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NOMA-based Radio Resource Allocation for Machine Type Communications in 5G

and Beyond Cellular Networks

ABSTRACT

The rapid increase of machine-to-machine (M2M) communications brings challenges
in the design of cellular networks. The adversity of meeting the Quality-of-Service
(QoS) requirements of a massive number of machine-type communications (MTC)
devices with insufficient radio resources has emerged. The main goal of this the-
sis is to investigate the minimum bandwidth resource allocation problem for non-
orthogonal multiple access (NOMA) based M2M communications in 5G and beyond
cellular networks. A polynomial-time persistent resource allocation algorithm con-
sidering NOMA and the periodicity of the MTC traffic is proposed to solve the
problem fast and efficiently. The proposed algorithm consists of two phases. In the
first phase, M2M clusters are grouped into NOMA sub-clusters using a technique
that minimizes the number of NOMA sub-clusters for a set of devices. NOMA sub-
clusters are then allocated to resource blocks (RB) in the second phase, considering
their QoS requirements while achieving minimum bandwidth reservation. Through
simulations, the performance of the proposed algorithm is presented in comparison
to the previously proposed access grant time interval (AGTI) based radio resource
allocation algorithms. It is illustrated that the proposed algorithm improves the

spectrum efficiency significantly addressing the spectrum-scarcity issue.

Keywords: Machine-to-Machine (M2M) Communications, Non-orthogonal Multi-
ple Access (NOMA), 5G and Beyond Cellular Networks, Resource Allocation.



5G ve Otesi Hiicresel Aglarda Makine Tipi Iletigim icin NOMA Tabanh Radyo
Kaynak Atama

OZET

Makineden makineye iletigimdeki hizli artig, hiicresel aglarin tasariminda zorluk-
lar getiriyor. Yetersiz radyo kaynaklarina sahip ¢ok sayida makine tipi iletigim ci-
hazinin hizmet kalitesi gereksinimlerini kargilamanin zorlugu ortaya cikti. Bu tezin
temel amaci, 5G ve hiicresel aglarin otesinde, dikgen olmayan ¢oklu erigim tabanlh
makineler arasi iletigimleri i¢in minimum bant genisligi kaynak tahsisi problemini
aragtirmaktir. Problemi hizli ve verimli bir sekilde ¢ozmek i¢cin NOMA ve MTC
trafiginin periyodikligini dikkate alan bir polinom zamanlh kalic1 kaynak tahsis algo-
ritmasi 6nerilmisgtir. Onerilen algoritma, iki asamadan olugmaktadir. Ilk agamada,
M2M kiimeleri, bir dizi cihaz icin NOMA alt kiimelerinin sayisini en aza indiren
bir teknik kullamlarak NOMA alt kiimelerine ayrilmaktadir. Ikinci agamada ise
NOMA alt kiimeleri, kaynak bloklarina servis kalitesi gereklilikleri saglanirken min-
imum bant genigligi kullanilacak sekilde atanmaktadir. Simiilasyonlar ile, onerilen
algoritmanin performansi, daha Once oOnerilen erisim izni zaman araligina dayal
radyo kaynak atama algoritmalariyla karsilagtirmal olarak sunulmustur. Onerilen

algoritmanin spektrum etkinligini onemli olgiide artirdigr gosterilmigtir.

Anahtar Sozciikler: Makineler Arasi (M2M) Tletigim, Dikgen Olmayan Coklu
Erisim (NOMA), 5G ve Otesi Hiicresel Aglar, Kaynak Atama
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1. INTRODUCTION

1.1 Machine-to-Machine Communication

The machine-to-machine concept is based on the technology that machines com-
municate with each other without any human intervention in the communication
cycle. Even though it seems like a new technology, M2M communication has been
used for many years. M2M technologies are used most commonly in the vehicu-
lar telematics, security, and medical field. The communication system architecture
consists of time-triggered and event-triggered devices, human-to-human (H2H) de-
vices, as shown in Fig. 1.1. We have been using and editing tools for H2H or
human-to-machine (H2M) communications. Yet, there is considerable potential for
M2M devices in applications of smart homes, smart grids, smart cities, and the in-
dustrial environment without any human effort. M2M communications use sensors
and RFIDs to collect data and transmit the collected data traditionally through
Wi-fi, Ethernet, GSM, or Radio Frequency (RF). M2M servers and M2M devices
in diverse network domains require a wide coverage field to enable communication.
Therefore, usage of the cellular technologies will increase to gather data. Different
types of multiple access technologies are used for M2M applications in cellular net-
works. For example, 4G systems are supported by Orthogonal Frequency-Division
Multiple Access (OFDMA). The resources can be assigned to users by using either
frequency division multiplexing (FDM) or time-division multiplexing (TDM) tech-
niques for OFDMA. In FDM, the total bandwidth available is divided into frequency
bands while TDM divides time frames into slots keeping all transmits over the same
frequency band. However, Orthogonal Multiple Access (OMA) techniques are insuf-
ficient to keep up with the increase in the number of connected machines in MTC.

Therefore, Non-Orthogonal Multiple Access (NOMA), where several machine type
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Figure 1.1 System architecture

devices (MTDs) are allowed to participate in the same orthogonal channel, is one
of the solutions to support massive machine type connectivity in 5G. There are dif-
ferent service requirements for M2M applications that must be considered in design
of access techniques. For example, some applications, such as security systems, are
delay-sensitive but need to deliver small data, while applications such as intelligent
grids are delay-tolerant but need to deliver large data. Therefore, the QoS require-
ments of M2M devices need to be met effectively to avoid radio resource wastage

and service outage.

1.2 Non-Orthogonal Multiple Access (NOMA)

Radio access technologies (RATS) are effectively designed to increase system spec-
tral capability and connectivity to meet the enhancing high data rate and connec-
tivity requirements in next-generation 5G wireless networks. NOMA has attracted
research attention in this area as an encouraging technique for 5G and beyond cel-
lular networks. NOMA has the potential to improve system spectral capability and
connectivity limit. When we compare NOMA with the current standard OMA tech-

niques, NOMA introduces many advantages, such as massive connectivity, reduced
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Figure 1.2 Classification of NOMA schemes

latency with high reliability, enhanced spectrum efficiency, etc. NOMA systems,
using non-orthogonal resource allocation, accommodate more users than orthogonal
multiple access (OMA). In future radio access systems, OMA will not be sufficient

to meet the big resource demand.

