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Abstract

Wireless mobile communication and its applications have become a crucial part of our daily lives.
With the increasing number of wireless devices, the number of users, and massive data traffic, the sig-
nificant challenges for today’s Fourth-Generation (4G) wireless communication system are the effec-
tive utilization of Radio Frequency (RF) spectrum and energy efficiency. Also, it is to be noted that the
expected data rates for Fifth-Generation (5G) and beyond communication cannot be achieved using
4G technologies. This led to the development of various new technologies for 5G and beyond wire-
less communication. Three of the key technologies involved in 5G and beyond are Non-Orthogonal

Multiple Access (NOMA), cooperative communication, and RF energy harvesting.

The principal reason for using NOMA in 5G and beyond communication is its capability to serve
multiple users using the same time and frequency resources. Two main techniques involved in NOMA
are power-domain and code-domain. Power-domain in NOMA attains multiplexing in the power do-
main, whereas code-domain in NOMA attains multiplexing in the code domain. NOMA dominates
typical Orthogonal Multiple Access (OMA) in terms of various aspects like spectral efficiency, con-
nectivity, latency, and fairness. Cooperative NOMA is an extended version of NOMA, which incorpo-
rates multiple or single relays into the NOMA networks to improve reliability. Since we are moving
towards the design of advanced communication receivers for high data rate applications, the power

consumption of wireless devices has become an important issue.

Further, successive interference cancellation (SIC) technique involved in NOMA and complex
signal processing techniques will quickly drain the battery life. Hence, to solve the problem of high
energy consumption in 5G and beyond wireless systems, RF energy harvesting becomes a promising
technology. Conventional energy harvesting techniques using solar power, wind energy, etc., are
not reliable. Thus, non-conventional energy harvesting techniques such as Wireless Power Transfer
(WPT) and Simultaneous Wireless Information and Power Transfer (SWIPT) will act as a solution.
In WPT, the energy from powerful RF sources such as base stations, dedicated access points, etc.,
can be harvested to power individual wireless nodes. Further, SWIPT enables the wireless nodes

to harvest the energy from incoming RF signals using time switching or power splitting techniques
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and transmit information using harvested energy. In a nutshell, cooperative NOMA and RF energy
harvesting together will serve as promising candidates for 5G and beyond wireless communication.
In our work, the performance analysis of cooperative NOMA networks with and without RF en-
ergy harvesting has been investigated over Rayleigh fading channel. We have derived mathematical
expressions for performance metrics such as outage probability, system throughput, and ergodic ca-
pacity. The derived performance metrics have been validated using Monte-Carlo simulations. Further,
the performance of the proposed system models have also analyzed for the cases with imperfect chan-
nel state information (CSI) and SIC, which exist in practical scenarios. Finally, various interesting

inferences have been reported using the obtained performance metrics.
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Chapter 1

Introduction

1.1 Introduction

Non-Orthogonal Multiple Access (NOMA) has been recognized as a promising multiple access method
for the Fifth-Generation (5G) networks due to its higher spectral efficiency and massive connectivity.
NOMA is broadly classified into two types: Power Domain (PD) NOMA and code domain NOMA.
Here our work is in the direction of PD-NOMA. In PD-NOMA, multiple users are served using
the same time, frequency resource blocks but with different power allocation coefficients, i.e., users
with better channel conditions are assigned lower power coefficient values, whereas users with poor
channel conditions are assigned higher power coefficient values. This thesis will hereafter refer to
PD-NOMA as just NOMA. NOMA employs two techniques, namely superposition coding and Suc-
cessive Interference Cancellation (SIC) at transmitter and receiver, respectively. At the transmitter,
multiple users are multiplexed in the power domain using superposition coding. At the receiver, mul-
tiple users are demultiplexed using SIC. SIC is an iterative algorithm, where data corresponded to
each user is decoded based on the decreasing order of power coefficients allocated to each user, i.e.,
data corresponds to a user who is allocated with a high power coefficient is decoded first. Then data
corresponding to a user who is allocated with the next highest power coefficient is decoded. This pro-
cess is continued until information corresponding to all users is decoded. Unlike NOMA, Orthogonal
Multiple Access (OMA) techniques, such as Frequency Division Multiple Access (FDMA), Time Di-
vision Multiple Access (TDMA), Code Division Multiple Access (CDMA), Orthogonal Frequency
Division Multiple Access (OFDMA), serve a single user in each orthogonal resource block. These

OMA techniques are spectral inefficient compared with the NOMA [5].

In cooperative communication, multiple relays or a single relay are employed between transmitter

and receiver. Here in the cooperative communication, apart from the base station, relays also will
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forward the information to the receiver. In cooperation communication, the information is transmit-
ted in two phases: the base station transmits information to the relay in the first phase. In the second
phase, relay forwards information to the receiver. There are two modes of operation at the relay:
half-duplex (HD) and full-duplex (FD). Two orthogonal time slots or frequency bands are employed
for data transmission and reception in HD mode. Simultaneous transmission and reception on the
same frequency band and at the same time is possible in FD mode. In cooperative communication
networks along with the base station, the relay node also will transmit the signal to the mobile users.
So, mobile users receive the signal from both the base station as well as from the relay. Due to this
cooperative communication, diversity gain can be achieved without incorporating multiple antennas
at the receiver, and also coverage area of the base station is extended. Integrating NOMA with co-
operative communication has several advantages such as reliability, extension of coverage area, and
improved diversity gain [4]. So, incorporating NOMA with cooperative communication would be a
promising technology for 5G and beyond communication.

Using the strong user as a relay, cooperative NOMA can successfully assist the user with weak
channel conditions. However, this user may not want to engage in relaying because it would drain the
battery quickly and limit its life. Radio Frequency (RF) energy harvesting is a promising candidate
to solve energy consumption issues. With Simultaneous Wireless Information and Power Transfer
(SWIPT), the strong user can harvest energy from the incoming RF signals transmitted by the base
station and use it to power the relay transmission. As a result, the strong user will have a motive to
relay information to the weak user, and the weak user will be able to assisted by the strong user [5].
So, integrating SWIPT with cooperative NOMA would be a promising candidate for 5G and beyond

communication.

1.2 Literature Review

Recently, many research works have been done by integrating NOMA with various technologies.
Authors in [2] have made a performance comparison between NOMA and OMA for both uplink
and downlink scenarios. In terms of sum rate, the NOMA exceeds the OMA in [2]. Further, au-
thors in [2] have investigated Multiple Input Multiple Output (MIMO) NOMA and it is proved that
MIMO-NOMA exceeds NOMA in terms of both outage probability and sum rate. For cooperative
NOMA systems with finite time slots, a two-stage superposed transmission mechanism is proposed
in [7]. Conventional cooperative NOMA (CCN) networks suffer from low spectral efficiency due to

a half-duplex limitation. To inscribe this problem, the authors in [12], [19] proposed an incremental
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cooperative NOMA (ICN) protocol in a downlink scenario and they derived outage probability and
system throughput expressions over Rayleigh fading channels. Further, they also demonstrated that
the proposed ICN protocol exceeds the CCN protocol. The authors of [14] proposed three coopera-
tive relaying schemes to improve the outage performance for the two far users in the presence of both
direct and relay links.

Incorporating multiple relays in a dual-hop cooperative NOMA system provides a significant
performance improvement. Two typical relay selection schemes are examined in dual-hop cooperative
networks: opportunistic relay selection (ORS) [3] and partial relay selection (PRS) [11]. The PRS
technique considers channel state information (CSI) between source and relay links or between the
relay and mobile users links for relay selection. The ORS method considers CSI between source
and relay links, as well as between relay and mobile users for relay selection. In [11], the authors
investigated the outage performance of NOMA with PRS scheme for AF relay systems. RF signal
energy harvesting has recently drawn significant attention in wireless communication networks to
increase battery lifetime at the wireless sensor nodes, mobile users, and relay [15]. In [15], the
authors have considered AF relaying network. Energy is harvested from the received RF signal by an
energy-constrained relay node, which is then used to send the base station information to the receiver.
In [21], the authors have proposed the SWIPT NOMA networks. Here, the near user acts as an FD
mode energy harvesting relay node to aid transmission from source node to far user. To achieve ideal
values of power allocation factor and power splitting ratio, an alternative optimization-based approach
is proposed [21]. Analysis of NOMA networks having non-linear energy harvesting is carried out in
[18], [20], [9]. In a practical scenario, imperfect CSI and imperfect SIC exist in the system. The
effects of inaccurate CSI information in an energy harvesting cooperative NOMA system with a
source, two users, and an energy harvesting relay are explored in [6]. In [16], authors investigated the
performance of cooperative NOMA networks under PRS scheme with outdated CSI. The impact of
channel correlation coefficient, relay selection mode, and relay position on system performance has
been shown in [16].

The authors in [22] investigated NOMA systems where SIC is applied to both legitimate users
and eavesdroppers. Furthermore, to alleviate the SIC error produced by imperfect SIC, a power
allocation method is devised for legitimate users [22]. Unlike the SWIPT-enabled cooperative NOMA
networks, the research works in [13] considered the SWIPT-enabled cooperative NOMA networks
with imperfect CSI and SIC. Performance of cooperative NOMA system with imperfect SIC and CSI
is investigated in [1], [10]. The impact of residual hardware impairments, channel estimate errors,
and SIC on SWIPT aided cooperative NOMA system over Nakagami-m channels is explored in [13]

and closed-form expressions for outage probability and ergodic sum rate are determined. In addition,
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an asymptotic outage probability analysis is performed. The results reveal that owing to channel
estimate problems, the outage probability has an error floor. Furthermore, channel estimate errors

have a greater influence on system the performance than residual hardware impairments.

1.3 Motivations and Contributions

1.3.1 Chapter 2

The motivations behind the work in Chapter 2 are summarized as follows:

* The performance of cooperative NOMA with PRS scheme for DF relaying in the presence of
both direct link and relay link has not been investigated in the existing literature to the best of

our knowledge.

