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English Abstract

The world is moving at an exponential rate towards digitization and industrial expansion. The Fifth
Generation (5G) networks have led the foundations for immersive and connected societies, offering higher
bandwidth, lower latency, and a vast device density than the existing mobile network. The upcoming
generations of wireless communication have predicted that around 2.5 billion 5G voice users to experience
high-end interactive calling features by the end of 2026. There are endless opportunities for new business
and value-chain models for providers and users. The Mobile Network Operators (MNOs) and vendors are
coming together to have infrastructure and businesses to support the 5G and beyond ecosystem.

Our work is aimed to provide an adequate architecture for the coexistence of Network Slicing (NS) and
Carrier Aggregation (CA) for the 5G New Radio (NR). CA is the technique to boost the data rate, while NS
caters to individual demands for different user-centric services. NS allocates independent resources to
provide end-to-end services. Three main service classes of network slicing have been defined as Enhanced
Mobile Broadband (eMBB), massive Machine Type Communication (mMTC), and ultra-Reliable and
Low-Latency Communication (uRLLC). The Radio Access Network (RAN) resources for the slicing
framework include link bandwidth, computing/processing capabilities, and spectrum.

We sub-divided the overall aim of achieving an integrated slicing framework for CA-enabled networks into
four main verticals, namely: (i) identification of various combinations of Component Carriers (CC), (ii)
implementation of CA in Small Cells (SC), (iii) radio resource management and scheduling techniques for
CA and (iv) implementation of NS by creating slices based on user-applications. NS and CA are critical
enablers for 5G and beyond networks to incorporate adaptability, scalability, and flexibility to support
dynamic use case environments. We proposed to combine RAN resource management in NS and CA,
considering different scheduling techniques like multi-band and cross-scheduling to cater to resource
allocation among other slices. We achieved high throughput and goodput for eMBB and URLLC slices in
CA-based environments. We identified resource isolation, abstraction, and virtualization as the challenges
associated with RAN slicing. We proposed a radio resource virtualization technique to leverage resource
abstraction and inter-slice resource isolation.

Also, we have proposed applying slicing as an extension of our work into the Open RAN (ORAN) interface
as functional splits and immersive communications such as holographic communication. The scope of
standardization requirements to facilitate 5G RAN disaggregation, CA, and NS is addressed. The thesis
contributes to the design of an architecture for the coexistence of NS and CA to allow for the simultaneous
use of component carriers from different and heterogeneous network nodes (e.g., base stations, WiFi access
points, etc.), which could offer many benefits in terms of quality of service, energy efficiency, fairness,
mobility, and spectrum and interference management.

Keywords: Network Slicing, Carrier Aggregation, Resource Management, Small Cells, Business Model.
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Dansk Abstrakt

Verden bevager sig med en eksponentiel hastighed mod digitalisering og industriel ekspansion. Femte
generations (5G) netverk har fort grundlaget for fordybende og forbundne samfund og tilbyder hgjere
bandbredde, lavere latenstid og en enorm enhedstethed end det eksisterende mobilnetvark. De kommende
generationer af tradles kommunikation har forudsagt, at omkring 2,5 milliarder 5G-talebrugere vil opleve
avancerede interaktive opkaldsfunktioner inden udgangen af 2026. Der er uendelige muligheder for nye
forretnings- og vardikedemodeller for udbydere og brugere. Mobile Network Operators (MNO) og
leveranderer gar sammen for at have infrastruktur og virksomheder til at understette videre SG gkosystem.

Vores arbejde er rettet mod at levere en passende arkitektur for sameksistensen af Network Slicing (NS) og
Carrier Aggregation (CA) til 5G New Radio (NR). CA er teknikken til at gge datahastigheden, mens NS
imedekommer individuelle krav til forskellige brugercentrerede tjenester. NS allokerer uathangige
ressourcer til at levere end-to-end-tjenester. Tre hovedserviceklasser af netveerksslicing er blevet defineret
som Enhanced Mobile Broadband (eMBB), massiv Machine Type Communication (mMTC) og ultra-
Reliable and Low-Latency Communication (uRLLC). Radio Access Network (RAN)-ressourcerne til
udskaeringsrammerne inkluderer linkbandbredde, computer-/behandlingskapaciteter og spektrum.

Vi underopdelte det overordnede mél med at opna en integreret udskaeringsramme for CA-aktiverede
netvaerk i fire hovedvertikaler, nemlig: (i) identifikation af forskellige kombinationer af komponentberere
(CO), (i1) implementering af CA i smai celler (SC) ), (iii) radioressourcestyring og planlaegningsteknikker
for CA og (iv) implementering af NS ved at skabe udsnit baseret pa brugerapplikationer. NS og CA er
kritiske muligheder for 5G og videre netveerk til at inkorporere tilpasningsevne, skalerbarhed og fleksibilitet
for at understatte dynamiske use case-miljoer. Vi foreslog at kombinere RAN-ressourcestyring i NS og CA,
idet vi overvejede forskellige planlegningsteknikker som multi-band og krydsplanlegning for at
imedekomme ressourceallokering blandt andre udsnit. Vi opniede hej gennemstremning og goodput for
eMBB og URLLC udsnit i CA-baserede miljeer. Vi identificerede ressourceisolering, abstraktion og
virtualisering ~ som  udfordringerne  forbundet @ med  RAN-slicing. Vi  foreslog en
radioressourcevirtualiseringsteknik til at udnytte ressourceabstraktion og ressourceisolering mellem skiver.

