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Abstract

Mission-critical applications such as autonomous vehicles, tactile In-
ternet, and factory automation require seamless connectivity with
stringent requirements of latency and reliability. These futuristic
applications are supported with the service class of ultra reliable
and low-latency communications (uRLLC). In this thesis, the per-
formance of core enablers of the uRLLC, non-orthogonal multiple ac-
cess (NOMA), and NOMA-random access (NOMA-RA) in conjunc-

tion with the short-packet communications regime is investigated.

More specifically, the achievable effective capacity (EC) of two-user
and multi-user NOMA and conditional throughput of the NOMA-RA
with short-packet communications are derived. A closed-form expres-
sions for the EC of two-user NOMA network in finite blocklength
regime (short-packet communication) is derived, while considering
transmissions over Rayleigh fading channels and adopting a practical
path-loss model. While considering the multi-user NOMA network,
the total EC of two-user NOMA subsets is derived, which shows that
the NOMA set with users having distinct channel conditions achieve

maximum aggregate EC.

The comparison of link-layer rate of NOMA and orthogonal multiple
access (OMA) shows that OMA with short-packet communications
outperformed the NOMA at low SNR (20dB). However, at high SNR
region (from 20dB to 40dB), the two-user NOMA performs much bet-
ter than OMA. To further investigate the impact of the channel condi-
tions on the link-layer rate of NOMA and OMA, the simulation results

with generalized fading model, i.e., Nakagami-m are also presented.



The NOMA-RA with short-packet communications is also regarded
as the core enabler of uRLLC. How the NOMA-RA with short-packet
communications access the link-layer resources is investigated in de-
tail. The conditional throughput of NOMA-RA is derived and com-
pared with the conventional multiple access scheme. It is clear that
NOMA-RA with optimal access probability region (from 0.05 to 0.1)
shows maximum performance. Finally, the thesis is concluded with
future work, and impact of this research on the industrial practice are
also highlighted.
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Chapter 1

Introduction

1.1 Motivations

The ballooning growth of new applications, such as tactile Internet, massive sens-
ing, holographic teleportation, and autonomous vehicles, poses serious challenges
in terms of provisioning the spectrum efficiency, higher reliability, and lower la-
tency [1]. The 5th generation (5G) and beyond 5G (B5G) promise seamless
connectivity, enhanced capacity, higher reliability, and low-latency, through its
use-cases of ultra-reliable and low-latency communications (uRLLC), and mas-
sive machine-type communications (mMTC) [2]. To meet the target objectives,
research on above mentioned use cases has proliferated, in particular on uRLLC
as a promising solution for the applications of overlapping areas of Internet of
things (IoT) and tactile Internet. Meeting the stringent requirements of latency
and reliability for uRLLC demands both revolutionary and evolutionary changes
in the conventional wireless communications paradigm [3, 4]. This is due to the
fact that among all the use cases of 5G and beyond 5G, uRLLC pose serious
challenges in terms of ultra-reliability and ultra-latency. For example, when an
attempt is made to improve the reliability by using redundancy, re-transmission
or parity, it results into an increase of the latency.

Provisioning of ultra high reliability (characterized as overall packet loss prob-
ability) and very low latency (characterized as the end-to-end delay) for uRLLC

use case is even very difficult in very simple communications scenarios, when the



users are not very far from base stations (BSs) and are only adjacent to very lim-
ited number of BSs [5]. To meet the stringent latency and reliability requirements
of uRLLC, existing work focuses on the reduction of the end-to-end (E2E) delay
by reducing the coding delay and the transmission delay. And for the reliability
its main focus is the transmission errors. However, the queuing delay and the
packet loss resulting from the queuing delay violation probability are not well
investigated as part of the latency and reliability constraints for achieving the
uRLLC. As a result, the most prominent use case of uRLLC for 5G and B5G
under the constraint of queuing delay and queuing delay violation probability is
not well understood. Also which tools should be used to analyse the performance
of the uRLLC under stringent delay and reliability constraints are not clear [6, 7].

It is of capital importance to investigate the challenges faced by the uRLLC
to ensure the low latency and ultra reliability for the emerging and futuristic
applications. Very limited theoretical work has been done that combines the
latency and the reliability. The pioneer work by Polyanskiy [8] provides the
bounds on the block error rate for short-packet communications, however still it
does not investigate the queuing delay and queuing delay violation probability.
This invites the researchers from academia and industry to revisit the enabling
technologies and tools to achieve and investigate the stringent latency and reli-
ability requirements for uRLLC. In the next sections, there is the description of
the major enabling technologies and tools that are used to ensure the stringent

requirements of latency and reliability for uRLLC.

1.2 Enablers of uRLLC

To meet the stringent requirements of latency and reliability for the use case of
uRLLC many enabling technologies have been outlined in the literature. To name
a few are the short-packet communications (finite blocklength)!, non-orthogonal
multiple access (NOMA), NOMA-random access (NOMA-RA), spatial diversity,
machine learning, slicing, network coding, and caching and mobile edge comput-

ing [9, 10, 11]. To investigate the performance of all the enabling technologies for

!The terms finite blocklength and short-packet communications will be used alternatively
throughout the thesis.



uRLLC is beyond the scope of this work. This work only studies the performance
of short-packet communications and NOMA, and NOMA-RA technologies, be-
cause NOMA and NOMA-RA in conjunction with the short-packet communica-
tions not only ensures the low latency and higher reliability requirements but can
also provide the massive connectivity, spectrum efficiency, and higher throughput
[12, 13]. Below is the brief overview of the short-packet communications and the
NOMA technology.

1.2.1 Short-Packet Communications

The usage of the short-packet communications results into the reduction of the
transmission delay which makes it a perfect candidate for uRLLC and massive
machine type communications (mMTC) [14]. Most of the uRLLC and mMTC
applications also require small amount of data for their smooth operations, which
further confirms the place of short-packet communications as an enabler technol-
ogy [15]. Though the shortening of packets can be straight forwardly convincing
as a mean to achieve uRLLC, it poses serious challenges such as capacity penalty.
Furthermore, to meet the constraints on reliability, the channel codes used for
the short-packet communications should also be strong enough [8].

As known, traditional wireless systems are designed based on the Shannon
theory without stringent reliability constraint, where long packets are considered
in the communications. The Shannon limit, however, is a loose upper bound
for the performance of systems with short-packet communications. Therefore,
the achievable rate for the short-packet communications should also take into
consideration the capacity penalty and transmission error probability. The more

detail on the short-packet communications is provided in Chapter 2.

1.2.2 Non-orthogonal Multiple Access

As compared to serving the single user with a dedicated bandwidth resource block
as in orthogonal multiple access (OMA), NOMA allows multiple users to occupy
the same time and frequency resource block. In this way, NOMA can accommo-
date multiple users by breaking the conventional orthogonal resource allocations

principle [16, 17]. While residing within grant-free transmission, NOMA with



the finite blocklength is also considered as a key solution for provision of low
latency, massive connectivity, and higher reliability. The principle of NOMA in
finite blocklength regime follows the conventional concept of NOMA, with super-
position coding at the transmitter and successive interference cancellation (SIC)
at the receiver [12, 13].

The existing NOMA schemes can be categorized into the (i) Power domain
NOMA and (ii) Code domain NOMA. In this work, the main focus is on the
power-domain NOMA. Using the power domain NOMA or power domain multi-
plexing, depending on the channel conditions different users are allocated different
power levels. These power levels are key for keeping the different users separate
and to mitigate the multi-user interference using SIC [18]. A detailed discussion

with its basic operation is given in Chapter 2, Chapter 3, and Chapter 4.

1.2.3 Non-orthogonal Multiple Access based on Random

Access

NOMA is well suited for the coordinated transmissions where power levels of
different signals are used for the multiple access and SIC is used to remove the
co-channel interference. However, the benefits of the NOMA can also be exploited
for the non-coordinated transmission such as random access. Therefore, NOMA
in conjunction with the random access (NOMA-RA) can be used in scenarios
where the number of subchannels are limited [19]. So, NOMA-RA can increase
the throughput of the existing random scheme without any bandwidth expansion
[20]. The more detail of the NOMA-RA is provided in Chapter 2, and Chapter
5.

1.3 Tools to Investigate the uRLLC

Although an extensive work has been done on uRLLC, however, still the ongoing
research work on uRLLC is in its early stage. Which tools should be used to
investigate the performance of the uRLLC while remaining within the stringent
latency and reliability constraint, is a question that requires a thorough discus-

sion. Many tools have been proposed in the literature to characterize the delay



and reliability components of uRLLC. Some are meta distribution, extreme value
theory, stochastic network calculus, and effective bandwidth and effective capac-
ity [9]. Employing all the above tools to study the uRLLC is out of the scope of
this thesis. In this thesis, effective capacity framework have been employed to in-
vestigate the enablers of the uRLLC (NOMA and short-packet communications).

Below is the brief description of these two tools:

1.3.1 Effective Bandwidth and Effective Capacity

Effective bandwidth and effective capacity are based on the large deviation prin-
ciple. Effective capacity is the dual concept of the bandwidth, therefore it is
pertinent to first explain the effective bandwidth before effective capacity. Ef-
fective bandwidth can be defined as the minimum constant service rate that is
needed for a given source rate under the queuing delay constraint. While effective
capacity is used to find the maximum arrival rate for a given service rate under
the constraint of queuing delay [21]. While other tools do not consider the queu-
ing delay, these tools provide a greater flexibility in investigating the uRLLC for
the emerging applications of 5G and beyond 5G networks. A complete section in

Chapter 2 is dedicated to the explanation of these two tools.

1.4 Thesis Outline and Contributions

Table 1.1 shows the list of the acronyms and the table 1.2 shows the list of the
mathematical notations used in this thesis.

The rest of the thesis is organized as follows:

e In Chapter 2, there is an overview of the existing work on the uRLLC, en-
ablers of uRLLC, i.e.; short-packet communications, NOMA, and NOMA-
RA. Provision of higher reliability and low-latency for delay sensitive ap-
plications is the major requirement for this critical use case (URLLC) of
5G. It is clear from the related work that although much work has been
done on the uRLLC but a thorough investigation that encompass the delay
(more specifically the queuing delay), and reliability, constraints for achiev-
ing the uRLLC is still needed. The applications supported by the uRLLC



Table 1.1: List of acronyms and corresponding definitions.

Acronyms Definitions

5G Fifth Generation

AR Augmented Reality

AMC Adaptive Modulation and Coding

AWGN Additive White Gaussian Noise

BS Base Station

BLER Block Error Rate

CSI Channel State Information

DNNs Deep Neural Networks

E2E End-to-End

eMBB Enhanced Mobile Broadband

EC Effective Capacity

FD Full-Duplex

ToT Internet of things

ITU International Telecommunication Union

mMTC Massive Machine-type Communications

MIMO Multiple-Input and Multiple-output

mURLLC Massive Ultra Reliable and Low Latency
Communications

NOMA Non-Orthogonal Multiple Access

NOMA-RA NOMA-random access

OMA Orthogonal Multiple Access

PDF Probability Density Function

PMF Probability Mass Function

PUSCH Physical Uplink Shared Channel

PBCH Physical Broadcast Channel

PRACH Physical Random Access Channel

PDCCH Physical Downlink Control Channel

PDSCH Physical Downlink Shared Channel

PUSCH- Physical Uplink Shared Channel for Short-

SPT Packet Transmission

QoS Quality-of-Service

SIC Successive Interference Cancellation

SNR Signal-to-Noise Ratio

SISO Single-Input and Single-Output

SIMO Single-Input-Multiple-Output

SC Superposition Coding

uRLLC Ultra-Reliable and Low-Latency Commu-
nications

uMTC Ultra-Reliable Machine type Communica-
tions

UAV Unmanned Aerial Vehicle

URC Ultra-Reliable Communications

UE User Equipment

VR Virtual Reality




Table 1.2: Summary Of Notations

\% total number of users € transmission error probability
o power allocation coefficient of || r; service rate for user v;
user v;, i = {u,t}
8 (1) message intended for user v; at || §; channel dispersion for user v;
time 7
P total transmit power at the BS Q~1(.) | inverse of Gaussian Q-function
n blocklength a;(7) number of queue packets at time
T
hi (1) channel coefficient between user || 6; delay exponent of user v;
v; and the BS at time 7
Yi receive signal at user v; qi(00) steady-state of transmit buffer
m; AWGN D! . maximum delay
Uy strong user C? effective capacity for user v;
vt weak user E[.] expectation operator
P transmit SNR H(a,b,z)| confluent hypergeometric func-
tion of the 2nd kind
N,B noise power r() Gamma function
SNR,, received SNR at user v, E;i(.) exponential integral
SINR; resulting SINR at user vy 0} combination of all NOMA pairs
Ja:vy PDF of ordered channel gains Tee total effective capacity
B(a,b) Beta function C achievable EC of NOMA v; user
at high transmit SNR (6; = 1)
VN Channel dispersion for NOMA | V° Channel dispersion for OMA
users users
CK Effective Capacity of NOMA || CP Effective Capacity of OMA user
user
Par(D; K) throughput of the multichannel || P, Power levels used for the NOMA-
ALOHA RA
D active users Se short access error probability
Unr(Pr,K) | conditional throughput of the || K subchannels for NOMA-RA

NOMA-RA




such as autonomous vehicles, factory automation, and smart grid, and the
challenges faced by the uRLLC are also explained in detail in this chapter.
There is also a thorough explanation for employing the short-packet com-
munication and NOMA and not using the Shannon formula while deriving
the achievable rate. The potential benefits of the NOMA such as massive
connectivity, spectrum efficiency, and low latency, with their limitations
are also highlighted in more detail. A detailed background on the mathe-
matical framework, i.e.; effective capacity (EC), that is used to investigate
the performance of NOMA, while residing in short-packet communications
regime is provided. Inspired by the large-deviation theory and based on the
effective bandwidth, effective capacity is a link-layer model that represents
the maximum arrival rate that the given service process can support while

residing within delay constraint.

In Chapter 3, a detailed investigation of the link-layer rate performance
of the uRLLC enablers, i.e., short-packet communications and NOMA is
performed. Achievable effective capacity of the two-user NOMA (out of
the V users) while residing within a short-packet communications regime
is formulated. A closed-form expression for the achievable EC of two-users
NOMA network with short-packet communications regime under Rayleigh
fading channels is also derived. More specifically, the impact of delay ex-
ponent, transmit signal-to-noise ratio (SNR), transmission-error probabil-
ity, and power coefficients on the EC of two-user NOMA has been shown.
Through simulations, it is clear that under the stringent delay requirements
and due to the dominant factor of transmission error probability, the queu-
ing delay violation probability does not improve below a certain value. In
addition to the two-users NOMA, total achievable link-layer rate of the
multi-user NOMA network with short-packet communications is also de-
rived and shows that the NOMA set with most distinct channel conditions
achieve higher total EC as compared to the users with less distinct channel
conditions. The numerical results of the achievable EC of two-users NOMA
under finite blocklength regime over Nakagami-m fading channel are also

analysed in detail.



e A continuation of Chapter 3, in Chapter 4 a comparative analysis of the or-
thogonal and non-orthogonal multiple access techniques with short-packet
communications is provided. A link-layer rate of the two-users NOMA and
OMA while residing within short-packet communications regime is derived.
Deriving the achievable EC of two-users NOMA (out of V users), and deriv-
ing the achievable EC of only the two-users NOMA are completely different
and complex due to short-packet communications. Therefore, in Chapter
3, the achievable EC of two-users NOMA (out of V users) is derived, while
in Chapter 4, only the two-user NOMA set is considered and its achievable
EC is derived. Under the delay and reliability constraint, this Chapter 3
provides further insights about the enablers of the uRLLC, i.e., short-packet
communications and NOMA. Considering the transmission over Rayleigh
fading channel, a closed-form expression for the achievable EC of the two-
user NOMA and OMA network is provided. A comparison of the achievable
EC of NOMA and OMA two-users shows that OMA strong user (user with
better channel conditions) outperforms the NOMA users at low SNR un-
der Rayleigh fading channel. Further, the total EC of the NOMA and
OMA users is derived under different fading models. More generally, the
Nakagami-m fading is used to investigate the achievable EC of two-users
NOMA and OMA and the total link-layer rate (total achievable EC) of both
transmission. Which shows that the NOMA outperforms the OMA at high
SNRs under loose delay constraint. On top of that, the link-layer rate com-
parison for two-user NOMA and OMA while considering the impact of the
fixed power coefficients, delay exponent and transmit SNR are also studied.
Numerical results are investigated in detail and accuracy of the proposed

closed-form expression is verified using the Monte-Carlo simulations.

e In Chapter 5, the benefits of the multi-channel slotted ALOHA (a con-
ventional random access scheme) are combined with the NOMA. For this
purpose, NOMA in conjunction with the random access scheme named
as NOMA-random access (NOMA-RA) is proposed while residing within
short-packet communications regime. The average throughput of the con-

ventional multi-channel ALOHA with short-packet communications and the



conditional throughput of the NOMA-RA short-packet communications is
derived. NOMA-RA users work with the different power levels and selects
the power levels from the pre-determined set of power levels. It is shown
that as the number of power levels increases the conditional throughput of
the NOMA-RA increases while keeping the sub-channels constant. The im-
pact of the access probability and the short-access error probability (due to
the short-packet communications) on the conditional throughput is also in-
vestigated. More specifically, this analysis shows that increasing the access
probability does not increase the throughput of the NOMA-RA and multi-
channel ALOHA, but there exists an optima area of the access probability
(from 0.05 to 0.1), where the NOMA-RA with short-packet communications

shows the maximum throughput.

In Chapter 6, a detailed summary of the thesis with conclusion and fu-
ture research directions regarding the enablers of uRLLC and its related
performance estimation tools is provided. In this chapter, the potential im-
pact of this research on the industrial practices is also highlighted, which
establishes the importance of the NOMA, NOMA-RA, and short-packet

communications as a core enabler of the uRLLC.
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Chapter 2

Related Work

2.1 Use Cases of 5G and beyond 5G

5G and beyond 5G (B5G) networks promise seamless connectivity, higher through-
put, massive connectivity, and low latency. The emerging applications such as
augmented reality, virtual reality, tactile Internet, holographic teleportation, and
autonomous vehicles require ultra low latency and very high reliability [4]. Dif-
ferent applications of the 5G and B5G networks have different target objectives
regarding latency, reliability, availability, and bandwidth. Depending upon these
requirements, the work on the 5G and B5G networks is divided into three major
service classes or use cases such as uRLLC, massive machine-type communica-
tions (mMTC), and enhanced mobile broadband (eMBB). These three use cases
proposed by the International Telecommunication Union (ITU) specifically cope
the stringent performance requirements such low latency and reliability, higher
data rates, and massive connectivity. Below is the detailed discussion regarding

each use case:

2.1.1 Enhanced Mobile Broadband (eMBB)

To provide a best user experience and higher data rates, eMBB use case of the 5G

networks is considered as the natural evolution to the existing cellular networks
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[22]. This use case has the potential to provide a seamless connectivity!, better
user experience, higher throughput, and greater user mobility. The challenging
futuristic applications such as virtual reality (VR), augmented reality (AR), and
360 degree video streaming are well supported through this service category.
Researchers from academia and industry are revisiting the diverse technologies
to achieve the above mentioned stringent performance requirements for eMBB.
Some of the proposed enablers for eMBB are millimeter wave communications,

massive MIMO, and spectrum sharing [23, 24].

