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Abstract

Non-orthogonal multiple access (NOMA) is considered as a strong candidate for en-
hancing the spectrum efficiency of future fifth generation (5G) wireless systems. A key
feature of NOMA is the superposition of multiple users’ messages in a single resource
by allocating different power levels to each user and applies successive interference
cancellation (SIC) at receiver to suppress intra-user interference.

The current literature is sparse in exploring the application of NOMA to multi-tier
cellular network, group device-to-device (D2D) communication and wireless sensor
networks (WSN). Previous studies have also shown that NOMA has no significant gain
over OMA in low signal-to-noise ratio (SNR) regime, and there are some potential
drawbacks of SIC that can limit NOMA performance. In order to address these gaps in
knowledge, extensive research is conducted in this thesis.

The first three chapters provide introduction and research motivations, background
concepts relevant to this thesis, and literature review to identify the research gaps.
In particular, research work conducted in this thesis can be divided into two parts.
The first part considers the application and performance analysis of NOMA for multi-
tier cellular networks, group device-to-device (D2D) communications and ubiquitous
wireless sensor networks (UWSNs). Based on the work done in first part, three problems
are identified to be addressed: a) to enhance the performance of NOMA in low SNR
regime; b) to enhance the performance of NOMA under similar channel conditions; c)

to resolve the issues related to the use of SIC with NOMA. As a result, the second part



of the thesis proposes solutions to solve the aforementioned problems.

The specific novel contributions of this thesis can be summarised as follows: 1)
developed a novel analytical framework to investigate multi-tier NOMA networks with
underlay D2D communications; 2) proposed a quality of service (QoS) based NOMA
group D2D communication scheme where unlike existing works, the D2D users (DRs)
are ordered in NOMA according to their QoS requirements; 3) investigated and analysed
NOMA for ubiquitous wireless sensor networks (UWSNs) in the presence of cross-
technology (CT) nodes; 4) proposed a hybrid multiple access (HMA) scheme where
users are scheduled either for NOMA and OMA in order to enhance the performance
in low SNR regime; and 5) designed an alternate receiver structure based on parallel
interference cancellation (PIC) to alleviate the SIC issues as well as an equivalent
transmission model for downlink NOMA. Moreover, in order to analyse the performance
of all the considered NOMA systems, closed-form expressions for outage probability

are also derived.
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Chapter 1

Introduction

1.1 Motivation and Scope

The last decade has witnessed a rapid growth in the number of mobile subscribers with
portable devices such as smart phones and tablets to enjoy a wide range of services
from simple voice to interactive multimedia. A major challenge facing current fourth
generation (4G) mobile network operators is the ever-increasing number of mobile
subscribers and their demands for high data-rate real-time multimedia services due to the
scarce spectrum, along with a vigorous requirement of seamless connectivity, anywhere
and anytime. Consequently, the wireless communications industry and academia
researchers have been compelled to define a new paradigm of technological solutions
to support the requirements of future fifth generation (5G) mobile communication
systems [1,2].

Some of the colossal expectations of 5G systems include 1000x increase in cell
throughput capacities over current 4G systems; wide expansion in traffic and number of
simultaneous connections; personalized user experience; service access from anywhere,
anytime, and any device; exceptionally low end-to-end latency; and a 10X increase in

battery life for battery-operated services [3-5].
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In order to meet the aforementioned demands, many potential solutions have been
proposed, such as ultra-densification, massive multiple input multiple output (MIMO)
and millimetre wave [5]. Nevertheless, the role of multiple access scheme always
remains a vital factor in cellular networks for enhancing the system capacity in a cost-
effective manner, while utilising the bandwidth in such a way that overall spectral
efficiency will be increased [3, 6].

Non-orthogonal multiple access (NOMA) is considered as a promising candidate
due to its potential of enhancing system capacity by efficient utilisation of the available
spectrum resources. Unlike conventional orthogonal multiple access (OMA), NOMA
superimposes message signals of different users in power domain and transmits this
conglomerate signal using the same time, frequency or code resource. Successive
interference cancellation (SIC) technique is employed at each receiver to cancel the
intra-user interference [7].

The concept of NOMA is originally proposed for cellular networks in order to obtain
significant performance gains over existing OMA techniques. In this context, NOMA
and its integration with other techniques to enhance system capacity is well-investigated
in the literature under single-cell single-tier scenario. These studies demonstrate the
performance gains over OMA in terms of lower outage probability, better achievable
rates, improved cell-edge user throughput and enhanced cell capacity. However, a
practical cellular network is comprised of multi-cell architecture with potentially a
multi-tier deployment to meet the capacity and massive-connectivity requirements of
the future 5G cellular systems. In this perspective, current literature is still scarce on
analysing NOMA systems under multi-cell and multi-tier scenario. The performance
gains achieved by NOMA in single-cell single-tier situations can not be extended to
multi-cell multi-tier cases in a straightforward manner. This is because the presence
of inter-cell and inter-tier interferences require accurate system modeling and analysis

under these scenarios, particularly with a frequency reuse factor of one.

2
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In addition to NOMA, device-to-device (D2D) communication is another emerging
technique, which has the ability to improve the spectral efficiency of conventional
cellular network by sharing the same spectrum resources among cellular and D2D
users [8—11] . In order to obtain further capacity improvements, NOMA can be applied
to group D2D communications, but very few studies have been made in the literature on
NOMA based group D2D networks. Moreover, NOMA exhibits strengths that can be
considered as highly relevant for addressing the deployment challenges of ubiquitous
wireless sensor networks (UWSNSs) for ubiquitous monitoring of physical environments.
Specifically, for a given spectrum bandwidth, NOMA can enable more simultaneous
connections than existing approaches without the overheads of coding and spreading
to facilitate the separation of users’ signals at the receiver [12]. This is particularly
attractive to support massive connectivity without requiring more spectrum resources in
UWSNSs.

Despite that NOMA can improve system capacity by efficient spectrum utilisation,
NOMA based systems are inherently more interference limited than OMA due to
superposition coding . Hence, NOMA requires a higher signal-to-interference-plus-
noise ratio (SINR) for successful decoding. Further, previous studies showed that
NOMA has no significant gain over OMA in low signal-to-noise ratio (SNR) regime [13],
which makes it less attractive for those users with low SNR. Hence, there is a need
to enhance the system performance in low SNR regime. Moreover, existing NOMA
systems typically employ SIC receiver. However, SIC technique has potential issues
that include high dependency on the correct decoding of the first user, error propagation,
power sensitivity and increased decoding delay with large number of users. These SIC
associated issues can limit NOMA performance, and hence there is a need to design an
alternate receiver for NOMA that can alleviate these problems.

The aforementioned issues motivated the investigation on the application of NOMA

for multi-cell multi-tier cellular networks, group D2D communications and UWSNs
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in this thesis, utilising stochastic geometry tools to model and analyse interference in
these networks. Closed-form expressions for outage probability at the probe receiver
are derived to evaluate the performance of these networks. In addition, a notion of
hybrid multiple access (HMA) is presented to improve the system performance in low
SNR regime. Further, an alternate receiver based on parallel interference cancellation

(PIC) is investigated for NOMA to alleviate the SIC-related issues.

1.2 Contributions

e In Chapter 4, NOMA for multi-cell multi-tier cellular network, comprising of
macro-cell base stations (MBSs) and small-cell base stations (SBSs) with under-
laid D2D communications, is investigated. Both MBSs and SBSs are equipped
with NOMA functionality. The deployment of SBSs is user-centric and hence
locations of SBSs and users in small-cells are correlated. Based on stochastic
geometry tools, an analytical framework to model and analyse the considered
network is developed. An important characteristic of the developed modeling ap-
proach is that it captures the correlation between locations of SBSs and small-cell
users. Based on the network modeling, the association probabilities for each user
to connect with MBS or SBS are calculated. Further, interference distributions
are derived for a typical user with three possible instances, i.e. MBS user, SBS
user and D2D receiver (DR). In addition, a SIC with intra-user interference es-
timation (SIE) receiver to improve the decoding performance at MBS/SBS user
by locally estimating the intra-user interference, is proposed. Both perfect and
imperfect cancellation for SIE are considered. The outage, throughput and energy
efficiency performances of a typical user for both conventional SIC and proposed

SIE operations, are evaluated.
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e In Chapter 5, NOMA is applied to group D2D communications. A quality of
service (QoS) based NOMA (Q-NOMA) group D2D communications in which
D2D users are randomly distributed over a two-dimensional plane, is proposed.
Unlike existing proposals, the D2D receivers (DRs) are ordered according to
their QoS requirements, which is more appropriate for the D2D communications
scenario. The spatial topology of D2D transmitters (DTs) is modeled by Gauss
Poisson process (GPP) and DRs are considered to be randomly clustered around
DTs. In addition, based on the QoS ordering, two policies to compute power
allocation coefficients that can lead to two implementations of the proposed Q-
NOMA group D2D communications, are proposed. Based on stochastic geometry
results, the interference at the probe DR is characterised and insightful results
are obtained by applying Gaussian—Chebyshev and Gauss—Laguerre quadratures.
In order to evaluate the performance, the closed-form expression for outage
probability of DRs in the proposed Q-NOMA group D2D communications, is

further derived.

e In Chapter 6, NOMA is proposed as a spectrum efficient means of supporting
massive connectivity in UWSNSs, and its performance in a downlink scenario
where sink transmits to a group of sensors using NOMA in the presence of cross-
technology (CT) nodes and other interferences is investigated using stochastic
geometry. The sensors, sinks and CT nodes can reside randomly and inde-
pendently of each other in a two-dimensional (2D) plane. Hence, their spatial
topologies are modeled with three different homogeneous Poisson point pro-
cesses (PPPs). The closed-form expression for outage probability at the probe
receiver’s location is further derived and its diversity order analysed. The average
link throughput and energy consumption efficiency performances are compared

between NOMA and OMA based UWSNSs. Moreover, in order to assess the
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practicality of utilising NOMA for UWSNSs, a computational complexity analysis
is performed to evaluate the complexity required by SIC units of sensor receivers

to decode NOMA message signals.

e In order to enhance the system performance in low SNR regime, a HMA scheme
that dynamically schedules users for either OMA or NOMA while satisfying a
necessary condition derived based on the transmit SNR and user targeted rate,
is proposed. The scheme is flexible enough to be applied to any NOMA group
size and aims to achieve a better overall system performance than pure NOMA
and OMA. Further, a channel gain stretching (CGS) scheme for applying NOMA
effectively in HMA under similar channel conditions is designed. An optimisation
problem is formulated, which is solved numerically to obtain the K for GG, that
results in the optimal throughput for the proposed HMA system. In addition, the
exact closed-form expression for the outage probability is derived to evaluate the

decoding performance of proposed HMA.

e To address the SIC issues that can limit the NOMA performance, an alternative
receiver design based on PIC technique is investigated. The possible imple-
mentations of PIC-based receiver structure for downlink NOMA are presented
and the associated design challenges are discussed. The estimation of intra-user
interference from downlink NOMA signal is an important design consideration
for the proposed receiver as it has a major impact on the decoding performance
of the NOMA user. Hence, in the second half of this chapter, an equivalent
model for downlink NOMA transmission is presented and stochastic geometry is
applied to model the intra-user interference in downlink NOMA signal. Based
on the modeling results, a simple algorithm is proposed to estimate and cancel
the intra-user interference from the received downlink NOMA signal. Unlike

NOMA-SIC which requires proper rate and power allocation to keep NOMA
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operational, the proposed algorithm eliminates this requirement by estimating and
canceling the intra-user interference in a single step. The closed-form expression
for outage probability is derived and a performance comparison between NOMA

under the proposed algorithm and NOMA-SIC is made.
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1.3 Thesis Organisation

The rest of this thesis is organised as follows:

Chapter 2 provides the background concepts underlying this thesis. Specifically,
it gives an overview of the two paradigm technologies of NOMA and D2D which are
considered as promising candidates to enhance the spectral efficiency of 5G systems.
Moreover, an introduction to point processes is also given, which are employed for
system modeling and analysis in this thesis.

Chapter 3 reviews the relevant research literature, which is organised as follows:
First, representative works on NOMA for cellular networks are discussed. Then,
considering D2D communications as a promising technology to enhance the spectrum
efficiency, the works exploring the application of NOMA to D2D communications are
reviewed. Next, the works investigating the potential of applying NOMA to WSNs are
analysed. Consequently, sections 3.1-3.3 review the existing works that consider the
application of NOMA to three different networks (cellular, D2D, and WSN). Observing
the negligible gain of NOMA over OMA at low SNRs and the SIC related issues that
impact NOMA performance, sections 3.5 and 3.6 are dedicated to reviewing works
related to HMA, and receiver structure for NOMA, respectively.

Chapter 4 investigates the multi-tier NOMA networks with underlay D2D commu-
nications. Chapters 5 and 6 explore the potential of applying NOMA to group D2D
communications and UWSNSs, respectively, under interference limited environment.
Chapter 7 presents the HMA scheme with channel gain stretching for improving the
system performance in low SNR regime. In Chapter 8, PIC-based receiver structure is
proposed for NOMA to alleviate the SIC related issues.

Finally, Chapter 9 concludes the thesis with some suggestions for future work.



Chapter 2

Background

This chapter briefly visits and describes the background theory and concepts which are

extensively utilised in the rest of this thesis.

2.1 Multiple Access Techniques for Wireless Commu-
nication

Every wireless system must implement a defined procedure to support multiuser com-
munication by sharing a common access medium among different users. Depending on
the type of wireless system, it may explicitly share or divide the common access medium
into smaller parts termed resources such as frequency channels and time slots. These
resources are then utilised to grant multiple users access to communicate over this com-
mon medium access. In particular, a single resource is utilised by one transmit/receive
pair for communication. However, the pool of resources available to a wireless system
is typically far less than the number of transmit/receive pairs present in the system.
As a consequence, in order to realise multiuser communication, every wireless system
must have some set of protocols which are used to share available resources to facilitate

communication between active transmit/receive pairs. This protocol/procedure to share
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available channel(s) among different transmit/receive pair is known as multiple access
(MA) or medium access [14,15].

The MA schemes can be broadly classified as contention-free and contention-
based techniques. The contention-free techniques implement some mechanisms under
which the available transmission resources are assigned to active transmit/receive
pairs to realise communication. As a result, each user is assigned with a dedicated
resource for the entire duration of its communication. As such, the contention-free
MA schemes particularly suit scenarios where users require continuous access to a
resource. Consequently, this type of MA scheme is attractive to cellular networks, where
users require regular transmission/reception of voice or data [16]. In what follows, an
overview of contention-free and contention-based MA schemes is provided.

The major types of contention-free MA schemes include frequency division multiple
access (FDMA), time division multiple access (TDMA), code division multiple access
(CDMA), and orthogonal frequency division multiple access (OFDMA). In FDMA
systems, the resources are defined in terms of frequency channels. That being said,
every transmitter is allocated with a fraction of an available spectrum which enables all
the transmitters to remain active simultaneously. In contrast to FDMA, multiple users in
a TDMA system can access the entire available spectrum but each user is granted access
for a predetermined time, termed time slot. The transmission in TDMA system occurs
in terms of frames, where each frame has a fixed number of time slots. As a result,
the users served per frame in TDMA are equal to the number of time slots per frame.
In addition, due to imperfect synchronisation among users, guard times are inserted
within each frame in order to avoid inter time slot collisions. In terms of efficiency, both
TDMA and FDMA schemes are equivalent and are considered as orthogonal multiple
access (OMA) schemes due to the absence of co-channel interference [17, 18].

It is evident from the aforementioned discussion that TDMA and FDMA systems

maintain orthogonality between user transmissions in time and frequency domains,
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respectively. CDMA is another class of contention-free MA scheme where resources
are in terms of user codewords. Each user in CDMA system is allocated with a unique
codeword which is orthogonal to those of all other users. The codewords in CDMA
system are pseudo-random waveforms that are used to spread the users’ messages
over the entire spectrum bandwidth. In this way, every user has an access to complete
available spectrum for communication [19].

Another important class of contention-free MA schemes is OFDMA, which is based
on an orthogonal frequency division multiplexing (OFDM) transmission technique. The
OFDM system divides the entire available spectrum into orthogonal subchannels of
relatively small bandwidth. Each subchannel is assigned with a separate subcarrier
which results in a flat fading response for small subcarrier spacing. The information
bits of an incoming message are spread among subcarriers. Separate modulation
is performed at each subcarrier and the resulting signal, termed OFDM symbol, is
then transmitted by superimposing all of those modulated signals. As a result, all
the subcarriers in OFDM system are used to transmit the message signal of a single
user [20]. In order to facilitate multiuser communication, OFDM can be combined with
FDMA to result in a MA scheme known as OFDMA. In an OFDMA system, the total
subcarriers in a single OFDM symbol are shared among multiple users in an orthogonal
manner, where a fraction of available subcarriers in an OFDM symbol is allocated to
each user [21].

In situations when traffic is bursty, the users require access to resources only for a
short period of time and hence contention-free MA schemes are not very efficient. A
promising solution to serve users under bursty traffic situations is to utilise contention-
based MA schemes, which consider the entire available spectrum as one frequency
channel. Such MA schemes are suitable for communication in wireless sensor networks
(WSN5s) where users contend or compete for the channel whenever they want to transmit

[14]. Having this succinct overview of contention-free and contention-based MA
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schemes, a new member of MA schemes known as NOMA, is discussed in the next

subsection.

2.2 Non-Orthogonal Multiple Access (NOMA)

NOMA is considered as a promising MA scheme to increase the system capacity for
future 5G communication systems. The basic idea of NOMA with power domain
multiplexing is to allocate different power levels to multiple users and send the super-
imposed signal using same time, frequency or code resources. Multiuser detection is
performed at the user receiver by using SIC technique. NOMA with power domain
multiplexing can be implemented in both downlink and uplink to increase the system
capacity [22-24]. It should be noted that there are various forms of NOMA which
are proposed and investigated in literature. However, this thesis focuses on the power
domain NOMA, which is simply referred to as NOMA in the rest of this thesis. The
basic operational principle of downlink NOMA can be described as follows.

Let us consider a scenario of downlink cellular transmissions in which a base
station (BS) is simultaneously transmitting signal to all the UEs in a cell, as shown
in Figure 2.1. Assume that there are a maximum of N UEs in a cell. Let h,, be a
channel gain (power) between UE n and the BS. Consider that users are ordered as
hy < ... < hy, then according to NOMA principle, the power allocation coefficients
are given as a; > ... > ay, where a,, is the power allocation coefficient for UE n. In
addition, assume that the total transmission power at the BS is constrained to P, such
that 25:1 a, P = 1. As aresult, the superimposed signal of all the UEs transmitted by

the BS is then given by [25,26]:

N

S = \ hiaiPsi, (21)

=1
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Figure 2.1. Downlink NOMA transmission.

where s; is the message signal for UE i. The received signal at the UE n can be

represented as:

N

Tn = hiaiPsZ- + Vo, (22)
2V
i=1

where v,, is the additive white Gaussian noise (AWGN) at UE n receiver.

The optimal decoding order for the users is in the order of increasing channel gains.
Hence, in this case of channel gains order, the UE having the least channel gain will
decode its signal in a straightforward manner, as it will treat all the signals from other
UEs as noise. At the receiver of UE n , all the message signals for higher order UEs
1,...,n — 1 will be considered as interference and they will be removed in a successive
fashion using SIC. After the removal of the interference from higher order UEs, it will

decode its own message signal by treating messages for lower order UEsn + 1,..., N

13



CHAPTER 2. BACKGROUND

UE1 Data Bits a,p
FEC Legacy S,
E— . Interleaving Modulation
Encoding
Mapper
C| S
A/ aNP
UE N Data Bits s
N
FEC Legacy
—_— . —3 Interleaving Modulation
Encoding
Mapper

Figure 2.2. NOMA transmitter architecture.

as noise [25].
NOMA Transmitter and Receiver Architectures

A transmitter and receiver architectures for downlink NOMA system are shown
in Figures 2.2 and 2.3, respectively. At the transmitter side, the input data bits are
converted into the codewords by forward error correction (FEC) encoding block. The
output of the FEC block is interleaved by the interleaving block, which is then fed into
modulation block to obtain the transmitted signal s,, for UE n, where 1 < n < N.
In order to realize a power domain multiplexing, the message signal of every UE is
multiplied by the allocated power, i.e., s,, is multiplied with \/a,, P . The transmitted
NOMA signal s is then constructed by adding the message signals of all the UEs. At
the receiver side, SIC is performed to remove the intra-user interference followed by
demodulation. The output of the demodulation is then fed into the deinterleaving block.

Finally, the FEC decoding is performed to obtain an estimate of the message signal of
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Figure 2.3. NOMA receiver architecture.

UE.

2.3 Device-to-Device Communications

Apart from NOMA, another capacity enhancement approach that has recently gained
popularity for 5G networks is to invoke direct communication between devices or
D2D communications. This approach can boost the overall spectral efficiency of the
system due to its ability of offloading traffic from the cellular network. The D2D
communication can be broadly classified into two categories, namely inband and
outband D2D communications.

In inband D2D, the D2D links still operate in licensed band and available cellular
spectrum resources are utilised for both D2D and cellular users. In particular, the inband
D2D communication can be further divided into underlay and overlay modes. In the
underlay mode, the entire licensed spectrum is shared by both cellular and D2D users
for communication i.e., no resources are specifically reserved for D2D or cellular users.
As a result, the underlay D2D operation enhances the overall spectrum efficiency at the
cost of increased interference. In the overlay mode, the D2D users are allocated with
dedicated spectrum resources, which helps to avoid interference but results in poorer
spectral efficiency than the underlay mode [27,28].

On the other hand, outband D2D operates in the unlicensed spectrum, and thus

the D2D users do not cause interference to the cellular users. In order to realise
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outband D2D, an extra air interface (such as WiFi Direct) in addition to that for cellular
network, is also required at the users’ receiver [27]. As a result, outband D2D can
be further classified into controlled and autonomous modes. In controlled mode, the
cellular network controls the D2D interface of user’s device [29, 30], whereas in an
autonomous type, the D2D users themselves control the interface [31]. It should be
noted that the outband D2D causes no interference to the cellular users, but due to the
uncontrolled nature of transmissions in the unlicensed spectrum, the D2D users can
experience interferences from other devices that are transmitting in the same unlicensed

spectrum [27].

2.4 Point Processes

A general wireless communication system can be regraded as a collection of nodes
randomly distributed in a two dimensional (2D) space (higher dimensions are possible,
but the research in this thesis only considers 2D networks). In other words, the wireless
nodes in a network can be viewed as a random pattern of points in 2D space, where
the physical location of each node typify a point in the 2D space. Stochastic geometry
offers elegant methods and tools to model and analyse wireless networks by averaging
over all possible configurations of the randomly distributed wireless nodes. In particular,
the network snapshot at some time instant is considered as a realisation of a spatial point
process (PP). The PPs offer flexibility of modeling a wide range of wireless networks
and ease of analysing such networks in a probabilistic manner using a minimum number
of physical parameters [32,33].

Based on the different wireless networks considered in the chapters that follow, this
thesis utilises and applies different types of PPs (to be discussed in subsequent sections)
in order to model the spatial topology of the considered network. More specifically, the

random spatial locations of different network entities such as BSs, cellular users, and
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sensors are modeled by applying the appropriate PP model. In what follows, a brief
discussion of different types of PPs that are utilised in this thesis is presented.

A PP can be formally defined as follows:

Definition 2.1. (Point Process [34]): A PP, denoted by ®, is a collection of countable

randomly distributed points in some measure space, such as Euclidean space, R?.

Random measure formalism is a general way of describing a PP in which a number
of points belonging to sets B C R? are used to characterise PP. Consider a non-negative
random variable (RV) N (B) to represent the number of points in set B, then, given ®,

N can be obtained as:

N(B) =Y lang, 2.3)
[}

where 1 is an indicator function and the RV N in (2.3) is known as random counting
measure.

A very useful quantity to describe a PP is an infensity, denoted as A, which is
defined as the average number of points of ® per unit area or volume. The PP process
® is called uniform or homogeneous if its intensity measure does not depend on the
location. However, if the intensity measure is a function of location, then the resulting
PP is termed as inhomogeneous or non-uniform PP. Based on intensity )\, the expected
number of points in a set B can be obtained as: A (B) = E[N(B)] = [, A (z)dx,
where A is known as intensity measure of ®.

Depending on the type of wireless network and communication scenario, different
PPs are utilised for modeling the networks under consideration. Particularly, PPs
provide analytical tools to characterise interference at a typical user (randomly chosen
receiver) under interference-limited environments where multiple nodes are transmitting

simultaneously using the same spectrum resources. This in turn allows the performance
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evaluation of a given network in terms of metrics such as outage probability and
throughput.

The interference (formally defined later in subsection 2.4.6) at a typical user is
viewed as the sum of transmissions from all active transmitters in the network. In
order to evaluate the performance of a typical user, the distributional characterisation of
interference is necessary. As such, the probability generating functional (PGFL) of a
PP is defined, and then utilised to characterise the distribution of interference in terms

of the Laplace transform. The PGFL of a PP ® can be formally defined as follows:

Definition 2.2. (Probability generating functional of a point process [35]): Let v be a

function such that v : R? — [0, 1], then, PGFL of PP ®, denoted as G [v] is defined as:

E [exp ( /R logu(2)® (dx)ﬂ . (2.4)

The two sufficient conditions for the existence of PGFL for PP are 1) ¢ has a
finite number of points, and 2) v : R? — [0, 1], and intensity measure A satisfies
Jz2llog v (2)|A (dz) < oo. Readers may refer to [ [35]] for more detailed discussion of
the topic. Now having the definition and description of ®, A (-), A and G (+) in hand,
some important PPs used for modeling and analysis in this thesis are discussed in the

next section.

2.4.1 Poisson Point Process (PPP)

A PP ® with intensity measure A is a PPP on R? if it possesses the following properties

[36]:

e The RV N (B) is Poisson distributed with mean A (B), where B C R?. If A has

18



CHAPTER 2. BACKGROUND

an intensity A, then,

P (N (B) = k) = exp (—/B)\(x) dx) W;

e Whenever By, ..., B, are disjoint, then N (By) , ..., N (B,,) are independent.

Note that homogeneous PPP is a special case where A (B) = A|B|. The PGFL for

a PPP is given as [34],

~ exp <— /R -v(@)a (d:c)) 2.5)

Due to the independence property of PPPs, they are considered to be completely
random spatial models. That being said, there is no interaction between the points of
PPP. This eventually leads to a very useful result for PPP under which the conditioning
on a point = of PPP does not change the distribution of the rest of the process. This
result for PPP is known as Slivnyak’s theorem [35]. These characteristics made PPPs
very popular for modeling wireless networks due to their simplicity and analytical
tractability. As a result, PPPs are accurate for modeling networks where nodes reside
independently of each other. Examples of such situations include those users in the

cellular networks who are located independent of the BS locations or sensors in WSNs.

2.4.2 Determinantal Point Process (DPP)

PPPs offer reasonable approach for modeling completely random spatial networks. How-
ever, there are situations where points of PP exhibit interaction (repulsion/attraction).

For example, the PP generated by macro-cell BSs (MBSs) is not completely random
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due to the existence of interaction (repulsion) between the nodes of the PP. This means
that in reality, no two MBSs can lie in proximity of each other if the distance between
them is less than the minimum separation distance. Hence, modelling locations of
MBSs with PPP is not realistic, as the PPs generated by MBSs are more regular and
less random as compared to PPP [37].

Determinantal point process (DPP) is a class of PPs that is used to model the regular
PP. The analytical tractability of DPP makes it a reasonable choice to model the PPs
that exhibit interaction [37,38]. DPP can be formally defined as follows.

Let ® be a PP defined on the Euclidean plane R?, then & is known as a determinantal

point process if its n-th joint intensity obeys the following relationship:

p(”) (n) = det (K (z4,7;)) Ty ey Ty) € (RQ)H,

1<igin o (

where K : R? x R? — C is a square matrix known as DPP kernel and C denotes the
complex plane. Readers are referred to [39,40] and references therein for details of the
conditions required for the existence of DPP.

If K is a kernel such that it guarantees the existence of DPP ®, then the PGFL of a

DPP is given as [41]:

1 —wv(x;)]dzy...dz,. (2.6)
1

o (="
> det (K (21,%7)) 1< 1
n=0 ’ (Rz)n

n

7

A DPP is said to be stationary if its kernel K has the following form:
K(J?,y):KQ(J}—y)7 x7y€R27

where K is termed covariance function of the stationary DPP. It should be noted that
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the intensity measure of stationary DPP is constant over R?.
Among different types of DPP models, Gauss DPP maintains a balanced tradeoff
between modeling accuracy and analytical tractability [37]. A stationary PP & is called

a Gauss DPP if its covariance function K, assumes the following form [40]:

]2
K2

Ko (z) = Aexp <— ) , T €R% 2.7)

where ) and k represent the intensity and measure of repulsiveness for Gauss DPP,

respectively.