Vi har ogséd foresldet at anvende slicing som en udvidelse af vores arbejde i Open RAN (ORAN)-
grensefladen som funktionelle opdelinger og fordybende kommunikation sidsom holografisk
kommunikation. Omfanget af standardiseringskrav for at lette 5G RAN-disaggregation, CA og NS
behandles. Specialet bidrager til udformningen af en arkitektur til sameksistens mellem NS og CA, der
muligger samtidig brug af komponentbaerere fra forskellige og heterogene netvaerksknuder (f.eks.
basestationer, WiFi-adgangspunkter osv.), hvilket kan give mange fordele med hensyn til servicekvalitet,
energieffektivitet, retfaerdighed, mobilitet og frekvens- og interferensstyring.

Nogleord: Network Slicing, Carrier Aggregation, Ressource Management, Small Cells, Business Model.
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1 Introduction

This thesis presents Network Slicing (NS) and Carrier Aggregation (CA) integration as key enablers beyond
5G and 6G networks. We intend to provide an adequate architecture for the coexistence of NS and CA in
small cell deployments for the SG New Radio (NR). CA is the technique to boost the data rate, while NS
caters to individual demands for different user-centric services. NS allocates independent resources to
provide end-to-end services. Three main service classes of network slicing have been defined as enhanced
Mobile Broadband (eMBB), massive Machine Type Communication (mMTC), and ultra-Reliable and
Low-Latency Communication (uRLLC).

The thesis contributes to the design of an architecture for the coexistence of NS and CA to allow for the
simultaneous use of component carriers from different and heterogeneous network nodes (e.g., base
stations, WiFi access points, etc.), which could offer many benefits in terms of quality of service, energy
efficiency, fairness, mobility, and spectrum and interference management. The adopted investigative
scenario is small cells and ultradense deployments within 5G and Beyond networks.

The key contribution of this PhD thesis can be summarized as a novel proposal to combine NS and CA in
a radio access network (RAN) slicing framework. Network slicing plays a crucial role in enabling service
providers to offer innovative services to enter new markets and expand their business already today,
therefore, the PhD thesis contributes to an enabling framework for new busi-ness model innovation across
all industries. The research has addressed the technological challenges for enabling network slicing, in
particular, end-to-end performance, which requires a way to manage the impact of resource sharing all
along the path, even when it crosses management domains. Towards this end, the PhD thesis has proposed
a novel cross-carrier scheduling algorithm to best use carriers to achieve high throughput for enhanced
mobile broadband (eMBB) and ultra-reliable low latency communications (uURLLC) services as some of
the open technology challenges.

1.1 Problem Definition

Before deep diving into the State-of-the-Art analysis, we formulated research questions to guide our way
toward the problem statement, as illustrated in Figure 1-1.
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‘What are the Spectrum Considerations? What is the significance of 5G NR architecture?

What are the research initiatives toward 6G ?

‘What are the allocated Frequency band?

\ Research
/ Questions What are the advantages of NS and CA?

How RAN resources are allocated in NS? ‘,"

‘ . How vital are spectrum sharing techniques?
How can we integrate the NS and CA?

| What value NS/CA brings to Telecom industries?

Figure 1-1 Identified Research Questions

These research questions were the foundation of this thesis and were developed considering various aspects
to reflect the overall objective to present an architecture for the coexistence of NS and CA in small cell
deployments for the 5G NR. In our systematic literature survey, we covered the evolution of 5G and 5G
NR architectures, CA and NS competencies in LTE-Advanced and 5G networks, various resource
allocation, management techniques, and most importantly, the importance of standardization and business
value proposition for future networks. NS and CA bring promising results for the operators and vendors to
deploy in 5G and beyond networks by enabling tailored network services. The operators can have a low-
cost, flexible infrastructure to provide user-specific requests depending on the applications like high
throughput, massive connectivity, low latency, high reliability, maybe clubbed together or individually.

To provide an integrated NS and CA framework to address the industrial requirements of high bandwidth
and QoE, we identified challenges in various domains of NS and CA deployments. The goal is to improve
network performance and introduce flexibility and greater utilization of network resources by accurately
and dynamically provisioning the activated network slices with the appropriate resources to meet their
diverse requirements. We identified individual challenges concerning NS and CA that are narrowed down
as the following to be addressed in this work.

e Network Slicing
o Deploying Network Slices is slicing the Radio Access Network (RAN).
o Allocating resources to the network instances based on the demand for service (eMBB,
uRLLC, and mMTC).
o Managing RAN resources and sharing them among Network Slices is an increasingly
tricky task that demands proper designing.
e Carrier Aggregation
o Selection of Component Carriers (CC) to optimize the radio resource allocation
o The impact of scheduling schemes on the resource allocation.
o CA deployment in small cells and heterogeneous networks

24|Page



INSTITUT FOR FORRETNINGSUDVIKLING
VA GIUNY  OG TEKNOLOGI
RNy AARHUS UNIVERSITET

1.2 Research Objective

Our main objective is to provide an adequate architecture for the coexistence of Network Slicing (NS) and
Carrier Aggregation (CA) for the 5G New Radio (NR). We sub-divided the overall aim of achieving an
integrated slicing framework for CA-enabled networks into five main verticals with an additional section
to integrate potential research areas in other domains. Figure 1-2 represents the research objectives and
outcomes.

