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ABSTRACT

This thesis has combined multiple access schemes, energy harvesting (EH),
power splitting-based relaying (PSR), and time switching-based relaying (TSR)
protocols, as well as the decode-and-forward (DF) protocol, in a simultaneous
wireless information and power transfer non-orthogonal multiple access (SWIPT
NOMA) system. This system can be applied widely to enable EH in cooperative
relaying wireless networks, fifth-generation, and next-generation wireless
communication systems.

Specifically, the thesis studies NOMA techniques, DF, and EH in SWIPT
cooperative relaying systems. In the first network model, a half-duplex NOMA
(HD NOMA) scheme is suggested for the SWIPT system to allocate power for
two users, one of which is considered as a relay station that performs both EH
and DF on the received signal. The suggested scheme makes use of a power
splitting (PS) receiver architecture which enables both information processing
and EH at the relay station. The performance of the suggested scheme is analyzed
in terms of outage probability (OP), throughput and ergodic rate. Specifically,
closed-form expressions are derived for the OP at both users, while the analytical
results of the throughput and ergodic rate are obtained for DLT and DTT modes,
respectively. It is shown that, with the NOMA adaptation, an improved outage
performance is attained in tems of throughput and ergodic rate compared to the
conventional orthogonal multiple access (OMA). The energy efficiency (EE) is
also derived for the suggested HD NOMA systems. Our numerical results depict
that the NOMA attains a better EE performance than the conventional OMA.

Second, PSR/TSR protocols are successively used for SWIPT in a NOMA based
cooperative relaying wireless-powered networks (CRWPNSs) containing a base
station and two destination nodes among which one plays the role as a relay
station to assist the communication between the base station and the far node.
Additionally, DF is considered at the relay station over two transmission modes,
i.e., Delay-limited Transmission (DLT) and Delay-tolerant Transmission (DTT).
In performance analysis, closed-form expressions of OP, throughput, ergodic
rate, and EE are derived for the PSR and TSR protocols with DLT and DTT
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modes in the NOMA-based CRWPNs. Next, the performance is analyzed to
realize the impacts of EH time, EH efficiency, PS ratio, source data rate, and the
distance between the nodes. Furthermore, the impacts of these parameters on the
OP and ergodic rate of two users at high SNR regime are also evaluated. The
simulation results demonstrate that the performance for CRNOMA outperforms
that for OMA. For performance comparison between two protocols, the TSR
achieves higher throughput, ergodic rate, and EE than the PSR. The investigation
and evaluation of performance metric versus different distances between from
the base station to relay station and comparison between direct and indirect links
with different path losses are also performed.

In the last model, closed-form expressions of the performance, i.e., OP, through
put, ergodic rate and EE, are derived for the PSR protocol with DLT and DTT
modes, and direct link. This performance of the system model with direct link is
compared to that for C-NOMA indirect link and OMA. The simulation results
show that the C-NOMA with direct link achieves a better performance than that
for the C-NOMA indirect link and OMA. The impacts of above-mentioned
parameters on the direct link are evaluated via the numerical simulation results
to realize the changes of the performance. These influences are the foundation
for selecting parameters with appropriate values for the system model to strike a
balance between performance and user device terms.



Chapter 1: OVERVIEW
1.1. The urgency of the subject

Mobile communication is one of the essential fields in human society. As society
develops, people's needs for communication and online interaction are
increasing. Along with this evolution, wireless networks using nG technologies,
as well as the next generation networks, have emerged and will continue to
emerge to serve people's needs. The explosion in the number of access devices,
various types of networks, and services have led to limitations in access speed,
capacity, bandwidth, energy, and signal transmission delay.