2.4.3 Poisson Cluster Process (PCP)

Apart from completely random spatial wireless networks that have interaction among
nodes, there are situations when users exhibit correlation with some geographical
locations and are distributed in a clustered manner around these locations. For example,
the areas of high user density in cellular networks represent such spatial locations where
users show clustered behaviour. The geographical centres of these areas may represent
user hotspots or positions of user-centric deployed small cell SBSs in order to meet
capacity requirements in these congested areas. As such, PCP is a class of PP that offers
flexibility to model networks in which users show clustered behaviour. In particular,
PCP is defined in terms of parent PP and daughter PPs. The parent points themselves
are not included in PCP. The PCP can be formally defined as follows.

Consider the parent process is a homogeneous PPP denoted as @, = {z1, z3, ...}
with intensity A,. Then PCP can be generated by considering independent daughter PPs,
one per parent point location, and translating them to the position of their parent. Let n
represents the total number of parent points, and ®; denotes the family of untranslated

daughter process. The PCP & is then given by the union of all the translated clusters
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as [34]:

=) P+
i€ln]

The two important types of PCP are Thomas cluster process (TCP) and Matern
cluster process (MCP) in which the number of points in the daughter processes are Pois-
son distributed with mean ¢. The intensity of PCP @ is given as A = A\,¢. The daughter
point in MCP and TCP is distributed according to uniform and normal distributions
(with variance o?), respectively, around the parent point. Hence, probability density
function (PDF) of daughter point y € R? relative to parent point (cluster centre) is given

by [42]:

= lyll<r

e
fuer (y) = . (2.8)
0, otherwise.
1 lylI”
=— —— . 2.
frer (y) 552 OXP ( 557 (2.9)

The PGFL for MCP and TCP is given as [34,35]:

G| £ E

va]

cen(on ][ ([ [ ot rnswa )] o). o

where f in (2.10) is given for MCP and TCP in (2.8) and (2.9), respectively.

2.4.4 Poisson Hole Process (PHP)

The PHP is useful in modeling wireless networks where exclusion zones (holes) are con-

sidered around nodes such that no transmitter inside holes is allowed to transmit. This
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naturally captures the notion of interference management by restricting the transmitters
away from receiver at distances greater or equal to hole radius. An example scenario
consists of inband (underlay) D2D communication where exclusion regions are created
around cellular users by BS to avoid excessive interference from D2D transmitters by
restricting them to outside the holes.

The PHP can be defined formally as follows.

Consider two independent homogeneous PPPs ®; (A1) and ®, (\2), with A; > Ao,
then PHP ® can be defined as [43]:

@:{$EQ)1Z$¢ED}:®1\ED, (211)

where Ep = b (y, D) is the region covered by the holes and b (y, D) = {z € R? :

yeP,
|z — y|| < D} is a ball of radius D centred at location y.

It should be noted that conditioned on ®, (holes locations), the PHP is simply a PPP
of intensity \; over R? \ Fp. As a result, Slivnyak’s theorem for PPP is also applicable

to PHP.

2.4.5 Marked Point Process (MPP)

It is often desirable in wireless networks to differentiate between different types of
nodes on the basis of some information associated with the nodes. For example, in
heterogeneous networks, it is useful to signify the type of node (e.g. mobile user, BS,
WiFi access point etc). Another situation is to determine the state of a node as either
transmitter or receiver. This information about the points of PP can be attached to each
point by assigning them a RV known as mark [34]. This leads to the definition of MPP
as follows.

Consider a PP ®, known as ground process, which is defined over a 2D plane R?.

Consider another space M known as a marked space. A MPP ® = {(z,m,)} is defined
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over space R? x M such that ® (B x M) < o0, is considered as a collection of random
points {z} = ® with marks {m, } from M attached to each point [44].

The MPP @ is said to be an independent MPP if the mark m, for point = depends
only on x and not on any other point or mark with distribution £’ (-) on M. In addition,
when marks are identically distributed, i.e. they do not depend on ground points
locations, the resulting process is termed independent and identically distributed (i.i.d)
MPP. An independent MPP has two implications. 1) The ground process & is a PPP
on R? with intensity measure A and conditioned on ®, the marks are independent with
distribution F (-) on M, and 2) ® is a PPP on R? x M [34].

In case of independent MPP, the PGFL is given as [44].

Gv] = exp [— /R (1—/Mv(1:,m) o) (dm)) A(dx)}, 2.12)

where v is a family of all functions such that v : R? x Ml — R+,

2.4.6 Interference over a Point Process

Sharing the same spectrum resources by users in a wireless network gives rise to an
interference limited network. Under such scenarios, the interference at a typical user
is defined as the sum of all signals (power) from each unwanted transmitter in the
network. If locations of users are modeled by some spatial PP ®, then the interference
is considered as the sum of functions over the points of PP. As a result, the interference,

denoted as Z, at typical user located at x is given as:

T = Phyllx — o] ™ (2.13)

zed

where P, are the transmit power of transmitter at x, h, is the channel between typical

user at x( and transmitter at x, and o > 2 is the pathloss exponent. Note that interference
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7 in (2.13) is a random function defined over the points of ®. As such, the distribution

of Z can be characterised by determining the Laplace transform of Z as follows:

Lr(s) = B[] = B [ Eeco Pehellomanl ™|

=E H esPThm|x$O|a]
zed
=K E, o—sPuhllz—zo] =
o ];[1) . ( >]
-kl (2.14)

where v (z) = Ej, (e‘spwh”z_zo”_a).
The Laplace transform characterises the complete distribution of the random pro-
cess/RV. Therefore, based on (2.14) and using the corresponding PGFL for the PP &,

the interference Z defined over points of ¢ can be completely characterised.

2.5 Chapter Summary

This chapter has provided a brief overview of the background concepts and theories
underlying this thesis. In particular, two broad classifications of MA schemes extens-
ively used in wireless networks are discussed. Moreover, being the latest member of the
MA family, the fundamental principles of downlink NOMA with SIC operation, are
introduced. Further, owing to the random spatial topology of wireless networks,various
PP models that offer a reasonably accurate approach and rich tools for modeling and
analysing the networks considered in this thesis, are briefly discussed. Finally, based
on the discussed PP theory, the distribution of interference at a typical user can be
completely characterised with the aid of its Laplace transform, providing the basis for

deriving other performance metrics such as outage probability and link throughput in
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the subsequent chapters.
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Chapter 3

Literature Review

In order to design the study conducted in this thesis, it is necessary to identify the
research gaps in existing literature on NOMA. Hence, this chapter presents an in-depth
literature review, which leads to the identification of several problems that inform this

research.

3.1 NOMA for Cellular Networks

3.1.1 Single-Cell Single-Tier Scenario

In current literature, the downlink NOMA is investigated with SIC receiver at the user
equipment (UE) side. In [6,25,45], the performance of NOMA technique is evaluated
with SIC receiver by performing system level simulations. In [25], the authors suggested
NOMA a promising multiple access scheme for future cellular systems. The utilisation
of additional power domain by NOMA for user multiplexing, the expected increase in
the device processing capabilities for future systems and robust performance gain are the
key motivations behind this proposal. The authors performed system level simulations

and compared the performance between NOMA and OFDMA. They presented the
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comparison in terms of the number of users and the overall cell throughput under
frequency-selective/wideband scheduling and power allocation. The authors reported a
performance gain of 30 — 35% in the overall cell throughput for NOMA over OFDMA.

In order to achieve a further performance gain using NOMA, the authors proposed
combination of NOMA with MIMO and multi-site extensions as possible future exten-
sions. The authors adopted SIC receiver for NOMA as a standard decoding scheme at
the UE side. .This choice implies that the performance of NOMA is directly dependent
upon the decoding performed by SIC receiver. Hence, a decoding failure by SIC results
in performance limitation of NOMA. However, in the comparisons presented in [6],
they assumed a perfect decoding for SIC and hence, neglected the impact of decoding
failure and error propagation of SIC on the performance of NOMA.

In [13], the authors considered a single cell case for downlink NOMA and modelled
the cell using a circular disc geometry of radius Rp. They assumed that the users
are distributed randomly with uniform distribution in the circular disc. In order to
evaluate the performance of downlink NOMA, they presented two scenarios for user’s
rate and calculated the corresponding performance metric. In the first scenario, the
QoS requirements of the user are utilized to determine the data rate. They considered
two events: the idealistic suppression of the interference caused by all the higher order
users and the ability of the NOMA in order to satisfy the QoS requirements of the user.
In the second scenario, they calculated the user’s rate opportunistically based on his
channel conditions. The outage probability is considered as a performance metric in
first scenario, while for the second scenario, the achievable ergodic sum rate by NOMA
transmission protocol is adopted. The analytical and numerical results show that the
NOMLA is able to achieve better outage and ergodic sum rate performance than OMA.
However, there are two critical factors that can adversely affect the outage performance
of the system, namely the selection of user’s targeted rate and the choice of power

allocation coefficient. The reason is that a wrong or inappropriate choice of a power
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allocation coefficient will result in a decoding failure for SIC and consequently this will
lead to high outage probability.

In [6] and [45], to incorporate the practical prospects of the cellular systems into
their system level simulation evaluations of downlink NOMA with SIC receiver, the
authors combined LTE radio interface functionalities such as time/frequency domain
scheduling, adaptive modulation and coding (AMC), hybrid automatic repeat request
(HARQ) and outer loop link adaption (OLLA) with NOMA specific operations such as
dynamic power allocation. A proportional fairness (PF) scheduler was used to achieve
the multi-user scheduling. Furthermore, dynamic transmit power allocation scheme
(TPA) was used to distinguish the users in power domain. The HARQ mechanism was
used in case if decoding error occurs.

In [6], the authors also presented an algorithm to implement the complete NOMA
signal generation in the downlink. The authors in [45] used full search power allocation
(FSPA) and fractional transmit power allocation (FTPA) to distribute the power among
NOMA users. The signalling cost related to SIC decoding order and power assignment
ratios will be enhanced with the use of dynamic TPA. FSPA scheme for NOMA achieved
the best performance but it is computationally complex, as all combinations of power
allocation are considered. However, FTPA provides a low complexity method for power
allocation among NOMA users. The power decay factor (whose value ranges from
0 to 1) in FTPA is responsible for power allocation relative to the channel gain and
is a parameter which requires optimisation in order to meet the required performance
targets. In [45], the authors choose the value of power decay factor as 0.4. The impact
of varying the power decay factor during FTPA is not considered by the authors, and
the chosen power decay factor may not be a suitable choice for NOMA under some
other communication scenarios such as users having comparable channel quality, equal
power allocation or having fairness constraints.

The consequence of user grouping for NOMA with the power allocation is also
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studied in [45]. The purpose of user grouping is to group those users who have a
significant difference in their channel gains, so that the amounts of power allocated to
them using TPA or FTPA will differ substantially. The authors reported a performance
gain of 35 —40% in [6,45] over OFDMA in terms of cell throughput and user rate under
power allocations schemes of TPA and FTPA with multiuser scheduling. However, in
both these works, the authors assumed a significant difference in channel conditions
of the scheduled users, which may not always be true in practice. There exists a finite
probability that at some of the transmission times, the scheduled users may not differ
significantly in terms of channel gains, which implies negligible differences among their
power allocations. This will lead to difficulty in grouping/pairing the users. Further, the
SIC receiver is power sensitive [46], thus the performance of SIC will degrade intensely
if two or more users have similar or comparable power. Consequently, by making an
assumption of holding a significant difference in channel gains of the scheduled users,
the authors of [6] and [45] ensure different power allocation to multiple users in order
for SIC to work properly and hence neglected the impact of SIC decoding failure that
may happen when there is not a significant difference in channel conditions of the
scheduled users.

The impact of user pairing on the performance of NOMA was also investigated
in [47]. The authors considered two downlink systems namely fixed power alloca-
tion NOMA (F-NOMA) and cognitive radio inspired NOMA (CR-NOMA), and then
demonstrated the effect of user grouping on their performance. In F-NOMA system, the
authors considered a case of two users and studied the impact of user grouping on the
system performance. The authors analysed the system from the perspective of achiev-
able sum rate (probability that F-NOMA achieves lower sum rate than conventional
OMA) and user’s individual rate (probability that F-NOMA achieves higher rate than
OMA) and presented their closed form analytical expressions. Their results depicted a

superior performance of F-NOMA over OMA.
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However, they reported that the careful user grouping is required to obtain this
performance, and in order to attain this performance benefit, the users with significant
difference in channel qualities should be paired together. This implies that the perform-
ance gap achieved in F-NOMA over OMA is directly dependent upon the fact that
how large is the difference in channel qualities for the grouped users. If the grouped
users have similar channel conditions, then the benefit of using NOMA will be rather
limited. This performance limitation is due to the inherent constraint attached to the use
of SIC receiver with NOMA i.e. how efficiently the SIC receiver performs decoding
and detection of multi-users is hugely relied on the spread of user powers [46,48]. This
was the reason why authors emphasised to maintain a significant difference between the
channel conditions of the grouped users in order to achieve the performance gap over
OMA by using F-NOMA scheme.

In CR-NOMA scheme proposed by the authors in [47], the user having lower channel
gain is considered as primary user, while the user with strong channel is regarded as a
secondary user. The secondary user has been allocated power opportunistically and is
permitted to transmit on the channel of primary user only on the condition that it will
not cause the performance of the primary user to degrade adversely. This condition is
fair enough to maintain power difference between primary and secondary users and
is sufficient for SIC technique employed at primary user’s receiver to decode his data
from downlink signal received in CR-NOMA scheme.

Therefore, the core purpose of CR-NOMA scheme is to serve primary user (user
having poor channel gain) by allowing the secondary user to transmit on the condition
that its transmission will not harm the primary user’s signal. Consequently, this arrange-
ment will achieve higher sum rate as compared to OMA. Apart from the requirement of
having significant difference in channel gains to group the users and allowing secondary
user to transmit on the primary user channel under the condition mentioned above so that

the SIC will work properly, in both of the proposed schemes, the authors investigated
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the user grouping impact by considering the case of two users. This makes grouping
simple as only two users are picked from a large set of users. However, it is not a
trivial problem to group more than two users (e.g., five) by maintaining the significant
difference in channel conditions.

The issue of fairness achieved by downlink NOMA protocol is addressed by the
authors in [5]. They considered a problem of distributing a total available power at
the BS among the NOMA users and investigated its impact on the fairness under two
situations: 1) determination of the user’s data rate under perfect knowledge of channel
state information (CSI) and 2) the user’s date rate is determined on the average CSI i.e.
a fixed targeted data rate. In first case, they adopted max-min fairness that aimed to
maximise the minimum achievable rate by the user as a performance comparison metric,
while in the second case, the outage probability was considered as a performance metric.
In both cases, the authors considered the user’s rate and outage probability as a function
of power allocation coefficient and formulated them as a non-convex optimization
problems. The authors proposed low complexity iterative power allocation coefficients
as optimal solutions in both cases.

This work can be regarded as an extension of [13] by finding an optimal power
allocation coefficients under two assumptions of perfect and average CSI for the users,
with a focus on investigating its impact on the fairness achieved by downlink NOMA
with SIC. The numerical results showed that with the use of proposed optimal power
allocation schemes, NOMA maintains high fairness and can achieve superior perform-
ance in terms of rate and outage probability as compared to TDMA and fixed power
allocation in [13]. However, this fairness will only be maintained when the power is
allocated appropriately and deviation from this condition will result in high outage
probability due to the decoding failure by SIC receiver.

The authors in [49] considered both uplink and downlink NOMA systems and

investigated the problem of dynamic user clustering and power allocation. In order to
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obtain optimal cluster size and power allocation for NOMA, they formulated a sum-rate
maximisation problem subject to constraints of transmission power, SIC, and users
QoS requirements. The optimal solution is obtained by dividing the given optimisation
problem into two sub-problems, 1) user clustering, and 2) determination of their optimal
power allocation. In order to obtain solution of sub-problem 1, they presented a low-
complexity sub-optimal user clustering scheme by utilising distinctiveness among users
channel gains. Based on user clustering algorithm, the optimal power allocation method
is proposed to maximise the overall system sum-rate. The numerical results demonstrate
that maintaining significant channel gain difference among users in each cluster can
outperform conventional OMA scheme in terms of achievable throughputs. In addition,
it is reported that there exists an optimal cluster size for NOMA users beyond which
the performance of downlink NOMA deteriorates. However, their system model is
restricted to single cell, thereby neglecting the impact of intra-cell interference from
other BSs transmission in the performance of their proposed user clustering and power
allocation methods.

The performance of downlink NOMA system with randomly distributed users is
investigated in [50] for cases of imperfect and second order statistic (SOS) CSI. In
order to evaluate the performance of the considered system, they derived closed-form
expressions for outage probability and average sum rate for both cases. Numerical
results are also presented to validate the accuracy of the derived results. The results
demonstrate that under both cases of partial CSI, NOMA still outperforms its counterpart
OMA in terms of both outage and sum rate. Although the derived analytical framework
provides very useful system and performance insights, it is desirable to extend these
results for the case of more realistic multi-cell and interference limited networks.

Considering a more realistic Nakagami-m fading channel model, the performance

of NOMA system is studied in [51]. The considered network is comprised of a single

33



CHAPTER 3. LITERATURE REVIEW

BS which communicates with NOMA users with the aid of amlify-and-forward re-
lay. Closed-form expressions for outage probability are provided to investigate the
performance of considered system. In addition, outage results are extended to obtain the
diversity gain of the network in high SNR regime. Further, they also derived the ergodic
sum-rate for the considered network and provide its upper and lower bounds. The ac-
curacy of the derived analytical expressions is validated by numerical simulations. The
results demonstrated that under Nakagami-m fading channels, the considered NOMA
network is able to achieve superior performance and also provide better user fairness
compared to the conventional OMA. However, the considered network model is more
realistic to benefit those users who are much far from the BS to improve their SINR. But
in realistic deployments and situations, BS may directly communicate with near users
who have good SINR. As a result, in order to serve these users, there is no need to use
relay node. Consequently, the considered network introduces additional complexity and
delay to serve users with good SINR by restricting direct communication between users
and BS and is not general to cover situations where direct communication between

users and BS is not possible.

3.1.2 Single-Cell Multi-Tier Scenario

The problem of resource allocation for NOMA based single cell heterogeneous (multi-
tier) networks is investigated in [52]. In the considered model, NOMA protocol is
applied by only SBSs to communicate with their users. In order to maximise the
sum rate of the SBS users, the authors presented a resource allocation problem in
terms of many-to-one matching game. The authors then proposed a novel distributed
algorithm to obtain the solution of the formulated game. The results demonstrated
the fast convergence of their proposed algorithm to global optimal solution and SBS

users achieve superior sum rate over OMA under the proposed resource allocation
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strategy. However, the SBSs are typically deployed in areas of higher user density, i.e.
they usually follow user-centric deployments in which the locations of users and SBS
are correlated. Without considering this aspect, their modeling approach may not be

accurate for modeling users’ locations in heterogeneous networks with SBSs.

3.1.3 Multi-Cell Single-Tier Scenario

The authors in [53] analyse the uplink NOMA for large-scale cellular networks. The
spatial locations of the BSs are modeled by a homogeneous PPP. Considering the
locations of BSs as a parent PP, the spatial topology of users is modeled by PCP, in
which users are clustered around the locations of BSs. This captures the correlation
between the location of users and BS. In particular, they considered three scenarios
of SIC, namely perfect SIC, imperfect SIC, and imperfect worst case SIC. In order to
evaluate the performance of the considered network, the authors first derived a closed-
form expression for intra-cluster interference. Then, based on the interference results,
an expression for rate coverage is provided under all three scenarios of SIC. Numerical
simulations are conducted to validate the accuracy of the derived analytical results and
compare the proposed network with PPP- and OMA-based networks. The results show
that the PCP-based network outperforms OMA-based network and offers more accurate
analysis than the PPP-based approach, which provides optimistic results for NOMA.
However, the considered system model is limited to a single tier case.

The problem of power allocation for OFDM based NOMA systems is studied in [54].
The considered cellular network is composed of 19 hexagonal grid sites having 3 cells
per site. The authors formulated an optimisation problem to maximise the weighted
sum rate of the entire system. Due to the intractability of the presented optimisation
problem, it was solved in two steps. In the first step, the user selection across each

subchannel and power assignment are performed by using greedy, and sub-optimal
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iterative power allocation algorithms, respectively. In the second step, using the iterative
power allocation algorithm of the first part, the power assignment across the sub-channel
is achieved. The simulation results demonstrate the superiority of their proposed scheme
over existing ones in terms of achievable system throughput. However, a fundamental
limitation of their system model is the assumption of hexagonal grids with a regular
shape and size, which may not always hold true in real cell site deployments.

A NOMA based multi-cell network is analysed in [55]. The locations of BSs
are modeled by a homogeneous PPP, and a more realistic Voronoi cell structure is
considered. The authors provided close-form expressions for the coverage probability
and achievable rate. Numerical simulations are conducted to validate the accuracy of
derived analytical results, and compare the achieved performance with that of OMA-
based network. The results show that NOMA achieves higher coverage and achievable
rate than OMA under the considered network setting. However, there are two potential
shortcomings: 1) The performed analysis is limited to a case of only two users for
single-tier networks; and 2) Modeling locations of MBSs by PPP is not accurate because
real deployments of MBSs exhibit interaction between MBSs locations, whereas PPP

does not capture this property due to its completely spatial random property.

3.1.4 Multi-Cell Multi-Tier Scenario

In [56], the authors consider the application of NOMA to K-tier multi-cell network.
A comprehensive hybrid transmission framework is proposed under which MBSs and
SBSs utilise massive MIMO and NOMA technologies to enhance the overall spectral
efficiency. Under the considered K-tier network, the authors proposed a BS association
policy for MBS and SBS users based on the biased average received power metric. The
performance of the network is evaluated in terms of spectrum efficiency achieved by

each tier, where the closed-form expressions are derived by using stochastic geometry
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tools. Numerical results demonstrate that the proposed hybrid massive MIMO for
NOMA based multi-tier network can achieve better spectrum efficiency then its OMA
counterpart. Its potential shortcoming is the use of less realistic user distributions that do
not capture the coupling between users’ and SBS locations. In addition, MBS locations
are modeled by homogeneous PPP, which does not reflect the deployment trend of real
MBSs.

The application of NOMA to multimedia broadcast/multicast service (MBMS) is
investigated for multi-cell K-tier network in [57]. Such a network aims to meet the
high data rate demands of emerging applications by enjoying the efficient spectrum
utilisation of both NOMA and MBMS techniques. The BS spatial topology of each tier
is modeled by independent homogeneous PPP. Based on NOMA and MBMS, the authors
proposed two transmission schemes and evaluated the performance of these schemes
using stochastic geometry. An analytical framework is developed which is general
enough to cover the cases of synchronous and asynchronous non-orthogonal MBMS
transmission. Based on this framework, the authors derived closed-form expressions
for coverage probability, sum rate and the number of users served. Simulations are
conducted to verify the analysis. It was shown that non-orthogonal MBMS outperforms
orthogonal MBMS. In addition, synchronous transmission mode can achieve better
performance than the asynchronous one. However, the users in each tier are modeled by
independent homogeneous PPPs. While this distribution is accurate for users who are
located independent of BS locations, it does not capture the location coupling between
users and SBS of multi-tier networks, where the latter is often deployed to enhance the
service in areas of high congestion.

In [58], the authors considered a large-scale NOMA based multi-tier cellular network
in which SBSs communicate with their users with the aid of NOMA protocol, whereas
MBSs are equipped with massive MIMO capability. A tractable analytical framework is

developed to analyse the performance of considered network. Closed-form expressions
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for coverage probability are obtained for NOMA SBSs users. In addition, a lower bound
for achievable ergodic rate is derived for a user served by massive MIMO enabled MBSs.
Based on the coverage results, the energy efficiency of hybrid multi-tier networks is also
investigated. Numerical results reveal that the performance of SBSs NOMA users is
highly dependent on the choice of user targeted rates and power allocation coefficients.
Moreover, equipping MBSs with massive MIMO capability significantly enhances the
network’s spectrum efficiency. While the developed model is analytically tractable, it
suffers from two shortcomings: (i) NOMA is not utilised for MBSs, and (ii) it uses

homogeneous PPPs to model MBSs and SBSs.

3.2 NOMA for D2D Communications

3.2.1 Paired D2D Communications

Recently, the authors in [59] proposed a full-duplex (FD) D2D aided cooperative
NOMA. The BS sends a NOMA signal to one strong and one weak NOMA user,
where the strong user is equipped with FD ability. By invoking D2D communication
between strong and weak NOMA user pair, the authors proposed to improve the outage
performance of the weak user using D2D-aided direct and cooperative transmissions.
However, they only considered a single-cell scenario where NOMA is conducted at BS
while strong and weak users communicate via conventional paired D2D communication.

The authors in [60] developed an analytical framework using stochastic geometry to
analyse cellular networks with underlay D2D communications. The D2D users are also
equipped with FD transceivers and can operate in FD mode. The authors proposed a
criteria to select between FD and D2D modes of operation. They derived closed-form
expression for outage probability to evaluate the performance of cellular and D2D users.

However, they modeled spatial topology of D2D users by a PPP that may not be a
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realistic distribution choice for D2D users. The reason is that PPP cannot capture the
features of device clustering and spatial separation of D2D communications due to its
completely random nature [61]. Furthermore, NOMA protocol is not applied for both
cellular and D2D communications.

The authors in [62] considered a downlink multiuser MIMO NOMA cellular network
with underlay D2D communications. They proposed two beamforming schemes in
order to eliminate the inter-beam interference and the interference caused to D2D users
by BS transmission. In addition, they formulated an optimisation problem to jointly
optimise the performance of both cellular and D2D users. A potential limitation to their
approach is that the considered system model is limited to single cell and no specific
random distribution is utilised to model the spatial topologies of cellular and D2D
users. Hence, it is not straightforward to generalise the results for the case of multi-cell
network. Further, they considered a paired D2D communication where D2D users do
not apply NOMA protocol to communicate with each other.

The authors in [63] considered a paired D2D communication underlying a NOMA
based cellular network in which a single hybrid access point is used to receive from both
D2D and cellular users. In particular, they investigate the problem of resource allocation
and propose a low complexity energy efficient algorithm for D2D pair while meeting
the QoS requirements of cellular users. The results demonstrated fast convergence
of their proposed algorithm to an optimal solution while achieving superior energy
efficiency over the existing schemes. A major limitation of their network model is that
they considered only a single D2D active pair, whereas in real situations, there can be
more than one active D2D pairs in the network, which requires joint optimisation of
energy efficiency of all active D2D pairs.

Similarly, the problem of resource allocation in terms of power control and channel
assignment for D2D communication underlying a NOMA based cellular network is

investigated in [64]. The authors derived the optimal conditions for cellular users under
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which power control on each subchannel is conducted. Based on the derived conditions,
they proposed an algorithm to maximise the sum rate of D2D pairs while simultaneously
satisfy the QoS requirements of cellular users. However, the considered cellular network
is restricted to the case of a single cell, thereby neglecting the impact of interference
from multiple BSs. In addition, NOMA is not utilised for D2D communications, which
may result in less efficient resource utilisation.

The concept of NOMA assisted D2D relaying is proposed in [65], where the trans-
mission is composed of two phases. In the first phase, the BS transmits NOMA signal
to near and far users. By exploiting the overhearing of this NOMA transmission at inter-
mediate D2D relay node, in the second phase, this relay node transmits superimposed
overheard NOMA signal from first phase and its own signal for D2D receiver using
NOMA. This helps to boost the performance of far user. Although NOMA is used by
D2D relay node, it is still communicating with a single D2D receiver to form a paired

D2D communication.

3.2.2 Group D2D Communications

In [66], the authors considered a NOMA-based D2D communications and introduced the
concept of D2D group, where a D2D transmitter (DT) is communicating with multiple
D2D receivers (DRs) using NOMA protocol. The authors proposed an optimal resource
allocation strategy for interference management to realize NOMA-based D2D group
communications. This work is extended in [66], where the problem of joint subchannel
and power allocation for NOMA based group D2D communication is studied. In order
to maximise the sum rate achieved by D2D communication, an algorithm that jointly
assigns subchannel and power to each D2D user in a group is proposed. The results
showed that the proposed joint subchannel and power allocation algorithm offers near

optimal performance at the expense of reasonable complexity. Although the concept
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of NOMA group D2D was introduced in [66,67], their system model was comprised
of single-cell and lack of interference characterisation at DR. Furthermore, it requires
interference modeling and performance evaluation at the DR in order to extend the
concept of NOMA group D2D to a general scenario, where DTs and DRs are distributed
in the entire network.

The authors in [68] further proposed cooperative HARQ assisted NOMA in large-
scale D2D networks. They studied the outage and throughput performances of D2D
users under the considered network and demonstrated that cooperative HARQ assisted
NOMA achieves lower outage probability than non-cooperative case and OMA scheme.
However, their NOMA based D2D network model is limited to two-user case only, i.e.,
they only considered two-user NOMA transmission from D2D source. Furthermore,
they considered a significant difference between channels of two D2D users by assuming
that one user is always closer to D2D source compared to the other user. This assumption
may not always hold, particularly in the scenario of NOMA based D2D communications
because DRs typically clustered around DTs, and are located near each other and

consequently have very similar channel conditions.