Outcomes

6G Architecture and Design Considerations

Research Objectives 5G NR Architecture and Deployment

RAN Evolution toward OpenRAN

Study and Analyze RAN Evolution
Technological Background

Enhancements

Advancements in Carrier Aggregation and
Network Slicing

Deployment Scenario

. . F R New F i
Spectrum Considerations and Spectrum 2G Frequency Range and New Frequencies

Sharing Techniques

Spectrum Sharing Techniques

Resource Block Allocation in NS
Scheduling in CA

Resource Allocation, Management, and
Scheduling Techniques

wn
o
=
=
(9]
.d)
gy
o
<=
o
=
<
(P}
wn
(P}
(a4

" . Industrial Impact of Technology
Value Proposition and Industrial Impact = - =
Business M odelling and Scope

Standardization Activities

Potential Research Areas

/ Scope AI/M L Integration \

|

. . . . !
Integration to Aerial Communication !
|

I

|

|

Secondment

Scope of OpenRAN and Splits

Figure 1-2 Research Objectives

The first three research objectives, = (i) Study and Analyze RAN Evolution, (ii) Advancements in CA and
NS, and (iii) Spectrum Considerations and Spectrum Sharing Techniques, aims to provide a detailed
analysis of the State-of-the-Art concerning SG NR, CA, NS, 5G, and 6G networks.

25|Page



The fourth research objective, Resource Allocation, Management, and Scheduling Techniques, aims to
provide our contributions toward an integrated NS framework in CA-enabled networks. We analyzed RAN
performance for different RAN slicing configurations based on L2 and L3 protocols, followed by a
resource-sharing algorithm proposed to compute the necessary radio resources while deploying network
slices. The resource allocations were based on the Channel Quality Indicator (CQI) values to meet the
required throughput. We also evaluated CA component carrier selection schemes and scheduling algorithms
in 5G NR and small cell deployments. Finally, we proposed an NS framework in CA-enabled networks.

The fifth objective, Value Proposition and Industrial Impact, aims to provide the technical readiness level
of our proposal. We mapped our contribution to the industry requirements and detailed the technologies'
ongoing and required standardization activities.

Finally, the last objective, Potential Research Area targets at the integration and collaboration among
different verticals into our mainstream research. This objective was partially achieved during the industrial
stay and will aim toward future research directions.
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1.3 Contribution and Thesis Structure

We divided the thesis based on the research objectives into three sections and mapped the publications
accordingly. Figure 1-3 illustrates the three main thesis sections as follows;

e RAN Evolution and 6G Networks;

o RAN Resource Allocation and Scheduling Techniques;
e Industrial and Business Impact;

e Conclusions and Future Scope.

Research Objectives

Study and Analyze RAN Evolution

Advancements in Carrier Aggregation and
Network Slicing

Spectrum Considerations and Spectrum

RAN Resource Allocation and - :
Sharing Techniques

Scheduling Techniques

Resource Allocation, Management, and
Scheduling Techniques

Industrial and Business Impact

Conclusions and Future Scope

Value Proposition and Industrial Impact

Potential Research Areas

Figure 1-3 Thesis Structure

The first section — “RAN Evolution & 6G Networks,” aims to cover the literature survey for the 5G and
beyond networks. It introduces the state-of-the-art requirements, KPIs, and operating principles for 6G
wireless networks with enabling technologies. We provided a structured summary of all the primary
outcomes from the publications considered in this section concerning the literature. It encompasses research
objectives 1, 2, and 3.

The second section — “RAN Resource Allocation and Scheduling Techniques,” encompasses research
objectives 2 and 4. It aims to provide our technical contributions toward an integrated NS framework in
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CA-enabled networks. We proposed a novel resource-sharing algorithm to compute the necessary radio
resources based on the CQI values to meet the required throughput. We also evaluated CA component
carrier selection schemes and scheduling algorithms in 5G NR and small cell deployments. Finally, we
proposed an NS framework in CA-enabled networks.

The second section — “Industrial and Business Impact,” encompasses research objective 5, Value
Proposition and Industrial Impact. This section will map our contributions toward the business model and
standardization activities related to NS and CA.

The last section — “Conclusions and Future Scope”- encompasses the sixth objective. We will conclude our
work with open research questions and directions. It will be a brief review of the thesis and a compilation
of extracts from individual sections.

1.3.1 Key Contributions

The key contribution of this thesis can be summarized as a novel proposal to combine NS and CA in a RAN
slicing framework. We employ a cross-carrier scheduling algorithm to best use carriers to achieve high
throughput for eMBB and uRLLC services. The other contributions achieved are as follows:

e State-of-the-Art analysis and roadmap for 6G RAN evolution.

e Performance evaluation of RAN slicing functions using MATLAB, where we implemented
different RAN slicing configurations to analyze radio resource distribution among slices based on
L2/L3 parameters and different scheduling algorithms.

e A novel resource-sharing algorithm is proposed to compute the necessary radio resources while
deploying network slices. The resource allocations were based on the Channel Quality Indicator
(CQI) values to meet the required throughput.

e Proposed mapping of technology into businesses and industrial applications keeping in mind the
generated value proposition from research.

