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Abstract

In upcoming years, mobile communication networks will experience a disruptive
reinventing process through the deployment of post 5" Generation (5G) mobile networks.
Profound impacts are expected on network planning processes, maintenance and
operations, on mobile services, subscribers with major changes in their data consumption
and generation behaviours, as well as on devices itself, with a myriad of different
equipment communicating over such networks. Post 5G will be characterized by a
profound transformation of several aspects: processes, technology, economic, social, but
also environmental aspects, with energy efficiency and carbon neutrality playing an
important role. It will represent a network of networks: where different types of access
networks will coexist, an increasing diversity of devices of different nature, massive cloud
computing utilization and subscribers with unprecedented data-consuming behaviours. All
at greater throughput and quality of service, as unseen in previous generations.

The present research work uses 5G new radio (NR) latest release as baseline for developing
the research activities, with future networks post 5G NR in focus. Two approaches were
followed: i) method re-engineering, to propose new mechanisms and overcome existing or
predictably existing limitations and ii) concept design and innovation, to propose and
present innovative methods or mechanisms to enhance and improve the design, planning,
operation, maintenance and optimization of 5G networks. Four main research areas were
addressed, focusing on optimization and enhancement of 5G NR future networks, the usage
of edge virtualized functions, subscriber’s behavior towards the generation of data and a
carbon sequestering model aiming to achieve carbon neutrality. Several contributions have
been made and demonstrated, either through models of methodologies that will, on each of
the research areas, provide significant improvements and enhancements from the planning
phase to the operational phase, always focusing on optimizing resource management. All
the contributions are retro compatible with 5G NR and can also be applied to what starts
being foreseen as future mobile networks. From the subscriber’s perspective and the
ultimate goal of providing the best quality of experience possible, still considering the
mobile network operator’s (MNO) perspective, the different proposed or developed
approaches resulted in optimization methods for the numerous problems identified
throughout the work. Overall, all of such contributed individually but aggregately as a
whole to improve and enhance globally future mobile networks. Therefore, an answer to
the main question was provided: how to further optimize a next-generation network -
developed with optimization in mind - making it even more efficient while, simultaneously,
becoming neutral concerning carbon emissions. The developed model for MNOs which
aimed to achieve carbon neutrality through CO. sequestration together with the
subscriber’s behaviour model - topics still not deeply focused nowadays — are two of the
main contributions of this thesis and of utmost importance for post-5G networks.

Keywords: 5G, traffic offload, traffic steering, carbon neutrality, optimization, efficiency,
planning, subscriber behaviour, advanced analytics.



Resumo

Nos proximos anos espera-se que as redes de comunica¢Ges moveis se reinventem para la
da 5% Geragdo (5G), com impactos profundos ao nivel da forma como sdo planeadas,
mantidas e operacionalizadas, ao nivel do comportamento dos subscritores de servicos
moveis, e atraves de uma miriade de dispositivos a comunicar através das mesmas. Estas
redes serdo profundamente transformadoras em termos tecnoldgicos, econdmicos, sociais,
mas também ambientais, sendo a eficiéncia energética e a neutralidade carbdnica aspetos
que sofrem uma profunda melhoria. Paradoxalmente, numa rede em que coexistirdo
diferentes tipos de redes de acesso, mais dispositivos, utilizagdo massiva de sistema de
computagdo em nuvem, e subscritores com comportamentos de consumo de servigos
inéditos nas geracdes anteriores. O trabalho desenvolvido utiliza como base a release mais
recente das redes 5G NR (New Radio), sendo o principal focus as redes p6s-5G. Foi adotada
uma abordagem de "reengenharia de métodos” (com o objetivo de propor mecanismos para
resolver limitagdes existentes ou previsiveis) e de “inovacdo e design de conceitos”, em
que sdo apresentadas técnicas e metodologias inovadoras, com o principal objetivo de
contribuir para um desenho e operacdo otimizadas desta geracao de redes celulares.
Quatro grandes areas de investigacdo foram enderecadas, contribuindo individualmente
para um todo: melhorias e otimizacdo generalizada de redes p6s-5G, a utilizacdo de
virtualizacdo de fungdes de rede, a analise comportamental dos subscritores no respeitante
a geracdo e consumo de trafego e finalmente, um modelo de sequestro de carbono com o
objetivo de compensar as emissdes produzidas por esse tipo de redes que se prevé ser
massiva, almejando atingir a neutralidade carbdnica. Como resultado deste trabalho, foram
feitas e demonstradas varias contribuicbes, através de modelos ou metodologias,
representando em cada area de investigacdo melhorias e otimizacbes, que, todas
contribuindo para 0 mesmo objetivo, tiveram em consideracdo a retro compatibilidade e
aplicabilidade ao que se prevé que sejam as futuras redes pos 5G.

Focando sempre na perspetiva do subscritor da melhor experiéncia possivel, mas também
no lado do operador de servico movel — que pretende otimizar as suas redes, reduzir custos
e maximizar o nivel de qualidade de servico prestado - as diferentes abordagens que foram
desenvolvidas ou propostas, tiveram como resultado a resolu¢do ou otimizacdo dos
diferentes problemas identificados, contribuindo de forma agregada para a melhoria do
sistema no seu todo, respondendo a questdo principal de como otimizar ainda mais uma
rede desenvolvida para ser extremamente eficiente, tornando-a, simultaneamente, neutra
em termos de emissdes de carbono. Das principais contribui¢des deste trabalho relevam-se
precisamente 0 modelo de compensacdo das emissdes de CO2, com vista & neutralidade
carbdnica e um modelo de analise comportamental dos subscritores, dois temas ainda
pouco explorados e extremamente importantes em contexto de redes futuras pds-5G.

Palavras-Chave: 5G, neutralidade de carbono, DenseNets, direcionamento de trafego,
otimizagdo, eficiéncia, planeamento, comportamento subscritores, analitica avangada.
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Chapter I — Introduction

This chapter describes the drivers that formed the starting point of this work. By focusing
on the foundations and reasons for conducting this work, the main research questions and
goals are presented.

Afterwards, the focus shifts to the background of the domains and subject areas
addressed. At this point the work gains some diversity, which contributes to its overall
completeness. Especially, it was taken into consideration that, although 5" Generation (5G)
cellular networks are the working baseline and future networks beyond 5G new radio (5G
NR) the main research objective, setting the path forward, a comprehensive approach to
the research problems had to consider previous versions, like Long Term Evolution (LTE).
As it will be seen throughout the work, several of the proposed techniques were quite
innovative, according to peer review.

It should be noted that this is a multi-disciplinary research work, focusing on subjects
that are very relevant and timely. However, some of the subsections are not completely
exhaustive, in order to avoid repeating the background sections of the articles that were
published, which are fully copied from each journal to this document. Each publication
date depends on each journals’ internal processes and methodologies, meaning that some
dates do not totally reflect the chronological order of this work.

Additional journal articles that are under peer review have also been fully copied to this
document, and a specific section exists to list all the international work that was developed
and presented at several conferences.

In order to detail the research questions, but especially the different contributions that
resulted from this work, a section is included for such presentation. The aim is to help
clarify even further those aspects, despite being referred in each of the different articles.

The last section of Chapter | addresses the aspects related to the document organization,
which is of utmost importance for easy readability and understanding of the research flow,

considering that this document adopts a thesis by articles structure.
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1.1. Motivation and Goals

With the forthcoming advent of pervasive communications, seamless and global
connectivity is crucial. Communications invisibility must be a reality, meaning that
subscribers should not feel the difference of being connected, either indoor, outdoor, over
cellular or other access technologies[1]. That is one of the main objectives of 5G systems.
Data communications within mobility should therefore be at its highest level of
transparency. Always on data connections must provide “everywhere, anytime” real data
transparent communications, not only to handheld terminals, but also to any autonomous
computing entity with communications capabilities. The access to data communications
should be simple for embedded devices and, in some cases, global overall signal coverage
should be mandatory (e.g., embedded health monitoring devices). This kind of pervasive
communications will provide the ability of context and location-based services and
applications, highly integrated user and machine interaction and overall transparent usage
of data connections. Systems and networks beyond 5G NR, will be even more highly
disruptive when compared with former cellular network generations [2]. This high level of
disruption will result in unprecedented innovation, where all sorts of devices will coexist,
different radio base stations, networks within networks and different radio access
technologies: a myriad of new concepts, methods and processes that, as never before, need
to be properly managed and optimized [3]. This was the biggest motivation: how to further
optimize a network which has been carefully designed to be optimal as much as possible.

In order to pursue such motivation, several questions needed to be raised: how can all
those radio access technologies coexist and provide transparent and seamless connectivity
to the massive number of subscribers that are expected to service such networks? And,
moreover, how to properly coordinate all these interactions? How can the advent of de-
materialized cloud systems leverage 5G core (5GC) and radio access network (RAN)
optimizations? And, at the end, is there a way to improve existing cellular generations and
deployments in order to allow a smoother migration to future networks, passing through
5G NR, without changing existing standards? Yet, a very important aspect, which role will
the subscribers’ behavior play in such complex and dense systems? Will behavior regarding
data generation drive network changes or planning processes? Is there any relationship

between introducing new services, cease existing ones and the behavior of the subscriber?

14



Improved Planning and Resource Management in Next Generation Green Mobile Communication Networks

Can it be modeled in a subscriber-centric perspective? Is it possible to use Data Science
methods like advanced clustering to improve overall 5G NR planning and resource
management processes, therefore paving the way to future networks giving birth to the
concept of intelligent cellular networks? 5G NR considers concepts like network function
(NF) virtualization: is there any function that can be virtualized, setting the scenario for NF
virtualization (NFV) maximization in future networks, leveraging and further enhancing
the described goals? These are some of the main questions that this research work presented
answers to. In fact, these are the research questions of this work. Yet, additionally and
becoming progressively more important, another research question had to be raised: in such
dense networks, with massive number of subscribers and radio base stations, where
different radio access technologies co-exist, is it possible to keep such intensive resource-
hungry processing and simultaneous be environmentally friendly? Is there a way for mobile
network operators to develop programs in order to reduce its carbon dioxide emissions into
the atmosphere, or the carbon footprint of the whole life cycle, from smartphone
manufacturing all the way to servicing? Can MNOs become carbon neutral by offsetting
their carbon footprint? Can 5G NR but especially, future networks be environment
friendly? Within this thesis answers to all of these questions have been provided and
detailed in Chapter I, but listed, for simplicity in Section 1.4.

Figure 1 summarizes the flow of activities that were undertaken, and which will be

presented in the following subsections.

Research Areas and Summary of Work

_____________________________________________________________________________________

P | ——— e B ,
! 5G NR Edge Cloud Assisted Subscribers' Behaviour and CO2/ Carbon Offsetting ||
! Future Networks Virtualized Functions Advanced Analytics and Neutrality 1
L 1
L

For each Research Area

PRI mr— B EEE——  E— 3o
E [ Goals ] [ Feasibility ] [Deve/op & Eva/] [ Results ]

—

[ Research Outcomes

[ Future Work ]

Figure 1. Summary of activities.
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There are four main areas of analysis in the presented work, as it will be shown in the
following sections: 5G NR future networks, focusing on optimization and enhancement of
the overall planning and resource management; the usage of edge virtualized functions,
which will be massively adopted in post-5G NR networks, allowing each function after
disaggregation, to be individually optimized, with performance gains, leading to better
services and applications which ultimately can lower overall costs; the subscribers
analytics which, as will be described in this thesis and shown in the published work, is one
of the most promising aspects for future research and development. Regarding this
particular topic, the objective was to develop a model that, based on subscriber’s behavior
towards the generation of data, would evaluate its impact on overall network performance
and resource management. Finally, a fourth main research area was addressed, as depicted
in Figure 1, which focused on carbon neutrality, considering that 5G NR and future mobile
networks are expected to increase power consumption as never before. From that
perspective, the objective was to find a method that would allow for compensating that
expectation, by reducing overall power consumption but, most importantly, allow for
offsetting the carbon footprint of the MNO and, eventually, achieve carbon neutrality. To
note that the four research areas should not be understood as siloed research, but all as a
contributing part to the whole focus of the work which was the development of several new
methodologies to overall improve planning and resource management in next generation
mobile networks, while keeping them as green as possible.

For each of the referred research areas, goals were defined, their feasibility was analyzed,
and models were developed and evaluated. This led to several results in each of the research
areas, leading ultimately to research artifacts, which are the multiple international
publications, listed in sub-section 1.3 and all the scientific contributions listed in subsection
1.4. Finally, a second research outcome adding to the artifacts is the list of future subjects
that can be further investigated, as presented in Section 3.3.

As a summary, starting with motivation and perceived goals, the work passed onto
defining four research areas, all integrated among itself contributing to the major objective
of the work, as demonstrated in this thesis. From that, research artifacts and future work

was generated as main outcomes, finalizing a structured approach to the whole work.
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1.2. Background

In this section the most relevant background for the research questions focused on this
thesis is presented. Each sub-section will focus on a specific subject that triggered the
research activity and, overall, lead to the aggregated results presented in this document.
First, a quick background is provided on 4™ Generation (4G) and 5G NR networks
highlighting the respective challenges and research questions that were addressed from
a network planning perspective. Secondly, the focus is not the future mobile cellular
network itself, but the way that several RATSs can be integrated, resulting in a multi-
RAT (MR) scenario, aiming to seamlessly improve the subscriber’s QoE. The third
subsection focuses on the problem of energy consumption. It provides a background on
Carbon Sequestration and Storage (CSS) techniques and carbon neutrality, which has
been having great attention lately. Finally, a subsection is presented focusing on the
background related to subscribers’ behaviour analytics, which has been minimal. It

addresses how behaviour analytics has been focused on as a research problem.

1.2.1. From 2G to 5G and Beyond

It has been a couple of years since the second generation (2G) of mobile cellular networks
gave its place to the third generation (3G), characterized by the first fully data-driven
applications and services. From 3G to 4G or LTE, mobile cellular systems became even
more centric on the subscriber, on its ability to generate or demand for high traffic volumes,
either on uplink or downlink and services and applications evolved fueled by rapid
advances related to end user devices’ technology. 4G witnessed a boom in traffic need and,
in reality, became a bridge generation to 5G and beyond, where massive disruption is
expected with the past generations. 4G has paved the way to a smoother introduction of
5G, due to a progressive implementation of several methods and techniques recently put in
place, especially with LTE advanced pro.

Nevertheless, 5G / 5G NR is the most advanced generation of cellular networks that have
been designed up so far. Its main purpose, besides being designed with optimization in
mind, is to address the progressively higher demand for massive connectivity, on several
different RATs, with a multitude of devices, ranging from smartphones to sensors and

machines [4][5]. Especially, as stated previously, 5G NR will enable ultra-reliable
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communications and real time services, supporting critical services, enabling a wide range
of remote services due to its very low latency. First 5G specifications became available in
third generation partnership program’s (3GPP) Release 15 and Release 16 with additional
enhancements already published [6][7]. At start the main objective was simple: to provide
subscribers with services that would give them the experience of extreme broadband access
at their hands, through their mobile devices. The latest release enhanced the standard very
relevantly, including additional features to support enhanced mobile broadband (eMBB),
massive machine type communications (mMMTC), e.g., internet of things (IoT) and ultra-

reliable and low latency communications (URLCC).

5G NR has been developed, therefore, in order to target and meet the requirements of
highly mobile and always connected data driven subscribers. To leverage that, it is notable
the set of technological advances, methodologies and paradigms that have been developed,
resulting in a clear disruption with previous cellular generations [8]. Although the aim of
this work is not to focus specifically on 5G NR but on several enhancements, that, when
aggregated, aim to optimize it even further, it is unavoidable to refer the principal 5G NR
aspects that this work was focused on. First, to note the fact that this generation is the first
to shift the focus from solely subscriber-centric applications to device/machine
applications, with both coexisting for the first time. Other aspects like end to end network
slicing are paramount in order to optimize the whole network operation and also resource
management [9][10]. By considering the existence of software defined network (SDN) and
also NFV the ingredients are met in order to guarantee highly efficient dense,
heterogeneous and optimized beyond 5G networks, considering, for instance, the existence
of base stations located in unmanned aerial vehicles (UAVs) [11][12]. But, also very
important, such methodologies do not only enable high levels of optimization, but also tend
to decrease overall costs to MNOs. As the cost factor is something that is considered several
times on this thesis and an important aspect for also optimizing MNO’s business models,
it must also be noted and referred.

Additionally, another aspect which is enabled by 5G NR is the usage of dematerialized
environments, supporting the disaggregation offered by NFV [13]-[16]. If there are several
advantages of applying NFV and disaggregation in the core network (CN), it is also very

interesting to note that such environments can also be applied at the RAN edge. As so,
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Cloud-RAN (C-RAN) will set the path to additional flexibility, on RAN edge, allowing
flexible and scalable network and radio resource management, for 5G NR and beyond
networks [17]. By disaggregating the 5G next generation NodeB (5G gNB) in different
elements, called functions, the majority can be virtualized, allowing the incorporation of
different technologies, rising the difficulty on interoperability level, but lowering the
overall cost and improving performance and reliability [18]. It is also particularly important
for some of the aspects that this research work focuses on: densifying networks with
different RATs [19][20], in order to enable higher network capacity, by aggregating
different links, multihoming connections, intelligently steering traffic to the best quality
RAT at any given time, reduce overall interference on the network and also, and probably,
the most important part from the subscriber’s perspective, allowing inter-RAT handover
(HO) which are seamless and transparent at milliseconds or sub millisecond rates. Also,
although not explored in this work, C-RAN can also play an important role in the transition
process from older generations (e.g., LTE) to intermediate architectures (e.g., non-
standalone 5G NR) and finally to 5G NR (standalone) and beyond. Another perspective,
which is slightly focused on this work, is that C-RAN will also become an enabler for co-
existence of different RATs in unlicensed spectrum, which is one of the most relevant
aspects [21].

Finally, and because this work also focused on that part, edge computing (EC), which is
now being focused on as an enabler for enhancing 5G NR’s performance even further,
brings higher relevance the paradigm of splitting the system into several computing and
performance edges, from the device/loT edge, to the Core edge, through as referred the
optimized RAN edge. Combining cloud environments, NFV, content delivery networks
(CDN) and having access/peering points at each edge will for sure be a game changer to
5G NR beyond networks.

Other concepts which have been attracting focus is the usage of data science methods for
enhancing overall network operation [22]-[24]. Supervised and non-supervised learning,
advanced clustering, behavior analytics and artificial intelligence, to name a few, will play
a unique role in optimizing the whole 5G NR network, transforming it slowly into a partial

autonomous system, the so called intelligent 5G.
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Nevertheless, all of this simply shows that 5G NR has been developed in order to be
optimized and has been optimized since the first release version and it will continue to. As
S0, that is the reason we use current 5G NR as a baseline to focus on future networks beyond
5G, where further enhancements and optimizations are expected to be developed in order

to fully meet the challenges ahead.

1.2.2. Radio Access Technology Coexistence

Considering data growth as the major driver, it is now clear that several RATs will need
to coexist in 5G NR but with enhanced densification in beyond 5G networks, over licensed
and also unlicensed spectrum and evolving to MR [19][20]. As referred, 5G NR will be a
network of networks, and MR can be a conjunction of 5G NR with LTE (non-standalone),
LTE and wireless fidelity (WIFI) or, one of the main focus of this work, 5G NR with WIFI6
[25][26]. Densified 5G gNB deployments are crucial to increase cellular capacity, fulfill
demand and provide the highest throughput levels for advanced services over cellular
connections. WIFI, on the other hand, is the most suitable technology for “best effort” class
of services and applications over unlicensed spectrum. Nevertheless, WIFI has come a long
way and it features several mechanisms today that increased the reliability and quality of
service of the system, making it suitable for latency and quality critical services.

Also, from 5G NR and future perspectives, existing developments regarding the usage
of 5G NR over unlicensed spectrum (NR-U) will be crucial to enable additional benefits of
co-existence of both RATSs over the same unlicensed spectrum [27][28].

Integrating both technologies will enable seamless, transparent and pervasive
communication scenarios, either outdoor or indoor locations, dimming to a higher extent
the frontiers between both environments. In fact, release 15 and 16 already consider the
existence of 5G NR deployed in conjunction with other RATS. In this work Certified
Passpoint Hotspot (HS) 2.0 (HS2) and WIFI6 have been considered in the research work
of this thesis, as presented in detail on Chapter Il. WIFI6 (802.11ax) being the sixth
generation of WIFI has come a long way since its previous generations [29]. It has been
developed in order to provide increased performance and throughput, lower latency but,
especially, increased device density [30] - [33]. This particular aspect is the main factor

that explains why it has been pointed as the best RAT to complement 5G NR: the support
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of massive end user devices as expected in 5G NR networks [34]. Both shall be able to
unprecedently increase overall network performance, optimize radio resource management
and provide higher throughput and lower latency, supporting a whole new set of services
and applications that will appear.

Those particular improvements, will allow mission critical 10T devices and applications
to start servicing - supported by both RATSs - enabling new use-cases in manufacturing,
healthcare, energy, remote sensing and many other industries [35]. Both will enable
extreme low latency, unlocking a myriad of advanced applications with virtual reality and
augmented reality being key enablers for industries such as healthcare, education and
hospitality [36][37].

In such heterogeneous networks, where these two RATSs will co-exist and densify in
future networks, achieving a seamless level of integration for both technologies is not an
easy task, especially when one starts focusing on inter-RAT HO. For this matter, it is
crucial that HOs are performed in the most seamless and optimized manner as possible
[38]. Also, offloading traffic from 5G NR to WIFI16 should be seamless and transparent for
the subscribers, especially when real time, high data rate services are being used or mission
critical services are being supported [39]. As so, the HO process and its triggers have
become as important as never before. Contextual HOs should be performed considering
the network conditions of both RATSs, and might be triggered by the end user device, by
the access network discovery and selection function (ANDSF) within the 5GC or as a result
of combining both triggers. The main concern is to avoid performing inter-RAT HOs to
lower quality connections, due to uncoordinated or poorly measured network quality, and
also to avoid the ping pong effect where inter-RAT HOs are performed back and forth,
completely ruining the end user’s quality of experience but also, creating additional
negative impact on surrounding devices, communication channels and the network as a
whole [40]. These scenarios become extreme when one considers devices located at cell
edges or associated to highly mobile subscribers, where the rate of needed HOs can rise
relevantly. This is another aspect where EC techniques can greatly contribute to improve
performance in future networks beyond 5G, which is also a research subject in this work,
by deciding to place a virtualized ANDSF function in network edge [41]. Interestingly
enough, although not the focus of this current work, optimization may be further increased
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by carefully choosing how to place the functions into the mobile edge [42].

1.2.3. Carbon Neutrality

With 5G NR being expected already to become highly densified and heterogenous, future
networks will increase even more such densification, creating additional challenges despite
several energy efficiency gains and optimizations [43]: the number of smartphones, radio
base stations, machines and other devices communicating will require unprecedented levels
of system capacity [44][45]. In order to support such capacity increase, MNOs will see
their environmental footprint become higher. Thus, MNOs would also take into
consideration their environmental impact on greenhouse gas emissions and change its
operational models in order to become greener [46]. Energy efficiency methods have been
proposed almost on all system edges, from device to core and also RAN but such are not
enough to eliminate all emissions [47] - [49]. As so, MNOs need to focus on achieving
carbon neutrality, meaning that their operation should be performed in order to compensate
for its carbon footprint, through carbon offset techniques.

This work focuses on carbon offsetting through biotic sequestration, precisely to avoid
the pitfall of some proposed techniques, that try to address this reduction by the
development and deployment of additional technology [50] - [53], which, de per si,
contributes to increasing carbon footprint, thus eliminating any advantages that they were
designed for.

The two approaches which are presented in the current thesis, address precisely the
reduction of the overall carbon footprint, without contributing further to its increase. The
proposed methodology is to use biotic sequestration, which an MNO can develop through
its own program or contribute to existing for-nonprofit organizations created specifically
with that in mind [53][54].

Although several other techniques to capture carbon exist, as it is deeply discussed on
Chapter 11, such do not provide the level of carbon offsetting that the proposed techniques
do. Because it is our belief that this subject has not been explored enough (on the carbon
offsetting part) this work aimed to reduce that gap with the proposed methods, with relevant
contributions. Nevertheless, there is still large space for additional research in this subject,

which we also aim to pursue in future work, as referred in Chapter Il1.
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1.2.4. Subscriber-Centric Behavior Analytics

All the factors focused on the last subsections contribute to enhance the overall 5G NR
and beyond networks’ quality of service [55], but one other aspect will become increasingly
important and centric on future networks: quality of experience (QoE), which is a very
different concept [56]. Related to human perception of each mobile service, QoE is one of
the most important concepts to consider in mobile networks nowadays and will
progressively increase its importance in future networks, especially considering the
different types of new services and applications, as well as previously referred, the density
of users servicing on a MR context. Having the ability to measure or predict the perceived
QoE, which may be very subjective, is one important challenge. Related to perceived QoE
is the behavior of mobile network subscribers, which relates directly with business aspects
for MNOs. Thus, it is of utmost importance to be able to characterize subscribers into
behavioral segments, in order to quantitatively measure the impact of each segment on the
network (regarding traffic generation capacity, for instance) and on the overall MNO’s
business model, from a perspective of introducing new services or discontinuing existing
ones, and also by considering churn rates. From this perspective we believe that the ability
to characterize and predict subscribers’ behavior is fundamental and should be taken into
consideration in 5G NR and beyond cellular network planning, operation and radio
resource management activities. This subject is one of the most innovative contributions
of this thesis, and a subject that has never really been explored as far as this research work
goes. Especially considering subscriber behavior within beyond 5G NR networks, with
very stringent quality, performance and latency requirements. It is, therefore, crucial to be
able to tightly couple the subscriber’s behavior to the impact that it has on the whole
network capacity, regarding traffic generation but also from a business model perspective
its impact on churn rates, which is something of utmost economic importance to MNOs
[57][58].