3.3 NOMA based Hybrid Multiple Access

In [69], the authors proposed a dynamic power allocation scheme based on hybrid
NOMA. They derived a condition that is used to switch a transmission between NOMA
and OMA modes. Under this condition, OMA is utilised to serve the users whenever
the strong user’s channel quality falls below a threshold value determined by the weak
user’s fixed target data rate. The closed-form expression for the outage probability is
derived, and the proposed scheme is compared with two existing schemes: fixed power
allocation NOMA (F-NOMA) and cognitive radio inspired NOMA (CR-NOMA). The

results show that it achieves a more balanced performance tradeoff than F-NOMA and
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CR-NOMA. In particular, it successfully avoids the situations of complete outage that
occur in F-NOMA due to improper rate and power allocation. On the other hand, it
obtains higher diversity gain than CR-NOMA. A potential shortcoming of this scheme
is that it is designed for the case of only two users, and its extension to cover situations
of having more than two users is not very straightforward because the derivation of the
condition under which NOMA or OMA is selected will become analytically challenging.

A low complexity downlink multi-user transmission method is proposed in [70].
Under this scheme, using the SNRs of users, BS divides all users in its coverage into
multiple user groups (UGs). Based on UGs, the BS applies NOMA to communicate
with users within each UG, whereas each UG is scheduled for transmission in a TDMA
fashion. The authors analysed the performance of the proposed scheme in terms of
achievable sum-rate. Expectedly, the results show that the throughput achieved by this
schemes resides between that of conventional NOMA and OMA techniques. However,
due to fewer number of users scheduled per group, this technique reduces the number of
SIC-levels at each user for decoding compared to conventional NOMA. Moreover, their
analysis lacks the consideration of SINR for successful decoding, which is an important
metric to analyse multiuser systems.

A hybrid MA scheme based on sparse code MA (SCMA) and NOMA is proposed
in [71]. This scheme divides the users into near and far user categories. At the BS,
SCMA and binary phase shift keying (BPSK) are applied to encode near and far users’
messages, respectively. These encoded signals for near and far users are then transmitted
by applying NOMA principles, i.e. SCMA and BPSK are superimposed by allocating
them different power levels. The authors analysed the performance of the considered
system in terms of bit-error rate. The proposed scheme has two shortcomings: 1)
receiver complexity is significantly higher because after removing far user’s message, it
requires an additional message passing algorithm block to decode near user’s message;

and 2) this scheme is designed to only accommodate the two-user case.
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Inspired by user grouping, a hybrid MA is constructed in [47] by combining NOMA
and OMA. The key motivation behind this proposal is to not schedule all users for
NOMA because it may result in high intra-user interference. Thus, the authors con-
sidered a user pair for conducting NOMA and evaluated the impact of user pairing on
system performance. Closed-form expressions for outage probability are derived for
F-NOMA and CR-NOMA cases. The results show that by pairing users with distinctive
channel conditions, FF-NOMA always outperforms conventional OMA and achieves a
larger sum-rate. It is also shown that the performance of CR-NOMA is sensitive to the
channel conditions of poor user because the transmit power allocated to the other user

in a pair is constrained by it.

3.4 NOMA Receiver Structure

Based on the labelling method, an alternate scheme to SIC for decoding downlink
NOMA signal was investigated in [72]. The authors considered a two-user OFDM
based downlink NOMA system. A special case was studied where strong user avoids
SIC operation in order to decode its message. Analytical expressions were provided to
evaluate the performance in terms of symbol error rate, block error rate and e-feasible
rate metrics. The performance was compared for three types of labelling methods,
namely Gray, non-Gray and natural labelling. The results showed that Gray labelling
outperforms the other two labelling methods, while allowing strong user to achieve
comparable performance with and without SIC. One potential drawback of this labelling
method for decoding is that it is designed for the case of only two NOMA users. This
poses a challenge in terms of assigning labels to data bits from different users in cases
with more than two users. Furthermore, the complexity of the proposed scheme will
increase with the number of users due to the label design and assignment for multiple

users.
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The authors in [73] proposed a decoding strategy for a cooperative relaying system
with NOMA. A network with a single source, relay, and destination is considered. Since
the destination is farther than the relay from the source, the message for destination is
allocated with more power. The proposed scheme has two transmission phases: 1) direct
transmission where source uses NOMA to send the superposition of two messages
s1 and s, to the relay and destination, with message s; allocated more power than ss.
The relay uses SIC to retrieve message signal so; 2) cooperation where relay sends
message so with full transmit power to destination. Using maximum ratio combining
(MRC), the destination combines the buffered signal from first phase and relayed signal
from second phase to decode its signal. In addition, a suboptimal power allocation
policy is proposed. The results show improved outage probability and ergodic sum
rate. The receiver structure proposed in [73] is applicable for cooperative relaying
NOMA systems only. Moreover, it is designed for a very specific scenario having a
single source, relay and destination. Increasing the number of relays or destinations
will result in increased complexity and latency due to the cooperation phase. Further,
the proposed design still relies on conventional SIC operation. As a result, this design
inherits all shortcomings of the SIC receiver and its performance is again dependent on

the successful SIC operation.

3.5 Chapter Summary

This chapter reviews the state-of-the-art prior works on NOMA. The review is organised
into three major categories: 1) Application of NOMA to cellular and D2D networks; 2)
Hybrid MA schemes based on NOMA; and 3) Receiver design for NOMA. The review
identified the following research gaps in existing works, which have led to the main

contributions of this thesis that are to be presented in Chapters 4-8.
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e In the context of cellular networks, single cell scenarios have been well investig-
ated. However, very few works have considered NOMA based multi-tier cellular
network, and they did not consider NOMA to be employed by each tier BS. In
addition, MBSs and users are usually modeled by homogeneous PPPs, which are
shown to be inaccurate models for real MBSs deployments and user distributions

in multi-tier networks. This led to the work presented in Chapter 4.

e It is observed that very little attention has been paid in the literature to create
NOMA based group D2D communications. Further, the literature is scarce in
investigating the application of NOMA to WSNs. These gaps led to the studies

undertaken in Chapters 5 and 6.

e Utilising both conventional OMA and NOMA to create a hybrid MA is another
area which has been relatively unexplored. As such, a new hybrid MA scheme
is presented in Chapter 7 to achieve a more balanced tradeoff between decoding

reliability and system throughput.

e Finally, nearly all works in the literature on downlink NOMA have utilised
SIC receiver for decoding. However, there are potential drawbacks of SIC that
can impact NOMA operation and performance. This motivated the research

performed in Chapter 8, which aims to alleviate the SIC related issues for NOMA.
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Chapter 4

An Analytical Framework for
Multi-Tier NOMA Networks with

Underlay D2D Communications

From the literature review conducted in previous chapter, it is found that existing works
are still scarce in applying NOMA for multi-tier cellular networks. Consequently,
this chapter investigates and analyses NOMA based multi-tier cellular networks by
proposing a novel mathematical framework utilising the tools of point processes and

stochastic geometry.

4.1 Introduction

NOMA and its applications are well-researched in literature for mostly single-tier
single-cell networks. Much less attention has been paid to exploring the potentials
of NOMA in multi-tier cellular networks, where the BS at each tier is equipped with
NOMA functionality. Nevertheless, the reported performance conclusions for NOMA

in single-tier single-cell scenarios cannot be claimed in a straightforward manner for
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multi-tier multi-cell networks. Further, in the current literature, NOMA is proposed with
SIC receiver. However, the presence of intra-user interference impacts the performance
of NOMA with SIC [49], and hence there is a need to improve the SIC design for better
decoding performance at the end users.

Moreover, due to irregularity exhibited by the BS locations under real deployments
in multi-tier cellular networks, stochastic spatial models are seen as elegant tools for
accurate modeling and tractable analysis of these networks. The most prevalent method
is to model the locations of BSs in each tier by independent PPPs and evaluate the
performance of typical user chosen randomly and independently of the BS locations
[32,33,74]. However, there are two major shortcomings of this approach. First,
although simple and tractable, PPP models are shown to be inaccurate for modeling
real deployments of macro-cell BSs (MBSs). Second, the correlation between user
(cellular and D2D) and small-cell BS (SBS) locations under user-centric deployments
is not captured by assuming independence between their locations. To the best of
our knowledge, none of the prior works has focused on developing tools to model
and analyse multi-tier NOMA networks with underlay D2D communications and
exhibiting realistic distribution of BSs and user locations. Comprehensive modeling and
development of new tools for performance analysis of such networks with a two-tier
structure is the main goal of this chapter.

The rest of the chapter is organised as follows. Section 4.2 describes the system
model while Section 4.3 derives the association probabilities and interference distribu-
tions. Performance analysis is provided in Section 4.4 followed by results and discussion

in Section 4.5. Finally, Section 4.6 summarises the chapter.
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Table 4.1: Commonly used variables.

Notation Description
O, (D) Spatial PPs for MBSs (SBSs) locations
Ppyp, Ppcp Baseline PHP and PCP for users locations
Am (As) Intensity of @, ()

Ri,Ra, Rs3 Coverage radius of MBS, SBS, and DT, respectively
P, P, Py Transmit power of MBS, SBS, and DT, respectively

M Total MBS users in representative cell
S Total SBS users in representative cell
a;? Power allocation coefficient of j-th MBS user from tier &k
Th, Yo, Tq Transmit SNR of MBS, SBS, and DT, respectively
V., L Gaussian-Chebyshev parameters
S Laguerre polynomial degree
U Term for Laplace transform inversion

4.2 System Model

A two-tier cellular network comprising of NOMA enabled MBSs and SBSs, with inband
D2D communications in the underlay mode is considered. For this network, the users
are broadly classified as clustered or non-clustered users, as shown in Figure 4.1. It
can be observed that the clustered users are distributed around the locations of SBSs,
whereas non-clustered users are distributed randomly in the network. A comprehensive
breakdown of different types of users is provided in Figure 4.2. It is evident from Figure
4.2 that clustered users can be of type MBS, SBS and D2D, whereas non-clustered users
can be of MBS and D2D type. This implies that a clustered cellular user is permitted to
connect to any MBS or SBS in the network. However, since non-clustered cellular users
do not fall inside any small cells, they are by default connected to MBS. This setup is
inspired by three facts. First, NOMA utilises available resources more efficiently by
applying superposition coding to multiplex different users in a single resource. Second,
SBSs are typically deployed in areas of higher user density in order to effectively meet
the cellular traffic demands in these areas. Third, invoking D2D communications can

further boost the spectrum efficiency of the cellular network.
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Figure 4.1. Proposed two-tier network model. The squares, triangles, circles and
diamonds show the positions of MBSs, SBSs, clustered users, and non-clustered users,
respectively.

The analysis is performed for a typical user, which is a randomly chosen cellular
(MBS/SBS) user or DR in a downlink scenario. Only the dominant interferers that
practically contribute to interference at the typical user are considered, i.e. out-of-
range transmitters to the typical user are excluded. The presented system model is, in
principle, extensible for cellular networks with any arbitrary number of tiers. However,
for notational simplicity and ease of exposition, discussions herein are restricted to a
two-tier setup. For quick reference, a list of commonly used variables in this chapter is

provided in Table 4.1.

4.2.1 Spatial Setup and Key Assumptions

The spatial locations of MBSs in a two-tier cellular network are firstly modeled by an
independent Gauss DPP {x,,} = ®,, (K) with density \,,. This model captures the

repulsive nature of MBSs locations, and is considered to be a statistically accurate
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Users
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MBS D2D D2D SBS MBS

Figure 4.2. Classifications of users under proposed network model.

model for real MBSs deployments [37]. Here, K is known as the DPP kernel that
ensures the existence of ®,,,. Next, the locations of SBSs are modeled by homogeneous
PPP {x;} = ®,, with density \;. The assumption of PPP for modeling SBS locations is
justified because multiple SBSs can be deployed independently in areas of high user
density in order to enhance service quality.

Now, there is a more challenging task of modeling users in this two-tier setup. It
is observed from Figure 4.1 that the SBS locations can have two implications. First,
they are acting as cluster centres. Second, each SBS also acts a hole centre with
hole radius equal to SBS coverage. This interpretation has led to classifying network
users as clustered or non-clustered users. Specifically, users inside the coverage of
SBSs (holes) are classified as clustered users, whereas those outside of the coverage of
SBSs (holes) are termed non-clustered users. This classification permits us to model
clustered and non-clustered users by PCP and PHP. Hence, two independent PCP
®pcp (Apcp) and Pppp (Appp) are considered to model clustered and non-clustered
users, respectively, Apcp and Apyp are the densities of ®pcp and Ppyp, respectively.
Note that SBS locations @, are considered as the parent process of ®pcp and hole
centres for ®pyp. In this way, the proposed modeling approach not only captures the
correlation between clustered user and SBS locations, but also successfully models
the network users who are located independently of BS locations. The complete user

distribution is the superposition of ®pcp and Ppyp.
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Next, considering Ppcp and Pppp as the baseline user processes, the clustered and
non-clustered user types, i.e. cellular and D2D users, in the network are modeled. Note
that a cellular (MBS/SBS) user is always referred to as a downlink user. Now, at a
certain time instant, a user can be of cellular or D2D type. Consider that a user can be a
cellular user with probability 1 — p, or D2D user with probability p. Further consider
that a D2D user can be a DT or DR with probability ¢ and 1 — ¢, respectively. As a
result, based on Ppcp and Ppyp, the different types of clustered and non-clustered user

processes, which are subsets of Ppcp and Ppyp, respectively, are defined as follows:

1. Clustered and non-clustered cellular user processes are defined as, {w..} = ®cc

(1 = p) Apcp), and {wyc} = Pne (1 — p) Apup), respectively.

2. Clustered and non-clustered DR processes are defined as {w:} = ®cpr (p(1 —

OApcp), and {wy} = Pxpr (p(1 — @) Apup), respectively.

3. Clustered and non-clustered DT processes are defined as {y.} = ®cpr (pgApcp),
and {y,} = ®npr (pgApup), respectively.

It should be noted that there are now four types of independent transmitter processes
b, by, Pepr, and Pypr that can contribute towards interference at the typical user. In
addition, the typical user belongs to one of the receiver processes ®ca, Pnc, Pepr or
dnpr. Due to the stationarity of these processes, a typical user can be assumed to be
always located at the origin [75].

Finally, in this chapter, a TCP as discussed in Section 2.4.3 is considered. In TCP,
the number of points in the representative cluster are Poisson distributed with mean c.
As aresult, the PCP ®pcp has a density ¢\; [42]. Note that the clustered DTs process
®cpr is a subset of Ppep with density pqcs (pgc DTs per cluster). Further note that
the locations of SBSs act as hole centres, as shown in Figure 4.1. Therefore, based on
(2.11), &5 = P, is assumed in the rest of this chapter, and the transmitter process ®xpr

is a subset of ®;.
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4.2.2 Propagation Model

Consider that a typical user is located at the origin, then, the received power at the

typical user from a transmitter at location z is given as,
P, = P,h,||z||~%, 4.1)

where P, is the transmit power of the transmitter at location z, h, and ||z|| = d,
are the fading (power) gain and distance between typical user and transmitter at z,
respectively, and « > 2 is the path-loss exponent. Note that in the considered network,
z € {Xm,Xs,Ye, ¥n}. For notational simplicity, denote Py, = P, P, = P, Py, =
P

va = P4 to represent MBS, SBS and DT transmit powers, respectively.

Next, based on the received power model defined in (5.2), an association policy
under which a cellular user connects to the BS that maximizes its received power is

assumed. The location of such candidate serving BS from &, is given by,
r = @ 4.2
7, = arg max |z, (4.2)

where the index & € {m, s}, m and s refer to macro cell and small cell tier, respectively,
zj, represents the distance between typical user and k-th tier BS, and z;, represents the

location of the nearest BS of the k-th tier that acts as a serving BS to the typical user.

4.2.3 NOMA and D2D Systems

NOMA System:

Consider that each MBS and SBS in the network is located at the centre of a disc
D: and D,, with radius R; and R,, modeling the coverage of each MBS, and SBS,
respectively. For analysis purpose, further consider a representative macro cell, in

which multiple small cells are underlaid. Let there be a total of M and S NOMA users
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Clustered user

Non-clustered user

Figure 4.3. Representative macrocell with underlaid small cells.

distributed randomly inside coverage of the macro cell and small cells, respectively,
as shown in Figure 4.3. According to NOMA principles, the MBS and SBS users
in respective cells are ordered according to channel gains as, h¥ < ... < B{}, where
hk = hk (d¥)™", h% and d% are the fading (power) and distance between user j and
associated tier k& BS, respectively, ;7 € {m,s}, J € {M,S}, 1 < m < M, and
1 < s < S. As aresult, the power allocation coefficients are sorted as a’f > .. > aﬁ,

with Z}]:1 af = 1. The power allocation coefficient for user j of tier k can be expressed

as [6]:
bk
kY
a; = Z;]:1 bf’ “4.3)
where 0% = .. Based on (4.1), the overall received power after receiving the NOMA

signal at user j associated to tier k£ BS, denoted by P« can be expressed as:
J

intra-user interference

J
Px= NtPal + BEP E af +If+ 07 4.4)
J
N—— im1
useful signal power i#]

where Ij’? is the total received interference (power) at k-tier j-th NOMA user and o2 is

the power of additive noise.
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Note: Since NOMA is considered as a baseline transmission scheme for communication
between cellular users and BSs, the terms NOMA user and cellular user are used
interchangeably in subsequent discussions, unless otherwise stated.

D2D System:

Paired D2D communication which refers to each DT having only one intended
DR is considered. Furthermore, it is assumed that each clustered (non-clustered) D2D
device has certain contents of interest that can be requested by other clustered (non-
clustered) D2D devices. On the other hand, clustered and non-clustered devices have
little tendency to communicate with each other. This assumption can be justified in
many practical scenarios. For example, sports-related contents are of more interest
for clustered devices found in a sports bar as opposed to non-clustered devices whose
contents of interest are likely to lie in other areas [75]. Note that while the tools
developed in this chapter can be extended to cover the situation where communications
between clustered and non-clustered devices are permitted, it is beyond the scope of
this chapter and is left as potential direction for future work.

Consider that each DT is located at the centre of a disc D5, with a radius R
representing the coverage of DT. The intended DR is assumed to be located randomly
inside disc Ds. A typical D2D pair is considered for analysis. Based on (5.2), the

cumulative received power at DR, denoted by P, can be expressed as,

P, = Pih: + Iy + 02, 4.5)

where W € {we, Wn}, hz = hzd;®, h; and d;, are the fading (power) gain and distance
between typical D2D device pair, Z € {y., yu}, and Z represents the total interference
at the typical DR.

By inspecting (4.4) and (4.5), it is evident that interference characterisation is

necessary in order to evaluate the system performance. Hence, in the Section 4.3, the
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relevant interference distributions are derived.

4.3 Association Probabilities and Interference Distribu-
tions

This section firstly derives the association probability for a cellular user to connect
to the k-th tier BS. Recall that non-clustered cellular user always connects to MBS
because it does not fall inside the coverage of any SBS. Therefore, the goal is to derive
the association probability for a clustered cellular user to connect to SBS or MBS. Then
the interference for two types of typical user i.e. cellular and DR user, will be derived.

Without loss of generality, consider a typical user is located at the origin.

4.3.1 Association Probability

The association probability can be formally defined as the probability that a typical
cellular user is served by the k-th tier BS. Based on the association policy in (4.2), the
candidate serving BS is one which maximises the received power averaged over fading.
In order to derive the association probability, the association events for a typical user to

connect to MBS and SBS are firstly defined as follows:
o &1 = {1 (argmaxye(ms PuR,“ = m) } denotes the association event to MBS.
= {1 (arg MaXpe(ms) Prelty " = s) } denotes the association event to SBS.

Here 1 (-) represents the indicator function and the random variable R, = ||z}|| denotes
the distance of typical user to nearest point of ®, i.e. distance between a typical user
and the serving BS. In order to obtain the association probability, the distribution of
random variable Ry, is required. Since P, are the independent homogeneous Gauss DPP

and PPP, their cumulative distribution function (CDF) and probability density function
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(PDF) of Ry, are given as [37,76]:

0o n
(—1) /
PDF: ) = 20 > x dt(K(m,,, m)) I
me (r ) r n' (B(O7Tm))71' € X 7 X J OSE,ESTL‘ mq (H]vo)

n=0
X dXp, ...dXp, (4.6)
o0 _1 n
CDF: Fp, (rm) =Y ( |) / det (K (Xmg,xmﬁ)) Ay dxn,
1 mn. (B(0,rm))"™ 1<i,5<n
4.7
PDF: fr. (rs) = 2mAsrsexp (—7?)\37“52) 4.8)
CDF: Fg, (rs) =1 —exp (—mAyr?) 4.9)

e 12
mez ij Il

where K <Xmg, xm3> = )\me< ~ ) i1s Gauss DPP kernel to ensure the existence
of &, and « is a parameter to measure the repulsiveness of ®,, [37].

Now with distribution of 1, in hand, the probabilities of the events £; and €5 can be
found. Denote A, = P (1) and A; = P (&) to represent the probabilities of typical
user to associate with MBS and SBS, respectively. Then, the following lemma states

probabilities of the events €; and 5.

Lemma 4.1. The association probabilities of the typical user A, and A, to connect to

MBS and SBS, respectively, are expressed as:

A = / [1— Fgr, (2%)] fr. (rs)drs (4.10)
0
An =1— A, 4.11)
where ) = %:.
Proof. See Appendix A. O

The integral in (4.10) is computationally expensive. As such, the association
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probabilities are approximated in the following lemma.

Lemma 4.2. The computationally efficient approximations of association probabilities

A and A, for typical user are given as follows:

A~ (1+280°) 7 (4.12)
An~1— (1428277, (4.13)

where § = % and § = AA—“ is a parameter representing number of SBSs deployed per

MBS in the network.
Proof. See Appendix B. [

It should be noted that A,, and .4, depend on the received power ratio € at the
typical clustered cellular user under approximations obtained in Lemma 4.2. This is
intuitively plausible because the parameter ¢ reflects from which BS a typical user is
receiving a larger power. This completes the discussion of association probabilities, and

the interference distributions at typical user are derived in the next subsection.

4.3.2 Interference Distributions

There are three types of users in the network, namely MBS user, SBS user, and DR,
which may receive interference from ®@,,, ®,, Pcpr and Pypr. Hence, the interference
distribution for each type of users is derived, considering only the dominant interferers
as mentioned in the system model.
1. When typical user is of MBS type:

Recall that MBS user can be classified as a clustered or non-clustered user. Hence,
the interference at typical user (non-clustered or clustered) under this classification can

be defined as follows:
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Figure 4.4. Illustration of interference at non-clustered MBS user from clustered DT.
The solid dot, triangle and square represent non-clustered MBS user, SBS user, and

clustered DT, respectively.

e Denote Ty, = I, + ZNPT 4+ TEDT ag the interference at the non-clustered MBS

user, Where I;nm = mee((I)mmB(Rmle))\Z;] thXm ||Xm || _a, IIII\IH?T -

D nctnnrrb(0Rs) Palty, [¥all ¢, and ZEOT represent the interference at non-

clustered MBS (typical) user from all MBSs except the serving MBS, non-

clustered DTs and clustered DTs, respectively. Note that ZEPT is the interfer-

ence at non-clustered MBS user from clustered DTs. As such, all possible

interfering clusters need to be found by locating the cluster centres.

sidering only dominant interferers, the interfering clusters centres would be

located in B (R, R), as shown in Figure 4.4, where R = R, + Rs. Let

B* represents the set of DTs in the cluster centred at x;. With this descrip-

tion, the interference at typical user is considered from all DTs which fall in-

side B N b (0, R3), as shown in Figure 4.4. Now ZCPT can be expressed as,

CDT _
Inm - ZXS@)SQB(RQ,R) ZyCEBXSﬂb(O7R3) Pdhyc ||Xs + Ye

[

e Denote I, = I, + I3, + INPT 4 TEPT ag the interference at clustered MBS

m __ Jm s
user, where Icrn - Inm’ Icm - szeésﬁb(O,Rg) Pshxs XSH

—a 7NDT _ 7NDT
, Loyt =1,

and ZSPT represent the interference at clustered MBS (typical) user from all

other MBSs excluding the serving MBS, SBSs, non-clustered DTs and clustered
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ICDT

nm °

ICDT

cm °

DTs, respectively. Similar to representing in order to specify
the possible interfering clusters are first determined by locating the positions
of their cluster centres. In this case, the locations of such interfering cluster
centres would be located inside b (0, R). Now the interference from all DTs
is considered to fall inside B* N b(0,R3). As a result, the interference at
(typical) clustered cellular user from clustered DTs is expressed as, Z-PT =

[

sz@smb(mn) Zycesxmb(mng) Pahy,[[xs + ye

With description of interference Z,,, and 7., for two classifications of typical MBS
user, these interferences at typical user can be characterised. Note that 77} and 77,
are functions of distance between typical user and its serving MBS, R,,. As such, the
approach is to first condition on R,, to find these conditional interference distributions
and then de-condition on R,, at the end. Then the following two Lemmas state the

distributions of Z,,,,, and Z,,,.

Lemma 4.3. (Laplace transform of interference for typical user of non-clustered MBS

type) The Laplace transform of the interference L., denoted by Lz, (s), is given by:
L1, (8) = Lzm (5) - Loxor (s) - Lropr (), 4.14)

where the terms in (4.14) are defined as follows:

Lo () = /0 exp (-27% D V@i (rmsta) + Y ViQs (tz-)D R (Tn) drm
n=1 =1

(4.15)
Lxor (5) = exp (—27pgA15PaQ3) exp <—27T/\S/ (1 — e_qu’\lﬁpdf(”)) Udv>
R
(4.16)
R -
Lrcpr (5) = exp (—271’)\5/ (1 — e*pqcf(r’s)) rdr) , “.17)
Ra
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0572w \/1—02t;
QQ(tl) % Ek 1#

where Ql (’f'm, tﬁ) = m = 1+sPnR; 1) sPy+(tzR3)®

2n2t § 4n2t (i 5
,;:%(9,6—1—1) 0; = cos <2’2€K1 ),\Ifﬁ: <1—C’e_ 21, (Kg‘ ));
2r2 2R?

wa/1 — 02071 C € {e‘ e } ne€ {rn,Ri}, Me {NL}ne{nl}

9—Cos(2‘1 DTt — L0 1), we =X, F(rs)= [ [*" e dodr _
n 2( n ): N N’ f( ) ) f() 0 1+5Pd(1=2+r2—2?rcos§)77’

f(v,8) = [T arccos (M) (sPy + )" rdr, Iy () is a modified Bessel func-

v—Ra 2ur

Wp = Z

NF‘
g

tion of first kind with parameter v = 0 [77], A1 is the baseline homogeneous PPP for

Ppup and N, L are the complexity accuracy trade-off parameters.
Proof. See Appendix C. ]

Lemma 4.4. (Laplace transform of interference for typical user of clustered MBS type):

The Laplace transform of the interference L., denoted by Lz__ (s), is given by:

cm

CIcm (5) = [,Igr\n (5) . Ezcsm (5) . EIyH?T (5) . [/Ign]]:)T (5) 5 (418)

where ‘CIE‘ ( ) ,Czrn ( ), ,CIé\I“]A)T (5) = ﬁIy“]?T (5), and ,ngm (5), ﬁl—cc“]‘)T (5) are:

nm

L (s)= e~ 2 A BsQs|R3 =Ry, Py =P (4.19)
ﬁzglll)T (5) — e—QﬂAS fgz(l_e—pqi'f(r,s))rdr' (420)
Proof. See Appendix D. OJ

2. When typical user is of SBS type:
In this case, a typical user is always a clustered cellular user because it falls inside

the coverage of at least one SBS. Let Z, = Z™ + I + INPT 4+ TCPT represents the

interference at typical SBS user, where Ii" = > o =) Pl [IXm[| 7, Z5 =

Pihy ||xs]| =%, ZNPT = ZNPT and ZEPT represent the interference

nm °

sze(ésﬂB(Rs,Rg))\z;
at typical SBS user from all MBSs, SBSs except the serving SBS, non-clustered DTs,

ICDT

cm

ICDT

and clustered DTs, respectively. Similar to the interference Z;* can be found by
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first locating the positions of possible interfering cluster centres in B (R, R) and then
considering the interference form all DTs that fall inside B Nb (0, R3). As a result, the
interference Z7"" can be expressed as, ZEP = 37 o 5. =) Doyesenbors) Fally.
lI%s + vell7®. Note that Z8 and ZEPT are functions of distance between typical user
and serving SBS R,. Therefore, in order to characterise Z5 and ZEPT, they are first
conditioned on R, to find the conditional distribution of these interference and then de-

condition at the end. The following lemma characterises the distribution of interference

7.