Figure 1-4 maps our publications as contributions to the relevant research objectives.
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Trends in Standardization Towards 6G

6G Enabling Technologies: New Dimensions to Wireless
Communication

Overview of 5G NR & CA: Beyond 5G Networks

Survey on Resilient 5G Second Phase RAN Architectures and Functional
Splits

Research Objectives

Spectrum Sharing and Dynamic Spectrum Management Techniques in
Beyond 5G

Small Cell Deployment Challenges in UDNs: Architecture and Resource
Management

Evolving Architecture and Emerging Technologies for Beyond 5G and
6G Networks

Dynamic Resource Block Allocation in NS

A Study on Cross-Carrier Scheduler for Carrier Aggregation in Beyond
5G Networks

MOOC on "Ultra-dense Networks for 5G and its Evolution": Challenges
| and Lessons Learned

Business Opportunities for Beyond 5G and 6G Networks

Overview of Network Slicing: Business and Standards Perspective for
Beyond 5G Networks

Latent Space Transformers for Generalizing Deep Networks

Cost Revenue Trade-off for the SG NR Small Cell Network in Sub-6
GHz Band

Increasing Reliability on UAV Fading Scenarios

Study and Analyze RAN Evolution

Advancements in Carrier Aggregation and
Network Slicing

Spectrum Considerations and Spectrum
Sharing Techniques

Resource Allocation, Management, and
Scheduling Techniques

Value Proposition and Industrial Impact

Potential Research Areas

Figure 1-4 Mapping of Publications against the Research Questions
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2 RAN Evolution and 6G Networks

This section will map our publications to “Beyond 5G and 6G Networks”. The focussed papers will provide
detailed literature on the evolution of the 5G and 6G networks encompassing several aspects, from use
cases, key parameter indicators (KPIs), deployment scenarios, key enablers, spectrum considerations, and
sharing techniques. We will also provide insight into standardization activities going for 6G, Network
Slicing, Artificial Intelligence (Al), and Machine Learning (ML). The contributions intend to serve the
research objectives broadly with the sufficient literature drawn from the papers. Figure 2-1 illustrates the
objective mapping with the publications considered under this section.

2.1 Objective and Contributions

The main objective of this section is to provide a State-of-the-Art analysis and a roadmap for evolving
wireless mobile network generations.

Contribution

Publications

6G System and Network
Requirements

6G Enabling Technologies: New Dimensions to >
Wireless Communication / Architecture

Objectives

Evolution of Beyond 5G and 6G

Networks )
Overview of 5G NR & CA: Beyond 5G Networks

Dual Connectivity

5G NR, Deployment, Design

Architectures and Functional Splits Specifications & Numemnlogy

Spectrum Considerations, Spectrum
Sharing and CA Deployment

RAN Evolution to OpenRAN

Spectrum Sharing and Dynamic Spectrum P
(Virtual, Cloud, Distributed)

Management Techniques in Beyond 5G

Small Cell Deployment Challenges in UDNs: \ Spectrum Considerations
Architecture and Resource Management

)
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
) } Survey on Resilient 5G Second Phase RAN
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
\

I
|
|
|
|
|
|
|
|
|
|
|
|
|
i
|
| CA Architecture, Scheduling,
|
|
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Figure 2-1 Objective Mapping to the Publications
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Summary of Publications

Trends in Standardization Towards 6G
Journal Article: Nidhi, Khan, B., Mihovska, A., Prasad, R., & Velez, F. J. (2021). Trends in
Standardization Towards 6G. Journal of ICT Standardization, 327-348.

The article discusses the advancements in wireless mobile broadband and the application cases for
6G. We presented anticipated KPIs and use cases for the 6G networks to offer the necessary
infrastructure for several new devices and services. This study suggests the vision and requirements
for beyond 5G (B5G) networks.

6G Enabling Technologies: New Dimensions to Wireless Communication
Book Chapter: "Nidhi., Mihovska, A., Prasad, R. & Prasad, A. R., 10 Apr 2022, (Accepted/In
press) River Publishers. Research output: Book/anthology/dissertation/ » Book » peer-review”

This book chapter introduces the 6G of mobile wireless communication to provide a thorough
overview of network research activities and the basic system needs, enabling technologies,
influential drivers, advanced use cases, research requirements, and open research problems.

Overview of 5G New Radio and Carrier Aggregation: 5G and beyond Networks
Conference Paper: Nidhi, A. Mihovska and R. Prasad, "Overview of 5G New Radio and Carrier
Aggregation: 5G and Beyond Networks," 2020 23rd International Symposium on Wireless
Personal Multimedia Communications (WPMC), 2020, pp. 1-6, doi:
10.1109/WPMC50192.2020.9309496.

This paper, presented at the Wireless Personal Multimedia Communication conference-2020,
provides a comprehensive overview of the development of NR, including deployment scenarios,
numerologies, frame structure, and new waveforms. We provided an overview of CA, its
requirements, and open research issues. We listed the enhancements made with 5G NR and CA
through various 3GPP releases.

Survey on Resilient SG Second Phase RAN Architectures and Functional Splits

Journal Article: Khan, B., Nidhi., OdetAlla, H., Flizikowski, A., Mihovska, A. & Velez, F. J., 20
Nov 2021, (Submitted) In: IEEE Transactions on Network and Service Management. Special
Issue, 18 p. Research output: Contribution to journal/Conference contribution in journal » Journal
article » Research » peer-review

This paper thoroughly covers the principles of the evolution of the RAN architecture, its essential
components, and implementation issues. We explained the classic RAN architectural development
to OpenRAN and discussed the significance of centralized, distributed, and virtualized RAN
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architectures. We elaborated on the benefits and challenges of RAN centralization (energy
efficiency, reduced power costs, and fronthaul costs) and data traffic management among various
data processing units and distributed antennas.

5. Spectrum Sharing and Dynamic Spectrum Management Techniques in 5G and Beyond
Networks: A Survey
Journal Article: Nidhi, Mihovska, Albena, and Ramjee Prasad. "Spectrum sharing and dynamic
spectrum management techniques in 5G and beyond networks: A survey." Journal of Mobile
Multimedia (2021): 65-78.