As an example of how subscribers’ impact can be very relevant, let us assume, as shown
in the previous subsection, that an MNO successfully develops a carbon dioxide (CO3)
offset program, achieving carbon neutrality. In sum, it becomes the “greener” MNO in a
certain market. Just by becoming that, the sole knowledge that the MNO is the “first green”

of its kind, it can drive other subscribers from other MNOs — whose behavior is more
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sensitive to carbon neutrality and environmental friendliness — to churn, leaving their “not
so greener” MNO and becoming new clients. This will cause an immediate impact over the
business model of the former MNO, but also can shift and unbalance traffic and capacity
equilibrium, leading the MNO to rapidly change its network, in order to avoid service
degradation and, maybe, unbalance also the carbon footprint, ceasing its carbon neutral
operation. With a simple example, it is demonstrated the importance of knowing your
customer for MNOs.

By having the knowledge about subscribers’ behavior, cellular planning as well as
service introduction and portfolio can be tailored and adapted, best suiting the users and
increasing the average return per user. From a subscriber perspective, a better user-centric
service will be provided thus increasing the quality of experience and overall satisfaction
with the whole cellular service.

These factors will contribute to modelling user centric traffic generation capabilities and,
in the end, enable a whole new approach of mobile network planning, operation and
evolution, considering all of the above-mentioned aspects and business modeling.
Subscriber behavior analysis was demonstrated to be a matter of utmost importance. It was
demonstrated that the positive implications for MNOs are very relevant, when advanced
analytics is performed: subscribers can be clustered into groups, and sometimes new groups
appear from within those already analyzed, allowing for adaptations from network to
service and application domains. In this thesis, the developed model for subscriber behavior
analysis has shown that it is possible to plan subscriber cluster-centric network
deployments, service offering and, at the same time, if behavior changes, that information
can be automatically available for the MNO to act, either on planning or on resource
management levels.

A whole new dimension of heterogeneous network devices and deployment types will
characterize 5G and beyond networks. From that perspective, where “machines” will co-
exist with subscribers, from a traffic generation and consumption perspective, the
developed behavior model can be extended to internet of things (l1oT), device to device
(D2D) and machine to machine (M2M) communications, where behavior parameters are
not human anymore, but as long as each element represents a certain traffic generation

pattern, there is no need to distinguish between human or machine behavior towards data
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production or consumption. From a traffic generation pattern perspective, it does not really
matter “what” creates the traffic: either a human operated UE or an automatic device. Thus,
one of the relevant advantages of the model is that it was generically developed, allowing
it to be extended and support such “non-human” analysis within ultra-dense mobile
networks post 5G NR.

At the same time, subscribers are increasing the amount of traffic they generate, creating
serious capacity challenges for upcoming mobile networks. Demographic, economic and
cultural are just examples of characteristics that can influence user behavior. All are
considered as factors that can influence the behavior of subscribers, especially from a QoE
perspective, which resulted in this thesis in the development of a user behavioral model,
based on user segmentation and traffic generation abilities. As an example, based on
subscribers’ behavioral data, prediction methods can be applied and, for instance, better
churn rate analytics can be performed, individually and per cluster, which represents, in the
end, one of the most important challenges that MNOs will increasingly face in the future.

This work has taken this research an extra mile and bridged data analytics methods
coming from Data Science area of expertise. As such, advanced clustering was performed
over the existing data about subscribers, and it was shown that several advantages can result
from bridging cellular network planning with advanced analytics. We believe that the road
has been paved in order to further explore additional techniques, by applying supervised
and non-supervised learning, as well as artificial intelligence, as future work, which is

already being prepared.

1.3. Contributions

During the course of developing this research work, several questions have been
answered by contributions resulting from all the published materials. Despite the current
document focusing mainly on the already mentioned journal articles and its contributions,
for the sake of completeness, no distinction will be made between the sources of
contributions. Instead, all contributions along the research work are presented in this
section, especially those coming from work developed and published in conferences, while
all other contributions from accepted journal papers will be focused in greater detail on
each subsection of Chapter I1. Nevertheless, and once again, to avoid repetition, those
contributions will be briefly presented.
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The contributions resulting from the whole developed research are:

1. A method which allowed evaluating the best type of network deployment for 5G
networks. The developed work concluded that for 5G deployments, small cells and
femtocells as well as heterogeneous networks are the best solution to:

a. Cope with massive 5G and beyond networks’ traffic requirements;
b. Reduce the overall carbon footprint of 5G and beyond networks;

c. Minimize overall network costs.

2. A totally novel mechanism to address poor cell edge performance, which is expected
to unprecedently rise in densified 5G NR deployments, but most relevantly in post-5G
networks (the rise of DenseNets). The proposed approach offloads subscribers at cell
edge users to existing WIFI HS2 access points (AP), based on radio link quality
assessment. The results showed that:

a. By steering cell edge user equipment’s (UESs) in prioritized way, no service
degradation is imposed to other UEs currently servicing closer to the 5G gNB;

b. Poorly served UEs at cell edge will have its quality of service (QoS) improved
by steering to and servicing in a better radio access technology (RAT);

c. Negative impacts from cell-edge subscribers on overall 5G radio resource

management is reduced.

3. An intelligent mechanism for RAT selection and traffic offloading, applied to MNOs
that provide both cellular and broadband RAT, which is applicable to 4G, 5G NR and
beyond with WIFI HS2.0 or WIFI6. This methodology is UE initiated and differs from
others substantially by further using system information block (S1B) signaling, without
any changes to standardized protocols, as many others have proposed in the literature.
This means that the proposed mechanism allows for immediate implementation and
adoption as no changes are required to existing standards. The result of this
contribution is an intelligence-driven inter-RAT UE initiated steering mechanism. The
results showed that:

a.  Thisapproach can be used immediately by any MNO that deploys both RATS,
without protocol changes to the network;

b. Efficient RAT steering can be obtained at minimal cost and overall network
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impact;

c. RAT steering may be performed by the UE but on a more intelligent fashion,
considering several performance and real time awareness network data;

d. Enhanced global heterogeneous network capacity is increased and improved,
as well as optimized resource management;

e. Overall increase of QoS and subscribers’ QoE can be obtained.

Considering the expected densification of post 5G NR cellular networks, especially
with heterogeneous 5G gNBs, a method to evaluate the feasibility of achieving Carbon
Neutrality was developed, based on biotic CO> sequestration methods. The results of
the proposed CO: sequestration method shown that:

a. Itisfeasible for an MNO to achieve carbon neutrality by totally compensating
for the greenhouse gas emissions of their network infrastructures;

b. For the heterogeneous 5G NR deployments that resulted from the first
contribution as the best deployment type, by using low energy powered 5G
gNBs (e.g., Femtocells) carbon neutrality is achievable at negligible additional
expenditure;

c. MNOs can engage greener and environmentally friendly network operations

by developing CO- offset programs using the proposed methodology.

In order to further enhance radio resource management, the overall network planning
process, and reduce the overall CO2 emissions, a user behavioral impact model was
designed, shifting the focus from network centric to subscriber centric analytics,
following the expected trend for post 5G NR networks. This work was, at the time, the
first one to develop such a model and associate it with the overall planning and
operation process of a cellular network, especially for 5G NR. The developed model
aims to evaluate how subscribers’ behavior can impact overall 5G NR network
capacity. The model was developed, and four different user segments were proposed,
as well as corresponding behavioral characteristics, concerning data centric traffic
generation capabilities. The model was then evaluated using real traffic data. The main
contribution is a traffic model that allows quantifying the impact of user behavior

towards the generation of mobile data traffic over 5G NR cellular networks as a
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baseline. The results have shown:

a.

That traffic consumption patterns, and user segments have different impacts on
overall network traffic and should be accounted for;

Subscriber’s behavior is of utmost usefulness for MNOSs to plan the insertion
of new services or the removal of existing ones;

That the proposed model allows certainty and risk analytics, enabling MNOs
to identify most stable user segments to new services or changes in existing
ones;

The possibility of deploying prioritization mechanisms for subscribers based
on their behavioral characteristics and service consumption habits, increasing
overall average return per user (ARPU) but also decreasing the probability of

churn rate.

6. Considering the special context of 5G NR as a baseline, an advanced subscriber

behavior-centric clustering model was proposed. In order to enable advanced analytics

from Data Science field of research to be applied on highly dense and complex cellular

networks, a new model was developed, which resulted in identifying new subscriber

clusters that are usually not considered but are increasingly important and avid data

traffic consumers and producers. The results of the work have shown that:

a.

The new identified clusters represent a highly relevant group of subscribers that
should be properly addressed and considered by MNOs;

Advanced analytics can be applied to overall MNO business model
optimization;

Radio resource management optimization can be highly improved and overall
operation can benefit from techniques like machine learning or artificial

intelligence, clearly paving the way to future intelligent 5G NR networks.

7. The next contribution is a cloud assisted traffic steering and offloading method.

Considering advanced methods for 5G NR like NFV and EC, two models were

developed considering post 5G NR networks’ challenges, in order to virtualize the

ANDSF function and bring RAT steering decisions to initiate from the core edge, with

metrics and performance analytics being performed on both device edge and also, on
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a coordinated fashion, on the core edge. The classical datacenter ANDSF deployment
method was compared with the two-proposed cloud-based virtualized ANDSF
functions and it was shown that:
a. The proposed methods, due to their elasticity, scalability and overall flexibility
can provide enhanced performance to traffic steering decisions;
b. Overall cost associated with resource management, inter-RAT HOs and
associated mechanisms is reduced very relevantly;
c. The proposed methods are the best future proof approach, as it considers EC
which is still being widely discussed as well as WIFI6 with enhanced quality
of service and integration with post-5G NR.

8. The final contribution of this research work focuses once again on carbon offsetting:
this time it was considered the existence of intelligent mechanisms in 5G NR cellular
networks, namely energy efficiency (EE) methods. In this advanced context, in which
it is considered that the most advanced EE methods are deployed, and the focus is not
solely the infrastructure but also the other 5G NR components, like the UESs, a two-tier
carbon offset methodology is proposed, combining both EE and CO; sequestration.
Overall, the results have shown that:

a. Global CO2 emissions can be dramatically reduced on all network edges by
first applying EE methods and complementing with CO. sequestration
methods;

b. Carbon offset and neutrality can be achieved much faster at lower investment
and operating costs, with the added value of overcoming some of the
limitations of biotic sequestration;

c. Greener operation can be maintained on all network edges, from the device to
the CN edge, for higher periods of time;

d. Overall network running costs are relevantly reduced and resource

management becomes highly optimized.

All of the above contribute to the overall research objective of this work: enabling advanced
but at the same time smoother 5G NR introduction. This is promoted through an analytical
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perspective, focusing on subscribers’ behavior and their traffic consumption patterns, the
usage of EC and cloud environments, with virtualized NFs, improved inter-RAT
mechanisms for seamless service continuity from the end-user perspective, especially on
mobility scenarios, enhanced radio resource management and cost optimization, but also
leveraging the application of data science methodologies, e.g., machine learning,
classification or clustering, leading to more optimized resource allocation, capacity
planning, but especially, also allowing to predict changes and future trends regarding
subscribers’ actions and behaviors. Such will enable analytical cellular planning
methodologies, addressing expected complexities for intelligence-driven 5G NR networks.
Finally, all of these aspects are properly aligned with environmental efficiency, through the
application of the proposed carbon offset methodologies, leading to carbon neutrality on

daily operations and finally, to greener next generation, highly densified cellular networks.
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in 5G/Beyond and Wi-Fi6 DenseNets, (Submitted, under peer review in MDPI Applied

Sciences Journal)

Additionally, the following Book chapter has been accepted and is in the process of being

finalized for submission to EIT’s Intelligent Wireless Communications Book. To this

chapter contributes the majority of the methods and work presented in this thesis, with

special emphasis on subscribers’ behaviour analysis and advanced network resource

management based or assisted by cloud and EC.

Gongalves, L. C., Sebastido, P., Souto, N. and Correia, A., Cardoso, E., Applications of
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1.5. Thesis Organization

As previously referred, this document is presented on a thesis by articles format. The
main reason behind choosing this possibility is that this kind of approach allows the author
to dedicate additional effort in the writing and publication of high-quality scientific papers,
as presented in Section 1.4 and on the following chapters [59].

The main part of the thesis, which is Chapter Il, is composed of four journal articles:
three of them accepted and published already, available online and each with its respective
volume number attributed. One additional journal publication is under final revisions by
the reviewers and have been included in the same chapter, due to its relevancy to the
contributions of this work. Regarding published work, other scientific papers have been
developed and presented at different international conferences. Nevertheless, all have been
properly submitted to peer-review processes before acceptance for publication. In this work
and in order to follow the thesis by articles structure, we have chosen to list them and focus
primarily on journal articles, which still remains, nowadays, one of the best forms for
communicating important scientific results [60].

As previously referred, the presented research work focused on four main subjects: first
the objective was to perform gap analysis regarding current planning methodologies for
both 3G and 4G and find the gaps to a more advanced planning process in 5G NR and
beyond networks. The next subjects focused on enhancing the overall results from the first,
and how to overcome its limitations regarding environmental aspects like greenhouse gas
emissions. Each subject is coupled and tightly related to the previous one, making the
whole work a continuous flow of research topics and contributions all adding up to the final
result. With that perspective in mind, the objective was to make each of the main subjects
publishable in peer reviewed journals. Quality instead of quantity was chosen relating to
journal published works, but extensive quality work was also done and presented in
conferences, part of it receiving several high-quality reviews, by the reviewers as well as
by the experts attending the conferences. Nevertheless, as referred, the work was prepared
in order to achieve at least, one publication of each topic on conference proceedings and
one publication of each major topic on international journals. Regarding journals, this was

achieved for two main subjects, with two additional ones still being under peer reviews.
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To make sure that every aspect was properly presented in this thesis, it was chosen to
retain each article’s full version under the form of sub-chapters. That resulted in several
referencing systems: one per each of the fully included papers and another one for this
thesis document, referring to Chapters I and I11. For each article presented in Chapter I1 its
own structure is provided, in the specific journal structure. Its own references are provided
also, exactly as published or required after revisions and proof reading. Also, regarding
pagination, and in order for this thesis to be completely clear and structured as best as
possible, we have chosen to slightly change each of the original articles page numbering.
This way, each paper is introduced in this thesis in a smooth way, with all numbering being
consistent, resulting also, in a consistent overall index.

Each of the presented articles in Chapter 1, as referred, should be considered as an
independent document, a work on its own, each with its own section, chapters, abstracts,
references, pagination and format, according to the journal’s requirements. Nevertheless,
it should be retained that still, each and every one of the research articles contribute to the
major thesis’ goals and objectives. This approach leads to the need of creating a final
chapter, developed in an umbrella-style, concluding and gathering all the works together,
discussing in a macroscopic perspective the overall results of this thesis. As so, this thesis
is organized as follows:

- Chapter Il presents the main research activities and the main results, in the form of
four journal articles. It is formed by four different sections and each represents an
individual article.

- Chapter 111 focuses on bringing everything together with a through discussion around
the several results that were attained as well as to what degree the contributions have
helped to mitigate the initial research questions and problems.

- Final remarks and future work following this research are focused on the final part
of Chapter I11.
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Chapter II — Articles

2.1. Article nr. #1

This article presents the first approach to the subscriber behavior modelling problem.
The goal was to develop an impact model that, based on four different clusters of
subscribers — each cluster with its own characteristics — would allow evaluating the traffic
generation capabilities of each group. By this time, no advanced clustering was performed
because the aim was solely to address its impact from network planning and capacity
perspectives. This article set the path to subscriber centric concepts and analytics

The main contribution to the present thesis was the traffic impact model itself, but also
the concepts lying behind it, namely that by properly characterizing subscriber’s behavior,
several benefits and improvements could be achieved on overall network resource
management and service quality. Also, a very relevant contribution was accomplished by
introducing, for the first time four particular user segments representing typical subscribers

of mobile network services.

Article details:
e Title: On the impact of user segmentation and behavior analysis over traffic
generation in beyond 4G networks;
e Date: February 2016 (made available in 2017);
e Journal: Transactions Emerging Telecommunications Technologies;
e Scimago/Scopus Journal Ranking: Quartile 2;
e Publisher: Wiley.
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ABSTRACT

In this paper, a survey of the mobile data traffic growth over the last decade is performed, showing historically how data
consumption patterns have evolved. Based on the results from the survey and the most important factors for
unprecedented traffic growth from last years, a set of user-centric services and scenarios are identified as the most
prevalent by 2020. Based on service characteristics and subscribers’ behaviour and consumption regarding traffic
generation, four user segments are derived. All these factors allow introducing an impact model that characterises user
segment’s behaviour over post-4G cellular networks, namely, its consistency and stability towards traffic generation, data
consumption and service usage, providing mobile network operators with relevant information to predict user segment
dispersion, stability and risk. Real and estimated market data are used to test the impact model, and most relevant results
are shown. Overall, the proposed impact model aims to bring together technological, sociological and also economical
perspectives into a single analytical framework, meeting both mobile network operators and subscriber’s expectations of

high quality of service with continuous cost decrease. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Cellular telephone users’ behaviour has changed
notably in the last decade. Nowadays, users do not rely
on equipment mostly for voice communications as they
used to [1-6]. A fact is that cellular telephones are
globally being replaced by smartphones [2, 3]. These
are advanced feature handsets giving users additional
services and applications beyond simple voice calls,
becoming personal agendas, entertainment systems and
most recently, virtual wallets. Smartphones, more than
ever, are becoming part of users’ lives not only as a
handset that allows seamless communication but also as
a daily life manager. This not only enabled new ways
of communication for mobile users but also posed new
challenges to mobile network operators (MNOs) [6-9].
Mobile network operators, as more individuals are
using  their  telephones for data  services
(communication, education, recreation and leisure),
must assure that their cellular networks are up to the
challenge, delivering these services with high
performance, quality of service (QoS) and adequate
traffic capacity.

However, smartphones are not the only devices that
play an important role in mobile traffic generation

Copyright © 2015 John Wiley & Sons, Ltd.

nowadays [10-12]. Tablet computing has become
increasingly popular and could easily overwhelm
MNQO’s capacity with the usage of real-time video
streaming [12—14]. This service stands out because of
its intrinsic nature of requiring large amounts of data:
mobile subscribers using a tablet will watch higher
resolution videos due to the screen size, which they
would not if using a smartphone—a low resolution
video would be enough considering the screen size—
creating even more data traffic load on mobile
networks. Furthermore, users expect video streams to
be displayed in real time, thus creating several
continuous streams of data traffic on the mobile
network. Several research and market studies [5, 7, 13—
19] compared the amount of data traffic across multiple
mobile operators and found that as networks become
faster, the percentage of video crossing them greatly
increases.

It is imperative that MNOs are prepared for
increasingly bandwidth demand not only from a
technological standpoint but also from market
perspectives. MNOs should be able to profile their
subscribers’ behaviour and predict data consumption
evolutions on their networks. Therefore, it is of utmost
importance for an MNO to

Trans. Emerging Tel. Tech. 2017; 28:22933 © 2015 John Wiley & Sons,
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o profile their subscribers into user segments relating
them with the type of services they use;

e gather statistical information on data traffic
generation and future trending, as well as new
future services;

e predict and score the impact of user segments on
their networks when deploying new technologies or
increasing the availability of existing ones;

® be able to adapt its service and value offers to the
customers and their data usage profile.

This work starts by presenting a historical evolutional
study about data traffic consumption indicators and pat-
terns over the last years. It also focuses on existing
mobile data traffic forecasts and predicts new data
traffic characteristics for 2020. Some of these aspects
have recently been addressed by the METIS project, by
focusing on scenarios, services, applications and
technology by 2020, the same period [20, 21] we
consider in our work but from different perspectives.
Our predicted traffic characteristics framework enables
introducing four user segments and a set of data-centric
services, mirroring what we expect to be the mobile
data market in the early next decade.

Finally, based on those user segments and their
characteristics, a behavioural impact model is proposed
and tested with real data estimates from existing market
studies, allowing the quantification of the impact of
cach user segment’s traffic usage patterns and
behaviour on mobile networks. Unlike previous impact
analyses, like the economical and ecological impact
studies performed within the EARTH project [22], in
our approach, we provide a mathematical model
framework considering sub- scribers’ behaviour
reflected into traffic generation beyond 4G networks. A
recent work [23] has bridged services, applications and
traffic with some behavioural features but taking into
account physiological aspects of human to device
interaction, which is different from our perspective, as
we focus not on user interaction with handheld devices
and potential traffic generation but on subscribers’
ability of generating traffic, when grouped in similar
characteristics user segments.

The paper is organised as follows. Section 2 presents
both historical and future evolution on data traffic
generation and consumption from several perspectives:
mobile data subscriptions and devices, applications and
services and standardisation. Section 3 focuses on
mobile data characterisation. Section 4 identifies a set
of user-centric services and scenarios that we believe to
be the most prevalent by 2020, responsible for
generating the highest amounts of data traffic. In order
to better profile sub- scribers, Section 5 introduces a set
of user segments, derived from subscribers’ behaviour
towards data generation and consumption. Those user

Copyright © 2015 John Wiley & Sons, Ltd.

segments will then be used as a part of a behavioural
impact model that we introduce in Section 6. This
model is evaluated with real traffic data from market
studies, and results are presented in Section 7. Finally,
Section 7 summarises the whole work reporting the
most significant conclusions.

2. DATA TRAFFIC EVOLUTION

This section provides an overview of the factors that
have contributed the most for mobile traffic increase.
Section 2.1 focuses on the evolution of mobile data
subscriptions and Section 2.2 on the evolution of
mobile Internet-enabled devices and their usage
increase. Section 2.3 focuses on mobile applications
and always on services and their contribution to mobile
traffic generation. Finally, Section 2.4 addresses the
evolution of technological standards and the way they
enabled the unprecedented increase of mobile traffic.

2.1. Mobile data subscription

By the end of 2007, there were 300 million Internet
subscribers in the world, through fixed broadband
subscriptions with their Internet service providers. In 5
years span time, that number more than doubled
reaching 620 million. Estimations predict that by 2014,
the global number of fixed broadband subscriptions will
rise to 940 million [1]. World universal mobile
telecommunication system (UMTS) and high-speed
packet access (HSPA) sub- scribers have doubled
between 2008 and 2012. Estimations predict that by the
end of 2014, mobile subscriptions in both technologies
will rise up to 2.2 billion, surpassing the number of
fixed broadband subscriptions [2]. The fact that HSPA
has been a natural evolution of already- deployed
UMTS networks was the facilitator factor of global
subscription growth of mobile broadband. Based on
existing studies and market data from 2010 to 2016, the
corresponding trend was derived and expanded
enabling expected HSPA subscriptions growth
estimations up to 2020 [1, 5-8, 16, 17]. The results are
depicted in Figure 1. These results from the performed
estimations are modelled by (1) and (2), showing that
UMTS subscriptions are expected to stall from 2014
onwards, while HSPA technologies will increase
almost exponentially. Two equations were derived from
the estimations, by regression-based analysis of market
data [1, 5-8, 16, 17], modelling the number of
subscribers for HSPA, Swusp4, and for UMTS, Suumrs, on
a given current year Yc, relative to a given start year, Ys:

Stspa = [Tuspa - (Ve — Y5 + 1)%1sPa] - 10° 1)

Symrs = [Tymrs * (Yo — Y5 + 1)Cumrs] - 10° (2)
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Figure 1. Estimated global subscribers’ growth for UMTS and HSPA in 2010-2020 period.

The aforementioned expressions additionally consider
growth indexes, Gyspa, and Gyyrs as well as two
technology factors, Tysps and Tyyrs respectively
corresponding to HSPA and UMTS technologies. In this
case and from Figure 1, Y;=2010,Gyspy =

1.35, Gyyrs = 0.16, Tyspa = 282.5 andTyurs=370.5.
The value Gyspa Versus Gyyrs reflects a higher
exponential characteristic regarding the number of
HSPA subscribers when compared to UMTS, which
estimations predict that will stall.

Three years from its debut, long term evolution (LTE) is
estimated to have a total of 746 million subscribers,
equivalent to 10 percent of the approximately 7.3 billion
total mobile broadband subscribers worldwide [3].

2.2. Mobile Internet-enabled devices

The impact of wireless devices on mobile data traffic is
unprecedented. Because of several technological
advances in the mobile telephone area, the landscape of
mobile data has dramatically changed when looking
back a few years. Handset technology also evolved, with
more capable equipment and higher battery capacity.
This led to a new class of handsets: more powerful
handsets (nowadays known as smartphones), tablet
devices, netbooks and laptops equipped with mobile
broadband dongles and most recently, cellular-enabled
gaming consoles. Mobile devices are expected to
continue benefiting from major break- throughs to occur
in the next decade becoming increasingly complex and
intelligent devices. This means that in the future, not
only handheld devices will be connected but also other
networked devices. We expect an unprecedented
increase of the number of novel connectivity-enabled
devices within cellular networks for the period 2015—
2020, for example, Smart Televisions.

A total of 12.95 million wireless-enabled laptops,
notebooks or dongles units were purchased by
subscribers, bringing the total number of data-capable
devices on mobile networks to 264.5 million in June
2010. All these aspects together have made cellular
mobile Internet sur- pass the number of connected
computers to the Internet [4]. In the period 20102015,
worldwide share of smartphone in global mobile
shipments will rise from nearly 25 per cent in 2010 to 56

Copyright © 2015 John Wiley & Sons, Ltd.
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end telephones (adapted from [7]).
in the previous section, our estimations show that
smartphone sales will continue to grow and that by 2020,
smart- phones will account for 72 per cent of global
handsets, as depicted in Figure 2 [2-5, 16]. In respect to
the amount of traffic, these innovative devices must be
seriously considered by mobile operators, as a single
smartphone or tablet is capable of generating large
quantities of traffic. Figure 3 presents the equivalent
monthly traffic generated by advanced mobile Internet-
based devices compared with basic feature telephones.
Mobile traffic generated by hand- held gaming consoles
with mobile connectivity is expected to grow
considerably in the 2012-2020 period. This will be
highly driven by online social gaming, which is already
massively adopted over the Internet and will begin
shifting from fixed to mobile access.