* In particular, the performance analysis in [11] was reported only for the AF relaying. Therefore,

there is a need to analyze the performance of the DF relaying.
The contributions of the work in Chapter 2 are summarized as follows:

* The closed-form expressions for performance metrics such as outage probability, ergodic ca-

pacity, and overall system throughput of the proposed system model are derived.

* The Monte Carlo simulations are also carried out to validate the derived closed-form expres-

sions.

1.3.2 Chapter 3

The motivations behind the work in Chapter 3 are summarized as follows:

» The existing literature lack in deriving the exact outage probability expression for the SWIPT-
enabled cooperative NOMA system over Rayleigh fading channels. Furthermore, most of the

works in the multi-relay scenario are limited to AF or DF relaying without a direct link.

* In particular, the outage probability analysis for the SWIPT-enabled cooperative NOMA sys-
tem over Rayleigh fading channels in [15], [17] are restricted to asymptotic outage probability

expressions only.

* There is a need to derive the closed-form expressions for the outage probability in order to

perform exact outage probability analysis.



The contributions of the work in Chapter 3 are summarized as follows:

* The exact closed-form outage probability expressions are derived for the proposed system over

Rayleigh fading channels.

* In addition, the expressions of ergodic capacity, overall system throughput, and energy effi-

ciency are also derived.

* The diversity order analysis is carried out by deriving the asymptotic outage probability expres-

sions.

* Finally, Monte Carlo simulations are performed to validate the derived performance metrics.

1.3.3 Chapter 4

The motivations behind the work in Chapter 4 are summarized as follows:

* SWIPT-enabled cooperative NOMA system achieves spectral efficiency, energy efficiency, re-
liability. This system achieves full diversity order if there is perfect CSI. However, perfect CSI

is not possible in real-time scenarios.

* The existing literature lacks performance analysis of SWIPT-enabled cooperative NOMA sys-

ten with imperfect CSI and SIC in the presence of both the direct link and the relay link.
The contributions of the work in Chapter 2 are summarized as follows:

* The closed-form expressions for performance metrics such as outage probability, ergodic ca-

pacity, and overall system throughput of the proposed system model are derived.

* The Monte Carlo simulations are also carried out to validate the derived closed-form expres-

sions.

1.4 Organization of the Thesis

The rest of this thesis is organized as follows: In Chapter 2, the system model of PRS NOMA for DF
relay networks is discussed. Further, in chapter 3, the performance analysis of the SWIPT-enabled
cooperative NOMA system is carried out. Chapter 4 shows the performance analysis of the SWIPT-
enabled cooperative NOMA system with imperfect CSI and SIC. Finally, Chapter 5 includes the

conclusion and scope of the future work of this thesis.



Chapter 2

Performance Analysis of NOMA with Partial
Relay Selection for DF Relay Networks

2.1 Introduction

This chapter describes a downlink cooperative NOMA system model. We proposed a system model
of NOMA with Partial Relay Selection for DF Relay Networks. In the proposed system model, we
employed one base station, multiple relays, two mobile users. Further, we assume all receiver nodes
know the full CSI of all the links. Out of multiple relays, one is selected based on the relay selection
scheme. Here, PRS is considered in our work. In the PRS scheme, only CSI between source-to-relay
links are required. One relay is selected out of multiple relays based on the instantaneous signal-
to-noise ratio (SNR) between source-to-relay links. Receiver nodes receive the signal from the base
station and from the relay in two phases. Out of two received signals, one signal is considered. So, di-
versity combining is to be employed at receiver nodes. There are various kinds of diversity combining
techniques such as selection combining, switched combining, maximum-ratio combining, equal-gain
combining. Here in our work, we have considered selection combining diversity technique, which is
the simplest and the least complex among all the other techniques. In the selection combining tech-
nique, out of two received signals at the receiver node, the received signal which is having maximum
signal-to-interference-plus-noise-ratio (SINR) is considered. The performance of this proposed sys-
tem is analyzed by deriving the exact outage probability, ergodic capacity expressions, and overall

system throughput over Rayleigh fading channels.
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2.2 Organisation of Chapter

The rest of the chapter is organized as follows: The system model for a Cooperative NOMA sys-
tem has been discussed in Section 2.3. Section 2.4 provides the closed-form expressions for outage
probability and ergodic capacity of both mobile users over Rayleigh fading channels. Furthermore,
Numerical results and inferences are given in Section 2.5. Finally, the concluding remarks are given

in Section 2.6.

2.3 System Model

Let us consider a downlink cooperative NOMA system model as shown in Figure 2.1, where a base
station (BS) S intends to transmit the signal to two mobile users D, D, with the help of a single DF
relay, which is selected out of K number of relays based on PRS scheme. Here out of K relays, one
relay is selected based on the instantaneous SNR between S — Ry links, Where, k = 1,2,....K. Here
the data transmission takes place in two phases, and we assume symbol by symbol transmission. The
relay employs HD mode and all nodes in the network are equipped with a single antenna. Let 4; ; rep-
resents the independent Rayleigh fading channel coefficient between nodes i and j with variance €2; ;,
Where, i#j, i €{S,R}, j €{R;,D}. The relation between Q; ; and the normalized distance between
nodes is Q; ; = d;jn" , Where, d; ; is normalised distance between nodes, n, is path-loss exponent.
At the beginning of the transmission, the source node selects one relay based on the channel state

information.

hg, .p,

Figure 2.1: System Model



The random variables W;, X;, Y;; represents instantaneous SNR of links S — D;, S — Ry, Ry — D;,

respectively, where, random variables W;, X;, Y;; are given as follows:

W; = ps|hsp,|* = ¥, 2.1
Xi = ps|hsr,|* = Ysr, (2.2)
Yie = pslhropi)* = Yrep; 2.3)

The cumulative distributive functions (CDFs) of random variables W;, Xi, Y;; are given by

Fy. (w;)=1— ex 2.4

w; (wi) p(pstp,) (2.4)

Fy, (xx)=1— ex 2.5
—Yik

F, i) =1— exp| ——— 2.6

Yie (Vik) p ( PsQ-RkDi) (2.6)

Out of multiple relays, one relay is selected, and that chosen relay will decode the signal received
from S in the first phase and then forward the decoded signal to both the users in the second phase.
The PRS strategy is employed to select relay based on the instantaneous SNR between S— R;. Let

the selected relay index is k*, and its respective instantaneous SNR is obtained as follows:

k' =arg 27k Xk (2.7)
Xpe =20,k Xk (2.8)
The CDF of the selected relay k* is
Fx,. (xp) = P (Xpr < xper) (2.9)
Fx,. (xp+) = P(max (X1, X2, .....Xp) < xp+) (2.10)
Fx,. (xpe) = P (X1 <x,Xp <X, Xp < 2p) 2.11)
Fx,. (xpe) = P (X1 <xpe) P(Xp < Xpr) oo (2.12)

After substituting (2.5) in (2.12), the CDF of selected relay is given as follows

. _ —Xj* _ —Xx
Fx,. (xp) = [1 exp <PsQSR, >] [1 exp (pSQSR2>:| ........ (2.13)

Let QSRl = -QSRZ = i QSRK

So, now CDF of the selected relay k* is rewirtten as follows

K
Fx. (x<) = |1— ex 2.14
X (K1) [ p(psQSRk*)] (2.14)

8
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11 (5 e

k=1 pS‘QSRk*

First Phase:

The received signals at both mobile users Dy, D, are given by

yp, = hsp, (\/a1psx1 +/azpsx2) + np,
YD, = hsp, (\/a1psx1 ++/azpsx2) +np,

(2.15)

(2.16)

(2.17)

(2.18)

where np, and np, denote the additive white gaussian noise (AWGN) with zero mean and variance

o2, hsp, and hgp, are the fading channel coefficients, a; denotes power coefficient for symbol x;,

i=1,2, p, is transmission power at the S. As user] is far away from the base station compared to user2

SO, aj > aj.

The received SINR at D to detect its symbol x; is given by

_ a1 ps|hsp, |*
axps|hsp, |* + o2

. a1W1
n= owi+1

where, p; = % represents the average SNR.

The received SINR at D5 to detect symbol xj is given by

The received SINR at D, to detect its symbol x; after SIC is given by
Yo =W,
The received signal at selected relay k* from S is

YRy = hsgr. (\/a1psx1 4 \/azpsx2) +ng,.

where, ng, . represents AWGN at relay k* having zero mean and variance o’

The received SINR at Ry« to detect symbol x; is given by

CZIXk*

Tr,1 =—a2Xk*+1

The received SINR at Ry« to detect symbol x; after SIC is given by

YrR2 = @2 X

9
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Second phase: The received signal at D{ and D; in the second phase can be expressed as

YW = \Jaipsxihr,.p, + /@psxahr.p, +ni (2.26)
yoF = \Jaipsxihg,.p, + /@ psx2hr,.p, + 12 (2.27)

where n; and n; represent the AWGN at Dy and D, , respectively, with zero mean and variance c?
, transmission power at relay is p, and we assume p, = p,. The received SINR at D to detect its

symbol x; is given by

ar Y
F_ Tt Yll kl’; 1 (2.28)
The received SINR at D5 to detect symbol x| is given by
) = % (2.29)
The received SINR at D, to detect its symbol x; after SIC is given by
s = arYo (2.30)
2.4 Performance Analysis
2.4.1 Outage Probability Analysis of Userl
The outage probability of the D is given by
Py =P (max (¥sp,, YreD:) < %) (2.31)
where 7;;, is SINR threshold
=P (¥sp, < ¥in N WD, < Yin) (232)
=P (Ysp, < ¥n) P (YD < Yin) (2.33)
Pr=P(n <¥m)P (W1 < %nU2 < ¥ UN" <) (2.34)
After simplifying the above equation, we can rewrite it as follows
Pi=P(n <¥m) (1=P(®1> %N 2> WK’ > ¥n)) (2.35)
After, substituting (2.20), (2.24), (2.25), (2.28) in (2.35), we get
Pr=PW; <¢)(1=P(Xpx > ppNYypx > 1)) (2.36)
where, ) = (al_%—;lz'}’th) 9> = max ((al_%—zzm) %) (2.37)