The main idea behind NOMA is to serve multiple users over the same radio re-
source in terms of frequency, time, and space, simultaneously. While achieving this,
it aims to minimize inter-user interference. NOMA serves individual users with
higher adequate bandwidth, and at the same time, it permits scheduling more users
than the available resources. NOMA can be categorized into two as power-domain
and code-domain NOMA. Code-domain NOMA separates many users with the help
of some generalized “codewords.” Moreover, classic Code-Division Multiple Access
(CDMA), covering Low Density Spreading aided CDMA (LDS-CDMA), Interleave-
Division Multiple Access (IDMA), Resource Spread Multiple Access (RSMA), Mul-
tiUser Shared Access (MUSA), and Sparse Code Multiple Access (SCMA) constitute
the code-domain. Since the focus of this thesis is on power-domain NOMA, we do
not go further into these schemes. On the other hand, power-domain NOMA per-
mits multiple users at the same frequency, time, and space but with distinct power
grades, as summarized in Fig. 1.2. NOMA differs from OMA by superposing mes-
sage signals from multiple users in the power domain with the benefit of individual
channel gain differences. Then, successive interference cancellation (SIC) is applied

for multi-user detection and decoding of the signals at the receiver side of NOMA.
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Figure 1.3 Downlink NOMA setup for 2 users

Decoding is performed per user while other users are assumed as noise.

NOMA can be further considered as downlink NOMA and uplink NOMA based
on the direction of information transfer. In downlink NOMA devices get signals
over the same radio resources from the base station (BS). Downlink NOMA uses
a power allocation technique where considerable transmission powers are used for
weak channel conditions and lower transmit powers for users with better channel
conditions. Therefore, considering a user in the NOMA cluster, most of the inter-
ference is caused by high-power message signals of weak-channel users. To obtain
the desired signal, the strong interferences are canceled for each user by decoding,
then remodulating and removing them from the received signal. All intra-cluster
interferences are canceled by the user with the highest channel gain, while the user
with the lowest channel gains faces interferences from all users within the cluster.
In Fig. 1.3, there is an illustration of downlink NOMA for two users. The BS allo-
cates diverse transmission powers for both users’ signals. The signal with the most
considerable transmit power, user 1, is decoded first at both users. The decoded
signal utilizing SIC is removed by user 2, and it keeps decoding its signal. In uplink
NOMA, devices send their message signals over the same radio resources to BS. In
an uplink scenario, users transmit their individual signals with different transmit
powers. The received signal at the BS is a superposed signal with a random white
Gaussian noise added. The power of each device is limited to the lifetime of the
battery. Unlike downlink NOMA, the battery powers of all users can be completely
used on the condition that the users’ channel gains are different enough from each

other. Suppose that the channel gains are very close to each other. In that case, the
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performance of the user with better channel gain can be improved by using power
control while keeping the performance of the users with weaker channel gains at a
specific level. In order to implement SIC in BS and decode the signals, it is es-
sential to keep the divergence of the various superposed message signals within the
received signal. Each message signal faces different channel gains because different
users have different channels in an uplink scenario. So, the received signal power,
which corresponds to the user with the strongest channel, is probably the strongest
at the BS. Therefore, the strongest signal is firstly decoded at the base station and
faces interference from all other users in the cluster. As a consequence, the user
with the highest channel gain faces interference from all users in the NOMA cluster,
where the user with the lowest channel gain experiences no interference from any
user in the cluster. Fig.1.4 visualizes the basic functioning of the uplink NOMA
setup for two users. Since the signal arriving with the largest receive power is user
1, it is decoded first. Then, the BS extracts its contribution utilizing SIC and de-
codes the second user’s signal. Even though there are advantages of NOMA it is
still a challenging field to work including many different aspects such as dynamic
user pairing, resource allocation, outage probability, and user fairness. User pairing
is essential in order to obtain maximum efficiency due to co-channel interference in
NOMA systems. Another challenging issue in NOMA is to manage proper commu-
nication in 5G with a high data rate, low delay, and secure way. For any wireless

system, outage analysis is essential to understand the performance of the system. In



NOMA, less outage occurs for users randomly allocated in a cell compared to OMA.
While NOMA pays attention to inter-cell interference, it should also pay attention
to the outage examination to understand the outage pattern of edge users. Other
challenges include the impact of transmission distortion, NOMA with multiple an-
tennas, carrier aggregation, and NOMA with antenna selection. They all need to

be investigated and improved to facilitate NOMA at high efficiency.

1.3 Related Work

The number and importance of machine-type communication devices in our lives
have increased with the deployment of e-health systems, smart grid, systems used
to monitor and protect assets and natural life, and smart houses, to name a few.
Unfortunately, sufficient radio resources are not reserved for machine-type commu-
nication devices. H2H and H2M communications are given priority due to prevent
performance degradation. When radio resources are reserved for M2M communica-
tions, H2H applications such as internet browsing, online games, video streaming,
etc., experience resource scarcity, and as a result they experience excessive delays.
Therefore, many M2M devices use restricted radio resources [1]. The network has to
sparingly use the scarce radio resources to provide fair QoS because of the essential
change in the number of users [2]. Machine-type devices are used for different pur-
poses in various places having very diverse QoS requirements. Smoke detectors may
have high latency, and lower throughput compared to a connected goggle providing
augmented reality [3]. Also, while security systems have to transmit small data
in a very limited time, systems such as smart meters can send larger data with a
delay. These diverse QoS requirements of the systems should be taken into account
while designing M2M communications. In [4,5], the authors recommend clustering
MTC devices with common QoS features without considering bandwidth efficiency.
In [6,7], effective bandwidth usage has been taken into account by taking advantage
of the periodicity of M2M traffic, and efficient resource use is aimed at satisfying
the QoS requirements of MTC devices. MTC devices provide access to the BS using

