS or AF cases) and the transmit SNR at the SCB ρ̄. From the figure, the OPs of
two users in the case of HS are better that of AS. At the considered range of the transmit SNR
at the SCB ρ̄, performance gaps of two users in cases of HS and AS are similar. It is concluded
that such OP depends on ρ̄ and PA factors rather than on the specific parameters of satellite
links (HS or AS).
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Figure 7.6: The outage probability versus ρ̄, with different channel parameter of satellite link,
where ρS = 20dB, ρS = 5dB and m = 2.

Figure 7.7 continues to confirm power allocation scheme affecting the OPs of two users. It
is worth noting that the OP of user SU1 depends mainly on a1. In particular, when we increase
a1 from 0.5 to 1, the OP performance of user SU1 improve significantly. In the contrast, the OP
performance of SU2 is definitely better than that of SU2 at the point of a1 = 0.5, but such OP
becomes worse afterward. The main reason is that a1 plays important role in varying value of
SINRs, then the corresponding OPs will be changed.
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Figure 7.7: The outage probability versus a1, with different values of ρ̄ = ρM , where ρS = 5dB,
m = 2, R1 = R2 = 0.5 BPCU and the satellite link is set HS case.

Figure 7.8 further provides the curves of the total throughput versus the transmit SNR at
SCB ρ̄, i.e. throughput for case R1 = R2 = 0.5. It is clear from (7.28) that higher fixed
target rates lead to high throughput. When we increase ρ̄ from 0 to 30, the throughput changes
significantly. It is reported that the case of m = 2 and HS indicates the best throughput
performance. The reason is that the throughput is computed based on the OPs. In similar
viewpoint, Figure 7.9 demonstrates how the transmit SNRs (ρS = 10, and ρS = 20 make the
influence to throughput.
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Figure 7.8: The throughput versus ρ̄ with different channel parameter of satellite link and m,
where R1 = R2 = 0.5 BPCU, ρM = 20dB and ρS = 5dB.

Figure 7.9: The throughput versus ρ̄ with different channel parameter of satellite link and ρS ,
where R1 = R2 = 0.5 BPCU, ρM = 20dB and m = 2.
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7.4 Conclusion

In this chapter, we have studied the operation of small cell to provide reliability transmission for
HSTRS. Such system includes a geostationary satellite, two terrestrial users following the prin-
ciple of NOMA scheme and terrestrial relays. We considered system performance of small-cell
to reduce the impact of operations related to macro-cell users. Regarding the outage perfor-
mance of HSTRS, we derived closed-form and asymptotic expressions of outage probability of
two small-cell users. It was shown that the outage probability of HSTRS can be improved by
increasing transmit power at base station. Moreover, the outage performance of HSTRS can
be enhanced by employing the NOMA scheme compared to that using OMA scheme. In future
work, multiple antennas and multiple users can be deployed in such HSTRS.

7.5 Appendix

7.5.1 Appendix A

With the help (7.1) and (7.3), the first term A1 can be written as shown follows:

A1 = Pr
(︄

PSCB|hBR|2a1

PSCB|hBR|2a2 + PMCS |hMR|2 +N0
> γ1

)︄

= Pr
(︄

ρ̄B|hBR|2a1

ρ̄B|hBR|2a2 + ρS |hMR|2 + 1
> γ1, ρ̄B <

ρM

|hBM |2

)︄
⏞ ⏟⏟ ⏞

B1

+ Pr

⎛⎝ ρM |hBR|2a1

ρM |hBR|2a2 + |hBM |2
(︂
ρS |hMR|2 + 1

)︂ > γ1, ρ̄B >
ρM

|hBM |2

⎞⎠
⏞ ⏟⏟ ⏞

B2

, (7.29)

where ρB = PSCB
N0

, ρ̄B = P̄SCB
N0

, and ρS = PMCS
N0

.
Then, B1 is rewritten as follows:

B1 = Pr

⎛⎝|hBR|2 >
θ1
(︂
ρS |hMR|2 + 1

)︂
ρ̄B

, |hBM |2 < ρM
ρ̄B

⎞⎠
= Pr

⎛⎝|hBR|2 >
θ1
(︂
ρS |hMR|2 + 1

)︂
ρ̄B

⎞⎠
⏞ ⏟⏟ ⏞

B1,1

Pr
(︃

|hBM |2 < ρM
ρ̄B

)︃
⏞ ⏟⏟ ⏞

B1,2

, (7.30)

where θ1 = γ1
a1−γ1a2

.
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Moreover, B1,1 can be calculated by

B1,1 = Pr

⎛⎝|hBR|2 >
θ1
(︂
ρS |hMR|2 + 1

)︂
ρ̄B

⎞⎠
=

∞∫︂
0

F̄ |hBR|2

(︃
θ1 (ρSz + 1)

ρ̄B

)︃
f|hMR|2 (z) dz, (7.31)

where F̄ |h|2(x) = 1 − F|h|2(x).
With the help of (7.10) and (7.13), we obtain

B1,1 =
mMR−1∑︂
nMR=0

ζMR (nMR)
mBR−1∑︂
nBR=0

nBR∑︂
a=0

(︄
nBR
a

)︄

× αMRρ
a
Se

− θ1
ρ̄BωBR

ωnBR
BR nBR!

(︃
θ1
ρ̄B

)︃nBR

×
∞∫︂

0

znMR+ae
−
(︂

θ1ρS
ρ̄BωBR

+ΨMR

)︂
z
dz. (7.32)

Based on [79, Eq. (3.351.3)], the closed-form of B1,1 is obtained as follows:

B1,1 =
mMR−1∑︂
nMR=0

mBR−1∑︂
nBR=0

nBR∑︂
a=0

(︄
nBR
a

)︄
ζMR (nMR)(nMR + a)!

nBR!

× αMR (ωBRρ̄B)nMR−nBR+a+1 e
− θ1

ρ̄BωBR

ρ−a
S θ−nBR

1 (θ1ρS + ΨMRρ̄BωBR)nMR+a+1 . (7.33)

With the help of (7.13), B1,2 is rewritten as follows:

B1,2 = Pr
(︃

|hBM |2 < ρM
ρ̄B

)︃
=γ (mBM , ρM/ωBM ρ̄B)

Γ (mBM ) . (7.34)

Next, B2 can be calculated by

B2 = Pr

⎛⎝|hBR|2>
θ1 |hBM |2

(︂
ρS |hMR|2 + 1

)︂
ρM

, |hBM |2 > ρM
ρ̄B

⎞⎠
=

∞∫︂
ρM
ρ̄B

f|hBM |2 (x)
∞∫︂

0

f|hMR|2 (y)F̄ |hBR|2

(︃
θ1x (ρSy + 1)

ρM

)︃
dydx. (7.35)
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With the help (7.10), (7.11) and (7.12), we can rewrite (7.35) as follows:

B2 =
mMR−1∑︂
nMR=0

mBR−1∑︂
nBR=0

nBR∑︂
a=0

(︄
nBR
a

)︄
ζMR (nMR)
Γ (mBM )