After, substituting (2.4), (2.16), (2.6), in (2.36), we get

_ —¢ &K (k—1) —¢ —¢
o en ) (- () o o)
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2.4.2 Outage Probability Analysis of User2

The outage probability of the D, is given by
Py = P (max (Ysp,, Y&eeDs) < Yin)

=P (Ysp, < Yin N YRpeDs < Yin)

=P (Ysp, < ¥%in) P (YRpDs < Yin)

After simplifying the above equation, we can rewrite it as follows

Po=P(Yi2<¥UP <¥n)P (Wi < YUYz <¥nUNs <¥nUWB" <%n)

After simplifying the above equation, it can rewritten follows

Po=(1=P(2>%mN%> %) (1=P (Y1 > %N ¥e2 > %N Vs > N > Yun))

After, substituting (2.21), (2.22), (2.24), (2.25), (2.29), (2.30) in (2.43), we get

Po=(1=P(W2>)) (1 =P(Xpx > ¢rNYopr > 2))

After, substituting (2.4), (2.16), (2.6), in (2.44), we get

() Bl oo
PZ—(I =P (ps-QSD2>) (1 kgi k ( 1) =P psQSRk* P

2.4.3 Ergodic Capacity Analysis of Userl
The ergodic capacity of the userl is given by
1
Ci=E {ilogz (1 +Zl):|

Z; is a random variabe and Z; = max (7, min (¥&,1, 7))

1 *1—-F; (X)
1 = Wy
! 21n(2)/0 +x

where Fz, (x) = P (max (i, min (yz,1, 71" )) < x)
Fz, (x) :P(yl < xMNmin ()/RJ,YIDF) <x)

After simplifying the above equation, we can rewrite it as follows

Fz, (x) =P (y1 <x) (1—P(max (}/R71,71DF) > x))

11

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)



After, substituting (2.20), (2.24), and (2.28) in (2.50), we get

Fz, xX)=PWy <) (1 =PXpr > 1) P Yipr > 1)) (2.51)

X
(a1 — axx)
After substituting (2.4), (2.16), (2.6) in (2.51), we get

) | A I

—H1
X e _ 2.53
P (pSQRk*Dl ) ] ( )

After simplifying the above equation, we can rewrite it as follows

k=K
L —H K\ G- —H k !
FZ] (X) - |i1 eXp (pSQSDl ) :| + |ik§:1 (k) ( 1) xp ( Ps (QSRk* + QRk*Dl

(-en(y))] o

where, U = (2.52)

The above equation is valid only if x < %

After substituting (2.54) in (2.47), we get

1 (o 1—F (x)
- d 2.55
=) /0 T+x (2.55)

The above equation can be re-written as

611
o B

1 (12
_ 2.56
N Te) /0 T (2.56)

k=K
—H1 K) (k—1) (—Nl ( k 1 ))
where, 5 = ex — -1 ex +
P <pSQSD1 ) |:];1 (k ( ) P Ps QSRk* QRk*Dl

—H
1— _— 2.57
- ( =P (PsQSDl )) ] (7

2.4.4 Ergodic Capacity Analysis of user2

The ergodic capacity of the user2 is given by
1
G =E {Elogz (1 +Zz):| (2.58)

Z; is a random variabe and Z, = max (}/2, min (yR,z, },ZDF ))

_ 1 = 1-Fz (x)
= 21n(2) /0 1+x dx (2.59)
where Fz, (x) = P (max (y2,min (2,75 )) < x) (2.60)

12



Fz, (x) :P(yz < xMNmin (yRyz,VzDF) <x) (2.61)

After simplifying the above equation, we can rewrite it as follows

Fy, (x) =P(pp <x)(1—P(max (Y2, 15" ) > x)) (2.62)

After, substituting (2.22), (2.25), and (2.30) in (2.62), we get

Fy, (x) =P (Wz < ﬁ) (1 _P (Xk* > 1) P (YW > ﬁ)) (2.63)
a a a

After, substituting (2.4), (2.16), and (2.6) in (2.63), we get

Faw =[1-ew (2 ) [I-8 () 0 fewp e

aZPSQSDZ k=1
—exp (—xu3) ] } (2.64)
h ko + ( ) (2.65)
wnere, = 3 = I —— .
‘u2 aszQSRk* aszQSDZ ‘LL3 uz aszQRk*Dz

After, substituting (2.64) in (2.59), we get

: 1[ /wexp(m) = it (5) (D" (exp (—apa) — exp (—as))
2 0 X

_ dx (2.6
21n(2) I +x 0 I +x x} )

After simplifying the above equation, we can rewrite it as follows

= sz || (i) ¥ () |+ [ 2 (0) 0

<~ exp ) Ei - e uEi-m) ||| con

where, Ei(. ) represents the exponential integral function [8, Eq. (3.352.4)]

2.4.5 Opverall System Throughput
The overall system throughput is given by
R=(1-P)Ri+(1-P)R, (2.68)

where, P; and P, are obtained from (2.38) and (2.45) respectively. R; and R, are target rates of userl

and user2 respectively.

13



2.5 Numerical Results and Discussions

In this section, we will analyze the derived closed-form expressions. We also demonstrate the ef-
fects of various parameters on outage probability, overall system throughput, ergodic capacity for
the proposed system model. For numerical investigation, we set a; = 0.7, ap = 0.3, v, = 2 dB,
np =4 Ry =1.5,Ry = 1.5, Qsp, = (1)*, Qsp, = (0.75) %, Qur,. = (0.5) %, Qr..p, = (0.5)"*, and
Qg,.p, = (0.25)7*

Outage Probability vs Average SNR

10%
i o
K=1,2,3
T 107 ¢ E
@
0
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>
F 2| J
310 ]
o
o
o
(o)
S O User 1(Sim.)
a3 103k O  User 1(Sim.)
User 1(Sim.) i
User 1(exact) ?
User 1(exact)
User 1(exact) I
10-4 1 1 1 1
0 5 10 15 20 25

Average SNR(dB)

Figure 2.2: Outage Probability vs. Average SNR of user] for different values of K

Figure 2.2 shows the effect of number of relays in system (K) on the outage probability of the
user2. From the plot, we can observe that with the increase in value of K, the outage performance
improves. Because if more relays are employed in this system, then the best relay can be selected out
of K relays. To achieve the outage probability of 1072, the SNR required for the system with K=1,
K=2, and K=3 are 18 dB, 16.5 dB, 16.5 dB, respectively. So, the SNR gain achieved by the system
with K=2, K=3 w.r.t system with K=1 are 2.5 dB, 2.5 dB, respectively. So, it has been inferred that
with the increase in value of K above 2, there is no improvement in SNR gain. When SNR increases,
the outage probability tends to decrease. It is because as SNR increases, the signal becomes much

stronger than the noise.
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Outage Probability of user2

Outage Probability vs Average SNR

User 2
User 2
User 2
User 2
User 2
User 2
User 2
User 2

Sim.)
Sim.)
Sim.)
Sim.)
exact
exact
exact
exact

1

1 1 1

5

10 15 20 25
Average SNR(dB)

Figure 2.3: Outage Probability vs. Average SNR of user2 for different values of K

Figure 2.3 shows the effect of value of K on the outage probability of the user2. From the plot, we
can observe that with the increase in the number of relays, the outage performance improves. Because
if more relays are employed in this system model, then the best relay can be selected out of K relays.
To achieve the outage probability of 1072, the SNR required for the system with K=1, K=2, K=3, and
K=4 are 14 dB, 10 dB, 8 dB, 7.5 dB, respectively. So, the SNR gain achieved by the system with K=2,
K=3, and K=4 w.r.t system with K=1 are 4 dB, 6 dB, 6.5 dB respectively. So, it has been inferred that

with the increase in value of K above 3, there is not much improvement in SNR gain.

15



Ergodic capacity vs Average SNR
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Figure 2.4: Ergodic capacity vs. Average SNR of userl for different values of K

Ergodic capacity vs Average SNR

6 T T

55 O  User2(Sim.)
O User 2(Sim.)
51 User 2(Sim.)
O  User 2(Sim.)
451 User 2(exact)
’ User 2(exact)
User 2(exact)

ar User 2(exact) )

Ergodic capacity of user2
w
(6]

0 5 10 15 20 25
Average SNR(dB)

Figure 2.5: Ergodic Capacity vs. Average SNR of user2 for different values of K

Figure 2.4 and 2.5 shows the effect of the number of relays in system on the ergodic capacity
of the userl and user2 respectively. From both figures, we can observe that with the increase in
value of K, the ergodic capacity increases slightly. For userl, the ergodic capacity saturates at high

SNR. It is because, userl decodes its signal by considering the user2 signal as noise. For user2, the
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ergodic capacity increases linearly with SNR. It is because while decoding its signal, the user2 has no

interference with the userl signal.

Outage probability VS Average SNR
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Figure 2.6: Outage Probability vs. Average SNR for system with relay and system without relay
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Figure 2.7: Throughput vs. Average SNR for system with relay and system without relay

Figure 2.6 and 2.7 show the impact of the relay on the outage probability and overall system

throughput respectively. From both plots, we can observe that system with a relay has better perfor-
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mance than system without a relay in terms of both outage probability and throughput. It has been
inferred from Figure 2.6 that to obtain the outage probability of 1072, SNR required for the system
with a relay is 8.5 dB lesser when compared to the system without a relay. From figure 2.7, it is
inferred that to obtain throughput of 2.5 bits/sec/Hz, SNR required for the system with a relay is 3.5
dB lesser when compared to the system without a relay. When SNR increases, the throughput tends
to increases and saturates at high SNR. It is because, at high SNR, outage probability is almost zero,

so throughput will be the sum of target rates of both users.