In telecommunications networks, these limitations become evident across
networks ranging from 1G to 4G. Within these networks, the employed access
technique is orthogonal multiple access (OMA), which encompasses methods
like TDMA, CDMA, FDMA, and OFDM. This thesis concentrates on
investigating the challenge of energy harvesting at relay stations, with the aim of
extending the operational duration of relay stations in NOMA systems. The
investigation involves cooperative relaying and simultaneous power
transmission, utilizing the PSR, TSR, and DF protocols for energy harvesting.
These protocols facilitate the tasks of harvesting energy, decoding information,
and forwarding data from the source node to the destination node. NOMA has
recently emerged as a highly promising technique for deployment in 5G and next-
generation networks. It aims to overcome the challenges posed by current
technologies, such as energy efficiency, latency, and fairness among user devices
[80], [87]-[88]. One of the notable characteristics of the NOMA technique is its
ability to enable multiple user devices to share the same time, frequency, and/or
code domain resources [80]. In this approach, a robust user device located closer
to the base station (NU) receives a lower power allocation factor compared to a
weaker user device, situated farther away from the base station (FU) and
characterized by inferior channel conditions. This allocation strategy ensures
equitable treatment of user devices [4], [6], [87], [89]. The two primary
techniques implemented within NOMA are superposition coding [88] and
successive interference cancellation [87]-[88]. An extended version of NOMA
known as Cooperative NOMA (C-NOMA) [91]-[92] leverages user equipment
with stronger channel conditions, particularly devices in transit, to facilitate the
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forwarding of information to other user devices characterized by weaker channel
conditions. Consequently, C-NOMA contributes to expanding the coverage area
of base stations and enhancing the overall performance of the NOMA system. In
the current landscape, numerous research groups are actively investigating
NOMA techniques for 5G and next-generation networks. Notably, the team at
Middlesex University [1]-[2] is dedicated to addressing energy-related
challenges within the system, encompassing NOMA systems in heterogeneous
cloud radio access network (HCRAN) networks, as well as spectrum sensing
problems in cognitive radio networks. Additionally, the research group at the
University of Manchester [3] is focused on exploring collaborative NOMA and
transition selection algorithms, integrating energy harvesting (EH) within the
network through the application of NOMA technology. Energy harvesting from
radio frequencies offers a solution to energy constraints and the extension of
battery life in electronic devices, wireless sensors, and relay stations within
wireless communication networks [91]-[92]. In the context of relay stations,
energy harvesting is integrated into the initial phase of the transmission time
block. The energy harvested serves two main purposes: i) powering the relay
station itself, and ii) forwarding the decoded information to the destination node.
The integration of SWIPT with C-NOMA in 5G systems has demonstrated
enhanced EE and broader coverage compared to conventional OMA technigues
[31], [89]. Moreover, a relay station employing SWIPT within the C-NOMA
framework can not only enhance the originality and reliability of transmitted data
for weak user devices by relaying information to remote user devices, but also
contribute to the improvement of the overall system [93]. SWIPT-based relay
stations utilize the PSR and TSR protocols to implement energy harvesting and
information processing [4], [6], [29], [94]. In [95], the research delved into the
total throughput of user devices within the SWIPT-based C-NOMA system. Both
approximate and explicit mathematical expressions for the outage probability
were derived. Additionally, [96] introduced two SWIPT-based protocols, namely
CNOMA SWIPT-PS and CNOMA-SWIPT-TS. The efficacy of these proposed
mechanisms was demonstrated to surpass that of conventional OMA methods
and the approach presented in [97]. In [90], the study investigated SWIPT within
the framework of the C-NOMA system. A unified design for Power Splitting
(PS) and Time Switching (TS) factors was proposed to enhance system
performance. The paper also furnished analytical expressions for the outage
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probability concerning both near and distant user devices. Additionally, [98]
examined PSR-based SWIPT for C-NOMA. Compared to the approach in [99],
this protocol substantially reduces the outage probability for powerful user
devices while boosting overall system throughput. The work in [100] showed
that the outage probability and throughput of the proposed Time Switching Ratio
(TSR) protocol outperforms those of the conventional TSR protocol. Within
forwarding-enabled C-NOMA, two primary data forwarding mechanisms exist:
Decode and Forward (DF) and Amplify and Forward (AF) [87]. In the context of
C-NOMA-based forwarding, remote user devices often receive signals initially
transmitted by the base station, which are then forwarded from relay stations
[100]-[104]. This is due to various obstacles in the transmission path [4], [6],
[105]. Nevertheless, within obstacle-free system models, these remote user
devices can receive signals from both cooperative relay stations and the base
station, thus involving a C-NOMA-based relay station with direct links [53],
[106]-[108]. In [106], a dynamic DF mechanism based on C-NOMA for
downlink transmission was introduced. The OP expression for this mechanism
was derived using point process theory. Furthermore, [109] presented three
cooperative relay mechanisms within a DF-based C-NOMA system. The
performance of these proposed mechanisms surpasses that of DF cooperative
forwarding without direct links and the approach of superimposing signal
transmission to multiple user devices without forwarding. In [110], an
investigation into a DF-based C-NOMA system featuring a direct link between
the base station and weak user equipment was conducted. Additionally, [111]
explored a device-to-device cooperation system using NOMA, wherein the base
station communicates simultaneously with all user devices. The study proposed
two decoding strategies: the single-signal decoding scheme and the maximum-
ratio-combination (MRC) scheme decoding. Simulation results demonstrated
that both the overall average speed and the outage probability (OP) are superior
to those observed with conventional NOMA schemes. In [112], the authors
introduced a protocol enabling dynamic switching between direct and indirect
methods within a C-NOMA system involving two user devices. The analysis
results have demonstrated the superiority of the proposed protocol compared to
conventional C-NOMA protocols. Additionally, [77] presented the outage
performance analysis of a dual DF-based SWIPT NOMA system featuring direct
links. The use of relay stations to transmit information from a base station to a
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destination node and simultaneously perform EH from RF sources has been
extensively investigated within current technologies, including OFDMA and
SWIPT/WPT [113] - [115]. In [113], a relaying selection scheme, namely
OFDMA relaying selection, was proposed for OFDM multihop cooperative
networks with L relays and M hops (M, L > 2). The end-to-end outage
performance of the proposed approach was evaluated and compared to that of the
OFDM relaying selection approach. In [38], a relaying selection scheme was
investigated in a two-hop relay-assisted multi-user OFDMA network with K
fixed relays and L users (2 < L < K), where the end-nodes exploited the SWIPT
mechanism based on the PS technique. This relaying selection is to optimize the
PS ratio of the end nodes as well as the relay, carrier, and power assignment so
that the sum-rate of the system was maximized under the harvested energy and
transmitted power constraints. In [115], a survey of the SWIPT and WPT assisted
energy harvesting techniques was presented. The survey provided a detailed
description of various potential emerging technologies for the fifth generation
(5G) communications with SWIPT/WPT.