× (nMR + a)!αMRθ
nBR
1 (ρS)a

nBR! (ρMωBR)nBR ωmBM
BM

×
∞∫︂

0

xmBM +nBR−1e
−
(︂

θ1
ωBRρM

+ 1
ωBM

)︂
x
H
(︂
xρ̄B
ρ̄B

− 1
)︂

(︂
θ1ρSx
ωBRρM

+ ΨMR

)︂nMR+a+1 dx, (7.36)

where H(.) denotes the Heaviside step function. Based on [83, Eq. (10)], we obtain

(1 + Px)−z = 1
Γ (z)G

1,1
1,1

[︄
Px

⃓⃓⃓⃓
⃓ 1 − z

0

]︄
, (7.37)

H (x− 1) =G0,1
1,1

(︄
x

⃓⃓⃓⃓
⃓ 1

0

)︄
, (7.38)

where Gm,np,q [.] is the Meijer’s G-function [79, Eq. (9.301)]. Then, we can rewrite B2 as follows:

B2 =
mMR−1∑︂
nMR=0

mBR−1∑︂
nBR=0

nBR∑︂
a=0

(︄
nBR
a

)︄
ζMR (nMR) (nMR + a)!

nBR!

× αMRθ
nBR
1 (ρS)a (ΨMR)−nMR−a−1

Γ (nPR + a+ 1) Γ (mBM ) (ρMωBR)nBR ωmBM
BM

×
∞∫︂

0

xmBM +nBR−1e
− θ1ωBM +ωBRρM

ωBRρM ωBM
x
G0,1

1,1

[︄
xρ̄B
ρM

⃓⃓⃓⃓
⃓ 1

0

]︄

×G1,1
1,1

[︄
θ1ρS

ωBRρMΨMR
x

⃓⃓⃓⃓
⃓ −nMR − a

0

]︄
dx. (7.39)

Following results in [84, Eq. (2.6.2)], the inner integral of (7.39) is solved. Substituting
(7.33) and (7.34) into (7.30) then substituting the achieved result and (7.39) into (7.29), we can
achieve final result.

7.5.2 Appendix B

By using (7.1), the asymptotic of the CDF, i.e. F∞
ρB |hBR|2 (x) for peak interference constraint

can be obtained as

F∞
ρB |hBR|2 (x) =

ρM
ρ̄B∫︂
0

F∞
|hBR|2

(︃
x

ρ̄B

)︃
f|hBM |2 (y)dy

+
∞∫︂

ρM
ρ̄B

F∞
|hBR|2

(︃
xy

ρM

)︃
f|hBM |2 (y)dy.
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With the help [79, Eq. (8.354.1)], we can write as follows:

γ

(︃
mi,

x

ωi

)︃
x→∞≈ 1

mi

(︃
x

ωi

)︃mi

. (7.40)

Then, the asymptotic of F|hBR|2 can be written as follows:

F∞
|hBR|2 (x) ≈ 1

Γ (mBR + 1)

(︃
x

ωBR

)︃mi

.

Next, we can obtain as follows:

F∞
ρB |hBR|2 (x) =

γ
(︂
mBM ,

ρM
ρ̄BωBM

)︂
Γ (mBR + 1) Γ (mBM )

(︃
x

ωBRρ̄B

)︃mBR

+
Γ
(︂
mBM +mR,

ρM
ρ̄BωBM

)︂
Γ (mBR + 1) Γ (mBM )

(︃
ωBMx

ωBRρM

)︃mBR

. (7.41)

Thus, A∞
1 1 can be calculated as follows:

A∞
1 = Pr

(︂
ρB |hBR|2 > θ1

(︂
ρS |hMR|2 + 1

)︂)︂
=1 −

∞∫︂
0

(︂
F∞
ρB |hBR|2 (θ1 (ρP y + 1))

)︂
f|hMR|2 (y) dy. (7.42)

A∞
1 = 1 −

mMR−1∑︂
nMR=0

mBR∑︂
nBR=0

(︄
mBR

nBR

)︄
ξMRnMRρ

nBR
S αMR (nMR + nBR)!

Γ (mBR + 1) Γ (mBM ) ΨnMR+nBR+1
MR

(︃
θ1
ωBR

)︃mBR

×

⎛⎝γ
(︂
mBM ,

ρN
ρ̄BωBM

)︂
ρ̄mBR
B

+ Γ
(︃
mSP +mR,

ρM
ρ̄BωBM

)︃(︃
ωBM
ρM

)︃mBR

⎞⎠ . (7.43)

It is noted that the asymptotic of A∞
2 and A∞

3 can be respectively obtained as follows:

A∞
2 = 1 −

mM1−1∑︂
nM1=0

mR1∑︂
nR1=0

(︄
mR1

nB1

)︄
ξM1nM1ρ

nR1
S αM1 (nM1 + nR1)!

Γ (mR1 + 1) Γ (mRM ) ΨnM1+nR1+1
M1

(︃
θ1
ωR1

)︃mR1

×

⎛⎝γ
(︂
mRM ,

ρM
ρ̄RωRM

)︂
ρ̄mR
R

+ Γ
(︃
mRM +mR1,

ρM
ρ̄RωRM

)︃(︃
ωRM
ρM

)︃mR1
⎞⎠ , (7.44)

A∞
3 = 1 −

mM2−1∑︂
nM2=0

mR2∑︂
nR2=0

(︄
mR2

nB2

)︄
ξM2nM2ρ

nR2
S αM2 (nM2 + nR2)!

Γ (mR2 + 1) Γ (mRM ) ΨnM1+nR1+1
M2

(︃
θ1
ωR2

)︃mR1

×

⎛⎝γ
(︂
mRM ,

ρM
ρ̄RωRM

)︂
ρ̄mR
R

+ Γ
(︃
mRM +mR2,

ρM
ρ̄RωRM

)︃(︃
ωRM
ρM

)︃mR2
⎞⎠ . (7.45)

Now, using (7.43), (7.44) and (7.45), the result in (7.25) can be attained.
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Part II – UAV-assisted HSTRS with Hardware Impairment and Imperfect SIC

The dissertation investigates the outage performance of NOMA in HSTRS systems which
contain hardware impairments. An UAV was implemented to forward signals from a satel-

lite to users on the ground [NNL02]. A two-user model was applied to achieve spectral efficiency.
In practical, real-life scenarios, the UAV and ground users encounter issues with imperfect hard-
ware. The dissertation studies the performance gap between two users experiencing practical
problems such as hardware impairment and imperfect SIC.

Note that the outcomes in the Chapter 7 (Part II) have been published in the paper [NNL02]
entitled "UAV Based Satellite-Terrestrial Systems with Hardware Impairment and Imperfect
SIC: Performance Analysis of User Pairs", in IEEE Access,(2021), Article ID: 9521513, 9,
pp.117925-117937, DOI: 10.1109/ACCESS.2021.3107253. IF 3.367

7.6 System Models

Signal Transmission

Satellite

Interference from CUE

R

CUE

U1 U2

h

d1 d2

O

x

y

z

Figure 7.10: System model of small-cell HSTRS relying on NOMA.

Figure 7.10 illustrates a UAV-based satellite system which includes a satellite (S), a UAV (R),
and two NOMA users Ui, i ∈ {1, 2}. In the coverage of the two NOMA users, we examine only
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Table 7.3: Main notations of the system model.