the random access (RA) procedure. Even though MTC devices need to send a small



data payload, the detection and use of RA procedure in M2M communication bring
problems such as high latency, low transmission success rate, and high energy con-
sumption. Certain methods have been proposed to overcome these problems [10].
Innovative methods are presented in [12] and [13] for MTDs to communicate without
the need for the RA procedure. However, we do not focus on the RA procedure.
Some stages of the RA procedure were assumed to be managed in advance. NOMA
has been considered as a strategy that aids with efficient utilization of spectrum
resources for 5G and beyond 5G [14]. Analysis of NOMA and how to meet require-
ments for 5G is discussed in [15,16]. The main approach of NOMA is to assist all
users with the same radio resources at the same time. NOMA technique consists
of power domain and code domain. In code domain NOMA [17-19], the users at
the transmitter side assign different codes, and the receiver separates the signals
by looking at the codes. On the other hand, in power domain NOMA [24-27], the
message signals of multiple users are superposed with various power levels. As a
result, the receivers implement successive interference cancellations (SIC) to decode
the received signals. The fundamentals of NOMA was exploited in [14] for down-
link transmissions, and uplink transmissions [20]. Although NOMA allows serving
multiple MTC devices simultaneously, it is still challenging to deal with massive
connectivity and ensure spectrum efficiency. Therefore, different user pairing and
user clustering methods are investigated as a solution to massive connectivity prob-
lems [26-31]. The massive growth of M2M traffic and the number of connected
devices in cellular networks naturally bring some challenges in supporting this traf-
fic. The challenge of meeting the traffic and QoS requirements of many MTC devices
with limited radio resources have pushed researchers to look for a solution in 5G and
beyond networks. As a candidate, the periodic characteristics of most M2M traffic
can be used with a persistent resource allocation scheme in which radio resources
are allocated periodically without any extra control signaling for long durations.
NOMA is one of the effective methods used to increase the spectral efficiency of
mobile communication networks for a vast number of MTC devices. In light of this
idea, a NOMA-based resource allocation algorithm for uplink is proposed to min-

imize the bandwidth used while meeting the periodic traffic and quality of service



requirements of M2M devices.

1.4 Original Contributions

It is hard to meet the QoS requirements of a massive number of MTC devices
with insufficient radio resources in cellular networks. Therefore, this thesis aims to
determine the user clustering and resource allocation algorithms for uplink NOMA
systems that reduce the usage of frequency bands while meeting the requirements of
the packet generation period and the maximum allowed jitter requirements of MTC

devices. Thesis contributions can be listed as follows:

1. We examine the fundamental principles of uplink and downlink NOMA.

2. We propose a novel NOMA clustering technique that maximizes the number
of M2M devices in a cluster. The proposed scheme utilizes the channel gain
differences among the users in a NOMA cluster.

3. We propose a polynomial-time persistent resource allocation algorithm consid-
ering NOMA and the periodicity of the machine type communications traffic.

4. Through simulations, the performance of the proposed algorithm is presented
in comparison to the previously proposed access grant time interval-based ra-
dio resource allocation algorithms. It is shown that the proposed algorithm

enhances the spectrum efficiency significantly.

1.5 Thesis Outline

The remainder of the thesis is organized as follows. Chapter 2 explains the system
model and the assumptions used throughout the thesis. Then, in Chapter 3, the
minimum bandwidth resource allocation problem is formulated. Next, Chapter 4
presents the NOMA clustering and resource allocation algorithms. Simulations are

presented in Chapter 5. Finally, concluding remarks are given in Chapter 6.



2. SYSTEM MODEL AND ASSUMPTIONS

System model and assumptions used throughout this thesis are detailed in this

chapter.

2.1 NOMA

The requirement to access and analyze information from anywhere and at any time
has led to the development of M2M communication in many ways. The main differ-
ence between M2M and H2H applications is that the number of M2M applications
is much higher. Because of that, effective use of the bandwidth allocated for M2M is
one of the main goals. However, there are different QoS requirements for MTC de-
vices; most M2M applications need to transmit small data periodically. Using these
features of MTC devices, we can perform spectral efficiency for massive connectivity
by clustering M2M devices and allocate them to radio resources. NOMA system has
been regarded as an assuring multiple access technology for the 5G wireless commu-
nication systems because it allows energy and spectral efficient communication while
meeting diverse QoS requirements. NOMA is categorized into code-domain NOMA
and power domain NOMA. Power domain NOMA supports multiple users at the
same frequency, time, and space but with different power levels. In the power domain
NOMA, the channel diversity can be effectively exploited over SIC. We consider K
MTC devices randomly distributed within a circular area and communicating with
a single BS at the center of that area using uplink power-domain NOMA. The BS
and each device operate a single antenna configuration. A NOMA cluster is created
with devices that are non-orthogonally allocated on the same resource block. On
the other hand, each NOMA cluster is allocated on a frequency resource block that

is orthogonal to other frequency resource blocks. Consider a 4 MTC device uplink



NOMA cluster with channel gains hq, hs, hy and hy where hy > hy > hg > hy. The
transmit power affects the decoding arrangement and the channels’ fading effects
for the uplink because channel coefficients to the BS are not identical at the same
time. In the before-mentioned circumstances, the signal arriving with the enormous
receive power is decoded first, the BS subtracts its additive utilizing SIC and contin-
ues decoding the residual signal. When the normalized channel gains of each device
are vy, Y2, v3 and 4 and P is the transmission power. Then the next states must

be provided for efficient SIC at the base station. For example,

P’yl—P’yQ—P’)/;g—P’}QlZPA, (21)
P’YQ—P73—P’74ZPA, (22)
P’73—P’Y4ZPA, (23)

Equations (2.1), (2.2), and (2.3) shows the essential conditions for effective decoding
of the first, second, and third device, respectively, in order to prioritize the fourth de-
vice. According to the above conditions, the essential power constraints for effective
SIC in a K MTC device uplink NOMA cluster can be stated as follows:

K

Pre S oy > Pai— L2 (K 1), 24)
j=i+1

2.2 QoS Characterization

QoS provisioning allows controlling traffic and providing sufficiently good perfor-
mance for critical applications. It allows prioritization of high-performance applica-
tions and relieves the overall network traffic. MTC devices consist of event-triggered
and time-triggered devices. There are different QoS characterizations for each case.
Packet delay tolerance, aggregate maximum bit rate, required minimum bit rates,
and acceptable packet loss rates can be considered as QoS requirements in event-
triggered cases. In contrast, bandwidth efficiency, delay tolerance, packet loss, and

jitter can be considered for time-triggered devices. This thesis considers the packet