2.1.2 Massive Machine-type Communications (mMTC)

Through the use case of the machine type communications (MTC), massive con-
nectivity for large number of low power devices for sending small data packets
can be achieved [25]. This has been further classified into the massive machine
type communications (mMTC) and ultra-reliable machine type communications
(uMTC) [7]. Millions of sensors and other low complexity devices that fall under
the umbrella of Internet of things (IoT), industrial IoT, Internet of everything,

and smart cities are well investigated through this use case.

2.1.3 Ultra-Reliable and Low-latency Communications
(uRLLC)

Of all the use cases of the 5G networks discussed above, uRLLC is the most
challenging one due to its most stringent requirements for provision of very low
latency and higher reliability. uRLLC supports a diverse range of applications
such as autonomous vehicles, tactile Internet, Industry automation, smart grid,
and tele-robotic control are few to name [9]. In addition to these, the use case of
uRLLC is also of capital importance for provisioning of low latency and higher
reliability for other applications of eMBB and uMTC use case such as VR, AR,

and industrial IoT. Each application scenario has its own specific key performance

!Seamless connectivity means “smooth and continuous Internet connectivity”. The main
feature of the all the use cases and especially the enhance mobile broadband is to provide the
seamless connectivity or smooth and continuous Internet connectivity to all the connected users
at all time.
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indicator and challenges associated with them [10]. The main focus of this the-
sis is on the use case of uRLLC, due to its broad coverage of applications and
extensive challenges faced by it as compared to the mMTC and eMBB. Below
is the description of the basic definitions and minimum requirements of latency
and reliability, research challenges faced by the uRLLC, and its major application

scenarios with key performance indicator.

2.1.3.1 Latency Requirements

To meet the stringent latency requirements for the uRLLC, the researchers from
the academia and industry are redefining the conventional wireless network archi-
tecture. Overall latency faced by a packet in a wireless network is the combina-
tion of the end-to-end latency, control plane latency, and the user plane latency
[9, 11, 23]. These are explained below in detail:

e End-to-End Latency: Following the 3GPP standard [23] the requirements
for the end-to-end latency to achieve the uRLLC service class is 1ms. End-
to-end latency not only includes the transmission latency, but also the queu-
ing latency, decoding latency, processing latency, and the retransmission

latency.

e Control Plane Latency: This is the state transition latency, i.e, latency in
the system caused during the transition from idle to active state. According
to the 3GPP standard, the control plan latency of 20ms is the stringent

requirement for achieving the service class of uRLLC [9, 11].

e User Plane Latency: Latency faced by the packet while moving across a
physical layer is termed as the user plan latency. This latency mostly de-
pends on the number of users involved in the transmission. The 3GPP sets
a standard of 1ms minimum requirements of user plane latency for uRLLC

in case of one user [9, 11].

The above mentioned minimum requirements of latency for uRLLC can better
be realized by revisiting the different existing enabling technologies and proposing

the new ones. According to Mehdi Bennis et al, the main enabler for low latency
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are NOMA, short-packet communications, machine learning, network slicing and
coding, and grant-free access. NOMA and short-packet communications are ex-
plained in more detail in the next section of this chapter. The brief overview of
the other enablers of low latency are discussed below:

Machine Learning: Machine learning framework more specifically the distributed
ML concept provides the scalable and distributed solution on interconnected

nodes for reducing the latency. This concept is termed as the Al on the edge.

Network Slicing and Coding: Network slicing and coding at the edge also reduces
the latency significantly. This not only reduces the latency but also helps in al-

locating the network resources such as bandwidth and caching.

Grant-Free Access: With the use of the grant-free access the resource assignment
phase for the uplink transmission could be shortened or skipped, that can be
resulted in reduction of the latency. With this grant-free access the challenging

applications requiring low latency for their operation can be achieved.

2.1.3.2 Reliability Requirements

In conventional terms, reliability is the successful transmission of packets while
guaranteeing a delay constraint. To satisfy the minimum requirements of reliabil-
ity for the uRLLC service class, various enablers and diverse changes in network
architecture have been proposed [9, 11, 23]. Different definitions of reliability

with their minimum requirements for achieving the uRLLC are described below:

e The main definition of the reliability is set by the 3GPP [23] as the “trans-
mission of data with high successful probability within given time”. To

achieve the uRLLC the requirement of the conventional reliability is 1075,

e Control Channel Reliability: This reliability is all about the decoding errors
or successful probability for decoding the metadata [9, 11].

e Per node Reliability: This is the combination of the different reliability sce-
narios such as probability of proactive packet drop, queuing delay violation

probability, and probability of transmission errors [9, 11].
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If only the reliability is concerned from the uRLLC, then there are multiple en-
ablers of reliability to achieve the stringent requirements of reliability. According
to Mehndi Bennis et al, the key enablers of reliability are network slicing and

coding, short-packet communications, spatial diversity, and packet duplication.

2.1.3.3 Applications of uRLLC

Many of the mission critical services can be accomplished with the help of uRLLC.
Below is the detail of the some of the applications of uRLLC with their potential

challenges:

e Autonomous Vehicles: Autonomous vehicles are the key applications of the
5G and B5G networks covered by the uRLLC service class. uRLLC with
its capability of 1ms latency and 99.999 % reliability enables the vehicles to
communicate with other vehicles, pedestrians, and road side units in real
time. Smart parking, collision avoidance, automated overtake, and smooth
driving can be achieved with much precision and without human interven-
tion. This application of the uRLLC will ultimately help in improving the
road safety and driving efficiency. However, the high mobility and scalabil-

ity are the key challenges faced by this application [26, 27].

e Factory Automation: Through this application of uRLLC, the concept of
fourth generation industrial revolution can be better achieved. Reliability
and latency related critical tasks in the factory such as tactile interaction
and robot motion control can be perfectly automated. The use case of the

uRLLC through this application can reduce the operational cost [26, 27].

e AR and VR: AR and VR pose serious challenge in terms of stringent la-
tency and reliability requirements. AR is the enhanced interactive expe-
rience of the physical world, where through VR the virtual experience is
created. uRLLC is regarded as the enabler for the AR and VR applica-
tions by reducing the latency and increasing the user comfort by satisfying
the stringent latency and reliability requirements. However, processing and
transmission of the 3D videos is the challenge faced by these applications
of the uRLLC [26, 27].
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e Smart Grid: The operation of the traditional grid is transferred into intelli-
gent smart grid by introducing the smart decisions related to fault isolation
and fault diagnosis. These smart real-time operations can now be controlled
with the help of the uRLLC. The costly fibre and cable based fault diagno-
sis approach for any delay and reliability sensitive services for the remote
power distribution lines can now be replaced with the help of the uRLLC
use case [26, 27].

2.1.3.4 Research Challenges faced by uRLLC

The use case of the uRLLC is in its infancy stage. There are still a lot of challenges
faced by the uRLLC. The details of some of them are explained below:

e Cross Layer Design: Current communications technologies are developed
by taking into consideration the different layers of the open systems inter-
connection model. The changes in one layer significantly impact the other
layers and ultimately on the E2E delay and reliability. Most of the current
developments in communication do not take into consideration, the cross
layer E2E delay and reliability [9]. This poses a most serious challenge in
achieving the very low latency and ultra high reliability for the uRLLC.

e High Computing Overhead: The existing systems are extremely complex
and dynamic. They have to cope with the varying wireless channel condi-
tions under strict delay and reliability constraints. Sometimes, they have
to solve the complex optimization problem for adjusting their resource al-
location schemes. This results into high computing overhead, which is the

hurdle in achieving the low latency and higher reliability [27].

e QoS Guarantee: The recent advances in the machine learning has enabled
the existing systems to deploy the deep learning approached for uRLLC.
However, still the QoS guarantee under stringent latency constraint becomes
challenging when using the deep learning approach such as deep neural
networks (DNNs) [27].

e Scalability: The emerging applications of 5G such as VR, AR, and factory

automation are covered by the use case of uRLLC. However, in these ap-
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plications, the density of the devices increases exponentially. Therefore,
scalability is a serious challenge in guaranteeing the stringent latency and
reliability requirements for uRLLC [26].

As already mentioned, among all the use cases of the 5G and B5G networks,
uRLLC is the most challenging one due its stringent reliability and latency con-
straints. This use case is still in its infancy, however there is always an increasing
attraction from the industry and academia about this service class of the 5G and
B5G networks.

There are plenty of challenges faced by this research topic, i.e, uRLLC. As
mentioned above major research challenges faced are the cross-layer design, high
computing overhead, QoS guarantee, and scalability. Out of the above mentioned
research challenges, the QoS guarantee for the uRLLC has been addressed in this
work. The QoS has been modelled using the effective capacity tool and the delay
exponent which is the characterization of the delay has been investigated in more
detail.

In this thesis, the major focus is on this use case, i.e., uURLLC, due its immense
applications in a wide variety of mission critical tasks. To achieve the uRLLC,
there are multiple enablers such as NOMA, NOMA-RA, short-packet communica-
tions, proactive packet dropping, edge caching and computing, and multicasting
[9]. To investigate all the enablers of the uRLLC is beyond the scope of this work.
In this thesis, the NOMA, NOMA-RA, and short-packet communications due to
their advance feature for supporting not only the low latency and higher reliabil-
ity but also the massive connectivity, and spectrum efficiency are considered for
further investigation as an enabler of uRLLC. For this purpose, the link-layer rate
for the multiple access technique (NOMA and OMA) and conditional throughput
for NOMA-RA is derived to understand the performance of the uRLLC.

2.2 Non-orthogonal Multiple Access

Satisfying the stringent requirement of latency and reliability for uRLLC is a
challenging task. As mentioned above it requires a thorough revisiting of the

existing conventional wireless architecture and enabling technologies. To meet
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these objectives, NOMA has been proposed as the key enabler of uRLLC for the
5G and beyond B5G applications [16] . NOMA has attracted a lot of attention
from the industry and academia for meeting the network level and data level
quality of experience requirements.

As compared to the OMA schemes, in NOMA multiple users are accommo-
dated on the same time and frequency resource block. This ultimately results
into achieving the spectrum efficiency and massive connectivity. The basic oper-
ation of the NOMA system comprises of superposition coding at the transmitter
and successive interference cancellation (SIC) at the receiver. This basic princi-
ple of the NOMA proved to be completely compatible with other multiple access
techniques and other physical layer emerging technologies such as mmWave and

MIMO. Depending upon its operation, there are various types of NOMA such as

2.2.1 Power Domain NOMA:

In power domain NOMA, different users are superimposed on the resource block
using the different power levels [18]. Depending on the channel conditions, differ-
ent users are assiged the different power levels. This results into the interference
in systems which requires the complete revisiting of existing interference mitiga-
tion schemes. Fig. (2.1) shows the operation of the power domain NOMA [28].
This is the basic architecture of the NOMA with two users (far user and near
user). The far user is denoted by the v;, and v, is the near user, where the h;
and h, are the channel gains for the far user and near user respectively. Far
user (user with bad channel condition) and the near user (user with good channel
condition) are allocated different power levels. Then the users are superimposed
on the resource block at the transmitter. Then at the receiver (SIC) is used to

decode and to remove the user’s messages.

2.2.2 Code Domain NOMA:

As compared to the power levels, that are used in power domain NOMA, ran-
dom Gaussian codes are used in code domain NOMA to make the distinction
among users at the transmitter. Gaussian codes or Gaussian spreading is a de-

sign criteria for assigning the power levels to the users in Code-domain NOMA.
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Figure 2.1: Two-user NOMA basic architecture.

These Gaussian codes or Gaussian spreading creates Gaussian like interference
in other layers of signals that helps in SIC through multiple layers. And then
subsequently, the compressive sensing is used at the receiver to decode the user
message. In this way, the probability of the symbol errors is reduced [29]. Code
domain NOMA can further be classified into the sparse code multiple access and
low-density spreading.

This thesis resolves around the power domain NOMA due to the fact that
power domain NOMA are less complex than the code domain NOMA. Below is
the description of the main advantages achieved through NOMA.
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2.2.3 Advantages of NOMA

NOMA has been extensively researched due to its potential benefits. Following
are the core benefits that can be achieved from NOMA:

2.2.3.1 Massive Connectivity:

There is a prediction that the there will be 42 billion of connected IoT devices
in 2025. To ensure a seamless connectivity for such a large number of devices,
the concept of massive connectivity was introduced. To meet this objective,
NOMA provides the massive connectivity while providing the compatibility with
the existing access technologies [18]. As compared to the OMA, where only the
single user is allocated a complete bandwidth resource block, in NOMA multiple
users are allocated (can be accommodated) on the same bandwidth block and at
the same time. In this way, the massive connectivity can be ensured via NOMA

to provide the connectivity for the billion of devices in the future.

2.2.3.2 Spectrum Efficiency:

Existing radio spectrum is a scarce resource which is approaching its limits. Spec-
trum efficiency can not be simply achieved by adding more antennas in the system,
as it will add more interference. NOMA promises the spectrum efficiency while re-
siding within the existing resources. In NOMA, multiple users are multiplexed on
the same bandwidth block. Therefore, multiple users are served without adding

extra bandwidth in the system [6].

2.2.3.3 Low Latency:

NOMA has been regarded as the main enabler of the low latency communications.
More specifically, grant-free NOMA can reduce the transmission latency. In some
cases, NOMA reduces the congestion probability, thereby reducing the latency as
well as the congestion in the wireless network. NOMA in conjunction with the
grant-free access (grant-free NOMA) ultimately reduces the access delay [9)].
Mainly, the advantages of the NOMA are spectrum efficiency, higher through-

put, massive connectivity, and low latency. NOMA supports multiple users as
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compared to its counterpart OMA. Due to this feature and using the more ad-
vance receiver schemes like SIC and grant-free access it reduces the latency and

is considered as the enabler of the low latency communications.

2.2.4 Challenges faced by NOMA

Extensive work has been done on NOMA while considering its different dimen-
sions. It is shown that NOMA is compatible with other state-of-the-art tech-
nologies such as MIMO, cognitive radio networks, cooperative communications,
mmWave [17]. However, there are still some research concerns related to the
NOMA. Below is the list of some challenges that need to be addressed to make
the NOMA perfect choice for the uRLLC service class.

2.2.4.1 Imperfect SIC:

Downlink NOMA network operates with superposition coding at the BS and
SIC at the receiver. The user with the strong channel condition (strong user)
performs SIC and, then, detects and removes the weak-user message from its
received signal. In some practical scenarios, such as hardware malfunctioning,
decoding errors, or channel estimation errors, some interference may exist after
the SIC, i.e., imperfect SIC. Imperfect SIC becomes significant when multiple
(more than two) NOMA users are considered [30]. Therefore, the imperfect SIC
is the serious challenge faced by the NOMA network, as this can significantly
reduce the performance of the NOMA network. In this thesis work, the perfect
SIC is considered. However, the existing work can be extended by taking into
consideration the imperfect SIC.

NOMA supports and serve multiple users per resource block. This invites the
excessive interference at the receiver end. SIC is the key player in mitigating
the excessive interference due to the multiple users in NOMA operation. In this
work, the perfect SIC is used while considering the simplicity of the receiver
design. Also, NOMA in conjunction with the short-packet communication and
employing the effective capacity tool and then deriving the closed-form expression
is a difficult task. So considering the imperfect SIC within NOMA short packet

communication scenario will make this system complex and is beyond the scope
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of this work.

2.2.4.2 Resource Allocation:

Efficient user pairing and then allocating the power levels among NOMA users re-
quires efficient algorithms to achieve the efficient utilizations of existing resources.
Depending on the user pairing and transceiver designs, fixed or dynamic power
allocation is another choice which the system designers have to make. In this
thesis, the fixed power allocation is considered, where the users select one of the

power levels from the set of the pre-determined power levels.

2.2.4.3 Proper CSI:

Usually in downlink NOMA, transmitter performs the user pairing and then allo-
cates the power to users based on the channel state information (CSI). Therefore,
it requires the system to be very efficient in handling the CSI feedback with
proper reference signal. This factor if not addressed properly could result into
the significant performance loss in power domain NOMA.

In this thesis the CSI is available at the BS. And based on the known CSI,
BS performs the user ordering. It is a common practice in NOMA operation that
BS performs the user ordering based on the known CSI. Based on the CSI, the
BS orders the user into weak user and the strong user. However, if the channel
uncertainty was considered in this work, then it became difficult for the BS to
perform the user ordering and ultimately the SIC failed due to the excessive

interference.

2.2.4.4 Practical Implementation of NOMA:

To verify the theoretical results of NOMA regarding its scalability, massive con-
nectivity, spectrum efficiency, and low latency, the NOMA should be put in prac-
tice. Most of the existing work of NOMA is on the performance evaluation, which
shows it as the potential enabler for the uRLLC and other 5G user cases. How-
ever, this requires some over the air demonstrations to verify it as the future
enabler of uRLLC [18].
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2.3 Non-orthogonal Multiple Access based Ran-

dom Access

Random access techniques such as ALOHA and multiple channel ALOHA ran-
domly select the channel and improve the efficiency of the system by reducing
the access delay [31] and improving the resource efficiency. As compared to the
CSMA technique, ALOHA and multi-channel ALOHA significantly reduces the
access delay. In ALOHA technique, each user sends its message without sensing
the transmission medium whether it is idle or busy. This ultimately reduces the
overall transmission delay. However, the conventional random access schemes do
not reduce the overall end-to-end delay. Also, the emerging demand of massive
connectivity and spectrum efficiency are also not well supported in the existing
random access schemes [32].

To take the advantage of the less access delay of conventional multichan-
nel ALOHA, the NOMA can now be integrated with the multichannel ALOHA
scheme, named as the NOMA-RA [33]. The conventional NOMA transmission
is a coordinated transmission controlled via the BS. In this coordinated trans-
mission, BS estimates the channel conditions of the users (far or near user) and
then based on the channel conditions, BS allocates the resources (mainly power)
to the NOMA users. This coordination does come at the cost of the large access
delay. To address this issue, NOMA scheme in conjunction with the conventional
random access scheme is now being used to achieve the ultra low latency, higher
reliability, massive connectivity, and spectrum efficiency [34]. NOMA-RA is the
non-coordination transmission and the users themselves pick the power levels ei-
ther from the pre-determined power levels or using some power allocation scheme.
In NOMA-RA, users select the different power levels and then randomly select
the channel. BS receives the signal and performs the SIC and then decode and
remove the user’s signal. The chosen power levels by the users depend on the
desired transmission rate required for the communications. However, if the mul-
tiple users selects the same power levels then the decoding error occurs during
the SIC and the system witnesses the collision, named as the power collision.