The contributions of this thesis are as follows:

Firstly, the cooperative relaying NOMA system leverages the application of PSR
and TSR protocols within the SWIPT mechanism. Secondly, the study involves
examining performance parameters such as OP, throughput, ergodic rate, and EE.
This analysis aims to facilitate comparisons between the PSR and TSR protocols,
as well as between NOMA and OMA. Thirdly, the research focuses on
constructing explicit mathematical expressions to quantify system performance.
This includes system OP, throughput, ergodic rate, and EE. These mathematical
expressions encompass scenarios involving the PSR protocol with both DLT and
DTT, cooperative relaying, and direct link. The performance of the direct-link
system model was compared with that of C-NOMA using cooperative relaying,
as well as the comparison between C-NOMA and OMA.. Simulation results have
demonstrated that C-NOMA with direct link achieves superior performance
compared to forward C-NOMA, and C-NOMA outperforms OMA. Furthermore,
the study examines the impact of parameters such as EH execution time, power
division factor, EH performance efficiency, source data rate, and base station-to-
relay distance. These factors are investigated to understand their influence on OP,
throughput, ergodic rate, and EE, as well as their impact on the two PSR and TSR
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protocols. The effects of these parameters on the direct link are evaluated against
numerical simulation results to assess changes in system performance. These
insights serve as a foundation for selecting appropriate parameter values in the
system model, aiming to strike a balance between performance factors and
among users.

Chapter 2: THEORETICAL BASIS
2.1. Non-orthogonal multiple access
2.1.1. Introduction

NOMA engineering has been developed to cater to the requirements of 5G and
next-generation networks. Within this framework, two fundamental technologies
in the power domain of NOMA engineering are stacked coding and serial noise
suppression. These advancements play pivotal roles in enhancing the capabilities
of the NOMA system. To enable base stations to effectively transmit information
to users characterized by weak channel conditions, the concept of cooperative
NOMA is harnessed in these network models. Within the realm of cooperative
NOMA, users endowed with favorable channel conditions contribute to
facilitating the transmission of information from the source to the intended
recipient—users grappling with inferior channel conditions. In the context of
collaborative NOMA, a central issue revolves around powering the relay users,
ensuring their sustained operation. An approach to address this challenge
involves harnessing the energy collected from the RF radio signals supplied by
the transmitter. This harvested energy serves as a potential power source within
a collaborative NOMA system.