Lemma 4.5. (Laplace transform of interference for typical user of SBS type): The

Laplace transform of the interference, L, denoted by Lz, can be derived as follows:
ﬁl's (5) = ﬁzén (5) : ﬁl’f (5) . ,CIgVDT (5) : EISCDT (5) s (4.21)

where Linor (5) = Loxor (5), and L (5), L1z (5), Lzcor (s) are given as:

Lzn (5) = e 2mmoPmQslra=ry,Py=rm (4.22)

Lz (s) = / e 72N fp (1) drg (4.23)
0

Lyevr (s) = / ezl (e ) () dr, (4.24)
0

5 0.5(Ra—rs)?wgy/1-62tg
where ()4 = Z§:1 i 2, wy =

— 2g—1 _ Ro—rs
5P5+tg , = y 9(] = COS( = 7T), tq == 3 9(7 —+

2Q

QA

%, and Q) is the complexity-accuracy tradeoff parameter.

Proof. See Appendix E ]

3. When typical user is of DR type:
Similar to a case of MBS, a typical DR can be of types non-clustered and clustered.

Hence, under this classification, the interference at typical DR can be defined as follows:
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e Denote Z,q = I + ZNPT + ZEPT as the interference at typical DR of non-
clustered type, where I = 7, ZNPT = Zyn € (@nprb(0.Rs)\y Pahy, |lyall =2,
and ZEPT = ZEDT represent the interference at typical DR from MBSs, non-

clustered DTs except its serving DT at y’ and, clustered DTs, respectively.

e Denote Z.q = I +Z5,+INXPT +ZEPT as the interference at typical clustered DR

m __ Jm JS __ TS NDT _ 7NDT CDT _
user, where Iy = I", 15y = 15, Loy = Zow - andZo"" = 370 aonmmb(0.R)\y:

cm® “~cd

Pahy, x4yl 7 = sze‘bsﬂb(O,R) Zyce(BxSnb(QRs))\y: Pahy|[xs+yel[ ™ repres-

ent the interference at the typical clustered DR from MBSs, SBSs, non-clustered

DTs, and clustered DTs except its serving DT at y?.

Now with the description of Z,4 and Z 4, the following two lemmas characterise

these interference distributions.

Lemma 4.6. (Laplace transform of interference for typical user of non-clustered DR

type): The Laplace transform of the interference L,q, denoted by Lz, is given by:
L:Ind (5) = 'CI,’I‘Q (5) : EITIA\I(PT (5) . CIT(J}CPT (5) R (4.25)

where Lz (8) = Lz (8), Lzcor () = Lzgor (s), and Loxor (s) is given by,

-~ 00 (1 —2pgA1sPyf(v,
Lxpr (5) = e 2mPrhisFals g 2mhs i, (1-e 21l 09 Jody (4.26)
pot

Proof. See Appendix F ]

Lemma 4.7. (Laplace transform of interference for typical user of clustered DR type):

The Laplace transform of the interference I.q, denoted by Lr_,, is given by:

ﬁzcd (5) = £I:?1 (5) . ﬁzsd (5) . Ez—é\éDT (5) . £ZCCdDT (5) s (427)
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Figure 4.5. Proposed SIE receiver.

where ﬁféﬁ (5) = Ezén (5), Efid (5) = ﬁngn (5), ,Cz'i\llDT (5) = EIgPT (5), and ﬁICCdDT (5)

is given as follows:
Ra o )
,CICdDT (5) = Lzcpr (5) / ef[pQ(cfl)f(T’5)+T ]TdT. (4.28)
c cm 0

Proof. See Appendix G [

4.4 Performance Analysis

Based on the association probabilities and interference distributions derived in the
previous section, network performance in terms of outage probability and average
link throughput are analysed. Further, a SIC with intra-user interference estimation
(SIE) receiver is proposed for cellular users, and its performance evaluated against

conventional SIC.
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4.4.1 Proposed SIE Receiver Design for Cellular Users

Recall that NOMA system is inherently interference limited due to the application
of superposition coding, and hence SIC technique is widely adopted for NOMA to
minimise intra-user interference. In NOMA, SIC is applied in the order of increasing
channel gains, i.e. user j first decodes messages of all 7 — 1 higher-order users and then
decodes its own message by considering messages of j+1....J lower-order users as noise.
However, the presence of this intra-user interference from j + 1....J lower-order users
increases the SINR threshold for successful decoding. As such, this chapter proposes
the SIE receiver design to locally estimate and remove this intra-user interference at
j-th user from j 4 1...J users to obtain a better estimate of user 7 message for decoding.
The proposed SIE receiver design for j-th NOMA user is shown in Figure 4.5.

The operation of the proposed SIE receiver can be broken down into two steps.
First, the estimate of lower-order users j + 1...J is obtained as, 13 = 77;-C — 1y =
Sl i1/ HEPrabal —eq, where nf = Y77, | /hFPakal is the received NOMA signal
at user j from tier k£ (excluding external interference and noise), 7o = 1y + nﬁ L=
23;11 \ /ﬁé‘?Pkafxf which results in the estimation of higher order users by applying
conventional SIC operation, nﬁ 1= A /E;?Pka;?x;? + ey is the first estimate of user j
from tier k, xf is the message signal of ¢-th user from tier £, 1 < ¢ < J, and e, is
error in estimating nﬁ 1- Second, the intra-user interference estimate 73 from first step
is now used to remove it from 77;? to obtain second estimation of k-th tier user j as,
Niy =1 —ns—m+ ey = 1/7L§Pka§:r§ + e, where e = e; + e and e, is the error
in obtaining second estimate of k-th tier user j. Finally, 77?,2 is used to decode the
message signal of user j from tier k. Note that e = 0 (e # 0) refer to perfect (imperfect)
estimation of intra-user interference. As such, the performance of proposed SIE receiver
is evaluated for both cases of perfect and imperfect intra-user interference estimation in

the subsequent sub-sections.
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4.4.2 Outage Analysis

Here, the outage probability expressions for typical MBS, SBS and DR users are
derived. In each case, the interference PDF is required in order to obtain the outage
probabilities. Hence, before proceeding to derive the outage probability expressions,
the following Lemma is stated, which is used to obtain the interference PDF from its

Laplace transform.

Lemma 4.8. The PDF fr of the interference I can be obtained from its Laplace

transform Lz (s) as [78]:

vz 2U
—\ & ’ o L7:LE
fr(®) =5 ; R [51 (5= cu) e (4.29)
where ¢, = vy + G, vo = V1 — %, v,v1 > 0 are real numbers, < is the desired

relative accuracy, © is a scaling parameter, . = \/—1, U is the number of terms used
to invert the Laplace transform, and the prime term indicates that v = 0 summation

term is halved.

1. Outage performance of a typical MBS user:

Recall that MBS user can be of clustered or non-clustered type. Hence, at a particular
time instant, m-th NOMA MBS user in a representative macro-cell can be of either
non-clustered or clustered type (but not both simultaneously). As a result, the following
events are defined in order to derive the outage probability for a typical MBS user:
g3 = {user m is of non-clustered type}
g4 = {user m is of clustered type}
g5 = {outage at user m given it is of non-clustered type }
e¢ = {outage at user m given it is of clustered type}

Now based on the events €3 — £¢, the outage probability at a typical MBS user m,

denoted as P,,, is stated in the following theorem.
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Theorem 4.1. Theorem 1: Considering m-th NOMA MBS user in a representative

macro-cell as a typical user, the outage probability of user m can be derived as follows:
Py = pmPe, + (1 — pim)Pes, (4.30)

where p,,, P.,, and P, are the probabilities of events 3, €5 and €g, respectively, and

P.., and P. are given as follows:

M—m (M—m 1)P S
PS]C_ﬂmZ ( p )m+sz l\Ij

Py = 3 x [£y, (0] "7 S R (L (e)e®] (43D

PS]E fo PSIC‘W“—W 05= as+pyf|e|2( )dy

Pg{c SIC’ ° (cu)=L (cu)
PEG _ 6 Tnm Zem (432)
PSIE fO PgG |¢%ax M 0s= Qs+pyf|e|2 ( ) dy

o meelltos (§+1)gg L .
where Uz = 5 Ws = G lan @] Lg () is a Laguerre polynomial of

S!
degree S, gs are the roots of Lg (), 0s = 1+ pgs, p = %, I is a gamma function, i, =

M! max __ m m m __ Tm m _ Ty
(M—m)!(m-1)"” (pm max {801 7"'7¢m}’ Pm Tm(a _Tmzl il t) Qb mal’

T = 2tm — 1 is SINR threshold of m-th MBS user, T, = % is the MBS transmit

SNR, vy, is the targeted data rate for m-th MBS user, I is the CDF of unordered
channel gain for arbitrary MBS user (given in Appendix G), f.2 (y) = G (u|e|2, JMQ)
is assumed to be a Gaussian density with mean o> and variance 0|2, and e is the

error due to imperfect intra-user estimation.
Proof. See Appendix H OJ

2. Outage performance of a typical SBS user:
The SBS user is always a clustered user. Hence, the outage probability of a user s

in representative small-cell is stated in the following theorem.

66



CHAPTER 4. AN ANALYTICAL FRAMEWORK FOR MULTI-TIER NOMA
NETWORKS WITH UNDERLAY D2D COMMUNICATIONS

Theorem 4.2. Considering s-th NOMA SBS user in a representative macro-cell as a

typical user, the outage probability of user s can be derived as:

S—s (S—m 1)P
Pglczﬂs Zp: ( 5 )(er])) Zs 1 Vs

Pe= 1 x [Fh, (em09)] "7 30, R [ £z, () €797 (4.33)

klj)SlE fo PS C|SDmaX—(;$q Q5= Qs+ﬂyf|€‘2 ( )dy7

s

O cc=ore R
78 = 2% — 1 is SINR threshold of s-th SBS user, Ty = 72 is the SBS transmit SNR,

max

G P

where |15 =

v; is the targeted data rate for s-th SBS user, Fj,_is the CDF of unordered channel

gain for arbitrary SBS user defined in a similar way as Iy, and is given by Fj, (y) =
27 me <1 — erszy> IR, (rs) dr.

Proof. Based on (4.4), the outage probabilities in decoding s-th SBS user’s message us-

ing SIC and SIE are given as P3'C = P <h = Zlh:j;rl — < Tj) =P (I < oM™ (1 + pZy))

and P3F = P (% < Tj) =P (kS < ¢s (14 pZs + ple|?)), respectively. Now

following similar steps to Theorem 4.1, the results in Theorem 4.2 are obtained. [

3. Outage performance of a typical DR:

Similar to MBS user, at a particular time instant, a typical DR can be of either
non-clustered or clustered type (but not simultaneously). As such, the following events
are defined in order to derive the outage probability for a typical DR:
g7 = {DR is of non-clustered type}
es = {DRis of clustered type}
g9 = {outage at DR given it is of non-clustered type}
£10 = {outage at DR given it is of clustered type}

Now based on the events €7 — ¢, the outage probability at a typical DR, denoted
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as P4 is stated in the following theorem.

Theorem 4.3. The outage probability of a typical DR in the considered network can be

derived as follows:

Pd = deEQ + (1 - pd)P€107 (434)

where pg, Pe,, and P, are the probabilities of events €7, eg and €19, respectively, and

P.,, and P, , are given as follows:

S 2U
PEQ - Z \Ing}—zyc (SOdQS) Z % |:£Ind (cu) emregs] (435)
5=1 u=0
PflO = PEQ Ind(cu):ch(Cu)7 (4'36)
where Fy, (y) = ng 0723 (1 — 6*229> zdz is the CDF of channel i_zyc between DT and

typical DR which is uniformly distributed inside coverage R3 of DT [79], o4 = %{,

Tq = 2'4 — 1 and vq are the SINR threshold and targeted data rate for a typical DR,

respectively, and 4 is the transmit SNR for a DT.

Proof. Based on (4.5), the outage probability at the typical non-clustered DR is written

as, P.,, = P (Ihzcﬁz < Td> =P (ﬁyc <T(l+ pInd)). Now conditioned on 7,4,
P, can be expressed as, P., = Bz, (Fy, (14 pz)) = [ F, (1+ pz) fr,, (x) dz.
Next obtaining Z,4 by using (4.29) and then applying Gauss-Laguerre quadrature with

similar parameters as were used in (4.31) to derive PS;C, the result in (4.35) is obtained.

This completes the proof. 0
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4.4.3 Link Throughput Analysis

In the previous subsection, the outage probability to evaluate the performance of cellular
users and DRs under the considered network setting is derived. A metric of interest
that is related to the outage probability is link throughput. Thus, based on the derived
outage results from the previous subsection, the average link throughput experienced by

a cellular user and DR are analysed.
Definition 4.1. (Link Throughput): The effective link throughput between an arbitrary
transmitter and receiver, denoted by T and measured in [bits/s/Hz], is defined as [80]:

T = (1 Pou)logy (1+7), (4.37)

where P, T are the outage probability and SINR threshold of the receiver, respectively.

Now based on Definition 4.1 in (4.37), the average link throughputs for MBS/SBS

user and DR are defined as follows:

Z%:l (1 — Pm) lOgQ (]' + Tm)

Tave = (4.38)
. e (1-Plogy (1+7)

Toe = 5 (4.39)
Ta=(1—Py)log, (1+74). (4.40)

Based on (4.38) and (4.39), the average link throughput experienced by an arbitrary

cellular (NOMA) user, denoted by 7.y is expressed as:

(4.41)

Remark 1 (Optimum density of SBSs): Note that there is a clear tradeoff between

Teen and the network interference. While deploying more SBSs potentially improve 7,
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it also increases network interference. As a consequence, there exists an optimal SBS
density, denoted by, A}, which can maximise 7., and increasing SBS density beyond
Af may result in no improvement in 7. As such 7 can, in principle, be maximised

as:
Teen = max Tean (4.42)

By solving this 7. optimisation problem numerically, the existence of an optimal SBS

density A} that maximises the 7. will be demonstrated in the numerical results section.

4.5 Results and Discussion

This section presents numerical results to analyse the performance of cellular (MBS/SBS)
users and DRs under the considered network setting. As shown in Table 4.2, simulation
parameters similar to [51] are used unless otherwise stated. In order to generate power
allocation coefficients {af }]]: , using (4.3) for NOMA users, the channel gains {l_zéC }'].]:1
are averaged over 1000 random channel realisations with {h?}jzl ~ CN (0,1) and
{dt };'1:1 ~U (0,R;), where CN/ (-) and U (-) represent complex Gaussian and uniform
distribution, respectively, and R; € {R1,Ry}. Further, the performance of NOMA
users is evaluated for proposed SIE as well as conventional SIC receivers. The results
for MBS and SBS users are shown by averaging over total NOMA users M and S,
respectively, and hence they indicate the performance of randomly chosen MBS and
SBS users. In addition, as described in the system model, NOMA is applied by BSs
for communicating with their downlink cellular users. Consequently, interference may
result due to NOMA transmissions from the BSs. Therefore, besides considering the

interference from DTs, DR performance is evaluated under potential interference from

NOMA based cellular network, unless otherwise stated.

70



CHAPTER 4. AN ANALYTICAL FRAMEWORK FOR MULTI-TIER NOMA
NETWORKS WITH UNDERLAY D2D COMMUNICATIONS

Table 4.2: Simulation parameters

Parameter Description Value
M Total MBS users 3
S Total SBS users 3
T SINR threshold for userm  {0.9,1.5, 2}%:1
TS SINR threshold foruser s~ {0.9, 1.5, 2};9:1
T4 DR SINR threshold 1
Am Density of @, 1073
s Density of ®, 1073
A\ Density of ®, 1073
R MBS coverage radius 1000m
Ro SBS coverage radius 200m
Rs DT coverage radius 20m
T, Y, Ty Transmit SNRs [10 — 40]dB
N,L Gauss-Chebyshev parameter 5
S Laguerre polynomial degree 2
U Terms for Laplace inversion 10

1. Average outage comparison and verification of results

The first set of results is presented in Figure 4.6 to compare the average outage
performance among MBS user, SBS user, and DR. The results are obtained from the
derived outage expressions in (4.30), (4.33) and (4.34). The performance of considered
NOMA based network is also compared with that of conventional OMA based network.
In addition, Monte Carlo simulations are performed to validate the accuracy of derived
outage expressions, which are shown to be in good agreement with the simulations.
Several observations can be drawn from Figure 4.6, which are described as follows:

1) It can be observed that NOMA based two-tier cellular network achieves lower
outage probability than its OMA counterpart under an interference limited environment.
The reason is that in contrast to NOMA based network which serves M + S cellular
(MBS and SBS) users in two transmissions, OMA based implementation requires M + S
transmissions to serve M MBS and S SBS users, which are hence subject to network

interference in every transmission, resulting in overall higher outage probability.
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2) The MBS user achieves better outage performance than the SBS user and DR
because of the higher MBS transmit power, which results in better SINR for decoding.
In addition, DR performs better than SBS user with NOMA-SIC and OMA for SNRs >
25 dB, and 20 dB, respectively. This is because of better SINR as SNR improves and
due to smaller pathloss of D2D communication which occurs in short range (R3 < Ro).
However, at very high SNRs (>37 dB), SBS-NOMA user with SIC again tends to
outperform DR due to better removal of intra-user interference. Unlike SBS-NOMA
with SIC, the performance of SBS user under proposed SIE is better than DR in all SNR
regime because of the estimation and removal of intra-user interference.

Further, at a certain time instant, MBS user and DT can be of clustered or non-
clustered type, whereas SBS user is always a clustered user. Having said that, SBS user
receives higher interference than MBS user and DR (in average terms) because clustered
user experiences interference from {®,,, @5, ®xpr, Pcpr} whereas non-clustered user
may receive interference from {®,,, xpr, Pcpr}. This argument coupled with (4.30)
and (4.34) may explain another reason for MBS user and DR to achieve lower outage
probability than SBS user. One interesting observation is that SBS-NOMA with perfect
and imperfect SIE manages to achieve better outage performance than MBS with
NOMA-SIC at SNRs > 20 dB, and 25 dB, respectively. This indicates that for NOMA
users, the network interference dominantly impacts their performance at low SNRs,
whereas the intra-user interference dominantly impacts their performance at high SNRs.

3) It is observed that MBS and SBS users under proposed SIE achieve better
outage performance than that achieved with conventional SIC. This is because SIE
estimates and removes the intra-user interference from the MBS/SBS user message
before final decoding. It is also noted that imperfect SIE achieves better performance
than conventional SIC because it manages to partially remove the intra-user interference,
whereas SIC makes no attempt to remove it. As a consequence, the results for MBS/SBS

NOMA with perfect SIE and conventional SIC can be interpreted as the upper and
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Figure 4.6. Outage comparison among MBS user, SBS user and DR, with
p=¢q=py=0.5andc=>5.

lower performance bounds for NOMA user, respectively. Hence, any attempt to remove
intra-user interference would result in a performance lying between perfect SIE and
conventional SIC. This indicates the impact of intra-user interference on the performance
of MBS/SBS NOMA user and emphasize the necessity for systematic treatment of
intra-user interference from the received NOMA signal.
2. Performance comparison for MBS user and DR of non-clustered and clustered types

In order to gain further insights, Figure 4.7 demonstrates the individual perform-
ance of MBS user and DR of non-clustered and clustered type. The results are
obtained by using (4.31), (4.32), (4.35) and (4.36). It is found that non-clustered
MBS user (DR) outperforms clustered MBS user (DR), respectively. This is intuit-
ively plausible because clustered users (MBS and DR) generally experience greater
network interference than their non-clustered counterparts. The reason is that non-
clustered users (MBS and DR) experience interference from three transmitter sources
(P, PnpT, PepT), Whereas clustered users receive interference from four types of

transmitters (®,,, P, Pxpr, Pcpr). This results in lower SINR at clustered users (MBS
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Figure 4.7. Outage comparison among non-clustered and clustered MBS user and DR,
withp=¢q¢=p, =0.5and c = 5.

and DR) for decoding which translates into higher outage probability. In addition, non-
clustered DR outperforms clustered MBS user with NOMA-SIC and OMA at SNRs >
23 dB, and 20 dB, respectively. This can be explained as follows. First, DT and DR are
communicating over a shorter link which results in higher SINR due to smaller pathloss.
Second, as mentioned, non-clustered DR experiences less network interference than
clustered MBS user and MBS with NOMA-SIC does not treat intra-user interference.
Consequently, this results in lower SINR available for decoding at clustered MBS
user with NOMA-SIC and OMA than non-clustered DR for SNRs > 23 dB, and 20
dB, respectively. However, due to estimation and removal of intra-user interference,
clustered MBS user with NOMA-SIE always outperforms non-clustered DR in all
SNR regime. Finally, the performance gains of non-clustered/clustered MBS-NOMA
over MBS-OMA and MBS with NOMA-SIE over NOMA-SIC can be explained by
following similar arguments as were used in the discussion of Figure 4.6.

3. Association Probability

In Figure 4.8, the association probability is plotted as a function of € for clustered
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cellular user to connect with MBS or SBS in order to exhibit its trend. The results are
obtained by plotting (4.12) and (4.13) from Lemma 2. It can be seen that increasing €2
results in larger association probability for clustered cellular user to connect with MBS
because its received power from MBS increases. Further, at {2 = 1, the probability of
clustered cellular user to associate with MBS or SBS becomes equal. This is intuitively
plausible because for €2 = 1, the clustered cellular user is receiving equal amount of
powers from MBS and SBS, and thus is equally probable to connect to any BS.
4: Link Throughput

The average link throughput achieved by a randomly chosen cellular user and DR is
shown in Figure 4.9 as a function of SNR. The results are obtained by using (4.40) and
(4.41). The results in Figure 4.9 demonstrate that an arbitrarily chosen user from NOMA
based cellular network achieves superior link throughput than another arbitrarily chosen
user from OMA based cellular network and DR. This is because NOMA user achieves
overall lower outage probability than DR and OMA user, which is evident from the
results of Figs. 4.6 and 4.7. Moreover, NOMA user with SIE obtains better throughput
than NOMA with SIC due to superior outage performance of NOMA under SIE. In
addition, DR obtains higher throughput than OMA cellular user because of its better
outage performance due to smaller pathloss by communicating over short links. In
addition, OMA based cellular network shares the available spectrum resources among
M + S cellular users, which further translates into a loss in overall link throughput.
5. Optimum number of SBSs

In Figure 4.10, the impact of varying SBS density A; on the average link throughput
of the cellular user is investigated. The results are obtained by using (4.41) for NOMA
and OMA based cellular networks at SNR of 20 dB. Under the considered setting,
the results indicate the existence of an optimum value of A, = 4 x 10~ beyond
which no further improvement in link throughput is achieved. The reason is because

deploying more SBSs would also increase network interference and consequently after
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Figure 4.9. Link Throughput comparison among MBS user, SBS user, DR and OMA
user.
the optimum J is reached, no further improvement in outage probability of cellular
users can be achieved, which translates into a link throughput saturation.
6. Performance of DR under NOMA and OMA networks
Figure 4.11 presents the final set of results where the impact of NOMA or OMA

based cellular network on the performance of DR is investigated. It is observed that
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Figure 4.11. Outage of DR under NOMA and OMA networks.

both non-clustered and clustered types of DR achieve lower outage probability when
cellular network is using NOMA in both tiers. The reason is that NOMA based cellular
network serves M + S users of two-tiers by using only two transmissions, whereas
OMA based network requires M + S transmissions to serve M + S users in both
tiers. Consequently, a DR experiences more interference under OMA based network

than under NOMA based network. Owing to the potential benefits of inband D2D
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communication, the results in Figure 4.11 suggest that adopting NOMA for all BS tiers
can improve performance of not only cellular users but also DRs as compared to a OMA

based network.

4.6 Chapter Summary

In this chapter, a new spatial model has been developed for NOMA based two tier-
cellular network with underlay inband D2D communication and randomly deployed
BSs and users. In particular, the locations of users are modeled by considering two
independent PHP and PCP. Using the developed model, the interference distributions at
typical user (cellular/D2D receiver) are first derived by considering contribution from
dominant interferers. Further, as the performance of NOMA with SIC is impacted by
intra-user interference, a SIE receiver is proposed for cellular users which attempts
to locally estimate and remove intra-user interference for better decoding. Based
on the interference distributions results, the performance of typical user in terms of
outage probability is analysed. Specifically, the performance of typical cellular user
is evaluated under conventional SIC and proposed SIE with perfect and imperfect
intra-user interference estimation. In addition, using the outage probability results, the
average link throughput of typical cellular user and DR are studied. Simulation results

are also presented to validate the accuracy of the derived results.
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Chapter 5

Quality of Service based NOMA

Group D2D Communications

As in the investigation of NOMA in multi-tier cellular networks in the previous chapter,
the current literature has paid very little attention to investigate NOMA group D2D
communications. Hence, the focus of this chapter is to investigate and analyse the
performance of NOMA based group D2D communications under interference limited

scenarios.

5.1 Introduction

In this work, in order to capture the key features of D2D communications, i.e., device
clustering and spatial separation, the DTs are considered to be randomly distributed over
R? according to GPP, while the DRs are assumed to be randomly clustered around DTs.
The reason for choosing GPP is that it is a relatively simpler cluster point process that
maintains good trade-off between modeling accuracy and analytical tractability. There-
fore, in the context of D2D communications, GPP provides more realistic modeling

approach against PPP case by capturing the clustering behaviour of D2D devices [81].

79



CHAPTER 5. QUALITY OF SERVICE BASED NOMA GROUP D2D
COMMUNICATIONS

Furthermore, the current approach to order users in NOMA group D2D communic-
ations is based on the channel gains of the DRs. This ordering approach may not be
suitable to D2D communication scenario under which the DRs in the same group are
clustered around a common DT and are located in proximity of each other. Hence, the
channel conditions of the DRs located in the same D2D group would be very similar.
Consequently, this ordering strategy may result in very similar power allocation, which
could limit the gains of applying NOMA to D2D communications [6]. In the context of
NOMA, there are few works that use QoS based ordering [82—84]. They mainly focused
on cellular networks and are limited to the two-user case only. In this chapter, Q-NOMA
group D2D communications is proposed and analysed which makes an attempt to fill
the aforementioned gaps in literature, and it is the first time that Q-NOMA is proposed
and analysed to realise group D2D communications under interference limited scenario.

The main contributions of this chapter are briefly summarised as follows:

e A Q-NOMA group D2D communications is proposed in which D2D users are
randomly distributed over the entire two-dimensional plane. Unlike the existing
proposals, the DRs in the proposed scheme are ordered according to their QoS

requirements, which is more appropriate for the D2D communications scenario.

e The interference distribution at the probe DR is derived by utilizing the results
from stochastic geometry. The Laplace transform of interference over GPP is
derived in [81], which involves complex double integrals. In order to obtain useful
insights, a major step in characterizing the interference is the approximation of
integrals in the interference Laplace transform by applying Gaussian—Chebyshev
and Gauss—Laguerre quadratures. This approximation results in an interference

Laplace transform expression, which is easy to implement.

e Based on the interference approximation results, a closed-form expression for out-

age probability of the DRs in the proposed Q-NOMA group D2D communications
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Table 5.1: Commonly used variables.

Notation Description

M Total number of DRs

R, Targeted rate of DR m

Fsr Transmit power of GT

Bm Power allocation coefficient of m-th DR (policy I)

F Power allocation coefficient of m-th DR (policy II)

Pt Transmit SNR of GT

dy Distance between probe DR and interferer at
Sm Message signal of user m

Ym Received NOMA signal at DR m
z Interference at user probe DR

Pgr GPP to model DTs locations

AGT Intensity of ®gr

Rp Coverage radius of GT

N, L Gaussian-Chebushev parameters

is derived in order to evaluate the performance.

e Numerical results are presented to validate the accuracy of the derived outage
results and compare the performance of the proposed Q-NOMA group D2D with

conventional paired D2D communications using OMA.

The rest of this chapter is organised as follows. Sections 5.2 and 5.3 discusses the
system model, and proposes the QoS-based NOMA group D2D communications
scheme, respectively. Performance analysis is presented in Section 5.4, followed
by the numerical results and discussion in Section 5.5. Finally, the chapter is

concluded in Section 5.6.

5.2 System Model

Consider inband D2D communications with an overlay cellular network, where a
frequency reuse factor of one is assumed among D2D users to achieve better spectrum

efficiency. With this setting, every D2D transmission by a DT is subjected to interference
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from other active DTs. A composite fading and path loss channel model is considered
between every DT and DR. In this chapter, the power fading coefficients are considered
to be i.i.d with exponential distribution of unit mean, and a path loss model of d~* is
adopted, where d is the distance between the probe DR and test DT, and « is the path

loss exponent.