In NOMA-RA different users select the different power levels and then on the

receiver sides SIC is performed to mitigate the interference and to decode the
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respective users messages. However, in some cases if the multiple users select the
same power levels then the SIC results into decoding errors, this is called the
power collision in NOMA-RA. Power collision significantly reduces the system
performance and users messages are not decoded properly. In this case, the power
level of one user collides with the same level picked up by the other users. This
collision is similar to the collision of users messages in ALOHA technique. One
of the algorithm called collision resolution period (CRP) [1] has been proposed
in the literature to mitigate the power collision.
Recently NOMA-RA has attracted a lot of attention from industry and academia.

Following are the core advantages achieved via NOMA-RA scheme.

e As the NOMA-RA is based on the NOMA and random access scheme,
therefore it also shares the same advantages with NOMA like spectrum

efficiency, low-latency, and massive connectivity.

e NOMA-RA has been endorsed as the core technology for the emerging net-
works such as 6G [35]. This is mainly due to the less complexity added when

the system is upgraded from the conventional random access technique to
the NOMA-RA.

e The transition from the coordinated to the non coordinated transmission
makes the NOMA-RA, a multiple access technique of choice. This transition
results into less access delay which makes the NOMA-RA suitable for the
use case of the uRLLC [34].

e NOMA-RA has also attracted attention from the industrial perspective.
For example, It has been investigated in detail for its application in the

unmanned aerial vehicle (UAV) use case [36].

2.4 Short-Packet Communications

The use case of the uRLLC works under the stringent latency and reliability
constraint. Among the core enablers of the uRLLC, short-packet communications
is regarded as the most important and most challenging one [9] . Due to the

employment of the short-packet communications, the achieved throughput is less
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as compared to the usage of conventional packet. This is quite suitable for the
emerging loT applications that require short data payload for their operation
[3]. Also, when the short-packet communication is used, the achievable rate no
longer is based on the Shannon formula. Then the question arises, how reliable is
the usage of the short-packet communication. The reliability of the short-packet
communications can be estimated by finding the relation between the achievable

rate and the transmission error probability such as [5]

r=1logs (14+7) — \/%Q_l(e), (2.1)

where « is the received SNR, ¢ is the channel dispersion, € is the transmission
error probability, n is the blocklength, and Q! is inverse of Gaussian-Q function.
The above approximation is true in case of single-input and single-output (SISO),
single-input-multiple-output (SIMO), and multiple-input and single-output (MISO)
settings. The first part in the above equation is the Shannon formula and the
other part is the penalty which is introduced due to the usage of the short-packet
communications. This penalty is the core reliability constraint, and to meet this
reliability constraint it is always expected that the used channel codes for the
short-packet communications are also strong enough [37].

Due to the reliability constraint and blocklength in short-packet communi-
cations based system, the complexity of the systems sometimes increased. It
becomes more difficult to find the closed-form expression due to the above men-
tioned constraints. It is also very challenging to design the optimal resource al-
location scheme that can consider the two factors such as power and blocklength

optimization [38].

2.5 An overview of Effective Capacity and Ef-
fective bandwidth

Advances in wireless communications have resulted into the emergence of a wide
range of applications. Emerging wireless networks with advanced technologies
such as full-duplex (FD) communications, non-orthogonal multiple access (NOMA),

multiple input and multiple output (MIMO) antennas, and millimeter wave promise
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higher data rates [39]. With provision of this higher data rate and seamless con-
nectivity, multimedia applications, which are regarded as delay-sensitive applica-
tions, have gained a lot of attention [40]. This requires an efficient modeling of
wireless channel that can take into consideration quality-of-service (QoS) metrics
such as delay-violation probability, data rate, and end-to-end delay [41].

Packet switched networks can be analysed with the help of physical and link-
layer channel models depicted in Figure 2.2. Using physical-layer channel models
for analysing the performance of delay-limited applications can be complex and
inaccurate in some cases [21]. Hence, a new link-layer channel model named
as “effective capacity (EC)” has been introduced [21]. With the help of EC, the
channel can be modeled in terms of link-layer related QoS-metrics, such as proba-
bility of having non-empty buffer and delay violation probability. Concept of this
link-layer channel model was first introduced in [21], which modeled a wireless
link using two EC functions named as QoS exponent and probability of non-
empty buffer. The developed link-layer channel model provides advantages such
as ease of implementation and translation into the QoS guarantee, i.e., delay vio-
lation probability. Main motivations involving EC metric for various performance

evaluations are highlighted below:

e EC modelling is based on an in-depth queueing analysis which can be used
to characterize a relation between the source rate and the service rate taking
into consideration both link-layer and physical layer parameters. Through
this characterization, advance validation of communications system perfor-

mance such as efficient admission control can be achieved [42].

e EC is the dual concept of effective bandwidth [43, 44] and shows the max-
imum constant arrival rate for a wireless channel while satisfying a delay
outage probability constraint [45]. This feature can be exploited to achieve

the required QoS for some applications with specific QoS requirements.

e With the help of the EC concept, QoS provisioning over wireless links and
efficient bandwidth allocation can be achieved in closed-form while satisfy-

ing certain delay guarantee constraints [21].

e The EC performance of well-known physical layer-based resource allocation
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Figure 2.2: Basic components involved in the communications of packet switched
networks. In this packet-based communications system, different components of
physical and link-layer have been illustrated which shows the difference between
physical and link-layer channel modelling.
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algorithms, e.g, water filling, can be investigated. Performance of various
proposed adaptive modulation and coding (AMC) schemes can be tested
by using the EC metric [46].

e Using the EC model, the performance of adaptive resource allocation tech-
niques for a specific QoS-aware connection can be analysed in closed-form
in various cases. This, in turn, will pave the way for designing efficient

resource allocation algorithms, hence optimizing the system performance.

e Provision of QoS guarantee with support for a variety of traffic flows re-
quires efficient scheduling techniques. Using the EC concept, efficient delay

constrained scheduling approaches can be investigated and designed [47].

2.5.1 Effective Bandwidth

The concept of effective-bandwidth is derived through the large-deviation princi-
ple and can show the minimum constant service rate that is needed to satisfy a
given queueing delay requirement for a given source rate [9]. Effective bandwidth
has been used extensively for obtaining optimal resource allocation schemes. Since
effective bandwidth is based on large-deviation principle, it is traditionally used
in systems with large delay bounds. However, effective bandwidth has also been
recently used in scenarios where delay bound is short. For example, in [48], the
concept of effective bandwidth is used to design an adaptive resource allocation
scheme for a system with ultra low latency requirements. Below is the description
of the effective-bandwidth approximation:

Consider a first-in-first-out (FIFO) queue with packets arrival rate at ¢ as
p(t), the number of packets in the queue as ¢(t), capacity of the link at time ¢
as ¢(t). Consider ¢(t) to converge to a steady state ¢(oco) and define A(tq,ts) =
Z?:tlﬂ w(t) as the total number of arrivals at (t1, t5] and C(t1,ty) = §2=t1+1 c(t).

Authors in [49, 50] have proposed a theorem to derive the theory of effective
bandwidth. For this purpose, the following assumptions are used as presented in
[49, 50].

Let assume
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e Arrival rate p(t) and the service rate ¢(t) are both ergodic and stationary.
Also E[u(t)] < E[e(t)], where E[.] shows the expectation operator.

e Arrival rate and source rate (u(t) and ¢(t)) are independent.

e Using the Gartner-Ellis theorem, for all § € R,
A4(0) £ limy_, o 1log(E[e?4®]) and Ac(6) £ lim,_, 0 1log(E[e?“(0]), where
0 is the delay exponent, and A4(0) and Ac () are assumed differentiable.

Now if there exists a unique 6* > 0, such that the below equation holds between
the effective bandwidth and EC:

Aa(6%) + Ac(—0) =0, (2.2)

then, mathematical derivations are provided in [49, 50] that relates the value of

0* (found from (2.2)) to the buffer overflow probability according to

log(Pr{g(c0) > x})

lim, o — (2.3)
where Pr{a > b} shows the probability of a being greater than or equal to b.
Proof. For proof please refer to [49, 50].

Let = be the buffer size of the link. Packets are usually dropped when buffer
becomes full. From (2.3) packet loss probability € can be approximated as [50]

e=e " (2.4)

Assuming that the link has constant capacity such that ¢(t) = ¢, for all t,
Ac(—6*) can be simplified as

1 .
Ac(—0%) = limt_mo;log (e7”) = —0c. (2.5)

Aa(0*) _
0* -

Aa(07)
0*

the unique solution of * = —(loge)/x (derived from 2.4).

Using (2.2), one can get c. To have a small packet loss probability, a

capacity of the link equal to is required where the value for 8* comes from
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2.5.2 Effective Capacity

Authors in [21] introduced the concept of EC by taking motivations from the
theory of effective bandwidth. EC is the dual concept of effective bandwidth.
Recall that effective bandwidth shows the minimum service rate that is needed
to guarantee a delay requirement for a given source traffic. The EC model, on the
other hand, can be used to find the maximum source rate that the channel can
handle (service rate) with the required delay constraint. As has been discussed
above, the concept of EC can be used when a delay bound is large. However, it
can also be used to test the performance of a system when delay bound is small,
as has been discussed in [48]. Analytical framework for deriving EC has been
discussed briefly below:

The service process is assumed as ¢(t),t = 0, 1,2, .., with a partial sum C(t1, t2)

to
t=t1+1

service process is expressed as

c(t) is ergodic and stationary. Further, the Gartner-Ellis limits for this

1
Ao () 2 limtﬁwzlog(E[eec(Oi)]). (2.6)

From (2.2), it becomes

. Ao (—0*
gy =2, (2.7)
Recall that (2.7) is EC of service process, while 6* is the QoS exponent. The
delay outage probability can now be formulated as
log(Pr{g(o0) > x})

lim, . — 0" (2.8)
xXr

A more stringent QoS requirements can be represented by a larger value of 6*
with a faster decay rate. However, smaller values of 6* represent slower decay
rates and provide looser QoS guarantees.

Now, an expression for the delay (D(t)) experienced by a packet at any time ¢

can also be approximated as follows

Pr{D(t) > Dpax} =~ Pr{q(c0) > 0} ¢~ #DPmax_ (2.9)
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where Pr{q(oco) > 0} is the probability of non-empty buffer and Dy, is the
maximum delay bound. EC is the combination of two functions, namely, QoS
exponent and probability of non-empty buffer.

The probability of non-empty buffer can be achieved by considering the

Pr{q(c0) > 0} ~

(2.10)

The above analytical explanation of effective-bandwidth and EC can be sum-

marized as follows:

e The value of EC at 0*, E.(6*), shows the maximum constant arrival rate.
Hence, p < E.(0*)) should hold.

e The solution for #* can be found when E,(60*) = E.(6*) (for the arrival and

source processes) holds.

e Using (2.9), the delay-violation probability can be estimated by using the
pre-determined value of delay bound, probability of non-empty buffer, and

obtained value of 6*.

e Using (2.10), the probability of non-empty buffer can be estimated.

2.6 Effective Capacity analysis with different Fad-

ing models

In this section, a survey of existing work with their achievable EC under different
fading models used in various wireless networks is provided. It is noted that
channel variability can cause long delays in the transmission buffers. Hence, indi-
cating the importance of using a suitable mathematical framework for testing the
performance of the networks. The multipath propagation in wireless signal can
well be described by the wireless channel models namely, Rayleigh, Nakagami-m,
and Rician models. These models provide the characterization of the probability
distribution function of the received signal power. Rayleigh model considers the
random non line of sight paths while Rician assumes atleast one line of sight sig-

nal. As compared to the Rayleigh and Rician, Nakagami is the generalized fading
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model that with the help of parameter m encompasses multiple fading patterns.
In this thesis, most of the work has been done using the Rayleigh fading model.
Rayleigh fading model provides the good picture of the fading scenario when
there are multiple non line of sights signals are considered. It is close to the
real-world or practical scenario. However, the simulations have also been verified
using the generalized fading model, i.e, Nakagami-m fading model. The EC model
can indeed be used in designing the adaptive resource allocation and scheduling
schemes [51] that are specifically suitable for applications with constraints on the
buffer size. The main advantages of utilizing the EC model with different fading
models are the provision of a general mathematical framework and simplification

of QoS-aware metrics.

2.6.1 Stochastic Fading Models

Stochastic fading models cover the fading in a channel that results from scat-
tering and multipath propagation. In these models, a random variable is added
to show the additional fading. Recall that EC provides a generalized link-layer
mathematical framework for testing the performance of the channel under delay
constraints. On that basis, different fading models can be analyzed with their dis-
tinct characters. Existing work on the EC model mostly takes into consideration
the stochastic fading models for an assessment of QQoS-awareness in wireless net-
works. Among the stochastic fading models, Rayleigh and Nakagami-m fading
channels have been used extensively with EC concept. Current work in wire-
less networks considers different versions of stochastic fading models including
Rayleigh, Nakagami-m, Rician, log-normal, and Weibull fading channels with

EC metric. Below is the description of each fading channel:

2.6.1.1 Rayleigh Fading Channels

Most of the existing work on EC in wireless communications considers Rayleigh
fading channels. Rayleigh fading is more prominent when there is no line of sight
communications between the transmitter and receiver. Following works [52, 53,
54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70] consider Rayleigh

fading with the EC model in different wireless networks. More prominent wireless
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networks that have been investigated with Rayleigh fading channels with the EC
model, are CRNs, cellular networks, and cooperative networks including the FD-
relay networks. In cellular networks, with statistical QoS provisioning, Rayleigh
fading has been extensively evaluated with EC metric. In CRNs with multiple
channels, prediction related to multiple interference has also been studied with
Rayleigh fading channels. Achievable EC in CRNs with multiple channels and
Rayleigh fading as the physical channel model has been extensively investigated to
find the maximum arrival/source rate with the required delay-outage probability.

Most of the delay-sensitive applications with Rayleigh fading in wireless net-
works have also been evaluated with EC metric. Rayleigh fading has been used ex-
tensively because it helps the researchers to understand the radio signals in heav-
ily urban environment. Closed-form expression of achievable EC with Rayleigh-
fading is less complex as compared to the Nakagami-m fading channel. Therefore,
maximization in EC of different wireless networks with Rayleigh-fading has been
investigated extensively in the existing works. Another fading channel, that has

been used extensively after Rayleigh fading is Nakagami-m fading channel.

2.6.1.2 Nakagami-m

For EC-based delay performance estimation of wireless networks, where the large
delay-time spreads are going to be estimated, Nakagami-m fading channels are
used by clustering different reflected ways. Authors in [71, 72, 73, 74, 75, 76,
77, 78,79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89], have considered Nakagami-m
fading distributions in different wireless networks using the EC model. Nakagami-
m channel model is often regarded as the general fading channel and can be
used to investigate the mobile and indoor-mobile scenarios. Depending upon the
parameter m, where m € {%, —1—00}, different fading conditions can be achieved.
For example, when m = %, this represents the severe fading case, while m = 1
is the Rayleigh-fading, m > 1 approximates the Rician channel, and m = oo
represents additive white Gaussian noise (AWGN).

The main advantage of using Nakagami-m fading distribution with the EC
model in wireless networks is better matching of its empirical data as compared to

other distributions such as Rayleigh and Rician. Authors in [90], have investigated

33



the EC model with Nakagami-m fading channel. This study reveals that uncor-
related Nakagami-m flat fading conditions can well be analyzed with EC-based
QoS-aware model. Complementary cumulative distribution function (CCDF) of
delay has also been approximated by the EC model in this work. This analytical
approximation based on EC leads to understanding the delay statistical behav-
ior, which is not possible with the physical layer channel models. Works of CRNs
[76, 81, 91] and relay networks [78, 90] show that queueing behavior can well be

evaluated with EC metric under Nakagami-m fading conditions.

2.6.1.3 Rician

As compared to Rayleigh fading channel, in Rician fading, out of several different
paths one must be the line of sight path. In this fading conditions, amplitude
of the propagated signals are modelled by using Rician distributions. Achievable
EC of wireless networks with Rician fading conditions has been discussed in
[92, 93, 94, 95].  As Rician fading conditions consider one strong component,
this strong component can be the line of sight path, therefore Rician fading can be
employed in some advance networks such as satellite communications [96] which
studies the EC model of channel. Note that the satellite communications suffer
from long delays in signal transmission due to the very long distance between
the satellite and the users. Hence, the concept of EC can be very useful for
analyzing the performance of these communications systems. In addition to
satellite communications, the EC model with Rician fading has also been studied

in cellular communications, indoor networks, and vehicular networks.

2.7 Summary

This chapter provided an depth theoretical discussion of the core enablers of
uRLLC and mathematical tools to investigate it. The core enablers such as
NOMA, NOMA-RA, and short-packet communications was discussed with their
potential advantages and limitation. The latency and reliability requirements
with their numerical values for the uRLLC was also discussed with their potential
kinds. Research challenges faced by the uRLLC was also highlighted in this
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chapter. The basic operation of the NOMA was discussed from the theoretical
perspective and its advantages such as massive connectivity, low latency and
higher throughput was also discussed in detail. Some challenges faced by NOMA
transmission such as imperfect SIC and proper SIC was also highlighted. NOMA-
RA with its basic operation and advantages was also introduced in detail. Finally,
the link-layer channel model EC and EB was discussed in more detail with their

mathematical derivations.
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Chapter 3

Effective Capacity of NOMA
with Finite Blocklength for

Low-Latency Communications

3.1 Introduction

Non-orthogonal multiple access (NOMA), cloud radio access networks, massive
MIMO, and full-duplex, are key enabling technologies for 5G and beyond 5G
(B5G) networks [97]. Major use cases in these networks require the provision of
ultra reliable and low-latency communications (URLLC). NOMA in conjunction
with finite blocklength, a.k.a. short-packet communications is considered as a key
enabler for URLLC [3, 9]. In fact, NOMA has gained much attention in academia
and industry due to its potential to achieve higher throughput, massive connec-
tivity, low latency, and higher reliability in favorable circumstances, as compared
to its orthogonal multiple access (OMA) counterpart [16, 18]. NOMA with finite
blocklength follows the basic operation of traditional NOMA, with superposition
coding (SC) at the transmitter, and successive interference cancellation (SIC) at
the receiver. However, the conventional Shannon formula to approximate the
attainable rate (with almost no errors) is not applicable when considering short
packets in the communications [98].