10



generation period (p;) and the maximum allowed jitter value (d;) to define QoS
requirements of time-triggered devices while ensuring spectral efficiency. The time
difference between two successful packet generation and transmission is defined as
jitter. Jitter is considered as the major QoS metric because it completely expresses
the time performance of periodic data transfer. Meeting jitter requirements is cru-
cial for many MTC applications such as critical security processes, real-time control
systems, health applications, and navigation data communications. Considering the
QoS constraint of time-triggered MTC devices, the device delay must be provided
within delay tolerance in the system. In another way, jitter requirements must be
provided. Even in the worst delay case, the delay must be less than the suitable
delay tolerance (jitter). If a device tries to transmit a packet during the transmis-
sion of higher priority devices simultaneously, the worst case may occur. Denote the
number of time-triggered devices on the same band as N, the jitter bound as ¢} and
transmission time of device i as 7;. MTC devices are sorted in increasing order of
packet generation periods. Then, the QoS constraint is formulated as follows:

i—1

0 =T+ Z[Pi/pz]ﬂ <d; for i€]ll,N] (2.5)
=1

where p; is the packet generation period of device i.

2.3 M2M Communication Scenario

We consider a cellular network architecture in which a base station supports multiple
MTC devices with different QoS requirements. The cell edge users’ lowest received
signal-to-noise ratio (SNR) in cellular mobile communications generally limits the
system performance. In OMA transmission, if the system design aims to maximize
the system capability, those users located at the cell edge will seldom be scheduled.
For this reason, an unfair resource allocation or even user failures occurs. Therefore,
the power-based NOMA technique is used in the uplink transmission of MTC traffic,
and the SNR of the arriving signals is taken into account when applying SIC at
the base station. We consider K uniformly distributed devices within a circular

area for uplink NOMA. ~; responsible for distance-based path loss and shadowing
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expresses the normalized channel gain between device i and the BS. The normalized
channel gains of the devices are sorted according to descending sequence of v, >
Yo > 73... > Yi. In most M2M communication applications, time-triggered devices
that generate periodical data are used. Industrial supply systems, e-health, and
intelligent transportation systems can be given as an example of time-triggered
devices. The solution presented in this thesis addresses NOMA-based radio resource

allocation of time-triggered MTC devices in 5G and beyond the cellular network.

2.4 Clustering Techniques

The most fundamental design problems for uplink and downlink NOMA systems
are well-designed user clustering and power allocation between users. As a solution
to deal with massive connectivity problems, [26] uses a stochastic geometry proce-
dure to create an intensive wireless system on both uplink and downlink NOMA.
Performance results are investigated according to outage and achievable rate, either
in pseudo-closed forms or short closed forms. Additionally, a massive grant-free
NOMA scheme where devices have firm latency requirements and no retransmission
opportunities exist has been proposed in [27]. Moreover, the effect of user grouping
on the achievement of NOMA systems is examined in [28]. It is shown that the
performance gain of NOMA compared to OMA can be additionally increased by
choosing users whose channel requirements are more distinguishing. Different types
of clustering techniques have been investigated in the literature. Specifically, authors
in [29] introduce and investigate a hybrid OMA-NOMA designs for mMTC uplink
scenarios by the scheduling designs random resource schedule (RRS) and channel-
aware resource schedule (CRS). Under the RRS design, MTC devices are allocated
to aggregation channels independently and randomly. At the same time, processing
of RRS scheme, channel state information (CSI) is not used for the scheduling meth-
ods. Contrary to RRS, CSI is used for resource scheduling in CRS, and MTC devices
are initially allocated from the one with better fading gain. Meanwhile, users are
clustered singly if the user verifies NOMA relevance constraint with the interference

from the user already existing in the cluster in [30]. Another clustering scheme,
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dynamic user clustering (DUC) [31], takes advantage of differences in channel gain
between users in a NOMA cluster and groups them into an individual cluster or
multiple clusters. In [31], it is tried to maximize the sum-throughput of the sys-

tem without considering the spectral efficiency required for resource assignment for

MTC.

This thesis proposes a low complexity user clustering scheme for uplink NOMA
systems for machine-to-machine communications. The proposed scheme consists of
two stages. First, time-triggered periodic devices with common period and jitter
values are grouped into QoS clusters. "n” represents the number of devices per QoS
cluster, varying from 2 < n < K. Provided the range of n, the number of clusters

can alter between 1 and K/2. Now, let specify the variable z; ; as follows:

1, if a device i is grouped into cluster j
Tij = (26)

0, otherwise

where j=1,2, ---, K/2 and i=1,2, ---, K. Then, it exploits the channel gain differ-
ences among devices and creates NOMA sub-clusters from the QoS clusters. This
scheme relies on 3 dB channel gain differences between each device before user clus-
tering in sub-clusters. By this procedure, it aims to maximize the number of devices
in a NOMA sub-cluster and thus to minimize the number of resource blocks required

for allocation.

2.5 Resource Allocation

NOMA ensures greater flexibility in resource utilization than traditional OMA sys-
tems. A resource block is the smallest radio resource unit assigned to a user, as
shown in Fig. 2.1. An RB is a time-frequency unit with a bandwidth of 180 kHz
and a duration of 0.5 ms. In 5G cellular networks, the new radio (NR) is used to
support massive connections by providing the flexibility referred to as multiple nu-

merologies [32]. Subcarrier spacings and cyclic prefixes are used as a flexible frame
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Figure 2.1 Structure of time-frequency resource blocks

structure. The space among the centers of two sequential subcarriers is called the
subcarrier spacing, and the subcarrier spacing values are given 15, 30, 60, 120, and
240 kHz. In this thesis, a fixed numerology is used over the entire bandwidth part
reserved for MTC communications. Resource block granularity is supported in NR
as in LTE, although NR features enable to change RB architecture [33]. The fre-
quency band of 1 RB width is called the element frequency band (EFB), and the
time band of 1 RB width is called transmission time interval (TTI), as demonstrated

in Fig. 2.1.