2.6 Conclusions

In this chapter, the performance analysis of the PRS scheme for the DF-relay-based cooperative
NOMA system is carried out by deriving the exact outage probability and ergodic capacity expressions
in closed-from over Rayleigh fading channels. Furthermore, closed-form expressions for performance
metrics such as outage probability, ergodic capacity, and overall system throughput of the proposed
system model are implemented in MATLAB. From simulation results, it is observed that the outage
performance of the proposed system model for both users improves with the increase in value of K.
Also, outage performance for the system with relay is better than the system without relay, and also,
there is improvement in diversity gain for the system with a relay. Further, it is observed that ergodic
capacity for userl saturates at high SNR while ergodic capacity for user2 proportionally increases
with SNR. It is inferred from the simulation results that the ergodic capacity of both users increases
with an increase in value of K. Finally, the simulated outage probability and ergodic capacity values
obtained from Monte Carlo simulations agree well with the theoretical outage probability and ergodic

capacity values. Therefore, the derived expressions are validated using simulations as well.
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Chapter 3

SWIPT Enabled Cooperative NOMA
Networks for 5G and Beyond Wireless

Communication Systems

3.1 Introduction

The exact expressions of performance metrics for the downlink cooperative NOMA system model
are derived over Rayleigh fading channels in chapter 2. The proposed system model in chapter 2 has
achieved reliability enhancement and also spectral enhancement. Energy harvesting has emerged as
a promising technology to enhance energy efficiency. To achieve energy enhancement, the energy
harvesting technique should be incorporated into the proposed system model. So, in this chapter, we
used the SWIPT energy harvesting technique in the proposed downlink cooperative NOMA system.
In this chapter, we discuss the SWIPT-enabled cooperative NOMA system model for DF networks.
Time switching-based relaying (TSR) protocol is considered in our work. The performance of this
proposed system is analyzed by deriving closed-form expressions of outage probability, ergodic ca-

pacity, energy efficiency, and overall system throughput over Rayleigh fading channels.

3.2 Organisation of Chapter

The rest of the chapter is organized as follows: The system model for a SWIPT-enabled cooperative
NOMA system has been discussed in Section 3.3. Section 3.4 provides the closed-form expressions
for the outage probability, ergodic capacity, overall system throughput, and energy efficiency over

Rayleigh fading channels. Furthermore, numerical results and inferences are given in Section 3.5.
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Finally, the concluding remarks are given in Section 3.6.

3.3 System Model

The communication block diagram with the total block time 7" for two phases in the TSR protocol is
shown in the figure 3.1. The first sub-block of time, i.e., &T, is for energy harvesting, the first half of
the remaining block, i.e., (1 — a)T/2, is for the information transmission between S to selected relay
and then the remaining (1 — o)T/2 is for the information transmission between Ry to D;. Where,
i=1,2. and k=1,2,.. K. Let o, 0 < & < 1, denote the time allocation ratio. The transmission between
source to D; happens in two phases. In the first phase, the source sends a power multiplexed signal
to D; and the selected relay. Here, the transmission between S and selected relay transmission in the
first phase is further divided into two sub-phases: the energy harvesting and decoding phase. In the
energy harvesting phase, the selected relay harvest the energy from the received signal from S for
sub-block time oT, and it decodes the received signal from S for sub-block time (1 — a)T/2. In the
second phase, selected relay will forward the decoded signal in sub-block time (1 — o)T/2 to D; with
the harvested energy from S. Both mobile users receive the signal from S and from the selected relay

and selection combining is employed at D;.

T
Energy Harvesting at Information Information
relay k in the first time Transmission Transmission
slot aT S-->Rin R-->D; in
(1-a)T/2 (1-a)T/2

S-- >D; Information Transmission

Figure 3.1: Time switching-based relaying protocol of the energy harvesting system

The CDFs of random variables |hsp,|? , |hsg, |*, |hr,p,|* are given by
Firgy (1) = 1 —exp (Q_S’;> 3.1)
Finge p (v) = 1 —exp (Q_Sj;k) (3.2)
Fitg 2 (2) = 1 —exp ( Q;:D) (3.3)
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Out of multiple relays, one relay is selected, and that chosen relay will harvest energy from S, decode
the signal received from S and then forward the decoded signal to both users with the harvested energy
in the forwarding phase.

The PRS strategy is employed to select relay based on the instantaneous SNR between S— Ry. Let

the selected relay index is k*, and its respective instantaneous SNR is as follows:

kK =arg 1 pslhsr|’ 3.4
pslhsre | =12k Pslhsr,|? (3.5)

The CDF of the selected relay k* is
F|hSRk* pl0) =P (1hsk,. < x) (3.6)

F\hSRk* 12 (x) =P (max (|hSR] ‘2, |hSR2|2; ...... |hSRk|2) < xk*) (3.7)

After simplifying the above equation, we can rewrite it as follows

a

Fig 209 = TP (hsu <) 38)

After, substituting (3.2) in (3.8) the CDF of selected relay is as follows:

K
F|hSRk*\2( x) = H [1 — €Xp (-QS)I;)} (3.9)

k=1

Let QSRl = QSRZ = e QSRK

So, now CDF of the selected relay k* is rewritten as follows

K
Finge,, 2 (x) = {1 — exp (Q;: >] (3.10)
k=K /g . ik
Fingy, p (¥) = kZO (k> (—1)"exp (psQSRk*> (3.11)
(K k1 —xk
Fing,, 1 () =1- k; (k> (=1)" "exp (pSQSRk*) (3.12)

In the first phase S transmits the signal to both users and the selected relay and in the second phase
selected relay will forward the decoded signal to both users. The transmission between the source
and selected relay in the first phase is divided into two more sub-phases called energy harvesting and
decoding phases.

First Phase: The Received signals at both mobile users Dy, D, are given by

yp, = hsp, (\/a1psx1 + \/a2psx2) +np, (3.13)
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yp, = hsp, (\/ai1psx1 ++/azpsx2) +np, (3.14)

where np, and np, denote AWGN with zero mean and variance 62 , hsp, and hsp, are the fading
channel coefficients, a; is power coefficient for symbol x;, i=1,2, and p; is transmission power at the
S. As userl is far away from the base station compared to user2 so, a; > a;. The received SINR at

D to detect its symbol xj is given by

apslhsp, |*
= (3.15)
n 02ps|hSD1|2+ 1
The received SINR at D5 to detect symbol x; is given by
a1ps|hsp,|*
2= (3.16)
n, 32ps|hSDz |2 +1
The received SINR at D5 to detect its symbol x; after SIC is given by
Y = a1Ps|hsp, | (3.17)

Energy Harvesting Phase: The received signal at selected relay k* from S during sub-block time aT
1S
YR = hsry (Vaipsxi ++/axpsxa) +ng,. (3.18)

where ng . represents AWGN at relay k* having zero mean and variance o?2. The harvested energy

is as follows:

En = |hsg,.|*psaTn (3.19)

where, 7 is energy harvesting efficiency.

The transmission power at R+ for forwarding the decoded signal to both users is

Decoding Phase: The received signal at selected relay k* from S during sub-block time (1 — ) % is

YR = MR (Vaipsxi +/axpsxz) +ng,. (3.21)

The received SINR at Ry« to symbol x; is given by

aipslhsr. |*

1= (3.22)
T azps|hsr,. > + 1
The received SINR at Ry« to detect symbol x; after SIC is given by
TR = arpslhsr,. (3.23)
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With the harvested energy, the relay Ry« will forward the decoded signal to both users in the second
phase

Second Phase: The received signal at D and D; in the second phase can be expressed as

Y0¥ = hg.p, (VarPrxi +vaxPrx;) +n; (3.24)

YO = hg.p, (VarPrxy +VaxPrxz) +na (3.25)

where n; and n; represent the AWGN at Dy and D, , respectively, with zero mean and variance c?
and transmission power at relay is Pr.

The received SINR at D to detect its symbol x; is given by

F_ a19gPs|hsr,. [* 1R, D, | (3.26)
ar P Ps|hsr,. |?|hrep, > + 1
2an
h =— 3.27
where, g = — (3.27)
The received SINR at D, to detect symbol xj is given by
hsr,. ) ? ARy |
Pr a1 P Ps| SRk2| |hR, D22| (3.28)
“ a@epslhsr,|*|hR D, | * 1
The received SINR at D, to detect its symbol x; after SIC is given by
Y = ardppslhsr,. [*1hr,. 0, ) (3.29)
3.4 Performance Analysis
3.4.1 Outage Probability Analysis of userl
The outage probability of the D is given by
Py = P (max (Ysp,, Yre.D1) < %) (3.30)
where 7;;, is SINR threshold
P =P (Ysp, < YN YRpDy < ¥ih) (3.31)
P =P (vsp, < Y%n) P (VoD < ¥in) (3.32)
After simplifying the above equation, we can rewrite it as follows
Pr=P(n <) (1=P(W1>¥NM2>MNR" > %)) (3.33)
After simplifying the above equation, we can rewrite it as follows
Pi=P(1i <¥m)P (M1 < %nUTe2 < ¥UN" < %) (3.34)
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After, substituting (3.15), (3.22), (3.23), (3.26) in (3.34), we get

P =P (lhsp,|* < 7) [ 1=P| |hsg,.|* > 6N @19ps sk, Vw1 > (3.35)
1 SDl SRk* a2¢Eps‘hSRk* yz‘th*Dl ’2 + 1 th .

Yen Yen
, V= , 0 =max(1,v); 3.36
(a1 — a2Yin) Ps ' axPs (z.v) (3.36)

After, substituting (3.1), (3.12), (3.3) in (3.35), we get

T k=K K k
P=|1- 1— —1)%=1 (—)
N R o e W [ C
oo -7 —xk
X /9 exp (ngk*Dl ) exp <-QSRk* ) dx} (3.37)

Yen
(a1 — axyin) OEPs

where, 7=

where, T =

(3.38)

/

The integral [, exp ( )ﬁ) exp <ﬁ> dx can be solved by using Chebyshev gauss quadrature and
k*H1 k*
by 1*" order modified Bessel function of the second kind [8, Eq. (3.324.1)].