To achieve latency as low as lms, and reliability as high as 99.999%, com-
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munications in finite blocklength regime is very promising [37, 98, 99]. In the
leading work [8], the achievable rate of finite blocklength communication link
constrained by a given error probability was investigated in additive white Gaus-
sian noise (AWGN) channels. Therein, the blocklength was taken as small as
100 bits, and it was shown that the maximal achievable rate with finite block-
length could not be approximated with the Shannon formula. In the same work,
a penalty factor, which is function of the channel dispersion and error probability,
was introduced to obtain the achievable rate in finite blocklength regime. The
study work was further extended for the case of Rayleigh block fading channels
in [100], wherein a trade-off between reliability, latency, and throughput in finite
blocklength regime was investigated to establish the importance of short-packet
communications for low latency. Furthermore, upper and lower bounds on the re-
ceived signal-to-noise ratio (SNR) while considering finite blocklength for a given
error probability were obtained in [100].

To analyze the suitability of short-packet communications for low latency, the
effective capacity (EC) framework was used in [9, 101]. EC is the dual concept
of effective bandwidth, and is used to find the maximum arrival rate for a given
service rate while satisfying a certain delay constraint [21, 102]. The performance
of short-packet communications to achieve URLLC was also investigated in [103,
104] using the EC concept. For example, in [103], the performance of point-to-
point communications under latency constraint and considering finite blocklength
transmission was investigated while. In that work, three transmission strategies
(fixed-rate, variable-rate, and variable-power) were studied with focus on short-
packet communications. Later, the closed-form expression for the achievable EC
with short-packet communications over Rayleigh fading channels for machine-
type communications was found in [104]. The latter work solely considered the
ultra-reliable communications (URC) use case, but did not consider URLLC. In
[101], the performance of short-packet communications for achieving low latency
was investigated with the EC concept.

As the combination of NOMA with finite blocklength is considered as an
enabling technology for low-latency communications, several investigations have
been done so far. In this regard, the performance of NOMA with finite block-

length was investigated in [13], which showed the amount of physical-layer trans-
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mission latency that NOMA with finite blocklength can reduce under reliability
constraint as compared to OMA. In [13], a closed-form expression for the block
error rate of a two-user NOMA was derived and validated with simulations. Au-
thors in [105] considered NOMA with short-packet communications, and looked
into the trade-off between the decoding error probability, the transmission rate,
and the blocklength. More specifically, the challenges associated with the SIC
and transmission rate while using finite blocklength were highlighted in [105].
The latency performance of NOMA in finite blocklength regime as compared to
its OMA counterpart was investigated in [106]. The work showed the improved
performance of NOMA in terms of throughput and reducing latency as compared
to OMA with finite blocklength. Another work on the comparative analysis
of NOMA and OMA in short blocklength regime under reliability and latency
constraints was done in [107]. The latter work was focused on energy-efficient
transmission with NOMA, and showed improved performance as compared to
OMA. On the other hand, a detailed statistical delay analysis of NOMA using
EC was conducted in [108], including closed-form expressions for the achievable
EC of a two-user NOMA system when the users are chosen from a set of V
users. The work in [108], however, did not consider the latency performance of
NOMA with short-packet communications. NOMA with short-packet communi-
cations was investigated with the concept of effective bandwidth in [109], where
the required SNR for a given delay exponent and transmission error probability
was obtained. Link-layer rate of two-user NOMA and OMA in finite blocklength
was investigated in [110], which showed the improved performance of NOMA as
compared to OMA when the delay exponent is loose. However, detailed delay
analysis of NOMA in finite blocklength, i.e., multiple NOMA users, and the im-
pact of the delay exponent on the queueing delay violation probability, are yet to
be investigated.

In this chapter, achievable EC of a two-user NOMA network is derived, when
the users are chosen from a set of V' users in the cell, with finite blocklength
regime to investigate the low-latency communications. The impact of a given
transmission error probability, delay exponent, and transmit SNR, on the achiev-
able EC with finite blocklength is investigated in detail. The major contributions

of this chapter can be summarized as follows:
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e The achievable EC of downlink two-user (out of V' users) NOMA, and a
multi-user NOMA network, with finite blocklength, are derived.

e Closed-form expressions for the achievable total EC of two-user NOMA sub-
set, as well as the achievable individual EC of each user, in finite blocklength
regime, are derived (cf. Section 3.4), and also validated using Monte-Carlo

simulations (cf. Section 3.6).

e Realizing the complexity of the proposed closed-form expressions for the
two-user NOMA, a simplified closed-form expressions is also derived to ap-
proximate the EC of the two-user NOMA network at high transmit SNRs.

e The total EC of multiple NOMA pairs in finite blocklength regime is also
investigated by taking into consideration the different pairing sets of mul-
tiple users. These findings show that a NOMA set with users having more
distinct channel conditions achieve a higher total EC as compared to one

where users have less distinct channel conditions.

e While considering short-packet communications, i.e., communications in fi-
nite blocklength regime, the impact of different power coefficients, transmit
SNR, delay exponent, transmission error probability, and queuing delay
violation probability, on the achievable EC of NOMA networks are inves-
tigated. The impact of practical path-loss model on the achievable EC of
two-user NOMA network is further investigated. In particular, it is shown
that when the delay exponent becomes stringent, the queueing delay vi-
olation probability cannot be reduced below a certain value due to the

dominant effect of the transmission error probability.

e To provide a thorough performance evaluation, simulation results of two-
user NOMA network with short-packet communications over generalized

fading channels, i.e., with Nakagami-m model, are also investigated.

In detailing these contributions, the remainder of the chapter is organized as
follows. First, communication model is discussed in Section 3.2. Concepts related
to the theory of EC are presented in Section 3.3. Then, Section 3.4 provides the
achievable EC of two-user NOMA with finite blocklength. Numerical results with
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their insights are discussed in Section 3.6, and the chapter is concluded in Section
3.7.

3.2 System Model

In this work, power-domain downlink NOMA network with short-packet commu-
nications is considered. The network consists of one base station (BS) and V'
single-antenna users. The upper-layer packets of each user are assembled into
frames, then stored at the transmit buffer of the BS, and later transmitted over
the wireless channel as bit streams. It is assumed that each user is provided an
individual buffer at the BS. Following the NOMA operation, the BS will send
a broadcast signal, 3.V \/a;Ps; (), to the destination nodes, where «; is the
power allocation coefficient of user v;, s; (7) is the message intended for v; at time
7, and P is the total transmit power at the BS. The channels between the BS
and the destination nodes are assumed to be block fading, i.e., the fading remains
constant during each fading block, but changes independently from one fading
block to another. Meanwhile, the blocklength is assumed to have the same size
as that of the block fading and is taken as n. In this work, the channel gains
follow Rayleigh distribution with unit variance. Users in this NOMA operation
are classified based on their channel conditions. The channel coefficient between
user v; and the BS is referred to by h; (7). Without loss of generality, it is as-
sumed that |hy (7)]> < |ho (7)) < ... < |hy (7)]>. A practical path-loss model
is adopted such that the channel between a user v; and the BS is denoted by
Li(t)=h;(1)/ d;TL , where d; is the distance between user v; and the BS, and «;,
is the path-loss exponent. Following the NOMA operation, the respective power
coefficients are ordered as a; > ap > ... > ay.

In our system model, the users are ordered according to perfect instantaneous
channel state information (CSI). The instantaneous CSI is available at the BS.
BS selects the users based on the known CSI and performs the user ordering.
The user ordering is random and BS randomly selects the users and paired them
for the superposition coding at the transmitter. The BS knows the ordering of
the users, based on which it allocates the power from the set of a fixed power

coefficients. Fig. 3.1 shows the basic operation of the system model.
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The BS broadcasts a message to users. The receive signal at user v; can be

formulated as:!

\%
Y; = LZ’Z\/ OéiPSi—Fmi, (31)
=1

where y; is the received signal at user v;, and m; represents the AWGN.

In this network with V' users, It is assumed that only two users (out of V)
share the same resource block, using the NOMA operation. Refer to these users
by v, and v;. When u > ¢, user v, (the strong user) performs the SIC and detects
the message of user v; (the weak user). The so-called strong user will then remove
the weak-user’s message from its received message. In this case, the received SNR

at user v, can be formulated as
SNR,, = aup|Ly|*, (3.2)

where p is the transmit SNR, i.e., p = %, with N,B the noise power. On the
other hand, the message of user v, at the weak-user’s receiver will be considered
as noise, therefore, user v; will only decode its own message. The resulting SINR

at the weak user is hence given by

oup |Lt|2

SINR, = — 120
OéuplLt‘ +1

(3.3)
In NOMA operation, the users are ordered according to their ordered channel
oL
gains. Using p ]hilz /d;> = ~;, and denoting its probability density function
(PDF) by f (7:), the PDF of the ordered ~;, i = {1, .,.,V'}, can be obtained from
ordered statistics [111, 112], and is given by

fovy () =&f () F ()t (1= F (), (3.4)

1

Bv—n 2nd

where f(;.v) is the PDF of ordered «; from a set of V' users, § =
B(a,b) is the Beta function [113].
In this work, finite blocklength transmission is considered, hence the achiev-

able rate cannot be represented by the Shannon formula, as proven in [8]. The

Hereafter, the time index 7 is removed for simplicity, whenever it is clear from the context.
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Figure 3.1: Two-user NOMA operation with finite blocklength with their respec-
tive queues: (a) describes the system model with two queues at the BS with their
respective receivers, and (b) depicts the equivalent queueing model with the ar-
rival rate and service rate.
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results in [8] show that the achievable rate is a function of not only the received
SNR (or SINR), but also of the transmission error probability (€¢) and the trans-
mission blocklength (n). Using [8], the achievable rate for user v, and user v;

with finite blocklength can be approximated in bit/s/Hz as,

Ty = logs (1 + ayyy) — \/%Ql(e), (3.5)

ro = log (1 + &> %o, (3.6)

Qe +

where 9, and §; are the channel dispersions for users v, and vy, respectively, which

2
can be approximated as J, = \/1 —(1 +au'yu)72, 0y = \/1 — (1 + %> ,

ayye+1

w2 X
Q'(.) is the inverse of Gaussian Q-function with @ (z) = [° #e‘wa, € is

the transmission error probability, and n is the blocklength.

3.3 Theory of Effective Capacity

In this section, the basic concept for the theory of EC is explained. EC is the
dual concept of effective bandwidth and has been proposed in [21] to introduce
the link-layer QoS metrics, such as queuing-delay violation probability and the
probability of non-empty buffer. Assume infinite-size buffer at the BS for the
messages of users v;, ¢ = {1,.,.,V}, and the link capacity (service process) as
ri(T) at time 7. At time 7, the number of packets arriving and the number
of packets in queue are represented by a;(7) and ¢;(7), respectively. Let the
arrival rate and the link-layer capacity be ergodic and stationary processes and
Ela;(1)] < E[ri(1)], so ¢;(s) converges to a steady state denoted by ¢;(co) [114].
In practice, buffer overflow will occur if ¢;(c0) exceeds the maximum length of
the buffer. Assume x is a maximum threshold on ¢;(c0), then using the large

deviation theorem,

i P {ai(o0) > )

T—00 x

=0, (3.7)
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where 6; is the delay exponent of user v;, ¢;(c0) is the steady state of the transmit
buffer, and Pr{a>b} is the probability that a>b holds. Now, using EC, the buffer

overflow probability, given in (3.7), with a certain target 6; can be satisfied if
Aai (61) + An(_91> =0, (38)

where A, (0;) = Tlim Llog(E[e’ Yr-1ai(M)) is the Garntner-Ellis limits of the
—00

source process (arrival rate), and A, (6;) = Tlgrolo Llog(E[e’ 27-1mim]) is the Garntner-
Ellis limits of the service process [115]. Suppose that the source rate a;(7) is
constant such that a;(7) = a;. From (3.8), one can get the maximum arrival rate
(effective capacity) for some unique 6; (delay QoS exponent), which is named EC
%fm [21]. From (3.7), the delay experienced
by the source packets in buffer at time 7 can also be estimated in terms of the

and can be approximated by —

queuing delay violation probability using [21]

Pr{D;(r) > D;

max

} & Pr{gi(00) > 0} e Virilrmax, (3.9)

The above expression is the queuing delay violation probability for user v;,
where Pr{g;(co) > 0} represents the probability of non-empty buffer, and D? _ is
the maximum delay. It is important to note that u; = C? is the effective capacity
satisfying a certain QoS metric for user v; [21]. The value for 6; (§; > 0) from
(3.9) is the decay rate of the outage probability corresponding to user v;. A more
stringent delay requirements can be represented with a larger value of 6;, while a

smaller value of 6; shows a less stringent delay requirement.

3.3.1 Effective Capacity in Finite Blocklength Regime

In this section, the major aim is to investigate the latency performance of a two-
user (out of V users) NOMA with the short-packet communications using the
EC framework. The traditional stochastic model for finding the achievable EC
using the Shannon limit as the service rate is not suitable when considering finite
blocklength transmissions. With short-packet communications in NOMA, use 7,
and r; as provided in (3.5) and (3.6) for the service rates. The stochastic model

for the achievable EC with short-packet communication is provided in [103]. By
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following the derived service rate from (3.5) and (3.6), the EC for the two-user
NOMA with finite blocklength can be approximated as,

Cl = — ! In (E e+ (1—e€)e %), (3.10)

¢ Gln

where C? and 6; are the EC and the QoS constraint for user v; respectively, and

E[.] is the expectation operator.

3.4 Effective Capacity of Downlink Two-User
NOMA with Finite Blocklength

In this section, the achievable EC of a two-user NOMA and multi-user NOMA
networks with short-packet communications is derived. Focusing on a two-user
NOMA network, a closed-from expressions for the EC of the strong and weak

users in finite blocklength regime is also provided.

3.4.1 Achievable Effective Capacity of Strong-User NOMA
with Finite Blocklength

Out of the two users, i.e., the strong user (v,) and the weak user (v;), first the
achievable EC of the strong user is provided and then provide its corresponding
closed-form expression is provided. Following (4.14), the achievable EC of user

v, (CY) is formulated as

1

Ot = —o—n (E e+ (1= ) (L+au7,)* ™). (3.11)
W

where ¢, = =22 and 8, = 6,/nQ ' (e).

The above expression can be simplified by deriving its closed form. In this regard,

after applying the order statistics from (3.4), the achievable EC of the strong user,

given in (3.11), is expanded as

1 o
CY = —ﬂln (/0 (e +(1—¢)(1+ au'yu)%‘ 65“6”‘) fwvy (7u) dvu> - (3.12)

u
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This expression can further be simplified by expanding the order statistics
from (3.4) and changing €% into a fraction. In this vein, using the Maclaurin
series for the expansion of e®#% such that e®«%« ~ 1+ 3,0, + M, the achievable

EC of the strong user is expressed as

G =- einln</ooo (e + (1 =€) (1 + o)™ (1 + Bubu + —(6“5“)2»
(3.13)

X Euf (1) F ()" (1= F ()" dvu)-

After inserting o0, = \/1 — (14 o) 7 in the above equation, the EC of the

strong user becomes

1 o0
v =— —ln</ <e+ (1= &) (14 awr)™ + b
O.n 0
6 2

X (1+ auyu)™ \/1 — (14 ) 2+ 5y

X (1 + o) (1—-(1+ Oéu’Yu)_Q) )fuf (Vu)

X F ()" (1= F ()™ d%>» (3.14)

_Ju

oL _du
Then, using p, = p/d,? and inserting f (v,) = /%le % and F (7)) =1—e 7 into
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(3.14), the achievable EC becomes

fu / 2¢
Y= | 1-— 1 “ ”
c: mn(pl e+ (1= (1 +am)% + 5
2
1 2Cy 1— (1 -2 Bu
X ( + O‘UVu) \/ ( + Oéuvu) + 5

V—ut+l)yu

x (1+ au’yu)2<" (1 -1+ Ozu’yu)_Q) >e_ Pl

x (1 — 6‘75?)“_1 d%). (3.15)

After solving the above integral, the final closed-form expression for the achievable

EC of the NOMA strong user in a finite blocklength can be approximated as,

Crm— o ( (- (pf;ug(“;1)<—ni

H(l 24 zcu,nu> (Ku + 1) - H(l, 2¢,, nu)

-9)

where n, = Y=utlti o — B 5t 4 S, and H(a, b, z) is the confluent hypergeo-

P1Ou

metric function of the second kmd defined by

1
[ (a)

H(a,b,z) = / et (141" d, for Re [a], Re [z] >0, (3.17)
0
where I'(.) is the Gamma function [116].
The details for deriving the closed-form expression for the EC of the strong
user are provided in Appendix A. The accuracy of the proposed closed-form

expression has also been verified using simulations, as will be shown later in
Section 3.6.
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3.4.2 Achievable Effective Capacity of Weak-User NOMA
with Finite Blocklength

Following the steps for deriving the achievable EC of user v, and its closed-
form expression, the achievable EC of user v; is formulated and its closed-form

expression is derived. Using (4.14), the achievable EC of the weak user is given

1\ %
e+ (1—e) (Oé%%——:_l) eﬁtét]) : (3.18)

where ¢, = — 22 and 8, = 0,/nQ "' (e).

The above expression can be simplified by deriving its closed form. In this

as

Qtn

C! = —Lln (E

sense, applying the order statistics from (3.4) in (3.18), the EC of v; becomes

1 o ’Yt+1 2
Ct=— 1 1—e (T
=g (7 (oo (25)

Equation (3.19) can further be simplified by expanding the order statistics from

D

Mt) fevy (1) dw) . (3.19)

(3.4) and using the Maclaurin series for the e/ expression such as €% ~ 1 +

B0y + M. Accordingly, the achievable EC of user v; is re-written as

t 1 > 7+ 1 % (@tﬁst)Q
Ce__et_nm(/o (e+(1—e) <—%%+1) <1+5t5t+—2
(3.20)

X &f (W) F (7)™ (L= F (7)) d%)a

—2
Using 6; = \/ 1— (az;—:rll) in the above expression, the achievable EC of the
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weak user can then be reformulated as
1 - B+l \* 41\
Ct=—_——"1 1— - _ntr
‘ thn</o <€+( €)<am+1> O\ G
-2 2 2(t
cfio (L) O et (3.21)
e+ 1 2 \ayy+1
2
Yt 1 t—1 V-t
1—| ——— F 1-F d )
X ( (au% n 1) )) &f (ve) F () ( (7)) %>

_ 0t _ ot
Now, using f () = %e o and F ()=1—¢ Pf, the above expression for C! is

further simplified to
1 [ee] 1 2<t 1 2Ct
On PrJo a7y + 1 oY+ 1
-2 2 2(t

I S (e 2 W e U (3.22)

Y+ 1 2 \a,y+1
1 —2 V=t o t—1

x| 1— et e o (1—6 Pl) dy, | .