Each MTC device should be assigned to one EFB. Time-triggered M2M devices
are prioritized; i.e., After time-triggered M2M devices are allocated to EFBs, then
event-triggered M2M and H2H devices can be allocated if resources are present.
For time-triggered MTC devices, only 1 RB is assigned periodically because of the
small data transmission characteristic of MTC traffic. Packet generation periods are
assumed to be integer multiples of 1 RB duration. The time-triggered M2M devices

are prioritized and allocated in increasing order of packet generation periods.
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3. MINIMUM BANDWIDTH RESOURCE
ALLOCATION PROBLEM

A large number of M2M devices use limited radio resources that are constrained
from H2H devices. Therefore, it is essential to minimize the number of frequency
bands used by MTC devices considering fixed numerology. The minimum band-
width resource allocation goal is to provide spectral efficiency while satisfying the
packet generation period, maximum allowable jitter value, and SNR constraint of
time-triggered M2M devices. MTC devices with a common packet generation pe-
riod and maximum allowable jitter value are first grouped into QoS clusters. Then,
these clusters are further clustered into NOMA sub-clusters by the proposed NOMA
technique. The constraints of the optimization problem include periodic data gen-
eration and jitter tolerance requirements of MTC devices, and the SNR constraint
for NOMA. The detailed information about QoS requirements is given in Section

2.3.

While meeting the requirements of periodic traffic and QoS requirements of a certain
number of MTC devices, NOMA-based resource allocation, which aims to minimize

the bandwidth usage, is formulated below as an optimization problem.
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min Z 2, (3.1a)
k

s.t. > ym=1,j (3.1b)
k

>y < N, Yk (3.1¢)

J
> ay=1,Vi (3.1d)
J

Prxj — ZJEUP’YZ > Pa, Vi,j (3.1e)
I
j-1
T+ %Tylk <d;+ (1 —yu)D, Vj (3.1f)
=1
variables 2z € {0,1}, yr € {0,1}, x;; € {0,1} (3.1g)

The independent variables of the problem are zy, y;r and z;; (3.1g). =z is used
to indicate whether band k is used; y;; indicates whether NOMA sub-cluster j is
assigned to band k, The variable z;; indicates whether the MTC device ¢ is clustered

into the NOMA sub-cluster j. 2, y;r and z;; are binary variables.

The objective function of the optimization problem is to minimize the frequency
band usage. (3.1a). MTC devices with the same period and jitter values are divided
into clusters, and then these clusters are ordered in ascending order. Each MTC
cluster is then divided into sub-clusters using the NOMA technique. Each sub-
cluster is assigned to an RB. It aims to reduce the number of frequency bands used
as a result of assigning MTC devices of all sub-clusters to frequency bands so that
traffic and QoS requirements are met. Equation (3.1b) states that a frequency band
must be assigned for a NOMA sub-cluster j. Inequality (3.1c) indicates that at
least one NOMA sub-cluster should be assigned to band k indicating that band k
is used in resource allocation. N is a large number that will cause inequality when
2 takes a value of 1, regardless of the number of NOMA sub-clusters. Equation
(3.1d) states that an MTC device can be assigned to only one NOMA sub-cluster.

Inequality (3.1e) shows the SNR constraint required for a successful resolution at the
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base station for a NOMA sub-cluster j. Here, 7; represents the normalized channel
gain for MTC device i, P represents the power used in the uplink communication,
and Pa represents the detection threshold at the SIC receiver. Finally, inequality
(3.1f) ensures that the QoS requirements are met for NOMA sub-clusters (y;;, = 1)
assigned to the same band. When y;, = 0, the inequality for the value D = 7 +
E;\il %7‘ — d; is satisfied in all conditions. Here, 7 represents an RB duration;

p; is the common packet generation period of the devices in the sub-cluster j; d;

represents the maximum allowable jitter value.
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4. NOMA-BASED MINIMUM BANDWIDTH
RESOURCE ALLOCATION ALGORITHM

The formulated optimization problem is the previous section is and Integer Pro-
gramming (IP) problem which is combinatorial in nature and difficult to solve in
general. Mainly, for bandwidth minimization, the optimum user clustering solution
requires exhaustive search to form a NOMA sub-cluster. One needs to consider all
possible combinations of MTC devices to group them optimally. That is why the
optimal resource allocation solution can not be reached practically for a large num-
ber of devices. For instance; in an uplink NOMA system with K users, the number

of possible combinations for optimum user clustering can be stated as:

0-3- (%) o

In this case, we propose a two-step solution for the problem. First, we group the
MTC devices with a common packet generation period and maximum allowable jit-
ter value into the same QoS cluster to decrease the overall complexity of resource
allocation and then further group these clusters into NOMA sub-clusters using nor-
malized channel gains of MTC devices. NOMA clustering solution is detailed in
Sections 4.1 and 4.2. Then, given the NOMA clustering, we propose a resource

allocation algorithm as detailed in Sections 4.3 and 4.4.
4.1 NOMA Clustering Algorithm

The NOMA clustering algorithm given in Algorithm 1 groups each of the M QoS
clusters that consist of MTC devices with a common packet generation period and
maximum jitter value into NOMA sub-clusters. Sub-clustering is done by using

normalized channel gain values of MTC devices. This process continues until all

18



Algorithm 1 NOMA Clustering Algorithm

1:
2:
3:
4:
H:
6:
T
8:

9:

input: M clusters {C,Cs, ...,Cys}
output: NOMA sub-clusters {C;y, Ca. ..., Cig, } for all C;, i € [1, M];
fori=1:M do

k+1,

while C; # () do

v (Ci1))

Cir + Ci + Ci[1]
Ci «+ C; — Ci[1]
for j € C; do

10: if v; <+*/2 then

Cip — Ci. + 3
Ci—Ci—j
AR e ¥
end if
end for
k+—k+1,

end while

18: end for

Figure 4.1 NOMA Clustering Algorithm

QoS clusters are divided into NOMA sub-clusters, and each device is assigned to a

sub-cluster.

The NOMA Clustering Algorithm is explained in detail as follows. The input is
M QoS clusters, while the output is K; sub-clusters of NOMA generated from each
QoS cluster C; (Lines 1 and 2). The algorithm creates sub-clusters from each set
C; for all i € [1, M] (Line 3). k indicates the number of sub-clusters created and is
initially set to 1 (Line 4). The algorithm continues to generate sub-clusters for each
cluster C; as long as there are devices in C; that have not yet been allocated to a
NOMA sub-cluster(Line 5). The algorithm first selects the device with the highest
normalized channel gain * for each NOMA sub-cluster Cj;, (Lines 6 and 7). Then,

among the remaining devices in C}, the first device whose normalized channel gain
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is equal to or less than half of the previously selected device’s normalized channel
gain is selected (Lines 9-15). This process ends when no device that meets this
requirement is found. Devices added to the existing NOMA sub-cluster are removed
from C;. The algorithm terminates when all QoS clusters are divided into NOMA

sub-clusters, and each device is assigned to a NOMA sub-cluster.