By using Chebyshev gauss quadrature and first-order modified Bessel function of the second kind,
the above equation can be rewritten as follows

k=K
-7 K k
P~ |1—ex 1— —1) <—>
1 { p<9501)} { fa (k>( ) Qg
’L',Q.SR X Tk J
X |24 ——K Ng—a— | LWV
{ k'Q‘Rk*Dl ! ( -QSRk* -QRk*D1> ,Zl *

72 —(t,--l—l)Gk)H
X ex exp| ———— 3.39
P ((Ii +1) GQRk*D1> P ( 2QsR,. 5-39)

where, K| (.) represents the first-order modified Bessel function of the second kind. [gradshteyn2007],

W;=m/S,t; = cos (%n)

3.4.2 Outage Probability Analysis of user2

The outage probability of the D, is given by

Py = P (max (¥sp,, YRsDy) < Yin) (3.40)
=P (Ysp, < Yin N\ YRpeDr < Y%in) (3.41)
=P (¥sp, < %n) P (YRpDs < ¥i) (3.42)

After simplifying the above equation, we can rewrite it as follows

Py=P(Yi2 <¥nUP <¥n)P (Wi < YUYz <¥nUNs <¥nUWB" <%n) (3.43)
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After simplifying the above equation, we can rewrite it as follows

P=(1-PM2>%mN%> %) (1—P (W1 > %N ¥r2 > YN Vs > %NBr > 1)) (344

After substituting (3.16), (3.17) (3.22), (3.23), (3.28), (3.29) in (3.44), we get

Py = [1—P(|hsp,|* > 6)] [1 —p <|hSRk* 2> 0 |hsk,. Plir, s > 9’)} (3.45)
’ ’}/lh / ’}/th ’ ro

where, T = , V= , 0 = max (’L’ ,v) 3.46

(a1 — a2 Vi) PsPE aPsPE (3.46)

After substituting (3.1), (3.12), (3.3) in (3.45), we get

-0 k=K K k
Py=|1- 1 - -1 ("‘”( )
e (o) [ 2 () e e
o -6 —xk
X /9 exp (ngk*D2> exp <QSRk* ) dx} (3.47)

The integral [, exp ( )ﬁfwz) exp ( K{SXk ) dx can be solved by using Chebyshev gauss quadrature and

Rk*

by 1st order modified Bessel function of the second kind [8, Eq. (3.324.1)].

By using Chebyshev gauss quadrature and first-order modified Bessel function of the second kind,

the above equation can be rewritten as follows

-6 =0 ¢ wn [ k
R {1—CXP (QSDz)} {l_k—l (k> (_1) QSRk*>

0'Qsr,. 0'k S
2 ER| 2] —M | — Win/1—t¢;
X |: kQRk*DZ 1 ( ) Z i 2

62 —(t,+1)9k)”
X ex exp| ————— 3.48
p((wl)eﬂRM) p( 20sg,. (349

Asymptotic outage probability of D;:

Using McLaurin’s expression, we have e¢* = 1 +x for small value of x. So by using (3.39), the

asymptotic outage probability of D is obtained as follows:

P ™ [9;1] [1 _g @ (D% <9s];)

*© -7 —xk
X 1— ex dx (3.49
/9 ( xQp,.D, ) P (QSRk* ) } :

By using [8, Eq. (3.352.4)], the above equation can be rewritten as follows

T k=K K k -QSR —0k
Plo~ 1— ~1 ("‘1)( ){ £ ex ( >+

T/
3.50
QR,.D, (QSRk* ) } 5:20)
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where, Ei(—x) ~ E.+In(x) for small value of x, E, is euler’s constant, and E, = — lim;_, e ( m=1_1p (s))

Asymptotic outage probability of D;:
Using McLaurin’s expression, we have e* = 1 4 x for small value of x. So by using the asymptotic

outage probability of D, is given as follows:

—0 k=K K _ k -QSR —0k
Py n 1— —* 1)( ){ e ( >+

!

0
(3.51)
QR,.D, (QSRk* ) }
Diversity order of both users: The diversity order of userl is
log (P,
d; = — lim log (P1 (ps)) (3.52)
p—e log(p)
After substituting (3.50) in (3.52), d; is obtained as 2
The diversity order of user2 is
log (P;
d» = — lim log (P2 (ps)) (3.53)
p=e= log(p)
After, substituting (3.51) in (3.53), d, is obtained as 2
3.4.3 Ergodic Capacity Analysis of userl
The ergodic capacity of the userl is given by
1
Ci=E [Elogz(l—f—zl)] (3.54)
where W, is a random variable and W| = max (}/1 ,min (}/RJ , }/‘IDF ))
1 *1—F, ()C)
C = ——d 3.55
! 21n(2)/0 T+x (3.55)
where Fz, (x) = P (max (i, min (yz,1,1"))) (3.56)
Fz, (x)=P(n <xNmin (1, 1) <x) (3.57)
After simplifying the above equation, we can rewrite it as follows
Fz, (x) =P(yn <x)(1—P(max (g1, 71" ) >x)) (3.58)

After, substituting (3.1), (3.12), (3.3) in (3.58), we get

Fz, (x) =P (|hsp,|* < ) (1 —P (thRk* * > un|hsg. |*|hren, |* > %)) (3.59)

X

h A
where U (@ —a)ps

(3.60)
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After substituting (3.1), (3.22), (3.26) in (3.59), we get

rr=[r-on(g )| E (e (o)

> —u —yk ) 1
X exp| ———— | ex d (3.61)
/u P (y(l’EQRk*Dl ) P (QSRk* g

After, substituting (3.61) in (3.55), we get

The above equation is valid if x < %

1 e ¢
_ d 62
¢ 21n(2)/0 Trx (3.62)

o e [ [E () (o)

o (S ) ()]
exp| ——— | ex d (3.63)
/u g (Y(PEQIekw1 ) P <QSRk* Y

3.4.4 Ergodic Capacity Analysis of user2

The ergodic capacity of the user2 is given by

1
G =E [Elogz (1 +Zz)} (3.64)
where Z, is a random variable and Z, = max (}/2, min (ijz, yz‘DF ))
_ 1 ©1-— FZ2 ()C)
R Ne) /0 tx & (3.65)
where Fz, (x) = P (max (2, min (722, 75"))) (3.66)
Fz, (x) =P (1 <xNmin (Y2, ") <x) (3.67)

After simplifying the above equation, we can rewrite it as follows

Fy, (x) =P(pp <x)(1—P(max (Y2, 75" ) > x)) (3.68)

After, substituting (3.17), (3.23), (3.29) in (3.68), we get

X X X
F = P |hgp, |? 1—P| |hsg.|? Nlhse. gD * 3.69
% (X) <| SD2| = a2ps> < (‘ SR | ” asPs | SR | | Re Dl’ ~ aPs P ( )

After, substituting (3.1), (3.12), (3.3) in (3.69), we get

£, (x) = {1 ~exp (ﬁgsm) } {1 —]g (i) (—1)®D <é>

X ex ex d 3.70

azpPs
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After, substituting (3.70) in (3.65), we can rewrite it as follows

1 © 9
€= 21n(2) /0 14—xd)C G-71)

—X —X =0 ¢ k
where 9 =exp| —— |+ |1 —exp| ——— —1)k=1) <_)
' P (aZPS'QSDz) [ P <a2psQSD2> ] [ kg’l <k ) =1 Qgr,.

oo —X —yk ) }
ex ex d 3.72
‘/X p (yaz(PEpSQRk*DZ > p (QSRk* y ( )

apPs

3.4.5 Overall System Throughput

The overall system throughput is given by
R=(1-P)Ri+(1-P)R, (3.73)

where P, and P, are obtained from (3.39) and (3.51) respectively. R; and R; are target rates of userl

and user2 respectively.

3.5 Energy Efficiency

Energy efficiency is a ratio of total data rate and total energy consumption. Where total data rate is

overall system throughput. So, the expression for energy efficiency is as follows

2R

= (3.74)
L T (ps+Pr)
After substituting ps and Pr, the above equation can be rewritten as follows
2R
n= (3.75)

3.6 Numerical Results and Discussions

In this section, we will analyze the derived closed-form expressions. We also demonstrate the ef-
fects of various parameters on outage probability, overall system throughput, ergodic capacity for
the proposed system model. For numerical investigation, we set a; = 0.7, ap = 0.3, ¥, = 2 dB,
np =4 Ri = 1.5,Ry = 1.5, Qsp, = (1)7*, Qsp, = (0.75) %, Qug,. = (0.5) "%, Qr..p, = (0.5)"*, and
Or.p, = (0.25)7%,=0.7,1 = 0.8, S = 4.
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Outage probability vs Average SNR
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Figure 3.2: Outage probability vs. average SNR of user] for different values of K

Figure 3.2 shows the effect of K on the outage probability of the user2. From the plot, we can
observe that with the increase in value of K, the outage performance improves because if more relays
are employed in this system, then the best relay can be selected out of K relays. To achieve the outage
probability of 1072, the SNR required for the system with K=1, K=2, K=3, and K=4 are 16.5 dB,
10.5 dB, 7.5 dB, 6 dB, respectively. So the SNR gain achieved by the system with K=2, K=3, K=4
w.r.t system with K=1 are 6 dB, 9 dB, 10.5 respectively. So, it has been inferred that with the increase
in value of K above 3, there is no improvement in SNR gain. When SNR increases, the outage
probability tends to decrease. It is because as SNR increases, the signal becomes much stronger than

the noise.
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Outage probability vs Average SNR
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Figure 3.3: Outage Probability vs. Average SNR of user2 for different values of K