Symbol Description
xi Signal at Ui
ai Power allocation , where a1 < a2 and a1 + a2 = 1
PS Transmit power at S
PR Transmit power at R
N Number of antenna of S
Ki Rician factor
nUi , nSUi and nR Additive white Gaussian noise (AWGN), where ni ∼ CN(0, N0)
CN(µ, σ2) Complex normal distribution with mean µ and variance σ2

Ri Target rate
∥•∥F Frobenius norm
(•)† Conjugate transpose
χ Path loss exponent
dSR Distance from S to UAV
dSUi Distance from S to Ui
dRUi Distance from UAV to Ui
hSR Channel vector from satellite to UAV relay
hSUi Channel vector from the satellite to the Ui
hRUi Channel coefficient from R to Ui
hCUi Channel coefficient from CUE to Ui
E{.} Expectation operator
Γ[.; .] Upper incomplete gamma function
γ[.; .] Lower incomplete gamma function
Γ[.] Complete gamma function
Ii[.] First-kind Bessel function with order i
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the worse case of interference from CUE. To improve the strength of the signal transmission,
S is assumed to be equipped with N antennas while the remaining nodes R, Ui and CUE are
given a simple design and equipped with a single antenna. Due to large separation and heavy
shadowing, the direct link from S to the ground users Ui is also assumed unavailable [85]. The
main system parameters are presented in Table 7.3.

Regarding the existence of the UAV, let us consider the three-dimensional Cartesian coordi-
nates (x, y, z) depicted in Figure 1. The UAV relay is located at R(0, 0, h) with altitude h. The
locations of ground users U1 and U2 are given by the coordinates U1(−d1, 0, 0) and U2(d2, 0, 0),
respectively. From analysis, we can obtain the Euclidean distance from R to Ui according to

dRUi =
√︂
d2
i + h2, (7.46)

In the first phase, S sends a signal
√
PS
(︁√
a1x1 + √

a2x2
)︁

to the UAV (node R) and Ui. The
signals received at the UAV and Ui are respectively given as

yR =
√︂
LSRϑSϑ (ϕR)h†

SRhSR

×
(︂√︁

PS (
√
a1x1 +

√
a2x2) + ηR

)︂
+ nR,

(7.47)

ySUi =
√︂
LSUiϑSϑ (ϕUi)h

†
SUi

hSUi

×
(︂√︁

PS (
√
a1x1 +

√
a2x2) + ηSUi

)︂
+PCUEhCUi + nUi ,

(7.48)

where ϑS is the satellite antenna gain, ηR and ηSUi are the distortion noises caused by RHI where
ηR ∼ CN

(︁
0, κ2

RPS
)︁

and ηSUi ∼ CN
(︂
0, κ2

SUi
PS
)︂

and κR and κSUi are the levels of hardware
impairment associated with the link from S to R and S to Ui, respectively [86]. We denote
wi as the weight vector and apply the maximum ratio transmission [87], wSj = hSR

∥hSj∥F

for

j ∈ {R,U1, U2}. In addition, LSR = 1
KBTW

(︂
c

4πfcdSR

)︂2
and LSUi = 1

KBTW

(︂
c

4πfcdSUi

)︂2
denote

the instantaneous free space loss [38], where KB = 1.38 × 10−23J/K is the Boltzman constant,
W and T are the carrier bandwidth and receiver noise temperature, respectively, c represents
the speed of light, and fc is the carrier frequency.

To characterize the link from S to R and S to Ui, ϑ (ϕj) represents the beam gain and is
expressed by

ϑ (ϕj) = ϑj

⎛⎝I1
(︂
ρ̄j

)︂
2ρj

+ 36
I3
(︂
ρ̄j

)︂
ρ3
j

⎞⎠ , (7.49)

where ϑR and ϑUi are the antenna gains at the UAV and Ui, respectively, ϕj is the angular
separation, ρ̄j = 2.07123 sinϕj

sinϕR3dB
, and ϕR3dB represents 3dB beamwidth [38].

In the first phase, the signals for the link from S to R and R to Di are processed, and to
detect the signals as expected, the signal to interference plus noise ratio (SINR) is determined.
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The SINR at U2 to detect x2 is given by

γx2
SU2

= PSLSU2ϑ (ϕU2) a2 ∥hSU2∥2
F

PSLSU2ϑ (ϕU2) a1 ∥hSU2∥2
F + PSLSU2ϑ (ϕU2) ∥hSR∥2

F κ
2
SU2

+ PCUE ∥hCU2 |2 +N0

= βSU2a2

βSU2a1 + βSU2κ
2
SU2

+ ρCU |hCU2 |2 + 1
. (7.50)

Then, the SINR at U1 to detect x2 is given by

γx2
SU1

= βSU1a2

βSU1a1 + βSU1κ
2
SU1

+ ρCU |hCU1 |2 + 1
, (7.51)

where ρS = PS
N0

, ρCU = PCUE
N0

, ρSj = ρSLSjϑSϑ (ϕj) and βSj = ρSj ∥hSj∥2
F . Then, by performing

SIC to eliminate x2, treating signal x2 as a noise term, x1 is detected at the UAV. To do this,
we compute the SINR from

γx1
SU1

= βSU1a1

ρSU1 |g|2 + βSU1κ
2
SU1

+ ρCU |hCU1 |2 + 1
. (7.52)

Due to the effect of ipSIC, g is an interference channel modeled as a Rayleigh fading channel
where g ∼ CN(0, λg) [88].

Similarly, the SINR at the UAV to detect x2 is given as

γx2
SR = βSRa2

βSRa1 + βSRκ2
R + 1

. (7.53)

Applying SIC to detect signal x1, the SINR is given as

γx1
SR = βSRa1

ρSR |g|2 + βSRκ2
R + 1

. (7.54)

In the second phase, the UAV sends the signal to two NOMA users. The signal received at
Ui is given as

yRUi =
√︄

PS
dχRUi

hRUi ((
√
a1x1 +

√
a2x2) + ηUi)

+PCUEhCUi + nRUi ,

(7.55)

where ηUi is the distortion noise caused by RHIs for ηUi ∼ CN
(︁
0, κ2

iPR
)︁
, κi is the level of

hardware impairments from R to Ui, hCUi is the channel from CUE following a Rayleigh fading
channel with E{hCUi} = 1

The SINR at U2 to detect the signal x2 is given as

γx2
RU2

= PRa2 |hRU2 |2

PRa1 |hRU2 |2 + PR |hRU2 |2 κ2
2 + PCUE |hCU2 |2 +N0

= βRU2a2

βRU2a1 + βRU2κ
2
2 + ρCU |hCU2 |2 + 1

,

(7.56)
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where ρR = PR
N0

, ρCU = PCUE
N0

, ρRUi = ρR

dχ
RUi

and βRUi = ρRUi |hRUi |
2. Then, the SINR at U1 to

detect signal x2 is given as

γx2
RU1

= βRU1a2

βRU1a1 + βRU1κ
2
1 + ρCU |hCU1 |2 + 1

. (7.57)

The SINR at U1 to detect its the own signal x1 is given as

γx1
RU1

= βRU1a1

ρRU1 |g|2 + βRU1κ
2
1 + ρCU |hCU1 |2 + 1

. (7.58)

Remark 1: These SINR expressions are crucial in evaluating other main system metrics
and provide a guide to implementing a UAV-based satellite system in practical scenarios. We
can observe in the SINR equations, for example (7.56), (7.57), and (7.58), the the corresponding
SINRs are determined by the channel gains, the power allocation factors a1 and a2, and the
levels of RHI. In addition, the transmit power at the satellite and the UAV play other roles in
improving system performance. We consider these effects in the following section.