Qe + 1

Finally, taking some further mathematical simplification in (3.22) and solving the

integrals, the closed-form expression for the achievable EC of the NOMA weak

user in a finite blocklength is obtained as
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r—=

x i (t - 1)(—1)7"6"@1(—%) N i 2§t> <%O; 1)§ <t - 1)(_1)T

r=0

s—=1 (r=1)! o s—r—1 —a s—1
(Zr | oz (—owh) _ (—ouny) T (— m)))) (K, + 1)

1 a7, [ (t—1 1 Onloy — 1)
t o~ _ r u
C. ~ thln (e +(1—e¢ (( ( E ( ) o, + o In2

(5 1) (5— 1)
- (a;(QZ—?)gt (2 (t - 1>(_1)Tn;u ., Qtnéz?n; 1) tz‘i (t - 1)(_1)T€m

r=0
e 5 (47 (B2 £ ()
=0

r

Zi:} (7;;1)'(_0%7]05 r—1 (—ats)®™ 1 . B,
(- Seen))) (-9))))

(3.23)
where 7, = %, K; = ﬁ? + ¢, and E;(.) is the exponential integral with
Ei(z) = — [7 <—dw. The detaﬂs for deriving the close-form expression of the

weak-user’s EC is provided in Appendix B.

3.4.3 Achievable Effective Capacity of Multiple NOMA
Pairs in Finite Blocklength

In this part, the total achievable EC of multiple NOMA pairs with finite is in-
vestigated. Specifically, it is considered that there are V' users in total, which are
divided into % pairs, with Ml = {1, 2, ... %} denoting the set of group indices.
The parameter ¢ is introduced as the combination of all NOMA pairs such that
o= {gbl, D2, ..., (bv/g}. By taking the m'™ NOMA pair with finite blocklength, in
which the strong user is denoted by v, and the weak user is denoted by v, ,
such that ¢n, = { (tm, Um) | tm # U, he, | < |ha, |, Vi € M}

Next, the m™ NOMA pair is considered, and its achievable EC for users v,

and v, in the pair are investigated. It is to be noted that the inter-pair multiple
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access is based on frequency-division multiple access (FDMA). Considering the
m™ NOMA pair with communication in finite blocklength regime, the transmis-

sion rate for the strong and weak users can be approximated as

2 Oty
Tum - V <]'Og2 (1 + O['U‘mfyum) - TmQ 1(€)> ) (324)
2 Vem + 1 Oty -1
=11 I+ —"— ) /= 2
o = <og2 (1+ 225 ) - 2=0@) . )

where i, = p|him|’ /dj Using (3.24) and (3.25) as the transmission rates with
finite blocklength, and applying the Gartner-Ellis theorem, the achievable EC for

the strong and weak users can respectively be formulated as

1 4Cum
Cem =—g—In (E [e + (1 =€) (1 + V) 7 eéﬁum‘”‘m}) : (3.26)
umn
At
1 Yt +1 v 2
Clm = — In[E 1— 14+ —tfm - BemOtm | | 3.27
. Gtmnn e+ ( e)( +%m%m+1) ev (3.27)

The achievable EC of multiple NOMA pairs in (3.26) and (3.27), and the
EC of two-user NOMA network shown in (3.11) and (3.18), have similar expres-
sions. Therefore, by following Appendix A and Appendix B, the closed-form
expressions for the achievable EC of v;,, and v,, users in multiple NOMA pairs
with finite blocklength can be derived. The total EC, T.., can be estimated by
using 3.V _ (C 4 Cm). Analytical results in Section 3.6 regarding the multi-
ple NOMA pairing will be investigated in detail. The users with more distinct
and less distinct channel conditions will be paired together and their 7T,, will be

analyzed with respect to p.
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3.5 Effective Capacity of Downlink Two-User
NOMA with Finite Blocklength at High Trans-
mit SNRs

The performance of two-user NOMA in finite blocklength regime can be investi-
gated by leveraging the closed-form expressions for the EC of the strong user and
weak user presented in (3.16) and (3.23), respectively. The obtained closed-form
expressions are somehow complex with insights being difficult to get from. Here,
the achievable EC formulation is simplified by using the approximations for the
two-user NOMA network and their corresponding closed-form expressions. In
this regard, the channel dispersion (9;) is approximated as d; ~ 1, for high SNRs
[8]. When the transmit SNR is above the 20dB, the transmit SNR is taken as
high. This high transmit SNR results into the channel dispersion as §; ~ 1 .
Considering this approximation at high SNR, the achievable EC of the strong

and weak users can now be simplified as

CY = —eiln (E [6 + (1 =€) (1 + o)™ eB”D , (3.28)

W
~ 1 e+ 1 a

t—_ —n|E 1o T2 ) e 2
C! o n ( e+ (1—¢) (au% n 1) e : (3.29)

where C and C! are the achievable ECs of the NOMA strong user and weak user
at high transmit SNR (0; = 1), respectively. The above equations can be further

simplified by deriving their closed-form expressions. Using the order statistics
from (3.4), the achievable ECs of the strong and weak users at high transmit
SNR can be expanded as

_ 1 >
Cl=—"In </0 (e + (1 =€) (14 ayy)™ e‘*) Fevy (W) d%> , (3.30)

d.n

Ct——iln /00 e+(1—e) et 2<te'Bt favy () d (3.31)
" b 0 a7y +1 SO ‘

The above integrals can be solved by using similar steps as those in Appendix A

and Appendix B. After solving the above integrals, the final closed-form expres-
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sions for the achievable ECs of the strong and weak users at high SNR can be

approximated as follows:

_ 1 u z
e £ s )

(3.33)

3.5.1 Effective Capacity of Downlink Two-User NOMA
with Finite Blocklength at Extremely High Trans-
mit SNR (p — o)

The impact of the extremely high transmit SNR on the achievable EC of two-

user NOMA network is also investigated. In this regard, the achievable EC of the

NOMA strong and weak users at extremely high transmit SNR can be derived by

inserting p — oo in the EC formulation. Using the (3.11) and inserting p — oo,
the EC of the strong user at extremely high SNR is expressed as

lim, o, — eiln (E {e + (1 = €) e tunliona(aury)—y IR0 ))D
n
’ (3.34)

1
= —e—nlog(e)

u

23



Likewise, using the (3.18) and inserting p — oo, the EC of the NOMA weak user
at extremely high transmit SNR is found as

1 1 \% g, )1 (ot )72
lim —9—111 (E €+ (1 — 6) (Ll) 6/8 1 (au’yt+1> ] >
e Culte T (3.35)

1
= ——1In (6 + (1 — €) a, *teltv 1_0‘%) )

T

It is clear that when the transmit SNR p is extremely high, then the EC
is limited (upper bounded) by a fixed value which is not a function of p. The
achievable EC of the strong user is limited by the delay exponent, the transmission
error penalty, and the blocklength. In the case of the weak user, it is clear from
(3.35) that the achievable EC is limited by —z51n <€ +(1—e) a;QCteﬂtJTa%).
When p is extremely high, the achievable EC of the weak user is limited by the
transmission penalty due to short-packet communications, by the transmission

error probability, and by the power co-efficient.

3.6 Numerical Results

Using numerical simulations, the performance of the proposed NOMA network
with finite blocklength is now evaluated. The accuracy of the proposed closed-
form expressions for the two-user NOMA under Rayleigh fading is also confirmed.
Simulation results pertaining to the achievable EC of the strong and weak NOMA
users when communicating over Nakagami-m fading channels are also discussed
in detail.

In the simulation set-up, the total number of users is taken as V' = 10, and
the 2! and 8" users are those paired together. These are users with the 2! and
8™ weakest channels, respectively, such that t = 2 and v = 8. The BS’s power
coefficients pertaining to these users are taken as a; = 0.8 and «a,, = 0.2, and
blocklength is set n = 400, unless otherwise specified. A practical path-loss model
with the path-loss exponent a = 2, and d; = 10 meters, is also adopted. In this
work, V' has a significant impact on the overall network performance. As the V
increases it requires more transmission energy. However, NOMA has the inherent

ability to adopt to the transmission policy, so increase in the users will result into
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the increased spectrum efficiency (as more users are served) and more energy
efficiency. However, sometimes, increased in the number of users may increase
the interference, which could degrade the system performance. Therefore, it
requires a fair balance when changing the V and adjusting the parameters.

The accuracy of the closed-form expressions for the EC of the NOMA users
with finite blocklength are investigated in Fig. 3.2. The figure shows the plots of
C* (strong-user) and C! (weak-user) in b/s/Hz versus the transmit SNR (p) in
dB, where e = 1075, and the delay exponent # = 0.01. The results for these curves
have been obtained using the proposed extended and simple closed-form expres-
sions, i.e, (3.16), (3.32), (3.23), and (3.33), and Monte-Carlo simulations. Monte-
Carlo simulation is the model that is used to determine the output of the uncertain
events. These simulations are usually run for the multiple times to determine the
probabilistic outcome of the uncertain events and then are matched for their cor-
rectness with the closed-form expression. A closed-form expression is the solved
solution for a given mathematical problem. In this work, the Monte-carlo sim-
ulations of the derived achievable EC problem is verified using the closed-form
expression of this problem. The match is perfect for this problem formulation.
The accuracy of the closed-form expression for the strong and weak users can be
confirmed. The very small mismatch between the results of the analysis and the
simulations is due to the approximation e®% ~ 1+ 3;6; + @ (for deriving the
extended closed-form expression given in (3.16), and (3.23)), and using §; ~ 1 at
high SNR (for deriving the simple closed-form expressions shown in (3.32) and
(3.33)). The achievable EC of the strong and weak users are upper bounded
when the transmit SNR becomes high. However, the achievable ECs saturate at
different values of p.

Figures 3.3 and 3.4 show the impact of the transmit SNR, p, on the achievable
EC of the strong and weak NOMA users when considering the Nakagami-m fading
model, while # = 0.01 and n = 400. It is clear from Fig. 3.3 that the strong-
user’s performance does not decrease significantly even under the worst fading
conditions. The performance gap under different values for the Nakagami shaping
parameter is wider at the central region of p, i.e., 25dB to 30dB. This performance
gap is true for both, the strong user and the weak user. 3.4 shows the achievable
EC of the NOMA weak-user for different fading conditions. It is clear that the
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O  Weak user, Monte Carlo simulation
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% Strong user, Monte Carlo simulations at high p
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Effective Capacity (b/s/Hz)

Figure 3.2: Effective Capacity of NOMA weak-user and strong-user versus trans-
mit SNR, with # = 0.01, n = 400, and € = 107°.
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Figure 3.3: Effective Capacity of NOMA strong-user versus transmit SNR under
Nakagami-m fading, with § = 0.01, n = 400, and € = 1075,
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Figure 3.4: Effective Capacity of NOMA weak-user versus transmit SNR under
Nakagami-m fading, with # = 0.01, n = 400, and € = 1075,
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performance of the weak user degrades significantly when the fading gets worse.
Interestingly, the performance pertaining to each user saturates at a certain high
SNR irrespective of the fading conditions. This saturation occurs earlier in the
case of the strong user as compared to the weak user who requires even higher
values of p to defy the worst fading conditions.

Figure 3.5 shows the simulation results for the achievable EC of a two-user
NOMA network versus the transmit SNR, with different values of the power
coefficient sets (a,, o). Three sets of power coefficients, namely, (a, = 0.2, 0q =
0.8), (a, = 0.3,a; = 0.7), and (cv, = 0.4, = 0.6), are used to better evaluate
the performance of the proposed two-user NOMA system. The simulations reveal
that increasing the power coefficients of the strong user increases its achievable
EC, whereas increasing «; for the weak user does not have a significant impact
on this user’s achievable EC.

Figure 3.6 illustrates the variation of T,. versus the transmit SNR for different
user pairing set ¢ of multiple NOMA pairs network with finite blocklength. The
delay exponent for all users is # = 0.01, n = 400, e = 10~°, and V = 6, Vm = M.
Various set of users, depending on their channel conditions, have been paired
together. The impact of the transmit SNR on T, of different pairing sets is
illustrated in Fig. 3.6 which shows that the paring set ¢ = {(1,6),(2,5),(3,4)}
provides the higher T,. as compared to the other pairing sets. This shows that
when the users with distinct channel conditions are paired together, they achieve
higher T, as compared to the pairing of users with less distinct channel conditions.

Figure 3.7 presents the plots of the achievable EC of the strong user and weak
user versus the delay exponent 6, when p = [15dB, 20dB]|, n = 400, and ¢ = 1075.
It is clear that the achievable EC of both users decreases when the delay exponent
becomes stringent. More specifically, the gain in EC of the strong user at the
loose delay requirements (low values of ) is more significant (with large gap)
at the same values of p as compared to the weak user. However, as the delay
exponent becomes stringent, the EC of the weak user seems to be more stable
as compared to that of the strong user, i.e., the weak user can tolerate more
stringent delay.

One of the finite blocklength features, i.e., the transmission error probability €
for the achievable EC of the two-user NOMA has been analyzed in Figs. 3.8 and
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Figure 3.5: Effective capacity of the weak and strong users versus p, with § = 0.01,
n =400, and € = 107°.
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Figure 3.6: Total effective rate of multiple NOMA pairs versus transmit SNR,
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Figure 3.7: Effective capacity of NOMA strong and weak users versus delay
exponent 0, with e = 1076.
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3.9. In Fig. 3.8, the EC of the strong user is plotted versus e for various values of
p, while the blocklength is set to n = 400 and 6§ = 0.01. The readers should refer
to Eq. (3.11) for further clarification on the behavior of the plots in this figure. It
is clear that when p is very small, i.e., 15 dB, the term ( (1—¢) (1+au7u)QCUe5”5U)
from the EC formulation in (3.11) is big as compared to e. This results into sudden
decrease in the achievable EC at low p and higher values of transmission error
probability. However, as the value of p increases, the € factor becomes dominant,
which results into the minimum EC gain yet more stable as compared to the case
with low p.

Figure 3.9 plots the EC of the NOMA weak user versus e for various values of
p. As compared to the Fig. 3.8, this figure shows a considerable decrease in the
EC due to the weak channel conditions of user v;. The readers should refer to
Eq. (3.18) for further clarification on the behavior of the plots in this figure. As
compared to the strong user, the € factor (due to short-packet communication)

in the weak-user’s achievable EC remains more dominant as compared to the
2¢
((1 —€) (”—H) t eﬁt‘st) factor, even at the higher value of p (30dB). When

i1
the value of Zt;rncreases, the steady trend of the EC diminishes and, at very high
values of €, the EC of the weak user becomes zero.

Figure 3.10 shows the variation of the queuing delay violation probability
versus the delay exponent, 6. The delay threshold is set to D,., = 400, n = 400,
and € = 107%. The trend of the plots in this figure can well be understood by
following the EC formulation of the strong user from (3.11). It is clear that,
as 0 becomes more stringent, the queueing delay violation probability cannot
be improved further below a certain value. This is due to the dominance of €

as compared to the term <(1 —¢)(1+ ozu%)%“eﬁu‘su) in the EC formulation.

For high value of 6, ((1 —€) (1 + Ocu”yu)%"eﬁ"‘s") is very small and, hence, €
becomes the dominant factor. However, the strong user shows a considerably
high improvement in the queuing delay violation probability as compared to the
weak user, which is due to the better channel conditions of the former.

Figure 3.11 illustrates the queuing delay violation probability versus the delay
exponent for various values of p for the weak user. As the SINR and weak-user

channel conditions are in focus here, these result into the queuing delay violation
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Figure 3.10: Queuing delay violation probability versus QoS exponent () for the
strong user, with D, = 400, € = 107%, and n = 400.
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Figure 3.11: Queuing delay violation probability versus QoS exponent () for the
weak user, with Dy = 400, € = 1075, and n = 400.
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probability to be restricted at different values versus 6. As # becomes stringent,
the queuing delay violation probability does not improve below a certain limit
due to the characteristics of short-packet communication. When compared to the
strong user, the weak user does not show a considerable improvement in queueing
delay violation probability.

In Fig. 3.12 and Fig. 3.13, interesting trends of the queuing delay violation
probability and e for various values of the delay exponent 6 have been analyzed
for the strong and weak users, when D,., = 100, p = 20, and the blocklength
n = 100. As observed, when the delay requirements are loose, ¢ does not have
any significant impact on the queuing delay violation probability. However, when
the delay exponent becomes more stringent, € has a significant impact on the
queuing delay violation probability. This trend further confirms that, when the
delay exponent becomes stringent, the queuing delay violation probability does
not improve below a certain value due to the dominance factor of e.

Figure 3.13 shows the queuing delay violation probability versus € for different
values of the delay exponent for the user with weak channel conditions. It is
evident that the impact of the queuing delay violation probability on € is not very
significant when the delay exponent is loose. ON the other hand, when the delay
exponent is stringent, i.e., § — [0.1], then € has a significant impact on the queuing
delay violation probability. As compared to the strong user, the weak user does
not show much improvement in queuing delay violation probability. This result
also confirms the impact of short-packet communication on the queuing delay
violation probability of the NOMA weak user.

3.7 Summary

Effective capacity (EC)-based performance analysis of a two-user (out of V' users)
non-orthogonal multiple access (NOMA) network in finite blocklength regime was
investigated in detail in this chapter. Overall reliability requirements were an-
alyzed by taking into consideration the queuing delay violation probability and
the transmission error probability. The closed-form expressions for the individual
EC of strong and weak users is derived, and their accuracy was confirmed using
Monte-Carlo simulations. The achievable EC of multiple NOMA pairs in finite
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blocklength regime was also investigated, which showed that users with distinct
channel conditions achieve more EC as compared to the users with less distinct
channel conditions. It was found that for two-user NOMA, loose delay require-
ments do not have a significant impact on the queuing delay violation probability
under transmission error probability constraint. However, when the delay ex-
ponent becomes more stringent, the queueing delay violation probability cannot
be improved below a certain value under constraints on the transmission error

probability.
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Chapter 4

NOMA versus OMA in Finite
Blocklength Regime: Link-Layer

Rate Performance

4.1 Introduction

Transition from ultra-low latency to massive ultra reliable and low latency com-
munications (mURLLC) for beyond 5G (B5G) applications demands the re-
searchers from both industry and academia to revisit the enabling technolo-
gies. Future smart cities, autonomous robotics, holographic communications,
blockchain, and massive sensing are few examples to name that require the
mURLLC service class of B5G [3]. However, achieving mURLLC for the tar-
get future applications is a challenging task. While the non-orthogonal multiple
access (NOMA) in conjunction with finite blocklength (short packet) communi-
cations is considered as an enabler for low-latency communications [109], further
research is required to quantify the end-to-end latency in these systems. Also,
the scalability of this technology is yet to be investigated.