Trans. Emerging Tel. Tech. 2017; 28:€2933 © 2015 John Wiley & Sons,
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2.3. Mobile applications and always on
services

The introduction of laptops and high-end mobile hand-
sets onto mobile cellular networks is a key driver of
traffic generation, because they offer content and
applications not supported by the previous generations
of mobile devices. The types of mobile services used by
sub- scribers are intimately related to the performance of
the handheld devices they use. High-end handheld
devices drive the appearance of more complex and
demanding services and applications with video
streaming leading traffic generation. Nowadays, existing
subscriber communities generate, distribute and
consume content, creating high amounts of traffic,
whether in downlink (DL) or uplink (UL) directions
[24]. New behaviours emerge, with subscribers starting
to maximise the use of uplink connections to generate
content, whether via video or audio recordings and
photography uploads. Most popular applications and
services will be entertainment (e.g. games, music, food,
travel and sports) as well as information and daily tasks
services related (e.g. maps and navigation, weather,
news and banking). Figure 4 shows the estimated traffic
share per service for 2016 [7]. From it, the conclusion
can be drawn that traffic is switching from mobile web
and data access to mobile video streaming, a real-time
service with high demand of QoS. It is also shown that
by 2016, video streaming is expected to account for 70
per cent of all generated mobile data traffic. This
indicates that mobile user’s behaviour is changing from
non-real time to real-time services usage. This behaviour
constitutes an enormous challenge for mobile operators,
as their networks should withstand this kind of traffic
demand. Data usage is also strongly influenced by the
availability of applications. Application stores like
Google’s Play or Apple’s App Store, inter alia, have
changed the paradigm of available applications [12].
Both stores have already surpassed 15 billion application
downloads, representing respectful traffic amounts from
two perspectives: the traffic generated by download of
the application itself and the traffic that the application
generates while being executed. More recently, cloud
technology has driven additional traffic generation,
considering that many applications and services are
available that way. Recent concepts like software as a
service and cloud gaming are becoming extremely
popular among individuals

B Mobile Video
Mobile Web/Data
Mobile M2M

Mobile File Sharing

70'ISOther Mobile

Figure 4. Expected traffic share per service [25].
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and enterprises, relying solely on a robust, high quality
and always on mobile connection to the Internet [25].
Cloud services and applications can also be used to
overcome handset technological limitations, boosting its
ability to access data content beyond its design [7].

All these aspects sustain stating that the paradigm has
shifted: users are becoming themselves persistently
connected and generating traffic almost continuously.

2.4. Standardisation

Standards have been defining the way technological
advances cope with traffic growth. By 1999, the 3rd
generation partnership programme (3GPP) Release 99
(Rel-99) defined UMTS specifications enabling more
spectrum efficiency and better performing voice and
data services [26]. Two years later, Rel-4 introduced call
and bearer separation into the core network [27]. Rel-5
introduced high-speed downlink packet access [28], and
Rel-6 added further enhancements including high-speed
uplink packet access [29]. Both HSPA technologies
enabled exponential growth of capacity and traffic
demands and allowed mobile broadband Internet access
to have enormous growth. Rel-7 defined evolved HSPA
or HSPAC [30]. Rel-8 specifications defined
enhancements to HSPAC technology and introduced
LTE [31]. Rel-9 included additional enhancements for
HSPAC but was focused on LTE enhancements [32].
We highlight Rel-9 due to the introduction of
enhancements supporting home NodeB (hNodeB) and
evolved NodeB (eNodeB), mostly known as femtocells.
Release 10 defined a new set of enhancements towards
LTE advanced (LTE-A), focusing on self- organising
networks, heterogeneous networks, hNodeB and
eNodeB enhancements as well as machine to machine
(M2M) communications [33]. Release 11 stabilised its
work on core networks by 2012 and radio access
protocols and RAN performance during 2013 [34].
Release 12 is currently being finished and due to be
completed by March 2015 [35]. At the same time,
Release 13 is already under- way, under feature studies
and is expected to be completed by March 2016 [36].
Figure 5 shows the specifications timeline from Release
4 onwards.

Overall, the releases introduced several radio resource
optimisation techniques, resulting in both uplink and
downlink connections with increased throughput while
progressively reducing latency, a service quality
indicator directly related to user’s experience. Figure 6
presents the evolution on UL and DL data rates and the
corresponding latency. From Figure 6, one should note
that, for example, LTE latency is one-seventh of HSPA
and one- third of HSPAC latencies, and that LTE-A
nominal latency is expected to decrease to 5 ms.

fLatency being defined as the time data takes to transverse the
network, end-to-end.
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Figure 6. Latency and typical UL/DL data rates for cellular technologies.

As users began experiencing services with progressively
lower levels of latency, which resulted in better service
experience, they adapted their service usage to the
capacity of the communications channel. This resulted
in a behavioural shift from non-real time to real-time
service usage. Whereas this constitutes unprecedented
QoS for end users, it also means that the number of
subscriptions will grow even more, and generated traffic
will increase accordingly, thereby creating new capacity
concerns for mobile operators. Latency has decreased
rapidly the last years and will keep that tendency with
high pace. We believe that at this rate, by 2015-2016,
latency will drop below 1 ms, as depicted in Figure 7,
allowing unprecedented user experiences and high-
quality services.

Based on the several technologies’ latencies, we have
estimated latency per year, Ly.q., by extrapolation,
resulting in the graphic of Figure 7. The equation that
models technology latency is given in (3) and considers
a latency factor Ly, and yearly decrease constant Ly, in a
given current year Y, relative to a given start year, Ys:

—Lg'(Yc—Ys+1)

3

In this case and from Figure 7, we find Ly = 2579,6 ,
Lg =-0,753 and Y5 = 1998. The evolution of 3GPP’s
standards has become faster and stronger, providing

LYea‘r[ms] = Lf e

significant new capabilities and features over the years.
These features provide mobile

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 7. Latency decrease forecast.

operators with solutions for meeting fast growing
wireless data usage demands of subscribers. We,
therefore, believe that standards development rates have
been partially driven by worldwide mobile data traffic
explosion as never before.

3. TRAFFIC CHARACTERISATION

Mobile traffic characterization is a very important aspect
for MNOs to account for. A historical perspective of
mobile traffic evolution is of utmost importance for
future planning of mobile networks’ capacity. This
section aims to characterize mobile traffic and data
generation. Sections 3.1 and 3.2 present two different
perspectives we consider the most representative: data
quantification and data physical origin, respectively.

Trans. Emerging Tel. Tech. 2017; 28:e2933 © 2015 John Wiley & Sons,
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3.1. Mobile traffic quantification

By 2015, the mobile data traffic footprint of a single
subscriber could be 450 times what it was 10 years
earlier in 2005 [5]. Forecasts state that by 2020, Asia will
represent 34.3 per cent of the total world mobile traffic,
Europe 22 per cent and Americas 21.4 per cent. Figures
8 and 9 present the world mobile traffic evolution
projected for the 2010-2020 decade. In the 2015-2020
period, world daily mobile traffic is expected to grow
150 per cent [5].

By 2015, wired connected devices are expected to
account for 46 per cent of global IP traffic, whereas
mobile devices will generate 54 per cent of global IP
traffic using cellular connections [5]. From an MNO
perspective, it is important to be able to predict the total
monthly traffic that their subscribers will generate in the
future. This gives MNOs the tools to adapt its network
capacity but most importantly, adequate their service
offerings in order to raise customers’ satisfaction and
reduce churn rates.

Another important indicator is the estimated traffic per
mobile subscription, that is, per subscriber. This factor
is extremely important for average return per user
(ARPU) calculations. From several market studies and
estimations up to 2016 [1-8, 16, 17], it is possible to
perform regression-based analysis on the expected

Traffic
[GB/mogth/subscriber],

evolution on traffic generation per subscriber for the
period up to 2016 and extrapolate to 2020. The results
are presented in Figure 10.

The resulting equation that models world monthly
estimated traffic per subscriber, Uy, is given in (4)
considering a traffic factor T;, and a monthly traffic
constant T;, in a given current year Y,
relative to a given start year, Ys:

UnTyoericr) = T = (Ve = Ys = DT 4

In this case, the results show that Ty = 3,778 , T; =
1,4389 and Y5 = 2010.
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Figure 8. World estimated monthly traffic per subscriber.
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3.2. Mobile traffic origin

The major part of this traffic growth originates from
indoors where cellular mobile networks are not as
efficient as they are outdoors [22]. In order to achieve
improved indoor radio capacity and coverage additional
macrocell, base station deployment is not a solution,
neither financially nor technically. This means that
indoor users will remain unable to fully enjoy data
capacity provided by newer standards and marketed by
mobile operators. This problem is especially relevant
when considering third generation and fourth generation
systems, with higher frequency bands, more prone to
signal attenuation. 3GPP introduced a heterogeneous
mobile network environment, where outdoor macrocells
coexist with indoor smaller cells, known as femtocells
[37]. This concept is considered the solution for
providing indoor capacity and coverage and meeting the
demand for indoor data traffic, while allowing traffic
offloading through existing fixed broad- band access.
Other widely debated solutions exist, namely, relays but
are not within the scope of the current work. Several
femtocell architectures have been proposed, as well as
use cases and services, addressing its challenges,
advantages and disadvantages [22-24, 26, 37-39].
Additional research has been conducted on business
models to allow femtocell deployment to take place
maximising the average return per user while
minimising capital and operational costs [capital
expenditure (CAPEX) and operational expenditure
(OPEX), respectively], for mobile operators, for both
cases where the mobile operator or the subscribers own
the femtocell [37, 40-43]. Either from a technical or a
business perspective, it is of utmost importance for any
MNO to have deep statistical knowledge about their
subscribers’ service profile and data traffic behaviour.
Those statistics enable mobile operators to define new
product strategies and new business models and also find
what is the best period to deploy network enhancements.

4. SERVICES AND SCENARIOS

The services identified in this section are capable of
generating medium to high amounts of mobile data
traffic in every data transaction, either in an always on
or deferred fashion. The services were chosen following
user-centric behaviours. This kind of behaviour is
defined by mobile data subscribers moving through
different places over time, using a wide range of devices
and data services and applications, adapted from [44].
Our focus is the users and their actions while using
mobile data services, that is, their data traffic behaviour.
We do not consider the existence of classical voice
services by 2020. Instead, voice over IP data connections
is assumed considering that this ser- vice is actually one
of the main trends nowadays [11]. The following
subsections will present the data-centric services we
believe to be the most used around 2020, as well as a set
of assumptions about services and technologies. Both
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Both will enable the definition of the user behavioral
segments presented in Section 5.

TABLE 1.MAPPING OF DATA CENTRIC SERVICES TO QCI'S.

] QCI Number
Data Centric GBR Non GBR
Services
T]2]3 4156780

So = P
S1 S S I
S S S S S P
S3 S I
Sq S = P P
Ss = P
Se = P
5 S |

4.1. Data-centric services
We consider the following services to be the most

prevalent in the 2016-2020 period [8, 24, 25, 45, 46]:

¢ So— Mobile Social Networking (chat and e-mail);

¢ S1 — Mobile Social Gaming (including real time cloud
gaming and non real-time interactive gaming);

¢ S; — Video Streaming (including television, live
broadcast);

¢ S3— Voice over data (\VVolP, conversational voice);

e S4— Peer-to-Peer communications (including
conversational video call);

¢ S5 — Mobile Web Browsing;

e Ss — Mobile commerce and banking;

e S7— M2M communications®.

These services can be mapped in accordance with
LTE/LTE-A’s QoS class identifier (QCI) [47]. As an
example, we have considered guaranteed bit rate and
non-guaranteed bit rate for all services that apply,
resulting in the mapping presented in Table I. Regarding
premium and non-premium services and users, our
mapping follows the standard, considering the existence
of QCIs for premium services and premium subscribers.
Premium and standard (non-premium) QCls considered
are mapped with an S and a P, respectively.

4.2. Service and technology assumptions

Derived from the existing information and trending from
the last years and also considering technological pre-
dictions for the near future, the following assumptions
are made:
e Handheld devices and mobile Internet connections
become more affordable. Data connections will be

fWe consider Consumer Telematics, Vending/Kiosk/ATM,
Digital Signage and mobile health the most used signalling-
based applications for the consumer behavioural segments
identified in this work.

more reliable, with higher QoS, namely, lower latency
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and higher data rates.

e Peak data rates of 1Gbps on the downlink and
500Mbps on the uplink;

e User mobility will increase and users expect the
services they use to be available anywhere and
anytime;

User experience perception similar to fixed broadband
access;

Cognitive Radio techniques are already deployed,
allowing increased spectrum efficiency and channel
capacity [48];

hNodeB and eNodeB (femtocells) are common within
indoor households and outdoors [49, 50]

Cellular traffic rerouting using fixed broadband access

exists;

e New femtocell deployment has no complexity
associated (zero touch installation), low cost and
energy consumption [51];

Service and applications markets will keep growing at
high pace, as well as mobile telephone and smartphone
technologies;

Mobile network operators have adapted their business
models to content based pricing;

Services, applications and handheld devices hardware
components are optimized towards battery capacity

maximisation.

Mobile application data security, integrity and privacy
is a reality;

Mobile and fixed convergence is a reality, with single
sign-on for all systems;

Mobile connection enabled health monitoring devices
will be a reality;

Device usage and handling complexity will decrease
and user friendliness will increase.

Sensors will increasingly be embedded in more
devices, systems, and infrastructures. Intelligent
housing systems will exist based on M2M
communications, universally available [52].

Online social interaction will increase and users will
want to personalize applications, services and control
information usage;

Transparent billing and easy payment online systems
are effective and highly secure;

e Cloud services are widely adopted.

These assumptions form the basis to identify user
segments and respective data behaviour identified in the
next section.

5. USER BEHAVIOURAL SEGMENTS

Scenario subjects are human individuals or groups of
individuals, all subscribers of a set of mobile services in
accordance to their behaviour. A group of subjects from
the same kind are seen as a consumer segment. For the
services identified, we consider four different consumer

Copyright © 2015 John Wiley & Sons, Ltd.

segments. The first two segments were improved from
[9] and two additional segments are introduced. Based
on data-centric services and the assumption from
Section 4, we summarise their usage behaviour in the
near future. Figure 11 summarises the main
characteristics of the four segments.

5.1. Moklofs

Moklof stands for mobile kid with many friends. This
segment contains young individuals, characterised by
early adoption behaviour towards technologies. These
mobile subscribers are strongly focused on mobile
entertainment and messaging services, as well as online
social communities, which are already part of their lives,
as they are always connected and available. Online
gaming and social networking, video and music
streaming are very popular services as well as always on
cloud services. They are very sensitive to content and
interactivity, thus making them mass adopters of new
applications and services. This segment is known to
generate high amounts of data traffic on cellular
networks, mainly because of the use of streaming
services and applications. Nevertheless, economic
restrictions keep this kind of subscribers from adopting
premium services, that is, mostly mapped to non-
premium QCls.

5.2. Yupplots

Yupplots stands for young urban people/parents with
lack of time. This is a more mature segment than the
Moklofs, characterised by an efficiency behaviour
towards technology due to the lack of free time.
Yupplots are more focused than Moklofs, preferring
voice calls and telepresence applications that will bring
them closer to family and friends as well as applications
that will make them more efficient in their daily lives.
Yupplots are characterised by using mobile commerce
and banking, while they are at work, commuting or at
home. Security, geographical and location awareness as
well as remote surveillance and control are services
these individuals are fond of allowing them to keep track
of their infants or households during the day. Yupplots
are not early adopters of services and applications.
Technology usage must not be time-consuming,
allowing them more time for social activities. Mobile
work is always present: Yupplots are not entirely
telecommuters as they do not tend to have nomad lives.
Yupplots are fond of automatically performed tasks and
automatically fed information. M2M communications
are highly valued by this segment.

5.3. Supmuts

Supmut stands for senior urban people with much time.
They are considered the grandfathers of Moklofs. The
senior concept comes not only from age but also from
technological stands.
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Figure 11. User behavioural segments.

Supmuts are a technologically aware and educated user
segment as they followed several technologies from start
all up to maturity and are much focused technology
friendly individuals. Supmuts have free time for pleasure
living and active life styling, doing what they were not
allowed to when they were Yupplots. Supmuts are very
sensitive to social networking services, with particular
interest in video calls. Travelling and online
informational services are much appreciated. One-to-
one and one-to-many communication is very important
to keep in touch with family and friends, with video
being the predominant mean of communication. Health-
focused services and applications are very important for
this segment, and automatic body function sensoring is
well appreciated. Videoconferencing is of vital
importance because it allows Supmuts to be in touch
with their doctors whenever they need to.
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5.4. Moplows

Moplow stands for mobile professionals with much
work. They are a very busy user segment, always
travelling around the world, characterised by high
mobility and enormous need for high-quality, robust,
always available mobile services. This is a financial
insensitive segment regarding technology services and
applications. They require utmost quality products with
reliability being the top requirement. They need high-
quality up-to-date and real-time mobile information
services as well as mobile commerce and payments.
Mobility is the key, and Moplows need fast, high-
capacity data connections to their home or work offices
to synchronise data. These data connections may be
automatic, without any human intervention, allowing
Moplows to maximise time efficiency. As they are
always travelling, personal communications with
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family and friends are very important. Because financial
restrictions do not apply, they have top of the line,
powerful mobile equipment and demand high-quality
services from mobile networks. Service-based, this kind
of sub- scribers is more prone to adopt premium
services, that is, mapped to premium QCIs. They are
frequent users of video conferencing with family, friends
and work. Global network coverage, seamless
communication and high- quality and data rate services
are essential for this segment. Moplows are the real
telecommuters with high nomadic behaviour.

6. USER BEHAVIOUR: IMPACT
MODEL

In this section, we propose an impact model that
quantitatively measures the impact of user segments’
data traffic generation. This method considers the user
segments defined in Section 5 as well as the data-centric
services from Section 4, considered the most prevalent
ones in the future. In addition, and to be as generic and
close to reality as possible, the method allows
integrating existing real-world statistical information
that can be extracted from any source. We start by
defining a probability distribution function for all six
services listed in Table II, extracted from [4, 7]: user
behavioural segments.

ps(s) = Xi_opi6(s — ) ®)

where i is the service number, pjis the usage
probability of the i" service and I representing the upper
limit of the services index range, which for the services
from Table II corresponds to 5.
The most prevalent services identified in Section IV-A
form a T column vector representing the traffic share of
each S service for a given Y year.

T,
Ty =], Q)
T,
So = Mobile Social Networking
s, = Mobile Social Gaming
s, = Video Streaming
sz = Voice over Data
sS4 = P2P Communications
s5 = Mobile Web Browsing
S¢ = Mobile Commerce and Banking
s; = M2M Communications

where

Considering that some services from Section IV-A
might integrate a single service category from Table II,
we define a generic probability distribution function
given by the following:

pss(ss) = Zgzo Pr6(ss — k) @)
where py is the usage probability of each of the k”

service and K representing the upper limit of the services
index range which, for the services considered as most
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TABLE 2.Monthly traffic share [4,7].

Service ) File

share [%] Video Data M2M sharing Gaming VolP
2016 70.5 20 4.7 3.3 1.1 0.3
2020 72 175 70 2.2 1.0 0.3

M2M, machine to machine; VolP, voice over data.

0,33 0,33 0,33

S1 S6 Ss7

Figure 12. Service distribution for data category
[percent].

prevalent in Section 4,1, corresponds to 7. Additionally,
in our case, we consider services S, S¢ and s; mapped
to Data category from Table II, with equal distributions
(Figure 12), which was chosen for simplicity, but any
other distribution for these three services can be used
since the general model supports this configuration.

In order to associate services to user segments, we
defined a probability distribution function per segment
for all services as

puslss(uslss) = ZlL=1 pllssa(us -1 (8)

where L represents the upper limit of the user segments,
which is 4, and p;, is the probability of each s;
service’s traffic being generated by each user segment /.
We further admit that the percentage of service usage per
each user segment is split into N, levels, given by:

100

N, = —
L7 s

©

where f,.is a resolution factor. For the current work, f, =
10, the percentage of service usage per user segment will
be quantified in multiples of 10 per cent in order to allow
enough granularity on lower penetration rate services.
Other values from existing studies, however, can be
used. From data source [7][4], services and the
respective traffic values were extracted, in TB/month:

r 6.7 7 r5.87
1.1 1
70.5 72
0.3 0.3
Ty-2016 = 33 and Ty=2020 = 29 (10)
6.7 5.8
6.7 5.8
L 4.7 L7.0

A probability matrix is defined representing the
probability of each segment using one of the Ts; services,

for L user segments:

Py=1,5=0 P=1,s=K)
P=| ; (11)
P=1,s=0) Pw=1,s=k)
where,
L_ P(U,S) =1, U=1,..L;S=0,..K (12)
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In this case study, we assume the following probability
distribution of the services per user segments, based on
the expected traffic consumption patterns for each
service [7][4]:

08 09 05 01 02 0.2 0.02 0.08

p— 0.1 0.02 0.2 0.2 0.24 0.2 04 0.2 (13)
0.02 0.02 0.1 0.3 0.16 0.2 0.08 0.5
0.08 0.06 04 04 04 04 05 0.22

The first column, referring to service s,, means that
from the total traffic for that service, user segment Uj is
responsible for generating 80% of it, user segment U, is
responsible for 10% and so on. Finally, traffic PDF is
introduced using

pr(T) = T12 im0 Pus8us — 1) - piS(ss — k) (14)

and compound traffic is obtained with (10) and (13), in
the following way:

7bw=n
TC(U:L)

7. RESULTS

The proposed impact model is generic enough to be
applied to different market data. As referred, extracting
real data market study data from [4, 7] allows testing the
proposed model. Figure 12 shows the expected results
for traffic per user segment by 2016. It can be seen that
video streaming, s2, is the service that generates most
traffic among all user segments, as it is the one with
higher penetration rate from the extracted estimations.
From Figure 13, one can observe that traffic generation
wise, all segments present similar generation capacity,
focused on video streaming, and disperse according to
their behaviour on other services consumption. The
model shows that by 2016, Moplows and Yupplots
segments are expected to account for the highest impact
level regarding data traffic generation. These results are
consistent when considering the fact that both segments
have the highest penetration rates of high impact
services, for example, video streaming and P2P
communications. When comparing both user segments,
Moplows present a higher penetration rate of mobile
social networking due to their nomadic behaviour, which
is categorised as the second service with the highest
impact from data [7].

Interesting is the fact that Moklof’s impact is very close
to Yupplots. This happens because, although Moklofs
have higher usage of real-time services than Yupplots,
the latter compensate with high usage of M2M
communications, mobile banking and commerce
services. The results also show that Supmuts are
expected to have high data traffic impact due to their
intrinsic technology awareness. This derives directly
from the behaviour of each segment regarding service
usage levels.

Copyright © 2015 John Wiley & Sons, Ltd.

One important aspect to note is the way segmentation is
performed. The level of segmentation can represent an
important factor when MNOs’ capacity planning process
is underway. If no user segmentation exists, that is, no
traffic behaviours considered, by not having data on
traffic  consumption behaviour patterns,
dimensioning  might Following
dimensioning, increased CAPEX and OPEX will occur
leading to profit decrease. If user segments are
considered, a deeper analysis into traffic characteristics
is possible, per service as depicted in Figure 13, for
instance, allowing MNOs’ deeper knowledge and more
accurate prevision, enabling more realistic capacity

over-

occur. over-

planning. Thus, capacity over-dimensioning can be
reduced.

1000 Supmuts ===x- - Moplows
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Figure 13. Expected fraffic per user segment by 2016.

Another relevant aspect about user segments is that it
enables MNOs to adopt prioritisation schemes based on
that information, through the assignment of different
levels of importance according to the behaviour of the
users belonging to each segment. As an example,
Moplow is one segment that can lead to ARPU
maximisation, just because its users have higher
economic capacity when compared with the other user
segments. Thus, the MNO could choose to prioritise
capacity allocation based on that information,
maximising its income and the users’ QoS. As referred
in Section 4, the existence of premium and non-premium
QCIs itself indicates the possibility of having
differentiated services on the same network. One of the
most interesting ways an MNO can implement
differentiated services is if it knows the characteristics
of their users, that is, their behaviour. By performing
user segmentation according to known behaviour, the
MNO should be able to perform differentiated services,
thus adapting its offer, increasing the overall QoS for the
users and reducing costs. The decision variable could be
as simple as premium services and only two user
segments: one user segment would be formed by all
users who do not require premium services and all the
others would form a second user group. This simple split
would allow the MNO to better tailor its service offering,
while reducing indirect costs of a non-optimised
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capacity planning process: profit loss due to increased
CAPEX and OPEX.

Segmentation depth can be higher, depending on the
level of information that the MNO has about their users.
If detailed data about user behaviour exists, allowing the
MNO to split users into several behavioural segments,
we expect traffic over-dimensioning to decrease on
average. Taking into account user behaviour, capacity
planning can be accomplished with a higher degree of
certainty and more exact than the system without the
users’ behaviour.

Figure 14 shows the traffic each service generates by
2016 in a transversal way among all user segments. Once
again, it is visible that video streaming and mobile social
gaming are expected to be the services that generate the
most and the least traffic, respectively. Mobile social
gaming is expected to generate less traffic due to the
real-time nature of the service, which requires low
latency levels, below 1 ms, that technology does not
support yet, confirming what is pointed out in [23].
Mobile Web browsing is the service that represents the
most uniform behaviour among the different user
segments.

@ Moklofs W Yupplots

O Supmuts

O Moplows

SO S1 S2 S3 s4 S5 S6 S7

Figure 14. User segment penetration per service by
2016.

The proposed impact model is generic enough, allowing
direct comparison between user segments in order to
quantify existing differences and traffic generation
capabilities, thus overall network impact. Doing so,
Figure 15 shows the traffic generation capabilities
relationship between Moplows and Moklofs, the user
segments that generate the most traffic.