7.7 System Performance Analysis

7.7.1 Channel Characterization

To further compute the system performance metric, let us assume that the channel coefficients
are independent and identically distributed (i.i.d.). Then, the probability density function (PDF)
of the channel coefficient h(j)

Sj from the satellite’s q-th antenna to the UAV is expressed as [31]

f⃓⃓⃓
h

(q)
Sj

⃓⃓⃓2 (γ) = e−εSRγαSj1F1 (mSR; 1; δSRγ) , (7.59)

where εSj = 1
2bSj

, αSR = 1
2bSj

(︂ 2bSjmSj

2bSjmSj+ΩSj

)︂mSj , δSj = ΩSj

2bSj(2bSjmSj+ΩSj) , and where ΩSj , 2bSj
and mSj are the average powers of LOS, the multipath components and the fading severity
parameter, respectively. 1F1 (.; .; .) denotes a confluent hypergeometric function of the first
kind [79, Eq. (9.210)]. Then, we assume the integer values of the Shadowed-Rician fading
severity parameter throughout this chapter. We can rewrite (7.59) as

f⃓⃓⃓
h

(q)
Sj

⃓⃓⃓2 (γ) = e−∆SRγαSR

mSj−1∑︂
b=0

ζSj (b)γb, (7.60)

where ∆Sj = εSj − δSj , ζSj (z) = (−1)z(1−mSj)z
(δSj)z

(z!)2 , and (.)x is the Pochhammer symbol [79,
p.xliii]. Applying the result from [89], the PDF of ∥hSj∥2

F under i.i.d. Shadowed-Rician fading
can be formulated as

f∥hSj∥2
F

(x) =
mSj−1∑︂
b1=0

. . .

mSj−1∑︂
bN =0

Ξ (Sj) γΛ−1e−∆Sjγ , (7.61)
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where

Ξ (Sj) = αNSj

N∏︂
u=1

ζSj (bu)
N−1∏︂
v=1

B

(︄
v∑︂
l=1

bl + v, bv+1 + 1
)︄
, (7.62)

Λ =
N∑︂
u=1

bu +N. (7.63)

and B(., .) is the Beta function [79, Eq. (8.384.1)]. From the above analysis, the PDF of βSj is
expressed as

fβSj
(γ) =

mSj−1∑︂
b1=0

. . .

mSj−1∑︂
bN =0

Ξ (Sj)
(ρSj)Λγ

Λ−1e
−

∆Sj
ρSj

γ
. (7.64)

Using [79, Eq. (3.351.1)], we obtain the CDF of βSj as

FβSj
(γ) =

mSj−1∑︂
b1=0

. . .

mSj−1∑︂
bN =0

Ξ (Sj)
(∆Sj)Λγ

(︄
Λ, ∆Sj

ρSj
γ

)︄
. (7.65)

Then, the PDF of the links from R to Ui can be expressed as [41]

f|hRUi |
2 (γ) = ϖie

−Kie−ϖiγI0
(︂
2
√︁
ϖiKiγ

)︂
, (7.66)

where ϖi = (1+Ki)
Ωi

, and Ki and Ωi are the Rician factor and average fading power, respectively.
Then, the PDF of βRUi can be expressed as

fβRUi
(γ) = ϖie

−Ki

ρRUi

e
− ϖi

Ωi
γ
I0

(︄
2
√︄
Kiϖi

ρRUi

γ

)︄
. (7.67)

Based on [79, Eq. (8447.1)], we can then rewrite

fβRUi
(γ) =

∞∑︂
b=0

(Ki)b e−Ki

(b!)2

(︃
ϖi

ρRUi

)︃b+1
γbe

− ϖi
ρRUi

γ
. (7.68)

Similarly, the CDF of βRUi can be expressed as

FβRUi
(γ) =

∞∑︂
b=0

(Ki)b e−Ki

(b!)2 γ

(︃
b+ 1, ϖi

ρRUi

γ

)︃
. (7.69)

7.7.2 Outage Probability of U1

The OP defines that the probability of the instantaneous SINR γk falls below a predefined
threshold φth, i.e.,

Pout = Pr (γk < φth) , (7.70)

where Pr(.) is the probability function.
Based on the selection combining technique, the OP of U1 can be determined by maximizing

the SINR of the link from S to Ui and the link from S to R. The OP of U1 can then be expressed
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as [90]
Pout,1 = Ψ1 × Ψ2, (7.71)

where
Ψ1 = 1 − Pr

(︂
γx2
SU1

> φ2, γ
x1
SU1

> φ1
)︂
, (7.72)

Ψ2 = 1 − Pr (γx2
SR > φ2, γ

x1
SR > φ1)

× Pr (γx2
SR > φ2, γ

x1
SR > φ1) ,

(7.73)

and where φi = 2Ri − 1, Ri are the target rates.
Lemma 1: The term Ψ1 is given as

Ψ1 = 1 − I1 + I2, (7.74)

where I1 and I2 are expressed by

I1 =
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Λ−1∑︂
a=0

Ξ (SU1) Γ (Λ) e
−

∆SU1 υmax
ρSU1

a!λCU1 (∆SU1)Λ−a

×
(︃

υmax
ρCUρSU1

)︃a (︃ 1
λCU1

+ ∆SU1υmaxρCU
ρSU1

)︃−a−1

×e
1

λCU1 ρCU
+

∆SU1 υmax
ρSU1 Γ

(︃
a+ 1, 1

λCU1ρCU
+ ∆SU1υmax

ρSU1

)︃
,

(7.75)

and

I2 =
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Ξ (SU1)
Λ−1∑︂
a=0

(Λ − 1)! (υmax)a e−Θ2

λCU1a! (Θ1)a+1

×
(︄

∆SU1 + 1
υ1λg

)︄−Λ+a (︃
ρCU
ρSU1

)︃a
e

Θ1
ρCU Γ

(︃
a+ 1, Θ1

ρCU

)︃
.

(7.76)

Proof: See Appendix 7.9.1 (pp. 91).
Lemma 2: The closed-form expression to compute Ψ2 can be expressed as

Ψ2 = 1 −A1 ×A2. (7.77)

Because the computations of A1 and A2 are complicated, we present these details in the
appendix.