2.1.2. Energy harvesting in NOMA downlink cooperation with SWIPT
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Figure 2.1: Simultaneously energy harvesting and information transmission model by
applying cooperative NOMA based on the SWIPT scheme.

Chwong 3: SYSTEM MODEL

In this chapter, the proposed research model comprises a base station (S) and two
user devices (D1 and D2), utilizing the NOMA technique with SC mechanism at
the transmitter side, and SIC mechanism at the relay station for energy
harvesting. The following two cases are presented:

3.1. The first case
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User 2
—> Signal
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Figure 3.1: System model with one base station and two user devices with an obstruction
between S and D..

Assuming there is an obstacle between S and D, as depicted in Figure 3.1, the
scenario unfolds as follows: In Figure 3.1, S broadcasts two signals, namely x:
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and Xxo, to user device D;. Upon reception, D; detects the signal x- and regards it
as interference, subsequently employing the SIC technique to eliminate x, from
consideration. D: successfully decodes its own signal, xi1, through detection.
Following this, Di's assistance comes into play, facilitating the relay of the
decoded signal x, from S to D,. This communication model involves D:
employing the DF protocol, utilizing harvested energy received from S.

Assuming a system model with a Rayleigh fading channel, the distances from S
to D; and from D, to D, are denoted as d; and dy, respectively. The gains within
the corresponding links follow Rayleigh distributions, characterized by a
probability density function (PDF) as follows:

1 -
fe ()= Qexr{—g}' <iL2), (3.)

where, Qi represents the average power and the cumulative distribution function
(CDF) is determined by:

F (X)zl_exp(_gij,i e{1,2). 32

3.1.1. Energy Harvesting and Information Processing at D

3.1.1.1. Energy harvesting at PSR-based D;

A Power
< T >
Energy Harvesting at D,
BPs D, -> D,
S -> D, Data Transmission Data Relaying
1-B)P
(1-B)Ps 1,
T/2 TI2 Time

Figure 3.2: The PSR protocol of the energy harvesting system.

3.1.1.2. Energy harvesting at TSR-based D1
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Figure 3.3: The TSR protocol of the energy harvesting system.

3.2. The second case
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Hinh 3.4: System model with one base station and two user devices with no obstructions
between S and D..

Assuming an unobstructed path between S and D, illustrated in Figure 3.4, the
scenario unfolds as follows: In Figure 3.4, two user devices, D1 and Dy, receive
the transmission signal from the base station, S. Due to the greater distance of D,
from the source node S compared to D;, D1 plays a pivotal role in aiding S to
relay the information to D».

Chapter 4: PERFORMANCE ANALYSIS

In Chapter 3, the PhD student formulated expressions for energy harvesting and
information processing at the relay station for the two proposed cases.
Furthermore, this chapter encompasses the development of performance
formulas (including OP, throughput, ergodic rate, and EE) for the SWIPT NOMA
system. The chapter proceeds to analyze and assess the system's performance
under the following scenarios:
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- Transmitting through the relay station and direct transmission.
- Employing perfect SIC and imperfect SIC.

4.1. Performance analysis of case 1

4.1.1. Outage probability at Dy

The outage probability at D; of the PSR protocol is given by:
PDl,X =1- Pr(?’z.o1 > Y, Y10, > 71@)1 (4.1

where, v, =2°%-1 and y, =2°% -1 represent the threshold SNRs at D; for

detecting signals x; and Xz, respectively.

_O1x

P =l-e %, (4.2)
Y .
Set 1% :|t—hz’ Vix =y;h,1 and 6 x =max(z, x ,vl‘X)WIth a, > Yy, -
pYx (3, _aﬂ/thz) ayyp

4.1.2. Outage probability at D,
Po,x = Pr(7z,01 <7, )+ Pr(?’z,o2 <7,1¥20, > Vi, )

S IR
=1-¢ +I[1—e ver z}ae Jax, (4.4)

7% 1

The outage probability at D, for high SNR is expressed by:

\/ 27th2 27m2
PDOZ,X 12\ vEPu K,2 XWEPUQy (4.6)
4.1.3. Throughput for DLT Mode

« =(1=Pox JR+(1=Ps, ¢ )R, (4.7)