It can be seen that the biggest differences in traffic
follow the behavior or both segments: Moklofs generate
10 and 15 times more traffic than Moplows in mobile
social networking and gaming, respectively, with a clear
inversion in traffic relationship when considering other
services where Moplows are more focused on than
Moklofs, for example, mobile commerce and banking,
where the latter are expected to generate 25 times more
traffic than the former.

One can even state that Moklofs’ prevalence is focused
on services so to s2, with s3 being the service where both
user segments generate almost the same amount of data
(Moplows generate 400 per cent more traffic compared
with Moklofs) and also the turning point, considering

Copyright © 2015 John Wiley & Sons, Ltd.

that Moplows become prevalent regarding traffic
generation on all the following services.

Another analysis can be made to compare the user
segment that generates the most traffic (Moklofs) with
the second and last user segments. Figure 16 shows such
comparison. If one wants to look deeper into direct
comparison between user segments, it is interesting to
notice that between Moklofs and Supmuts, mobile social
networking and mobile social gaming are the two
services where the gap is bigger. M2M communications
and mobile commerce and banking are the two services

100,0 = =& = = Moplows/Moklofs
10 15 Moklofs/MopIows,. 5
10,0 4 KA
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where the two user segments become closer to each other
when traffic generation is concerned.

Figure 15. Traffic generation relationship between the
two top user segments.

Figure 16. Traffic comparison between Moklofs and
Moplows and Moklofs and Supmuts by 2016.

Moklofs are expected to generate 40 and 45 times more
%?:afﬁc than Supmuts on those two services, respectively.
;&_dditional comparison can be made between all the user
sBgments due to the generic nature of the impact frame-
work presented. For instance, when comparing the two
segments that are expected to generate the most traffic,
it can be seen that the gap between them is not as big as
expected. For instance, the biggest difference between
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Moklofs and Supmuts exists on mobile social gaming,
with the latter expected to generate 15 times more traffic
than the former. Conversely, the former generates 25
times more mobile commerce and banking traffic than
the latter. The presented analysis can be extended to
2020 prediction data, as presented in Table II or any
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Figure 17. User segments’ share of global monthly
fraffic.

As expected, Moklofs and Moplows are the two user
segments that are expected to generate more traffic, thus
creating bigger impact on the network.

Yupplots and Supmuts are expected to increase their
impact level mainly because penetration rates of mobile
commerce and banking as well as M2M
communications are estimated to rise, with relevant
monthly traffic increase. On the other hand, Supmuts are
very sensitive to M2M communications—particularly
mobile health monitoring applications—that explain the
increase of its impact level. Moplows are the only
segments that are expected to generate less traffic by
2020 (116.2 per cent), particularly because of the usage
probability decrease of file sharing [7].
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Also, it is important to consider the possibility of
measuring traffic spread or dispersion, by comparing the
traffic generation probability of each service per user
segment. Figure 18 presents traffic dispersion pattern per
user segment, when considering total traffic generation.
Moklofs are the user segments in which traffic
quantification is more dispersed, as well as Supmuts,
representing the two user segments for which average
return per user is more dispersed, traffic wise. On the
other hand, Yupplots and Moplows are very focused on
one service, being the two where traffic generation
dispersion is smaller.

Service wise, Figure 19 shows the results of traffic
spread for user segments. Of all the traffics that each user
segment generates, it can be seen that Moklofs have the
least spread, with high levels of consistency and stability
around the video streaming service. On the other hand,
Moplows and Yupplots seem to be the most uncertain
user segments, with higher levels of traffic spreading
through the services.

This is also a very important aspect because associated
with consistency is the certainty concept, meaning that a
more consistent user segment (regarding its traffic
generation through the usage of several services) is also
more certain to maintain its behaviour, thus representing
less risk to an MNO.

8 -
— *  Moklofs
=
£ 6
o
£
=
.':.47 S
2
&
g 2 -
a *
*
O’A_Y_Q_Y—Y_O_YLY—Y—Y—V

40 -
Moplows

10 -

*

0 e e * 4 o
SO S1 S2 S3 S4 S5 S6 S7

Figure 18. Total traffic spread patterns per user segment.
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Figure 19. Service traffic spread per user segment.

It also shows that central tendency, as the main service,
is video streaming for all user segments. Thus, MNOs
can directly observe that resource allocation will mostly
focus on this service. Conversely, user segments with
higher traffic spread are more likely to be unstable,
changing their traffic generation behaviour representing
less certainty for an MNO, thus higher risk. This analysis
is based on a measure of spread or dispersion, but if one
would like to focus on central tendency measurements,
the presented impact model framework supports it. The
model can also be applied from an economical
perspective when this kind of data exist, for example,
annual financial reports from MNOs.

We identify two degrees for integration of economics
into the model: on the user segment level and service
levels. On the user segment side, user segments may be
constructed based on economic factors, which influence
the evolution of traffic patterns and user behaviour. This
allows MNOs to develop multilevel analysis and
optimise their network infrastructure based on
demographic, period of day (busy hour and positioning
of users during a day) and economic factors. From a
service level perspective, keeping the user segments
fixed, the MNO can consider service and application
pricing extracted from internal databases and derive
indicators like average ARPU or return of investment.
Finally, both degrees of integration can be explored,
with user segment and services and applications tailored
accordingly to economic aspects. Customer driven and
innovation CAPEX are two examples of indicators that
can be output from the model when feeding it
considering social-behavioural, technological,
economic and ecological data.

8. CONCLUSION

The main factors contributing to unprecedented growth
of mobile data traffic were presented. A set of data-
centric services were identified as the most prevalent in
the 20162020 period, based on existing studies and
several technological and behavioural assumptions.
Those services were mapped to traffic consumption
estimations extracted from existing market studies. Two
adapted and two new user segments were introduced and
profiled according to subscribers’ behaviour towards
mobile data traffic generation and used services. The
number of user segments and their characteristics can be
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tailored depending on behaviour similarities or
differences, demographic and economic data as well as
traffic consumption patterns that MNOs might possess.
Nevertheless, it should be considered that high group
segmentation could result in core network’s
performance degradation (e.g. additional delay and
processing needs). However, we believe that detailed
group segmentation results in more efficient subscriber
behaviour matching, and that future cellular
communication systems’ resource allocation and
management should consider subscriber behaviour and
respective segments, thus improving subscribers’ QoS
and general satisfaction. From an MNO perspective, this
can lead to a churn rate reduction and ARPU increase
especially when considering optimisation techniques for
packetisation, which allow an increased overhead
reduction [53]. With traffic and wuser segment
characterisation, an impact model was derived, in order
to account for social, technological and economical
aspects of traffic generation and consumption into a
single analytical framework. The model was developed
to be as generic as possible, allowing incorporating data
from market studies or from existing MNOs’ databases.
The introduced model was applied to existing and
estimated market study data for 2016 up to 2020,
respectively, in order to estimate user segment impact,
and several results were drawn. User segments’
consistency and stability analysis was performed based
on the measure of user traffic spread over the considered
services. It was also discussed that just by considering
user behavioural information regarding traffic-type
generation, and grouping users into two different groups,
capacity planning over-dimensioning could be reduced,
and segment-based service differentiation and resource
allocation prioritisation can be performed.

Conceptual analysis like certainty and risk per user
segment can be extracted from the results, allowing to
identify the most stable ones (those who present most
certainty in their traffic generation behaviour) and,
consequently, less risky to sudden traffic behaviour
change, allowing an MNO to adapt its service offering.
MNOs can highly bene- fit from knowing the network
impact of each user segment, in order to adapt their
business and service provisioning as close as possible to
subscriber’s characteristics and behaviour. Although it is
not the scope of this work, the proposed model also
supports economic analysis, providing that such data are
available. By having all subscribers’ segments well-
characterised, their impact quantified and service
offering adapted to their behaviour as a result of
applying the impact model, operational and capital
expenditure analysis can be performed, allowing MNOs
to reduce those expenditures, maximise the return of
investment, as well as bring subscribers additional
advantages as customised services and cost reduction.
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information that MNOs possess regarding its subscribers’ behavior towards data
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Abstract: This work focuses on providing enhanced capacity planning and
resource management for 5G networks through bridging data science concepts
with usual network planning processes. For this purpose, we propose using a
subscriber-centric clustering approach, based on subscribers’ behavior, leading to
the concept of intelligent 5G networks, ultimately resulting in relevant
advantages and improvements to the cellular planning process. Such advanced
data-science-related techniques provide powerful insights into subscribers’
characteristics that can be extremely useful for mobile network operators. We
demonstrate the advantages of using such techniques, focusing on the particular
case of subscribers’” behavior, which has not yet been the subject of relevant
studies. In this sense, we extend previously developed work, contributing further
by showing that by applying advanced clustering, two new behavioral clusters
appear, whose traffic generation and capacity demand profiles are very relevant
for network planning and resource management and, therefore, should be taken
into account by mobile network operators. As far as we are aware, for network,
capacity, and resource management planning processes, it is the first time that
such groups have been considered. We also contribute by demonstrating that
there are extensive advantages for both operators and subscribers by performing
advanced subscriber clustering and analytics.

Keywords: 5G; advanced clustering; behavior modelling; capacity planning;
intelligent 5G; subscriber centricity; subscriber clusters; resource management

1. Introduction

Smartphones and tablets have become very convenient end user devices that
can replace several other devices, providing a multitude of multimedia
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functionalities that are no longer limited to specific people, occupations, or social
status. On the other hand, the pervasiveness of smartphones and tablets have
transformed them almost into children’s toys, with small children using them
mainly to watch videos. The unprecedented availability of new services, new data
rates, and applications, with the introduction of 5G, implies that network
operators must be prepared and plan their networks according to expected
capacity demand. Nevertheless, mobile network operators (MNOs) might not
have the chance to exhaustively test the introduction of new services and
applications along with any eventual capacity exhaustion that might happen.
Therefore, especially considering densities that are expected both on network and
subscriber planes, it is complex to analyze both planes” behavior against the
capacity that needs to be guaranteed. 5G’s most prevalent “use-cases” are
enhanced mobile broadband (eMBB), wultrareliable and low-latency
communications (URLLC), and massive machine type communications (mMTC);
this work focuses on eMBB.

Thus, it is of utmost importance that 5G network planning processes start
using advanced analytics and focus on subscriber’s behavior towards traffic
generation. However, 5G ultra dense networks have other challenges such as low
latency requirements, meaning that not only subscribers’ behavior must be
considered but also non-human devices, such as the Internet of things (IoT) [1].
This is where advanced subscriber clustering comes in, which is the basis for
defining the research problem in this work —how can capacity planning and even
network planning be supported by using knowledge about subscribers? Also, will
such knowledge be an enabler in better helping the planning and resource
management processes in 5G, as well as in providing deeper insights into
subscribers’ traffic consumption habits, resulting in overall service improvement
and better radio resource management? This work focuses on human behavior
analytics and its impact on mobile network capacity.

Nowadays, advanced data science techniques are becoming mainstream and
data analytics has never before been such a focus. Therefore, new data is being
generated every day, and mobile networks are not an exception. With 5G and
beyond, data from subscribers that characterizes them will increase as never
before. Thus, there is a clear advantage of using that data and applying it to
develop subscriber-centric clustering on the basis of behavior that will impact very
positively on both capacity network planning process and resource management.

Furthermore, from another perspective, it will be shown that there are new
types of subscribers using mobile networks, and that potential new clusters can
appear when previously not expected. As an example, in this work, we show that
in comparison with [2], simply by having additional data that was not available at
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the time, changes must be made to the clustering set that characterizes subscribers.
Today, subscribers aged from 0 to 12 years old are increasingly using tablets and
smartphones to access high capacity demanding services such as video streaming
and online cooperative gaming [3,4]. Additionally, up until recently, the majority
of data on subscribers’ behavior mainly focused on ages starting at 18 years, as this
is considered the legal age to respond to surveys, which are the typical instruments
used to measure adherence to cellular services [5-9]. We, on the other hand, focus
on very young age groups, the same area as sociology and psychology studies are
currently focusing upon, looking for behavior and mental disorders due to
excessive handheld devices usage. In our case, we look at such data from an MNO
perspective.

In this paper, our main contribution is twofold: first, we demonstrate the
advantage of considering subscriber-centric clustering based on behavior both in
terms of capacity network planning process and resource management. Our
second main contribution is the definition and characterization of new subscriber
clusters comprising subscribers aged from 0 to 12 years old, whereas the majority
of studies mainly focus on ages starting at 18 years old. The objective of the current
study, extending from our previous study, is how it can be demonstrated that
advanced clustering based on behavior can, in fact, be a very useful tool for MNOs
and how also, due to behavioral changes, former approaches need to be re-fit,
making this an ongoing process. As a result of our objectives, it is shown that
parents that have children and let them use their smart devices represent a pattern
change in traffic consumption and, therefore, must be considered for analysis. This
represents a new cluster of subscribers, and thus new traffic generation
capabilities, and as so allows us to present our approach to quantify the impact of
new subscriber cluster on network traffic generation and performance, as well the
challenges that this represents for MNOs.

2. Subscriber-Centric Clustering

We start by defining the concept of market, which, in cellular networks,
consists of existing and potential buyers/consumers of mobile products and
services. It is beyond the scope of this work to focus on products (e.g., type of
mobile end user device), as our model intends to focus on behavioral aspects of
service adoption and its corresponding impacts over cellular networks and
capacity planning. It is also beyond this work to explore the several clustering
techniques from data science fields of expertise.

The concept of cellular market is defined as a set of mobile services that
subscribers are willing to buy in order to satisfy individual needs. Such action can
be satisfied through an exchange relationship with the MNO. Such needs can be
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different and vary according to demographic and behavioral aspects, thus
requiring advanced analysis techniques such as subscriber segmentation in order
to group them and best tailor and fit the service offering. In that perspective, we
propose that advanced segmentation techniques should be applied to subscribers,
not only on a post-factum perspective (sell the best service to the subscribers that
most treasure it) but on a pre-factum perspective, which will use such information
in order to enable different, more optimized, and intelligent cellular planning
approaches based on deep knowledge about the subscribers.

Advanced segmentation techniques will go beyond the usage of simple
demographic data—which is currently the class of data that is most used —such as
age and income. It can even be applied to service characterization but also
extended to a higher abstraction level of non-human devices, as long as its traffic
generation pattern is known [10]. Advanced segmentation systems will allow
subscriber-centric clustering and provide at least two main advantages: giving
MNGOs the ability to enhance the quality of service among subscribers that are
much more sensitive to it, and also to increase, for example, the average return per
user (ARPU) associated with each of the subscriber clusters. Figure 1 presents the
subscriber-centric clustering process proposed in this work, which will be further
detailed.

Unclustered Subscribers

Clustered Subscriber
Universe

1
|
o [ [
2 1
1
1

I

1

1 T
| 1
1 1
1 1
1 T
1 1

I o | ! !
These clusters result from the Three Target Clusters as an
Clustering process example for further analysis

Figure 1. Subscriber-centric clustering process.

2.1. Subscriber Clustering

Subscriber segmentation or clustering can be referred as the process of
splitting the subscriber base, aiming to provide deeper insights into the landscape
of the customer market, as seen in Figure 1. Such a process reveals subscribers’
characteristics that will enable grouping them into clusters that have one or more
service or behavior in common. Such processes are known as clustering
algorithms. By applying such advanced techniques, the MNO has the ability to
proper analyze each group and tailor their planning process or service offering
according to the characteristics that mostly define the cluster, as it was performed
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by [11] using temporal analysis. The process of advanced clustering is essential
and of utmost importance—if clustering is not well performed, the proper
definition of a cluster of subscribers is unlikely to be successful, thus misleading
the MNO during the analysis and planning processes. This is a process that has
not been substantially explored in this area in question, even though there is some
previous work [12,13] that can be found about techniques to cluster subscribers.
As mentioned, the scope of this work is not to propose a novel clustering
technique, but to demonstrate how behavioral clustering can be of utmost
importance for MNOs, enabling the application of advanced analytics.

2.2. Subscriber Cluster

A subscriber cluster is a subset or a segment that results from the process of
subscriber clustering. It is a sub-group or cluster of subscribers that is identified as
the result of exercising advanced segmentation techniques and that has similar
needs, service, and purchase behavior. In order for an MNO to successfully
consider each cluster into its planning process, the cluster needs to have as many
characteristics as possible, and, also, from a post-factum perspective, needs to be
reachable and accessible as much as possible.

After applying the processes of advanced clustering, each MNO will have a
set of clusters that will be fed into the whole network capacity planning process
and resource management. In order for the MNO to properly develop its planning
process, the clusters need to be characterized as best as possible, especially in terms
of size and characteristics, allowing variables such as profitability to become part
of the pre-factum process. After having assessed the substantiality and
measurability capacities of each cluster, as well as other characteristics that will be
further presented on the current work, MNOs will have clusters that are not totally
distinguishable, and behavior overlapping is expected to exist with high
probability.
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Figure 2. User behavioral clusters and resumed characteristics: Real Time (RT), Downlink (DL),
Uplink (UL), Voice over IP (VolP).

All resulting clusters should allow the MNO to distinguish them apart [13],
allowing it to respond and plan the aspects of the whole network differently.
Considering the work previously presented in [2], the concept of subscriber
segments relates to user behavioral segments terminology, as depicted in Figure
2. These may constitute the main four subscriber clusters this work will extend
upon, considering the specifics of 5G and advanced behavior-centric clustering.

2.3. Subscribers Target Cluster

A subscriber target cluster is one of the several clusters that the MNO identifies
as being prone to the development of specific planning. For example, a target
cluster where video streaming is the most used service will require special
attention from the MNO in terms of capacity and network planning, as a
consequence. After having applied advanced clustering techniques to their
customer base and therefore having a set of clusters identified, the MNO must
consider each one of them as a target cluster.

Also, from a post-factum perspective, such a group may become a target group
to introduce additional or related services to in order to increase ARPU or, from a
quality of experience perspective, should become a target cluster to focus on in
order to maximize quality of experience (QoE) and likely reduce the churn
probability among such a group’s subscribers.

Another interesting example is the introduction of new services. How can an
MNO define the best part of its network to deploy the first 5G testbed? Also, which
subscribers would be more willing to immediately adhere to the new services?
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This is an example of how advanced clustering and extracting deep knowledge
about customer behavior and characteristics can help an MNO plan to deploy and
manage its network. Potential target clusters that can be focused on are
represented in Figure 3, showing where the advanced analytics can extract more
information from existing unknowns.

2.4. Expected Benefits of Subscriber-Centric Clustering

From both technical and financial perspectives, by applying the referred
technique, a set of benefits can be expected. Subscriber-centric clustering allows
more optimized and less costly planning processes for an MNO and overall
resource management optimization. This can lead to global reduction of capital
expenditure (CAPEX)—investment—and, in particular, operational expenditure
(OPEX) —maintenance and support—by having the ability —with the flexibility of
5G and beyond networks—to adapt the network to the changing patterns of the
different clusters of subscribers and introduce advanced services due to enhanced
resource management capabilities [14]. The advantages of applying subscriber
clustering for financial gain for an MNO can be observed in several reports. Some
focus solely on the advantages of service personalization, which is a direct result
of applying advanced clustering techniques to subscribers [15].

From service planning and resource management based on subscribers’
behavior, which is this work’s focus, subscriber-centric clustering allows MNOs to
properly plan their network according to deep knowledge from their subscriber’s
base and corresponding behavior towards data and service consumption, overall
leading to increased capacity requirements. The MNO can focus not only on the
technical behavioral aspects of the clusters but also, from an economic perspective,
can drive successful campaigns in order to increase the average return per user
(ARPU) in several groups, reduce the churn rate in others and optimize sales
channels, and, especially, focus on the clusters that contribute most to either
planning capacity or profitability.

Thus, MNOs can focus not simply on overall behavior of the subscribers, but
also on their future profitability, thus better focusing their resources on the most
profitable clusters that, in conjunction with the ability to use software-defined
networks (SDN), will for sure contribute to the maximization of resource
management at the same time [16].
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Figure 3. Potential target clusters to focus upon.

Another expected benefit is related to the frequency of such analysis. If
performed continuously, or at least very frequently, it enables MNOs to have a
fresh look at their customers’ behavior towards service consumption and overall
network capacity and adequacy. This leads to an improved understanding of the
needs and wants of the subscribers, allowing for identifying lack of network
capacity, which in turn enables the concept of intelligent network to rise,
adequately complemented with performance and risk key indicators, leading to
better overall QoE, quality of service (QoS), and customer satisfaction. From a
service perspective, subscriber-centric clustering also allows MNOs to better fit
their service offering to the several user groups, considering their consumption
patterns and most used services. By doing so, subscribers will gain the notion that
the service provided by their MNO network fully matches their needs and,
interestingly, such notion can lead the MNO to competitive advantage scenarios
compared with others. Some examples of advantages were briefly discussed, but
others can surely be derived from subscriber-centric clustering, which can become
the distinguishing factor between visionary MNOs in a highly mutable customer
market. The following section will focus on some of the parameters that can be
considered to perform cluster characterization, which is of utmost importance to
properly define the subscribers’ clusters.

3. Cluster-Centric Characterization

As referred to in the previous section, there are several variables that can be
considered in order to perform clustering among subscribers. The most important
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part, however, is that the clusters should be most representative of their
subscribers as possible. The ability to split the subscriber base into homogenous
clusters each with different sets of behaviors, needs, and desires is fundamental,
especially in the network planning phase [17]. The most common methods found
in the literature include demographic, psychographic, transactional, and
behavioral segmentation. Despite the focus of this work being behavior, we briefly
describe some of the parameters that can be evaluated in each one of these
methods.

Geographic segmentation is based on geographical characteristics such as, for
instance, place of birth, nationality, home address, and region of interest. Broadly,
every geographical parameter associated with the subscriber can be used. Another
interesting aspect is to use geo-textual data to feed certain services to subscribers
[18]. Demographic clustering can be performed by looking at subscriber’s
information such as age, gender, marital status, and also financial income
[12,13,15].

Psychographic clustering uses parameters that are subjective and focused on
subscribers’ attitudes and interests. This kind of clustering can be performed
together with classical clustering methods, such as demographic, in order to
complement the analysis with deeper insights from subscribers” perspectives.

Transactional clustering usually takes into consideration parameters such as
the number of purchased products, financial volume, and number of items
purchased, as well as time of the day the purchase occurs. From a cellular planning
perspective, such parameters are very important because they will contribute to
the identification of one or more clusters of subscribers that buy high-end mobile
devices—which have the ability to generate more traffic—or that have more than
on device, also contributing to higher levels of traffic capacity needs [4].

Behavioral clustering is the main focus of this work, which is described in
greater detail in the following section and that will further enable the disclosure of
subscriber clusters that have not been addressed from a cellular planning
perspective and that will be characterized by high capacity demand.

4. Behavioral Clustering

4G has greatly changed users’ behavior towards the usage of mobile services.
5G and beyond networks are expected to produce even bigger changes in
subscribers” behaviors. Behavioral clustering focuses on parameters that can
characterize the actions and behavior of subscribers. It is a set of clustering
variables with a high degree of uncertainty, especially if the used parameters are
not properly fit or the subscribers have erroneous actions that do not allow for
pattern extraction. Examples of such parameters are benefits sought from a service
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or set of services, sense of happiness that a service can provide (e.g., using social
networks massively), quality of experience, and spend ability, among others.
Behavioral variables are becoming increasingly important as subscribers’” behavior
is changing due the usage of mobile networks. This leads to very subjective
variables that can be used to cluster yet, at the same time, new service models are
enabled over cellular networks (e.g., real-time YouTubers, continuously uploading
high amounts of data). Interesting concepts such as revenue per experience thus
start to become a reality, and quality of experience becomes more prevalent than
quality of service, which can lead to another subset of parameters focusing around
the likeliness of a subscriber to re-use certain services in the future. Spend ability
is a very interesting parameter that can be used in order for MNOs to prepare
service tailoring and introduction, as well as plan a higher capacity area, on the
basis of the expected spend capacity of the identified cluster.

Additionally, the ability of knowing which subscribers are more willing to
spend on network capacity, a better service or set of services, as well as subscribers
that exist, previously unknown to have such ability, illustrates the power of using
behavior as a special clustering as opposed to just using the more traditional ones
such as simple demographic data.

Behavioral clustering is one of the most powerful clustering techniques due
specifically to its ability not only to characterize each subscriber’s behavior but
also, when additional data science mechanisms are used, to predict subscribers’
future behavior. Although behavior prediction is out of the scope of this work, it
is fair to state that behavioral clustering is a superset of clustering that can use any
of the traditional clustering methods’ variables, take them all into consideration,
but also having the added value of considering other intrinsic subjective
parameters in a combined fashion. All will contribute to the development
behavioral models and clusters, allowing MNOs to potentially satisfy all
subscribers in the end, as well as developing more adequate intelligent cellular
networks.

5. New Subscriber Behavioral Clusters

As mentioned previously, new subscriber behavior clusters can be derived
from potential target clusters, as presented below. Such new reality will result in
adaptations of the impact model from previous work, shown in Subsection 5.2.

5.1. New Behavioral Clusters

The introduced subscriber cluster is derived from demonstrated behavior of
children towards the usage of cellular networks and end user devices. A focus on
ages between 0 and 12 years old is precisely a range of ages that is usually not
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considered within the field of network capacity planning. Therefore, it is a 0-12
year-old behavior-based cluster, which is additionally split into three sub-clusters,
as presented in Table 1, on the basis of different observed behavior.

We define toddlers as babies aged 0-2, preschoolers between 3 and 5 years old,
and tweens between 8 to 12 years old. We felt the need to split these last two
clusters into younger and older individuals due to some overlapping behavior,
which is perfectly expectable. Such clustering seems the most appropriate
considering several studies [2-9]. It is not the focus of this section to cover all
subscriber’s segments, but to focus solely on those which we believe are the new
user behavioral segments that must be considered, as presented in Table 1, which
will be further explored in the next section.