4.2 NOMA Clustering Algorithm Illustration Through An Example

The working principle of our clustering algorithm is explained through an example
in Fig. 4.2. We consider one QoS cluster (] of 12 devices and the normalized
channel gain of devices in the cluster are 7, = 30, 75 = 29.5, 73 = 29, 74 = 28.5, 75
=28, v = 27.5, 77 = 27, 75 = 26.5, 9 = 26, 10 = 25.5, 711 = 25, and 72 = 24.5,
respectively. We start from device with the highest normalized channel gain ~v; =
30 and compare with the second device 7, = 29.5. Since the difference between that
two devices, 71 - 72 = 30 - 29.5 = 0.5, does not satisfy half the maximum power
which is equal to the 3 dB, we move on to the next device, 73 = 29. Again, the
normalized channel gain difference between the devices, v, - v3 = 30 - 29 = 1, does
not satisfy 3 dB condition. Similarly, we check normalized channel gain difference
between first device and fourth, fifth, sixth devices, respectively. Results are 7, -
Y4 =30-285 =157 -7v% =30-28 =2 v - = 30 - 27.5 = 2.5. However,
there is still no 3 dB difference. Thus, we can not create a sub-cluster with any of
that devices. Then, we proceed to next device, v = 27. The normalized channel
gain difference with the first device is vy, - 77 = 30 - 27 = 3. Since it satisfies the
3 dB difference condition, we can create a sub-cluster called C; that contains first
and seventh devices. This time, we continue to check the normalized channel gain
difference with seventh device and eighth device. The result is 7 - 73 = 27 - 26.5
= 0.5. It does not satisfy the condition. Therefore, we move on the next device,
Y9 = 26. The normalized channel gain difference is v; - 79 = 27 - 26 = 1. Since
the difference is not 3 dB, we can not add ninth device to the sub-cluster C;;. For
tenth, eleventh and twelfth devices, the normalized channel gain difference does not

meet the condition. Therefore, the sub-cluster C; includes only first and seventh
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devices. Then, we pick the device with the second highest normalized channel gain
that is not in any sub-cluster, 75 = 29.5. We compare the normalized channel gain of
second device with the normalized channel gain of other devices. There is no need to
look for devices that are already in sub-cluster. Since the channel gain difference of
second and eighth devices is v5 - 75 = 29.5 - 26.5 = 3, we create another sub-cluster
called C'15 that includes second and eighth devices. Unfortunately, the channel gain
difference between eighth and next devices does not satisfy the condition. With this
procedure, we allocate all devices to sub-clusters as shown in the figure in detail. The
QoS cluster is grouped into 6 NOMA sub-clusters each containing 2 MTC devices

satisying the SNR constraint given in Equation 3.1e.

4.3 Resource Allocation Algorithm

The proposed Resource Allocation Algorithm given in Algorithm 2 performs the
assignment of RBs to K; NOMA sub-clusters according to the priorities in order of
increasing packet generation periods. The proposed algorithm assigns one RB to
each NOMA sub-cluster periodically without violating the QoS requirements of the
devices in NOMA sub-cluster. Resource Allocation Algorithm is explained in detail

as follows.

K; NOMA sub-clusters generated from each of the M QoS clusters obtained using
NOMA Clustering Algorithm is sorted by ascending packet generation period. Each
element of the vector K, K;, specifies the number of NOMA sub-clusters of the MTC
set ¢ that have not yet been assigned an RB (Line 3). The algorithm updates the
number of unassigned sub-clusters at each iteration and terminates when all sub-
clusters are allocated RBs (Line 4). B,, is an M-dimensional vector showing how
many NOMA sub-clusters from each MTC cluster are assigned to band n. Therefore,
B, (7) is the number of sub-clusters assigned from the cluster ¢ in band n. For each
band n, B, is initialized to zero (Line 5). The algorithm assigns NOMA sub-clusters
in descending order of priority in each band. For each MTC cluster i assigned to a

band, A; specifies the maximum waiting time due to higher priority MTC clusters
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Algorithm 2 Resource Allocation Algorithm

1: input: RB length 7. p;. d;, K; for all i € [1, M]

2: output: Number of sub-bands N, for n € [1, N] resource allocation By
3 ne 1K« [Ky, Ko, ..., Kyl

4: while K # zeros(1, M) do

B, + zeros(1,M):

6: fori=1: M do

T: A+ 0

8: for j=1:ido

9 A+ A+ Ba(j) * Hff] *T
10 end for

11: Arem + di — A

12: if A, >0 then

13; B, (i) = min{K (i), | Sz |}
14: end if

15:  end for

16: K+ K — B,
1. n+n+l

18: end while

190 N=n-—1

Figure 4.3 Resource Allocation Algorithm
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previously assigned to the same band (Lines 7-10). Each NOMA sub-cluster must
be assigned to an RB of 7 time before its next packet is created without violating
the maximum allowable jitter requirement. Therefore, the appropriate assignment
time A,.p, for each MTC cluster is determined accordingly (Line 11). The number
of NOMA sub-clusters to be assigned from the considered MTC set to the current
band is determined to be LATTWJ at most, since each NOMA sub-cluster needs an
RB of duration 7 (Lines 12-14). The algorithm maximizes the utilization of each
band by assigning the maximum number of NOMA sub-clusters from each QoS
cluster. After NOMA sub-clusters have been assigned to band n without violating
QoS requirements from all clusters, the number of remaining sub-clusters from each
MTC cluster is updated (Line 16). The algorithm continues with the assignment of

the remaining sub-clusters to the next band (Line 17).