This paper presents an overview of the various spectrum sharing and management techniques. This
comparative study aims to provide a clear picture of designing a spectrum-efficient system for the
5G and beyond the network. We compared the featured spectrum bands with each generation of
mobile communication and discussed different spectrum policies and allocation models (Licensed,
Unlicensed and Shared).

6. Small Cell Deployment Challenges in Ultradense Networks: Architecture and Resource
Management
Conference Paper: Nidhi and A. Mihovska, "Small Cell Deployment Challenges in Ultradense
Networks: Architecture and Resource Management," 2020 12th International Symposium on
Communication Systems, Networks and Digital Signal Processing (CSNDSP), 2020, pp. 1-6, doi:
10.1109/CSNDSP49049.2020.9249560.

The paper discussed various critical aspects of small cell and ultradense networks. The goal is to
list numerous deployment issues and scenarios. The difficulties with managing resources, creating
flexible architecture, controlling the available spectrum, employing unlicensed spectrum, etc., will
be discussed. The inadequacies in available resource management, interference awareness
techniques, spectrum management, etc., will be summed up with various prospective technologies.

7. Evolving Architecture and Emerging Technologies for Beyond 5G and 6G Networks
Journal Article: Nidhi. & Mihovska, A., 2022, (In preparation) In: IEEE Communications
Surveys & Tutorials. Research output: Contribution to journal/Conference contribution in
journal/contribution to newspaperJournal article>Researchypeer-review.

This paper includes updated literature for 5G, beyond 5G and 6G networks. This article will cover
our findings and technical advancements in architecture, RAN design, CRAN Splitting, air
interfaces, enablers, radio resource management, etc. We intend to provide a comparison landscape
among various wireless mobile communication generations.
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2.3 Introduction

Following 5G cellular technology, the sixth generation of wireless communication (6G) offers several
technological and service-related opportunities to support greater capacity, throughput, and low latency
(1s). 6G is anticipated to enable the use of the higher frequency spectrums and the fusion of numerous
technologies, including artificial intelligence (AI), machine learning (ML), augmented/virtual reality
(AR/VR), etc., to give users an immersive experience. 6G will mark the global transformation and
innovation in terms of delay, data rate, level of intelligence, coverage, dependability, and capacity.
Researchers are expected to look for innovations in present network architecture and communication theory
to produce novel ideas that could be crucial for developing a brand-new system design that is "green" and
addressing significant environmental issues, including climate change, is also essential.

The deployment phase of the fifth generation of wireless communication (5G) has begun, and it has
established new guidelines to hasten 6G ambitions. The commercial deployment has created inadequacies
in the current communication methods. Thus, it set forth the clear requirements for the 6G systems to allow
applications for an improved user experience, ranging from autonomous systems to Extended Reality
(XR)'. Numerous use cases and applications have been included in the definition of 6G?, but its core
network architecture and design are still missing. The wireless communication age will advance thanks to
high-frequency bands and new access strategies. The possibility for different enabling technologies to meet
the needs of a brand-new set of services are constantly under investigation and testing.

2.4 Evolution of Mobile Communication

Since the beginning, communication has been a crucial component of our lives. Modernizing technology
supports the continual process of communication evolution. The transition from the wired telephone to real-
time communication facilitated by AI® has significant significance for a better, more connected, and
developing society. Due to its ongoing growth, the wireless communication business is regarded as a
"Living" industry and is directly correlated with societal demands. There have been five generations of
mobile communication, and there will be more in the future. The "G" stands for "Generation" in the First
Generation (1G), Second Generation (2G), Third Generation (3G), and Fourth Generation (4G) of mobile
communication. A new mobile communication generation is introduced every ten years, delivering unique
features and services to satisfy user and network demand. Data traffic, data rate, throughput, latency,

! Jiang, W., Han, B., Habibi, M. A., & Schotten, H. D. (2021). The road towards 6G: A comprehensive survey. IEEE Open Journal
of the Communications Society, 2, 334-366.

2 Giordani, M., Polese, M., Mezzavilla, M., Rangan, S., & Zorzi, M. (2020). Toward 6G networks: Use cases and technologies.
IEEE Com- munications Magazine, 58(3), 55-61.

3 Letaief, K. B., Chen, W., Shi, Y., Zhang, J., & Zhang, Y. J. A. (2019). The roadmap to 6G: Al empowered wireless networks.
IEEE communications magazine, 57(8), 84-90.
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coverage, device density, reliability, and security are the key feature distinctions between mobile
generations”.

2.4.1 First-Generation Mobile Communication Technology (Analogue Systems)

In 1979, the first generation of cellular telephony, or 1G, was introduced. It was exclusively used for voice
calls and was based on analog technology. It sends speech signals through narrowband frequency channels.
With 1G, multiple regionally concurrent standards were created ™, including Total Access Communications
System (TACS), Advanced Mobile Phone System (AMPS), and Nordic Mobile Telephone (NMT). For 1G
systems, the fastest speed that could be reached was 2.4 Kbps, albeit with poorer voice quality, security,
and battery life.

2.4.2 2G - Second Generation (Digital Systems)

Early in the 1990s, the second generation (2G) of mobile communication was introduced as mobile systems
using digital radio signals. The goal of 2G was to strengthen the communication channel's security and
dependability. There have been many distinct projects for 2G standard systems globally. Europe had Global
System for Mobile Communications (GSM), Japan followed Personal Digital Cellular (PDC) and
Integrated Dispatch Enhanced Network (iDEN) from Motorola standards, while in Asia, we had Personal
Handy-phone System (PHS). The European Telecommunications Standards Institute (ETSI) launched
GSM in 1987, which used the Frequency Division Duplex (FDD) and Time Division Multiple Access
(TDMA) systems. Qualcomm instead unveiled Code Division Multiple Access (CDMA)®. The usage of
several users on a single channel was made possible by these multiplexing techniques in 2G networks. In
addition to voice communications, 2G systems included data services, SMS, and improved features of
traditional calling like call hold, conferencing, and call waiting.

