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ABSTRACT

In the swiftly maturing world of wireless communications, meeting the ever-increasing
demand for higher data rates, enhanced spectral efficiency (SE), and improved connec-
tivity is of major concern. The number of machine-type devices (MTDs), which are
already an integral part of our daily lives, is projected to increase exponentially over
the next few years. The current orthogonal multiple access (OMA) methods, which
are extensively implemented in previous generations of wireless networks, are inade-
quate to handle the stringent future demands of user density and network traffic. Non-
orthogonal Multiple Access (NOMA) is emerging as a game-changing technology that
promises to revolutionize the way it utilizes the radio spectrum and enable more effi-
cient communication in future wireless networks. NOMA, unlike conventional OMA
systems such as Frequency Division Multiple Access (FDMA), Time Division Mul-
tiple Access (TDMA), and Code Division Multiple Access (CDMA), allows multiple
users to simultaneously share the same time and frequency resource. The fundamental
basis of NOMA technology is rooted in the use of superposition coding (SC) and suc-
cessive interference cancellation (SIC) methods. The rise in the number of devices in

next-generation networks has prompted researchers to employ NOMA.

Cognitive Radio (CR) is another revolutionary technology that has emerged as a
result of the scarcity of available radio frequency spectrum, and the inefficiency of the
traditional fixed frequency allocation method. Implementing CR requires intelligent
spectrum monitoring, effective spectrum management, and dynamic spectrum sharing.
Three fundamental types of CR networks are underlay, overlay, and interweave. In
underlay networks, secondary users (SUs) are allowed to share the spectrum of primary
users (PUs) by transmitting at low power levels to control the interference caused to
the primary receiver (PR). Strict interference constraints are enforced to prevent undue

degradation of PU communications. In overlay networks, SUs enhance the primary
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transmission in some manner, and then exploit the enhanced SNR to facilitate primary
transmission. In interweave networks, SUs actively sense and detect unused spectrum
(spectrum holes) within the PU’s frequency bands and opportunistically transmit within
these spectral holes without causing interference. Underlay CR enables continuous
spectrum utilization and offers lower latency, as it does not have idle periods in which
the spectrum is not utilized. This is in contrast to interweave CR, which may experience
delays due to the time required for spectrum sensing and waiting for unused spectrum
holes. Overlay CR might also introduce latency due to complex signal processing,
and the coordination required with primary users. This is the motivation to study the

performance of underlay CR NOMA networks in this thesis.

To facilitate uplink transmissions by a large number of users, semi-grant-free (SGF)
communication schemes were evolved. SGF communication is a creative strategy that
combines the advantages of both grant-based (GB) and grant-free (GF) communication
approaches. This hybrid approach aims to address the shortcomings of conventional
communication systems, especially in situations where traffic patterns are erratic or
unpredictable. Devices using GB communication need to request access to a channel
resource, and wait for permission before transmitting data. Although this approach
guarantees efficient communication, it can cause enormous delays and increase over-
head, particularly in networks with a large number of nodes. On the other hand, GF
communication reduces overhead and latency by allowing devices to send data without
being granted access to the channel resource. This can also result in interference and
collisions, especially if multiple devices try to transmit simultaneously using the same
channel resource. SGF communication reconciles these two points of view. In the SGF
scheme, the number of nodes that are allowed to transmit is restricted in some manner

to decrease chance of collisions and packet loss.

Most of the works in literature deal with downlink and cooperative underlay NOMA
networks. This thesis considers multiuser uplink underlay NOMA wireless networks,
and develops novel power control techniques. The first work develops an intelligent SU
pair selection mechanism, and exploits NOMA signalling to maximize the throughput.

Fixed power control is considered based on the statistical properties of the channels.



It is ensured that the interference to the primary network (PN) does not exceed the in-
terference temperature limit (ITL). It is shown how primary channel knowledge can be
intelligently exploited in a channel state information (CSI) dependent ITL scheme for
even more significant throughput gains, which has not been explored in literature. In
underlay networks, the signal-to-noise ratios (SNRs) of each link show large variations
since the transmit powers are random, and determined by the random fading channels
to the PR. This inspired our second work, which focuses on CSI based power control
when two selected SUs transmit. The study utilizes NOMA/OMA mode switching,
and develops lower and upper bounds on performance for both static and CSI depen-
dent ITL. These bounds are important and useful to system designers. In both of the
above works, only a pair of SUs is selected. The third work considers selecting multi-
ple SUs instead of a single pair, and proposes channel-aware ITL apportioning among
selected SUs. The throughput improves significantly when using the proposed power
apportioning techniques. Upper bounds on throughput are derived for both static and
CSI dependent ITL. Imperfect SIC occurs due to channel estimation errors and hard-
ware impairments. For this reason, in this thesis, closed-form analytical expressions are

derived for performance taking imperfect SIC into account.