5.2.1 Spatial Distribution of D2D Users

Consider that D2D users are randomly distributed over R?. At any time realization,
the D2D users are classified as transmitters or receivers. A group D2D scenario is
considered, where each DT is communicating with multiple DRs via a NOMA scheme.
A DT which is communicating to multiple D2D devices is referred as a group transmitter
(GT). Any D2D user can take a role of GT. It is assumed that the selection of GTs is
performed by a BS, and multiple GTs in a given cell can be selected to improve overall
system capacity. In addition, multiple GTs are allowed to exist in proximity of each
other, where each GT is communicating to its own group of receivers. Hence, at any
time realization, each selected GT forms a group/cluster containing DRs. In order to
capture both inband and device clustering, the spatial topology of the GTs is modelled
by a stationary and isotropic GPP defined on R? , denoted by ®gr with parent process
intensity Agr. Furthermore, the coverage of each GT is modelled by a disc D with
radius Rp. Moreover, the DRs are considered to be clustered around each GT and are
assumed to be uniformly distributed inside coverage of GTs. An illustration of NOMA
group D2D communication is presented in Figure 5.1. For a quick reference, a list of

commonly occuring variables in this chapter is provided in Table 5.1.
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. DRs

Desired Signal

.......... Interfering Signal

Figure 5.1: Example of inband non-orthogonal multiple access (NOMA) group
device-to-device (D2D) communications with overlay cellular network.

5.3 Proposed QoS NOMA Group D2D Communications

Since DRs are clustered around GTs and are located in proximity of each other, there-
fore, the DRs connected to same GT would have very similar channel conditions.
Consequently, in the context of D2D communications, ordering DRs according to their
channel conditions to apply NOMA at GT may not achieve the desired multiplexing
gains and fairness among DRs. Hence, in this chapter, it is proposed that the DRs for
GT are ordered according to their QoS requirements, which are determined by their
targeted data rates.

Let there be a total of M DRs distributed inside coverage of a test GT. The probe DR
is assumed to be located at the origin, with a desired test GT at xy = (d, 0) with d # 0.
Without loss of generality, it can be assumed that the DRs are ordered as 71 < ... < Ry,
where R; is the targeted data rate of DR 7, 1 < ¢ < M. Correspondingly, the power

allocation coefficients are sorted as 3; > ... > [
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The aforementioned procedure to order DRs of the GT and compute their power
allocation coefficients according to users’ targeted rates is termed as “Q-NOMA”. When
it is applied to D2D communications, the communication is referred as “Q-NOMA
group D2D communication”.

Consider that the NOMA DR m is the probe receiver, then, the received signal from

the test transmitter at the probe DR is given as:

M
Ym = I, Z vV BiFPorsi + N, (5.1)
i=1

where Fgr is the transmission power of test GT, s; is the message signal of DR ¢ and

N, is the AWGN with zero mean and variance o2.

5.3.1 Power Allocation Coefficients Policies

The optimal power and resource allocation improve overall performance and utilise
the system resources efficiently. However, the optimum power allocation strategies
proposed in existing literature, for example, [85], cannot be directly applied to the cur-
rent work because of significant difference in system model or underlying transmission
method. Therefore, in this sub-section, two simple methods are discussed to compute
power allocation coefficients { Bi}ij\il that would lead to two possible implementations
of Q-NOMA group D2D communications.
Policy 1

The Policy I utilises targeted rates of DRs to compute the power allocation coef-
ficients. Similar to [6], the power allocation coefficient for DR 7 under Policy I is

computed as:
1/R;

M 1 °
Ej:lﬁj

The intuition behind Equation (5.2) is that power allocation coefficients could be

B = (5.2)
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utilised to maintain fairness among DRs [5,86]. In case they are computed in proportion
with users’ targeted rates, then the highest ordered DR M would result in the highest SIC
decoding order with maximum SINR threshold among all ordered DRs. Consequently,
all of the lower ordered DRs always require the maximum SINR threshold dictated by
the user M, which would result in a biased treatment of lower ordered users (with lower
targeted rates). Hence, in order to avoid this biasness, it is proposed to compute the
power allocation coefficients as given by Equation (5.2).
Policy 11

The concept of F-NOMA was proposed in [13], where the power allocation coeffi-
cients are fixed and are computed based on the given user ordering i.e., it does not utilise
the actual channel gains to compute {/;} £1 Similar to [13], a Policy II is adopted to
compute { Bi}le for conventional NOMA that does not utilise the actual targeted rates

of DRs. The power allocation coefficient for DR ¢ under Policy II is computed as:

M — 1
g mmE (5.3)
W

where 5 represents the power allocation coefficient of DR m in Policy II and y is

selected in such a way that Zf\il BF=1.

5.3.2 Interference Distribution

The reception at the probe DR from the test GT is interfered by the other GTs. The in-
terference at probe DR is given as, 7 = erbm\xo |g.|2d;®, where g, and d, represent
the Rayleigh fading channel gain and distance between probe DR and interferer at x,
respectively. The following lemma provides the Laplace transform of the interference

at probe DR.

Lemma 5.1. Lemma: Consider a GPP ®gr with parent process intensity Agr modeling

85



CHAPTER 5. QUALITY OF SERVICE BASED NOMA GROUP D2D
COMMUNICATIONS

spatial topology of the GTs in a Q-NOMA group D2D communications. Then, the
Laplace transform of the interference at the probe DR conditioned at the location of

test GT is given by:

a(17X1 (7‘p))+srga

-2\ P,l Qp —
GTZZ?— 14s7) . Ag (d) , (54)

Lr(s)=¢

D(P+2)rp
PY(P+1)2(Lpy1(rp)

where (2, = wpe', w, = EL Lp(-) is the Laguerre polynomial of degree

P, r, are the roots of Lp(-), X;(-) and Ay(-) are given in (1.7) and (1.10), respectively.

Proof. See Appendix L. ]

5.4 Outage Analysis

In this section, the outage probability for the DRs in the considered Q-NOMA group
D2D communication is derived. Let 7,,, and 1,,, denote the SINR threshold and targeted
rate of DR m, respectively, where 7,, = 27" — 1. Since each DR employs SIC, the
outage at DR m occurs if it does not meet the targeted rate of any higher order DR j,
where 1 < j < m . Denote (,,,; = {Rmd < R]} as the outage event at DR m due
to decoding of DR j, where R,, ; is the achievable rate of user j at DR m. The outage

event (,,,,; can be expressed as:

Cm—j = {Rm] < Rj}
hmﬁp
—{log2<1+hp — 7 2><Rj}
m Zi:j+1 Bit+Ll+o
; 1
:{hm<<pj(pl'+)}7 (5.5)
Pt

where ¢; = m, p = %, Py = % is the transmit SNR and Pr is the

maximum received interference power at the probe DR.
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max

Next, define ™ = max {©1, ..., ¥m }. Based on (5.3), the outage probability at the

m

DR m can be given as:

P,, = Pr (hm < Pm P H D) D)
Pt

=E; |:Fhm (W>} 7 (5.6)
Pt

where F}, is the cumulative distribution function (CDF) of h,,.
Note that the set {h;},7 = 1, ..., M, of channel gains is not ordered because the
users are sorted in ascending order of their targeted rates. Since the channel gains are

1.id. random variables with common CDF F},, (5.4) can be re-written as:

P, = E; {Fh (Wﬂ . (5.7)
t

Consequently, the outage probability of DR m is provided in the following theorem.

Theorem 5.1. The outage probability of DR m in the Q-NOMA group D2D communic-

ations is derived as:

L max . max
Po= be Ly Tn Y (5.8)
=1 Pt

Where bl — wlm(l + ¢l)) w; = %, = (RTD(l + (bl))a, ¢l = COS (%) and

L is the complexity-accuracy trade-off parameter.

Proof. In order to obtain PP,,,, F}, is required. Since, all wireless links exhibit Rayleigh

fading and the DRs are uniformly distributed inside disc D centered at the location of
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test GT, the CDF F}, can be expressed as [79]:

2 [fr o
Fn(y) = R2D/0 (1 —e* y) zdz. (5.9

It is challenging to solve the above integral. As such, it is approximated by applying

Gaussian-Chebyshev quadrature as:

L
Fu(y) = be . (5.10)
=1

Based on (5.10), P,,, in (5.5) can be expressed as:

P, _/0 F, (W) fo(x)dz
L

o0 _cem(pzt1)
= Z/ e Pt fr(x)dx
0

. ,max

_S1%m > _S%Pm _PT
:Zble Pt / e fr(x)dx
0
L Clwmax C
=S he Ly <W> , (5.11)

where fz(z) is the PDF of interference Z and the last step follows from the definition of

Laplace transform. This proves the result in Theorem 5.1. [

Note that, due to the presence of interferers in the network, similar to [68,87], the
derived outage probability in (5.8) is a function of variables ¢}.** and interference
Laplace transform £7. This is different from existing works that analyse NOMA
wireless systems under no interference where outage probability is mainly a function of
e, For reference, please see [13,51,59]. Furthermore, it is worthy to note that the
current outage analysis approach remains valid if more complex cluster models (PCP,

and so on.) are adopted for modeling spatial distributions of DTs and DRs. In that

88



CHAPTER 5. QUALITY OF SERVICE BASED NOMA GROUP D2D
COMMUNICATIONS

Table 5.2: Simulation parameters.

Parameter Description Value
M Total users 3
(R M Users’ targeted rates {0.7,1.1,2}
Rp Coverage of GT 10 m
o Path loss exponent 4
Gt Intensity of GTs 10~4
Dt SNR range (5-40) dB
LN, V.Q,S Gaussian-Chebyshev parameters 5
P Degree of Gauss-Laguerre polynomial 5
d Distance between probe DR and GT 5m

case, the £7 term will be replaced by the Laplace transform of the interference for the
adopted model. Intuitively, L7 is performing a form of scaling in (5.8) and hence the
conclusions are expected to remain the same if the spatial distribution model(s) of the
DTs and DRs is changed. However, the exact impact on outage probability when more
complex cluster processes model is adopted for modeling DT and DR locations would

require further study, and hence is considered as a promising future work.

5.5 Numerical Results and Discussion

This section presents the numerical results to evaluate the performance of the considered
network as well as to validate the accuracy of the derived expression in (5.8) of Section
5.4. As shown in Table 5.2, simulation parameters used are similar to those in [51],
unless otherwise stated. Furthermore, Policy I is considered as a default policy to
compute power allocation coefficients, unless otherwise stated.
1. Impact of Rp on Outage Probability

Figure 5.2 presents the impact of varying coverage radius Rp of test GT on the
outage probability of ordered DRs as a function of SNR. The derived outage results in

(5.8) are shown to be in good agreement with the Monte Carlo simulations.
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Figure 5.2: Impact of Rp on outage probability.

Several observations can be made from the results in Figure 5.2: (1) increasing the
coverage radius of GT results in a higher outage probability because of a larger path loss;
(2) different ordered users have distinct decreasing slopes of outage probability because
of different targeted rates; (3) the higher order DRs in the proposed Q-NOMA group
D2D communications achieve better outage performance because they have smaller
targeted rates. This is different from conventional NOMA that orders users based on
channel conditions, and where the higher ordered users have larger outage probabilities
due to poor channel conditions [13,87].

2. Impact of d on Outage Probability

The impact of varying distance between probe DR and test GT on the outage
performance is investigated in Figure 5.3. It can be observed that varying d has a larger
impact on the average achievable outage probability at lower SNR value of 5 dB. This
is intuitively plausible because increasing transmission power results in improved SINR
at the receiver and hence better outage performance.

3. Comparison between Paired and Grouped D2D Communications
The average outage probability achieved by Q-NOMA group D2D communications

under different path loss exponents is shown in Figure 5.4. The performance of paired
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Figure 5.4: Outage comparison between paired and group D2D.
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D2D communication based on OMA is also presented in the figure as a benchmark
for comparison. It can be observed that Q-NOMA group D2D achieves overall lower
outage probability than the paired D2D communication for different values of path loss.
This is because, as opposed to paired D2D, Q-NOMA group D2D communication uses
only single transmission, which results in better SINR at the DRs under an interference
limited scenario.

4. Comparison between Two Implementations of Q-NOMA Group D2D Communica-
tions In this section, the performance of two possible implementations of Q-NOMA
group D2D communications based on power allocation coefficients Policies I and II
is compared. The results for Q-NOMA group D2D communication under Policy I are
also obtained by utilising (5.8), with the exception that {ph**} 7]\::1 are computed by
using fixed power allocation coefficients { 5&}%21. For this comparison, five different
cases are considered for users’ targeted rates which are utilised to compare the outage
probabilities achieved by the Q-NOMA group D2D communications under Policies
I and IT at an SNR of 25 dB. Table 5.3 summarizes the outage comparison between

these two implementations of the group D2D communications. The power allocation

M
m=1°

coefficients for Policy I are derived as f, = {0.5,0.33,0.17} whereas those for
Policy II are calculated using (5.2) based on users’ targeted rates and are shown in Table
5.3.

It is observed from the results in Table 5.3 that Q-NOMA under Policy I achieves
lower outage probability in cases 1 and 2, whereas it obtains better outage performance
in cases 4 and 5 for Policy II. In addition, the results in case 3 indicate the importance
of proper power and rate allocation to avoid situations of complete outage. Moreover, it
can be observed that the Q-NOMA group D2D communication under Policy I performs
better in cases where the users’ targeted rates are significantly apart. This is more

suitable to D2D communication scenarios where different users may have diverse QoS

requirements.
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Table 5.3: Average outage comparison between two implementations of quality of
service based non-orthogonal multiple access (Q-NOMA) group device-to-device (D2D)
communications.

Case Targeted Rates, Power Allocation Coefficients, Policy I Policy II

{Ron}py {BnY s
1. {1,2.5,3} {0.58,0.24,0.18} 0.04 1
2. {1,1.5,2} {0.47,0.3,0.23} 0002  0.04
3. {0.5,1.5,2} {0.63,0.21,0.16} 1 1
4, {0.9,1,2} {0.42,0.38,0.2} 1 0.001
5. {0.2,2,2.2} {0.85,0.08,0.07} 0.006  0.002

Table 5.4: Average outage comparison between paired device-to-device (D2D) and
quality of service based non-orthogonal multiple access (Q-NOMA) group D2D com-
munications (M > 3).

Total Users, M/ Q-NOMA PolicyI Q-NOMA Policy I Paired D2D

5 0.003 0.07 0.08
7 0.007 0.06 0.12
9 0.01 0.1 0.3

In order to extend the analysis beyond the case of M > 3 users, the average outage
comparison between paired D2D and Q-NOMA group D2D communications (based on
power allocation coefficients Policies I and II) is further presented in Table 5.4. These
results are obtained by considering M =5, 7,9 with R,,, ~ U (0.1,2),Vm € M and
pr = 25 dB, where U (-, -) represents the random uniform distribution function. It can
be observed that the results in Table 5.4 are consistent with those presented in Figure
5.4, for example, Q-NOMA group D2D communications consistently achieve lower

outage probability than paired D2D communications.

5.6 Chapter Summary

In this chapter, a Q-NOMA group D2D communications is proposed. In order to study

the performance of the proposed network, the Laplace transform of the interference is
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first derived, based on which the closed-form expression for outage probability to ana-
lyse the performance of the DRs in the proposed Q-NOMA group D2D communications
is derived. The results show that the proposed Q-NOMA group D2D achieves overall
lower outage probability than its counterpart paired D2D communication. Furthermore,
based on two power allocation coefficient policies, the comparison between two possible
implementations of the proposed Q-NOMA group D2D communications is presented.
Due to the similar channel conditions and diverse QoS requirements of DRs, the results
show that the proposed Q-NOMA implementation based on Policy I is more realistic

and suitable than one based on Policy II for group D2D communications.
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Chapter 6

NOMA for Ubiquitous Wireless

Sensor Networks

The application of NOMA is well-studied in the context of cellular networks. However,
no formal studies have been done in literature to explore the potentials of applying
NOMA for UWSNSs. This motivates the investigation and analysis of utilising NOMA

for UWSNSs in this chapter.

6.1 Introduction

Although originally proposed for cellular systems, NOMA exhibits strengths that are
considered as highly relevant to addressing the deployment challenges of UWSN, i.e.
large-scale networks of wireless sensors densely deployed for ubiquitous monitoring
of physical environments. Specifically, for a given spectrum bandwidth, NOMA can
enable more simultaneous connections than existing approaches without the overheads
of coding and spreading to facilitate the separation of users’ signals at the receiver [12].

This is particularly attractive to supporting massive connectivity without requiring more
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spectrum resources in UWSNs. NOMA can be applicable to both uplink (sensors-to-
sink) and downlink (sink-to-sensors) communication where powerful sink nodes can
perform the equivalent role of BSs for the tasks of user grouping and transmission
power allocation. In UWSN, however, there is a greater motivation and challenge to
apply NOMA in the downlink.

Firstly, UWSNs with large geographic coverage typically use short-range multi-
hop communication in order to conserve energy [88]. The size of the routing table at
each node increases with the number of destinations. Unlike in uplink communication
where the sink node is the main destination of all sensors’ outgoing traffic, the routing
table size for DL communication can grow prohibitively with a massive number of
sensors as destinations [89]. In this case, NOMA can offer a practical solution by
enabling direct DL transmissions from sink node to multiple sensors simultaneously.
DL transmissions are initiated when sink node queries a specific sensor or group of
sensors for some information [90,91], or communicates information essential for their
operations such as sleep-wake schedules [92]. Further, unlike 5G, most UWSNs operate
in unlicensed spectrum where sensors also experience CT interferences [93] from other
devices sharing the same spectrum.

To date, NOMA has been investigated only in the context of cellular networks.
The use of NOMA for UWSN has not been proposed in literature, and the reported
performance gains of NOMA over its counterparts cannot be straightforwardly claimed
for UWSN. This is because unlike in cellular network, the sink node in a UWSN has
no control over all transmitters within its coverage, including sensors and sinks of
other UWSNs under different administrative domains or CT nodes that share the same
spectrum such as WiFi and Bluetooth devices. Hence, it is important to investigate the
performance of a UWSN employing NOMA under interference-limited scenario.

The main novelty and contributions of this paper are summarised as follows.
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e For the first time, NOMA is proposed as a spectrum efficient means of supporting
massive connectivity in UWSNSs, and its performance in a downlink scenario
where sink transmits to a group of sensors using NOMA under CT and other
interferences is investigated using stochastic geometry [34]. The sensors, sinks
and CT nodes can reside randomly and independently of each other in a 2D plane.
Hence, their spatial topologies can be modeled with three different homogeneous

PPPs.

e In order to evaluate the performance, the closed-form expression for the outage
probability at probe receiver’s location is derived. In addition, the diversity
order achieved by a probe receiver is also analysed. Further, the average link
throughput and energy consumption efficiency analysis are also presented to
gain better understanding of applying NOMA to UWSN and benchmark the

performance against conventional OMA.

e Numerical results are shown to validate the accuracy of the performed analysis
as well as compare the outage, throughput and energy efficiency performances
between the NOMA and OMA based UWSNs. Moreover, a computational
complexity analysis is performed to evaluate the complexity required by SIC

units of sensor receivers to decode NOMA message signals.

The rest of this chapter is organised as follows. Section 6.2 describes the network
model. Section 6.3 and 6.4 provide the outage and diversity analysis, and the
throughout and energy consumption efficiency analysis, respectively. The results
and discussion are presented in Section 6.5, followed by the chapter summary in

Section 6.6.
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Table 6.1: Commonly used variables in Chapter 6.

Notation Description
@ Path loss exponent
B; Power allocation coefficient of j-th user
W, Target SINR threshold for j-th user
P, Outage probability of the m-th user
& (550) Confluent hyper-geometric function
A SINR at m-th user to decode j-th user message

SINR at m-th user to decode its own message
Average interference level
Average system SNR
Distance between test transmitter and m-th user
Guard zone radius around each sensor receiver
Channel between m-th NOMA user and test transmitter
Total number of NOMA users
Laguerre polynomial of degree s
Gaussian-Chebyshev parameters
Transmit power of test transmitter
Constant power consumption of circuits
Radius of disc A
Average link throughput of user m
Overall energy consumption efficiency

6.2 Network Model

Consider a UWSN comprising of sensor and sink nodes, which are randomly distributed
in an infinite 2D plane. Further, it is assumed that the CT nodes are also co-located with
sensor and sink nodes. These CT nodes are not a part of UWSN but are operating in the
same frequency band, and hence cause interference to the reception of probe receiver.
The spatial topology of the sensor, sink and CT transmitter nodes is modeled by three

homogenous PPPs, denoted by, ®sk, sk, and 1 with intensities sk, Asg, and Acr,

respectively. A realisation of these transmitter processes is shown in Figure 6.1

In this chapter, a downlink transmission scenario is considered where a sink node
communicates with sensor nodes using NOMA. In order to avoid ambiguity, the sensor

receivers are referred to as users. In addition, the probe sink node is termed as a test
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A\ Sink Nodes
‘ DL Sensor Receivers
. Interferring Sensor Transmitters

. CT Nodes

Figure 6.1: A realisation of ®gg, Pgk, and P transmitter processes.

transmitter, which is considered to be located at the centre of a disc A with radius R.
The M NOMA users are considered to be uniformly distributed inside disc A, as shown
in Figure 6.2. Further, the probe receiver always means the m-th NOMA user.

All communication links in the network follow a composite Rayleigh fading and

distance dependent path-loss channel model. The channel between the m-th user

(SIS

and test transmitter is given by h,, = ftm (14 d%)" 2, where ﬁm and d,,, represent
the Rayleigh fading channel gain, and distance between the test transmitter and m-
th user, respectively, and « is the path loss exponent. In addition, a bounded path
loss model is considered to avoid the issue of singularity at small distances [13, 34].
Without loss of generality, it is assumed that NOMA users’ channel gains are ordered

as |h1|? < ... < |hy|?. Consequently, the power allocation coefficients under NOMA

are sorted as 31 > ... > [y with Zf‘i 1 Bi . The test transmitter sends a superimposed
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Sink Node
—»  Desired NOMA Transmission

""" » Other Signal from Interfering Nodes

DL Sensor Receiver

CT Nodes

4 K4 2

Interfering Sensor Transmitters

Figure 6.2: An illustration of sink-to-sensors communication using NOMA under
interference of other sink, sensor and CT nodes.

signal to all NOMA users and the received signal at the m-th user is given as:

M
'm = hmz V ﬁipsi + N, (61)
i=1

where P is the transmission power of test transmitter, s; is the message signal of i-th
sensor node, and n,,, is the AWGN with zero mean and variance 2.

For each NOMA user, there are two types of interference that interfere the recep-
tion of desired signal. First is the intra-user interference that is present due to the
superposition of multiple users in NOMA, and the second is due to the transmission of
undesired transmitters in the network. SIC is employed at each user receiver to mitigate

the intra-user interference. The optimal decoding order of SIC is in the sequence of
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increasing channel gains. Therefore, m-th user decodes the message signals of all j
users, j < m , before decoding its own message, and treats the message signals of the
users j > m as noise.

For the second type, consider that the interference links among unwanted transmit-
ters and probe NOMA receiver are dominated by path loss. Assume the probe receiver
is located at origin of the coordinate system i.e., d,,, = (xo,0) with 2y = 0 then the

total interference at probe user’s location can be written as, Z = 3 (1+d;*)~" +

wePsk
Y wedg (1+ d;) 7+ > yeder\ro (1+ d;a)fl, where d,,, d,, and d, represent the
distances between undesired transmitting sensors, sinks, CT nodes and the probe re-
ceiver, respectively. Further, sensors and sinks operate on very low power levels,
the NOMA users may experience excessive interference from a nearby transmitter(s)
leading to a situation of complete outage. To avoid this, a guard zone of radius d is
considered around each NOMA user within which no unwanted transmitter is allowed
to transmit [94].
A list of commonly used variables in this chapter is summarized in Table 6.1.

Let A,,_,; represents the SINR at the m-th NOMA user to decode the message

signal of j-th user, j < m, then, A,,_,; can be computed as follows:

23.
_ o "% , 6.2)
2D 2540 Bi A R+ 1

m—j

where X = % is the average system SNR, x = % is the average interference level,
and Py is the common maximum transmission power available to sink, sensor and CT
nodes.

If all the 7 < m users are decoded and removed successfully by the m-th user from
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its observation signal , then SINR required to decode its own message is given by:

B |? Bin X
Am—)m = 9 ‘]wl| /8 ) (63)
(hPX D i in Bi A KL+ 1

6.3 Outage and Diversity Analysis

In this section, an exact analysis of the outage probability for m-th user under the
considered network setting is presented. Let @; and 12; represent the target SINR, and
the rate for user j, respectively, where 1 < 5 < M and w; = 2Fi — 1. To simplify
notation, define as V,,, ; = {A,,—.; < w,} the outage event at m-th user when it fails to
decode the message of j-th user, 1 < 57 < m. Consequently, the outage probability for

m-th user, denoted by PJ’. can be written as follows:

out

P o=1-P, (VS N..0VE ), (6.4)

out —

where V7, - is the complement event of V,, ;. In order to proceed further, rewrite V7, .

as:

Vi = Ay > @5}

B M
= {|hm2X (ﬁj—w]' Z /82) > W (KI—Fl)}
i=j+1

D L hl? > 75 (KT +1)} (6.5)

|h| ;X
= 5 M > wj
| |2 X Zi—jJrl Bi+rI+1
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where 7; = — . Step (a) provides the following essential condition to
X(ﬁj—wj 2imjt 52‘)
keep NOMA operational:
M
Cl:Bj—w; > Bi>0. (6.6)
i=j+1

When condition C1 is violated, the m-th user will always suffer outage, irrespective
of the channel SNR. Further, by defining 7, = max {7y, ..., 7} , P, can be written

out

as:

Pl =1—=P, (|hn]> > 7 (KT + 1)) 6.7)

out —

To proceed forward, it can be noticed that |h,, ]2 are the ordered channel gains. Then,

the ordered and unordered channel |fL|2 have following relationships [95]:

M—-m
M —m\ (-1)7 mtq
i 0 =i 3 (M ") [ 0] ©8)
q=0
M—-m
M —m m+q—1
Fihmpz () = pim < > (—1)° [Fl,;P (t)] : (6.9)
q=0 q
where u,,, = W{Em—l)' To this end, the following theorem presents the exact

m
out*

expression for P

Theorem 6.1. The outage probability of the m-th NOMA user under the considered
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network setting can be derived as:

1 S 2K
Pou=1g D Ve {Z’ R
s=1 k=0

x [um i (M . m) (=1)° len [0 (0,14 05 —an (kgs + 1)) +

q

e ) e }m]

q=0

ep(1+ 0,2+ 6;—ay (kgs + 1))] [1 — e7 ™94V (51 + 6 —a, (kgs + 1))]m+q_1] } ;

(6.10)

S1(S+1)*[Ls11(gs)”

where W, = wye9®, wy, = L (+) is the Laguerre polynomial of degree

log(s)

S, gs are the roots of Ls (+), ¢, = vo + %, Vg = U1 — , v,v1 > 0 are real
numbers, < is the desired relative accuracy, © is a scaling parameter, . = \/—1, K is
the number of terms used to invert the Laplace transform, and the prime term indicates
that k = 0 summation term is halved, A = A\sg+Ask+Act, N = %dS_QWt\/ 1 — Q?u;
Wy = % U = (127"”5), ¢ = cos (E227), ¢y = woy/1 — 0277, (k2 + 1) e m{netlin,

n— 1+65, * o -1 pa
21 ty =10 g =t R 5 =2 c=5(1+6) "R,

6, = cos( 7r), Wy, =

™
N)
T, N are the complexity-accuracy tradeoff parameters, and ¢ (-;+;-) is a confluent

hyper-geometric function.

Proof. See Appendix J ]

6.3.1 Diversity Analysis

In this sub-section, the diversity analysis for the ordered NOMA users in high SNR
regime is presented. The diversity order of the m-th user outage probability is defined

as:

L. log Py,

In order to obtain D, it can be observed from (6.7) that the asymptotic outage
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probability in high SNR regime, denoted as P;?, can be expressed as:

P2 = P, (|hy|* < ), (6.12)

TmkL

*
where t* = 2

s Tm = max{7y,..., T} and 7, = ( 7 Next, when,

Wm
M
Bm—wm Zi:m+1 Bi

X — 00, t* — 0 and similar to (6.8), the CDF of the ordered channel is expressed as:

Fpe p () = pim Mf (M - m) S [P )] (6.13)

= q¢ Jm+q

In high SNR regime, note that in the CDF expression for the unordered channel

in Appendix J, e ~ 1 —t* and ¢ (§,1 + 6; —t*R*) — 1 and . Hence, F‘C}Zlo|2 (t*) in

(6.13) can be approximated as:

F2e

FAESE (6.14)

Substituting (6.14) into (6.13), ﬂfm\2 (t*) can be expressed as:
o2 () =0 (FnkZX )" + o [(FnkZX )", (6.15)

where ) = £ Based on (6.15), P¢ in (6.12) is given as:

1
Xm

Py~

/oo 9 (Tmr2)™ fr(2)dz. (6.16)
0

It can be observed that the integral in (6.16) is constant. Hence, P;° can be expressed

as follows:
Pr~AX "+o (X‘m) ) (6.17)

Finally, substituting (6.17) into (6.11), the diversity order experienced by the m-th
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user is found to be m. It can be observed from (6.16) that interference in integral is
independent of X and hence the factor X'~ dominates in (6.16) under high SNR. This
indicates that the interference-limited NOMA based UWSN becomes equivalent to an
interference-free network. This result on diversity order can be interpreted as follows.
First, the m-th user avails exactly m chances to decode its own message. Second, the
m-th user has (m — 1) interferences from the higher order users that need to be cancelled

out by applying SIC. Hence, it obtains a diversity of m.