Figure 3.3 shows the effect of value of K on the outage probability of the user2. From the plot, we
can observe that with the increase in the number of relays, the outage performance improves because
if more relays are employed in this system model, then the best relay can be selected out of K relays.
To achieve the outage probability of 1072, the SNR required for the system with K=1, K=2, K=3, and
K=4 are 14 dB, 9.5 dB, 6.5 dB, 5 dB, respectively. So, the SNR gain achieved by the system with
K=2, K=3, and K=4 w.r.t system with K=1 are 4.5 dB, 7.5 dB, 9 dB respectively. So, it has been

inferred that with the increase in value of K above 3, there is not much improvement in SNR gain.
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0.88 Ergodic capacity Vs SNR for user1
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Figure 3.4: Ergodic Capacity vs. Average SNR of user] for different values of K

; Ergodic capacity vs Average SNR

O  user2
O user2

user2
O  user2
user2
user2
user2
user2

Sim.)
Sim.)
Sim.)
Sim.)
exact
exact
exact
exact

o~~~ o~ o~ o~ —~ —~

)
)
)
)

Ergodic capacity of user2
FS

0 5 10 15 20 25 30
Average SNR (dB)

Figure 3.5: Ergodic Capacity vs. Average SNR of user2 for different values of K

Figure 3.4 and 3.5 shows the effect of the number of relays on the ergodic capacity of the userl and
user2 respectively. From both figures, we can observe that with the increase in value of K, the ergodic

capacity increases slightly. For userl, the ergodic capacity saturates at high SNR. It is because userl
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decodes its signal by considering the user2 signal as noise. For user2, the ergodic capacity increases
linearly with SNR. It is because while decoding its signal, the user2 has no interference with the user1

signal.
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Figure 3.6: Outage Probability vs. Average SNR for system with relay and system without relay
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Figure 3.7: Throughput vs. Average SNR for system with relay and system without relay

Figure 3.6 and 3.7 shows the impact of the relay on the outage probability and overall system
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throughput respectively. From both plots, we can observe that system with a relay has better perfor-
mance than system without a relay in terms of both outage probability and throughput. It has been
inferred from figure 2.6 that to obtain the outage probability of 1072, SNR required for the system
with a relay is 13 dB lesser when compared to the system without a relay, and from Figure (2.7) that
to obtain throughput of 2.5 bits/sec/Hz, SNR required for the system with a relay is 10 dB lesser when
compared to the system without a relay. When SNR increases, the throughput tends to increase and
saturates at high SNR. It is because, at high SNR, outage probability is almost zero. So throughput

will be the sum of target rates of both users.

Energy Efficiency Vs Average SNR
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Figure 3.8: Energy Efficiency vs. Average SNR

Figure 3.8 shows the effect of the target rate on the energy efficiency. From the figure, one can
observe that the system attains maximum energy efficiency at a particular SNR value, and also when
the target rate changes, the peak of the energy efficiency is also varying. Energy efficiency is higher at
lower SNR regions and lower at higher SNR regions. This is because, at higher SNR regions, power

consumed by the system is more than the achieved overall system throughput.

3.7 Conclusions

In this chapter, the performance analysis of the SWIPT-enabled cooperative NOMA system model for
DF networks is carried out by deriving the outage probability, ergodic capacity expressions, energy

efficiency, and overall system throughput expressions in closed-from over Rayleigh fading channels.
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Furthermore, closed-form expressions for performance metrics such as outage probability, ergodic
capacity, energy efficiency, and overall system throughput of the proposed system model are im-
plemented in MATLAB. From simulation results, it is observed that the outage performance of the
proposed system model for both users improves with the increase in value of K, outage performance
for the system with relay is better than the system without relay, and also, there is improvement in
diversity gain of the system with relays. Also, it is observed that ergodic capacity for userl saturates
at high SNR, while ergodic capacity for user2 proportionally increases with SNR. It is inferred from
the simulation results that the ergodic capacity of both users increases with an increase in value of K.
From high SNR analysis of outage probability, the diversity order of 2 is obtained. Further, when the
target rate changes, the peak of energy efficiency also varies. Finally, the simulated outage probability,
ergodic capacity, energy efficiency, and overall system throughput values obtained from Monte Carlo
simulations agree well with the theoretical outage probability and ergodic capacity values. Therefore,

the derived expressions are validated using simulations as well.
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Chapter 4

SWIPT Enabled Cooperative NOMA
Networks for 5G and Beyond Wireless

Communication Systems with Imperfect CSI

and SIC

4.1 Introduction

The exact expressions for performance metrics of the SWIPT-enabled cooperative NOMA system
model for DF networks are derived over Rayleigh fading channels in chapter 3. The proposed system
model in chapter 3 has achieved reliability, spectral efficiency, and energy efficiency. In chapter 3,
performance analysis is carried out by assuming perfect CSI and perfect SIC. However, practically
perfect CSI and perfect SIC are not possible at receiver or transmitter nodes. Thus, to make our system
applicable to the practical scenario, we must consider imperfect CSI and imperfect SIC. Chapter 4
is an extended version of the chapter 3 system model, where imperfect CSI and imperfect SIC are
considered at all nodes. In this chapter, we discuss the SWIPT-enabled cooperative NOMA system
model for DF networks with imperfect CSI and imperfect SIC. The performance of this proposed
system is analyzed by deriving the exact outage probability and ergodic capacity expressions over

Rayleigh fading channels.
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4.2 Organisation of Chapter

The rest of the chapter is organized as follows: The system model for a SWIPT-enabled cooperative
NOMA system for DF networks with imperfect CSI and imperfect SIC has been discussed in Section
4.3. Section 4.4 provides the closed-form expressions for outage probability and ergodic capacity of
both mobile users over Rayleigh fading channels. Furthermore, Numerical results and inferences are

given in Section 4.5. Finally, the concluding remarks are given in Section 4.6.

4.3 System Model

In this chapter, we have considered the imperfect CSI. So the estimate for the channel 4; ; is il,'7 s
which is defined as follows:

A~

hij = hij+eij (4.1

where e; ; stands for channel estimation error which follows the complex Gaussian distribution with
zero mean and variance ij. The channel estimate IA1i7 j also follows the complex Gaussian distribution
with zero mean and variance Q; ; = d;jn” - Gl%j. The CDF of random variables |igp.|? , |hsg,|%,
\hg,p,|* are given by

—X
Fligp 2 (¥) = 1 —exp ( = SD;> (4.2)
F =1 = 4.3
\hsr, |* (v) = 1—exp Osr (4.3)
k

Fligyp,p (2) = 1 —exp ( QZ)) (4.4)
Out of multiple relays, one relay is selected and that chosen relay will harvest energy from S, decode
the signal received from S and then forward the decoded signal to both users with the harvested energy
the forwarding phase.

The PRS strategy is employed to select relay based on the instantaneous SNR between S— R;. Let

the selected relay index is k* and its respective instantaneous SNR is given as follows:

K =arg ik pslhsr[? (4.5)
7 2 _ _max 7 2
Pslhsr,. |” =k21, _k Pslhsr,] (4.6)
The CDF of the selected relay k* is
F|fZSRk* 2 (x) =P (mSRk* < x) (4.7)
Flig.p (%) = P (max (|hisg, |, |hsry %y oo Fisr, |*) < %) (4.8)
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After simplifying the above equation, we can rewrite it as follows
K

HP |hSRk‘2 < x

|hSR "
k k=1

After substituting (4.3) in (:9), the CDF of selected relay is as follows:

K —X
2 ( 1—exp| =
|hSRk*| kI;II Qsr,

Let QSRl = fZSR2 = e QSRK
Now CDF of the selected relay k* is

FiilSRk* ‘2 (x) -

K
SR+

k=K
K —xk
|hSR X < )( 1)keXP .
. K psQ SR+

A
\_/
I
-~
™
=)

|
[S—
|

k=K
K —xk
F\itSR |2 (x) ( ) <_1)k leXp :
ke =1 K PSQSR,(*

First Phase: The received signals at both mobile users D and D; are given by
YDy = (ilSDl + eSDn) (Va1 psxi +\/axpsx2) +np,
YD, = (ilSDz + eSDz) (Vaipsx1 + y/azpsx2) +np,

4.9)

(4.10)

4.11)

(4.12)

(4.13)

(4.14)

(4.15)

where np, and np, are AWGN with zero mean and variance o2, hsp, and hgp, are channel estimates

of the fading channel coefficients hgsp, , hsp,, respectively, a; is power coefficient for symbol x;, 1=1,2,

and p; is transmission power at S. As userl is far away from the base station compared to user2, we

assume a; > ap. Let egp,, esp, indicate channel estimation errors at userl and user2, respectively.

: 2
The variances of egp,, esp, are Geso and Geso , respectively.

The received SINR at D to detect its symbol x; is given by

a]p?’i/\lSDl |2
asz’hSDl ‘2 _I_ps esD + 62

=

After simplifying the above equation, we can rewrite it as follows

alps|l:lSD1‘2
azps|hsp, |2 + ps o2 esp, T 1

=

The received SINR at D, to detect symbol xj is given by

alps|ilSD2|2
azps|hsp, | + psc2 esp, T 1

No2=
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The received SINR at D, to detect its symbol x; after SIC is given by

/”\l 2
»= @205 s, (4.19)

B a1Bsp, Ps| s, | +PsGest2 +1

where fsp, represents the level of residual interference due to imperfect SIC at D,
Energy Harvesting Phase: The received signal at selected relay k* from S during sub-block time aT
is

YRe = (hsr,. +esry. ) (v/@psxi + \/azpsx2) + ng,. (4.20)
where ng, . represents AWGN at relay k* having zero mean and variance o2, h SR, 18 estimated channel

coefficient of hgg,., esg,. is channel estimation error at selected relay and the variance of egg, . is

2
eSRk*

The harvested energy is as follows:
Ey = <]fzg;ek* 2+ ofSRk*)psocTn 4.21)

where 7 is energy harvesting efficiency

The transmission power at R for forwarding the decoded signal to both users is

Ey

T=a)Th (4.22)

Pr=
Decoding Phase: The received signal at selected relay k* from S during sub-block time (1 — ) % is

YRp = (s, +esry ) (V/aipsx1 +/azpsxa) + ng,. (4.23)

The received SINR at Ry« to detect symbol x; is given by

a1pslhsg,. |
M1 = (4.24)
aszthRk* | +pSGeSRk* + 1
The received SINR at Ry« to detect symbol x; after SIC is given by
arps|hsg,. |
Yro = Bl > k > (4.25)
alBSRk* pS|hSRk* ’ + pSGgSRk* + 1
where Bsg,. represents the level of residual interference due to imperfect SIC at Ry
Second Phase: The received signal at D| and D; in the second phase can be expressed as
W = (hgy.n, +er..n,) (VarPrxi +vaxPrx) +ny (4.26)
V¥ = (hgyp, + €r.0,) (VarPrxi +vVarPrxz) +na (4.27)

where n; and n, represent the AWGN at D; and D, with zero mean and variance o2 , transmission

power at relay is Pr, ﬁRk* p, and ﬁRk* D, are channel estimates of the fading channel coefficients /g, . p,

38



and hg,.p,, respectively, eg .p, and eg,.p, are channel estimation errors at userl and user2, respec-

tively, and finally, the variances of eg,.p, and eg . p, are o2 and o2

ey ek , respectively.