NOMA with finite blocklength has the potential to allow ultra-low latency,
massive connectivity, and higher throughput under favorable conditions [105].
The principle of NOMA in finite blocklength regime follows the conventional

concept of NOMA, with superposition coding at the transmitter and successive

72



interference cancellation (SIC) at the receiver [28]. However, when operating with
finite blocklength packets, the Shannon formula is not a good approximate for
the achievable rate of NOMA, and alternative solutions are needed. In this vein,
the authors in [8] provided a framework to approximate the achievable rate of a
point-to-point communication link in finite blocklength regime.

Can the latency requirements of mURLLC for B5G services be satisfied with
NOMA in finite blocklength regime? This question needs a detailed delay perfor-
mance analysis of NOMA in finite blocklength regime. In this regard, the authors
in [13] investigated the performance of NOMA with short-packet communications
subject to reliability constraint. More specifically, the mentioned work showed the
reduction in physical-layer transmission latency while using NOMA in conjunc-
tion with short-packet communications. The latency performance of NOMA with
finite blocklength was further investigated in [106], which confirmed the improved
performance of NOMA in terms of reducing latency and improving throughput,
in comparison to orthogonal multiple access (OMA). There are also some work
that investigated only the conventional NOMA, OMA, and hybrid scheme with
NOMA/OMA scheme with the different dimensions such power allocation. Hy-
brid NOMA/OMA scheme is also employed in many networks and case studies.
For example in machine type communications for ultra dense network, the hybrid
NOMA and OMA scheme improves the network performance. This hybrid tech-
nique provides the flexibility to assign the resources (bandwidth) for a single user
and multiple users per resource block depending on the requirements. For exam-
ple, using the OMA scheme, one user per resource block is assigned the dedicated
different normalized bandwidth, while the other cluster of users sharing the same
resource block (NOMA) use the other resource block. The optimal power alloca-
tion scheme for NOMA, OMA, and hybrid NOMA/OMA scheme was provided
in [117]. In this work, a power allocation scheme name the stationary power al-
location scheme was proposed to allocate the power to the users. However, this
work did not consider the short-packet communications and the link-layer tool
to estimate the delay performance of NOMA or OMA. Short-packet communica-
tions based NOMA was also compared with OMA while considering the changing
blocklength scenario in [118]. The performance of the two-user NOMA and OMA

in finite blocklength was studied using the hybrid automatic repeat request with
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chase combining (HARQ-CC). A closed-form expression was derived for the two-
user NOMA and OMA considering the block error rate (BLER). A performance
comparison between the two transmission schemes shows that NOMA outper-
formed the OMA with the best user fairness.

Power optimization for the NOMA network while residing within the short-
packet communication is of significant importance. Employing the short-packet
communications means that the blocklength and transmission error penalty should
also be considered while designing any power allocation scheme. Joint power and
blocklength optimization for the NOMA short-packet communications was stud-
ied in [38]. In this work, the performance of the NOMA was also compared
with the OMA counterpart while considering the short-packet communications
and joint power and blocklength optimization. This work was of significant im-
portance as through the joint power and blocklength optimization the decoding
probability was reduced under constraint of energy. However, still the detailed
NOMA and OMA short-packet communications analysis based on the latency
performance was not done in this work. NOMA short-packet communications is
the enabler of the uRLLC. Authors in [119], studied the outage probability of
NOMA short-packet communications with the advance feature of wireless power
transfer for achieving the uRLLC. A closed-form expression for the outage prob-
ability of NOMA users was derived to define the bounds for the battery capacity.
A relationship between the latency and reliability was also investigated and a
performance comparison was also provided between the NOMA and OMA users
using the short-packet communications. NOMA transmission using the short-
packet communications with MIMO systems was also investigated in [120]. The
downlink MIMO NOMA using the short-packet communications regime was stud-
ied using the Nakagami-m fading channels. As compared to the conventional
approach that used the ergodic capacity and the outage capacity as the perfor-
mance metric, in this work BLER was considered. The focus was to minimize
the blocklength for its used for the futuristic mission-critical applications of IoT
that will require the small data payload for their operation.

Also, a comparative view of the achievable effective capacity (EC) of uplink
two-user NOMA and OMA was conducted in [121], but not for transmissions in
finite blocklength regime. Later in [104], the achievable EC for systems with fi-
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nite blocklength was analyzed, and it was shown that the proposed system within
short blocklength and reliability constraint can reduce latency, hence establishing
the importance of short-packet communications for achieving low latency. Focus-
ing on the importance of short packet communications, the achievable EC for
finite blocklength machine-type communications (MTC) under delay constraint
was derived in [122]. In that work, the optimum error probability was charac-
terized under the effect of signal-to-noise ratio (SNR) variations to maximize the
achievable EC, and it was confirmed that under strict delay constraints, the SINR
variations have less effect on the achievable EC of MTC.

In this chapter, the latency performance of NOMA and OMA with short-
packet communications is investigated. The major contributions of this chapter

can be summarized as follows:

e The achievable EC of two-user NOMA and OMA in finite blocklength
regime is derived.! Specifically, the achievable EC (link-layer rate) of NOMA
users is investigated in finite blocklength regime under heterogeneous delay
quality-of-service (QoS) requirements, in comparison with the OMA coun-

terpart.

e Closed-form expressions for the individual users’ EC in the two-user NOMA
and OMA networks over Rayleigh fading channels is derived, and its accu-

racy is confirmed using Monte-Carlo simulations.

e Under Rayleigh fading and with strict delay, the OMA user with better
channel conditions outperform both NOMA users at low SNRs,

e The simulation results of the achievable EC of two-users NOMA and OMA
in short-packet communications under different fading channels and with
heterogeneous delay requirements are also investigated. It is shown that the
achievable EC of two-user OMA under strict delay constraint with severe
fading is better as compared to the two-users NOMA networks. However,
under severe fading with loose delay, NOMA strong user outperforms the
OMA counterpart.

!Two-user NOMA has been included as a building block in third generation partnership
project long-term evolution advanced (3GPP-LTE-A) networks [13].
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e Total link-layer rate of two-users NOMA and OMA in short-packet com-
munications under different fading channels and with heterogeneous delay
requirements are also compared. As compared to the individual EC of
NOMA users, total link-layer rate of NOMA outperforms its counter part

OMA under certain conditions.

4.2 Transmission Framework and Fundamentals

Consider a downlink two-user NOMA network with finite blocklength. The users,
denoted by v;, i = {1,2}, are equipped with single antennas and communicate
with a single base station (BS). The channel coefficient between the BS and v; at
time 7 is referred to by h;(7). The two users are classified based on their channel
conditions as strong and weak users and, without loss of generality, it is assumed
that \hl(T)]2 > ]hg(T)IQ.

Following the NOMA principle, the BS broadcasts a combined message
S22 Vi Puy(T) to its users, where wu; is the message corresponding to user v;, P
is the BS’s total transmit power, and «; is the power coefficient for user v;. With
fixed power allocation policy at the BS, the power coefficients for the two users

are such that oy < ap. The received signal at user v; can now be formulated as'

2
=1

where m; is the additive white Gaussian noise (AWGN) at v;, 7 € {1,2}.

At the receiving side, the strong user (vq) first performs SIC to remove in-
terference (uy) from its received signal (y;), and then decodes its own message.
Therefore, for user vy, the received SNR, denoted by SNRll\I,2 can be found as

SNRll\I =aqp ‘h1|2 ) (4.2)
where p is the transmit SNR, namely p = ﬁ, in which N,B denotes the noise

L As the channel coeflicients are assumed stationary and ergodic random processes, the time
index 7 is omitted hereafter for simplicity of presentation.

2Superscript N indicates NOMA. Later, notation O will be used to indicate the OMA
operation.
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power.
On the other hand, the weak user (vy) treats u; as interference and decodes its

own message directly. Hence, its resulting signal-to-interference-plus-noise ratio

(SINR) can be derived as
Q2p |h2|2

SINRY = 222102l
a1p |he|” + 1

(4.3)

Channel gains of both users are modeled as Rayleigh distributions with unit
variance. Following the NOMA operation, the users v; and v, are sorted based on
their ordered channel gains. Therefore, the probability density function (PDF)
of the ordered channel power gains can be obtained using the order statistics
[111]. In this regard, using p |h;|* = ~; and denoting its PDF as f (7;), the order
statistics is applied to get

fore () =& f () F (), (4.4)
f’72:2 (’72) = §2f (72> (1 —F (72» ) (45)
where f.,, is the PDF of the ordered ~; out of two users, & = m7 in which

B(a,b) is the Beta function [116], and ¢ € {1, 2}.

For the case with OMA operation, both users have access to the same spec-
trum bandwidth as in the NOMA case but each user can only occupy half of the
transmission time slot. Using the results of [8] as starting point, the users’ achiev-
able rates with finite blocklength in the NOMA and OMA cases under study can
be formulated, in b/s/Hz, as

‘/1N
= logy (14+aim) — WQ_l(E)’ (4.6)
VN
N Zogy (14 —22 ) /2 A7
A =tog (14 22 ) - [P, (4.7
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Tio = % (lOgZ (1 + %) - \/?Q_l(e)> ) (S {1’ 2}7 (48)

where rI¥, v and 70 are the achievable rates of the NOMA strong user, NOMA
weak user, and OMA users, respectively, n is the blocklength, € is the transmission

error probability, and Q'(.) is the inverse of Gaussian Q-function [123] with

Q(z) = /OO \/12_7Tew22dw. (4.9)

In this transmission the channel dispersions of the NOMA strong user, NOMA

weak user, and OMA users can be derived as

VN=1-(14am) (4.10)

VN =1 <1+%)_2 (4.11)
a2 +1

VO=1-(1+~)" (4.12)

The above channel dispersion are for the two-users NOMA and OMA networks
when short-packet communications is employed. Compared to the Chapter 2,
channel dispersion that takes into consideration the case of the transmit SNR
and extremely high transit. In this transmission, the two-users NOMA and OMA
channel dispersion is also considered as this transmission is at the extremely high
SNR.

4.3 Effective Capacity of NOMA and OMA in
Finite Blocklength Regime

In this section, the achievable EC of the two-user NOMA and OMA networks in
finite blocklength communication regime is derived. Then a closed-form expres-

sions for the EC is provided.
By following [104] and [103], the achievable EC of the two-user NOMA and
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the OMA counterpart in finite blocklength regime can be formulated as

1 [ N
N _ _ —0;nr;
C;' = Hmln (E et (I1—¢)e > : (4.13)
1 [ 0]
o _ . —0;nr;
C; = mln (E o+ (1—¢)e ) : (4.14)

where CN and CP represent the EC of user v; in finite blocklength regime, for
NOMA and OMA, respectively, and E[.] is the expectation operator.

By considering the service rate r}¥ for users v; in finite blocklength regime from
(4.6) and (4.7), the achievable EC of the NOMA strong user and the NOMA weak

user can be approximated as

1 SN
N - _ 271 1 VlN
C 91nln (]E [e +(1—e)(I4+am) e ]) ) (4.15)
and
1
N [ —
Cy = Oan
_ 272 272 P V2N
X In (E {e—i- (1—¢) (1 + o 1) e?V : (4.16)

respectively, where Y; = —;fz, and 1; = 0;1/nQ(e).
As specified, users v; and vy can also operate according to OMA, by transmit-
ting their messages using time division multiple access (TDMA). For the OMA

case, using (4.8) the achievable EC of the two users can be approximated as

1
In|E
Hinn(

The above derived individual EC expressions of the two users with NOMA or

0 = _

(2

e+ (1 —e)(1+%)Tiewi\{V?]>. (4.17)

OMA in finite blocklength regime can be used to analyze and compare the delay
performance in both operation scenarios.

To further simplify the above expressions, a closed-form expressions for the
individual EC of the strong and weak NOMA and OMA users in finite blocklength
regime is derived. Specifically, using the order statistics from (4.4) and (4.5) the
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achievable EC of a two-users NOMA and OMA can be expanded as

1 o N
Cr = _6_ln</0 <6 + (1= €)1+ ary)* et )

1n

X f'n:z (71)d71> ) (4‘18)

1 o Y2+ 1 20
A | 1—¢) 21—
G, oo n (/o <6+( €) o 1

(4.19)
X erVQN)f’Yz:Q (72)d72> )
1 & 11’1‘/1
o_ _ - o T1
Cy = 01n1n</0 <6+(1 €)(1+m) )
(4.20)
X f712 '71 dfh)
1 & 2V2
o_ _ - o Tg
Cy = 02n1n</0 <e—l—(1 €)(1+ 72) )
(4.21)

X f’Y22 2 d72>

where f(v;) = l—l)e_%, F(v)=1- e %, and it is assumed at high SNR VN ~
1,V:9 ~ 1 [8]. The final closed-form expressions for the two users, in NOMA and
OMA, can be obtained by solving the above integrals.

To obtain the closed-form expressions for CYN, CP, and C9, first the simple

case of CP is considered and its closed-form expression is derived. In this regard,
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CPO (from (4.20)) can further be expanded as

1 2 wn > _m
Cco = —e—ln <e—|— (1—¢) 2% </0 (L+m) e v dy,

mn P ,
n
00 ' oy
— [ Qe Fan ) ), (4.22)
0
I
where let’s recall & = m and T = —gll—ng. Introduce the equality from [eq
(13.2.5) [116]]
H(a,b,z) = 1 /oo e #e (1 + t)bfaf1 dt
I'(a) Jo (4.23)

for Re(a), Re(z) > 0,

where H(., .,.) is the confluent hypergeometric function of the second kind [116].
By using (4.23), the integrals I; and 5 can be solved as

1
Il = H <1,2 + Tl, —) 5 (424)
P

2
L=H (1, 247y, —) . (4.25)
p

Inserting (4.24) and (4.25) into (4.22), the closed-form expression for CP can
finally be derived and is given in (4.28)

Similarly, following the above steps, the closed-form expressions for CYN and
C9 (given in (4.26) and (4.29)) can also be obtained. The closed-form expression
for the weak NOMA user can also be found. And the steps followed for finding
the closed-form expression for the NOMA weak user are given in Appendix C,

and the derived final closed form expression is given as (4.27).
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1 2 1 2
CN=——Inle+(1—e)——e(H(1,24+207,— | -H(1,2+27,, — .
O1n a1p aLp aip

(4.26)
20, %" 2 Oy (g —1) 2 2
cY = ——111 (6 +(1—¢) N v (H (1, 2, —> + Mealp]ﬂi <——>
p p a1ln2 a1p
. k—j—1 k—1
o k—l G-D!'(_ 2 (2
2T2> <Oq ) j:1 a;j < p) ( p> 2 ( 2 )
+ err By | ——— .
2 ( aq (k — 1)' aLp
(4.27)
2 1 2
= ——1n(e+ (1—¢) 2e? (H (1,2+T1,—> —H (1,2+T1,—)> )
Oin P p P
(4.28)
Cy =— —ln €+ 1—6);621‘1 12—|—T2,p ) (4.29)
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4.4 Numerical Results

In this section, extensive simulations to compare the performance of the two-user
NOMA and two-user OMA in finite blocklength regime are performed. Numerical
results are discussed and compared, considering the users’ power coefficients ap =
0.7 and a; = 0.3, the blocklength n = 400, and a transmission error probability
€ = 1075, unless otherwise specified.

Fig. 4.1 shows the plots of the achievable EC of two-user NOMA and two-user
OMA in finite blocklength regime as a function of the transmit SNR (p) in dB.
For this evaluation, delay exponent is set # = 0.01. The accuracy of the derived
closed-form expressions is confirmed. The figure also shows that, at very low
transmit SNRs, the OMA strong user outperforms both NOMA users. However,
as p increases, the achievable EC of NOMA and OMA does not increase further
and saturates at very high values of the SNR. At low SNRs, the achievable EC
of the weak user is approximately the same in both NOMA and OMA, whereas
at high SNRs the weak user OMA dominates with a big gap.

Fig. 4.2 shows the plot of the achievable EC of two-user NOMA and OMA in
finite blocklength regime versus the transmit SNR (p) under severe fading (one-
sided Gaussian) under the constraint of the stringent delay exponent, § = 0.01.
The two-user NOMA under the strict constraint of fading and delay underper-
forms compared to the two-user OMA short-packet communications. More specif-
ically, the performance gap is very wide between the NOMA and OMA pairs,
which shows that NOMA under fading and delay constraint for the two-user sce-
nario is a poor choice. However, in case of the multi-user NOMA (that will be
discussed later in this Section), its performance is much better compared to the
OMA counterpart. This feature of NOMA short-packet communications show
that NOMA is more suitable when massive connectivity scenarios are considered
under stringent delay and fading constraint.

Fig. 4.3 is adds more insights in the previous plot. In this graph, achievable
EC of two-user NOMA and OMA short-packet communications is plotted versus
transmit SNR (p) under severe fading (one-sided Gaussian) under the constraint
of the less stringent delay exponent, § = 0.001. In this case, the requirements

of the delay are relaxed. Under loose delay, strong-user NOMA outperforms the
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Figure 4.1: Achievable EC of two-user NOMA and two-user OMA versus the
transmit SNR with Rayleigh fading channel.
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Figure 4.2: Achievable EC of two-user NOMA and two-user OMA versus the
transmit SNR under severe fading (one-sided Gaussian) with stringent delay, i.e.,
6 = 0.01.
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Figure 4.3: Achievable EC of two-user NOMA and two-user OMA versus the
transmit SNR under severe fading (one-sided Gaussian) with less stringent delay,
ie., 0 =0.001.

86



OMA with a more wider gap. However, still the weak-user OMA outperforms
much better than the weak-user NOMA at high SNR. More interestingly, the
performance gap between the strong-user NOMA and OMA is much wider as
compared to the previous findings under strict delay constraints, where OMA
outperformed the NOMA. At smaller value of the transmit SNR (from 5dB to
10dB), the performance of the strong and weak user OMA is better than the
NOMA pairs.

Fig. 4.4 shows the simulation results of the achievable EC of two-user NOMA
and two-user OMA against p under rician and lognormal fading model with strict
delay constraint. At low transmit SNR (p), the performance of the OMA strong
user is good, however at high SNR, the NOMA strong user performs way better
as compared to the strong user OMA even under the strict delay constraint. How-
ever, the weak-user OMA shows a very interesting trend. Contrary to its partner
(strong user OMA), whose performance degraded at the high SNR, the OMA
weak-user achieves much better performance (many fold) at the high transmit
SNR (p).

Fig. 4.5 shows the graph of the total achievable link-layer rate of two-user
NOMA and OMA in finite blocklength regime with generalized fading conditions
with loose delay constraint, # = 0.001. As compared to the individual EC of
each NOMA and OMA users, the total EC of two-users NOMA and OMA shows
different trends under different fading conditions with loose delay. Total link-
layer rate of two-user NOMA is outperforming the two-user OMA under different
fading conditions. This is entirely different from Fig. 4.3, where the individual
EC of the weak-user OMA under the same conditions of fading and delay was
better than the weak-user NOMA. However, in case of the total gain or total
Link-layer rate, it is the two-user NOMA which has the more gain as compared
to the total link-layer rate of OMA, when the delay is loose.