6.4 Throughput and Energy Consumption Efficiency
Analysis

6.4.1 Link Throughput Efficiency

The link throughput efficiency between the m-th user and the test transmitter, denoted

by T'FP,, and measured in [bits/s/Hz] is defined as [80]:
TP, =(1—-PJ)log, (1+wy) (6.18)
Correspondingly, the average link throughput efficiency of the network is:

(6.19)

6.4.2 Energy Consumption Efficiency

NOMA is used by the sink node to communicate with the sensors. Since NOMA
is typically applied on top of an underlying access technology to better reuse the
transmission resources, e.g. time slots, frequency channels, or spreading codes, an

additional SIC unit is required at the sensors to decode the desired message. It is
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thus important to analyze the overall energy consumption efficiency ¢ of the NOMA
based UWSN. The total energy consumption along the signal path (communication and
circuits) can be decomposed into three main components [96]: the power consumed
by power amplifiers F,, the power consumed by SIC unit to process information P,
and the power consumed by all other circuit units (filters, mixers, frequency synthesizer,

etc.) P.. Hence, the overall ¢ in Joules/bit can be expressed as:

_ P, + MP.+P,

6.20
R, ; (6.20)

S

where R, = W - T'F,,, is the bit rate, ' is the channel bandwidth in Hz, P, = vP,
v = 2, vy is the drain efficiency of the power amplifier, and v, is the peak-to-average
ratio.

The P. is considered as a constant, and F; can be regarded as the average power
consumed by SIC units of all scheduled sensor receivers. In order to find P;, the power
consumed by m-th sensor, denoted by P,,, to process N, = |W T'P,,| bits is required.
The first step in this regard is to express P, in terms of the required computational
complexity C),,. To proceed forward, a power consumption model for the sensor device
is required. Considering the sensor as CMOS device, the power consumed during

computation in a static CMOS device is given as [97]:

Py = CeffViihim, (6.21)

where where C.s¢, Vi, and h,,, are the effective switching capacitance, supply voltage,
and clock frequency of m-th sensor, respectively. Further, V,,, and #,, are directly

related as:

B = OV, (6.22)
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where 0 is a design parameter that takes a value of O (W) [98]. Dynamic voltage
scaling (DVS) is a standard technique for conserving power in CMOS devices through
dynamically adjusting the clock frequency by scaling the voltage according to pro-
cessing load [99]. For a given IV, V,,, can be scaled to match #,, with C,,,/s. Based on
(6.21) and (6.22), P,, can be expressed as:

3
Py = Ceyy (%”) . (6.23)

and C,,, is given in terms of number of floating point operations (FLOP) per bit decision

[46] as:
M-1
C = Ny |2N,M +5M +8> m+ (M — 1) (5+2N,)
m=1
+2M N, (M — 1) +2MN, + M + M log, (M), (6.24)

where N is the number of samples to represent one bit. Finally, based on (6.23) and

(6.24), substituting P, = Z==1" into (6.20) obtains the overall .

6.5 Results and Discussion

This section presents results to verify the accuracy of outage probability, link throughput
and energy consumption analysis for a UWSN which uses NOMA for downlink (sink-
to-source) transmission. The coefficients /3, are calculated according to the power
allocation scheme proposed for NOMA in [13], with 3, = % where 1 is selected
such that 2%21 Bm = 1. In all the simulations, the specific parameter values are
summarised in Table6.2 unless otherwise stated.

Figure 6.3 shows the outage probability of each m-th user under the impact of

different transmission radius R of the sink node. The solid and dashed curves are
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Table 6.2: Simulation parameters.

Parameter Description Value
« Path loss exponent 4
Bm Power allocation coefficient of m-th user  {0.6,0.3,0.1}, , 4
Wm SINR threshold for m-th user {0.9,1.5,2}, 54
A\sE Intensity of ®gp 103
AsK Intensity of ®gx 1074
Aot Intensity of ®cr 1073
K Average interference 1dB
o? Noise power -90 dBm
X Average system SNR [10 to 50] dB
K Fourier series terms 10
M Total NOMA users 3
N Gaussian-Chebyshev parameter 3
P Test transmitter transmission power [—10 to 30] dBm
R Transmission radius of test transmitter 10 m
S Degree of Laguerre polynomial 2
T Gaussian-Chebyshev parameter 5

analytical results obtained by plotting (6.10), while simulation results are shown in
"e"and "4" to validate the derived analytical expressions. It can be observed that
increasing R results in higher outage probability due to increased path loss. Further,
the ordered NOMA users have different outage performance, as each has a different
channel condition.

Figure 6.4 demonstrates the average outage probability under different interference
levels k, defined immediately after (6.2). Reducing « expectedly lowers the outage
probability. Figure 6.5 further shows the outage probability of each m-th user under
the impact of different path loss o. The results show that NOMA achieves lower
outage probability than OMA for different values of «. The link throughput efficiency
of each m-th user with increasing transmit power of test transmitter (sink node) are
shown in Figure 6.6. It can be seen that NOMA achieves better throughput efficiency

than OMA, as all the ordered NOMA users have lower outage probability than their

OMA counterparts. Figure 6.7 shows the energy consumption efficiency ¢ comparison
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Figure 6.3: Impact of different 12 on outage probability.
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Figure 6.4: Impact of x on average outage probability.

between NOMA and OMA as a function of transmit power P. The results are obtained
by considering 2 and 3 users. The power allocation coefficients and SINR thresholds
for M = 3 are given in Table 6.2. For M = 2, they are chosen as 3, = {0.8,0.2}, _, ,,
and w,, = {0.9,1.5}, _, , respectively. Further, C.f; = 2 x 10~"* Farads for 70 nm
CMOS technology [100], channel bandwidth W = 3 MHz, N, = 4 samples to represent
one bit, and circuit power consumption P, = 20 dBm. Overall, NOMA achieves better

¢ than OMA due to a lower outage probability which results in larger 1, in (6.20)

110



CHAPTER 6. NOMA FOR UBIQUITOUS WIRELESS SENSOR NETWORKS

-NOMA m=1,a =3
#NOMA m=2, a =3
-4-NOMA m=3, a =3
<-NOMA m=1, a =4
-©-NOMA m=2, a =4
-5-NOMA m=3, 2 =4

Outage Probability
o

*-OMA m=1, a =3
57-OMA m=2, a=3

104F |%-OMAm=3, a=3
-OMA m=1, 2 =
-©O-OMA m=2, a =

10°F [-OMAm=3, a =4

10-6 1 1 1 1 1 1

10 15 20 25 30 35 40 45 50

SNR (dB)

Figure 6.5: Impact of o on outage probability.
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Figure 6.6: Link throughput efficiency comparison between NOMA and OMA.

and consequently higher ¢. However, the ¢ of both schemes are comparable beyond a
transmit power of 15 dBm, which indicates the importance of optimizing the power and
rate allocation in NOMA based UWSNs.

Since sensors have limited processing capacity, it is necessary to also analyze the
complexity requirements of NOMA for these sensors. For downlink (sink-to-sensors)
communication, the required complexity for the scheduled sensor receivers will be

the complexity of their SIC units to process the received NOMA message. Figure 6.8
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Figure 6.8: Computational complexity of NOMA receivers.

shows the computation complexity in terms of the FLOPs per bit decision, i.e. the
number of FLOPs needed to decode one bit, obtained by using (6.24), under different
M ordered users and N, samples used to represent one bit. The results expectedly show
the receiver’s complexity increases with M and ;.

In order to evaluate whether the current sensor platforms can implement the SIC unit
for NOMA in UWSNs, ARM Cortex-M3 and Cortex-M7 processors are considered,

which are widely used processors for current lower-, and higher-end sensor platforms,
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Table 6.3: Computational time per bit decision by SIC unit

Processor Capacity Time (us) Time (us)
(MFLOPS) M=3 M=9
ARM Cortex-M3 0.618 113 405
ARM Cortex-M7 22.1 32 11.2

respectively. Based on their specified capacity in terms of MFLOPS [101], the required
computational time per bit decision is computed for M = 3 and M = 9 users with
N, = 4 samples, as shown in Table 6.3. Consider a maximum payload size of 127
bytes (or 1016 bits) widely used in low-powered UWSNSs, the computational time per
message with M = 3 ~ 9 users can range between 115 ~ 411 ms, and 3.3 ~ 11.5 ms

for Cortex-M3, and Cortex-M7 processor, respectively.

6.6 Chapter Summary

In this chapter, NOMA for UWSN:Ss is proposed and its performance is evaluated. Dif-
ferent from cellular use-case, NOMA in UWSNSs are further subject to interferences
from cross-technology nodes operating in the same unlicensed spectrum as the sensors.
Focusing on the downlink (sink-to-sensors) scenario, a new closed-form expression
for outage probability is derived at the probe receiver’s location by utilizing stochastic
geometry and order statistics. Numerical analysis shows that NOMA achieves lower
outage probability, resulting in higher average throughput and better energy consump-
tion efficiency than conventional OMA, suggesting that NOMA is very attractive for
interference-limited UWSNSs. Further, the computational time complexity for NOMA
message decoding is within acceptable limits when using current and upcoming genera-

tions of processors for UWSNSs.
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Chapter 7

Hybrid Multiple Access with Channel

Gain Stretching

From the literature review and research conducted in Chapters 4-6, it is observed that
the performance gain of NOMA over OMA is insignificant in low SNR regime. In
addition, the performance of NOMA is impacted under similar channel conditions
among different users. In order to address these two problems, a novel HMA with CGS

is proposed and analysed in this chapter.

7.1 Introduction

NOMA is inherently more interference limited than conventional OMA due to su-
perposition coding. Hence, NOMA requires a higher SINR for successful decoding.
Furthermore, previous studies showed that NOMA has no significant gain over OMA in
low SNR regime [13], which makes it less attractive for those users with low SNR. This
trend is also demonstrated by the numerical results of chapters 4, 5, and 6.

As such, this shortcoming motivates us to propose a downlink HMA which dy-

namically schedules some users for OMA and others for NOMA while satisfying a
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necessary condition, to be presented in Section 7.2, which is derived according to the
transmit SNR and user targeted rate. The proposed HMA is flexible to be applied to any
NOMA group size and aims to achieve a better overall system performance than pure

NOMA and OMA. The main contributions of this chapter are:

e A necessary condition on users’ channel gains under which the proposed HMA can

outperform pure NOMA or OMA is derived.

e An optimisation problem is formulated, which is solved numerically to obtain the K

for G5 that results in the optimal throughput for the proposed HMA system.

e A CGS scheme to apply NOMA effectively in HMA under similar channel conditions

is proposed.

o A CGS scheme to apply NOMA effectively in HMA under similar channel conditions
is proposed.

e The exact closed-form expression for the outage probability of HMA is derived.

e Numerical results are provided to validate the accuracy of the analytical expression,

and compare the performance among HMA, NOMA and OMA.

The rest of this chapter is organised as follows. Section 7.2 describes the system
model, while Section 7.3 introduces the proposed scheme. The outage analysis is
provided in Section 7.4, followed by the results and discussion in Section 7.5. Finally,

Section 7.6 summarises the chapter.

7.2 System Model

Consider a downlink multi-user transmission scenario with single BS located at the

centre of a disc D, with radius r. The total communication bandwidth is considered to
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be W Hz. Let there be a total number of M users uniformly distributed inside D and
are ordered according to channel gains as hy < ... < hy;, where h,,, = |ilm|2(1 +d>)!
denotes the channel gain between user /m and BS. Here, B is Rayleigh fading gain, d,,
represents the distance between user m and BS, and « is the path loss exponent.

In NOMA, decoding is performed in ascending order of channel gains. Therefore,

the rate of user m under NOMA is given by [50]:

- Ya,,h
R, =lo 14 mon , 7.1)
5 ( L+ Thy, Ef\im—i-l ai) (

P

where T = ~ is the transmit SNR, P is the total transmission power of the BS, o?is
the power of the additive noise, a,, is the power allocation coefficient for user m such
that Zf\il a; =1and a,, = }%m.

It is well known that NOMA achieves higher capacity than OMA under suitable
SINR conditions [6]. If OMA is adopted over NOMA, the rate of user m should at least
degrade by &, bits per channel use, where &,,, represents the minimum rate loss of user
m, which is given by:

€m < Ry — R, (7.2)

where R,, = ﬁ log, (1 4+ Th,,) is the rate of user m when OMA is applied [50].
Furthermore, the target rate for user m, denoted as R,,, can still be ensured with
OMA if and only if:
R, > R,,. (7.3)

It should be noted that (7.3) acts as a constraint to the rate loss in (7.2) i.e. the rate

loss should not exceed an amount such that R, is not met. By solving inequalities (7.2)
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Table 7.1: Commonly used variables.

Notation Description
M Total number of users
R, Targeted rate of user m
]:Zm Achievable rate of user m under NOMA
R, Achievable rate of user m under OMA
a; Power allocation coefficient of j-th user
T Transmit SNR range
w Available system bandwidth
N Gaussian-Chebyshev parameter

and (7.3), the necessary condition on the channel gain of user m is obtained as follows:
h,, > Bom oy, (7.4)
m > ax I .
Xom

where k,,, = 2fntém 1 X, =7 (am — B, Ef\imﬂ ai> > 0andY,, = (2MF» — 1) T,
Condition (7.4) states that user m can still meet R,,, even if it is scheduled for OMA.

Hence, in the next section, a HMA scheme is proposed in which users who satisfy

condition (7.4) can be (but not necessarily) scheduled for OMA. A list of commonly

used variables in this chapter is summarised in Table 7.1.

7.3 Proposed Scheme

Consider a system with total users M > 1. Let v denotes the number of users that
satisfy (7.4). When total users M = 2 or v = 0, then conventional NOMA must be
utilized for transmission. Consider a case when M > 2 and v > 0. Then the proposed
HMA can be applied, which is expressed as follows:

Step 1) In order to dynamically schedule some users for OMA and others for
NOMA, at a certain time instant, BS computes «,,, X,, and Y,,,. Then, based on (7.4),

the BS divides total M users into two groups (G; and G5 that contain K and .J users,
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respectively, where M = K + J. Accordingly, the channel of users in G; and G5 are
given as {h;.}1—, and {h; };.]:1, respectively.

Step 2) In order to apply NOMA for users in G, the power allocation coefficients
are computed for J ordered users (a; > ... > ay) with Z;]:l a; = 1.

Step 3) The BS allocates bandwidths W, and Wy (W = W, + W5) to groups G,
and (3, respectively. By using a control channel, the BS then informs (G; and G5 users
to receive using OMA, and NOMA, respectively.

The proposed HMA scheme divides the total users in groups GG; and G5. There-
fore, it is important to find the maximum number of users that can be scheduled for
OMA leading to optimum throughput, power and bandwidth allocations. As such, the

following optimisation problem is formulated to obtain optimal throughput.
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7.3.1 Optimal Throughput and Group Size

K
thk
1 1
g Dons (1 58 3
= =

subject to

Cl: wyilog, <1 +
o

P,k
k2k>>Rk, 1<k<K

C2: WQ <1 + 7
C3: W1 + WQ < W
Cd: D wp<W;

C5: 2<J<M-—1
C6: K=J-—M
C7: ke{l,2, ., K}

C8: je{l,2..,J}

K J
C9: kZPmLZle <P
=1 j=

Insights into the Optimisation Problem

J P.h.
+ W- lo 1+ 3
) QZ g2( hjz;-]:j+1pi+02>

(7.5)

The optimisation problem in (7.5) aims to find the number of users K that can be

scheduled for OMA group which optimises the overall throughput of the proposed

HMA scheme subject to the constraints C1-C9. The constraints C1, C2 ensure that

the achievable rates of G; and (G5 users meet their targeted rates. The constraint C3

optimises the bandwidth allocations 1/, and W, for the groups (G4, and G5, respectively.

The condition C4 further optimises the bandwidth allocation among K OMA users of
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group G;. The constraints C5-C8 impose that group size K and J are integers. Finally,
the constraint C9 optimises the power allocation for G; and GG, users and also ensures
that the allocated power to both groups cannot exceed the total available power at the
BS.

It can be observed that the problem in (7.5) is a mixed-integer non-linear program-
ming (MINLP) problem whose solution has a combinatorial nature. That being said, the
maximum size K for group (G, leading to the optimal throughput requires exhaustive
search, whose computational complexity for practical systems becomes infeasible with
large number of users [49]. Consequently, it is very challenging to obtain the analytical
solution of the formulated problem in (7.5). As such, this problem is numerically solved
with the MatLab optimisation solvers for the HMA to obtain optimal throughput. In the
rest of this chapter, the allocated powers P; and P, refer to the optimal powers obtained
upon solving the problem (7.5) numerically.

Since HMA creates two user groups, a situation may arise when GG, users have
similar channel conditions. In order to apply NOMA more effectively under such
situations, CGS scheme is further proposed in next sub-section that artificially generates

a difference among channel gains of G5 users.

7.3.2 Channel Gain Stretching Method for G, Users in HMA

CGS Method 1

The situation of comparable channel conditions for NOMA users in (G5 is equivalent
to the pixels in a digital image having very similar intensities. The visual appearance
of the digital image can be enhanced by applying gamma transformation that maps
a narrow ambit of intensities into a wider intensity range [102]. Inspired by gamma

transformation, a CGS scheme is proposed that maps the channel & of the j-th user in
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G+ to a new value, h;, which is given as:

h; = c¢j(hj +n;)"5, (7.6)

where ¢; , n; and I'; are positive constants, and are selected in such a way to achieve a
significant difference among power allocations { F; }jzl.

Example 1: Consider that J = 2 and (hq, h2) = (0.87,0.9). Now using (7.6) with
c1 =05,c0=3,m =mn,=0.1,I1 =1and I = 0.1, the stretched channel gains
are obtained as (hy, hy) = (0.485, 3). Now based on stretched gains (hy, hs), the new
power allocations (P;, P») could be obtained with significant difference by solving the
problem (7.5).

CGS Method 2
Under situations of similar channel conditions, a following transformation is pro-

posed to artificially generate channel gain difference among NOMA users:

hy = ki (hj)™7 | (1.7)

where h; is the transformed channel gain of user j and k; ; > 0, ko ; > 0 are positive
constants for user 7 and are selected in such a way to achieve a significant difference
among channel gains of users.

Example 2: Consider a case of two users with (h1, hy) = (0.87,0.9). Now applying
(7.7) with k11 = kg1 = 0.5, k12 = 3, ko2 = 3.5 results in stretched coefficients as
(ﬁl, Bg) = (0.46, 2). The power allocation P; is then computed by solving problem

(7.5) for a given targeted rate constraints.
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7.4 QOutage Analysis

It is important to investigate the outage performance of the HMA users. As such, the
exact expression for the outage probability of users in HMA is stated in the following

theorem.

Theorem 7.1. The closed-form expression for the outage probability of user q € {j, k}

from group G € {G1, Gy} can be derived as:

N

R—q
P 3 (47 )0 3w o001 e

=0 n=1

+p®(1 40,2+ 0;=b,)]

x [1 = 6e 7™ B(1,6)®(5, 1 + 6; —bn)}q“’l} , (7.8)

where j1g = (Q = (Q—)! (-1, @ € {J K}, p=0(1+08)"r% 5 =
2, b, € {05052}, W, € {§, 052}, 7 e {77, 7}, B(-,-) is a beta function,

n r’n

(-, -;+) is a confluent hypergeometric function and N is complexity-accuracy trade-off

parameter.

Subsequently, the terms defining the variables in (7.8) can be described as fol-

TIST?, Ty = DAL

— 1, 77 = max{n..7;}, 7; =

lows. b¢1 = 775,17, bS? ;

—_

€; [T (aj — € Zj:jﬂ ai)] ve; =28 — 1,8, = $(1+6,), 0, = cos(3%m),

UG = dw,y/1 — 02B(1,0)77e %, WS2 = bw,y/1— 02B(1,0)7re 7%, w, = &

and R; and Ry, are the target rates for users j and k, respectively.

Proof. The outage at the j-th user in (G5 for decoding any of the higher order user ,
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where 1 < u < j is given as:

T ully
P, =Pr|log, 1+ auhs <R,
L+Thy 3y @i

=Pr(h; <m,) (7.9)
The overall outage probability of user j is given as:

P, =Pr (hj < 7';)
J=3 . * jHI-1
a J - J
(:) 1 Z ( ; ‘7> (—1)1/0 {sz (x)} fwa (z) dx, (7.10)
1=0

where (a) is obtained by analysing order statistics [95], F 2 are the CDF, and

-2 and
o2 and

g

PDF of the unordered channel gain, respectively. The CDF FWQ is given as [79]:

2 T
_ _—(142z%)z
F|h|2($) = 702/0 (1 e )zdz
® — e "B(1,0)®(0,1 4 0; —xr®), (7.11)

where (b) is obtained by first making a change of variable from z® — y and then apply-
ing Eq. 3.383 of [77]. Taking the derivative of (7.11) to obtain f‘ & and substituting

F.

|h|2 and f|}1|2 into (7.10), P; can be re-written as:

J—j

P =1 (J ! ]> (-1) / T OB(1,8)e [B(6. 1+ 5 —ar®)

1=0
+ p®(1+ 0,2+ 65 —ar?)]

x [1 =8¢ *B(1,8)®(5,1 + 6; —ar®)]” " da, (7.12)

The approximation of P; is obtained by applying Gaussian-Chebyshev quadrature
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as:

p=wy (777) {Z\v (61 +5-15)

n=1
+p®(1+ 6,2+ 6; —b5?)]

x [1— 6e~ 7" B(1,8)D(5, 1 + 6 —b,?z)]j“’l} . (7.13)

This gives the result of outage probability for any j-th user in GGo. Following the
similar steps to (7.13), the outage probability of user % in (G; can be similarly obtained

as:

1
P, =Pr ?IOgQ (1+Thk) < Ry :Pr(hk < 7'1:)

(7.14)

=P |j:k,J:K,\I/§2:\IJ§1 by 2=byl rr =

Finally, combining the results in (7.13) and (7.14) proves the result in Theorem 7.1. [

Corollary 8.1. The outage probability of user j in Gy under the application of CGS

scheme 1 is given as:

P, —

J

P, G

T
q q:.77\1’n:\1}n27bn:bn 77-; :T; ,T;:Lp;f7

(7.15)
where % = max {¢1, ..., p;} and @; = (2)% — ;.

Proof: In case of CGS method 1, the outage at j-th user in G5 for decoding
any of the higher order user u,1 < u < j, is given as, f’jﬁu = Pr (i_zj = Tu) =
Pr [cj (h; +m;)" < Tu:| = Pr(h; < ¢,). By defining ¢j = max{¢,...,;}, the
overall outage probability at j-th user under CGS is given as, Pj =Pr (hj < goj) Now
following the same steps as of Theorem 7.1 proves the result in (7.15). O

Corollary 8.2. The outage probability of user j in Gy under the application of CGS
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Table 7.2: Simulation parameters.

Parameter Description Value
Total users 3
N Gaussian-Chebyshev parameter 5
Em SINR threshold of user m (0.9,1.5,2),,_,,5dB
r Radius of disc D 20m
@ Path loss exponent 4
T Transmit SNR range [10 — 40] dB
scheme 2 is given as:
pj - Pq|q:j,\pn:qff2,bn:b§2,T*:T.*,szﬁ;f’ (7.16)

a J

where 05 = max {0y, ...,9;} and ¥; = <k%)k2]

Proof: In case of CGS method 2, the outage at j-th user in G5 for decoding
any of the higher order user u,1 < u < j, is given as, lf’jﬁu = Pr (ﬁj = Tu) =
Pr [hj < (&)kzu} = Pr(h; < 4,). By defining ¥; = max {1y, ..., ¥;}, the overall
outage probability at j-th user under CGS method is given as, P; = Pr (hj < 19;‘) Now
following the same steps as of Theorem 7.1 proves the result in (7.16). O

It should be noted that under similar channel conditions, the application of proposed

CGS methods reduce SINR threshold for successful decoding from 77 to ¢} or v7,

which improves outage performance as demonstrated in numerical results section.

7.5 Results and Discussion

As shown in Table 7.2, simulation parameters similar to those in [51] are used, unless
otherwise stated. 1000 random realizations of A, ~ CN (0,1),d, ~ U (0,r) and
&m ~ U (0,0.05) are generated where CN (-, -) and U (-, -) represent complex Gaussian

and uniform distribution, respectively. Further, the outage and throughput results are
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averaged over all M users.

Figure 7.1 compares the average outage performance of proposed HMA with con-
ventional NOMA and OMA as a function of SNR. It can be observed that HMA
achieves lower average outage probability than NOMA and OMA and improves it by
38.8 — 79.8% and 40 — 93% respectively in the considered SNR range. This better
performance of HMA results in due to less intra-user interference as J = 2 users
perform NOMA in HMA compared to M = 3 in conventional NOMA. In addition,
Monte Carlo simulations are also performed to validate the accuracy of derived outage
results in (7.8) which are shown to be in good agreement with the simulations.

Figure 7.2 and 7.3 demonstrate the benefits of applying the proposed CGS methods 1
and 2 to G HMA users under comparable channel gain parameters as used in Examples
1 and 2 of Section 7.3.2-A.The results show that the average outage performance of G
HMA users can be enhanced with the proposed CGS by 32 — 85% in the considered
SNR range. This is because with CGS, users’ power allocation coefficients would
be computed with significant difference under similar channel conditions, which then
results in better SIC operation at users. In addition, it can also be observed from Figure
7.3 that the performance of both ordered users is also improved under application of CGS
method, whereas the performance of both users become comparable for conventional
NOMA without CGS.

Figure 7.3 further shows the outage performance among NOMA system with CGS
method 2 and OMA. It can be observed that NOMA under proposed CGS method 2
scheme outperforms NOMA without CGS and OMA. Further, both m = 1, 2 users have
similar channel conditions, therefore, application of OMA results in same performance
for both users, and hence only one result for OMA scheme is presented.

The average throughput comparison among HMA, NOMA and OMA systems is
presented in Figure 7.4. The results are obtained by numerically solving the problem

(7.5) using the *fmincon’ solver of MatLab software, with {Rk}szl = {Rj};.]:1 =1
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Figure 7.1. Outage comparison among HMA, NOMA and OMA.
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Figure 7.2. Outage comparison of G HMA users with and without CGS under CGS
method 1.
Mbps and W = 10 MHz which is most commonly used in single-input single-output
long term evolution (LTE) downlink systems. It can be observed that HMA achieves
higher average throughput than OMA for all considered values of A . In addition, the

group size K for (G, yielding an optimal throughput in HMA system is also shown in
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Figure 7.3. Outage performance comparison of G, HMA users with and without CGS
and OMA under CGS method 2.
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Figure 7.4. Throughput comparison among HMA, NOMA and OMA.

Figure 7.4. This group size can be viewed as the maximum number of users that can be
scheduled for OMA in HMA while obtaining the optimal throughput. Further, it can be
observed that there is a throughput loss in HMA compared to NOMA because entire W
is not accessible by all users in HMA, and as opposed to better outage of HMA users in

Figure 7.1, the throughput is influenced more by available bandwidth than intra-user
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Table 7.3: Average outage probability (for M > 3)

Performance Metric Total Users, / HMA NOMA OMA

Average 5 0.46 0.79 0.81
Outage Probability 7 0.62 0.82 0.87
9 0.75 0.88 0.9

interference and noise. However, the proposed HMA has superior outage performance
and offers a more balanced tradeoff between decoding reliability and system throughput.
As a result, the proposed scheme is particularly suited for systems that operate in low
SNRs with moderate throughput requirements. Table 7.3 extends the outage probability
results to cases of M > 3, where T = 20dB, M = {5,7,9} and {,,, ~ U (0.1, 1)}_,,

Vm € M. It should be noted that the results remain generally consistent with those in

Figure 7.1.

7.6 Chapter Summary

This chapter proposes a novel downlink HMA scheme based on NOMA and OMA.
A necessary condition on the users’ channel gains under which HMA can outperform
pure NOMA or OMA is derived. An optimisation problem is formulated which is
solved numerically to achieve maximum size K for group G5, resulting in the optimal
throughput for the proposed HMA system. Furthermore, a CGS scheme is proposed for
applying NOMA more effectively in HMA when users’ channel conditions are similar.
The exact closed-form expression for the outage probability is derived. Numerical
results are presented to compare the average outage and throughput performance of

HMA with conventional NOMA and OMA.
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Chapter 8

PIC-based Receiver Structure for

NOMA

Existing works and the previous chapters have assumed SIC as the baseline receiver
for NOMA in order to mitigate the intra-user interference. However, there are some
inherent issues of SIC that can limit the NOMA performance. In order to alleviate
the problems related to the use of SIC with NOMA, this chapter proposes an alternate

PIC-based receiver design for NOMA.