Proof: See Appendix 7.9.2 (pp. 92).
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7.7.3 Outage Probability of U2

Similarly, the OP of U2 is given as [90]

Pout,2 = Ψ̄1 × Ψ̄2, (7.78)

where
Ψ̄1 = 1 − Pr

(︂
γx2
SU2

> φ2
)︂

(7.79)

and
Ψ̄2 = 1 − Pr (γx2

SR > φ2, γ
x1
SR > φ1) Pr

(︂
γx2
RU2

> φ2
)︂
. (7.80)

Lemma 3: The closed-form expression of the outage probability, denoted by Ψ̄1, is given as

Ψ̄1 = 1 −
mSU2 −1∑︂
b1=0

. . .

mSU2 −1∑︂
bN =0

Ξ (SU2) (ρCUυ2)a e
−

∆SU2 υ2
ρSU2

(ρSU2)a λCU2 (∆SU2)Λ−a

×
Λ−1∑︂
a=0

(Λ − 1)!
a! Γ

(︃
a+ 1, 1

λCU2ρCU
+ ∆SU2ρCUυ2

ρSU2ρCU

)︃

×
(︃ 1
λCU2

+ ∆SU2ρCUυ2
ρSU2

)︃−a−1
e

1
λCU2 ρCU

+
∆SU2 ρCU υ2

ρSU2 ρCU .

(7.81)

Proof: From the result from (7.50), we can rewrite (7.81) as

Ψ̄1 = 1 − Pr
(︂
βSU2 > υ2

(︂
ρCU |hCU2 |2 + 1

)︂)︂
= 1 −

∞∫︂
0

f|hCU2 |2 (y)
∞∫︂

υ2(ρCUy+1)

fβSU2
(x)dxdy.

(7.82)

Then, we calculate

Ψ̄1 = 1 −
mSU2 −1∑︂
b1=0

. . .

mSU2 −1∑︂
bN =0

Ξ (SU2)
(ρSU2)Λ λCU2

∞∫︂
0

e
− y

λCU2

∞∫︂
υ2(ρCUy+1)

xΛ−1e
−

∆SU2
ρSU2

x
.dxdy.

(7.83)

Ψ̄1 can then be expressed as

Ψ̄1 = 1 −
mSU2 −1∑︂
b1=0

. . .

mSU2 −1∑︂
bN =0

Ξ (SU2) e
−

∆SU2 υ2
ρSU2

(ρSU2)a λCU2

×
Λ−1∑︂
a=0

(Λ − 1)! (ρCUυ2)a

a! (∆SU2)Λ−a

×
∞∫︂

0

(︃
y + 1

ρCU

)︃a
e

−
(︂

1
λCU2

+
∆SU2 ρCU υ2

ρSU2

)︂
y
dy.

(7.84)
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We thus similarly obtain Ψ̄1. This ends the proof.
Lemma 4: The term A3 = Pr

(︂
γx2
RU2

> φ2
)︂

can be expressed as

A3 =
∞∑︂
b=0

b∑︂
c=0

(K2)b ρRU2e
−K2

(︂
θ̃2ϖ2ρCUλCU2

)︂c
b!c!

(︂
θ̃2ϖ2λCU2ρCU + ρRU2

)︂c+1

×e
− θ̃2ϖ2

ρRU2
+

θ̃2ϖ2λCU2 ρCU +ρRU2
λCU2 ρCU ρRU2

×Γ
(︄
c+ 1, θ̃2ϖ2λCU2ρCU + ρRU2

λCU2ρCUρRU2

)︄
.

(7.85)

Proof: Applying (7.56), A3 can be expressed as

A3 = Pr
(︂
βRU2 > θ̃2

(︂
ρCU |hCU2 |2 + 1

)︂)︂
=

∞∫︂
0

∞∫︂
θ̃2(ρCUx+1)

f|hCU2 |2 (x) fβRU2
(y)dydx.

(7.86)

Simplified, (7.86) can be expressed as

A3 =
∞∑︂
b=0

b∑︂
c=0

(K2)b e−K2

b!c!λCU2
e

− ϖ1θ̃2
ρRU1

(︄
θ̃2ρCUϖ2
ρRU2

)︄c

×
∞∫︂

0

(︃
x+ 1

ρCU

)︃c
e

− ϖ2θ̃2ρCU
ρRU2

x− x
λCU2 dydx.

(7.87)

We thus obtain (7.59) similarly to (7.105). This ends the proof.
Finally, by combining (7.74) and (7.85), the closed-form expression of the OP, i.e., Ψ̄2, is

expressed by
Ψ̄2 = 1 −A1 ×A3. (7.88)

Remark 2: The expressions for OP depend on various system parameters determined from
the constraints encountered in practical scenarios. We can observe in the relevant OP equations,
for example (7.72) and (7.78), the effects due to the number of transmit antennas at the satellite,
the satellite link configuration, the satellite transmit power, the power allocation factors a1 and
a2, and the levels of RHI. Applying numerical simulations, we verify these effects in the system
performance metrics.

7.7.4 Diversity order

To provide more insight, we need to derive an asymptotic expression of the OP at a high SNR
ρ = ρS = ρR → ∞. The diversity order of the terrestrial user can be given by [72]

d = − lim
ρ→∞

log (P∞
out (ρ))

log ρ , (7.89)
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where P∞
out denotes the asymptotic OP.

Then, by applying a Maclaurin series, we have e−x ≃ (1 − x). We can also write (7.71) in
the case of a high SNR as

P∞
out,1 = Ψ∞

1 × Ψ∞
2 , (7.90)

where Ψ∞
1 is expressed as

Ψ∞
1 = 1 −

mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Λ−1∑︂
a=0

a∑︂
b=0

Ξ (SU1) Γ (Λ)
b!λCU1 (∆SU1)Λ−a

×
(︃

1 − ∆SU1θmax
ρSU1

)︃(︃ 1
λCU1

+ ∆SU1θmaxρCU
ρSU1

)︃−a−1

×
(︃

θmax
ρCUρSU1

)︃a (︃ 1
λCU1ρCU

+ ∆SU1θmax
ρSU1

)︃b

+
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Λ−1∑︂
a=0

a∑︂
b=0

Ξ (SU1) Γ (Λ) (1 − Θ2)
λCU1b! (Θ1)a+1

×
(︃
υmaxρCU
ρSU1

)︃a (︃ Θ1
ρCU

)︃b(︄
∆SU1 + 1

υ1λg

)︄−Λ+a

.

(7.91)

Then, Ψ∞
1 is given by

Ψ∞
1 = 1 −A∞

1 ×A∞
2 , (7.92)

where

A∞
1 =

mSR−1∑︂
b1=0

. . .
mSR−1∑︂
bN =0

Ξ (SR)
Λ−1∑︂
n=0

(Λ − 1)!
n! (∆SR)Λ

×
(︃

1 − ∆SRθmax
ρSR

)︃(︃∆SRθmax
ρSR

)︃n
−
mSR−1∑︂
b1=0

. . .
mSR−1∑︂
bN =0

Ξ (SR)
Λ−1∑︂
n=0

(Λ − 1)!
n!