4.1.4. Ergodic rate for DTT Mode

4.1.4.1. Ergodic rate at D,
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1
RDPX=_e[Wlxalpﬂj Ei[ 1 j (4.9)

2In2 vy a0,

4.1.4.2. Ergodic rate at D

I S w 3 Y b
3| @ w,xp(az—alx)Q1 + I i 1_e YPWEXQZ e Q1dy
a

1 ¢ i p(a—ax) "1

1+x

dx. (4.11)

4.1.4.3. Ergodic rate of the system

Trx =Rp x +Rp, x- (4.14)

4.1.5. Imperfect SIC

g
P S =1-e %, véi g = Vit

PV, (ai_asz%hl).

(4.17)

4.2. Performance analysis of case 2

4.2.1. Outage probability at D,

Similar to the outage probability at D; in case 1.
4.2.2. Outage probability at D, for the relay link
Similar to the outage probability at D, in case 1.

The outage probability at D, for high SNR is expressed by:

pr=1 (4.18)

4.2.3. Outage probability at D, for both relay and direct link
14



1 Tt Ya, Xy
PDz,dir = J.:IOW' § 1—p MWerS XpeQp(yayp+l) g D dxdy
Q8

_a _a _wn
x e QlJ{l—e QlJ[l—e % ] (4.21)

4.2.4. Throughput for DLT Mode
4.2.4.1. User Relaying Without Direct Link
The throughput of the system over relaying without direct link is like case 1.
4.2.4.1. User Relaying with Direct Link

T = (1 Py, )R+ (1= Py, ) Ro- (4.25)
4.2.5. Ergodic rate for DTT Mode
4.2.5.1. Ergodic rate at D;
The ergodic rate at D1 over relaying without direct link is like case 1.
4.2.5.2. Ergodic Rate at D, for User Relaying without Direct Link

The ergodic rate at D, over relaying without direct link is like case 1.

4.2.5.3. Ergodic Rate at D, for User Relaying with Direct Link

X @« © 2x(yayp+1)+2yayp y oz
g ViP(2-ax) _J' J' 1 1—g wve(yapd) |4 9 Qldydz

0 X QlQ 0

1% viola-ax)
s dx (4.27
I 1+x ( )

The ergodic rate in the asymptotic expression at D, for high SNR region
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a 2x 2a, Y

3 - VP UER Y PQWER

1
ROO .=
Ot 2|n2I 0 Q, (1+x)

0

dxdy. (4.29)

4.2.5.4. Ergodic rate of the system for User Relaying Without Direct Link

The ergodic rate of system over relaying without direct link is determined similar
to case 1.

4.2.5.5. Ergodic rate of the system for User Relaying with Direct Link
Ty dir = RD1 + RDz,dir’ (4.31)
4.2.6. Energy efficiency

27¢,x B 2T¢,x

EE, , = - ,
OTR TP p(l+pQy)

(4.32)

where,T =1,6°=1,p= % P, = An|h[* P, =w.Q,P, ,and ¢ € (t,r),denotes
0
the system energy efficiency in DLT mode and DTT mode, respectively.

Chuwong 5: RESULTS AND COMMENTS
5.1. Simulation results and comments for case 1

Figure 5.1(c)-(d) plots the OPs of two users for the PSR and TSR protocols in
terms of SNR. User 2 has a lower OP than User 1 in both HD CNOMA and OMA
schemes. In addition, the OP of two users in HD CNOMA scheme is lower than
OP of two users in OMA scheme.

16



1072

Outage Probability

O  sim:User1-Exact HD-NOMA
O  Sim:User2-Exact HD-NOMA
—%— Ana:User1-OMA
Ana:User2-OMA
Ana:User2-Exact HD-NOMA
Ana:User1-Exact HD-NOMA

= = = +Ana:User1-High SNR HD-NOMA
—&— Ana:User2-High SNR HD-NOMA

-10 -5 0 5 10 15 20 25 30 35 40
SNR p (dB)

104

Hinh 5.1c. Outage probability versus transmitting SNR for PSR and TSR protocols.
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Hinh 5.1d. Comparison of outage probability between this work and [85].