Table 3.Age clusters considered in the current work.

Cluster Sub-Cluster Ages

Toddlers - 0-2
Younger 3-4
Preschoolers Older 45

Younger 6-8

Tweens Older 8-12

Figure 4 clearly shows that smartphone ownership has been rising among
preschoolers [3]. Pew Research Center has shown that service consumption
changes according to age, with Facebook and YouTube being the most prevalent
services among adults over smartphones, but, on the other hand, young adults
(between 18 to 24 years old) are clearly shifting to a set of platforms depending on
their behavioral characteristics [4]. Another interesting factor that directly
characterizes the behavior towards usage of services is the amount of time that
each subscriber spends daily on online platforms. In [4], it was shown that in a
group of children aged 3 to 5, almost 85% had and used smartphones to access
media. A study focused on mobile usage among young children showed that
many parents in the United Kingdom are worried about not effectively monitoring
their young children’s usage of handheld devices, with extensive time being spent
on such activities, mainly for video watching and educational applications. All of
these are high capacity-demanding mobile services that MNOs should be aware
of, especially when, as shown in the study, watching online videos is one of the
main activities of young children [19]. In the United States, it can be seen in Table
2 that there is a clear behavior towards accessing social networks several times a
day, on a clear demonstration that such applications and services are becoming
part of subscriber’s life. This is a clear indicator that, when compared with the past,
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the behavior has changed and that mobile usage is becoming more prevalent and
real-time based in order to sustain such habits and needs.
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60%
61%
40%
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Figure 4. Smartphone ownership split among tween sub-groups.

The majority of households have a TV, smartphones, and tablets, as depicted
in Figure 5a.

Table 4.Percentage of U.S. adults that use each site.

Usage Frequency Facebook Snapchat Instagram YouTube Twitter

Several times a day 51% 49% 38% 29% 26%
Once a day 23% 15% 22% 17% 20%
Less often 26% 36% 40% 54% 54%

This clearly shows a tendency of three major devices for screen visualization.
It was shown that 96.6% of children used mobile devices, in some cases right after
turning one year old [19]. However, most interestingly from a behavioral
perspective, is the reason behind such usage at a young age—most parents
confessed that they gave smartphones to their children in order to calm them
down (65%), which is increasingly becoming a common reason, especially in
restaurants to keep children quiet. A total of 29% of parents even assumed that
smartphones should be given to children at bedtime in order, once again, to calm
them down (Figure 5b) [20].

65% 70%
9 83%
77% 6 29%

TELEVISIONS SMARTPHONES TABLETS KEEP THEM CALM  HOUSE CHORES BEDTIME

@) (b)

Figure 5. (a) Household media (%); (b) smartphone usage for three class of ages (%).
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An indirect behavior of parents regarding their children results in a segment of the
population, in this case very young children, starting to have access to devices and
beginning to generate relevant amounts of traffic (mainly based on video or real-
time gaming). Another very relevant aspect is that this group of children started
using mobile media before the age of one year old. By the age of two, most children
used a device daily and spent relevant screen time on television and mobile
devices. Most three- and four-year-old used devices without any help, in a
completely autonomous way. By four years old, most of them had their own
device [17,19].

In another perspective, reinforcing the statement that these new behavioral
clusters must be taken into account is the fact that children between one and nine
years old tend to use smartphones repeatedly without separating from the device
[6]. This, once again, constitutes a great source of traffic generation, and capacity
demands rise, as usually these users consume streaming services, mainly YouTube
videos, on high resolution through their smartphones [21]. It was also shown that
for children under six years old, attending kindergarten and daily care centers,
80% used smartphones and the most preferred usage was precisely watching
children’s videos. Once again, the main reason for children using smartphones
was to keep them calm or for house chores, as depicted in Figure 5b adapted from
[19]. However, these are not the only reasons —to amuse them mainly while eating
out, which is complemented by meal times at home or during long trips, is also a
strong reason [6,7]. In [8], it is shown that for trips higher than 1.5 h, a continuous
stream of video or online gaming will be generating a great amount of network
traffic.

A recent work has narrowed down the services to only three main groups used
by tweens: contacting friends, entertainment, and visiting websites [21]. A recent
survey from AT&T [22] shows that end user device usage from younger American
segments has increased exponentially since 2016 —84% of preschoolers and 96% of
tweens have their own internet-connected devices, smartphones, tablets,
computer, or gaming system, and preschoolers have sole access to their own
equipment.

Naturally, these results vary from context and demographic area, but it is not
the aim of this work to focus on those differences. Instead, our aim is to show that,
in fact, there are user clusters that did not exist in the past and that should now be
considered for mobile network planning and capacity quantification.

From a parental perspective, it can be affirmed that parents use their
smartphones as a distraction tool or as a reward to their children, once again,
revealing high usage of smartphone by children [19,23]. Parents in their twenties,
thirties, and above assume the initiative of giving smartphones to their children.
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Parents in their thirties were the most common. A 2018 report shows that toddlers
and young preschoolers use their parents’ smartphone to access their content,
whereas older preschoolers and tweens have their own phone. When considering
tablets, 19% of toddlers and young preschoolers have their own tablet, as well as
47% of older preschoolers [8,24], as depicted on Figure 6. The report also shows
that toddlers might use their parents’ smartphones, but more than that, some
might have their own tablet, which typically, for the same content and especially
considering the screen size, downloads videos with higher quality, meaning
additional traffic generation.

0O3-4s 0O5-7s O8-11s
77%

43% 43%
47% 70%
o 44% 44%
5% 42%
0 0,
3% 1% T 30% 32% 5%
Have their own Have their own tablet Watch TV on Watch Videos Online Use Youtube
Smartphone Tablet/Smartphone (streaming, like Netflix)

Figure 6. Device ownership and usage habits for the three classes of ages.

Another relevant fact that contributes even more to premature access to smart
devices by younger children is the increasing belief from parents that mediation
practices (e.g., content monitoring and time usage restrictions) may minimize
negative effects and actually contribute beneficially to enhance or accelerate
children’s learning processes [7,17,21,25]. Such a belief will be reflected as
additional challenges for MNOs in terms of capacity and QoS. High traffic-
demanding applications remain the main usage of smartphones, ranging from
watching TV, to streaming videos (e.g., Netflix), to YouTube. Older preschoolers
and tweens are the most demanding, with YouTube usage above 70% on their
hand-held devices, mostly for watching videos and listening to music through
video clips (Figure 6).

These results also show that YouTube is becoming the viewing platform of
choice, with rising popularity particularly among tweens, who are increasingly
becoming content generators (Vloggers, YouTubers). In a long timeframe
comparison between 2011 and 2017 and also another between 2014 and 2019,
regarding screen usage among toddlers and young preschoolers, it can be seen
that TV screen time has been decreasing, and that smartphone usage has risen

Electronics 2019, 8, 1385; d0i:10.3390/electronics8121385 66 www.mdpi.com/journal/electronics



electronics @\Py

drastically [9,26]. Computer and gaming console usage has also been dropping,
clearly supporting the idea that, progressively, the smartphone is replacing those
devices (Figure 7).

0% 10% 20% 30% 40% 50% 60%
TV ! — 51%

1% 42%

h : 0

Smartphone — 35%
- 13%
Computer 02011 O2017
7%
Video Game Console :l——l 10%

4%

Figure 7. Share of screen time for ages 0-8 years old (%).

As demonstrated in the previous section, there is a new behavior pattern that
will force young parents cluster to be split according to whether they have children
or not. Thus, a new behavior cluster appears from Yupplots (young parents with
lack of time), accommodating those parents that have young children, either
toddlers or preschoolers, allowing them to have access to devices, and thus
representing a behavioral change. This is the first result of applying advanced
clustering analytics merged to cellular concepts. Figure 8 shows the result of the
proposed extension, with two clusters that became target clusters and, by further
using advanced clustering analytics, result in two additional clusters. In the end,
there are six subscriber clusters, two of them becoming the target clusters from the
perspective of this work (tweens and young parents with children), clearly
showing the advantage of performing advanced clustering analytics over existing
data. From an impact perspective, both new clusters will contribute differently.
The tweens cluster will represent increased capacity need, up to now, only
considering ages from 13 onwards. This is considered as a new behavioral cluster
because, as was shown in previous sections, the majority of children at age six
already own their own device [17,19].
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Figure 8. New behavioral-centric subscriber clusters. Moklofs: mobile kids with lots of friends,
Yupplots: young parents with lack of time, Supmuts: senior urban people with much time,
Moplows: mobile professionals with lots of work.

5.2. Adaptation of Subscriber-Centric Impact Model

The changes to context and, especially, changes to behavioral clusters, with
two additional ones to be considered, must be properly considered in the impact
model presented in [2]. Thus, we present the major changes to the model, which
will attest its flexibility, which was one of the major aspects when it was
developed. Setting the baseline of services, we consider the most prevalent
services for 2020-2022 [24,27], as previously presented in Table 3.

Those services form a T vector representing the traffic share of each S service.

sg = Mobile social networking
TSo s1 = Mobile social gaming
T=]:]|, 53 = Video streaming
53 = Voiceover data
s4 = P2P communications
s5 = Mobile web browsing
Sg = Mobile commerce and banking
57 = M2ZM communications

k where

Table 5. Services considered (un-aggregated).

Service

Video streaming
Mobile social networking
Mobile social gaming
Voiceover data
Peer-to-peer communications
Mobile web browsing
Mobile commerce and banking
Machine-to-machine (M2M) communications
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In the elements of the vector, k represents the k” service, which ranges from 0
to 7. Such services are then categorized and some of them aggregated considering
their similarities, leaving video streaming as the most prevalent, which we, in this
work will assume differently —in the previous work we considered eight services,
but in this case we will only consider video and non-video services, as represented
in Table 4. Services were treated individually in the previous work, however, in
this work, in order to only have two classes (video and non-video), service
aggregation had to be performed, as represented in Table 4 by X. Such assumption
and simplification aim to understand the impact of the new behavioral clusters
that mainly have video streaming service usage behavior, which is the main point
to demonstrate in this work. This means that, in this case, k ranges only from 0 to
1. Each of the initial four behavioral clusters were then mapped according to their
contribution to the total traffic generated by each of those five classes.

Table 6. Service aggregation.

Previous This Work
Service Work Mobile Video Non-Video
k=10:71 traffic (k=0) Traffic (k=1)

Video streaming
Mobile social networking
Mobile social gaming
Voiceover data
Peer-to-peer communications
Mobile web browsing
Mobile commerce and banking
Machine-to-machine (M2M)
communications

X XXX XX XX
X XX X X X X

Two periods in time were considered in the previous work, regarding
expected total traffic generated by each service: Y = 2016 and Y = 2020 and
compared the contribution of each behavioral cluster both in 2016 and 2020. Traffic
followed a probability distribution function per behavioral cluster as a function of
services usageps,(Ss) = koo Pk_(ss — k), where pj, the usage probability of each of the
kt"service and K is the total number of considered services, Ss. In this case, we have
narrowed down K to only two service classes. In order to evaluate if the new
clusters have impact on overall traffic capacity and demand, we begin by
presenting a 6 year evolution of mobile traffic, starting in 2017 and forecasting up
to 2022, as depicted in Figure 9 [24,27]. We focus solely on two service categories,

only to show the impact of the four previous clusters versus the six new clusters
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resulting from the advanced behavior clustering process. Those two categories are
represented in Table 4. It can be seen from Figure 9 that mobile video traffic is the
service that has been increasing the most and is expected to continue, which is why
for simplification we used only two categories.

100 +
9 [ Mobile Video Traffic 77
>
% 80 T [ 0ther Non-Video Traffic =0
= =O==Total 57 g
€ 60 +
o
= 42 13
(]
§ 40 + 31 11
5 20 61
'S 204+ 10 10 S
E ’{ ’ 21 31
(e}
2 4 13

0 6
2017 2018 2019 2020 2021 2022

Figure 9. Mobile traffic per month (video and non-video).

A probability matrix was defined representing the probability of each segment
using one of the TS]. services, considering that, in this case, the number of user
segments L has increased from four to six.

Pu=15=00 - Pw=15=m)
P= - _ - , where U represents a cluster.
Pw=Ls=0) - Pw=Ls=m)

The sum of each cluster impact applied to its corresponding service should
equal one, according tok_, P(U,S) = 1, with U = 1,L; S = 0, M. In this case, max(L)
=6 and max(M) = 1. We then assumed the following probability distribution of the
services per user segments, with the additional two clusters derived from the
existing ones:

The assumptions made are the following when comparing tweens with
Moklofs (mobile kids with lots of friends):

e Tweens use less than 50% of social networking;

e Tweens spend more than 5% of the time playing games;

e Tweens spend more than 30% of the time watching mobile videos;

e Tweens are trend less in terms of using voice over IP (VolIP), mobile

commerce and banking, as well as machine-to-machine (M2M) services.

Regarding Yupplots without children and with children, the following
assumptions were made:

e The usage of mobile video increases twofold when children use the device

(main usage);
e All other services practically remain the same;
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e Video streaming is the predominant change.

Such assumptions are supported by existing studies referred to throughout
this work. Nevertheless, the impact model, which is not the subject of this work, is
flexible enough to accommodate any change in behavior, as detailed in [2].

Finally, with the existing probability distribution of the services and using the
traffic per month values from Figure 9, resulting in a traffic vector T, one can
calculate the overall impact (amount of generated compound traffic, Tc), resulting
in a quantification of overall video traffic and non-video traffic generation per
behavioral cluster.

TY(Video)
_ ,and each cluster derives from:
TY(Non—Video)

TC =

L Y
TYVideo — u=1 Pu(sZ)—y:ZON T)’ and TYNon—Video

LK Y
= (u=1,s=0 Pu(S)-y=2017 Ty) ~ Tvvideo

where in this case y = 2017 and Y = 2022. This way, it is possible to calculate the
total traffic (video and non-video) that each of the clusters generate based on their
behavioral characteristics, as presented in the next section.

6. Results

This section presents the results from applying both advanced behavior
clustering on the clusters derived as explained in the last section, as well as the
impact that such new clusters have from traffic generation’s behavioral
perspective. As seen earlier, on the basis of the information presented, two new
behavioral clusters should be expected to extend from the initial four. Moklofs
(mobile kids with lots of friends) [2] were split, and instead of considering solely
teenagers, tweens were also considered, in accordance to Table 1. This section
focuses only upon these two additional clusters versus the original ones, as the
objective is to show the advantages of performing advanced clustering, which, in
our case, applies only to two of the original four clusters. Yupplots (young parents
with lack of time) were also split into two different behavioral clusters.

The Yupplots cluster without children maintained the impact levels as
previously discussed [2], but for the new cluster it was necessary to break down
the capacity into two: directly generated, that is, by the parents, and indirectly
generated, that is, by children, whether the child is a toddler or a preschooler.

Considering that such service is the one that relates more to the behavior of
the new clusters, it appears to be adequate to use it in order to evaluate the impact
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of considering both a new cluster and splitting the Yupplots cluster. Figure 10a
presents the breakdown of evolution of traffic for the four original clusters in what
concerns mobile video traffic when applying the cluster characteristics to the data
from Figure 9.

It can be seen that Moklofs and Yupplots are the behavioral clusters with the
highest level of traffic usage. Figure 10b shows exactly the same breakdown but
for the second category of services (non-video traffic).
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6,0 + —O—Moklofs Yupplots
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= 1 >
> 200 > 30
o o

1 Q
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= 100 + =
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Figure 10. Mobile traffic per month for each of the original four clusters: (a) video and (b) non-
video.

Figure 11 presents the video and non-video traffic generated per month for
each of the four original behavior clusters. It can be seen that by 2017 video traffic
was not that much higher than non-video traffic. Nevertheless, as the time goes
by, and especially considering 5G, the expectation is that by 2022 mobile video
accounts for 79% of all traffic per month and non-video will account for 21%. By
2017, video traffic represented 59% of the whole mobile traffic generated per
month and 41% represented the sum of all remaining services.

Up to this point, it has been shown that mobile video is the prevalent service
on all four behavioral clusters, as it was concluded in [2]. It was shown also that
such traffic will increase significantly over the next few years, especially fueled by
5G and behavioral changes on subscribers. From that perspective, we have applied
the impact methodology developed in [2] to two new clusters resulting from this
work (refer also to Figure 10):

- The Moklofs cluster was split into two behavioral segments, one which
represents teenagers in general and the other a new cluster focused solely
on tweens.
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- The Yupplots cluster was split into two behavioral segments, one which

consists of young parents without children, and a new one, which mimics

the behavior of young parents that have children and whose traffic
consumption behavior changes accordingly.
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Figure 11. Traffic generation breakdown per month and per behavioral cluster, over 6 years.

Figure 12 shows the results in terms of traffic generation when considering the
new clusters by 2022. It can be seen that there was an increase in traffic generation
for the parents that have children, considering that there was a behavior change as
previously presented in Section 5, leading to additional usage of video streaming.
Regarding tweens, the new cluster, it can be seen that, at such ages, video
consumption is higher, whereas social networking (within other services) does not
represent much of a traffic increase. Thus, by 2022, tweens are expected to generate
148% more traffic than teens, and Yupplots with children using their devices will
represent a traffic increase of 186% compared to normal Yupplots’” behavioral
patterns.
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Figure 12. Traffic per month: impact of new clusters in traffic generation by 2022 versus 2017 in
terms of mobile video traffic.

Figure 12 presents the traffic per month by 2017. It can be seen that, curiously,
Yupplots behavior changes due to child usage of smart devices for video
streaming, which brings this cluster closer to a behavior typical of teens.

In fact, this aspect is also shown in Figure 13. This is one of the conclusions
that can be drawn after applying advanced clustering when the two initial clusters
have been divided and looked at more closely.
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Figure 13. Traffic aggregate for new clustering in a 5-year time span.

Nevertheless, by 2017, traffic generated by tweens represented 135% more
than that generated by teens. As for Yupplots, when children are given smart
devices, this cluster behavior transforms and increases traffic consumption by
172% compared with normal behavior. Figure 14 presents an interesting result. It
can be seen that by 2022, according to the estimates, if an MNO would consider
solely teens and Yupplots as simple clusters, the total amount of expected traffic
would be nearly 1970 Exabyte. Nevertheless, the tweens cluster and also the
behavior changes of Yupplots when children start to use their devices must be
considered. In such cases, without the detailed analytics and advanced clustering,
the MNO would expect an aggregate traffic of 1970 Exabyte, disregarding and
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overlooking an additional 3100 Exabyte of approximate generated traffic. On the
other hand, by performing the proposed advanced clustering, an MNO should
have the notion that there are two additional specific clusters and thus it should
plan its network to sustain a total of 5067 Exabyte in a time span of 5 years. Thus,
a MNO who was able to perform advanced clustering, such as the proposed
approach versus one that would stand with only four clusters, would know that
in 5 years’ time, span traffic increase due to new behavior clusters would represent
an increase of 157% and could therein prepare its network planning and resource
management accordingly, representing a competitive advantage over others.
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Figure 14. Traffic per month 2017 versus 2022 for new clusters.

This example clearly shows the advantage of bridging advanced subscriber
analytics, and Figure 15 presents the comparison of traffic per month generated by
each behavioral cluster when considering 2017 versus 2022. It can be seen that by
2017, a more uniform traffic amount was present among clusters, mainly due to
the fact that mobile video streaming was more paired with all other services.
However, when considering 2022, the behavioral change of subscriber clusters
indicate that traffic per month is expected to grow unprecedentedly, especially
within the clusters that mostly use mobile video as the main service, that is,
Tweens, Teens, and Yupplots with children, which represent a behavior change
that bring them closer to teen traffic patterns. Figure 15 presents the average
monthly traffic per month for all four segments that resulted from splitting the
original two.
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Figure 15. Total traffic per month per year for new behavioral clusters.

As previously mentioned, the results of applying the advanced clustering
techniques referenced in the first sections of this work lead to extend the existing
four segments from [2] to a total of six segments. Figure 16 shows the overall traffic
impact that each of the six behavioral clusters represent. It can be seen that the two
new segments resulting from this work are part of the top three segments with
highest traffic generation. As so, segments very relevant to traffic generation are
now considered after advanced clustering has been performed.
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Figure 16. Traffic per month for all six clusters.

Finally, in a direct comparison between the traffic per month generated by the
four clusters and six clusters, Figure 17 shows that the new clusters resulting from
advanced clustering should not be ignored, that is, the cluster formed by tweens
and the one by the behavior of parents when letting their children use smart
devices. Their sum, as depicted, from 2017 to 2019 represents almost the same
traffic generation as the four initial clusters. However, from 2020 onwards, these
two segments will surpass the traffic generated by the original four clusters and,
therefore, should be considered and focused upon in depth. As previously
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mentioned, the end user device will play a very crucial role in future networks,
not only 5G, but also beyond, becoming the main source of traffic generation and
consumption.
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Figure 17. Traffic per month considering four (classic) and two (new) clusters.

With higher cellular network capacity, higher data rates, and more capable
and performant smartphones, we can imagine that the majority of services will be
provided by the handheld device, thus representing an unprecedented traffic
generation in cellular networks. It is, therefore, of utmost importance to further
develop advanced analytics over subscriber data, with important conclusions
potentially appearing as the ones presented in this paper —the need to consider a
new cluster of subscribers and also the discovery of a behavior change that was
only possible to identify by using such techniques.

7. Conclusions

In this paper, our main contribution is twofold: first, we demonstrated the
advantage of applying subscriber-centric clustering based on behavior, both to
capacity network planning process and resource management. We also focused on
the advantages of applying several types of clustering.

Next, our second main contribution was the definition and characterization of
a new subscriber cluster comprising subscribers aged from 0 to 12 years old —
extending previous work clusters—who are increasingly using tablets and
smartphones to access high capacity-demanding services such as video streaming
and online cooperative gaming. The other part of the second contribution was that
by using different clustering based on behavior, we could demonstrate that one
cluster needed to be split into two different clusters, precisely due to behavioral
change —parents that have children and let them use their smart devices represent
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a pattern change in traffic consumption and, therefore, must be considered for
analysis.

We showed that tweens and older preschoolers are avid consumers of high
data rate services over smartphones, and thus should be considered as a relevant
subscriber cluster from an MNO perspective. This comes as normal nowadays.
Nevertheless, additionally, in terms of capacity planning, it was demonstrated that
toddlers and young preschoolers constitute an indirect cluster of high demand
subscribers, hidden by the fact that parents’ smartphones are mainly used,
although some have their own devices at very young ages. Nevertheless, for a
cluster of parents that are not identified as having data-hungry behaviors, the fact
that having children may unbalance the clustering process results in a different
cluster. This shows clearly one aspect that is of utmost importance for MNOs —
knowing your customer. In fact, one of the major pitfalls in this approach will
materialize if MNOs do not have proper and sufficient quality information or data
from their subscribers. As we have shown, and such can be seen as proof of the
importance of quality data, simply by overlooking the fact that young parents
might share their devices with their children makes a large difference and, thus, a
new behavioral class appears, one that was being overlooked. Herein, proper data
and information are paramount, especially when considering applying
methodologies such as data mining, or even artificial intelligence (e.g., artificial
neural networks) to detect and predict behavioral anomalies and, possibly, new
clusters of analysis. If data are not sufficient or properly treated, MNO's
approaches to network and capacity planning might not be realistic. As such,
although it was not the objective of this work to address data quality, in order for
results to be reliable and fit for feeding to the impact model, we minimized that
issue by using proper and valid data from known sources, as referenced
throughout the work. Nevertheless, MNOs should take into consideration that
proper data preparation and handling should be performed in order to have a
workable, valid, and quality dataset.

It was shown that there are relevant advantages of having the subscribers
segmented into clusters using behavioral parameters as variables —it allows for a
more effective process of cellular planning while giving the ability, especially in
5G dense networks for MNOs, to adapt their capacity and planning strategies
more frequently, as well as enhance resource management. As an example, just by
knowing that there is a cluster of subscribers who have been parents lately might
be enough to expect an increase in capacity demand.

We also contributed by focusing on age groups that usually are not considered
for subjects regarding cellular capacity and planning. Typically, only subjects
older than 18 years of age are considered because they are old enough to be
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allowed in a survey, which is the most common process used to gather behavioral
information. Although teenagers are often also considered through online surveys,
there is a gap, which we have discussed, ranging from very young ages to pre-
teenagers. The reality shows that global overall cellular service consumption and,
thereafter, capacity demand starts at very young ages, sometimes under one year
old. Finally, we contributed to the extension of previous work by introducing two
clusters that have not been focused upon previously from cellular planning and
resource management perspectives, also introducing such new cluster groups to
the impact scoring methodology used before in order to evaluate overall network
impact over capacity towards traffic generation [2]. The results showed that
tweens should definitely be considered, especially by 2022, in a high-capacity
driven network, and they also uncovered a behavior change in one of the Yupplots
clusters due to the fact that children are given their parents’ smart devices,
indirectly changing traffic consumption patterns. Clearly it was shown that, when
giving their children smart devices, the Yupplots’ traffic pattern changes,
becoming closer to the traffic and behavioral pattern of teens.

Our work showed that subscriber clustering should be considered one of the
most important analysis vectors when considering network and capacity
planning, especially in high-density and high capacity such as 5G and beyond.
This kind of technique is of utmost importance to MNOs, and we have argued that
advanced clustering and analytics should the thoroughly performed prior to any
service introduction, also on the network planning phase, as well as during full
production, in order to maximize resource management, according to the ever-
changing behavior of subscribers. The present work can be applied generically to
any user in the world, on a national level or cross-border, depending, once again,
on the existence of data about the subscribers. The approach is not dependent on
any specific geography or demographic information. As long as there is a national,
European or any other kind of dataset regarding subscribers, behavioral features
might be extracted, and MNOs can start applying clustering techniques and
advanced analytics in order to evaluate possible advantages of such approaches.