×
(︄

θ1λg
∆SRλgθ1 + 1

)︄Λ−n (︃
θmax
ρSR

)︃n
×
(︄

1 − (∆SRλgθ1 + 1) θmax
θ1ρSRλg

+ 1
ρSRλg

)︄
,

(7.93)
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and

A∞
2 =

∞∑︂
b=0

b∑︂
c=0

c∑︂
d=0

(K1)b e−K1ρRU1

d!b!λCU1

×

(︂
ϖ1θ̃maxρCUλCU1

)︂c
(︂
ϖ1θ̃maxρCUλCU1 + ρRU1

)︂c+1

×
(︄
ϖ1θ̃maxρCUλCU1 + ρRU1

ρRU1ρCUλCU1

)︄d(︄
1 − ϖ1θ̃max

ρRU1

)︄

−
∞∑︂
b=0

b∑︂
c=0

c∑︂
d=0

(K1)b (ϖ1)b+1 e−K1

d!c!λCU1ξ
c+1

×
(︄

λg θ̃1

ϖ1λg θ̃1 + 1

)︄b−c+1(︄
ρCU θ̃max
ρRU1

)︄c (︃
ξ

ρCU

)︃d

×

⎛⎝1 −

(︂
ϖ1λg θ̃1 + 1

)︂
θ̃max

λg θ̃1ρRU1

+ 1
λgρRU1

⎞⎠ .

(7.94)

The asymptotic OP for U2 is thus similarly obtained as

P∞
out,2 = Ψ̄1 × Ψ̄2, (7.95)

where Ψ̄1 is given by

Ψ̄∞
1 = 1 −

mSU2 −1∑︂
b1=0

. . .

mSU2 −1∑︂
bN =0

Ξ (SU2) (ρCUυ2)a

(ρSU2)a (∆SU2)Λ−a

×
Λ−1∑︂
a=0

a∑︂
b=0

(Λ − 1)!
b!λCU2

(︃ 1
λCU2

+ ∆SU2ρCUυ2
ρSU2

)︃−a−1

×
(︃ 1
λCU2ρCU

+ ∆SU2ρCUυ2
ρSU2ρCU

)︃a
×
(︃

1 + 1
λCU2ρCU

+ ∆SU2ρCUυ2
ρSU2ρCU

)︃
×
(︃

1 − 1
λCU2ρCU

− ∆SU2ρCUυ2
ρSU2ρCU

− ∆SU2υ2
ρSU2

)︃
.

(7.96)

Then, Ψ̄2 is given by
Ψ̄2 = 1 −A∞

1 ×A∞
3 , (7.97)

where

A∞
3 =

∞∑︂
b=0

b∑︂
c=0

c∑︂
d=0

(K2)b ρRU2e
−K2

(︂
θ̃2ϖ2ρCUλCU2

)︂c
b!d!

(︂
θ̃2ϖ2λCU2ρCU + ρRU2

)︂c+1

×
(︄

1 − θ̃2ϖ2
ρRU2

)︄(︄
θ̃2ϖ2λCU2ρCU + ρRU2

λCU2ρCUρRU2

)︄d
.

(7.98)

We may straight forwardly conclude that the diversity orders of users U1 and U2 both equal
zero.
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Table 7.4: Table of Satellite Channel Parameters [81]

Shadowing b m Ω
Average shadowing (AS) 0.251 5 0.279
Heavy shadowing (HS) 0.063 1 0.0007

Table 7.5: Table of Main Simulated Parameters

Monte Carlo simulations 106 iterations
Satellite type GEO
Carrier frequency fc = 2GHz
Carrier bandwidth W = 15Mhz

Distance from satellite to UAV and satellite to Ui dSR = dSU1 = dSU2 = 35786Km
Receiver noise temperature T = 500oK
Speed of light c = 3×108m/s

Antenna gain at satellite ϑS = 4dBi
Antenna gain at UAV and Ui ϑR = ϑUi = 48dB
Angular separation ϕR = 0.8o
3dB beamwidth ϕR3dB = 0.3o
Power allocation a1 = 0.25 and a2 = 0.75
Path loss exponent χ = 2
Level of hardware impairment κ2 = κ2

SUi
= κ2

R = κ2
i = 0.01

Altitude h = 10m
Target rate R1 = 0.2 (BPCU) and R2 = 0.4 (BPCU)
Rician factor K1 = K2 = 5
Average fading power Ω1 = Ω2 = 1
Distance d1 = 5m and d2 = 10m
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In this section, we present numerical simulations to verify the derived expressions. The
Shadowed-Rician fading parameters are listed in Table 7.4, and the parameters for the numerical
results are summarized in Table 7.5, where BPCU refers to bit per channel use. We also set
ρ = ρS = ρR, with the exception of the specific case mentioned later.

Figure 7.11 depicts the outage performance of the UAV-based satellite system against the
transmit SNR at the satellite ρ. From the illustration, we can see that the OP decreases for
two users as the value of ρ increases. A clear observation is that the performance gap between
two users is just as large at the middle range of the SNR, i.e., ρ varies from 40 to 50 (dB). This
is significant because we can see that the Monte-Carlo and analytical simulations match very
closely, confirming the corrections in the related expressions for OP. The asymptotic curves
match with exact curves in the high SNR region, verifying the validity of the corresponding
expressions. The advantage of the proposed system is clear in a comparison of its performance
with an OMA-assisted HSTRS system. By adjusting the PA factors (a1, and a2), the system can
also produce different performance for two users, however, in the high SNR region, the system
performance does not depend on a1 and a2. The configuration of AS mode is superior to that
of HS, and outage performance for both users therefore improves when the satellite links are
subject to AS rather than HS.
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Figure 7.11: Outage probability versus ρ for different values of the satellite link, where N = 1,
ρCU = 15dB, and λg = 0.01.

Figure 7.12 shows the improvement of outage performance at high SNR. When we increase ρ,
the corresponding outage performance of two users improves significantly, especially if we raise
the number of transmit antennas at the satellite from N = 1 to N = 2 or N = 3. For N = 3,
we obtained better results. A greater number of antennas equipped at the satellite improves the
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channel gain, which results in better performance, especially in the performance gap between
two users, similar to the results shown in Figure 7.12. However, examining the entire range of ρ
in the cases N = 1 and N = 2, saturation is attained much more quickly than with N = 3, the
reason being that a greater number of antennas significantly improves the outage performance.

0 10 20 30 40 50

10
-4

10
-3

10
-2

10
-1

10
0

N = 1

N = 2

N = 3

Figure 7.12: Outage probability versus ρ for different values of N , where ρCU = 15dB, λg = 0.01,
and the satellite link is set to HS.

Figure 7.13 reveals similar results to the simulations in Figures 7.11 and 7.12 and indicates
the trends of outage behavior for two users under perfect SIC and ipSIC schemes. When we raise
ρ from 40 to 60 dB, the outage performance for perfect SIC is superior to ipSIC, the main reason
being that interference from ipSIC limits the SINR, and the corresponding system performance
of secondary users is thus reduced. Two levels of the ipSIC case confirm that λg = 0.01 is
superior to λg = 0.1.

86



0 10 20 30 40 50
; in dB

10-4

10-3

10-2

10-1

100

O
u
ta

g
e

P
ro

b
ab

il
it
y

6g = 0:01 Sim.
6g = 0:1 Sim.
Pout1 perfect SIC Sim.
Pout2 perfect SIC Sim.
Pout1 Ana.
Pout2 Ana.