The received SINR at D to detect its symbol x| is given by

F _ alPT|ile*Dl|2
 aPrlhg.p,|* + Pro, eR ., + 02

1 (4.28)

A~ 2 ~ 2
YIDF: a1 Ps|hr.p, | <|hSRk*| eSR ) (4.29)

arOe Ps| ., |2 (|ilSRk* !2+662$R ) + ezR .0, 9EPs (‘hSRk* 2+ GezSR ) +1
The received SINR at D5 to detect symbol x; is given by

F alPT‘ile*Dz‘z
12 =
a2PT|th*D2’ —|—PT ek, Dz+62

(4.30)

After, substituting (4.22) in (4.30), we get

a19ePs|r. 0, * ( |hsk,.|> + 02
PE — ( SRy ) 4.31)

a20£ 5|7, D, |2 (|]:lSRk* !2+<7623R > +0g, ., PELs <|hSRk* 2+ G.ZSR ) +1

The received SINR at D, to detect its symbol x; after SIC is given by

a2 0Ps g, |* <|ilSRk* 2+ eZSR )

a1Br,. 0, 9EPs iR, D, 2 <|’A15Rk* |2+ GezsR > + 02, D) OEPs <|hSRk* 2+ GeZSR ) +1

A

(4.32)

where fg,. p, represents the level of residual interference due to imperfect SIC at D,

4.4 Performance Analysis

4.4.1 Outage Probability Analysis of userl
The outage probability of the D is given by
Py = P (max (Ysp,, eeD1) < ¥in) (4.33)

where, ¥, 1s SINR threshold

After simplifying the above equation, we can rewrite it as follows
=P(n < %) P (W1 < %mU¥e2 < Yin Uyt < Yin) (4.34)
Further, simplifying the above equation, we can rewrite it as follows
=P <%n) (1P (1> %N 2> Y% OH" > Yin)) (4.35)
After, substituting (4.17), (4.24), (4.29) in (4.35), we get
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Yo (Gesz*Dl PEPs (IhSRk* \2+035Rk* ) +1)

Py =P [|hsp,|> < wi] |1=P | |hsg,.|* > vo N |hgp, > > -
(hskye P02, ) (a1—a2n)9EPs

Yih (1 + GZSD Ps) Y g 1
where, Y| = 1 , = max th , th (— +02e, >
Y T —amps P (a1 —axyn)’ (a2 — a1 Bsr,. %in) ) \Ps e

(4.36)
After, substituting (4.2), (4.13), (4.4) in above equation, we get
k=K o’ k
— K k .
P = {1 —exp | = Ld 1 ll — Z < ) (—1)(k_1) R exp b’
Qgp, =1 \k QR QR
2 /
X exp i D1 / exp | — t exp | = x dx} 4.37)
(a1 — a2 in) QryD, qu—chRk* XQR,. D, QsR,
: oo —7 —xk : _
The integral |, vy — "ezszek* exp (x Bron ) exp ( Bor,. ) dx can be solved by using Chebyshev gauss quadra

ture and by 1*" order modified Bessel function of the second kind [8, Eq. (3.324.1)].
By using Chebyshev gauss quadrature and first-order modified Bessel function of the second kind,

the above equation can be rewritten as follows

k=K o2 k
— K k »
P~ [1—exp .4 1 {1 -Y ( ) (=)D [ < exp bl
Qsp, = \k QR QsR,.
2 <
—YihOpy . 7 Qsr,. 'k
X exp Fi D1 {2 ey ) SIS
(a1 — axYin) Qr,p, kQg,.p, Qg QR,.D,

J 72
X ZW,-MI —tpexp
i=1

(ti+1) (Wz - GeZSRk*> Qre.py

b (e )4
2QsR,.

X exp (4.38)

where K| (.) represents the first-order modified Bessel function of the second kind. [gradshteyn2007],

W;=m/S,t; = cos (%n)

4.4.2 Outage Probability Analysis of user2
The outage probability of the D, is given by
P, = P (max (Ysp,, Yr0,) < Yin) (4.39)
Pr=P(Yi2<¥%mU% <¥%m)P (W1 < %mU¥%2 < %Un" <¥mUs < Y¥n) (4.40)
After simplifying the above equation, we can rewrite it as follows
P=(1=Py2>%mN%> %) (1=P (1> %N Y2 > %NV > 5N ¥s > Yu)) (441)
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After, substituting (4.18), (4.19) (4.24), (4.25), (4.31), (4.32) in (4.41), we get

%h( eRk*D ¢Ep5<|hSRk*| +GeSR >+l>

sk, *+o, eSR )(al*az%h)q)Eps

Py = [1—P(lhsp,* > w3)] |1 =P | lhsg,.|* > w20 g, |* >

Vi YVin 1, )
where Y = max : — 402, Ps 4.42
V3 ((m —axYn) (az_aIBSDz%h)> (Ps sp, P (4.42)
" %h %h
60 = max , (4.43)
((m —a2Yin) VEPs (aZ_alﬁRk*Dz%h) WEPs>

After, substituting (4.2), (4.13), (4.4) in above equation, we get

k=K o’ k
P = {1 —exp ¥ 1 {1 -y <K) (—=1)% =1 AL exp [ ——~
Qsp, =1 \k QgR,. Qsr,.

—Gﬁl//EP 62 - _0// xk
X exp _ ReDr / exp | —= exp x dx} (4.44)
QRsz V= XQRk*Dz QSRk*

ESRk

The integral | V‘Z _ o2 €Xp (%) exp ( ) dx can be solved by using Chebyshev gauss quadra-
eSRk* k1

ture and by 1st order modified Bessel functlon of the second kind[8, Eq. (3.324.1)].

By using Chebyshev gauss quadrature and first-order modified Bessel function of the second kind,
the above equation can be rewritten as follows

=i (2| E () (o oo (52)

n 2 m 7
< exp —0 YEPs GeRk* Dy |:2 0 QSRk* K ’ 0 k B
QRkDQ : ¢

R
)
(t;+1) (llfz — eSR > QRk*Dz
1

(
((H ) (vo—oly, )k H (445)

20sr,.

N
X ZWm/l —tpexp
i=1

X exp

4.4.3 Ergodic Capacity Analysis of userl
The ergodic capacity of the userl is given by
1
C=F {Elogz(l +Zl):| (4.46)

where W is a random variable and W; = max (}/1 ,min (}/RJ , }/1DF ))

1 ©1- Fz, (x)
- 4.47
=) /o tx & (447)
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where, Fz, (x) = P (max (y;,min (YR,la?ﬁDF)))

Fz, (x) :P(]/l < xMNmin (YR’I,%DF) <x)

After simplifying the above equation, we can rewrite it as follows

Fz, (x) =P(y <x)(1—P(max (1, 7") >x))

After substituting (4.17), (4.31), (4.24) in (4.50), we get

Fz, (x)=P (Jhsp, > < &) | 1= P | |hsg,.|> > &N |hg.p,|* > 1 | 0%erpn, + (

X g B X (1 + GeZSDIpS>
(a1 —ax)ps’ (a1 — azx) ps

where U =

Y

After substituting (4.2), (4.13), (4.4) in above equation, we get

Fr (x) = |1 —ex G 1—kiK K (—1)*=1)
X exp M exp
Qsr,.
x/ exp _A—u exp A_y
ézio-ESRk* y¢EQRk*D1 Q

SR+

The above equation is valid only if x < %

After substituting (4.52) in (4.47), we get

1 & &
C = d
! 21n(2)/0 T

P ( f?siﬂ) i-e ( 5§N 5 () e (

T

4.4.4 Ergodic Capacity Analysis of user2

The ergodic capacity of the user2 is given by
1
C,=E {Elogg (1 —|—Zz)]
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X

1

(4.48)

(4.49)

(4.50)

(1 + GZSRk* pS)

&=

(a1 —axx) ps

k

QsR,.

2
_psl'l’Ge‘Rk*Dl

QR,.D,

k
Qsw,.