8.1 Introduction

There are several potential issues with SIC receivers which can adversely affect the
performance of NOMA. The first drawback is that it is power sensitive. This means
that its performance will degrade dramatically if two or more UEs have similar or
same power [14,46]. For example, if two or more UEs have comparable channel gains,
then NOMA scheme will assign same power allocation coefficients to them, and thus
the performance of SIC will degrade. The second shortcoming of the SIC is that its

performance is highly dependent on the correct decoding of the first UE. In case the first
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UE is not decoded correctly, this error in decoding will propagate successively to lower
order UEs and hence deteriorate the system performance [6, 14]. More specifically,
at any stage of decoding, if UE k is not decoded correctly, the performance of all the
UEs having decoding order less than k will be affected badly. The third weakness of
the SIC receiver is that for a large group of UEs in NOMA, the decoding delay for
lower order UEs will be increased due to successive decoding nature of SIC. In order to
reduce decoding delays, NOMA has to group small number of UEs having significant
difference in channel gains, thus limiting the system capacity [6]. Finally, the users that
are served by NOMA transmission scheme achieve unequal rates because the NOMA
protocol is based on the order of SIC. This issue is extremely important in situations
having strict fairness constraints [5].

The aforementioned critical performance limiting factors for SIC motivate us to
propose an alternate PIC-based receiver design for NOMA downlink. The main motiva-
tion of this chapter is to study PIC-based receiver structure for downlink NOMA and
to compare it with NOMA-SIC. In particular, the main contributions of this work are

briefly summarise as follows:

e A PIC-based receiver structure is proposed for downlink NOMA and discuss

some design considerations for it.

e Considering intra-user interference as one of the important design consideration
for proposed PIC-based receiver, an equivalent transmission model is proposed
for downlink NOMA. Based on the proposed transmission model, stochastic
geometry tools are utilised to model the intra-user interference in downlink

NOMA signal.

e Based on modeling results, an algorithm is proposed to estimate the intra-user

interference in downlink NOMA signal, which is then removed prior to decoding.
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Figure 8.1: Proposed receiver structure for UE m

e The closed form expression for outage probability is derived in order to evaluate
the performance of the NOMA system under proposed intra-user interference

estimation and cancellation technique.

e Simulation results are presented to justify the proposal of PIC-based receiver
for downlink NOMA. In addition, numerical results for intra-user interference
estimation and outage analysis probability for NOMA under proposed algorithm

are also presented.

The rest of this chapter is organised as follows. Section 8.2 presents the proposed
PIC-based receiver design for NOMA. Section 8.3 introduces the modeling and estima-
tion of intra-user interference in NOMA signal. Results and discussion are presented in

Section 8.4, followed by the chapter summary in Section 8.5.

8.2 Proposed PIC-based Receiver Design for NOMA

This section describes the structure and operation of the proposed PIC based receiver
at UE for 5G downlink NOMA transmissions. The block diagram of the proposed
PIC-based receiver for UE is shown in Figure 8.1.

Based on (2.2), (6.1), the received composite signal at the m-th UE can be expressed
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as:
M
Pm = hm Y \/BiPisi, 8.1)
=1

where F; is the transmission power of BS, h,,, = Emd;@% with by < ... < hyy, ﬁm and
d,, represent the Rayleigh fading channel gain, and distance between the BS and m-th
user, respectively, « is the path loss exponent, j3; is the power allocation coefficient of
user ¢ with Zf\il B; =1and 8y > ... > B, s; is the message signal of i-th UE, P, is
the transmit power of BS with maximum available power Pg, and n,, is the AWGN
with zero mean and variance 0.

The proposed PIC-based receiver will perform decoding in two steps. In the first step,
the proposed receiver will remove the intra-user interference caused by the transmission
fromusers 1,...,m — 1,m + 1, ..., M. In contrast to SIC, the proposed receiver will
mitigate the intra-user interference in a parallel fashion. After removing the interference
from other users, at the second step, the receiver will decode the message of UE m.

In order to illustrate the intra-user interference cancellation procedure, consider an
example of UE m with received signal r,,,. Let §; be the estimate of message signal for
UE 7 after decoding, then, an estimate of the message signal for UE m is obtained by
subtracting the summation of all estimates 3;,7 7 m from the original received signal

rm. Hence, the signal at the input of the decoder for UE m can be written as:

Ym = Tm — Z Si, 1 7& m. (8.2)

The decoder of UE m will perform decoding on y,, to get the estimate of the
message signal for UE m. A list of commonly used variables in this chapter is provided

in Table 8.1
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Table 8.1: Commonly used variables.

Notation Description
M Total number of users
R, Targeted rate of user m
P, Transmit power of BS
Pg Maximum available power at BS
Bm Power allocation coefficient of m-th user
Pt Transmit SNR of BS
dm, Distance between user m and BS
Sm Message signal of user m
Tm Received NOMA signal at user m
T Intra-user interference at user m
i) Marked point process
A Intensity of MPP &
Rp Coverage radius of BS
N, L Gaussian-Chebushev parameters

8.2.1 Filter Bank Design for Decoder of Users

Filter bank design is one of the possible approaches for implementing a block for decoder
of 7 UEs to cancel the intra-user interference in a parallel manner. The composite signal
T, 18 fed into the matched filter input of each UE ¢, where ¢ = 1,.... m—1,m+1,..., M.
The output from each matched filter is then used to get the estimate of the transmitted
message signal for that UE. The resulting probability of bit error at the receiver of UE

m, denoted as, Ppgr in an AWGN channel is given as [46]:

N 1 — (M=1)5+1 1 M_15+1__1S+1ZK: P,
PBER_Q< 2Eob< 1(_[](”_)1 %—KSJr1 ( ) i (=1) jpl Ly
K m
(_1>s+1)]_2>
(8.3)

where P; is the received power for UE j, M is the total number of UEs, K is a processing
gain, S are the number of PIC stages, IV, is the one sided noise power spectral density

of the AWGN, Ej, is the energy per bit and Q (-) is a standard Q) function.
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The proposed PIC-based receiver solves the problems of decoding failure in SIC
due to equal or comparable power allocation for two or more NOMA downlink UEs,
successive error propagation, decoding delay and dependency on the correct decoding
of the first UE. All of these characteristics of the proposed receiver make it a stronger

choice to adopt for the receiver side of UE in 5G downlink NOMA transmissions

8.2.2 Design Challenges for Proposed Receiver

1. Upper limit on the number of UEs in a decoder block

The receiver of a UE has a limited processing capability and power, which hinders
one from processing and removing the interference from all the N — 1 UEs simul-
taneously, though it is theoretically feasible to do so. Furthermore, by increasing the
number of UEs, the corresponding complexity of the UE receiver will also increase.
Therefore, there exists a maximum value for the number of UEs to be processed at
a receiver in order to attain a good tradeoff between receiver complexity and system
capacity.
2. Estimate of user i message signal at UE n receiver

The estimate 5; of the message signal for user ¢ depends on its matched filter output
at the receiver of UE . For the proposed PIC-based receiver, unbiased or nearly fair
estimate of the UE message signal, i.e. $; =~ s; was assumed. Unfortunately, in reality
this estimate is biased after cancellation and it will increase with system loading [14].
Hence, for practical deployment of this receiver for NOMA downlink, this issue must
be considered and requires further study.
3. Power Control

Power control is a vital component of a cellular network which is used to manage
interference, energy and connectivity by maintaining the received SNR in both uplink

and downlink. Therefore, it is of interest in understanding how NOMA transmission
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protocol will be integrated with the existing power control strategies (both in uplink
and downlink). In particular, having implemented uplink power control, the problem
is how the NOMA transmission scheme will allocate different power to the downlink
UEs in order to exploit power domain for multiplexing. One possible solution to solve
this problem is requiring the UE to send to the BS its local noise information, based on
which the NOMA protocol will allocate different power levels to the users. Further, it
is of interest to investigate how the power control will help in reducing the intra-user
interference at the proposed PIC based receiver. Hence, the investigation of integrating
power control with NOMA and its impact on the proposed receiver structure can be an
interesting research topic in NOMA.
4. Channel Estimation

In all real time scenarios, the assumption of perfect channel information will not be
valid and hence the channel is estimated before performing any further processing. Due
to the random nature of wireless channels, the estimate can never be accurate. Therefore,
to make the receiver design more practical, it is necessary to analyze the performance of
the PIC-based receiver under imperfect channel estimation in the context of 5G NOMA
downlink

Note that downlink NOMA transmission is inherently interference limited due to
superposition coding. As such, it is important to model and estimate the intra-user
interference in downlink NOMA signal. This could also aid to improve the estimate
of user ¢ message at UE n receiver for proposed PIC-based receiver. As a result, the
rest of this chapter focuses on modeling and estimating the intra-user interference in

downlink NOMA signal.

136



CHAPTER 8. PIC-BASED RECEIVER STRUCTURE FOR NOMA

8.3 Modeling and Estimation of Intra-User Interference

in NOMA Signal

In this section, a novel equivalent transmission model for downlink NOMA system
is presented, which is then utilised to model and estimate the intra-user interference.
Based on the these results, a closed-form expression for outage probability is derived to
analyse the performance of NOMA under proposed intra-user interference estimation

algorithm.

8.3.1 Equivalent Transmission Model for NOMA

Consider a cellular network with A/ NOMA users randomly distributed inside a disc D
of radius Rp which represents the coverage of a BS located at the centre of Rp. Based

on (8.1), the received NOMA signal r,,, at UE m can be decomposed into two parts as:

P = hon A/ B Posn + Y A/ BiPrsi 1, (8.4)

i=1,i%m

~\~
G m

where the first term on RHS represents the faded version of the m-th user’s message,
the second term G, is the superposition of remaining M — 1 users’ messages, and the
interference at m-th user can be defined as Z,,, = |G,,|%. This decomposition facilitates
to propose an equivalent transmission model for DL NOMA in a novel way as shown in
Figure 8.2, which is explained as follows.

Consider the case of a m-th user. From the second term G,,, in (8.4), it can observed
that there are M — 1 interfering message signals present in 7,,. One can visualize this as
having imaginary transmitters located on a disc of radius d,,, with the m-th user located
at its centre, and the BS is the desired transmitter of m-th user only. Each imaginary

transmitter ¢ communicates with its intended (imaginary) receiver by transmitting a
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Figure 8.2: Equivalent Transmission Model for DL NOMA.

signal of power (3; P;. Thus, each imaginary transmission is received at the m-th user

with power |h,,|*8; P;, which in turn interferes with its reception of the desired signal

from BS.

8.3.2 Intra-User Interference Modeling and Estimation

Inra-user interference modeling Consider a MPP ® defined over R? x K, where R?
denotes a 2D Euclidean space, and K represents a mark space. Let £ be a purely atomic
random counting measure with finite atoms to describe the process. The locations of the
atoms {x; : i = 1,.., M } and their associated marks {k; : i = 1,.., M} are considered
as i.i.d with distributions 7 (+), and 73 (-), respectively.

Under the proposed equivalent transmission model, x; and k; = (3, P, represent

the BS’s location, and transmission power, respectively, while the sets {z;} and ,
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where {k;}, represent the imaginary transmitters’ locations, and transmission powers,
respectively, i.e. each imaginary transmitter is uniquely defined by a combination of
its location and mark. With this description, a realization of ¢ can be represented by
aset {(z;,k; :i=1,..,M)} consisting of i.i.d pairs (z;,k; : i = 1,.., M) on R* x K,
having distribution ¥ (d (z, k)) = m (dx) mo (dk) [35].

Consider that the m-th user is located at origin of the coordinate system, then the
interference at the m-th user, which is caused only by imaginary transmissions (since
BS is the desired transmitter) is given by Zn, = >, 1ca\ (21.1) k|hy|2d;*, where h,
and d, represent the Rayleigh fading channel gain, and distance between m-th user and
an imaginary transmitter, respectively, at location .

Having proposed the equivalent transmission model along with the conditional
process @ \ (z1, k1), the following Lemma states the distribution of the interference

power.

Lemma 8.1. Consider i.i.d marks at imaginary transmitters are uniformly distributed
over a range [Ppin, Puax|, where Py, and Py, represent the minimum, and maximum
transmission powers, respectively. Then the Laplace transform of the interference Z,,

at m-th user is given by:

s0

Lz, (s) = Cye ™, 8.5)

m

Ao (o — PLES YD (146)0(1—

5
where Cy; = ﬁ, Q= (13)P ), Mg 1S the intensity for the ground

process of ®, § = % P = Phax — Puin > 0, and T (+) is a gamma function.

Proof. This lemma can be easily verified by standard arguments from stochastic geo-
metry, i.e. conditioning on the fading and applying Eq. (13.1.15) of [35] will result in
(8.9). [

Remark: Under the proposed equivalent transmission model, the interference at the
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Algorithm 1: Procedure to estimate Z,,
1. Generate a stable RV S.
2. Normalise 7, to obtain 7,
3. Apply adaptive LMS filter with r,,, and Y = S7,, as input signal and desired
signal, respectively.
4. The output of the LMS filter gives estimate @m of G,,.
5. Compute power of Gm to obtain estimate im.

-th user due to DL NOMA transmissions can be modeled as a stable random variable
(Slivnyak’s theorem) with its Laplace transform given by (8.5).
Inra-user Interference Estimation

A simple procedure for the -th user to estimate the interference from received signal

is given in Algorithm 1.

8.3.3 Outage Analysis

The application of Algorithm 1 provides G, which subtracted from 7, yields:
"m — Gm = hm BmPtSm + (1 - H) Gm + N, (86)

where 0 < k < 1 with kK = 1 representing ideal estimation of GG,,,.

|hm‘2ﬁmpt

A Toto?" The outage

The received SINR for the m-th user is given by (,,, =
occurs when (,, < 7,,, Where 7, = 2 — 1 and R,, is the targeted data rate for the

m-th user. Therefore, the outage probability at the m-th user can be expressed as:

m ’hmlzpt
Pouw = Pr o+ 1 <¢m | = Fr, (¢n), (8.7)

where @, = T, Ty, = el — B — (5% and Fy,_is the CDF of 7.

m

Unlike NOMA with SIC [13,87], NOMA is not sensitive to choices of (3, and R,

(for all m ) under the proposed approach due to SINR threshold condition ¢,,. In order
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to obtain P

out?

[, is required. Following a similar approach in [87], and conditioned

on Z,, and p;, and based on (8.7), 7, can be obtained as:

Om (pz + 1)) (8.8)

FTwzlznupt ((pm) = ﬂhm|2 ( u

where Fj, |2 is the CDF of h,,. Let h denotes the unordered channel gain. By applying
order statistics [95], the CDFs of the unordered and ordered channel gains are related

by the following relationship:

R 3 (V7S 0] s

M!

=D Since the users are random uniformly distributed within

where u,, =
a disc D of radius Rp, and the fading is Rayleigh distributed, F{; . can be expressed
as [79]:

2 [Rp ey
Fipe () = RD2/0 (1—e")rdr (8.10)

The integral in (8.10) is very challenging to solve for o > 2 (beyond free space path
loss), and hence it is approximated by applying Gaussian-Chebyshev quadrature [103]

as follows:

Fip () = Y ape™™, (8.11)

ag = _22;1 n, G = —Wp\/1 =02 (1+0,), w, = 5, by = (% (1 —i—@n))a, 0, =

2n—1
2N

cos ( 77) and N is a complexity-accuracy tradeoff parameter. Substituting (8.11)
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into (8.9) and applying multinomial theorem, (8.11) can be expresses as:

M—m q N
o M —m (—1) Z m+q Ha:ln e Zgzornbnt7
q m+q o+ ...+ 7N

ro+...4+ry=m-+q n=0

(8.12)

m+q ): (m+q)!

Where (TU+.“+T‘N rol..rn

;> and {r;} 0 <7 < N are non-negative integers. Based on

(8.12) and (8.8), P, can now be expressed as:

out

P [ B (P i ) ()

LS e () (i)

ro+...+ry=m-+q n=0

q=0
o0 o0 N  rnbnem(pz+1)
X / / e~ Z«n=0 u [z, (2) fo (u)dz du
o Jo

M—-—m

LS s () ()

ro+...+ry=m-+q n=0

q=0
> © N rpb N T b
X / / e Tn=o I L L <Zp = ng0m> for (u)dz du
0 Jo u

n=0

o S s () (1)

q=0 ro+...+rN=m+q

- 7ZN rnbnwmfﬂ(zﬁ;o prnbnwm)s
X / e &n=0" u 8 fodu. (8.13)
0

In order to obtain P™

, f,, 1s required, which is provided in the following theorem.
out Pt q p g

Theorem 8.1. Consider a downlink NOMA transmission scenario with a composite

path loss and Rayleigh fading channel model, the PDF of transmit SNR of BS is given
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by:

o () = mae™ T OR (u8 17 (6,5 ) — e Eehu ) U (pip = w)

+ Au—pp) e T (00 (8.14)

where A (+), U (+), and T () are the impulse function, step function, and lower incom-
plete gamma function, respectively, pg = %, € = cRp®* wherec >0, n,, = %ﬂ, and

A is the intensity of a thinned homogeneous PPP.

Proof. See Appendix K. L]

Substituting (8.14) into (8.13) and applying the Gaussian-Chebyshev quadrature,

the outage probability at the m-th user is obtained as:

M—m N
M —m\ (—1)7 m+q
P =y, E X E I I T
ou = Carfim < q )m—i—q (ro—l—...—i—rN v n

q=0 ro+..+rN=m+q

s
Zg:() rnbnem Q(27127:0 prnbn<p7n) e s
_ S - + —nm?T 6,7 B
X |e s ’B s
N s
L SN rnbnem Q(Zﬂ:op"”b""’m) e 5 45
T rBh h 0% 18 _n'”T(6’PBfl )thl
+ E e Bl , (8.15)
=1

where U = <L /1 — anm (5p%t15—1T ((5 £ ) - e_ﬁfls‘stl_l),u@ =T h= %(1 +6),

’ pBtI

0, = cos ( 212—2%), and L is the complexity-accuracy tradeoff parameter.

8.4 Results and Discussion

1. PIC-based receiver for downlink NOMA results.
In this sub-section, the analytical performance comparisons between PIC and SIC

are presented. Apart from the fact that PIC solves the problems posed by SIC, the

143



CHAPTER 8. PIC-BASED RECEIVER STRUCTURE FOR NOMA

100g T

T vvv#vwvwwv#vw-o—bvvv—v %

%/ SIC,SNR=10dB
O sIc, SNR=15dB
{ sIC, SNR=20aB

Probability of Bit Error
>
o
T

5 5/ PIC,SNR=10dB
10°F
QO PIC, SNR=15dB
108k { PIC, SNR=20dB
10%F
10710 :
0 5 10 15 20 25 30

Number of UEs

Figure 8.3: Probability of bit error and number of UEs

analysis also serves to promote the proposed PIC-based receiver structure as an alternate
of SIC for 5G downlink NOMA based on its better performance.

The first comparison is presented between probability of bit error and number of
UEs, as shown in Figure 8.3. The results are obtained with 30 UEs for both SIC and
PIC. Each set of results is collected by keeping constant SNR of 10, 15 and 20 dB. The
results show that by increasing the number of UEs beyond 5, there is negligible impact
of increasing SNR for SIC receiver, while for PIC, the performance gain is appreciable
up to 15 users for all three considered values of SNR.

The second set of results is presented in terms of probability of bit error and SNR, as
shown in Figure 8.4. This figure shows the analytical bit error rate (BER) performance
of SIC and PIC along with simulation results for NOMA with SIC and PIC receivers
for the case of three users. The power allocation coefficients 3,,, m = 1, 2, 3 for three
NOMA UEs are considered to be random variables (due to the random nature of the
channel), uniformly distributed between (0,1) with Zizl Bm = 1. In this way, the
case of equal or comparable power allocation is also incorporated for two or more
NOMA users in the simulations, as there exists a finite probability that two or all three

NOMA users can be allocated with same power coefficient, which implies that they have
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same or comparable channel quality. This choice for considering the power allocation
coefficient as random variable makes it more realistic and general for comparison. The
analytical results for SIC and PIC receivers provide a performance bound for NOMA
simulation. The simulation results show that NOMA with PIC receiver at UE performs
better than NOMA with SIC in all SNR regions.

The final set of comparison between SIC and PIC techniques is presented in terms
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Table 8.2: Simulation parameters.

Parameter Description Value
N, Number of bits 100
N, Number of samples per bit 10
L Number of multipath signals 10
M Number of UEs 30
S Number of PIC stages 3

of computational complexity, measured in FLOP, and is shown in Figure 8.5. A
FLOP can be an operation implementing a multiplication or addition, while more
complex operations can be regarded as multiple operations. For analysis purpose, the
computational complexity derived for SIC and PIC receivers in [46] is utilised to process

a frame of [V, bits, which is given by:

M—-1

Csic = NyLL 2N3M+5M+8Zm+(M— 1) (54 2N;)
m=1
+ 2MLN, (ML — 1) +2MN, + M + M log, (M) (8.16)
Cpic = MLN, [S (6N, +7) — 4N, — 1], (8.17)

where Cgc and Csc are computational complexities in terms of number of FLOP
required for decoding N, bits using SIC, and PIC receiver, respectively, L is the
maximum number of multipath signals processed by correlators at the receiver, and N,
is the number of samples per bit.

The computational complexity is computed for the parameters stated in Table 8.2.
The increased computational complexity for PIC, as depicted in Figure 8.5 is due to the
parallel structure of this receiver. The performance gains in Figures 8.3 and 8.4 were
achieved at the cost of higher computational complexity.

In order to evaluate whether the processing power of current smartphone (UE) has

a capability to implement the PIC receiver with this expected complexity, a certain
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Table 8.3: Computational time of PIC for each mobile SoC.

SoC MFLOP/sec T us

Samsung Exynos 3110 17.7 2800
Nvidia Tegra 2 54.4 900

Texas Instruments OMAP 4460 75 653

Qualcomm Snapdragon 600 540 90.7
Samsung Exynos 5 Octa 5410 627 78

Qualcomm Snapdragon 800 1034 47.3

system-on-chip (SoC) that is used in some smartphones with a capability to process
X FLOP/sec is considered. The processing power in MFLOP/sec (10° FLOP/sec) of
different popular mobile SoCs is listed in Table 8.3 [104—106].

The equivalent computational time T' (in ps) per bit of decision for PIC is calculated
for each mobile SoC. The maximum considered computational complexity for PIC
with M = 30 is approximately 4.9 x 10* FLOP, as shown in Figure 8.5. The results
of T show that the current and upcoming generations of smartphones should have the
capability to implement PIC based receiver for 5G downlink NOMA.

2. Intra-user interference estimation results.

In this sub-section, numerical results on the accuracy of the proposed interference
estimation and outage performance of NOMA are presented. Figure 8.6 shows the
comparison between the actual (Z,,,) and estimated (fm) interferences. These results
are obtained by applying Gaussian pulse shaping filter and a set of parameters similar
to [87],ie. M = 3, a = 4, Ry = Ry = R3 = 0.1 BPCU (bits per channel use),
B1 =04, By = 0.35 and B3 = 0.25. Results show that the interference can be estimated
with a small mean-squared-error (MSE) of approximately 1.5 x 1073,

For outage performance analysis, N = 5, L = 2, A\ = 1073, p = 20dB are
considered and other parameters remain unchanged. Figure 8.7 shows the outage
probability of m-th user under impact of different R p. Results obtained from Monte-

Carlo simulations show good agreement with those obtained from (8.15). It is observed
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Figure 8.7: Impact of different Rp on outage probability of m-th user.

that reducing R p expectedly decreases outage probability due to a smaller path loss,
which is consistent with previous studies [13, 87]. Figure 8.8 further shows the outage
probability of m-th user under impact of different a. As a representative case, a
similar set of parameters from [13] are assumed, i.e. M = 2, Ry = Ry, = 2 BPCU,
61 = 0.7,55 = 0.3 and Rp = 5m. It can be verified that with these choices of
Ry = Ry =2, =0.7,and 8, = 0.3, NOMA with SIC will suffer complete outage

due to violation of the SNIR threshold condition in [13, 87]. On the other hand, NOMA

148



CHAPTER 8. PIC-BASED RECEIVER STRUCTURE FOR NOMA

10°

ié 9 ' T T T T T 3
Q VA A E
v B 4**¢ E
=4 2 PR "v;&.»"“éég"‘ 3
EEEE =0 \V o
10 PTREES 9696@,999%%0%9%%@%
S V- CROOANREEXILO™AA E
S O RIS
ERSRSRTRA SN ;V oy ‘Ceoasﬁeggdgca.essési_é
2 "v77‘=‘=-3_,-7 Bg
210 R Bogg
"5 v - _.: ‘A::‘.:zl; -l Q ﬂD‘B E =
3 VWV TS 000o e,
10 % Ve Ea5000000068888E
S 107F [FNOMAm-1, 2 =3 Y Voo Btag, - oooo888d
8 FNOMA m=2, a =3 ‘vv‘ v -====_- -
S o4 OOMAm-=1, a -3 V¥R VVVV T EEg s
107F |OOMAm=2, a =3 Vs Vv- Sy
EINOMA m=1,2a =4 V- S v VVV’V E
5L [ENOMAm=2,a =4 Vi VVV§7
10 OMAm=1, a =4 Vo 3
OMAm=2, a =4 A A AN
Vv 7
10—6 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
SNR (dB)

Figure 8.8: Impact of different o on outage probability of m-th user.

with the proposed interference model (for downlink users to estimate and remove
interference) continues to operate with lower outage probability than conventional
OMA for the considered values of a.

Finally, Figure 8.9 presents the outage probability comparison between NOMA
under the proposed approach (for modeling, estimating, and cancelling interference)
and NOMA with SIC. The results are obtained by using the same parameters as those
for Figure 8.8, except Ry = Ry, = 1 BPCU. It is clear that NOMA under the proposed

approach has lower outage as compared to NOMA with SIC.

8.5 Chapter Summary

In this chapter, firstly, some of the critical performance limiting factors related to
SIC are highlighted, which can result in the performance degradation of NOMA. In
particular, NOMA with SIC requires a careful choice of target rates and power allocation
coefficients in order to keep NOMA operational. In order to alleviate the problems
posed by SIC, an alternate receiver structure for downlink NOMA based on parallel

interference cancellation technique is proposed, along with some design consideration
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factors. Considering, intra-user interference in downlink NOMA as one of the important
design aspect for the proposed receiver, the downlink NOMA system is represented in a
novel way by proposing an equivalent transmission model, which is then utilized for
intra-user interference modeling and estimation using stochastic geometry. In order to
evaluate the performance, the closed-form expression of outage probability is derived
for NOMA under proposed intra-user interference estimation and cancellation technique.
Numerical simulations are conducted in the following two parts: 1) To justify the PIC-
based receiver proposal for downlink NOMA, and 2) To evaluate the performance of
NOMA under proposed intra-user interference estimation and cancellation algorithm.
The numerical results prove the superiority of proposed PIC based receiver over SIC
and hence is a promising receiver choice for UE in 5G downlink NOMA. In addition,
the results demonstrate that with the proposed interference model and its application to
estimate and remove the interference in the downlink signal before decoding, NOMA
not only outperforms its OMA counterpart, but also manages to continue operating

under conditions where NOMA with conventional SIC receiver suffers complete outage.
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Chapter 9

Conclusion and Future Work

The research conducted in this thesis has been divided into two main parts. The first
part primarily investigated the application of NOMA for multi-tier cellular networks,
D2D communication, and WSNs. A persistent issue herein is accurate modeling and
analysis of the considered network(s) with randomly distributed nodes (users, BSs,
sensors and so on) over the entire 2D plane. In particular, it is important to investigate
the performance of a typical user in a network under interference limited environment
where spectral resources are utilised in an aggressive fashion. The investigation has
three major components: 1) Selecting appropriate PP(s) to accurately model the spatial
locations of the network nodes which possess relevant properties to capture their real
deployment trends; 2) Interference characterisation at the typical user; and 3) Derivation
of appropriate performance metrics based on the modeling approach and obtained
interference distributions. Hence, comprehensive and analytically tractable frameworks
have been developed for NOMA based multi-tier cellular networks, group D2D commu-
nication, and ubiquitous WSNs. For each of these networks, the interference at typical
user is characterised by deriving its Laplace transform, which is then utilised to derive
the outage probability expressions for performance analysis. The second part of this

thesis addressed two objectives related to downlink NOMA: 1) To improve the system
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performance in low SNR regime by utilising both NOMA and OMA in an optimal way;
and 2) To alleviate the SIC related issues that can degrade the performance of downlink
NOMA significantly. To this end, a summary of original contributions presented from
Chapter 4 to Chapter 8 of this thesis along with some promising directions for future

work are discussed in the rest of this chapter.