This is one of the actual limitations of the current work, which is in having a
proper and recent dataset to work with. Future work will focus on finding the right
dataset, which will allow taking this approach one step further by enabling
applying mechanisms such as data mining, artificial intelligence, and deep
learning to the new behavioral clusters in order to enhance overall resource
management and capacity planning, as well as end users” quality of experience.
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2.3. Article nr. #3

This article presents two models of NF virtualization through the usage of cloud
environments, in order to assist in the whole inter-RAT HO, for 5G NR and considering
future WIFI6 deployments as a secondary RAT and post-5G future networks’ challenges.
The two models were developed considering a highly densified heterogeneous network
(both on subscriber and RAN plane — Device/loT Edge), and proposed to greatly improve
existing deployments but, especially, future 5G NR network systems. The existence of
massive 10T devices on device edge part of the network was also considered. NFV is a
5GC concept on the two models, fully aligned with the trend to virtualize several existing
monolithic network functions, by disaggregating them, towards enhanced cloud 5GC and
RAN.

The main contribution to the present thesis was the models themselves. By considering
EC, it is shown that the models surpass current physical ANDSF classical datacenter
deployments in performance, elasticity, cost and overall quality of the whole inter-RAT
HO process, relevantly contributing to the whole optimization of densified 5G NR
networks. The proposed models are fit for 5G NR standalone deployments as well as non-
standalone and already have into consideration advanced concepts like device EC and full
NFV and disaggregation.
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Abstract: In this work, a novel cloud assisted inter-radio access technology (RAT)
steering mechanism for dense networks is introduced aiming to enable several
improvements to both the mobile provider and the subscriber. Our proposed
approach aims to offload calculations from the end user device. The proposed
algorithm is not device triggered but controlled by a virtualized access network
discovery and selection function (ANDSF) based on cloud environment, assisting
the steering process and handling all complex computation in order to make
complex but efficient decisions. These resources will receive real-time
information and measurements from the user equipment (UE), as well as keep
record of past measurements and experiences (e.g., last ten Wi-Fi6 access points
and their quality of service and existing or lacking traffic constraints) in order to
develop a service quality-centric lifecycle for the UE and, in the end, for the
subscriber itself. This way, battery power consumption on the handheld device
is reduced, by having complex computations performed on cloud resources, e.g.
quality of service (QoS) prediction. The proposed mechanisms and system
models as well as the main contribution from this paper are valid for 5G
backwards compatible with long term evolution (LTE) and also 5G new radio
(NR), not backward compatible, and are designed to enable high performance
network steering and traffic offloading within ultra-dense heterogeneous
networks with millions of subscribers and connected devices with less energy
consumption for user equipment’s, thus distributing traffic load across different
radio access in a very optimized and greener manner.

Keywords: 5G, ANDSF, Capacity planning, Cloud, DenseNet, Hybrid Cloud,
Network Architecture, RAT, Resource Management, Traffic Offloading, Traffic
Steering, Wi-Fi6
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1. Introduction

5G NR, unlike previous generations of cellular networks, will become much
more than a cellular radio definition. It has been designed to future integrate a
broad platform of multiple RATs: over unlicensed, licensed and shared spectrum.
Over unlicensed spectrum, Wi-Fi and its latest amendment Wi-Fi 6 (based on the
IEEE’s 802.11ax specifications), will play a relevant role in order to extend high
quality, high speed, low latency wireless connectivity and services, especially
indoors, compensating for poor cellular indoor coverage, where existing.
Nowadays mobile devices are equipped with multiple radio interfaces, which
support different RATs, including Wi-Fi and cellular. Current network designs,
especially in 5G NR are becoming denser, from network element perspective, but
also from traffic demand. On the network part, heterogeneous networks became
mainstream, with macro base stations, pico and femtocells, but, in a co-existent
perspective, Wi-Fi access points are also part of such equation, contributing to the
densification of access points, generically. On the other hand, mobile network
operators (MNOs) are continuously challenged by increasingly needs of capacity,
in order to support high-data consumption behavior from subscribers, leading to
several approaches regarding backhaul architectures [1]. As so, MNOs have been
developing traffic offloading techniques, leveraging inter-RAT handovers,
according to the RAT that, at each point, can provide better service quality [2][3].

When considering 5G NR — which is the focus on the current work — there are
different services with different requirements which must be adequately
addressed. For instance, enhanced mobile broadband (eMBB), ultrareliable and
low-latency communications (URLLC), massive machine type communications
(mMTC), have different requirements such as throughput, latency, bandwidth, but
also the number of devices deployed on such networks. Therefore, in complex
scenarios like these ones, Multiple RATs are considered in 5G NR but also in other
technologies like Wi-Fi CERTIFIED 6™ (Wi-Fi6), in order to reach capacity and
throughput requirements [4].

On the other hand, latency is one of the crucial factors that affect the QoS,
especially when real-time, high bandwidth and interactive applications are used.
Mobile cellular networks differ from the Internet or access networks in the fact that
the latter does not guarantee QoS [5]. Internet is based on a best-effort service
model, without QoS guarantee. So, by coupling such RAT, necessary to a cloud-
assisted model, one would assume that service degradation would increase. While
QoS methods over Internet connections do exist, in this work we focus on content
delivery networks (CDN) which is an overlay technique to improve perceived
quality for subscribers. As so, we assume that cloud infrastructures are provided
of such transport mechanisms.
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But, most importantly, the most advanced cloud service providers and
infrastructures (e.g., Microsoft Azure, Amazon and Google Cloud) are fit with
several direct links to Internet Exchange Points in several geographies, as well as
additional links between their datacenters, which have higher quality than usual
links. Therefore, Cloud infrastructures provide low-latency and very optimized
data transfers, which will ultimately result in increased QoS for multimedia and
interactive applications. Nowadays, cloud infrastructure is being used extensively
and several critical real-time systems rely on such infrastructures exactly because
of the very low levels of latency, overall quality of redundant connections and
higher data throughput [5][6][7][8]. Therefore, cloud infrastructures can be used
to enhance user experience in those applications that are expected to be most used
in 5G NR and beyond networks: high-throughput, multimedia, interactive and
real time, while reducing overall end-to-end delay. Also, very important, cloud
infrastructures provide redundancy and fault-tolerance, in some cases enabling
business continuity strategies to use cloud environments as disaster recovery and
business continuity mechanisms. When processing capacity and performance is
crucial, cloud environments appear as a very unique opportunity. Such
infrastructures were built from the start with elasticity and processing capacity in
mind. Cloud environments are being used today to replace or extend datacenters,
to support services based in Internet of Things (IoT) services [8], mainly due to its
elasticity capabilities and scaling performance and also with the most recent
advances in Software Defined Networks (SDN), can also be applied to intelligent
5G NR networks for enhanced resource management [9][10][11]. From this
perspective, cloud becomes a good choice when considering high computational
and capacity needs, and a good enabler for network sharing
[6][12][13][14][15][16][17]. Figure 1 presents the considered system model: a
DenseNet both Indoor and Outdoor which at the same time is a HetNet with dual
RAT technologies available: 5G NR and Wi-Fi6.
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Figure 1. Considered model: dense HetNet indoor/outdoor (5G + Wi-Fi6).
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Considering such advantages, in this paper we propose a fully cloud-based
assisted traffic steering mechanism, controlled in the backhaul (and not by the UE)
through high performance computation, low-latency links and high level of
redundancy, overall contributing to a holistically enhanced service delivered to
the subscriber, either over 5G NR or Wi-Fi6 radio access links. All based on a
heterogeneous scenario of dual overlapped coverage of Wi-Fi6 and 5G NR
networks, with macro and small cells as well as indoor femtocell deployments.
Backhaul triggers and controls which Wi-Fi6 Access Point (AP) or 5G NR Base
Stations the end user’s device must steer and receive traffic from, depending on
measured QoS criteria through cloud-based ANDSF virtualized function. The
proposed mechanisms in this work are valid for next generation NodeB (gNB)
providing NR user plane and control plane terminations towards the UE, for 5G
NR access. Therefore, for the sake of simplicity all references onwards will be to
radio base stations (RBSs). Nevertheless one should refer to Release 15 [18] and 16
[19] and aim to demonstrate that datacenter ANDSF servers should become cloud
virtualized functions as soon as possible.

The following sections will briefly introduce Wi-Fi6 and focus on the ANDSF
network virtualized function. The main contributions of this paper are presented
under section IV, and the introduced cloud assisted model is presented in section
5. Finally, conclusions are drawn in Section 6.

2. Wi-Hi Hotspot 2.0 and Wi-Fi Certified 6

Wi-Fi Passpoint 2.0 [20] and Wi-Fi6 [21] are two solution that have been
developed in order to enhance Wi-Fi to a level of quality that can enable seamless
integration with cellular networks. Passpoint 2.0 has been enabling next
generation Wi-Fi connectivity, providing enhanced capacity, coverage, and
performance needed by subscribers, when using high-demanding applications.
Although it is not the focus of this work, a brief explanation of the most relevant
features for the presented model will be referred.

Wi-Fi6 brings additional capabilities which are very relevant from a DenseNet
perspective. By considering the usage of Wi-Fi6 HetNet in this work, we expect an
additional decrease of battery consumption in UEs, adding to the already lowered
consumption provided by the cloud assisted steering mechanism proposed. Wi-
Fi6 therefore, will increase even more the quality of use cases such as smart home
and IoT uses within Dense HetNets [22]. The key of Wi-Fi6 include higher data
rates and increased capacity and improved power efficiency. Considering the
progressively more demanding behavior of subscribers, Wi-Fi6 is the perfect
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combination to deploy along 5G NR and beyond, which, coupled with the
proposed cloud-assisted mechanism will enhance the quality of services like
streaming, ultra-high-definition movies, mission-critical business applications
that require low latency and high throughput. Wi-Fi6 enhancements, based on pre-
existing Passpoint 2.0 features, will support DenseNets over Wi-Fi RAT.

Wi-Fi6 features enhances orthogonal frequency division multiple access
(OFDMA) in both uplink and downlink, which fits perfectly as a dual RAT for 5G
NR and beyond networks. OFDMA will impact directly on increased radio
efficiency thus lowering latency over ultra-demanding capacity scenarios.
Additionally, enhancements to Multi-user multiple input, multiple output
(MIMO) have been developed from the pre-existing in Passpoint 2.0. Such
enhancements will increase the volume of data that can be transferred at a given
time, which will, therefore, enable more subscribers to be served simultaneously
on the same access point. Not exhaustively, battery life in UEs is expected to
increase due to power consumption reduction through target wake time
mechanisms and, finally, increased capacity and higher throughput at farther
distances will also be enabled by beamforming technologies.

Wi-Fi6 enhancements enable it as a RAT that can co-exist with cellular
networks, namely 5G NR, from a reliability standpoint. Quality of service has been
a feature of Wi-Fi for long, replacing unreliable best effort mechanisms presented
in the first technological releases of Wi-Fi. As so, Wi-Fi6 increases even more the
reliability for services like e-Learning, online gaming, telepresence and telework,
healthcare monitoring, but especially all low-latency and high throughput
demanding services like video streaming both in downlink and uplink. It evolved
from a best-effort RAT without QoS to a full QoS enabled RAT where, for instance,
VolIP is one of the future main services, one of the most sensitive to delay and lack
of network capacity. [23]. Wi-Fi6 also provides enhanced capabilities to support
next generation highly capacity demanding environments like retail settings,
stadiums, and transportation hubs, therefore, becoming a very promising second
RAT to co-exist with 5G NR, especially for traffic offloading purposes on such
environments, and in conjunction with ANDSF, the end user will not have to
manually select and attach the device to WiFi6.

3. Access Network Discovery and Selection Function

ANDSEF [23] is a discovery and selection algorithm defined by 3GPP, in order to
allow User Equipment (UE) to discover and access non-3GPP RATs.

It is deployed on the Evolved Packet Core (EPC) as a standalone server, using
standardized interface S14 to distribute selection information and policies to UEs,
according to 3GPP specifications [25]-[29]. We assume that 5G NR Cores efficiently
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provisioned [30] as a baseline to further enhance traffic flows and radio access
selection and traffic offloading. Specifically, ANDSF provides UEs with three
types of information sets, depending on each MNO configurations: Inter-System
Mobility Policy (ISMP), Inter-System Routing Policy (ISRP) and Access Network
Discovery Information (ANDI). ISMP addresses UEs capable of routing traffic
over a single RAT at a time, while IRSP addresses UEs that can simultaneously
route traffic over different RATs. ISMP provides policies for selecting which RAT
to be used for routing all data traffic, while IRSP provides policies defining which
traffic should be routed over what RAT. Finally, ANDI provides UEs with a list of
access networks available in its vicinities. Such optimizes overall UE energy
consumption and, when coupled with cloud-based services, such consumption
can be further reduced [30], especially under a hotspot scenario [31]. By applying
the right ANDSF policies, MNOs are able to start steering cellular users to Wi-Fi
hotspots when load levels grow from low to medium and additional users when
cellular load is high. The following subsections will present the three most
important features that support highly reliable traffic offloading between RAT.

3.1. Selected IP Traffic Offload

Selected IP traffic offload (SIPTO), as depicted in Figure 2 is a traffic offloading
technique. With SIPTO supported HetNets networks, all traffic generated in the
UE that is destined to the Internet, is routed directly through existing broadband
Internet access, without traversing the mobile core network. Considering that the
majority of Internet access through cellular connections is generated indoors, this
technology results in both cost reduction and traffic offloading from customer and
MNO points of view, respectively [33][34].

< — — —=» NON-SIPTO connection
Device/loT Edge  On-Premises Edge Network Edge Network Core Cloud Data Center
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Figure 2. SIPTO for traffic offloading.
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SIPTO can be performed or operate within the home premises, operating
within the femtocell environment (On-Premise edge) or it can operate in the next
edge, the Network edge, at Macro level. SIPTO can use Internet points of presence
(POP) to traffic data directly to the Internet on edges, through the client on-
premises edge or the network edge.

If such mechanism did not exist, traffic would be routed through all edges,
into the network core and from there to the Internet. We define distributed and
collaborative edge (DCE) as the Device/IoT, On-Premises and Network edges, and
network orchestration edge (NOE) as the network core and cloud data center edge.

3.2. Local IP Access

Local IP access (LIPA), as depicted in Figure 3 is a traffic routing technique
similar to SIPTO, particularly important on indoor network premises allowing for
data offloading from cellular connections. When a UE supports LIPA, traffic
destined to local IP networks (either residential or enterprise) is offloaded locally
through the Wi-Fi transceiver and directly routed to those networks, without
traversing the mobile network core, as would happen if a direct interface local IP
networks would not exist. LIPA enables data offload locally to existing IP
networks instead of routing it through the MNO’s core network and back, as
shown in Figure 2.

<= = = =» NON-LIPA connection

Device/loT Edge  On-Premises Edge Network Edge Network Core Cloud Data Center

86
=3 i
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Figure 3. Local IP access for traffic offloading.

LIPA which is today an improved mechanism will be used to allow traffic to be
routed directly from the UE to the ANDSF function through a dedicated channel
rather than 514, reducing this way the signaling overhead over that channel
[35][36]. In short, UE’s information to and from ANDSF virtualized function will
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be conveyed through S14 when the UE is connected to 5G NR gNBs and through
LIPA when the UE is connected to Wi-Fi6.

3.3.5G NR Edge Computing and Offloading

Based on LIPA and SIPTO, but from an edge computing perspective, with 5G NR
enhanced architectures, optimal placement of offloading point will depend on the
type of service. If one considers the concept of edge computing as the new
reference architecture, as depicted in Figures 2, 3 and 4, ultra-low latency services
with high bandwidth can be a reality.

The expected volume of data generated in 5G NR and beyond networks will force
mobile network operators to have the possibility of scaling up, down or move
computing resources and storage capacity accordingly to where it is needed,
between edges. As such, increased virtualization of the core networks and the
radio access networks will be unavoidable. By virtualizing or moving functions
to the cloud, as such process becomes closer to the customer devices,
enhancements in overall service quality will appear, especially from a latency
point of view.

Thus, new service enablers will appear, and as depicted on Figure 4, Edge traffic
offloading to ANDSF function can occur directly on the device edge and
increasingly also on the customer premises edge. Such will enable very low latency
round trip communication between end user devices and the ANDSF function to
decide on RAT offloading, improving the overall process.

3.4. Transparent WiFi HotSpot Discovery

When considering HetNets from a mobility perspective, it is of utmost
importance for the UEs to be able to transparently discover access points where to
attach to as they become available while a user is moving. Additionally, the ability
to distinguish the APs from other existing APs’, ISPs” or domestic and enterprise’s
Wi-Fi hotspots is crucial.

In that sense, 3GPP introduced the access network discovery and selection
function for Wi-Fi hotspot discovery. This feature consists of an operator-side
component, in charge of storing operator policies towards transparent discovery
and selection of Wi-Fi hotspots. Based on the location of the UE, this function
maintains a list of which Wi-Fi hotspots are on the vicinities of the UE and are
capable of receiving a transparent handover from cellular connections. Thus,
ANDSF function enables the UE to distinguish the Wi-Fi hotspots from other
service provider hotspots, guaranteeing seamless handovers within the HetNets.
The usefulness of this feature is extent to a higher level through the possibility of
deploying location-based policies, allowing a UE to select certain hotspots over

Appl. Sci. 2019, 9, x FOR PEER REVIEW 90



lied
app ie

sciences ﬁ\ll\[)&

others on the same location based, e.g., on the kind of service being used or the
capacity level of each hotspot [37]-[39].

<« — = =» Non-Edge Offloading
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Figure 4. 5G NR Edge traffic offloading for ultra-low ANDSF communication and traffic offloading.

4. Main Contributions

The contributions of this work are three-fold and described in further detail
below. The first contribution is related to the ANDSF function which we propose
to be hosted in a cloud environment in two different ways: hybrid core and Cloud
based. The second contribution is the deployment of a secondary channel to
convey network-related information that will contribute to the steering decision.
Finally, as a result of the first two contributions an enhanced cloud-assisted and
network-initiated methodology is proposed for network steering between 5G NR
and beyond and Wi-Fi6 networks.

4.1. Cloud-Based High Performance ANDSF Virtualized Function

Typically, the ANDSF is a physical server and is located within the core
network. This greatly limits the overall performance of the whole steering process,
when ultra-dense networks are considered, with millions of subscribers, several
RATSs and heterogeneous networks. Either the ANDSF is located on the core and
steering decisions are left distributed to the UE — with all the disadvantages
previously referred — or the ANDSF function is highly scalable, and capable of
performing massive calculations in real time, while reducing latency in
communicating the steering decision. That said, such capabilities can be supported
by a cloud virtualized ANDSF function, which can be provided as an
infrastructure, service or platform as a service (IaaS, SaaS or PaaS).
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Network Function Disaggregation and Virtualization

In reality, by virtualizing network functions, one is pursuing disaggregation
of traditional network equipment, which got converted into functions. Such is the
aim of virtualizing the ANDSF server into a function, which, in practice means
building a different network, by separating tightly integrated systems into its
individual components. The concept of disaggregation further allows, on a second
stage, to recombine individually enhanced and optimized elements in a more
efficient manner, which is proposed in this work.

By providing such flexibility in choosing which components are used, the
component with the best attributes can be used. Those attributes can be cost, total
cost of ownership, scalability, latency, inter alia. Another advantage of
disaggregation is that each component can come from different providers,
avoiding vendor lock-in, while allowing the introduction of new functions to the
system, without having to reconstruct the entire system.

The main disadvantage of disaggregating is the additional complexity and the
need for increased interoperability between virtualized functions which are not
part of the same integrated system anymore, especially when such functions are
plain and simple software (software defined networks - SND or software defined
radio - SDR) running on a serverless approach. Specifically, the major challenges
are how components interact and communicate with each other and how traffic
flows are mapped through the different components. In order to achieve this, each
virtualized function needs to provide an application programming interface (API)
between disaggregated components.

By converting the ANDSF server into a virtualized function, we take a step
further in the direction of edge computing and full network function
virtualization. Such is what is proposed in two different models which are
presented in Section 5 where they are compared with the classical physical ANDSF
server located in the MNO datacenter’'s Core Network. The process of
disaggregation has three main advantages:

1. Cost: the use of open-source hardware and software, but especially cloud
environments, will lead to cost reductions also from a market competition
perspective between vendors.

2. Feature Flexibility and Functionality: in the case of aggregated systems,
adding features or functionalities must be performed according to a specific
change cycle and depends on new hardware and software releases. On the
other hand, upgrading the software on an integrated system often requires
taking the system offline. In a disaggregated architecture, each virtualized

Appl. Sci. 2019, 9, x FOR PEER REVIEW 92



riried applied
1 sciences ﬁ/\fl\l)g

function can be added or changed, without impacting the other ones, as new
software modules are developed. The best example of such advantage is the
usage of cloud workloads and virtualized functions.

3. Ability to Scale: in a disaggregated architecture upgrades and enhancements
happen only to those components and functions which are virtualized. All
other remain untouched. If, e.g., a forwarding/user plane virtualized function
needs to be scaled up due to capacity or bandwidth temporary or permanent
scarcity, this can be accomplished without replacing or upgrading the control
plane. On the other hand, if a virtualized function like ANDSF needs to be
upgraded either in computing performance - more virtual central processing
units (vCPUs) or mode memory - it can be performed on a disaggregated
cloud instance where the virtual function lies, without any impact or change
to the user control plane.

Such disaggregation and network function virtualization approach will
contribute to reduce overall latency in steering calculations and decisions, while
making available a totally scalable, elastic and also highly redundant server, taking
advantage of native cloud architectures. Additionally, the ANDSF function can
benefit from a CDN which are very mature and efficient mechanisms that several
cloud providers use, reducing decision latency even more [5][12] [40][41]. By
following this approach, the ANDSF function will no more be prone to become the
single point of failure or the bottleneck in the whole inter-RAT steering process,
becoming highly adequate to ultra-dense and highly performant heterogeneous
networks like 5G NR plus Wi-Fi6. This method also minimizes the probability of
a saturated ANDSF function providing steering decisions when the network
conditions are already different and not the best anymore.

This method will relevantly increase overall efficiency of a core based ANDSF
function. Two configurations are considered for the ANDSF function located on
cloud environments: a Cloud-attached Hybrid Backhaul or a Cloud Detached
Backhaul, as presented in Section 5 where they are evaluated on the three aspects
upper referred: cost, feature flexibility/functionality and ability to scale.

4.2. Cloud Assisted Network-Initiated RAT Steering

Typically, RAT selection and data offloading is performed by two different
methods: UE-side initiated [42]-[47] and network-side initiated [45]-[48]. When a
UE which is already associated with one RAT finds itself under coverage of an
additional one — under both RATs —, an evaluation process should be triggered
which can result on a new association and inter-RAT handover, if better service
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conditions exist. Such mechanisms were first introduced by 3GPP in its Release 12
specification and object of several enhancements afterwards [40].

Selfish Steering and Coordinated Fairness

UE-side initiated steering has been largely discussed and it is not the objective
of this work to deeply focus. Positive aspects focus on the fact that devices and
UEs on the device edge are in the best position to evaluate its service quality,
according to the current service and application usage and also subscriber
requirements. Also, it is taken into consideration that UEs are becoming more
performant and advanced with higher computing capabilities, meaning that they
are able to perform and conduct the necessary calculations in order to evaluate the
best RAT to perform service on. We agree on those perspectives but, considering
5G NR and the 5G NR with ultra-dense heterogeneous networks, UEs will not
have all the necessary capacity to perform such decisions alone. The environment
in the vicinities will change very rapidly and for applications with latencies under
1ms as expected in 5G NR systems, the UE will tend to ping-pong (perform
extensive handovers, especially if on a mobility scenario) among RATs. This will
overload and increase congestion and queueing levels on ANDSF server instances,
bringing down battery capacity thus reducing the UE availability. Each UE will
tend to perform its own steering decisions in order to maximize their utility
functions, without taking other UEs into consideration. This will lead to eventual
performance impact on other UEs in the vicinity [50]. If one considers eventual
malicious software or applications running on an UE, there is the possibility of
providing false information and measurements to the ANDSF server, leading to a
potential impact over the whole network and other UEs, which cause resource
scarcity on the whole system if such malicious application is running on several
UEs [51][52][53]. Finally, lack of a macroscopic awareness of networks and other
UEs, as well as ANDSF server congestion levels, call for a centralized function to
coordinate all measurements, network awareness and steering decisions,
considering potential overall impact on the network.

For all those reasons, instead of a UE initiated selfish steering process, that can
create performance drop or service disruption, we choose to focus on coordinated
fairness in order to decide steering directions for UEs.

On the other hand, a network triggered RAT steering algorithm enables a more
holistic vision of the whole network which can lead to better steering decisions
and also enable advanced features like prioritization which ultimately can lead to
increasing the ARPU. Taking this as an example, high-priority users will always
have 5G NR as preferred network, while low-priority users can be steered through
Wi-Fi6 or have a small portion of 5G NR capacity. This would allow increasing the
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ARPU by partitioning the resources and RAT according to those subscribers that
are willing to pay premium services for dedicated resources, while others use
shared resources. The existence of a central coordinated and fairness oriented
ANDSF controller function can periodically check all APs or RBSs for availability
and resource management, from a centralized perspective. And it is up to this
centralized controller to, within the Core, gain knowledge about the list or priority
users and share resources considering that perspective, while not creating impact
on the overall network. This is something that cannot be performed from a UE
perspective, simply because it does not possess such information.

So, basically, the ANDSF virtual function can be fit with so many mechanisms
in order to properly enhance and optimize resource management, while, at the
same time, it keeps the whole network from suffering sudden performance drop
or service disruption. If one considers congestion levels, the centralized and
coordinated ANDSF function has the ability to take into account congestion levels
in all networks and, to maximize UE’s QoS, by feeding it a list of uncongested
networks, to which it can steer traffic to. The UE itself, and especially if the decision
algorithm is based only in signal strength measurements, may choose the RAT
with the highest signal to noise ratio and steer traffic to that RAT which may
already be congested, increasing the whole problem. The ANDSF centralized
function, especially when located in cloud environment, will have the ability to
perform all those calculations and autonomously scale up when additional
computing performance is needed. Thus, congestion analysis is always performed,
and all steering decisions sent to the UE will contribute to overall increase system
performance.