2.4.3 Third Generation, or 3G

The emergence of 3G mobile systems was seen in 2001. The International Mobile Telecommunications
2000 (IMT-2000) framework®’ for the 3G cellular networks was established by the International
Telecommunication Union (ITU). By providing features like web browsing, email, video downloading,

4J. A. del Peral-Rosado, R. Raulefs, J. A. Lopez-Salcedo and G. Seco-Granados, “Survey of Cellular Mobile Radio Localization
Meth- ods: From 1G to 5G”, in IEEE Communications Surveys & Tuto- rials, vol. 20, no. 2, pp. 1124-1148, Secondquarter 2018,
doi: 10.1109/COMST.2017.2785181.

ST. Farley, “Mobile telephone history”, Telektronikk, vol. 101, no. 3, pp. 22-34, 2005.

°F. Hillebrand, “The creation of standards for global mobile communication: GSM and UMTS standardization from 1982 to 20007,
IEEE Wireless Commun., vol. 20, no. 5, pp. 24-33, Oct. 2013.

’GSM Memorandum of Understanding, Copenhagen, Denmark, Sep. 1987.

SEIA/TIA, 1S-95, “Cellular System Recommended Minimum Performance Standards for Full-Rate Speech Codes”, May 1992.
9IMT-2000 radio interface specifications approved in ITU meeting in Helsinki, Geneva, Switzerland, Nov. 1999.
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image sharing, and fast internet speed at a rate of 200Kbps, 3G systems represented revolutionary
developments in mobile communications. As a result, multimedia phones gave way to smartphones. It
combined improved voice quality with a cost-effective increase in data rate. Along with 3G networks, the
Universal Mobile Telecommunications System (UMTS) was launched. Wideband CDMA (WCDMA) was
employed, and data rates of up to 2 Mbps (stationary) and 384 kbps were attained (mobility). HSPA+ may
theoretically transmit data at a maximum speed of 21.6 Mbps. Data streaming is one of the most popular
applications for 3G.

2.4.4 Fourth Generation (4G)

Based on the IMT-Advanced' specifications, 4G mobile systems were developed. The method taken by
4G systems was practical to provide users with high speed, good quality, and high capacity. With a 300ms
to 100ms reduction in latency, it promised to attain 100 Mbps (mobile) and 1 Gbps (stationary) speeds. 4G
systems significantly decreased the network congestion. It enhanced built-in security and introduced
multimedia and the internet over IP concepts. Orthogonal Frequency Division Multiplexing (OFDM) and
Multiple Input Multiple Output (MIMO) are the key enabling technologies (OFDM). Additionally, it
specified Heterogeneous Networks (HetNets), Small Cells (SC)'!, and other features, including
Coordinated Multipoint (CoMP), Advanced Multiple-Input Multiple-Output (MIMO) Transmissions, and
Carrier Aggregation (CA)'%.

The following positioning approaches and advancements were made possible by the 4G systems';

e Positioning based on networks (Release 10'*'°)
e Matching radio frequency patterns (Release 9 - Release 12)'°
e Improvements to positioning (Release 9'7 - Release 12'%)

10 “Requirements related to technical performance for IMT-Advanced radio interface(s)", 2008

' Nidhi and A. Mihovska, “Small Cell Deployment Challenges in Ultradense Networks: Architecture and Resource Management”,
2020 12th International Symposium on CSNDSP, 2020, pp. 1-6, doi: 10.1109/CSNDSP49049.2020.9249560.

12Nidhi, A. Mihovska and R. Prasad, “Overview of 5G New Radio and Carrier Aggregation: 5G and Beyond Networks”, 2020
23rd Interna- tional Symposium on WPMC, 2020, pp. 1-6, doi: 10.1109/WPMC50192.2020.9309496.

BA. Ghosh, R. Ratasuk, B. Mondal, N. Mangalvedhe and T. Thomas, “LTE-advanced: Next-generation wireless broadband
technol- ogy [invited paper]”, IEEE Wireless Commun., vol. 17, no. 3, pp. 10-22, Jun. 2010.

14 Network, E. U. T. R. A. (2011). S1 Application Protocol (SIAP)(Release 10). Technical Specification, 36.

15 “L MU performance specification; network based positioning systems in E-UTRAN release 11 V11.4.0”, Oct. 2014.

16 Johansson, T. (2013). 3GPP LTE Release 9 and 10 requirement analysis to physical layer UE testing.

17 “New SI proposal: Positioning enhancements for E-UTRA”, Jun. 2013.

18 «“Requirements for support of radio resource management release 9 V9.22.0”, Dec. 2014.
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2.4.5 Fifth Generation (5G)

In the commercial deployment stage, 5G systems aim to outperform their 4G predecessors regarding data
speeds, connection density, latency, and other improvements. These systems took advantage of the
millimeter wave (mmWave) spectrum between 30 and 300 GHz and SCs to reach a maximum data rate of
35.46 Gbps and enhanced coverage with reduced latency, respectively. Additionally, 5G systems made use
of cutting-edge access technologies like Filter Bank Multi-Carrier (FBMC)'®, Non-Orthogonal Multiple
Access (NOMA)?, Quasi-Orthogonal Sequences, and Beam Division Multiple Access (BDMA), among
others. By enabling antenna beam division based on base station location, the BDMA approach gives base
stations multiple access. A scalable Orthogonal Frequency-Division Multiplexing (OFDM) results in
extremely low latency in 5G networks. Additionally, Network Slicing (NS)?' allows Mobile Network
Operator (MNO) to cater tailored services based on the Service Level Agreement (SLA). Implementing Al,
AR/VR, and XR created new use cases, apps, and services in terms of user experience.