9.1 Summary of Contributions

In Chapter 4, a comprehensive and tractable framework is developed for analysis of two-
tier cellular networks with underlay D2D communications, where NOMA is utilised by
both MBSs and SBSs for communication with their cellular users. The MBS users and
DRs are further classified as of non-clustered or clustered type. Stochastic geometry
tools are used to evaluate the performance of typical MBS user, SBS user and DRs
in terms of outage probability. The performance of NOMA based cellular network
is also benchmarked against that of its conventional OMA counterpart. The results
demonstrate that NOMA network users achieve lower outage probability than that of
OMA. Further, in an interference limited environment, an arbitrary MBS user always
achieve better performance than the SBS user and DR.

Moreover, it is observed that non-clustered type MBS user and DR outperform their
clustered counterparts as more network interference is experienced by the latter than the
former. It is also observed that an arbitrary NOMA user achieves higher average link
throughput than DR and OMA user. More importantly, the performance of cellular users
under the proposed SIE is always better than conventional SIC due to SIE’s estimation
and removal of intra-user interference. A pivotal conclusion is that adopting NOMA
as a baseline transmission scheme in multi-tier cellular network not only improves the
performance of cellular users but also that of DRs in the underlying D2D network. This

is because DRs experience less interference under NOMA based cellular network than
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what they receive under OMA based network.

The aforementioned analysis reveals several interesting design insights. The most
important amongst them is the impact of intra-user interference on performance of
NOMA users. It is noticed that at low SNRs, the network interference predominantly
influence the performance while at high SNRs, the impact of intra-user interference is
dominant. This necessitates a need for systematic treatment of intra-user interference in
the system design to improve the performance of NOMA users. As a consequence, a
SIE receiver is proposed to locally estimate and remove intra-user interference. The
resulting analysis reveals that any attempt to remove intra-user interference would result
in a performance lying between NOMA with perfect SIE and conventional SIC.

Chapter 5 proposes the Q-NOMA scheme for group D2D communications. In
order to study its performance, the Laplace transform of the interference expression is
firstly obtained, based on which the closed-form expression for the outage probability
is derived. The results show that the proposed Q-NOMA group D2D achieves overall
lower outage probability than its counterpart paired D2D communication. Further,
a comparison between two implementations of the proposed scheme based on two
power coefficient allocation policies is presented. Due to similar channel conditions
and diverse QoS requirements of the DRs, it is shown that the proposed Q-NOMA
implementation based on Policy I is more realistic and suitable than one based on Policy
II for group D2D communications.

The chapter 6 investigates the application and performance of NOMA in UWSNS.
Different from cellular use-case, NOMA in UWSNs are further subject to interferences
from cross-technology nodes operating in the same unlicensed spectrum as the sensors.
Focusing on downlink (sink-to-sensors) scenario, a new closed-form expression for
outage probability at the probe receiver’s location is derived by utilising stochastic geo-
metry and order statistics. Numerical analysis shows that NOMA achieves lower outage

probability, higher average throughput and better energy efficiency than conventional
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OMA, hence is an attractive enabling technology for massive machine connectivity in
interference-limited UWSNSs. Further, the computational time complexity for NOMA
message decoding is within acceptable limits when using current and upcoming genera-
tions of processors for UWSNSs.

In Chapter 7, a novel HMA with CGS scheme is proposed and analysed for its
average outage and throughput performances. In addition, an optimisation problem
is formulated, which is solved numerically to obtain the K for G5 that results in the
optimal throughput for the proposed HMA system. The results show that the HMA
scheme achieves overall superior outage performance than NOMA and OMA in the
considered SNR range. Further, it is shown that the outage performance of G5 users
can be enhanced with CGS under similar channel conditions. In terms of throughput,
HMA always outperforms OMA, whereas suffers throughput loss compared to NOMA.
Consequently, it is capable of yielding a more balanced trade-off between outage
performance and system throughput.

Finally, in Chapter 8, some limitations related to SIC that can degrade the perform-
ance of NOMA scheme in downlink are highlighted. In order to alleviate the problems
posed by SIC, an alternate receiver structure based on PIC for downlink NOMA is
proposed. The results prove the superiority of proposed receiver in terms of bit error
rate performance over conventional SIC at the cost of higher computational complexity,
which is still however within the processing capability of current and upcoming genera-
tions of smartphones. Hence, it can be considered as a promising receiver choice for

UE in future 5G downlink NOMA.

9.2 Future Work

Based on the findings obtained in this thesis, some potential directions for future

research are suggested as follows:
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e The analysis in Chapter 4 reveals the existence of a maximum number of SBSs
beyond which no further performance enhancement for cellular users is achieved.
Thus, a possible future design consideration is to optimise the number of SBSs

subject to a given set of performance and resource constraints.

e From an application perspective, the results of Chapter 4 can be extended to
analyse cache enabled networks in terms of hit probability and caching throughput
[107,108]. In addition, the developed analytical framework in Chapter 4 can be
utilised to study other performance metrics such as ergodic sum rate and bit error

rate.

e An interesting extension of work on Q-NOMA group D2D communications in
Chapter 5 is to allow inter-group D2D communications, where GTs relay message
of source DR to destination DR in a multi-hop fashion. How to establish a com-
munication link between source and destination DRs, while keeping propagation

delay to minimum is a major challenge.

e In the context of UWSNs, minimising node energy consumption is critical. As
such, the developed spatial model in Chapter 6 can be integrated with optimal
power and rate allocation strategies for NOMA to maximise the battery life of the

SENSors.

e One promising future extension for the proposed HMA with CGS scheme in
Chapter 7 is to design it for MIMO systems and evaluate its performance in
terms of the diversity and ergodic sum-rate achieved. The optimisation of user

groupings using machine learning is yet another possible extension of this work.

e The decoding performance of proposed PIC receiver in Chapter 8 can be improved
by applying the intra-user interference estimation and cancellation technique

in Chapter 8 to cancel the residual interference that results from parallel UE
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decodings. Integrating power control in downlink NOMA with PIC receiver is

another potential direction for future work.
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Appendix A

Proof of Lemma 4.1

A =P{1 PR —
(e sy s =)

P (R;®P, > Ry Py)
P

S

R, > Q%RS>

- /Ooo [1 — Fp. (er)] fr. (rs) dre. (A1)

Based on (A.1), the association probability .A,, is obtained by using A,,, +.4s = 1. This

proves the results in Lemma 4.1.
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Appendix B

Proof of Lemma 4.2

The CDF F%,, in (4.7) can be expressed as [37]:

— (=D)" /
Fr, (rm)=1-— - det (K <Xm,,,xm,_>) dxp,, ...
o (1) ; S B U ki
(@) oo (_1)n/ n
~1-— K (me,Xm;) dxpm, ...dXm,,
nz_% nt S Bora)” 1} 1
— (=" [ / r
=1~ K (Xmys Xm; ) dXpm;
;) n' B(Oyrm) ( ' )

— 1 _ e_ fB(O,rm) K(Xnnxm)dxm
O g A L0, B

(é) 1— 6_277)‘1n7"12n

)

B.1)

where (a) results in by applying diagonal approximation [109], (b) is obtained by

simplifying the Gauss DPP kernel defined after (4.9) and (c) follows by converting

from Cartesian to polar coordinates.

Now based on (4.8) and (B.1), the association probability A in (4.10) can be
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expressed as:

As

Q

o0
2 s
27?)\5/ e (At )rsdrs
0

(o)
5
271')\5/ A (14269 )rSdT‘S
0

@ TAg /OO 67Ms(1+2ﬁm)tdt
0

— (14289°)7",

(B.2)

where (a) is obtained by a change of variable from 72 — ¢. Finally, based on (B.2), the

approximation to association probability .4, in (4.13) is obtained in a straightforward

manner. This completed the proof of Lemma 4.2.
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Proof of Lemma 4.3

In order to prove this Lemma, Lzm , L7xor and Lzopr are required. First, start by

deriving Lzm (s). Condition on R, = ry,, the conditional distribution of Z™ is written

nm
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as,

Log i (5) = Ea, 11 Bty (oxp ~5Fufi,,
Xm€E (‘I’mﬂB(Tm 7R1 ) ) \X;

X ~%)

1
co (=" | n b ISRy
(a) Zn:O ] f(Rg)n det KZ:;] sz, ij 1<§j<n ngl 1 W del .. .den
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co (=" n 1
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S0 S Sy Tlm Koy, (g X)) Ao i,

1
) rm<|xm|<R
— Jp2 K+ (Xm,Xm) <1 ZrmSlxm| <Ry >dxm
e m

1+sPm|[xm|—¢

6_ fb(O,Tm) K;;kn (Xm,Xm)de

1
17‘m§|xnl\§R1 Kz;"n (mxm)

- K\ (Xm,x 1- dxm — _Zm
e Joe 0,rm) Koz, (s ’“)< 1+stHXmH*"> e Joeto,m1) s P = 0Xm (C.1)

where Laplace transform of interference over DPP &, \ z* in () is obtained by applying
[Theorem 1, [37]] (b) follows from diagonal approximation [109], and K ;m is the Gauss
DPP Kernel under reduced Palm distribution at z;, and is given as, K Z!;;) (sz, ij) =
K (sz, ij) K (sz, zfn)

K (z;;, xm;) K (2%, 25)
is defined after (4.9).

B ! _ Lrm<pan|<Ry
Denote Q5 = fbc(o,rm) Kz,*n (Xm, Xm) (1 1+8 P [|xm|~©

K;* (Xm 7Xm)
m

dx,, and Qg = be(O,Rl) dem in (C.1). Then @5 and Qg are simplified as

L d
+— det
K(Zm 1Zm)

[37], and the Gauss DPP kernel K (-, )
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follows:

(c) _QHXIU—anHQ 1Tm<|Xm|<Rl
T B (e Y B
5¢(0,rm) 14 6P| xm |
o0 27 2 (7’2+'r'3n —27r7rm cos 6’) 1
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o J0 1+ sP,r—«
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a Jo 1+sP,x K2

) al 1
RISV DL 7 c2
T ( 1+ 5Pmr;1°‘tn> €2)

_ 2[xm—z

where (c) is obtained by using K,. (Xm,Xm) = Am <1 —e nml) for Gauss DPP
[371, (d) follows from Cartesian to polar coordinates conversion, (e) results in by
integrating over variable 6 , (f) is obtained by a change of variable from r~* — x, and
(g) results in by applying Gaussian-Chebyshev quadrature. Following similar steps to

(C.2), the integral (Qg can be simplified as,

L
~ 21\, C.3
@ ~ 2m Zwspn%l €3

Based on (C.1), (C.2) and (C.3), Lz can be expressed as:
Lo (5) = Ep,, [e799]. (C4)

nm

Now deconditiong on R,, obtains the result for Lzom (s) in (4.15).
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Next Lnor can be derived as follows.
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where (a) follows by taking expectation over Rayleigh fading channel gains h,, ~
exp (1), (b) is obtained by applying PGFL for PPP @, given Ex, and noting the
fact that the density of non-clustered DTs is pg\;, (c) results in from Cartesian to
Polar coordinates conversion, (d) is derived by the standard machinery, where the
integral in first term is approximated by using Gaussian-Chebyshev quadrature. The

second term is obtained by ignoring the effect of holes overlap and using the fact that
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fERQ ﬁ/\\lgiﬁ ~ szebs fb(xs,Rg) % [Appendix D, [43]], the second exponential
term in (e) (is obtained by applying [Lemma 3 and Appendix B, [43] ], where interference
at typical user from PHP with single hole (conditioned on the location of hole centre) is
considered, and (f) results in by first applying PGFL for PPP & and then converting
from Cartesian to Polar coordinates with ||x,|| = v. This obtains the result for Lzxpr in

(4.16).

Next, the Laplace transform of interference ZCP7T is expressed as:

Lrcor =K [67 2 s €®sNB(Ro.R) ZyCGBXSﬂb(O,’R;;)BPthCI‘Xs+yc‘|7a:|
nm

—E I1 I E. (e—sPdhyCuxﬁycu-u)
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_XSE‘PSOB(RQ,R) yCGBXSﬂb(O,'Rg) d|| S yC||
—mpac fye (ye)
® Egp. | | ¢ P9 JR2000.R) TRy s +ue T Ve

| xs€PsNB(R2,R)

(C) Rg 27
= [Eq, H exp (—pqc/ /
0 0

| x:€PNB(R2,R)

Fe=™ d0dr
1+ 8P (7:2 + [|xs]|2 = 2]|xs || cos é)*%

@ 6—27r)\s fgz(l—e—pqéﬂr,a))rdr (C6)

where (a) is obtained by taking the expectation over the channel gains hy_~ exp (1)
given B* and PPP @, (b) follows from the PGFL of a single cluster in TCP [42] and
noting the fact that number of DTs per cluster are pqc, (c) results in by first using the
distribution of offspring points (users) by which they are distributed around the parent
point (SBSs) in TCP and then applying Cartesian to polar Coordinates conversion, and

(d) is obtained by applying PGFL of PPP &, and then converting coordinates from
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Cartesian to polar.

Finally, combining (C.4), (C.5) and (C.6) prove the results in Lemma 4.3.
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Proof of Lemma 4.4

In order to obtain the results in Lemma 4.4, ngm and ﬁICCnI])T are required, which are

derived as follows:

Lzs (5) =Eg [e_EZxSecbsb(o,Rz)PSth“XS”_a}
cm S

—sPshyg ||xs]| ~¢
= Eo, I] E.. (6 sl )
XSE‘I’sb(O’RQ)

(@) 1
= Ea, .
xS€<I>§1,:(Io7R2) L+ 5Ps||XsH_a

R dr
(_i) e—27r5/\sPS 0 2 5P7S‘j_7r(,,

(é) 6_2W5/\SPSQ3‘Pd:Pd,R3:R2’ (D.1)

where (a) follows by taking expectation over channel gains h,, ~ exp (1), (b) is
obtained by first applying PGFL for PPP & and then converting coordinates from
Cartesian to polar, and (c) is derived by approximating the integral with Gaussian-
Chebyshev quadrature (in the same way as step (d) for deriving Lzxor in Appendix
O).

Next in order to prove this Lemma, Lzcor is required. Recall that typical user in this
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case is a clustered MBS user and the locations of interfering cluster centres are located
in b (0, R). Consequently, following similar steps to derive (C.6), the expression for

Lzcor in (4.17) can obtained. This completes the proof of Lemma 4.4.
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Proof of Lemma 4.5

In order to prove the results of Lemma 4.5, the expressions for L’I;n, ['IS and EISCDT are

required. First, start by deriving £z, which is expressed as:

Lo (5) = E e Domesmnviorny Fubun ol ]
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where (a) is obtained by taking expectation over channel gains hy,, ~ exp (1), (b)

results in by applying PGFL of DPP &, [37], (¢) follows from diagonal approximation
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[109], (d) is obtained by first converting from Cartesian to polar coordinates and then
using Gauss DPP kernel K (X, X;) = A (similar to step (b) in Appendix B), and (e)
is derived by applying Gaussian-Chebyshev quadrature (in the same way as step (d) for
deriving Lzxor in Appendix C).

Next to prove this Lemma, the expressions for L£zs and Lzopr are required. Condi-
tioned on R, = ry, the conditional distributions of the interference Z¢ and Z-PT can be

derived as follows:

Lz, (5) =E [e_s s (BBl Ry))\e3 PShSHXSH%]
Rg=

(@ 1
9 ® ——
s H L+ 5B ||x]|~
| %€ (®NB(rsR2) ) \23
(b) 1
= E T Dl —a
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(©) ,~2mrisP, [T it

5 0.5(Ry—7s)%wgy/1-62t5
d) —2mAesPs 3% g
9D e 2=t Py (E.2)

where (a) is obtained by taking expectations over channel gains hy, ~ exp (1), (b)
follows from the application of Slivnyak theorem for PPP, (¢) results in from the PGFL
of PPP and then converting coordinates from Cartesian to polar, and (d) is derived by
applying Gaussian-Chebyshev quadrature to approximate the integral in step (c).

Based on (E.2), the Laplace transform of interference Z,s can be expresses as,

Lz (s) = Er, [Lrz/n_,.] - (E.3)

Now deconditioning (E.3) on R obtains the result for Lz; in (4.23). Similarly,

conditioned on Ry = 74, the conditional Laplace transform for the interference ISCDT
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can be written as:

£ISCDT‘RS:TS (5) =

E 675 szeésmB(Rs,R) ZYC€BXS nb(0,R3) Pahys ”Xs+YCH7aj| (E4)

Recall that in this case, the locations of interfering cluster centres are located in

B (rs,R). As a result, following similar steps to derive (C.6), £ISCDT| oy, Can be

expressed as:
Lyeor, . (s) = o= 2mhs [T (1—emPaef (rolrdr ) (E.5)
Based on (E.5), the Laplace transform for the interference ISCDT can be written as:
Licor (5) = Ep, [Ezscm‘ — (5)} . (E.6)

Now deconditioning on R, in (E.6) obtains the result for Lzopr (5) in (4.24). This

completes the proof for Lemma 4.5.
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Proof of Lemma 4.6

Conditioned on the location of serving non-clustered DT at y},, the Laplace transform

for the interference Z\P*

Lovor (5) = E [e

(;) ,CINDT (5) y

nm

is given as:
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(F.1)

where (a) is obtained by taking expectation over channel gains hy, ~ exp (1) and using

the definition of PHP in (2.11) and noting the fact that ®xpr C P, and the density

of non-clustered DTs is pgA;, (b) follows from the application of Slivnyak theorem

for PHP [43], and (c) results in by comparing with step () in deriving Lzxpr in (C.5)

(Appendix C).
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Proof of Lemma 4.7

The Laplace transform of interference ZSPT, conditioned on the location of serving

clustered DT can be written as,

Licor (5) = E [G_EZYCE(q’CDTmb(OvR»\Yé PthCI‘XS+y“‘|7Q:|
cd
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< [ e b TS () d
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Qe (ol [ e, ) ay
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Ra _
D gy s) [ b
0

where (a) is obtained by applying conditional PGFL for TCP [42] and then taking
expectation over channel gains hy_ ~ exp (1), first term in (b) is obtained by following
similar steps in deriving (C.6) (Appendix C) and second term follows from Cartesian to
polar coordinates conversion (in the same way as done in step (c) to derive Lzcor in

Appendix C ) and using the function f (r,s) with r = ||x,||, and in (c), the first term

172



APPENDIX G. PROOF OF LEMMA 4.7

follows from (4.20) by recognising it as Lzcor (5). The second term results in by first
using the distribution of offspring points (users) by which they are distributed around
the parent point (SBSs) in TCP as defined in (2.9) and then applying Cartesian to polar

coordinates conversion.
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Proof of Theorem 4.1

In order two prove this theorem, the outage probability when m-th MBS user is of
type non-clustered/clustered is required i.e., the expressions for P., and P, are needed
for SIC and SIE receivers. As such, first start to derive the probability of event e;
by using SIC and SIE receivers. Based on (4.4), the outage probability at m-th MBS

non-clustered user to decode any of the higher order user m, 1 < m < m — 1 using

SIC is given by,
hBaR P,
WP 2 e @+ Tom + 07
=P (hy < o (1+ pTum)) , (H.1)
where 7 = — ( nfgzl‘:M - Now based on (H.1) and defining ¢/2* = max {¢}", ..., o0 },
m\ @y~ T 2 i=m+1 %

the outage overall probability at the clustered m-th MBS user with SIC can be expressed

as,

P2 =P (b < o™ (L+ pLum))

= Bz, [Frm (@™ (14 p2x))] . (H.2)
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In order to obtain PE;C, the CDF Fjm is required. Denote by F; as the CDF of
unordered channel gain h,,,. The relationship between CDFs of ordered and unordered

channel gains is given as [95]:

Fi () = i S (M - m) C 1 )™ (H.3)

p m+p

p=0

The CDF of unordered channel gain Fj, is given as [79]:

B )= [ (1=¢™) fu ()0 (H4)

Note that d,, in (H.4) is a distance between an arbitrary and randomly distributed MBS
user in a representative macro-cell and its associated MBS. As a result, d,,, can be
interpreted as a distance between non-clustered cellular user at arbitrary location and its
nearest MBS i.e., d,,, = R,,. Hence, converting coordinates from Cartesian to polar and
using fr,, = fa,, from (4.6) in (H.4), I = can be expressed as:
Ri1
F, (y)=2r /0 (1= ¢™) i () dr. (H.5)

Based on (H.3) and (H.5), P2I€ in (H.2) can be written as:

PIC 1, ST (M - m) (1 / B @ (U p2)]™ fr (@) da

p m+p

p=0

(H.6)

Now using L7, from (4.14) and applying (4.29) to obtain f7,_, and then approx-

imating the integral in (H.6) by applying Gauss-Laguerre quadrature [103], PS;C can be
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expressed as:

This proves the result for P31 in (4.31).
Next, based on (4.4), the outage probability at m-th MBS user of type non-clustered
to decode its message signal using SIE is given as,
h™a™ P,
PSIE —P mm- M < 7m
€5 Inm+‘6’2+0'2 Tm

=P (B;nl < m (1 + pZom + /0’6|2))

= Epep [Ez,.. (Fiy, (14 pz +py))] - (H.8)

Now following similar steps to deriving P in (H.7) and replacing ¢ with ¢},

m

P3I¥ in (H.8) can be expressed as:

P2 = / P o g os—os+py fiep2 (¥) dy. (H.9)
0

This obtains the result for PZ{)E in (4.31). Combining results in (H.7) and (H.9)
proves the first part of the theorem for MBS user of non-clustered type.

Now based on the derivations of (H.7) and (H.9), the results for a case when m-
th MBS user is of clustered type can be obtained in a straightforward manner. By
replacing L7, from (4.18) with Lz, in (H.7), the result for PC is obtained. Finally,
following similar steps in deriving (H.9), the result for P!® in (4.32) is obtained in a
straightforward manner by replacing P3¢ with P21 in (H.9). This completes the proof

for Theorem 4.1.
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Proof of Lemma 5.1

In the case of GPP, when desired transmitter is at zy € ®¢r, the L7(s) is given by (34)

of [81]:
where
A =exp {QWAGT/ [
0
o) 27
/o /o 1+ s(r?
and
1 _
Ap=—"4

1+a

s) = Ay - Ay,

1—a

14 sr—@
T fu(T)d)

+ 724 207 cos(zp))_a/2

dr — 1] rdr} ,

N e

+ 724 2d7 cos(z/;))*a/2

(1)

1.2)

1.3)

where 1 — a and a are the probabilities of having one and two transmitters in a group,

respectively.
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Now let us take X7 in (I.2) as:

X = / / 7 fu(T)dY m— dr
1+ s(r2+ 72+ 2r7cos(v))
RD 2

dip
dr, L4
RQD / 1+ s(r2+ 72+ 2r7cos(v))” /2 (L4

Xo

= 27if0<7<
where f,(T) T if0 <7 < Rp.
It is challenging to solve integral X5 in (I.4). As such, it is approximated by applying

the Gaussian—Chebyshev quadrature as [103]:

al ®
“ ; (L5)
; s(r2 + 712+ 2r7 cos(rt, ))_a/2

where p, = Twu\/1 =02, W, = 5, O = cos( 2N1 ), t, = 1+ 6, and N is the
complexity-accuracy tradeoff parameter.

Based on (I.5), X; can now be expressed as:

N

X, = 32 / " 3 ut’ —dr. (L6)
R =1+ s(r2+ 724 2rrcos(nt,))

Note that it is challenging to solve (I.6) analytically. In order to obtain insightful

results, (I.6) can be approximated by applying Gaussian—Chebyshev quadrature as:

B I PR T . W)
1+ s(r? + R3k2 + 2rRpk? cos(rt, ))_a/27 .

v=1 n=1

where w, = %, ¥, = cos(%27), ky = 3(J, + 1) and V' is the complexity-accuracy

2V

tradeoff parameter.
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Based on (I.7), A; in 1.2 is re-written as:

“l 1—a aX(r)
A= 27\ —1|rd
! eXp{WGT/O [1+sr‘1+1+sr‘1 }rr}

= exp {—QWAGT / Tall _1X1 <T))_j ST&} . (L8)
0 + sr

Next, Gauss—Laguerre quadrature is applied to approximate the integral in (I.8).

Hence, A, can be expressed after approximation as:

- S s —x
—97AgT 25:1 Qp%
A —e e (1.9)

Following the same approximation procedure for X; and applying Gaussian—Chebyshev

quadrature twice, A5 in (1.3) is given as:

a1, 2 ii 0i&; (1.10)
1+a 1+a]_1 —1+s d2_|_R 22+2dRDszOS(7TZL’i))—a 27

where g; = Twi\/1 — nZ, w; = o i = 003(256177)’ x; = ni+1, & = 2Rpw; /1 — 672,
O; = cos(2tT), 2z = (0, +1),w; = L and Q, S are the complexity-accuracy trade-

off parameters.

Finally, the result in Lemma 5.1 is obtained by multiplying (1.9) and (1.10). U
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Appendix J

Proof of Theorem 6.1

P =1-P, (\hm|2 > 71 (kz + 1))

o0 75 (kz+1)
_ / / fin e (@) de fr (=) d. (.0
0 0
Q1

Since NOMA users are uniformly distributed inside disc A and fading is Rayleigh

distributed, the CDF of the unordered channel is given as [79]:

2 (B .
— t¥)x
FW(I)—RQ/ (1— et ) tat
0
o 2 [
(@) ) (1 _ 6—(1+y)x) o1 dy

Oy 5e "B (1,8) ¢ (5,1 + 6: —xR®)

=1—e%p(0,140;—xRY), J.2)

where (a) is obtained by a change of variable from t* — y, (b) results from by applying

Eq. 3.383in [77], B(-,-) is a beta function and 6B (1,0) = 1. The PDF f;. (2) is
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obtained by taking the derivative of (J.2) as:
fi (@) © p-a [0 (0,1+8;—zRY) +e¢p(1+6,2+ d; —xRY)] J.3)

where (c) is obtained by applying Eq. 9.213 of [77]. Next, using (6.9), (J.2) and (J.3),

Q1 in (J.1) can be written as:

M- *

m M — 75 (kz+1) o

Qi =ftm Y ( m) (—1)* / [1—e¢(8,1+ 8 —aR)]™ "
0

q=0 q

X e ¢ (6,146 —xR*) +ep (14 6,2+ 0; —xR)] dx. (J.4)

It is challenging to solve QQ; in (J.4). As such, it is approximated by applying the

Gaussian-Chebyshev quadrature as:

Q)= Y (M ‘ m) (-1 {Z U [L =€ (5,14 8 —a, (w2 + 1)

q=0 q

[0 (0,1 +8;—a, (kz+ 1)) +ep(14+6,240;—a, (kz+1))]} d.5)

In order to obtain P™

out?

the PDF f7 (z) of interference is required, which is written

by using (4.29) as follows:

e 2K
fr(z) = %Z'%[ﬁz(s:ck)ebg] : J.6)
k=0

where L7 is the Laplace transform of the interference Z and is given as [94]:

e " _1> dg-i-s‘;T(l—é,st_"‘)}

L7 (s)= e_MK , J.7

where 1" (a,xz) = [ e "t*"'d¢ is the lower incomplete gamma function, which is
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approximated by using Gaussian-Chebyshev quadrature as:

T
r (1 — 4, sda"‘) = g0 Z nte*“”daa. J1.8)
t=1

Now based on (J.5) and (J.6), P in (J.1) van be expressed as:

out

2K
1 > LTz
P =g ; /0 R[Lz(s=cr)eo]e™Qi(z)dz J1.9)
Finally, using Q; (z), £z and T (1 -0, sdga) from (J.5), (J.7), and (J.8), respect-

ively in (J.9) and applying Gauss-Laguerre quadrature with parameters defined after

(6.10) proves the result in Theorem 6.1.
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Appendix K

Proof of Theorem 8.1

According to the NOMA scheme, the minimum and maximum transmission powers at
the BS are proportional to W and Pg. Therefore, p; is lower and upper bounded
y Wch\? and pg, respectively, where ¢ > 0 is a constant. Hence, the CDF of p; is

given as:

(6%
cdf

” )U(PB—U)

(@) cds, \ 1"
= 1= | F,p “u U(pp — u) (K.1)

Fo(0) = 1= P, ([l <

where (a) is obtained by applying order statistics. Since users are randomly distributed
inside disc D, their spatial distribution can be modeled by applying a thinning function
g(w) = 1(d, < Rp) to ahomogenous PPP, ®;, with intensity A, where 1 is an indicator

function and d,is the distance between location w and BS. Denote ®;;, as a thinned
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version of ¢ with intensity Ag(w) [34], (K.1) can be rewritten as:

cdo
Fo ) =1 Eay, | TT Fpoe (“2) | 00— 0
mePp
(b) cdy,
=Z1—exp|A 1—Fj 2| —") ) g(w)dw | U(pp —u)
R2 m u
(©) TAY (8, B22)
=1—exp 5 v , (K.2)
c

where 7" (-, -) is a lower incomplete gamma function [110], () is obtained by employing
a PGFL for PPP, (¢) results by converting in polar coordinates and then applying Eq.

3.381 in [77]. The PDF of p; is obtained by taking derivative of (K.2), which completes

the proof.
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