Methodology

Taking into consideration the above aspects, we consider that the most
adequate model is a mix of the two approaches. There still is UE-centric
measurements in order to achieve their desired QoS, improve data throughput and
reduce latency and attain its QoS requirements. We assume that the UE’s behavior
is enhanced, enabling always-best connectivity [54][55]. Nevertheless, we feel that
for future proof and 5G NR networks, the ANDSF function should be enhanced
with additional features as referred, conveying the UE the best network list for it
to steer to. Our approach is depicted in Figure 5. This centralized function, on the
backhaul will perform all necessary calculations in order to choose the best RAT
at each giver time for each UE under dual coverage, taking into consideration the
whole network and, especially, surrounding UEs. Such function would
additionally benefit from a congestion watchdog process, that would enable it to
perform load sharing or addition additional functions to the virtualized ANDSF
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function, benefiting from the fact that it is cloud based, meaning that its processing
capacity is scalable and elastic, and will not constitute a bottleneck when doing all
the calculations for proper RAT steering. This is the point where the advantages
of having a cloud virtualized ANDSF functions stand out. In a direct comparison
with an ANDSF server located on an MNQO'’s datacenter, in case of congestion due
to 5G NR ultra-dense networks’” UEs always trying to steer to the best RAT from
their perspective, the cloud based ANDSF virtualized function has the ability to
scale up automatically, continuously evaluate its queuing levels and congestion,
and scale down when necessary. All is performed automatically, and also new
ANDSEF virtualized functions can be added to the existing ones, something that it
is not possible on physical ANDSF servers locate on datacenters. In such a
scenario, the same ANDSF server would face congestion, underperform and create
impact on the overall system, eventually leading to service disruption or denial of
service of the ANDSF function due to lack of additional resources. This is the main
reason why we introduce the cloud virtualized ANDSF function.

In the proposed methodology, the virtualized ANDSF server will assist the
network steering through a set of new mechanisms. As depicted in Figure 5, on
the Device/IoT edge, it is up to the UE to perform the normal operations in this
kind of mechanism, according to what was previously referred. The ANDSF
virtual function is placed within cloud instance, on the cloud core edge and besides
performing the normal ANDSF functions, it is also is enhanced with a congestion
watchdog, that exploits the flexibility of cloud environments, in order to scale up,
down or increase and decrease performance. The fact that it is a virtualized
function also enables ANDSF to perform additional tasks in order to increase
overall performance of the steering process. We consider, for instance, the ability
to apply supervised and non-supervised learning, as well as artificial intelligence
to perform advanced decisions based on the data that it receives from the device
edge, but also from the results of continuous enumeration and calculation about
the quality of available networks/RATs. Nevertheless, such is not the focus of our
work, but solely a reference to a possible future development.

As so, in our work we consider this new virtualized ANDSF function quality
of service and, therefore, in our system model the UE will focus solely on
measuring quality indicators and conveying them to the Core edge, directly to the
cloud ANDSEF virtualized function, without performing any complex calculations
and processing (which results also in higher battery life and better user experience
in the device itself). We believe that this enhanced network function will lead to
overall enhanced capacity and is additionally capable of higher performance levels
due to the introduction of the cloud assisted processing, thus guaranteeing optimal
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traffic steering and offloading, maximizing per subscriber system throughput and

QoS.

4.3. Separate Data Channel

The proposed approach has another main benefit: reducing the overall
signaling load over the 514 channel. By having the ANDSF function on the Cloud,
independently of the cloud deployment model, the overall traffic of the S14
interface is reduced, due to direct communication of the UE with the ANDSF
function. This is a very relevant aspect which will contribute greatly to reduce
overall network load, but at the same time, to provide network measurements to
the ANDSF function securely and with low latency associated. In the case of
indoor located UEs, their information can be relayed directly to the cloud based
ANDSF function, through the Internet connection that supports an indoor 5G NR
femtocell and Wi-Fi6 access point.

Via backhaul network, cloud ANDSF virtualized function will receive real
time data from end user devices, satisfying all subscribers, but on a side channel.
After processing is complete, the cloud based ANDSF function(s) will send the
results back to UEs. As main advantages, network traffic balance can be achieved
and traffic peaks and S14 channel saturation can be avoided, as well as by taking
advantage of the high availability characteristics of cloud servers. Transmission
latency decrease would then be achieved regarding UEs, reducing overall
response times compared with the traditional mechanisms.

5. Proposed Cloud-Assisted Models

As referred, we propose two different models to address the limitations of
current ANDSF deployments, in order to prepare upcoming 5G and 5G NR.
Aiming at improving overall network performance and resource management, we
first present the two proposed ANDSF virtualized function models and finally
compare them with the classical datacenter physical ANDSF currently in practice.

5.1. Architectural assumptions

We assume that 5G NR and Wi-Fi6 cells all belong to the same MNO. For the
sake of clarity, we do not focus solely on current early 5G NR deployments. We
consider the full 5G NR deployment, where the 5G NR Core (5G NRC) will still
support evolved packet core (EPC), but only standalone deployments will exist.
Additionally, we consider full availability of new capabilities described in Release
15 and Release 16, especially network slicing, urLCC and mMTC.
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Figure 5. Cloud assisted ANDSF.

Without further detailing the architecture, as it is not the focus of this work, as
referred previously, we consider the existence of matured network function
virtualization (NFV) available, and SDR networks [53][56]. This will enable the
main focal point of this work: virtualization and disaggregation of many of the
RAN and mobile core functions and increased edge computing.

Therefore, we consider the Cloud-RAN approach as the basis to our proposed
architectures, and, where considered, Split RAN splitting baseband functions into
function blocks, which can be virtualized, and distributed in order to enhance
spectral efficiency.

From the end device perspective, we consider that UEs are pre-configured by
MNOs configuration regarding access to Wi-Fi hotspots and can be updated on
the fly via ANDSF. In order to simplify the overall model, and because it is not the
focus of the current work, we assume that both the gNBs and the APs backbone
connections converge to a centralized controller through lossless links, i.e., no
latency or signal/data degradation is assumed in the links. We also consider the
existence of CDN that greatly reduces latency between the cloud based ANDSF
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and the UEs. Femtocells that are located indoors will take advantage of their
broadband connection, maintaining the advantages of contacting directly the
cloud ANDSF function. As referred, we consider two different network
deployment options: section 5.1 presents a Hybrid Datacenter approach, which
can be more expensive, but more secure and reliable, due, especially to the fact
that there needs to be direct links between the MNO Core and the Cloud provider
datacenters. Section 5.2 presents a less expensive solution and with higher time-
to-market, using a fully detached cloud model, with connections between the
MNO Core and the Cloud supported over the Internet through CDN.
Nevertheless, the two scenarios are presented and Figure 5 and 6 show the
proposed architecture for each one.

5.2. Model 1: Cloud-Attached Hybrid MNO 5GC

The cloud-attached hybrid MNO backhaul is depicted in Figure 6. It consists
of two main edges: i.) the DCE, which comprises the device/IoT, on-premises
domestic and network edge, without any NFV considered and no cloud access and
ii.) the introduced hybrid NOE, with two main components: the typical physical
MNO datacenter with its on-prem architectural components and a cloud provider
based extension to that datacenter, where part of the core functions reside for
flexibility and scaling.

Both components are connected through a dedicated channel and NFV is
considered in both parts of the hybrid network orchestration edge. Finally, the
service edge, the Internet, is connected to the physical datacenter through two
dedicated internet service provider links, for load balancing and high availability.
In this proposed scenario, the ANDSF function is virtualized within the cloud data
center. Such virtualization means that by being on a cloud-scale datacenter, the
ANDSEF function is already using distributed processing, is designed to scale up
or down accordingly to contextual needs, and is also redundant, thus properly
prepared to handle increasingly flows of data from the 5G NR distributed and
collaborative edge.

Such flows and all communications and measurements originating from
devices within that edge, (indoor via Broadband, Wi-Fi or 5G NR gNBs, or outdoor
via Wi-Fi or 5G gNBs) are channeled by LIPA and conveyed through the network
core (MNO Datacenter) and dedicated cloud links to the virtualized ANDSF
function in the Cloud datacenter.

The MNO's leased dedicated communication circuits from its datacenter to the
cloud provider datacenter, guarantee total data encryption but, especially, very
low latency in data transmission.
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This way, no communication goes through the Internet, which is a best-effort
solution not guaranteeing latency minimization as well as increased security on all
data flows. Finally, it is up to the ANDSF virtualized function to perform all
processing and issue the result to each device located on the DCE in order for
traffic steering to occur. All processing occurs on the ANDSF virtual function due
to its elastic computing capacity and performance, when compared with a classical
physical server in a datacenter [57].

This model is a mid-term approach to 5GC, by enabling converting the ANDSF
server into an NVF by adopting an attached private cloud environment.

5.3. Model 2: Cloud-Detached Hybrid MNO 5GC

The cloud detached hybrid 5GC is depicted in Figure 7. It consists of the same
two edges as depicted on the previous model, the DCE and the NOE. The main
difference is that, in this model, the cloud instance is detached from the MNO
datacenter, meaning that there are no dedicated circuits between the datacenter
components and the cloud virtual functions. The direct impact is that the
assumption that the flows between both datacenter components do not have
latency cannot be sustained anymore, as such connection is supported on the
Internet, on a best effort paradigm. Thus, an additional latency must be considered
between communicating devices from the DCE and the ANDSF virtualized
function in the cloud.

Such flows and all communications and measurements originating from
devices within that edge are routed by SIPTO directly through the MNO's
Datacenter over the Internet links, to highly performant CDNs and finally to the
virtualized ANDSF function in the Cloud datacenter. As assumed, CDNs
relevantly reduce the additional latency.
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This architecture is not as secure as the previous one, especially considering
data traversing the Internet, but is the closest to the full network function
virtualization model, allowing for almost seamless and direct communication
between all edges where NFV is present and the cloud instance. As an example, if
one considers the POP and Internet access in the Device/loT edge, all
communicating devices may directly contact the virtualized ANDSF function
through the Internet and receive the required information to better choose and
steer traffic.

5.4. Discussion

In both scenarios, the overall RAT evaluation is performed, at first, with the
UE reporting its cell ID or accurate GPS location information to ANDSF function.
The ANDSF checks the map database of WLAN, finds out the nearest WLAN
hotspot at user’s location and delivers the WLAN network discovery information
to the UE, which will then provide the ANDSF function with the necessary
information for best RAT calculations. The ANDSF will perform such calculations
and signal the UE which is the best RAT where it should steer to or, alternatively,
indicate that no steering should be perform at the moment. All this process is
repeated for all UEs in real time, weather located indoor or outdoor, and decisions
are performed by the ANDSF function.

As referred in subsections 4.1, 5.1, 5.2 and 5.3, our approach is based on
network function virtualization of the ANDSF function. By doing so, a step further
in the direction of edge computing and full network function virtualization is
taken. In this section comparison between the two proposed models and the
classical one is presented, focusing mainly on the three principal advantages: cost,
feature flexibility/functionality and ability to scale.
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5.4.1. Total Cost of Ownership

Model 1 is the most expensive model for an MNO to support, from a capital
expenditure point of view. The cost of dedicated circuits physically connecting the
two components of the NOE largely surpasses the cost of Model 2, which only
needs redundant Internet service provider links. Additionally, the trend in 5G NR
will be to increasingly virtualize network functions, meaning that the operational
cost of Model 1 will become higher due to the fact that part of the virtualized
functions will tend to stay in the on-premises part of the NOE, instead of migrating
as much as possible to the detached cloud environment, thus reducing
considerably the operational costs.

We consider basic requirements for an ANDSF server as presented in Table 1.

Table 7. Minimum server requirements.

Service Quantity (Physical) Quantity (Virtual)
Number of Latest Generation Intel Cores 2 HexaCore/Server 2 vCPUs
RAM 8GB 8GB
Storage 1000GB HDD 1000GB SSD

For the total cost of ownership, we consider that the amortization period is 4
years (48 months) and that the overall service availability is 99.9% of the time, to
have a comparison with the usual cloud offering. In this case, for guaranteeing
99.9% availability, a three-tier cluster is needed, meaning that three physical
servers are needed.

We have designed such servers in cloud offerings from Amazon, Microsoft,
SherWeb and HostGator and value difference among all offering is < 7%. For the
physical server we have created the configurations through the online
configuration pages from Dell and HP and the prices for the physical server differ
<5%. All values consider manufacturer suggested retail price (MSRP), without any
kind of discount taken into consideration. As so, directly comparing the cloud
offering with the physical offering, Table 2 presents the prices and features
available in both cases:

Table 8. Physical vs cloud comparisons.

Service/Feature Physical Cloud Virtualized
Average Monthly Cost per Server ~1700 € / Month ~ 490 € / Month
Elasticity minimal Very high
System availability 99,9% 99,999%
System refresh/amortization 48 Not Applicable
24 X 7 live support N Y
Free workload migration N Y
Enterprise class SAN all SSD disks N Y
Autonomy without local power N Y
Redundant Locations N Y
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As it can be seen, the usage of Virtualized cloud functions not only reduces the
monthly cost for the network function itself, but also introduces several
advantages, especially when considering uptime and business continuity. In the
case of lack of local electrical power, the cloud virtualized function will still be
online. If the cloud datacenter loses energy, automatic failover exists to other
datacenters located in other regions, thus, no service disruption exists. So, from
the MNO's perspective, overall quality of service can be expected, at lower costs.
Figure 8 presents the cost comparison between both monthly prices.

1711,30€
’ [ Physical Server

[ Virtualized Function

\

Figure 8. Average monthly cost comparison for physical and virtualized function.

487,26 €
——

Based on the above results, it can be seen that the average monthly saving is ~72%,
meaning that, for the MNO, the virtualized function will represent a cost saving
of 72% per virtualized function. But, as we considered 48-month period for server
amortization, due to rapid technology change, it is of most interest to have an idea
of the total cost of ownership in a 7-year time span. As so, based on the calculated
values, Figure 9 shows a seven-year time span TCO, in order to allow for physical
replacement to take place within the MNO’s Core datacenter, and respective cost
consideration.

60 000 € 53 098,86 €
53 098,86 €
50 000 € 0 On-premises
[JCloud
40000 €
5847,12°¢€

30000 €
20000 € 10704,65€ 54712 ¢ 10-704,65-€ 5847,12 €
P ] S =4i\ﬁ

0€

YEAR 1 YEAR 2 YEAR 3 YEAR 4 YEAR 5 YEAR 6 YEAR 7

Figure 9. Average yearly cost comparison for physical and virtualized function.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 103



riried applied
1 sciences ﬁn\@

The average saving in the period of 7 years is ~74%. Table 3 presents the yearly
breakdown and savings.

Table 9. 7-Year yearly savings and total TCO saving

Year Cost Physical Cost Cloud Savings [€] Savings [%]
[€] Virtualized [€]

Year 1 53 098,86 € 5847,2€ 47 251,73 € 89 %
Year 2 10 704,65 € 58472 € 4 857,52 € 45 %
Year 3 10 704,65 € 58472 € 4 857,52 € 45 %
Year 4 10 704,65 € 58472 € 4 857,52 € 45 %
Year 5 53 098,86 € 5847,2€ 47 251,73 € 89 %
Year 6 10 704,65 € 58472 € 4 857,52 € 45 %
Year 7 10 704,65 € 58472 € 4 857,52 € 45 %

TCO: 159 720,95 € 40 929,87 € 118 791,07 € 74 %

As it can be clearly seen, from cost perspective, the most desirable scenario, and
the way forward towards 5G NR and edge computing is the adoption of network
function virtualization. As demonstrated, a virtualized ANDSF function based on
the server requirements from Table 1 will cost the MNO around 5.900€ per year
versus its physical counterpart which doubles the monthly price for the same
performance and computing capacity. Table 4 presents a summary of overall
monthly costs.

Table 10. Monthly cost summary

Physical Total Cost . 53008, 86 €
Refresh cycle first year
Following Years 10704, 65 €
Average Monthly cost (servers) 1711,30€
Cloud Virtualized Total Cost (Monthly)
Cloud Functions (servers) 487,26 €
Average monthly savings in € 1224,04 €
Average monthly savings in % 72 %

From the total cost of ownership perspective, we have shown that the two
proposed models are the ones that maximize the investment, minimizing the
MNO'’s operational and capital expenditure, when compare with the classical
physical server. Finally, from the end user perspective, the usage of cloud
virtualized functions will contribute to increased quality of experience, as the
probability of service disruption and downtime is greatly reduced, with the added
benefit of, in the extreme case of cloud edge computing at the device edge, having
the CDN with the possibility to reduce even further the latency by steering its
traffic through different RATs.
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5.4.2. Scale Flexibility and Performance

Scale flexibility while maintaining performance is one of the major advantages of
the two proposed models when compared with the classical datacenter approach.
The capability for scaling up resources in cloud virtualized environments is simply
unrivaled, when compared with classic datacenter physical components.
Concerning performance, in this work we classify performance as the ability for
the ANDSF virtual function to process as many inter-RAT handovers as possible,
according to its own processing capacity. This will be tightly coupled with the
ability to scale up in congestion situation. By congestion we mean ANDSF virtual
function being saturated or close to saturation and not congestion on the
distributed or collaborative edge. We define § as the ANDSF function congestion
rate. It depends directly on the processing capacity of the ANDSF function to
properly perform the process presented in Figure 5 and process all inter-RAT
handovers (HOs). A congestion factor of 0% means that there are no HOs issued
from the DCE and that the ANDSF function is performing its usual measurements
tasks. A congestion factor of 100% means that the ANDSF function is handling
simultaneous HOs in the same amount as its maximum capacity.

6= (ZévgiaxHO Hi) /NmaxHO

where  Nyjy,, is the maximum number of simultaneous HOs that can be
processed by the ANDSF function, H; is the i HO request from device and 0 <
=<1

In order to avoid service interruption due to massive inter-RAT HO requests
and saturation of ANDSF server, for both the physical server and the virtualized
function from the proposed models, we consider a protection factor that will make
sure that the ANDSF function will maintain service. We consider that, when the
number of inter-RAT HO requests reach a certain percentage of the maximum
processing capacity, the ANDSF function should cease processing additional
requests, queuing them in a first in first out (FIFO) fashion. We call that the ANDSF
function’s protection factor, pr that we assume to be equal to 70% of the whole
processing capacity. Additionally, we consider that a triggering factor yr, is
defined as a function of pr the according to:

Npaxn, = 1000, for physical ANDSF server
= pr-N where Ho
V1= Pr " Nmaxyo - Nmaxy, = 1000, for virtual ANDSF function

Considering that the virtualized function is highly flexible in scaling up resources
and capacity, which is not available to the physical ANDSF factor, we define the
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following scenarios, which will clearly show the advantage of virtualizing the
ANDSEF function in what concerns overall performance. We present five different
situations according to Table 5.

As simultaneous HOs keep reaching the ANDSF server / function, if it is
“unprotected”, meaning that pp is not applied, in which case the server will
continue processing requests without any resource protection. If the amount of
simultaneous HOs suddenly spikes, the server might enter a denial of service state
by resource exhaustion and interrupt the ANDSF service. If it is “protected”, it
means that pr is applied and that the maximum number of simultaneous inter-
RAT HOs to process is only 70% of the total capacity, meaning that pr = 0.7 ,
leaving computing capacity for the server to keep servicing, without entering in a
resource exhaustion mode

Table 11. ANDSF function congestion scenarios.

Scenario Impact on function capacity
Unprotected (no yr) Physical Standalone (SA) ANDSF Server Service Disruption
Unprotected (no yr) Physical ANDSF Server Cluster Service Disruption
Protected Physical Standalone (SA) ANDSF Server Queueing and FIFO
Protected Physical ANDSF Server Cluster Queueing and FIFO

Scale Up is performed. No

Protected Cloud Virtual ANDSF Function L
service impact.

When 70% is achieved, yr, the ANDSF proposed function from Figure 5 triggers
the congestion watchdog and it will either share load with other ANDSF servers,
if in a cluster, or if standalone, it will cease processing new inter-RAT HOs. In the
case of the cloud virtualized ANDSF function, it will try to scale up its resources
automatically or, eventually, add a new ADSF function to the existing one. Figure
10 shows the result of such process, only for physical ANDSF servers.

ImTTTmTmm s m e m T ToTThTmTTTTTTT 1 —¥— Physical SA

! Saturates and Server stops servicing. Service \ .

' Disruption L ——#—Prot. Physical SA
2500 T et O 2000 o physical Cluster
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Saturates and Server stops processing HOs. No

service Disruption. Enters in FIFO mode.
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Figure 10. Physical ANDSF server congestion scenarios as a function of §.
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As it can be seen, all unprotected scenarios, either standalone or in a cluster, will
reach its maximum capacity of simultaneous inter-RAT HOs (1000 for SA server
and 2000 for two SA servers clustered, load balancing, with assumed doubled
capacity) and simply have their server resources exhausted. Service is interrupted
until the server is able to perform again. End users will experience extensive delay
in inter-RAT especially if using low latency applications and if they are moving.
This is the worst-case scenario, that clearly impacts the user’s QoE, showing that a
watchdog mechanism that constantly evaluates yr is needed. This is a feature that
is introduced in this work due to the fact that with 5G NR massive inter-RAT HO
requests are expected to be norm.

For the protected scenarios, it can be seen that when the standalone server or
cluster reach their protection values (700 and 1400 respectively), yr is triggered
and new HO requests are queued and accepted in a FIFO fashion. Servers do not
get resource exhausted and no service interruption exists.

Finally, as HO requests are being processed by the ANDSF server, it is normal that
saturation levels drop, more resources are freed on the server, and the whole
process becomes cyclic.

When one considers the cloud virtual ANDSF function as proposed on the two
models, a very different behavior occurs. As presented in Table 5, when the
congestion watchdog trigger yr is reached, the ANDSF virtual function will make
use of the scalability and elasticity of the cloud environment where it is running.
We assume that, when the watchdog trigger happens, the server will automatically
issue a scale-up request and perform necessary adjustments in order to scale its
capacity 50% higher.

As shown in Figure 11, for the physical server the behavior is the same as
referred before. The new and interesting part coming from the proposed models
is that the cloud virtualized ANDSF function, because its disaggregated from other
functions, when it reaches its capacity protection, the watchdog is triggered but
instead of just making sure that resources are not exhausted, it scales up the
number of vCPUs and RAM by 50%. We defined 50% just for the sake of
demonstrating the different behavior, but it could scale up to any capacity. The
other aspect, which greatly improves the overall quality of the whole process is
that this can be performed automatically and can be adaptive: if 50% is not enough,
the watchdog behavior we introduced for the ANDSF function will scale it further
until the function has enough capacity to cope with the inter-RAT requests coming
from the COE. Nevertheless, the ANDSF function watchdog can decide to double
its capacity by instantiating a new cloud ANDSF function and perform load
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balancing. This is the part that, as far as we are aware, is still difficult to perform
on the UE end. Still, on the cloud environment, it is perfectly possible to do so as
well as properly attach an artificial intelligence and machine learning function,
developed specifically for ANDSF traffic analysis, to help enhance further the
overall performance of the system.
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Figure 11. Physical vs cloud virtualized ANDSF server congestion scenarios as a function of §.

All of these mechanisms in the end, will ensure that each of the Device/IoT
Edge end user devices will be attached to the best RAT at any given instance,
considering its vicinities and context. By being able to scale automatically and also
adaptively, the cloud virtual ANDSF function will increase overall performance
and quality of the inter-RAT HO mechanism, not only assuring that the best list of
networks is sent to the Device/loT Edge, but also that the end user will experience
a seamless HO, without service interruption or degradation, thus increasing its
overall QoE and, naturally, reducing the churning probability as a consequence.
We have shown through the presented results that the proposed models maximize
performance and scaling. In the following, we briefly focus on the cost of having
the cloud virtualized ANDSF function’s watchdog deciding on increasing function
computing capacity or adding more virtual ANDSF functions.

Costs of scaling

From subsection 5.3.2 we have shown that the price of a single ANDSF
virtualized function is approximately 490 € per month. However, as previously
referred, it is important to know the cost of scaling up the server specifications,
capacity and performance. We have considered in the previous analysis that, in
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order to support more simultaneous RAT handovers, the ANDSF virtualized
function would be able to scale up its vCPU and memory specifications by 50%.
That means that the ANDSF server would scale up to 12GB of memory, 3vCPUs.
Nevertheless, considering the cost difference in cloud environments, we also
consider the scale up to double capacity, i.e., 16GB RAM, 4vCPUs while keeping
the same storage capacity. Figure 12 presents the monthly cost of each ANDSF
virtualized function, after scaling up 50% and 100%.

s Physical Server mmmm Virtualized Function ==@== Average monthly savings:

2500 € 72% 809
. 64% 2182€ 2150¢€ %
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0%
Amortization cycle
(Months):
Global Availability: 0,999 0,999 0,999 0,999 0,999
[Total pool of disks (GB)] 1000 1000 1000 1000 1000
Total pool of ram (GB): 8 16 32 64 128
Number of vCPUs: 2 4 6 12 24

Figure 12. Average monthly cost comparison for virtualized function capacity scale-up.

The results show that a single cloud virtualized ANDSF function can scale up 12
times the number of vCPUs and 16 times the amount of RAM of its original
specifications, and still represent monthly savings of 1%. It is, of course,
demonstrated that from a scale and flexibility perspective, the virtualized function
that we propose on both models, increases both.

Finally, from the perspective of scaling not the virtualized function itself, but other
instances, per the cost of one physical ANDSF server, there can be three cloud
virtualized ANDSF functions, meaning that there is the flexibility of scaling up in
a factor of 1:3 and still obtain the same monthly costs that a single physical server
represent. When scaling down is necessary, the virtualized function can perform
those functions by itself, thus reducing capacity and cost on lower congestion
periods.