When the delay exponent becomes more stringent, then the total link-layer
rate of OMA is better compared to the two-user NOMA network. Fig. 4.6 shows
the plot of the total link-layer rate of the two-user NOMA and OMA network
with short-packet communications with # = 0.01. Under different fading mod-
els, two-user OMA shows better performance compared to the two-user NOMA

network. More specifically, the performance gap between the two-users NOMA
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Figure 4.5: Total achievable EC of two-user NOMA and two-user OMA versus
the transmit SNR under different fading conditions with less stringent delay, i.e.,
6 = 0.001.
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Figure 4.6: Total achievable EC of two-user NOMA and two-user OMA versus
the transmit SNR under different fading conditions with stringent delay, i.e.,
6 = 0.01.
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and OMA total link-layer rate is small at the small transmit SNR, however as
the transmit SNR increases, the performance gap becomes widen, and two-user
OMA overcomes the stringent delay constraint.

Fig. 4.7 shows the plots of the total achievable EC versus the transmit SNR
(p). The results reveal that the total achievable rate of NOMA outperforms the
one for OMA at high SNRs when 6 = 0.001. On the other hand, when the delay
exponent becomes stringent, i.e., changes from 6 — 0.001 to 8 — 0.01, the total
link-layer rate of OMA outperforms the one of NOMA at high SNRs. However,
at the low SNRs, the total link-layer rate of NOMA and OMA are approximately
the same irrespective of the delay constraints.

Fig. 4.8 provides a comparative view of the total achievable EC of multiple
NOMA and OMA pairs when service is provided to 6 users out of 12 possible users,
and 6 = [0.001, 0.01]. Within a pair, NOMA scheme has been implemented, while
the inter-pair multiple access has been achieved using TDMA. It is clear from the
simulation results that the multiple-user NOMA network outperforms the OMA
one under different delay requirements. The figure also reveals that multiple-user
NOMA and OMA perform better than the two-user access cases when the delay
exponent becomes stringent. It is also important to note that, these findings
are based on the Monte-carlo simulations. These Monte-carlo simulations have
already been verified with the closed-form expressions.

Fig. 4.9 plots the simulation results of individual user’s achievable EC of two-
user NOMA and OMA versus the delay exponent # when the transmit SNR p =
20dB. This figure shows that the NOMA users outperform the OMA users when
the delay exponent is very loose. However, when the delay exponent becomes
stringent, the NOMA users show a considerable loss in EC as compared to the
OMA case.

Finally, Fig. 4.10 shows the curves of the achievable EC of two-user NOMA
versus the transmit SNR (p) with different values of the power coefficients (ay,as),
when # = 0.01. Compared to the flexible power allocation scheme, this figure
shows how the different sets of fixed power coefficients impact the performance
of the two-user NOMA network. With the increase in the power coefficients,
the achievable EC of both the strong user and the weak user with NOMA also

increases. This also confirms that the changing power coefficients has also a
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significant impact on the two-users NOMA netowrk under delay constraint.

4.5 Summary

In this chapter, considering NOMA and OMA with two users, the individual user’s
achievable EC in finite blocklength regime was formulated. A closed-form expres-
sions for the individual EC of both users, in NOMA and OMA separately under
Rayleigh fading was dervied, and their accuracy was confirmed using Monte-Carlo
simulations. Performance of NOMA in comparison with OMA under heteroge-
neous delay QoS constraints was also investigated. The performance comparison
showed that at low SNRs the strong user OMA outperformed both NOMA users
with Rayleigh fading. The achievable EC of the two-user NOMA and OMA under
different fading models was also investigated in detail. This analysis established
that two-user OMA (with individual EC of two-user OMA) under severe fading
and stringent delay outperformed the two-user NOMA. However, when the total
EC of two-user NOMA and OMA was compared, then it was the NOMA that

performed better compared to its OMA counterpart.
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Chapter 5

Short-Packet Assisted
Non-orthogonal Multiple Access

Based Random Access

5.1 Introduction

NOMA in conjunction with the short-packet communications is regarded as the
enabler of the uRLLC. In power-domain NOMA, multiple users share the same
resource block, while exploiting the power difference of their signals. Mainly,
NOMA is used for the downlink transmission and this transmission is termed
as the coordinated transmission. This coordination is achieved through BS.
However, to further reduce the signalling overhead, NOMA can also be used for
non-coordinated transmission random access for accessing the channel. NOMA
short-packet communications with the conventional random access scheme, i.e,
multichannel ALOHA can be employed to achieve the massive connectivity, spec-
trum efficiency, and low latency communications. NOMA-random access (RA) in
conjunction with the short-packet communications is the non-coordinated trans-
mission, that will play a critical role in overcoming the spectrum scarcity [20].
To provide the seamless connectivity for billions of machine-to-machine (M2M)
connections, advance multiple access techniques with less access delay are required

[35, 124]. These M2M connections also operate with the short data payload. For
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this purpose, the NOMA-RA with short-packet communications have been envi-
sioned as an enabler technology for the challenging use cases of the 5G, mMTC,
and uRLLC.

With the help of NOMA-RA, the users will randomly select one of the channel
and one predefined power level and start transmission. Then the receiver per-
forms the SIC, and decode the received message, while considering the received
signal strength. Considering the importance of the NOMA-RA for improving
the spectrum efficiently, researchers from industry and academia has explored
its different dimensions. NOMA-RA in uRLLC energy harvesting networks was
investigated in [125]. In this work, the goodput (goodput is the actual useful
information transmitted over the network and received by the receiver. This is
considered as the application level throughput of the network), reliability, and
average packet latency were studied for the NOMA-RA. The analytical results
were compared with the OMA-RA and showed the improved performance of the
NOMA-RA in terms of goodput, reliability, and average packet latency. Employ-
ing the random access technique with the NOMA is not only restricted to the
power domain NOMA. Authors in [126], employed the code domain NOMA (CD-
NOMA) (there are two basic types of NOMA, namely, code domain NOMA and
the power domain NOMA. In code domain NOMA, the users are superimposed on
the resource block using the Gaussian codes or spreading non-orthogonal codes.
While in power domain NOMA, the power levels are used by different users to
exploit the NOMA operation.) with the random access technique and showed
that the throughput of the proposed CD-NOMA with random access feature was
improved compared to the conventional random access scenarios.

NOMA-RA has a direct impact on the industry, due to this factor, researchers
from academia are investigating the NOMA-RA from all dimensions and for all
application scenarios. One of the real-world application is the unmanned aerial
vehicle (UAV). For this application, NOMA-RA was investigated in [36]. In this
work, the focus was to achieve the stable throughput for UAVs by employing the
NOMA-RA and the optimal power level selection. Further, the stable throughput
was achieved for the UAVs while considering the altitude and beam width of the
UAVs.

Due to the practical applications of the NOMA-RA, NOMA-RA was regarded
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as the enabler of the uRLLC use case of 5G and also for the 6G. In [35], NOMA-
RA was investigated as the multiple access technique of choice for the 6G IoT
networks. In this work, NOMA-RA which was based on the slotted ALOHA
technique was modified using the spreading non-orthogonal code (the code do-
main NOMA used the Gaussian codes or spreading non-orthogonal codes to make
the distinction among different users while using the one resource block) , and
was termed as the spreading slotted ALOHA based NOMA-RA. A completely
different approach compared to the conventional approach for reducing collision
in NOMA-RA was adopted based on the spreading non-orthogonal code. This
proposed approach increased the throughput and hence deemed suitable for the
challenging scenarios of 6G IoT networks. NOMA-RA is regarded as of capital
importance and as a core technology for the emerging IoT networks. NOMA-
RA used the combined operation of the NOMA and random access techniques
such as ALOHA and mult-channel ALOHA. As in the future, millions of the IoT
devices will require a short transmission delay and higher reliability for their op-
eration. Therefore, the NOMA-RA due to the short access delay is regarded as
the key multiple access technology for the future IoT devices. Also, the transition
from the existing multiple access techniques (ALOHA) to the NOMA-RA is less
complex. The NOMA-RA based on the slotted ALOHA for the emerging IoT
networks was discussed in [20]. To minimize the interference two detection tech-
nique was employed SIC with optimal decoding and the joint decoding. Then the
outage probability of the SIC and the joint decoding was derived and investigated.
The combined approach enhanced the throughput of the NOMA-RA.
NOMA-RA due to the provision of short access delay, massive connectivity,
and higher throughput, has attracted a lot of attention in todays research domain.
For example, in [127], to avoid the collision in case when multiple packets are
transmitted simultaneously using the same assigned slot, NOMA-RA scheme was
proposed with collision avoidance mechanism. Usually the collision resulted into
the reduction of the throughput and overall reduction in the performance of the
NOMA-RA. This work [127] considered the collision resolution period during
which the collided packets are transmitted. In this way, the NOMA-RA achieved
the maximum throughput under the controlled conditions. NOMA-RA was also

investigated with its data transmission scheme under the umbrella of NOMA-RA
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data transmission ((NOMA-RA DT) in [128]. In this work, NOMA-RA DT users
considered the advance design of preamble selection based on the collision. BS
in advance could detect the preamble with possible collision and only assign the
physical uplink shared channel (PUSCH) to the NOMA-RA DT users without
collision.

The most recent work of the NOMA random access that considers the access
probability and conditional throughput is very limited. The throughput of the
NOMA-RA for users randomly accessing the channel was investigated in [33].
This NOMA-RA was based on the multi-channel ALOHA scheme and showed
the proposed NOMA-RA improved the spectrum efficiency compared to the con-
ventional random access technique. However, this work did not consider the
short-packet communications. How the optimal power levels should be selected
in NOMA-RA, to increase the throughput? This question was answered in [129],
where the proposed users in NOMA-RA scheme optimally select the power levels
from the pre-determined power levels and achieved the higher throughput. This
work not only considered the optimal power level selection, but also focused on
the collision avoidance, so that different users did not select the same power level.
Another work [130] also considered the NOMA-RA as the core technology for the
[oT networks and investigated the core network performance metrics such latency
and the GoodPut. The impact of the packet replicas was studied on the network
metrics, where the different replicas were accommodated in different time slots.
The proposed scheme showed the improved throughput in terms of the maximum
GoodPut.

The throughput of the NOMA-RA was also studied in [131]. In this work, the
throughput of the NOMA-RA was compared with the multichannel ALOHA with
and without capture effect. Also, the sensitivity of the given load on the through-
put of NOMA-RA was calculated. Then an adaptive load distribution scheme
was developed for this proposed NOMA-RA scheme via user barring algorithm.
Still this detailed analysis is without taking into consideration the short-packet
communication. However, this chapter not only considers the NOMA-RA but
also the short-packet communications, and shows that how the BS assigns the
resources that will facilitate the NOMA-RA short-packet communications.

The main contributions of this chapter are summarized as follows:
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e NOMA-RA with short-packet communications based on the multichannel
ALOHA has been proposed and its performance in terms of conditional
throughput is investigated with respect to different number of power levels

and subchannels.

e Proposed NOMA-RA with short-packet communications outperformed the

conventional random access techniques such as multichannel ALOHA.

e Through analytical results, it has been shown that the conditional through-
put of NOMA-RA with short-packet communications improved with adding
more power levels, however it saturates at a very high value. Which estab-
lish that adding more power levels adds complexity and further addition in

power levels will not translate into throughput improvement.

e It is also shown that the short access error probability (due to short-packet
communications) has a impact on the throughput of the NOMA-RA. When
this error probability becomes stringent, the throughput of the NOMA-RA

reduces.

e Users are randomly accessing the channels based on some access proba-
bility. Increasing the access probability should increase the throughput.
However, this is not the case for NOMA-RA and multi-channel ALOHA.
There is the optimum value for this access probability. Through analytical
results, it is clear that with further increase in the access probability the
throughput of the proposed NOMA-RA short-packet communications in-
creases first and then starts decreasing afterwards. The optimum value of

the access probability has also been highlighted through simulation results.

Based on the multi-channel ALOHA, the NOMA-RA with short-packet com-
munications is designed in this chapter. The rest of the chapter is organised as
follows: The Section 5.2 provides the system model and the transmission frame-
work for multi-channel ALOHA and the NOMA-RA, based on which the condi-
tional throughput of the NOMA-RA is derived. The performance of proposed
NOMA-RA with short-packet communications is then evaluated in Section 5.3,

then the whole chapter is summarised in 5.4.
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5.2 System Model and Transmission Framework

This system model considers the uplink transmission with K orthogonal sub-
channels, one BS, and D multiple users. To complete the uplink transmission,
first the random access procedure for the grant of uplink resources is performed
between the BS and the user equipment (UE). This four step handshake pro-
cedure for NOMA-RA short-packet communication is based on message passing
between the UE and BS. Figure 5.1 shows the four stages of handshake pro-
cedure for the NOMA-RA for accessing the uplink resources. The first stage
is the preamble transmission which involves the reception of system informa-
tion from the BS on physical broadcast channel (PBCH) and then selection and
transmission of preamble to BS via physical random access channel (PRACH).
Second step is the preamble detection and RAR transmission, through which UE
receives the random access response via physical downlink control channel (PD-
CCH) and physical downlink shared channel (PDSCH) from the BS. In this step,
UE receives the uplink grant and synchronization information. In the third step,
UEs with the recognized preambles will start layer & message transmission for
the connection request using the physical uplink shared channel for short-packet
transmission (PUSCH-SPT). As compared to the NOMA-RA, where the uplink
channel used for layer 3 message is the PUSCH, the BS assigns the PUSCH-SPT
for the NOMA-RA short-packet communications. This enables the devices to
transmit using short data payload with less access delay. The fourth step for
handshake procedure is the contention resolution. If multiple users select the
same preamble, then the collision occurs. The collided users will then go into the
fourth step bypassing the layer 3 message transmission step.

As the NOMA-RA is based on the multichannel (slotted) ALOHA, therefore
a very brief discussion about the multichannel ALOHA is given here. At any
given time, if the A; set of multiple users actively and randomly selects the
jth subchannel for transmission, then the received signal y; at the BS can be
approximated as y; = ZaeAj hj,a\/msjya + kj;, where hj,, Pj,, and s;, are
the channel coefficients, transmit power and the signal from user a with k; as the
spectral noise. There is possibility of the collision, when multiple users access the

same subchannel. However, in this system model, the collision probability is not
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taken into account and a very simple collision model is adopted. Following the
[131], the throughput of the multichannel ALOHA is approximated as,

Pan(D; K) = D(l - %)D_l, (5.1)

where active users D randomly select the K subchannels. By finding the
distribution of the D, the average throughput of the multi-channel ALOHA can
be derived. If there are S users and each user becomes active with some access
probability, a,. Denoting the number of active users that select the subchannel
with M, the approximation of the D users can be, E[D] = Sa,, and E[M]| = Sa,.
Considering the M as the Poisson random variable with parameter A\, and py(m)
as the probability mass function (pmf), then the Poisson random variable M can

be written as,

eTAN™

m)!

M ~ py(m) = (5.2)

For a very large number of users 5, the average throughput of the multichannel
ALOHA can be derived as,

Uar(K) = E[Par(D; K)).

5.3
= KX\ (5:3)

During the orthogonal random access grant procedure, if the assigned uplink
resource from the BS is PUSCH-SPT as is explained above in Fig. (5.1), then the
average throughput of the multichannel ALOHA for short-packet communications

links can be approximated as

Uar-s(K) = E[Par—s(D; K)|(1 = S)

= Kxe M1 -5,), (54)

where S, is the short access error probability due to the grant of the PUSCH-
SPT resource while employing the short-packet communications. The derived

throughput of multi-channel ALOAH with short-packet communications as is
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given in (5.4) can be used to investigate the multi-channel ALOHA short-packet
communications performance in conventional networks. This expression shows
that the throughput of the multi-channel ALOHA is K times higher than that
of the single channel random access scheme. As, inserting the K =1, the (5.4)
reduces to the single channel ALOHA scheme with short-packet communications.
The above mentioned throughput however can be maximised by adjusting the in-
tensity of the A in (5.4). After using the A = 1 in (5.4), the maximum throughput
of the multi-channel ALOHA with short-packet communications can be achieved.
Based on the above random access scheme, the NOMA uplink random access
scheme for the short-packet communications regime is considered. This NOMA
random access scheme is entirely different from the conventional NOMA approach
where the whole scheme is coordinated by the BS. Here, the pilot signal trans-
mitted by the BS to the users is used to synchronize the whole communications.
This help the users to estimate the channel state information (CSI). Taking into
consideration the transmitter design simplicity, the CSI estimation is taken as
perfect. If there are P, predetermined power levels, then the active users have
the flexibility to select one of the power level. The predetermined power levels
are ¢; > ...cp, > 0. To perform the random access procedure, the user v; selects
one of the power level, ¢; . After selecting the power level ¢; , the transmission
power can be approximated as
Cy
Pi = o (5.5)
where «; is the channel gain for user v;, p; is the transmitted power, and ultimately
¢; becomes the received signal power at the BS. So, the ¢ can be the SNR or
SINR at the BS. Depending on the target SINR ~, the power level ¢; can be
decided via ¢; = y(C; + 1), where C; = ZL: 141 Cm- Desired transmission rate or
channel conditions are taken into consideration while deciding the target SINR.
Therefore, the target SINR for one of the active user selecting the ¢; power level

can be derived as
Cl

:Cl—|—1

The signal from the user with power level ¢; is then decoded and removed at

g (5.6)

the BS using the SIC. If multiple users are involved in the transmission using the

P, power levels, then the total of P, signals are decoded using the SIC. There is
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a possibility that, some users can choose the same power levels. In this case, the
power collision occurs, which result in the decoding error and the BS do not able
to decode some of the signals. Considering the power domain NOMA random
access procedure, if the D active users randomly selects the power levels such
that D < Py, then the probability of selecting the different power levels by the

active users 1s

D:ﬁ@—%). (5.7)

d=1

By employing the above probability and keeping the subchannels constant, the
average conditional throughput of the NOMA random access procedure using the
PUSCH-SPT resource can be found using the (5.2), (5.3), and (5.4) as

Uvr(Pr, K) =K Z m(m (1 _ i)) e_wna — Se), (5.8)

m)!

where the K are the number of the subchannels and have been approximated
using the Poisson approximation. It is clear that as the number of the power levels
increase the throughput of the NOMA random access increases, without addition
of the subchannels. This confirms the superior performance of the NOMA random
access as compared to the multichannel ALOHA. However, taking the P, = 1
in the above expression reduces the conditional throughput of the NOMA ran-
dom access to multi channel ALOHA. While taking the Py = 2 results into the
higher throughput (approximately 1.5 times) than the conventional multi-channel
ALOHA scheme.