Figures 5.3c and 5.4c depict the throughput and ergodic rate of the two users for
the PSR and TSR protocols as a function of B (B=a). Specifically, we can see
from Figure 5.3c that the throughput of User 1 is much higher than that of User
2 in HD CRNOMA scheme.
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Throughput (BPCU)

Hinh 5.3c. The throughput of two users versus f=a PSR and TSR protocols.

Similarly, Figure 5.4c shows that the ergodic rate at User 1 is higher than that at
User 2 in CRNOMA scheme. The ergodic rate at User 1 is the highest in the
CRNOMA scheme, while the one at User 2 is the lowest in the OMA scheme.

Ergodic Rate (BPCU)

Hinh 5.4c. The ergodic rate of two users versus f=a for PSR and TSR protocols.
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Hinh 5.5d. plots the energy efficiency of two users for the PSR and TSR protocols
as a function of SNR (dB). It can be seen that the EE performance for the DLT
mode is lower than that for the DTT mode. Thus, the NOMA outperforms the EE
performance as compared to the conventional OMA in low SNR region (<
10(dB)). The reason is that the CRNOMA can achieve a larger throughput and
ergodic rate than that of the OMA.
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Hinh 5.5d. Energy efficiency of two users for PSR and TSR protocols.

It can be observed from Fig 5.7 that the larger the distance d, the higher the outage
probability of two users with NOMA.
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Figure 5.7. The outage probability versus SNR and different values of d.

Figure 5.8 plots the comparison of the outage probabilities at D; versus SNR
corresponding with imperfect and perfect SIC signal x, with different values of
k. As shown in Fig 5.8, the SIC residual interference coefficient has a
considerable impact on the outage performance at D.
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Hinh 5.8. Comparison of the outage probability at D1 versus transmitting SNR for the
cases of perfect and imperfect SIC x, with different values of K.
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link.
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direct link.
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Figure 5.13 illustrates the energy efficiency according to SNR from -10 to 40 dB.
It is shown that the EE for C-NOMA with direct link achieves much higher than
that for C-NOMA without direct link and OMA.
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Hinh 5.13. Energy efficiency of two users for the PSR protocol in cases of without direct
link and direct link.

Chapter 6: CONCLUSIONS AND FUTURE WORKS
6.1. Conclusions

This thesis has proposed solutions to harvested energy in the SWIPT NOMA
system with the focus on power domain NOMA and cooperation NOMA which
has been implemented in research topics. Solutions for energy harvesting from
the base station, making an important contribution to the assessment, deployment,
and planning of radio networks, wireless sensor networks, and performance in
environments where power cannot be provided. such as in the human body,
organism, in the air or in the case of rescue, flood warning, landslide warning,
forest fire warning.... Performance of research models using PSR, TSR protocols
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for energy harvesting and information processing, with forward and direct pass-
through methods, with DF mechanism in SWIPT NOMA system, all established
by mathematical expressions, is verified through Monte-Carlo simulation results.
The performance results demonstrate that NOMA outperforms OMA in both
throughput and ergodic rate, PSR protocol is superior to TSR protocol.

Through this content, it is shown that the NOMA scheme is very feasible and
superior to the conventional OMA scheme. From there, NOMA can be applied in
a cooperative relaying network, which can be deployed in various areas of radio
communication.

6.2. Future works

Continuing research on NOMA and EH contributes to overcoming challenges for
relay network, wireless cooperation network is the problem of energy shortage.
This thesis studies protocols to wirelessly harvest energy from RF waves in the
surrounding environment and simultaneously process information in the NOMA
system to extend the life of power-constrained relay stations in wireless networks
developed for multi-relay, multi-antenna systems, energy harvesting cooperative
relay radio access networks, wireless sensor networks, heterogeneous cloud radio
access networks (H-CRAN), unmanned aerial vehicles (UAVS)...

The works that can develop from this thesis are:

e Compare and evaluate the characteristics of two PSR and TSR protocols
in multi-relay, multi-access point networks; calculate the outage
probability, throughput, ergodic rate, and energy efficiency of the
system, for the relay and direct link; calculate the outage probability,
throughput, ergodic rate and energy efficiency of the system, for both
half-duplex and full-duplex transmission.

¢ Evaluate the performance of the H-CRAN network in energy harvesting
and information processing. The main research goals are to enhance
spectrum efficiency, improve energy efficiency, increase battery life for
mobile devices and wireless communication systems.
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