4.4 Resource Allocation Algorithm Illustration Through An Example

The working principle of resource allocation algorithm is described through an ex-
ample in Fig. 4.4. Consider 4 QoS clusters with dy =2, py =2, 7, = 1, K| = 3,
do =3, pp=4,15=1 Ky =2,d3=3,p3 =5, 13=1, K3 =2,dy =3, py =6,
74+ = 1, K4 = 3 as the cluster parameters. The clusters are denoted by C;, Cs, Cs,
Cy, respectively. The allocation of RBs to NOMA sub-clusters starts with cluster
C;. Since the highest priority cluster is €, there is no delay imposed by other
clusters on C;. Therefore, we set the A; to 0. The A,ep isd; — Ay =2—0= 2. So,
Avem/mT = 2/1 =2 NOMA sub-clusters from cluster C; can be allocated to the first
band B. Here, B;(1) can be updated to 2. Now, the cluster C5 is considered for the
first band B. The delay applied on cluster C5 by cluster C'; on the initial band B is
calculated as, By (1) * (;’—ﬂ #71 = 2% [3]*1 = 4. However, since 4 > dy = 3 the delay
applied on cluster Cy is greater than its delay tolerance. Therefore, any NOMA
sub-cluster from QoS cluster C'; cannot be allocated to the initial band B. Similar
to (5, the delay applied from cluster C'; on clusters C5 and Cy are 2 x [g} x1 =6 and
2% (%1 x1 = 6, respectively. Thus, any NOMA sub-clusters from QoS clusters C'3 and

C, cannot be allocated to the initial band. Next, the second band B is considered.
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Figure 4.4 The illustration of resource allocation algorithm example

Here, the third NOMA sub-cluster from cluster C; is still unallocated. Therefore,
first this sub-cluster is allocated on the second band B. Then, we proceed with the
second highest priority cluster, C5. The maximum wait time, Ay is [%} x1=2. The
Ayen is dg— Ay = 3—2 = 1. According to the formula A,.,, /72 = 1/1 = 1 sub-cluster
from cluster Cy can be allocated to the second band. When the clusters C3 and C}
are considered, the sub-clusters on the second band would apply [3]+ [2] =5 and
[5] + [%] = 5 delays, respectively. Since 5 > d3 = 3 and dy = 3, we cannot allocate
any sub-clusters from cluster C5 and cluster Cy. Following that, we move on to the
third band. There is still one sub-cluster from cluster C5. Therefore, we allocate
this sub-cluster first on the third B. Then, we proceed with the next highest pri-
ority cluster, C3. The maximum wait time, Az is [22] x 7, = [§] 1 = 2. The
Ayem is d3 — Ay = 3 —2 = 1. So, we can allocate A,,,/m3 = 1/1 = 1 sub-cluster
from cluster C5 on the third B. The delay applied to cluster Cy which is caused
by cluster Cy on the third band is, B3(4) = [$] 4 [¢] =4 > dy = 3. Then, we

cannot allocate any sub-cluster from cluster Cy on the third band. We allocate the

remaining sub-clusters on the fourth and fifth bands following the same procedure.
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5. SIMULATIONS & PERFORMANCE EVALUATION

This chapter aims at analyzing the performance of the proposed NOMA clustering
algorithm and resource allocation algorithm to the previously proposed algorithms

through simulations.

Table 5.1 summarizes the values of the parameters used in the simulations. It is
assumed that the bandwidth reserved for M2M communication is 18 MHz, and it is
divided into 100 bands, each corresponding to one RB-wide frequency band. Each
QoS cluster consists of a random number of MTC devices distributed in the [10,100]
range, and 12 clusters are used. Packet generation period and maximum jitter tol-
erance values of QoS clusters are p; € {10, 20, 20, 40, 100, 100, 200, 250, 500, 500, 103,
10°}(ms) and 6; € {2,4,6,12,50,60,80, 100, 150, 200,500, 10*} (ms), Vi € {1, ..., 12},
respectively. Performance results are obtained in MATLAB by averaging 1000 in-
dependent runs for each simulation scenario. In the simulations, the persistent
resource allocation algorithm given in Algorithm 2 is used as the resource allocation

algorithm.

In addition to the proposed Algorithm 1 as the NOMA clustering algorithm, differ-
ent clustering algorithms suggested in the literature for comparison purposes ran-
dom resource scheduling (RRS), channel-dependent resource scheduling (CRS) [29],
dynamic user clustering (DUC) [31] are used. For the random resource schedule
algorithm, the number of devices to be assigned and the available number of chan-
nels resources to be assigned are determined. If the number of channels is more
than the number of MTC devices assigned, a random and independent assignment
is performed as one device for each channel. However, if the number of MTC devices

assigned is more than the number of channels, devices are randomly assigned to all
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Parameters Values

Number of MTC devices in each QoS cluster [10,100]
Number of QoS clusters 12
Packet generation period, p; 10,20,20,40,100,100,200,
250,500,500,10%,10° (ms)
Maximum jitter tolerance, 9; 2,4,6,12,50,60,80,100,

150,200,500,10% (mns)

Maximum NOMA sub-cluster size 4

Number of runs 1000

Table 5.1 Simulation Parameters

channels one by one first. The remaining devices are then assigned to channels to be
used in common with previously assigned devices. This assignment is executed with-
out using any channel state information. On the other hand, the channel-dependent
resource schedule aims to use better channel resources by using the channel state
information. The channel gains are ordered in descending sequence in CRS, where
the aggregators know the fading gain. Then, the allocation of devices is performed in
the same way as in the RRS algorithm. This time, however, the placement of devices
starts with the one with the best channel gain. In the DUC algorithm, clustering
is done by using the channel gain differences of the devices. Normalized channel
gains are ordered in descending sequence first. Then, when there is a channel gain
difference of at least ten times between the device and the next device, that number
is defined as alpha. If the alpha is smaller than six, the cluster size equals to alpha
value. If the alpha is greater or equal to six, then the cluster size equals six. The

values of the parameters used for uplink NOMA is given in Table 5.2.