Figure 7.13: Outage probability versus ρ for different values of λg, where N = 1, ρCU = 15dB,
and the satellite link is set to HS.

As with the effect caused by ipSIC, the interference channel of the CUE has an effect on the
outage performance of two users (Figure 7.14). Here, ρCU = 1 dB produces the corresponding
OP as the best result of the three considered cases.
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Figure 7.14: Outage probability versus ρ for different values of ρCU , where N = 2, λg = 0.01,
and the satellite link is set to HS.
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Figure 7.15 shows that when the UAV flies at a greater height, it leads to worse quality in
the ground links and consequently worse OP for the two users. This can be explained by the
distances between the UAV and ground users computed from (7.46), which depends on the height
h. This demonstrates the advantage of the UAV in determining expected system performance.
We can achieve the desired performance simply by controlling the height of the UAV.
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Figure 7.15: Outage probability versus h for different values of ρ, where N = 2, ρCU = 15dB,
λg = 0.01, and the satellite link is set to HS.

Figure 7.16 shows that the outage performance can be enhanced significantly under Rician
channel conditions. The configuration K1 = K2 = 10 indicates the best case associated with
the considered values of the links from the UAV to the ground users, the reason being that the
OP in (7.86), (7.88) contains values of K1 = K2. The quality of the ground channels plays an
important role in altering the OP values.
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Figure 7.16: Outage probability versus ρ for different values of K1 = K2, where N = 2, ρCU =
15dB, λg = 0.01, and the satellite link is set to HS.

Figure 7.17 shows the effect of hardware impairment level κ2 with respect to the OP for
two users. It is easy to conclude that the lower level of hardware impairment exhibits the best
outage performance for two users in the considered system. We note that κ2 = 0.5 is a serious
degradation in terms of outage for two users. Therefore, a high requirement in perfect hardware
design is crucial for maintaining system performance at a desired acceptable quality.
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Figure 7.17: Outage probability versus ρ for different values of κ2, where N = 2, ρCU = 15dB,
λg = 0.01, and the satellite link is set to HS.

7.8 Conclusion

We investigated the OP performance of a UAV-assisted HSTRS with a multi-antenna satellite
and NOMA scheme containing hardware impairments and imperfect SIC. To demonstrate the
main system performance metric, we derived novel and closed-form expressions of the OP. The
results showed that the detrimental effects of interference from a non-NOMA user and the
deterioration of the OP due to imperfect SIC could be mitigated by increasing the number
of antennas at the satellite and thus improve system performance. The numerical simulations
demonstrated the effect of various key system/channel parameters on the OP and provided a
guide for the joint deployment of a UAV and multi-antenna satellite in such systems. In future
work, it would be interesting to consider multiple antennas at the UAV or even the ground users,
providing a more general scenario for study.
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7.9 Appendix

7.9.1 Appendix A

By substituting (7.54) and (7.55), we write the term Ψ1 as

Ψ1 = 1 − Pr
(︄

βSU1a2

βSU1a1 + βSU1κ
2
SU1

+ ρCU |hCU1 |2 + 1
> φ2,

βSU1a2

βSU1a1 + βSU1κ
2
SU1

+ ρCU |hCU1 |2 + 1
> φ1

)︄

= 1 − Pr
(︄
βSU1 > θmax

(︂
ρCU |hCU1 |2 + 1

)︂
, |g|2 < βSU1

θ1ρSU1
− ρCU |hCU1 |2 + 1

ρSU1

)︄

= 1 −
∞∫︂

0

f|hCU1 |2 (x)
∞∫︂

θmax(ρCUx+1)

fβSU1
(y)dydx

⏞ ⏟⏟ ⏞
I1

+
∞∫︂

0

f|hCU1 |2 (x)
∞∫︂

υmax(ρCUx+1)

fβSU1
(y)

∞∫︂
y

υ1ρSU1
− ρCU x+1

ρSU1

f|g|2 (z)dzdydx

⏞ ⏟⏟ ⏞
I2

.

(7.99)

where υ1 = φ1
a1+φ1κ2

SU1
, υ2 = φ2

a2−φ2

(︂
a1+κ2

SUi

)︂ and υmax = max (υ1, υ2).

Based on (7.64), the term I1 in (7.99) can be expressed as

I1 =
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Ξ (SU1)
(ρSU1)Λ λCU1

×
∞∫︂

0

e
− x

λCU1

∞∫︂
υmax(ρCUx+1)

yΛ−1e
−

∆SU1
ρSU1

y
dydx.

(7.100)

Using [79, Eq. (3.351.2)], we can express I1 as

I1 =
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Ξ (SU1) e
−

∆SU1 υmax
ρSU1

λCU1 (∆SU1)Λ−a

×
Λ−1∑︂
a=0

(Λ − 1)!
a!

(︃
υmaxρCU
ρSU1

)︃a

×
∞∫︂

0

(︃
x+ 1

ρCU

)︃a
e

−
(︂

1
λCU1

+
∆SU1 υmaxρCU

ρSU1

)︂
x
dx.

(7.101)

Then, using [79, Eq. (3.382. 4)] we rewrite I1, as expected.
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The term I2 is thus expressed as

I2 =
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Ξ (SU1) e
1

ρSU1 λg

(ρSU1)Λ λCU1

∞∫︂
0

e
− x

λCU1
+ ρCU

ρSU1 λg
x

×
∞∫︂

υmax(ρCUx+1)

yΛ−1e
−

∆SU1
ρSU1

y
e

− y
υ1ρSU1 λg dydx

=
mSU1 −1∑︂
b1=0

. . .

mSU1 −1∑︂
bN =0

Ξ (SU1)
Λ−1∑︂
a=0

(Λ − 1)! (υmax)a e−Θ2

λCU1a! (ρSU1)a

×
(︄

∆SU1 + 1
υ1λg

)︄−Λ+a ∞∫︂
0

(ρCUx+ 1)a e−Θ1xdx,

(7.102)

where Θ1 = 1
λCU1

− ρCU
ρSU1λg

+ ∆SU1υmaxρCU

ρSU1
+ υmaxρCU

υ1ρSU1λg
and Θ2 = ∆SU1υmax

ρSU1
+ υmax

υ1ρSU1λg
− 1

ρSU1λg
.

Based on [79, Eq. (3.382.4)], we obtain I2 as (7.76).
Substituting (7.100) and (7.76) into (7.99), we obtain the final result.

7.9.2 Appendix B

First, we denote A1 = Pr (γx2
SR > φ2, γ

x1
SR > φ1) and A2 = Pr (γx2

SR > φ2, γ
x1
SR > φ1). Substituting

(7.53) and (7.54) into A1, we have

A1 = Pr
(︄

βSRa2
βSRa1 + βSRκ2

R + 1
> φ2,

βSRa1

ρSR |g|2 + βSRκ2
R + 1

> φ1

)︄

= Pr
(︃
βSR > θmax, |g|2 < βSR − θ1

θ1ρSR

)︃

=
∞∫︂

θmax

fβSR
(x)dx

⏞ ⏟⏟ ⏞
A1,1

− 1
λg

∞∫︂
θmax

fβSR
(x)e− x−θ1

θ1ρSR

⏞ ⏟⏟ ⏞
A1,2

dx,

(7.103)

where θ1 = φ1
a1−φ1κ2

R
, θ2 = φ2

a2−φ2(a1+κ2
R) , θmax = max (θ1, θ2).