The fourth work in this thesis examines multiuser SGF-NOMA networks using un-
derlay CR principles and carefully apportioning the ITL among SGF users. It is shown
that switching from 3-user NOMA to 2-user NOMA, and to OMA if both fail, avoids
signalling outage and improves the overall throughput. For the first time, SIC errors
are taken into account in analysis of SGF-NOMA networks. The fifth work proposes a
novel instantaneous power apportioning scheme for multiple SGF users along with the
GB user when all transmit concurrently using the same channel resource. Closed-form
analytical expressions for the SGF user transmit powers and the overall throughput are

derived.

The analysis of wireless NOMA and SGF networks is substantially advanced by this
thesis. As the demand for improved SE increases in tandem with the density of users,

the acquired insights become extremely valuable to system designers.
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ABBREVIATIONS

1G First Generation

2G Second Generation

3G Third Generation

4G Fourth Generation

5G Fifth Generation

6G Sixth Generation

AF Amplify-and-Forward

AMPS Advanced Mobile Phone System
AR Augmented Reality

AWGN Additive White Gaussian Noise

B5SG Beyond Fifth Generation
bpcu Bits Per Channel Use
BS Base Station

BS-SGF Best User Scheduling

CA-ITLA  Channel Aware Interference Temperature Limit Apportioning
CDF Cumulative Distribution Function

CD-NOMA Code Domain Non-orthogonal Multiple Access

CDMA Code Division Multiple Access

CDRT Coordinated Direct and Relay Transmission
CR Cognitive Radio
CSI Channel State Information

CS-SGF Cumulative Distribution Function Based Scheduling

DC Difference of Convex Functions
DCC Distributed Contention Control
DF Decode and Forward
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DPC
EDGE
EM
eMBB
FDMA
FPA

GB

GF
GSM
HD
H-NOMA
HSPA
iid

IoT

ITL
LOS
LTE
MIMO
MMS
mMTC
MTD
NMT
NOMA
OFDMA
OLCC
OMA
PAPR
PDF
PD-NOMA
PN

Dynamic Power Control

Enhanced Data Rates for Global System for Mobile Communications Evolution

Electromagnetic

Enhanced Mobile Broadband

Frequency Division Multiple Access

Fixed Power Apportioning

Grant-Based

Grant-Free

Global System for Mobile Communications
High Definition

Hybrid Non-orthogonal Multiple Access
High Speed Packet Access

Independent and Identically Distributed
Internet of Things

Interference Temperature Limit
Line-of-Sight

Long Term Evolution

Multiple Input Multiple Output

Multimedia Messaging Service

Massive Machine Type Communication
Machine-type Device

Nordic Mobile Telephone

Non-orthogonal Multiple Access
Orthogonal Frequency Division Multiple Access
Open Loop Contention Control

Orthogonal Multiple Access
Peak-to-Average Power Ratio

Probability Density Function

Power Domain Non-orthogonal Multiple Access

Primary Network
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PR

PT

PU
QoS
SC
SC-FDMA
SDMA
SE
SGF
SIC
SINR
SMS
SN
SNR
SR

ST

SU
TDMA
UE
UMTS
URLLC
VoIP
VR
WAP
WiMax

Primary Receiver

Primary Transmitter

Primary User

Quality of Service

Superposition Coding

Single Carrier Frequency Division Multiple Access
Spatial Division Multiple Access

Spectral Efficiency

Semi-Grant-Free

Successive Interference Cancellation
Signal-to-Interference-Plus-Noise-Ratio
Short Message Service

Secondary Network

Signal-to-Noise Ratio

Secondary Receiver

Secondary Transmitter

Secondary User

Time Division Multiple Access

User Equipment

Universal Mobile Telecommunications System
Ultra Reliable Low Latency Communication
Voice over Internet Protocol

Virtual Reality

Wireless Application Protocol

Worldwide Interoperability for Microwave Access
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NOTATION