However, the performance of the NOMA-RA with extensively larger number
of the power levels will not translate into the maximum throughput. This is due
to the fact that increasing number of power levels will also introduce complexity,
and the BS will not perform a perfect SIC and the resulting decoding errors will
significantly reduce the overall gain of the proposed scheme.

In addition to the above limitation of NOMA-RA with extensively large num-

ber of the power levels, there is also a concern that when the multiple users selects
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the same power levels as is mentioned earlier. If the multiple users selects the
same power levels then the power collision occurs and the BS fails to decode the
rest of the power levels. As compared to the collision that occurs in the conven-
tional multi-channel random access scheme, the power collision in the NOMA-RA
scheme is not an independent event. It means, if in one transmission, power col-
lision occurs, then the BS will not be able to decode the rest of the power levels
and hence messages of the other uses will also not be decoded. In the event of
the power collision, it is still possible to decode some of the signal, however all
the rest of the signals from the power level facing the power collision will be
dropped. This is serious challenge in designing the NOMA-RA schemes, that can
significantly reduce the performance of the NOMA-RA. Hence, the researchers
from the academia and industry are focusing on the power collision aspect of the
NOMA-RA. Also, the above derived throughput is for the uplink NOMA-RA with
short-packet communications where the users takes their own decision regarding
the selection of the power levels. Therefore, this non-coordinated transmission as
compared to the NOMA transmission also adds complexity in more complex and
diverse network environment.

The final conditional throughput of NOMA-RA derived in (5.8) can be used
to investigate the NOMA-RA for the potential users accessing the users through
selection of the different power levels from the pre-determined power levels. This
expression is also used to investigate the impact of the access probability, short-
access error probability, and power levels on the performance of the proposed
NOMA-RA and multi-channel ALOHA scheme. This work mainly focus on the
theoretical conditional throughput of the NOMA-RA that is entirely based on

the probabilistic analysis.

5.3 Performance Evaluation

In this section, the performance of the NOMA-RA with short-packet communi-
cation is extensively evaluated. The simulation parameters are set as, S, = 1075,
K=250, and access probability is set to 0.06, unless otherwise specified.

Figure 5.2 shows the throughput of the multiple access techniques (MS-ALOHA

and NOMA-RA) with short-packet communication versus the number of sub-
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Figure 5.2: Conditional throughput of the NOMA-RA and multi-channel ALOHA
short-packet communications versus subchannels.
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channel, while the S, = 107°, K=250, and access probability is set to 0.06. It is
clear that the throughput of the MS-ALOHA and NOMA-RA with short- packet
communications increases with the increase of the number of sub-channels. How-
ever, the NOMA-RA outperforms the MS-ALOHA and shows improvement in
throughput. The performance gap between the MS-ALOHA and NOMA-RA is
wide at the lower number of sub-channels, i.e, when the number of subchannels
are limited. However, when the more bandwidth resources are added this perfor-
mance gap become short. This is due to the addition of more complexity due to
the increased number of subchannels.

Figure 5.3 shows the throughput of the NOMA-RA versus number of power
levels, while keeping the subchannels constant at 8, and access probability set
to 0.06. These results further confirm the enhanced performance of the NOMA-
RA with short-packet communications. Without addition of further bandwidth
resources (subchannels), NOMA-RA throughput increases with the addition of
more power levels. However, this performance decreases when the short access
error probability (due to short-packet communication) becomes more stringent.
This simulation result also shows that the increase in the performance is not
consistent with the increase in the power levels. At some point, further increase
in the throughout do not occur. This is due to the power collision and complexity
because of the addition of the large number of power levels

User are randomly accessing the subchannels based on some access probability.
The increase in the access probability should increase the overall performance of
the MS-ALOHA and NORA-RA. However, this is not the case as it requires the
further investigation. For this purpose, simulation results of Figure 5.4 shows the
throughput of the NOMA-RA short-packet communications versus power levels
while considering different values of the access probability with subchannels taken
as 8. Proposed NOMA-RA shows the improvement in throughput with the access
probability 0.06. However, further increase in the access probability results into
decrease of the throughput initially and then is maximum at higher values of
power levels. This shows that there exists a optimal value of the access probability
to achieve a optimum performance of the NOMA-RA.

To further investigate the impact of the access probability on the performance
of the NOMA-RA and MS-ALOHA, Figure 5.5 shows the simulation result of
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Figure 5.5: Conditional throughput of the NOMA-RA and multi-channel ALOHA
short-packet communications versus access probability, with different values of
power levels.
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the throughput versus the access probability, with short access error probability
set to 1075 and number of subchannel taken as 8. It shows that there exists a
optimum area of access probability to gain the maximum performance of NOMA-
RA and MS-ALOHA. The increase in the number of power levels also increases
the throughput, however still it requires the some access control mechanism to
achieve a maximum performance. Usually, the increase in the power levels and the
access probability should increase the throughput of the NOMA-RA. However,
this is not the case in NOMA-RA. The increase in the access probability does
not translate into the increase in the throughput. There is the optimum value of
the access probability, from 0.05 to 0.1, where the NOMA-RA shows maximum
performance in terms of the conditional throughput. Beyond this optimum range
(area), further increase in the access probability does not increase the performance
of the NOMA-RA. In addition to increase, the performance of the NOMA-RA
decreases further.

Figure 5.6 shows the impact of the short-packet communications on the per-
formance of the NOMA-RA technique, while keeping the power levels and sub-
channels constant at 6 each. This further establish that increase in the access
probability does not translate into performance gain, but there exists a optimal
performance area with the access probability. However, it also shows that the
stringent short access error probability decreases the performance of the NOMA-
RA.

Figure 5.7 shows the plots of the throughput of the NOMA-RA versus the
short access error probability for different values of the power levels with, sub-
channels set to 6. Higher power levels shows the significant improvement in
throughput as compared to the lower power levels while residing within the S..
However, when the S, requirements becomes stringent, the performance of the
NOMA-RA decreases significantly irrespective of the power levels and subchan-
nels. This drop in performance is due to the more errors that leads to the collision

during the accessing of the bandwidth resources.
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Figure 5.6: Conditional throughput of the NOMA-RA short-packet communica-
tions versus access probability, with different values of short access error proba-
bility.
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5.4 Summary

In this chapter, one of the core enabler of the uRLLC, i.e., NOMA-RA with short-
packet communications was investigated. In the conventional NOMA networks,
the coordination is usually performed by the BS, through which BS allocates the
power to the users based on their channel conditions. However, as compared
to the conventional NOMA, users in NOMA-RA selects the power levels based
on the pre-determined power levels. In this work, NOMA-RA was based on the
multi-channel ALOHA, with power levels. In NOMA-RA with short-packet com-
munications, the BS assigns the PUSCH-SPT which paved the way for the short-
packet communications. It was clear from the simulation results that NOMA-RA
with short-packet communications outperformed the conventional random access
technique (multi-channel ALOHA). Access probability had a significant impact
on the performance of the proposed NOMA-RA technique. The optimal area
of the access probability from 0.05 to 0.1 showed the better performance of the
NOMA-RA, and further increase in access probability beyond this area did not
translate into enhanced performance of the NOMA-RA short-packet communica-

tions.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions and Discussions

The uRLLC is regarded as the challenging use case of the 5G and B5G wireless
networks. Achieving the ultra low latency while residing within the constraint
of the reliability requires the state-of-the-art enabling technologies. Researchers
from the industry and academia have chalked out multiple enablers of the uRLLC
[3]. This thesis mainly focused on the core enablers of the uRLLC, i.e, NOMA,
NOMA-RA, and short-packet communications. The multiple access technologies
in conjunction with the short-packet communications were investigated in detail
in this work. The core point which differentiated this thesis from the existing
works was the in-depth investigation of the multiple access technologies (NOMA
and OMA) with short-packet communications while employing the frame work of
the effective capacity. How the resources are accessed in case of the novel NOMA-
RA short-packet communications, also made this thesis significantly different
from the existing literature.

NOMA and NOMA-RA with finite blocklength improve the spectrum effi-
ciency, reduce delay, increase the bandwidth. The EC framework was employed
to investigate the delay performance of the NOMA and OMA with short-packet
communications. EC is the dual concept of the effective bandwidth, which shows
the maximum arrival rate that a given service process can support while satis-
fying the certain delay requirements. Finding the achievable EC of the NOMA

short-packet communications is difficult as compared to the conventional NOMA
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operations (without short-packet communications). In conventional wireless net-
works, NOMA operations did not take into consideration the reliability constraint
and only considered the Shannon formula. However, in NOMA short-packet com-
munications operations, the capacity penalty made it more complex to investigate
with the EC formulation.

Considering the capacity penalty based on the transmission error probabil-
ity, the achievable EC of the two users and multiple users NOMA network with
short-packet communications were derived in this thesis. More specifically, the
achievable EC of the two users NOMA (out of the multiple users) with short-
packet communications were investigated while considering the transmit SNR,
delay exponent, power coefficient, transmission error probability, and delay vi-
olation probability. Findings were very interesting such as, NOMA users with
distinct channel conditions achieved higher EC as compared to the users with
less distinct channel conditions. As mentioned above, investigating the NOMA
with short-packet communication is more difficult and complex compared to the
conventional NOMA networks. To address this challenge, the closed-form expres-
sion of the achievable EC of the NOMA networks with short-packet communi-
cations were derived and then verified using the Monte-carlo simulations. The
total achievable EC of multiple NOMA pairs were also investigated by taking
into consideration the impact of transmit SNR and delay exponent. It was clear
that delay violation probability had a limit and could not be improved further
under the constraint of transmission error probability and delay exponent. Most
of the performance analysis of two users NOMA (out of the multiple users) and
multiple users NOMA (multiple subsets) was performed under the Rayleigh fad-
ing channel. However, to provide the higher level insights into the impact of the
fading on the achievable EC of NOMA users with short packets, Nakagami-m
fading channel was also employed. Under this generalized fading model, it was
shown that strong user’s (user with good channel conditions) performance did
not decrease significantly as compared to the weak user (user with weak channel
conditions).

Achievable EC of the only one pair NOMA network was also derived and
compared with its counterpart OMA with short-packet communications. As com-
pared to the two-users NOMA (out of the multiple users), the single pair NOMA
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has different closed-form expression because of the different PDF. This closed-
form expression of the achievable EC of a single pair NOMA and OMA with
short-packet communications was derived under Rayleigh fading channel and then
verified using the Monte-Carlo simulations. The simulation results showed that
the OMA short-packet-communications outperformed the NOMA at low SNR
(20 dB). However, the analysis of total achievable EC of the two-users showed
that the NOMA outperformed the OMA counterpart at high SNR, (from 20dB to
40dB). This performance analysis was also performed with the generalized fad-
ing model, Nakagami-m for the NOMA and OMA short-packet communications.
This analysis also confirmed that the strong user NOMA and OMA performed
better under severe fading conditions.

NOMA with short-packet communications is the coordinated transmission
where the BS performed the power allocation based on the user’s channel con-
ditions. However, to take the advantage of the less access delay of random ac-
cess techniques, NOMA short-packet communications was also studied in non-
coordinated transmission such as random access. For this purpose, in the last
Chapter of this thesis, NOMA-RA that was based on the multi-channel ALOHA
was proposed for the short-packet communications. Performance analysis showed
that the NOMA-RA performed better as compared to the conventional random
access technique. The performance of the NOMA-RA enhanced by the addition
of the power levels, without adding more sub-channels. Finally, the access prob-
ability for accessing the channel played an important role in the whole operation
of the NOMA-RA. There existed an optimal area of access probability from 0.05
to 0.1, where the NOMA-RA showed the maximum performance.

The core enablers of the uRLLC, NOMA, NOMA-RA, and short-packet com-
munications were investigated in more detail in this thesis. It is clear that, not
only the one technique or transmission scenario was sufficient to achieve the
stringent requirements of the uRLLC, but a combination of the approaches was

adopted to satisfy the delay and reliability constraints.
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6.2 Future Research Directions

Although, a substantial research work was carried out in this thesis regarding the
core enablers of the uRLLC. However, based on the existing results in this thesis,

following work can be done in the future:

1. Throughout the thesis, a fixed power allocation scheme is used for the
NOMA, OMA and NOMA-RA scheme. In this fixed-power allocation scheme
users were allocated the power levels from the pre-fixed or pre-determined
power levels. However, it is of capital importance to consider the optimal
and flexible power allocation scheme to optimize the resources in the trans-
mission. So, the existing work of NOMA, OMA, and NOMA-RA with short
packet communications can further be investigated by considering the flex-
ible power allocation [132] scheme based on the channel conditions of the

users.

2. The operation of the multiple access techniques in this thesis considered the
perfect CSI and SIC. However, due to the fluctuating channel conditions
and addition of multiple users, the complexity in the system could increases.
Due to these factors, impact of the imperfect CSI and SIC needs more
investigation [133]. How the imperfect CSI and SIC affects the achievable
EC and overall throughput of the systems, requires more insights in the

future.

3. In chapter 3 and 4, the achievable EC of the downlink NOMA and OMA
networks with short-packet communications was derived. The delay perfor-
mance of these technologies was studied by considering the impact of the
transmit SNR, path-loss, and queuing delay violation probability. All these
investigations were based on the downlink transmission. However, it is very
challenging to investigate the performance of the uplink NOMA and OMA
networks with short-packet communications. Therefore, this work can fur-
ther be extended in the future while considering the uplink transmission of
the NOMA and OMA with short-packet communications.

4. In NOMA-RA, multiple users selected different power levels from the pre-

determined power levels. However, different users can select the same power
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levels. This situation can lead to the power collision, during which the SIC
will not be performed at the BS and the message of the users will not be
decoded and removed. This invites the future work, that can resolve the
issue of the power collision, so that the different users will not be able to

select the same power levels.

. In chapter 5, the conditional throughput of the NOMA-RA and multi-
channel ALOHA was investigated. This showed, on average, how many
users are successfully accessing the channels using the NOMA-RA short-
packet communication regime. However, this work can further be studied
with the EC or EB framework. This can be achieved by considering the
users with single or multiple queues and approximating the arrival rate at
these queues. This will pave the way for understanding the NOMA-RA

with more detail under the statistical delay requirements.

. The core metrics investigated in this thesis were the latency and reliability.
However, the performance of the uRLLC can also be studied with respect to
another key metric such as availability. Latency, reliability, and availability

will make a good combination to study in more detail the challenging use
case of the uRLLC.

. The service class of the uRLLC supports the emerging applications with the
stringent latency and reliability requirements. In this research work, only
the NOMA, NOMA-RA, and short-packet communications were discussed
as the core enablers of the uRLLC. However, there are also other enablers of
the uRLLC such as proactive packet dropping, edge caching and computing,
and multicasting. To study all these enablers of uRLLC is beyond the scope
of this research work. To investigate all the potential enablers of the uRLLC

with the EC tool, is a new research direction for the future.
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6.3 The Impact of this Research on Industrial

Practice

The use case of the uRLLC can support diverse range of the futuristic applica-
tions, such as autonomous vehicles, factory automation, AR and VR, and smart
grid. The research work in this thesis, investigated the performance analysis of the
uRLLC enabler’s (NOMA, NOMA-RA, short-packet communications). Through
this work, the technical guidelines can be derived that will support the practical
applications of uRLLC in the future, and that will also have a direct impact on
the industrial practices. Following can be the industrial and real-life scenarios,

on which this research work will have a impact

e Through the investigation of the delay and reliability performance of the
uRLLC, the findings can be used for the mission-critical applications such
as autonomous vehicles. This will significantly improve the road-safety and

driving efficiency.

e By using the short-packet communications in conjunction with the NOMA
or NOMA-RA, the critical applications in smart-grid that requires small
data payload can be operated with more reliability. This will help in the

more reliable fault detection and diagnosis in the intelligent grid.

e The futuristic applications such as AR or VR work with the stringent re-
quirements of latency and reliability. The use case of uRLLC supports these
applications and the enablers of uRLLC investigated in this thesis will pro-
vide a technical base for minimizing the delay and improving the reliability.
So, the insights from this thesis will become a base to improve the user

comfort in case of the emerging applications of the AR or VR.

The above mentioned cases of the industry and applications are few to name,
that can be improved or further studied through this research work. This research
work will also impact other industrial scenarios such as factory automation. This
requires the researchers from industry and academia to investigate in more detail
the other enablers of the uRLLC in conjunction with the NOMA, NOMA-RA, and
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short-packet communications. This study also provides a starting point for the
future research on the enablers of the uRLLC, while residing within the stringent

latency and reliability constraints.
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Appendix A

The achievable EC with order statistics from (3.15) is given by

Cr == gt (B2 [ (e 1= 9 0+ @™ + 5,0+ 1= ()
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(1)

Ju u—1
By using the binomial expansion [134], the expression (1 — 67’7) in the above

equation can be expanded as

(1- e”p’l‘)w - i (“ B 1) (—1)ie o, 2)

=0
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Using the order statistics and binomial expansion as mentioned above, the equa-

tion (1) can further be expanded into three integrals as follows,

-1
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(3)

Now, by applying the confluent hypergeometric function of the second kind from
(3.17) to the integrals I,, I, and I. of (3), we can write

VvV — 1+4
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Then, inserting (4), (5), and (6) into (3) and using K, = % + f, and n, =

%, we can approximate the closed-form expression for C¥ as

1 Cu o (u—1
Ot = ——1 1— “ —1) H (1,2 4+ 2(y, m) (Ky + 1
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The closed-form expression for the strong-user’s achievable EC at high SNR

presented in (3.32) can also be derived by following similar steps as in the above.
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Appendix B

With order statistics, the achievable EC of the weak user (v;) is formulated as
1 >0 1\* 1\*
Omn \ piJo Y+ 1 o,y + 1
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To simplify (8), we use the generalized binomial expansion [134] and expand the
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where, from [134], it is clear that

(1+a)" = i (‘5) a¥ for |a| < 1. (11)

For y > 1, (Z) can be written as
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where ({) = 1, and (.), is the Pochhammer symbol. Using the binomial expan-

t—1
sion, the expression (1 —e Pl) from (8) can be expanded as
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By further simplifying Eq. (8) with the above expansions, we achieve
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For solving the integrals I, Iy and I3 of (14), we use equations (3.353.2) and
(3.352.4) from [135], i.e.,
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(16)

Finally, by using (22) and (23) we reach the closed-form expression for C! as
shown in (3.23). The closed-form expression for the achievable EC of the weak
user at high SNR presented as (3.33) can also be derived by following the above
steps.
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Appendix C

The achievable EC of the weak NOMA user is given by
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Using the above expansions, (17) can be transformed into
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Applying (4.23) for the integral I,, we get
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For the integrals I, and I., we use (3.353.2) and (3.352.4) from [135] such that,
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where E;(.) is the exponential integral [135]. Using (22) and (23), the closed-form

expression for CY can be derived as given in (4.27).
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