In Figure 5.1, the proposed clustering algorithm (CA) is compared with other clus-
tering algorithms; RRS, CRS, DUC, and OMA. These NOMA clustering algorithms
have been used by integrating them into the resource allocation algorithm proposed
in Algorithm 2. A NOMA sub-cluster can take the maximum size of 1 for the OMA
scenario, while it is 4 for other clustering algorithms. Normalized bandwidth is in-

vestigated for different number of QoS clusters. Normalized bandwidth is the ratio
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Parameters Values

System effective bandwidth 18 MHz

Bandwidth of a resource block 180 kHz

Duration of a resource block 0.5 ms
Number of available bands 100

Transmit power, P 24 dBm

Detection threshold at SIC receiver, Pn | 10 dBm

Table 5.2 Simulation Parameters for Uplink NOMA

50 T T T T T

—o—CA
—<—DUC | 1
—<—RRS

CRS | 1
—=— OMA

45

35
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15 - SEaE
pa—
10 -
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0 2 4 6 8 10 12

Number of QoS Groups

Figure 5.1 Bandwidth performance of the resource allocation algorithm for CA,
DUC, RRS, CRS and OMA clustering solutions by number of QoS groups.
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of the bandwidth required by the proposed solution to the bandwidth needed for
the previously proposed (AGTI-based) algorithm. The proposed NOMA clustering
algorithm gives better results than CRS and RRS clustering algorithms in terms
of spectral efficiency, and it shows a lower performance than the DUC clustering
algorithm. In DUC algorithm, which aims to maximize the sum-throughput of the
system, spectral efficiency is not considered. DUC may seem to give a better result,
but it consumes more power because it needs to dynamically adjust user cluster-
ing to ensure user fairness. Since we fixed the normalized channel gain difference
between users as 3 dB to ensure successful SIC at the receiver, the CA algorithm
provides a less complex algorithm using less power. RRS gives a slightly better result
than CRS because it has less restrictions. Therefore, the use of CSI did not help to
minimize the bandwidth usage. However, while each user is assigned individually as
long as there are enough channels, like OMA, it gives worse results compared to the
CA algorithm. In contrast, it provides a better result than OMA because it assigns
devices jointly in the case of limited channels. For OMA, the proposed resource al-
location solution (Algorithm 2) reduces the required bandwidth by at least 50% for
all scenarios. Bandwidth performance remains stable as the number of QoS clusters
increases. This shows the resilience of the resource allocation algorithm against QoS
diversity. When used together with the proposed NOMA clustering algorithm, the
proposed resource allocation algorithm reduces frequency band usage by 85% for

the maximum NOMA cluster size of 4.

Similarly, Fig. 5.2 illustrates the normalized bandwidth for scheduling algorithms
CA, RRS, CRS, DUC, and OMA for different number of QoS groups for implicit
deadline case. In the implicit deadline case, each device has its maximum jitter
tolerance equal to its period. Performance results are similar to Fig. 5.1. The
proposed algorithms perform better for the implicit deadline case since it is less

restrictive in terms of QoS requirements.

Fig. 5.3 and Fig 5.4 illustrate the normalized bandwidth for resource allocation

algorithms CA, RRS, CRS, DUC, and OMA for different number of devices for the
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Figure 5.2 Bandwidth performance of the resource allocation algorithm for CA,
DUC, RRS, CRS and OMA clustering solutions by number of QoS groups for
implicit deadline case.

uniform and the implicit deadline cases, respectively. The number of QoS clusters
is 12, and a different number of devices are uniformly shared between those QoS
clusters. The proposed algorithm, CA, gives better performance than the other
clustering algorithms such as RRS and CRS, while it performs very close to clustering
algorithm DUC. Here again, the proposed algorithms perform better for implicit

deadline case than the uniform deadline case.

In Fig. 5.5, the effect of maximum NOMA cluster size on the performance of the
proposed algorithm is investigated. It is seen that the bandwidth efficiency increases
significantly as the cluster size increases. On the other hand, the performance in-
crease decreases as the maximum cluster size value increases. For example, increas-
ing the cluster size from 2 to 3 reduces the normalized bandwidth by 10%, while
increasing the cluster size from 3 to 4 decreases the bandwidth by 5%. Considering
the complexity of the increase of NOMA cluster size, 3 can be regarded as a practical

and spectral-efficient NOMA cluster size.
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Figure 5.3 Bandwidth performance of the resource allocation algorithm for CA,
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6. CONCLUSION

In this thesis, the limited resource problem caused by the rapid growth of M2M com-
munication has been evaluated. Although there are many M2M devices, because of
the machines’ small data transmission and periodicity feature, we can offer a solu-
tion to the massive connection by clustering the devices and assigning them to an
RB. Effective user clustering and allocation are the most fundamental design prob-
lems for the NOMA system for all these reasons. As a conclusion, a NOMA-based
resource allocation study is investigated for the native support of massive M2M com-
munications in 5G and beyond cellular networks. Considering the QoS requirements
of M2M devices, a NOMA-based optimization framework is established, and a radio
resource allocation algorithm employing a NOMA clustering algorithm is proposed
within this framework. The proposed two-phase algorithm first groups QoS clus-
ters into NOMA sub-clusters, minimizing the number of NOMA sub-clusters. The
second phase assigns NOMA sub-clusters to resource blocks to reduce bandwidth,
considering the QoS requirements characterized by jitter and periodicity. The ef-
fect of the number of QoS groups on the normalized bandwidth is observed for CA,
DUC, RRS, CRS, and OMA, and the bandwidth performance of the proposed re-
source allocation algorithm has emerged for the uniform deadline case as a result of
this observation. When the proposed NOMA clustering algorithm and the proposed
resource allocation algorithm are used together, it has been observed that an 85%
efficiency is achieved in the frequency band usage. Again, the effect of QoS on the
normalized bandwidth is investigated for the implicit deadline case. The results of
the implicit deadline case are similar to the uniform deadline case, but the perfor-
mance of the proposed algorithms is better for the implicit deadline case because,
considering the QoS requirements, the implicit deadline case has a less restrictive

attitude. Then, the effect of the number of devices on the resource allocation al-
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gorithm was observed, and the relationship between the change in the number of
devices and the normalized bandwidth has emerged for the uniform deadline case
for the given clustering solutions. Considering the number of QoS clusters fixed to
12, the effects of the change in the number of devices allocated to the clusters were
observed. Likewise, the bandwidth performance of the algorithm is examined for the
implicit deadline case, and it is seen that the implicit deadline case gives better re-
sults than the uniform deadline case. Lastly, the connection between the bandwidth
performance of the resource allocation algorithm and the cluster size of NOMA is
observed for the proposed clustering solution. It is concluded that bandwidth effi-
ciency is directly proportional to cluster size. In addition, it is observed that the
efficiency increase rate decreases as the cluster size increases. Overall, performance
results show that the proposed solution significantly reduces the bandwidth used

compared to OMA and previously submitted clustering techniques.

As a future study, the optimization framework and the proposed solution strategy
will be extended to incorporate multiple numerology based physical layer in New

Radio as specified in 5G.
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