Absolute value
Mean power of received signal before envelope detection

Gamma function, where
oo

D(z) = [t e tdt
0
Upper incomplete Gamma function, where

[(a,z) = [ e 't*dt

Received SNR

Received SINR at near user in downlink NOMA
Received SNR at near user in downlink NOMA
Received SINR at far user in downlink NOMA
Received SINR to decode the near user symbols in uplink NOMA
Received SNR to decode the far user symbols in uplink NOMA
Received SNR at i user

Received SNR at " user when I, < 0

Threshold SNR

Threshold SNR of primary user

Threshold SNR of i** secondary user

Threshold SNR of GB user

Threshold SNR of SGF user

Power apportioning parameter

Minimum value of power apportioning parameter
Maximum value of power apportioning parameter
Power backoff parameter

Minimum value of power backoff parameter
Maximum value of power backoff parameter
Mean of random variable h;

Mean of random variable g;

Mean of random variable h,,

Reciprocal of mean of random variable g;
Reciprocal of mean of random variable 5,
Residual interference parameter

Throughput

Throughput of NOMA signalling alone

Lower bound of throughput

Upper bound of throughput

Throughput of GB user

Sum throughput of SGF user with the proposed DPAS scheme

Sum throughput of SGF user with the proposed DPAS scheme when [, < 0
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TDPAS
Yp>0

Yp<0
Tgf

IPAS

\]

kS <.

vl

QoI

S

CN (0,a)

Pro

o
NOMA

OMA
Do

Overall sum throughput of network for the proposed DPAS scheme
Throughput of K SGF users with the proposed IPAS scheme when 7, > 0,
where v, = I,,/N,

Throughput of selected K, SGF users with the proposed IPAS scheme when
I, <0, where v, = I,/N,

Overall throughput of SGF users with the IPAS scheme

Amplitude of the direct path signal

Channel bandwidth

Available bandwidth for the i*" user

Available bandwidth for PU

Available bandwidth for SU

Capacity of wireless channel

Ergodic capacity of the channel

Zero mean complex Gaussian distribution with variance a

Diversity order

Exponential function

Expectation operator

Exponential integral function, where

EBi(z)=— [ eT_tdt

Function considers the signal of PU and the intended message of SU
Probability density function of random variable X
Cumulative distribution function of random variable X
Channel between 7" user and the PR

Channel between i'* GB user and the BS

Channel between near user and the BS

Channel between far user and the BS

Channel between 7" user and the BS

Channel between j** SGF user and the BS

Channel between primary transmitter and primary receiver
Modified Bessel function of the first kind and order zero
Interference temperature limit

Logarithmic function, where

log(=) = J7 &

Nakagami-m fading shape parameter

Noise variance

Total transmit power

Transmit power of 5" user

Transmit power of GB user

Spectrum hole detection probability

False alarm probability

Probability that the PU is active

Probability that the spectrum hole is present

Non-outage probability

Outage probability/Outage probability of secondary network when 7, > 0
Outage probability of primary network

Outage probability of secondary network when I, < 0
Outage probability of NOMA signalling

Outage probability of OMA signalling
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Lower bound of outage probability of NOMA signalling
Upper bound of outage probability of NOMA signalling
Outage probability of the GB user

Outage probability of V, SGF user in the DPAS scheme

Outage probability with both V, and V}, SGF user transmitting in the DPAS

scheme
Outage probability of V,, SGF user when /,, < 0 in the DPAS scheme
Outage probability with both V, and V}, SGF user transmitting when
I, < 0 in the DPAS scheme

Non-outage probability of /&, SGF user when [, < 0 in IPAS scheme,
where v, = I,,/N,

Marcum Q-function

Received signal at PR

Fixed target rate

Fixed target rate of GB user

Fixed target rate of SGF user

Fixed target rate of i*" user

Fixed target rate of primary user

GB user symbol

User symbol of best uplink channel gain among SGF users

User symbol of second best uplink channel gain among SGF users
Far user symbol

i'" user symbol

Primary user symbol

Secondary user symbol

Near user symbol

Nakagami-m fading spread parameter

Confluent hypergeometric function

Far user

i" user

User U;» with best uplink channel gain among GB users

Near user

Zero-mean additive white Gaussian noise

Intended message for the SU

Unordered " iid random variable

Ordered 7" iid random variable

Received superimposed signal at BS/SR

Remaining signal after SIC

Received signal at PU with dirty paper coding
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