Based on (7.64) and [79, Eq. (3.351.2)], we obtain the term A1,1 from

A1,1 =
mSR−1∑︂
b1=0

. . .
mSR−1∑︂
bN =0

Ξ (SR)
(∆SR)Λ Γ

(︃
Λ, ∆SRθmax

ρSR

)︃
. (7.104)

Applying (7.64), we can express A1,2 as

A1,2 =
mSR−1∑︂
b1=0

. . .
mSR−1∑︂
bN =0

Ξ (SR)
(ρSR)Λ e

1
ρSRλg

×
∞∫︂

θmax

xΛ−1e
−
(︂

∆SR
ρSR

+ 1
θ1ρSRλg

)︂
x
dx.

(7.105)
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Similarly, we obtain A1,2 from

A1,2 =
mSR−1∑︂
b1=0

. . .
mSR−1∑︂
bN =0

Ξ (SR)
(︄

θ1λg
∆SRλgθ1 + 1

)︄Λ

×e
1

ρSRλg Γ
(︄

Λ, (∆SRλgθ1 + 1) θmax
θ1ρSRλg

)︄
.

(7.106)

Applying (7.57) and (7.58), A2 can be calculated as

A2 = Pr

⎧⎨⎩βRU1 > θ̃max
(︂
ρCU |hCU1 |2 + 1

)︂
, |g|2 < βRU1

θ̃1ρRU1

−

(︂
ρCU |hCU1 |2 + 1

)︂
ρRU1

⎫⎬⎭
=

∞∫︂
0

f|hCU1 |2 (x)
∞∫︂

θ̃max(ρCUx+1)

fβRU1
(y)dydx

⏞ ⏟⏟ ⏞
A2,1

−
∞∫︂

0

f|hCU1 |2 (x)
∞∫︂

θ̃max(ρCUx+1)

fβRU1
(y)

∞∫︂
y

θ̃1ρRU1
− (ρCU x+1)

ρRU1

fg (z)dzdydx

⏞ ⏟⏟ ⏞
A2,2

.

(7.107)

Based on (7.68), A2,1 is rewritten as

A2,1 =
∞∑︂
b=0

b∑︂
c=0

(K1)b e−K1

b!c!λCU1

(︄
θ̃maxρCUϖ1

ρRU1

)︄c
e

− ϖ1θ̃max
ρRU1

×
∞∫︂

0

(︃
x+ 1

ρCU

)︃c
e

−
ϖ1θ̃maxρCU λCU1 +ρRU1

ρRU1 λCU1
x
dx.

(7.108)

Based on [79, Eq. (3.382.4)], we obtain A2,1 from

A2,1 =
∞∑︂
b=0

b∑︂
c=0

(K1)b e−K1ρRU1

(︂
ϖ1θ̃maxρCUλCU1
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× e
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ϖ1θ̃maxρCU λCU1 +ρRU1
ρRU1 ρCU λCU1(︂

ϖ1θ̃maxρCUλCU1 + ρRU1

)︂c+1

×Γ
(︄
c+ 1, ϖ1θ̃maxρCUλCU1 + ρRU1

ρRU1ρCUλCU1

)︄
.

(7.109)
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We then obtain A2,2 from

A2,2 =
∞∑︂
b=0

(K1)b e−K1

(b!)2 λCU1

(︃
ϖ1
ρRU1

)︃b+1
e

1
λgρRU1

×
∞∫︂

0

e
−
(︂

1
λCU1

− ρCU
λgθ̃1ρRU1

)︂
x

×
∞∫︂

θ̃max(ρCUx+1)

ybe
−
(︂

ϖ1
ρRU1

+ 1
λgθ̃1ρRU1

)︂
y
dydx.

(7.110)

We apply a computation similar to (7.109) and express A2,2 as

A2,2 =
∞∑︂
b=0

b∑︂
c=0

(K1)b (ϖ1)b+1 e−K1
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)︃
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(7.111)

Based on (7.104), (7.106), (7.109) and (7.111), we obtain Ψ2 .
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Chapter 8:

Summary

The proposed three main aims achieved the results as following.
In the first aim (Chapter 5 - Part I), I examined a next generation cellular wireless net-

work adopted emerging NOMA technique and investigated the efficiency of multiple antennae
equipped at the BS to serve and enhance the OP of multiple NOMA end-users. We introduced
a power distribution model to NOMA users who joined direct connection and relay connection
to improve QoS. We determined the SNR to discover separate signals for each user and derived
the novel exact OP expressions. We also compared the proposed system’s performance with a
similar system which used the OMA technique. Further, I extended the previous model (Chap-
ter 5 - Part II), where the AP was equipped with multi antennas and the relay could EH from a
power beacon. System improvement could be achieved. The performance gap between two users
was evaluated over a Rayleigh fading channels model. Then, I compared NOMA scheme to the
traditional scheme, i.e., the OMA technique. The achieved results plotted that the proposed
model adopted NOMA technique could significantly achieve better performance comparing to
the previous models adopted OMA technique.

In the second aim, we investigated the performance of the PLS for next generation cellular
wireless networks which integrated emerging techniques such as FD, NOMA, multiple antennas,
and RS techniques. I examined two novel PLS schemes:

• In the first model, the SOP performance of the CR network, which adopted NOMA in the
down-link scenario, will be derived. The MISO architecture with TAS strategy will also
be given special consideration in this model. Further, we exploited the optimal PA factor
to optimize SOP.

• In the second model, we designed a NOMA based FD-DF relay network and evaluated the
SOP performance in the presence of a passive eavesdropper. The novel closed-form ex-
pressions for the end-to-end SINR in the legitimate connection and the wiretap connection
were derived over a Rayleigh fading channel. The achieved results confirmed the proposed
model adopted NOMA technique provided better SOP performance than OMA technique.

In the final aim, we proposed an integrated satellite model to enhance QoS in future cellular
networks to provide a large number of connections and wide band access for mobile users. We
studied an HSTRS which assisted small-cell. The HSTRS model could be significant enhanced
by using the NOMA technique to optimal spectral efficiency. Besides, I derived the novel exact
expressions for OP and throughput of the considered HSTRS model over Shadowed-Rician
fading channels for satellite links and Nakagami-m fading channels for terrestrial links. The OP
performances of the two users, which belonged to PA factors, were investigated. The achieved
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results in Chapter 7 provided potential deep insight for the design of future HSTRS for small-cell
communications.

For future works, although the achieved results in the dissertation have demonstrated the
potential and effective implementations of UAVs for future cellular networks. However, it still
opens up some challenges that need to be effectively addressed such as:

• Firstly, the UAV has a disadvantage since on-board power limitation due to the small
size of craft. In this case, simultaneous wireless information and power transfer (SWIPT)
could be adopted to prolong UAV’s lifetime.

• The last but not at least, UAV’s real position could be tracked. Based on UAV’s position,
we could allocate at the suitable position for UAV where could provide the best QoS for
the users.
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