2
_ps‘uGeRk*Dl >

)
)

)

QR,.D,

A

ol

SRy

B

P 2 2
|hSRk>k | +GESRk* ) ¢EpS

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)



where Z, is a random variable and Z; = max (9, min (g2, %))

_ 1 *]1— Fz, ()C)
=) /0 tx (4.56)
where Fz, (x) =P (max (}/2, min (ng, YZDF))) 4.57)
Fz, (x) =P (p <xNmin (yz2, ") <x) (4.58)

After simplifying the above equation, we can rewrite it as follows

Fz,(x) =P(p <x) (1 —P (max (}’R,z, }'ZDF) > x)) (4.59)

After, substituting (4.19), (4.32), (4.25) in (4.59), we get

Fz, () =P (Jhspa < &) | 1= P | s, P> &g, > > &s O'ZeRk*D2+(i, s
SRk +6€SRk*> E Ps

X (1 +0o. ps> X (1 +0z, ps>
where &3 = 2 , &= L , and &5 =
(a2 — a1Bsp,x) ps (a2 — a1 PBsr,.x) Ps (a2 — a1 PBr,.0,x) Ps

(4.60)

After, substituting (4.2), (4.13), (4.4) in above equation, we get
—& & (K k-1 [ Kk
Fz, (x) = {1—exp - 1— (—1) —
? Qsp, /; k Qgr,.
Gezskk* k —&s Gesz* Dy
XeXp| = |&Xp| —&x—
QSRk* QRk*DZ

° — —yk
X / exp A—és exp | = 4 dy] (4.61)
5470-351?](* y‘PEQRk* D QSRk*

a
a1Psp,

The above equation is valid if x <

After, substituting (4.61) in (4.56), we can rewrite it as follows

I fabp, F
- 7 4.62
C2 21n(2)/0 T (4.62)

k=K
- - K
F =exp Aé’ +{1—exp Aﬁ }[Z( )(—1)(k1) Ak
Qsp, Qsp, = \k QR
2 2
Oesg,. k =& Ocg,..,
xexp | — exp| —(——
QR Qg,.p,
o - vk
X / exp A—gs exp | = % dy} (4.63)
&=, YOE2R, . D, Qgr,.
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4.5 Numerical Results and Discussions

In this section, we will analyze the derived closed-form expressions. We also demonstrate the ef-
fects of various parameters on outage probability, overall system throughput, ergodic capacity for
the proposed system model. For numerical investigation, we set a; = 0.7, ap = 0.3, %, = 2 dB,
np =4 Ry =1.5,Ry = 1.5, Qsp, = (1)*, Qsp, = (0.75) %, Qur,. = (0.5)*, Qr..p, = (0.5)"*, and

Or.p, = (0.25)7%,=0.7,1 = 0.8, S = 4.
2 2

PSSR _ _ _ 2 _ 52 2 2
For simplicity assume Bsp, = Bsr,. = Br,.p, = B and Ocgn, = Oesn, = Oesu, = Oeg.p, = Oegopy = O
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Figure 4.1: Outage Probability vs. Average SNR of user] for different values of . 62 =0

Figure 4.1 shows the effect of value of B on the outage probability of the userl. From the plot,
we can observe that with the decrease in the value of 3, the outage performance improves. This is
because of the residual interference due to imperfect SIC decreases with decrease in 3. For userl
to achieve the outage probability of 1072, the SNR required for the system with § = 0, 8 =0.15, B
=0.175, and B = 2 are 7.8 dB, 8 dB, 10 dB, 13 dB, respectively. So, the SNR gain achieved by
the system with B =0.15, B = 0.175, and B = 2 w.r.t system with = 0, are 0.2 dB, 2.2 dB, 5.2
dB respectively. So, it has been inferred that in order to achieve the same outage performance that
is obtained by the system having perfect SIC, the system having imperfect SIC have to transmit the
signal with more power. When SNR increases, the outage probability tends to decrease. It is because,

as SNR increases, the signal becomes much stronger than the noise.
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Figure 4.2: Outage Probability vs. Average SNR of user2 for different values of f3. Gez =0

Figure 4.2 shows the effect of value of B on the outage probability of the user2. From the plot, we
can observe that with the decrease in the value of 8, the outage performance improves this is because
of the residual interference due to imperfect SIC decreases with decrease in 3. For user2 to achieve
the outage probability of 1072, the SNR required for the system with B =0, B =0.15, B = 0.175, and
B =2are 6.5dB, 7 dB, 9 dB, 13.5 dB, respectively. So, the SNR gain achieved by the system with 3
=0.5, B =2.5, and B =2 w.r.t system with 8 =0, are 4.5 dB, 6.5 dB, 7 dB respectively. So, it has been
inferred that in order to achieve the same outage performance that is obtained by the system having

perfect SIC, the system having imperfect SIC have to transmit the signal with more power.
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Figure 4.3: Outage Probability vs. Average SNR of user] for different values of 62. f =0
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Figure 4.4: Outage Probability vs. Average SNR of user2 for different values of 62. f =0

Figure 4.3 and Figure 4.4 show the effect of value of Gez on the outage probability of the userl and
user2 respectively. From the plot, we can observe that with the increase in the value of 62, the outage
performance improves and this is because of the decrease in channel estimate errors. For both userl

and user2, with an increase in the SNR value, the outage performance for the system with perfect CSI
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improves. However, if the system has hardware impairments, i.e., imperfect CSI, the outage floor is
achieved at a high SNR region. The outage floor exists if there are any hardware impairments in the

system.

Ergodic Capacity Vs Average SNR
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Figure 4.5: Ergodic Capacity vs. Average SNR of user] for different values of 2. f =0
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Figure 4.6: Ergodic Capacity vs. Average SNR of user2 for different values of 2. f =0

Figure 4.5 and Figure 4.6 show the effect of value of 62 on the ergodic capacity of the userl and
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user2 respectively. For both userl and user2, with an increase in the value of the 62, ergodic capacity
suffers a rate loss and approaches ceiling at high SNR region. For userl with an increase in 67 value
from O to 0.05, the ergodic capacity reduces by 0.02 bps/Hz at the high SNR region. For user2 with an
increase in 62 value from 0 to 0.05, the ergodic capacity reduces by 3 bps/Hz at the high SNR region.
For userl, the ergodic capacity saturates at the high SNR. It is because userl decodes its signal by
considering the user2 signal as noise. For user2, the ergodic capacity increases linearly with SNR. It

is because while decoding its signal, user2 has no interference with the userl signal.
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Figure 4.7: Ergodic Capacity vs. Average SNR of user2 for different values of 3. Gez =0

Figure 4.7 shows the effect of value of B on the ergodic capacity of the user2. Ergodic capacity
increases with a decrease in the value of . The ergodic capacity suffers a rate loss and approaches
ceiling at high SNR region if the system was having imperfect SIC. With an increase in beta value

from 0 to 0.01, the ergodic capacity reduced by 3.5 bps/Hz at the high SNR region.

4.6 Conclusions

In this chapter, the performance analysis of the SWIPT-enabled cooperative NOMA system model for
DF networks with imperfect CSI and SIC is carried out by deriving the exact outage probability and
ergodic capacity expressions in closed-from over Rayleigh fading channels. Furthermore, closed-
form expressions for performance metrics such as outage probability and ergodic capacity of the

proposed system model are implemented in MATLAB. From simulation results, it is observed that
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the outage performance of the proposed system model for both users improve with the decrease in
value of 8 and 62 = 0. If the system has hardware impairments, i.e., imperfect CSI, the outage floor
is achieved at a high SNR region. The ergodic capacity suffers a rate loss and approaches ceiling
at high SNR region if the system had imperfect SIC. Also, it is observed that ergodic capacity for
userl saturates at high SNR while ergodic capacity for user2 proportionally increases with SNR. It is
inferred from the simulation results that the ergodic capacity of both users increases with an decrease
in value of B and 6? = 0. Finally, the simulated outage probability and ergodic capacity values
obtained from Monte Carlo simulations agree well with the theoretical outage probability and ergodic
capacity values. Therefore, the derived expressions are validated using Monte-Carlo simulations as

well.
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Chapter 5

Conclusions and Future Works

This thesis examines the performance of the following three system models: cooperative NOMA for
DF relay networks, SWIPT-enabled cooperative NOMA for DF networks, and SWIPT-enabled coop-
erative NOMA for DF networks with imperfect SIC and CSI. The analytical framework in this thesis
has been carried out over Rayleigh fading channels. The derived closed-form expressions for perfor-

mance metrics are validated by Monte-Carlo-based simulations.

5.1 Conclusions

In chapter 2, we investigated the performance of the proposed system model of NOMA with partial
relay selection for DF Relay Networks. The closed-form expressions for performance metrics such
as outage probability, ergodic capacity, and overall system throughput of the proposed system model
are derived and implemented in MATLAB. Numerical results elucidated the effect of the number of
relays on the performance of the proposed system. Our proposed system outperforms the system
without relay in terms of outage probability and system throughput.

In chapter 3, we investigated the SWIPT-enabled cooperative NOMA system model for DF net-
works. The closed-form expressions for performance metrics such as outage probability, ergodic
capacity, energy efficiency, and overall system throughput of the proposed system model are derived
and implemented in MATLAB. From the numerical results, we have observed the effect of target rate
on the energy efficiency and observed the impact of the number of relays on the system performance.

In chapter 4, we investigated the SWIPT-enabled cooperative NOMA system model for DF net-
works with imperfect CSI and SIC. The closed-form expressions for performance metrics such as

outage probability, ergodic capacity, and overall system throughput of the proposed system model are
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derived and implemented in MATLAB. From the numerical results, the effect of hardware impair-
ments like channel estimate error and level of residual error on the performance of the system are

investigated.

5.2 Future Works

The scope for the future work can be summarized as follows:

* The performance of the SWIPT-enabled cooperative NOMA system model is carried out by
assuming a linear energy harvesting model. However, in practical scenarios, linear energy
harvesting models are not possible. Hence, performance analysis was carried out by considered

non-energy harvesting models.

* The performance of all proposed system models is carried over the Rayleigh fading channel

model. Hence, performance analysis is carried out over generalized fading channel models.

* Investigation on the performance of SWIPT-enabled cooperative NOMA with incremental re-
laying has not been found in the literature. Hence, the performance analysis of the SWIPT-
enabled cooperative NOMA system with incremental relaying is one of the key areas which

can be thoroughly explored.

* In order to make our proposed system model more spectral efficient, FD technique can be

employed. So, performance analysis can be carried out by considering the FD mode at relays.

* We will also discuss the implications of physical layer security in terms of the probability
of secrecy capacity and secrecy outage probability. The average secrecy capacity and secrecy
outage are the important secrecy performance metrics to evaluate the security performance over
active and passive eavesdropping, respectively. We believe that the secrecy performance results

will open a new way of designing secure SWIPT-enabled NOMA networks.
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