The ongoing deployment of the Fifth-Generation (5G) mobile networks has parallelly seen the chaos among
the research fraternity, industry, and academia for the Sixth Generation (6G) networks. The race is to
facilitate requirements, use cases, and key enablers for developing 6G. The expectations from the 6G
networks will be at least twice what 5G offered us in terms of connectivity, bandwidth, latency, services,
and applications?. The foreseen use cases and requirements suggest new levels of immersive experiences
associated with 6G, including real-time sensory and interactive communications incorporating holograms.
We anticipate 6G as an energy-efficient and reliable platform where all our applications, services, and
businesses can run seamlessly with built-in security capabilities. It can back multiple business verticals with
mixed prerequisites and specifications. Built-in-Intelligence or Intelligence-by-design will be critical in 6G
systems to optimize and blend multifarious techniques and algorithms. 6G networks, endorsed by Artificial
Intelligence (AI), are expected to be deployed in early 2030* to address open challenges like system
capacity, data rate, latency, security, and Quality of Service (QoS).

Higher frequencies from 6G networks, including spectrum/resource management techniques, will be
critical to achieving higher data rates and lower latency. The anticipations made for 6G requirements have

19 C.-X. Wang et al., “Cellular architecture and key technologies for 5G wireless communication networks”, IEEE Commun. Mag.,
vol. 52, no. 2, pp. 122-130, Feb. 2014.

20 Henrique, P. S. R., & Prasad, R. (2021). 6G The Road to the Future Wireless Technologies 2030 (pp. i-xxvi). River Publishers.
21 B. Khan, Nidhi, A. Mihovska, R. Prasad and F. J. Velez, “Overview of Network Slicing: Business and Standards Perspective for
Beyond 5G Networks”, 2021 IEEE Conference on Standards for Com- munications and Networking (CSCN), 2021, pp. 142-147,
doi: 10.1109/CSCN53733.2021.9686125.

22'Y. Jonsson. (2022) Designing the 6G networks of the future. [Online]. Available:
https://www.chalmers.se/en/departments/e2/news/Pages/Designing-the-6G-networks-of-the-future.aspx

23 M. Z. Chowdhury, M. Shahjalal, S. Ahmed and Y. M. Jang, "6G Wireless Communication Systems: Applications, Requirements,
Technologies, Challenges, and Research Directions," in IEEE Open Journal of the Communications Society, vol. 1, pp. 957-975,
2020, doi: 10.1109/0JCOMS.2020.3010270.
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marked the data rates in the scale of Terabit/second (Tbps) and the latency at 0.1 milliseconds®’. 5G
technologies will lead the foundation beyond 5G and 6G networks. The key 5G enablers will form the
cornerstones in driving the research and development for the 6G networks. The technical advancements
with the 6G networks will enhance various 5G architectural aspects, enabling technologies, and use cases.

This State-of-the-Art analysis aimed to bring forward the motivation for the proposed research and provided
contributions. An extensive literature study has identified the open challenges, critical performance, and
user requirements to be addressed. We intend to give an adequate architecture for the coexistence of
Network Slicing (NS) and Carrier Aggregation (CA) for the 5G New Radio (NR) in Small Cell (SC) and
Ultradense Networks (UDN). The considerations were made for the three main service classes defined as
Enhanced Mobile Broadband (eMBB), massive Machine Type Communication (mMTC), and ultra-
Reliable and Low-Latency Communication (uRLLC) by International Telecommunications Union (ITU)%.
The idea is to incorporate CA as the technique to boost the data rate in an infrastructure fostering NS that
caters to individual demands for different user-centric services. Thus, the background section is divided
into sub-sections, as illustrated in Figure 2-2

Vision and Mission
——

Carrier Aggregation
Architecture —0TE0a0

Key Enablers
< Enabling /
5G Networks Technologies /

Network Slicing

Subcarrier Allocation Ultradense Networ,

Multiband Scheduling ol B

<+ Management Deployment / small Cells
esource Block Allocation ‘ > ol L L
Vision and Mission Business Models
e —————
Architecture 6G Networks Business Creation /’

Opportunities

i

Key Enablers

Figure 2-2 Structure for Background Literature

24 Chowdhury, M. Z., Shahjalal, M., Ahmed, S., & Jang, Y. M. (2020). 6G wireless communication systems:
Applications, requirements, technologies, challenges, and research directions. IEEE Open Journal of the
Communications Society, 1, 957-975.

25 ITU-R Press Release. (2021) ITU towards “IMT for 2020 and beyond”. [Online]. Available:
https://www.itu.int/en/ITU-R/study-groups/rsg5/rwp5d/imt-2020/Pages/default.aspx
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2.5 5G Evolution and Architecture

The Internet of Things (IoT) and Internet Protocol version 6 (Ipv6) have led the foundation for 5G research
and development for enabling multiple services and supporting the 'Smart World' concept. 5G systems were
foreseen to provide Mobile Broadband (MBB) services, coexisting with the Fourth Generation (4G) 's
Evolved Packet System (EPS) deployments. ITU-R has documented 5G requirements as IMT-2020
framework and vision”2%. 5G was introduced in Release-15 of the 3rd generation partnership project
(3GPP)?" in June 2018 and evolved gradually in various design aspects like air interface, protocol layers,
etc., with later Releases.

2.5.1 IMT-2020 Vision: 5G Usage Scenarios

The enhanced Mobile Broadband (eMBB), ultra Reliable Low Latency Communications (uURLLC), and
massive Machine Type Communications (mnMTC)*® are defined as three key 5G application areas. These
three service classes with mapped applications are illustrated in Figure 2-3 IMT-2020 Vision and 5G
Service Classes The eMBB service class describes the bandwidth-hungry applications demanding faster
connections, higher throughput, and higher capacity, including high-definition telepresence, telemedicine,
and remote surgery. The mMTC service class represents low-cost applications that require massive
connectivity, low power, and less complexity. mMTC applications signify the fast-growing voluminous
high-density environments to enable applications like smart metering, smart buildings, smart cities, etc.
The uRLLC service class denotes the mission-critical services demanding ultra-low latency, high security,
high reliability, and uninterrupted data transmission. Some of the uRLLC applications include autonomous
vehicles, healthcare, industrial automation, etc.”®

26 "IMT Vision —Framework and Overall Objectives of the Future Development of IMT for 2020 and Beyond",
M.2083, 2015, [online] Available: www.itu.int/rec/R-REC-M.2083.

27 https://www.3gpp.org/release-15

2 "5G — It's Not Here Yet, But Closer Than You Think". October 31, 2017.
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Figure 2-3 IMT-2020 Vision and 5G Service Classes
2.5.2 Evolution of 5G Architecture: Service-based Architecture

The 5G Service Based Architecture (SBA)* by 3GPP has defined 5G as a platform that can reinforce
heterogeneous network requirements. Technical specification 23.501°° - "System Architecture for the 5G
System" has provided a detailed catalog of SBA features and protocols. SBA allows simultaneous services
to run on its scalable, flexible, cost-efficient, and programmable platform. A set of
associated Network Functions (NFs) differentiates SBA's 5G core from the 4G architectures. The NFs
enabling individual services can also access the services provided by another set of NFs. Figure 2-4
illustrates the 5G Core Service-Based Architecture®'*2,

2 J. Arkko. (2017) 5G for Business: A 2030 Market Compass. [Online]. Available:
https://www.ericsson.com/en/blog/2017/9/service-based-architecture-in-5g

30 3GPP. (2022) Technical Specification Group Services and System Aspects; System architecture for the 5G System
(5GS);Stage 2 (Release 17). [Online].
Available:https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx ?specificationld=3144.

31 https:/5g.security/5g-edge-miot-technology/5g-core-sba-components-architecture/

32 https://www.metaswitch.com/knowledge-center/reference/what-is-the-5g-service-based-architecture-sba
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Figure 2-4 5G Core Service-Based Architecture

The Network and Resource Management consists of three parts: (i) Network Repository Function (NRF),
(i1) Network Slice Selection Function (NSSF), and (iii) Network Data Analytics Function (NWDA). NRF
enables NFs to identify other NFs' services and creates service repositories. NSSF selects Network Slice
Instance (NSI) and redirects traffic accordingly to the slices. It is also responsible for providing AMF to
grant access to UE. NWDA provides NFs the network analysis information**.

The Signalling block consists of (i) Security Edge Protection Proxy (SEPP), (ii) Service Communication
Proxy (SCP), and (iii) Binding Support Function(BSF). SEPP is responsible for providing security to the
Control Plane (CP) traffic against various operators. SCP, composed of CP and Data Plane (DP), provides
routing control and resiliency to the core network to cater NFs. BSF binds application-function requests to
specific Policy Control Function (PCF) instances.

The Subscriber Data (SD) constitutes Unified Data Repository (UDR) and Unstructured Data Storage
Function (UDSF). UDR stores structured subscriber-related data, whereas UDSF stores unstructured data

that can be provided to NFs on request.

3 ETSI, 5G; System architecture for the 5G System (5GS) (3GPP TS 23.501 version 16.6.0 Release 16)
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Application Function (AF) facilitates traffic routing and policy framework interaction to support
applications, while the Network Exposure Function (NEF) securely enables services and APIs from/to
external systems.

Policy Control Function (PCF) and Charging Function (CHF) administer the policy framework's network
and allow charging services to the NFs.

The Subscriber Management (SM) is composed of (i) Authentication Server Function (AUSF), (ii) Unified
Data Management (UDM), (iii) Unified Data Management (UDM), (iv) Equipment Identity Register (5G-
EIR), and (v) Home Subscriber Server (HSS). AUSF authenticates the UE while residing in a home
network, while UDM stores subscriber information to cater NFs. 5G-EIR enables device authentication and
protects against theft or unauthorized usage. HSS stores encrypted user-profiles and authentication data.

5G Location Services include Location Management Function (LMF) and Gateway Mobile Location Center
(GMLC) to support UE location determination and send a location service request to AMF.

The CP is composed of (i) Access & Mobility Management Function (AMF), (ii) Session Management
Function (SMF), (iii) Short Message Service Function (SMSF), and (iv) UE radio Capability Management
Function (UCMF). AMF manages the mobility functionalities of the device, including authentication and
connection, while SMF employs the functions required for establishing the sessions, including IP allocation
and policy enforcement control. The UE is responsible for providing the connection and sessi