All of these aspects allow us to conclude that the proposed models can
substantially improve the overall efficiency of the Core Edge, through a cloud and
network function virtualization architecture.
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In short, the proposed cloud assisted system model can provide improved
steering capabilities for ultra-high capacity demanding services running on top of
5G NR and Wi-Fi6 networks. Nevertheless, there are challenges in building such
architectures, the most relevant related to latency minimization through the choice
of a stable and highly reliable CDN network, as well as guaranteeing that the cloud
provider maximizes availability and performance, in order not to transform the
ANDSF function into a single point of failure. In this section we have shown
through the results that network function virtualization applied to ANDSF
network function will enable cost optimized, highly performant and flexible inter-
RAT HO processes for dense 5G NR systems.

6. Conclusions

In this work, we proposed a cloud assisted ANDSF architecture, supported on
network function virtualization and component disaggregation, as well as
software defined networking, to specifically optimize the inter-RAT HO, steering
process and traffic offloading in 5G NR ultra-dense networks, considering the co-
existence of 5G NR and Wi-Fi6. Three major contributions were provided, and two
different system models were also proposed. Both models can be deployed at any
time, especially for the new 5G NR deployments, due to the fact that no protocol
changes are required. This not only gives flexibility to MNOs, but especially, can
have a profound impact on steering capabilities on ultra-dense networks, enabling
unprecedented quality of service and experience to the subscriber. By employing
such mechanisms, the cloud-assisted ANDSF-triggered steering process can
increase its performance substantially, as well as reduce the overall battery
consumption on the UEs, by changing the switching the majority of steering
calculations and decisions to the Core Edge, where system-wide visibility exists,
in opposition to possible distributed selfish process by each UE. The advantages
of the proposed mechanism are several and from different nature and have been
presented throughout the work. We believe that such architecture can provide
relevant improvements in ultra-dense heterogeneous networks, both indoor and
outdoor, overall providing both subscribers and MNOs with several advantages.
All proposed architectures are possible today to deploy, which was also a concern
of ours. Further work will focus on extending the existing results and explore other
perspectives, namely how an artificial intelligence and non-supervised learning
cloud virtualized function could be developed and attached to ANDSF in order to
enhance even further the whole 5G NR system.
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Abstract: Fifth generation (5G) and Beyond-5G (B5G) will be characterized by highly dense
deployments, both on network plane and user plane. Internet of Things, massive sensor
deployments and base stations will drive even more energy consumption. User behavior
towards mobile service usage is witnessing a paradigm shift with heavy capacity,
demanding services resulting in an increase of both screen time and data transfers, which
leads to additional power consumption. Mobile network operators will face additional
energetic challenges, mainly related to power consumption and network sustainability,
starting right in the planning phase with concepts like energy efficiency and greenness by
design coming into play. The main contribution of this work is a two-tier method to address
such challenges leading to positively-offset carbon dioxide emissions related to mobile
networks using a novel approach. The first tier contributes to overall power reduction and
optimization based on energy efficient methods applied to 5G and B5G networks. The
second tier aims to offset the remaining operational power usage by completely offsetting
its carbon footprint through geosequestration. This way, we show that the objective of
minimizing overall networks’ carbon footprint is achievable. Conclusions are drawn and it
is shown that carbon sequestration initiatives or program adherence represent a negligible
cost impact on overall network cost, with the added value of greener and more
environmentally friendly network operation. This can also relieve the pressure on mobile
network operators in order to maximize compliance with environmentally neutral activity.

Keywords: 5G NR; energy efficiency; carbon footprint; 5G; B5G geosequestration; carbon offset

1. Introduction

Mobile data services will witness unprecedented usage with the advent of the fifth generation (5G) new
radio (NR) and Beyond-5G (B5G) networks. A long way has been paved since the first cellular generations,
with the fourth generation (4G) already witnessing a very relevant increase of traffic demand. Nevertheless,
5G will be unprecedented: despite being prepared and designed to be optimized by design, with several
energy efficiency (EE) techniques combined with several methods to increase overall throughput and user
quality of experience (QoE) and overall quality of service (QoS), B5G NR networks will face a multitude of
challenges driven by massive data-hungry subscribers and highly performant end user devices capable of
generating enormous amounts of traffic, not solely in downlink but also in uplink. 5G NR and beyond will be
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fully heterogenous networks (HetNets), with cellular radio access technology (RAT) but also wireless fidelity
(Wi-Fi) RAT, where Internet of things (IoT) devices will also play an important role [1]. These networks will
have a multitude of different base stations, macrocells, microcells, femtocells, Wi-Fi access points (APs) and
relays, making the radio access network (RAN) a very complex architecture. Additionally, a massive number
of end user devices are expected to support themselves on 5G NR and beyond, end user or not; e.g., device to
device (D2D) or machine to machine (M2M) communications. To support all this, another massification will
take place: the deployment of additional mobile base stations, whether they are totally physical or partially
virtualized on cloud environments. All of this will make 5G NR and beyond densified networks (DenseNets)
[2,3].
All of the aforementioned factors drive the development of new technology, new infrastructures, new
processes and network refitting in order to sustain the challenges that are ahead for cellular networks.
From another perspective, mobile services have been witnessing unprecedented growth, bringing new
challenges for mobile network operators, from several perspectives:

¢  Capacity maximization;

¢ Resource efficiency maximization, particularly spectrally;
. Cost effectiveness and reduction;

e  Energy consumption minimization;

e  Carbon emissions” minimization.

With all the changes that have taken place, it is expected that energy consumption will rise also
unprecedently in 5G and beyond networks. As such, it is of utmost importance to realize that 5G and beyond
cellular networks might be on their way to becoming one of the industries that most contributes to
environmental impacts through greenhouse gas emissions (GGE).

From sustainability perspectives, global warming has become a top priority on the word’s agenda [4,5],
and cellular systems do have their contribution, which is expected to rise in the future in the form of carbon
dioxide (COz) emissions. Most of the observed increase in global average temperatures is due to the observed
emissions of CO:zinto the atmosphere. This phenomenon is generally known GGE and occurs naturally, as
Earth’s radiant heat becomes trapped in the atmosphere due to existing gases and gets radiated back towards
the surface, leading to overall climate changes.

Several studies and governmental initiatives exist that address COzemission reduction, primarily those
as a direct result of the adoption of the Kyoto protocol resolutions and goals. Although those are out of scope
of the current work, CO2 compensation is not, and is the approach that we address in the current work.

Carbon sequestration (CS) is a term that defines the process of capturing and long-term storage of COx. It
is a form of geoengineering, which aims to reduce the impacts of greenhouse gas emissions by manipulating
environmental processes in order to counteract those effects. Also known as carbon sequestration and storage
(CSS), it focuses on the physical and chemical methods of capturing COzfrom the atmosphere and storing it
in another place [6,7]. The most common CSS systems use geological storage, ocean storage or biotic
sequestration. In the current article we consider a CSS method to evaluate its capacity of contributing to the
reduction of the overall carbon footprint (CF) of normal mobile network operators’ (MNOs’) networks and
activities.

Mobile cellular networks’ ever-growing popularity, along with the universe of subscribers which has
been increasing exponentially, (and their behavior towards data generation) has become a very relevant
contributor to the overall CF [8].

Considering the user plane, the International Telecommunications Union estimated that by 2022, there
would be 12.3 billion mobile-connected devices [9], exceeding the world’s projected population of 8 billion by
one and a half times [8], with expected further increase in traffic demand mainly driven by mobile gaming
and video streaming. In this specific plane, just considering mobile traffic alone, the expected annual growth
rate is 46 percent from 2017 to 2022, reaching 77.5 exabytes per month by 2022 [8].
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As the numbers of base stations (BSs) and remote radio heads (RRHs) increase due to the unprecedent
demand for high capacity and throughput, higher power consumption will occur, and therefore, higher CF.
Digital Power Group [10], calculated in a 2013 report that 10% of worldwide electricity generation
corresponded to such activities. Other estimations forecast that overall electricity consumption and CF due to
such networks will represent 51% and 23%, correspondingly, by 2030 [11].As an example, when considering
a 4G macrocell BS, approximately 60% of the power consumption is attributed to the power amplifiers [12],
electing it as the most crucial component to consider when energy-centric mobile network design,
implementation and operation is the focus.

The wireless industry needs significant improvements in the EE of BSs and other network infrastructure
to compensate for the increased energy demands due to network growth [13-15]. Therefore, designing energy-
efficient communication systems has become a critical issue for 5G and beyond, which promises massive
deployments of smart devices served by new infrastructure elements. Especially considering 5G NR, a device
will generate an estimated 2.6 times more traffic than a 4G device and this will tend to increase in B5G NR
networks [8]. Concepts such as “sustainable green communications” have recently emerged and describe the
common trend toward energy-efficient wireless communications systems [16].

Emerging technologies can contribute to reduced power consumption in mobile communication
networks, and it is today clear that the telecommunications industry must address COzemissions and become
more sustainable. The CF concern in the development and deployment of 5G and beyond is clearly one of the
most debated subjects today and deserves a closer look.

2. Contribution

The main research question in this paper focuses on existing EE methods and the fact that most do not
suffice for achieving carbon neutrality. As such, we address that aspect with a two-tier model, which we
present in this work. This two-tier CO2offset model is the main contribution. The 1st tier applies COzreduction
through EE techniques, proposed in existing studies aiming to improve overall EE in 5G networks. In that
regard, we review the most important contributions in that area and focus on those that maximize CO:
reduction through the overall reduction of power consumption. As mentioned, there will still be CF after
applying such techniques, which we call residual CF (RCF).

The 2nd tier has a sole purpose: to offset RCF. Through the methods that will be proposed, this second
layer aims to offset RCF by tightly coupling with CF reduction from the 1st tier. It is shown that it is feasible
for mobile network operators to effectively offset total CO2 emissions with the proposed two-tier model.
Furthermore, the impacts of such an initiative, from capital and operation expenditure (CAPEX and OPEX)
perspectives, are also quantified.

The 2nd tier will offset the RCF by applying a CO: sequestration technique called biotic geosequestration.
Trees will be used as carbon-based “sinks” through the process of photosynthesis. The objective is to offset, at
least, the RCF produced in the system, considering both the RAN edge (where base stations represent the most
energy consuming component) and also the end-user’s equipment operation. In this work, we do not focus on
offsetting the CF associated to mobile device manufacturing, datacenter operations and daily MNOs routines
related with operational tasks. Nevertheless, all are considered and referred along the work. The focus is the
RAN and the mobile device edges, especially considering power consumption associated to base stations and
mobile end user devices.

3. Organization

We begin our analysis in Section 4, slightly focusing on the need for EE in 5G and B5G networks. Despite
being out of the scope of the current work, we believe that there is enough relevancy on the subject that justifies
enumerating some of the techniques that have been developed to reduce overall energy consumption. We
argue that such techniques are of utmost importance, representing a first tier of CF reduction because they
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contribute very relevantly to overall power consumption, and there are methods that transversally focus on
all network edges, ranging from the device/subscriber edge/plane to the network edge/plane.

Although EE is very relevant in reducing overall CF, highly dense, heterogeneous and traffic hungry 5G
and beyond networks will still result in a relevant RCF after EE deployment. As such, the second tier is focused
on in Section 5, introducing the most usual techniques that contribute to overall carbon sequestration and
storage. Such techniques will further reduce the RCF from the first tier. Section 6 will focus on estimating the
power consumption and CF of both the network and user planes, especially focusing on base stations and end
user devices. Based on those estimates, Section 7 presents the method evaluated to demonstrate how CSS can
be applied in 5G and B5G cellular deployments, in order to positively offset overall CF and achieve carbon
neutrality. Section 8 presents the main results and Section 9 the main conclusions.

4. Energy Efficiency in 5G and Beyond

Two building blocks form the basis for every sustainable system: EE and CF minimization. In this section
we focus on some of the most relevant EE techniques which contribute to power consumption reduction, from
our point of view.

EE is a term that defines a set of techniques or processes aiming altogether to reduce overall energy
requirements. As such, EE can be defined and calculated as the ratio between the quantity of data successfully
delivered within a cellular network and the total energy spent in such successful transmission. This means
that a system or a component of a system has higher EE if progressively, for the same amount of successfully
transmitted data, the energy consumption decreases. It can be expressed as Eg, given by:

Ege[b/]) =

where T; represents the total successfully transmitted data and T; represents the total energy spent in the
successful transmission.
EE plays a crucial role on 5G networks and will be even more crucial on B5G cellular networks in future.

T;lbps] _ Tglbps]
TS[Wh] 3600-Ts[J]

As energy consumption of the whole B5G cellular system is expected to increase exponentially, it is of utmost
importance to develop techniques that will address that question from a lifecycle perspective.

As such, such a concept must be taken into account right from the design phase on B5G deployments.
Thus, it is essential to review some of the most prevalent research works on this field, properly setting the
landscape around EE methods for 5G and B5G networks.

Several works have been presented focusing on this subject, reviewing the existing techniques and at the
same time stating that energy savings are still far from what would be beneficial and expected [17,18]. Some
of the reasons that contribute to such an inability materialize in the shape of several inefficiencies that, when
considered altogether, directly impact on overall effort to reduce EE. Some of those inefficiencies are discussed
in [19], along with possible and suggested improvements. However, it is also interesting to realize that several
smart architectural and topological designs for 5G, which were proposed with resource sharing in mind, offer
scalability and flexibility, from a network perspective, but nevertheless, are still insufficient when EE is
considered [20-23].

Clearly, it can be seen that, as stated before, EE should be considered right from the start —in the network
design phase. Today, it does not make sense to design a cellular network without thinking about flexibility,
scalability and especially EE right from the start.

Overall system efficiency must be evaluated at a system level; i.e., both the network and the devices must
be properly considered.

4.1. RAN Edge and EE Methods

As previously said, this work is focused primarily in the RAN edge, where base stations are considered
the most energy-hungry devices [24]. Several techniques have been proposed, mainly focusing on selective
sleep modes and coverage zooming. The former aims to selectively switch some of the BS’ radio heads, in
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order to reduce energy consumption according to the traffic profile, which is evaluated continuously. The
latter focuses on techniques that adapt coverage radius towards cells where there are BSs in sleep mode, in
order to compensate and balance traffic load. Sleep modes have been thoroughly explored in several studies
surveyed by [25] which show that: (i) switching radio heads on and off can incur additional energy
consumption [26]; (ii) clustering BSs can be very beneficial [27,28]; (iii) considering user experience and quality
of service, switching on-off optimization can be achieved, trading off between energy consumption, quality of
service [29,30] and quality of experience [31]. Other dynamic operational mechanisms have been proposed
using relays, site optimization and dynamic switching [32-37].

Regarding coverage zooming, it can be seen as a complement to the above referred-to techniques. Such a
technique is very similar to the concept of cell breathing, first introduced with 3G networks, mainly as a result
of power control [38,39] adaptation mechanisms. It aims to adjust each cell’s coverage according to traffic
conditions [40] and it is computed centrally in the core network. Such a mechanism leads to several benefits
that impact the overall EE of the cellular network directly, either by balancing the traffic load between
congested and non-congested BSs, or by reducing end users’ power consumption [41].

Several cell zooming techniques have been present and discussed, with the ultimate aim of increasing EE,
focusing, namely, on: (i) centralized and de-centralized algorithms [42]; (ii) non-cooperative game theory [43];
(iif) optimal user association [44]. Most recently, the usage of distributed antennas, namely, coordinated
multipoint (CMoP) and energy efficient aware continuous cell zooming strategies, has been proposed [45,46].
When considering 5G and B5G deployments, ultra-dense networks must be taken into consideration and
density estimation can be used as a strategy for the overall increase of EE, as firstly presented in [47] and
subsequently by [48,49]. User density has also been considered as a parameter to smartly reduce overall power
consumption [50]. Data-aware mechanisms have also been focused on, relying once again on BS cooperation
in order to optimize the overall cell zooming process, and thus, the EE of the whole network 25. Other
mechanisms have also been proposed in [51-58].

4.2. Mobile Device Edge and EE Methods

From and end-device perspective, the aim is to reduce as much as possible the power consumption of
mobile devices, not only to extend battery lifetime but also in order to increase EE. Such techniques become
even more important if one considers the unprecedented number of devices that will be serviced in a cellular
network. One can note that today’s behavior towards mobile device usage and consumption patterns has
changed radically [7]. Considering, for example, the data exchange between two users which are
geographically close to each other, which represents an ever-increasing reality, the possibility of having such
data exchange directly between the devices in a D2D fashion can represent several enhancements in power
consumption reduction. D2D can be used as a mechanism to decrease power consumption [59,60], by reducing
the network hops to only one with the immediate advantage of lower latency; better quality of service and
experience; and, from the core network perspective, decrease signaling and overall backbone traffic.
Additionally, and probably the most obvious advantage, is that both devices will need less power to transmit
the same amount of data, thereby directly increasing EE by reducing energy consumption. However, mobile
devices still do not have enough battery life or computational capacity to allow them to perform effectively
over long periods of time, which is a requirement for most users. Additionally, for those applications that need
high communication or computation power, and low latency, performance will drop severely. As such, an
interesting concept has appeared called cyber foraging [61] or computational offloading. Cyber foraging is a
technique that enables end user devices to extend their computing power by offloading computation efforts
or data processing to more powerful servers located in the cloud, or sometimes, as close as a single hop away.
An extensive survey on cyber foraging techniques has been presented in [62], showing clearly the advantages
of using such techniques for end user plane’s power consumption reduction. Recent studies denote that cyber
foraging is still an immature concept from a standardization perspective and have proposed methods and
models for its implementation together with protocols for cyber foraging user plane functions [63,64].
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4.3. Overall EE Contribution for CF Reduction

For many decades, mobile network operators focused their attention on network optimization and
increasing data throughput, special coverage and reducing latency. However, in today’s cellular networks,
energy consumption reduction (and EE overall) has become one of the prime objectives, due to environmental
and economic aspects. We have briefly covered several techniques that show that EE maximization is possible
at a network level where there is a set of such techniques and mechanisms already proposed. We have also
noted that not only does the network plane need attention, but the end user plane does also, especially the
devices themselves. We have presented some of the main techniques that are being discussed in order to
minimize power consumption on the end user plane, leading to overall network power consumption
reduction.

Current studies indicate that the level of carbon emission due to communication and information
technologies has reached up to 10% of overall CF, of which 2%-3.5% corresponds to mobile networks [65-67].
There is no doubt that, considering the actual trends, such values will rise exponentially with the massive
requirements of 5G and B5G networks. This means that since, at a given time, EE techniques may cease
contributing relevantly to reduce overall carbon emissions, an additional approach must be considered to
further reduce overall network CF. It is natural, thus, that CSS techniques and offsetting become the natural
second tier in order to achieve a greener cellular network operation. The next section will focus on existing
techniques to capture and store CO-.

5. Carbon Sequestration and Storage

CSS is a process that aims to capture atmospheric CO: and store it over the long term, thereby reducing
the overall greenhouse gas (GHG) emissions. It consists of actively removing CO: from the atmosphere into
reservoirs, which can be man-made or natural. In this work we focus on the natural ones, which can be split
into several types: biotic (e.g., trees); geological (e.g., underground rock formations and structures); oceanic
(e.g., underwater bolsters); and underground sinks, such as saline deposits or gas reserves [68]. Each one of
these is important and their main objective is to reduce the overall GHG emissions, taking advantage of natural
processes to achieve that goal.

In this work we focus on biotic or biomass CSS, as it is the only one which does not require the
development of technology to fulfill its task. Interestingly enough, one of the major contradictions is
developing technological methods for reducing GHG emissions without considering that those technological
processes themselves contribute to generate additional GHG emissions. As such, the next sections briefly
introduce the concepts.

5.1. Geological CSS

Geological CSS is a method for capturing and trapping CO:2 in appropriate rock formations, mainly
underground [69]. The capturing process is done in a gaseous form by using physical and chemical methods.
Trapping is performed by underground or underwater geological formations, injected by pipelines, but
mainly used on underground rock formations [70]. It is a technological process that also creates by itself
additional CO: emissions and has several drawbacks: rocks have to be carefully chosen; CO: can leak into the
ocean or surface, causing an impact on marine fauna or generating bolsters of CO:z near the surface with severe
impacts on animals and plants.

5.2. Ocenan CSS

Ocean carbon storage is very similar to geological CSS, but is accomplished totally underwater; namely,
in the oceans. The CO: is injected in underwater rock formations or bolsters [71]. There are several setbacks to
this method, including endangering the environment itself in a harsh way. Ocean water might suffer from
acidification when CQO: is leaked from the ocean beds, reaching the atmosphere anyway. It is a process that
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requires advanced technological processes in order to keep pumping and keep the pressure stable, to avoid
CO:z leakage [72,73].

5.3. Biotic CSS

As referred to, the previous two methods present several risks and are not considered very effective,
acceptable or sustainable approaches for CSS. Therefore, an alternative is needed, which does not have so
many risks, does not involve the use of technology during the sequestration period and, if possible, can
increase the CO: storage over time.

This is where biotic sequestration, or tree-based sequestration becomes the chosen method. In this case
COris trapped through the natural process of photosynthesis [74-77]. This means that during the capture part
there are no setbacks and no side effects, as it is derived from a total natural process.

Trees retrieve CO: from the atmosphere and store it in several of their parts, including trunks, limbs,
leaves and roots. This behavior constitutes a CO: storage technique, as it is removed from the atmosphere and
trapped inside the tree. Additionally, as mentioned, there is the possibility of the same tree increasing its
storage capacity: as solar exposure increases, more photosynthesis will occur, and more CO2 will be extracted
from the atmosphere and converted into biomass, below and above ground, in the tree itself [78-80].
Photosynthesis converts the energy from sunlight into nutrients that the tree requires and keeps, transforming
CO:z and water into oxygen and glucose [81,82].

This means that the CO: storage capacity increases, but only to a certain degree. When the tree becomes
older, its storage capacity ceases increasing and remains constant. Nevertheless, as it will be shown in this
work, this depends on the type of tree and happens two or three decades after the tree has been planted [83-
85]. Table I presents the breakdown in percentages of the total system CF and an estimate each for 2020 and
2025, considering a linear increase of 11 MtCOz-e per year.

Table 1. Carbon footprint (CF) breakdown per system component—2020.

Component Contribution to Overall CO:-e
Mobile Device Manufacturing (MDM) 30%
RAN sites’ operation (RSO) 29%
Datacenters and data transport (DDT) 19%
Mobile device operation (MDO) 10%
RAN sites” manufacturing (RSM) 4%
MNO activities (MO) 8%

Total (CFTotal) [MtCO2e] (for 2020/2025) 235/290

6. Energy Consumption for RAN and Mobile Edges

This section focuses on CF estimation for both network edges under analysis in this work. After
overviewing different proposed EE techniques for both edges, as previously referred to, even after being
deployed, there still is RCF that needs to be addressed through a second tier. In order to understand how EE
contributes to reducing overall power consumption on both edges, it is crucial to understand what the
consumption levels are on both edges first. As mentioned, we will focus on RAN and mobile edges.

6.1. RAN Edge Power Consumption

Regarding base stations, [86] showed that at full system load, the power consumption of a 5G BS can
range from 6 W to 1 kW, depending whether it is a femtocell or macrocell, respectively [85,86]. The main reason
for a macrocell to have higher consumption than a 5G femtocell is related to the need to cover wider areas,
and thus employing higher capacity power amplifiers, which require more power than femtocells. For the
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latter, the majority of the power consumption comes from the baseband units [86,87]. Nevertheless, the
interesting part is that these units can be disaggregated from the radio elements and virtualized in a C-RAN
environment. Just by residing in cloud environments, with the help of NFV, each can be seen as a single
virtualized function that can be virtually aggregated, contributing overall to a power reduction on the
femtocell side [74]. Such an approach might also be applied to gNBs in 5G NR and beyond networks,
considering that NFV combined with the usage of C-RAN principles and cloud edge computing would result
in minimizing such power consumption. As such, for beyond 5G networks it is expected that, with the huge
massification of small cells, overall power consumption can drop simply by virtualizing part of its
functionality. Such functions are not the aim of this work, but it should be noted that NFV and edge computing
are two paradigms for beyond 5G NR networks that will certainly contribute to overall power consumption
reduction. For the objectives of this work, we will consider the power consumption values previously referred
to. According to [24], dense deployments of BSs result in excessive energy consumption levels which can rise
up to 60 billion kWh per year.

6.2. Mobile Edge Power Consumption

In both 5G and B5G networks, end devices can be classified under two categories: human-interaction
enabled and human-interaction free. The former relates to what are known as smartphones, while the latter
relates to all devices able to generate a communication flow, either unidirectional or bi-directional, without
any human interaction. Sensor networks and machine-to-machine (M2M) communication fall into this
category which is not within the scope of the current document, and thus will not be discussed. On the other
hand, smartphones play an important role regarding energy consumption and will be taken into account in
this work.

Considering the very relevant and rapid advances in technology, especially as processing capacity and
hardware components become more advanced, with sometimes physically larger devices (e.g., touchscreens),
energy consumption rises. On the other hand, the number of subscribers has been growing dramatically,
demanding quicker access to the Internet, more bandwidth consuming services and applications often
requiring near real-time operation. Both will contribute very relevantly to the rise of energy consumption, and
consequently, will increase overall CO2 atmospheric levels and CF. If one considers the estimate that by 2030,
there will be more that 50 million connected end user devices, the resulting global CF may become very
relevant [88]. Thus, it is of utmost importance to focus on end user devices from this perspective.

Smartphones do not consume energy in a uniform way. Several of their components have different energy
consumption needs: usually, during a call, the RF module is the most energy consuming component, whereas
the display might become the highest consuming component if video streaming is being used. On the other
hand, smartphones often have different operation methods; namely, suspended (when the application
processor is idle but the communications processor remains active in background), and the idle state, which
is similar to the suspended state, but the display is active and the whole graphical subsystem and processing
components. In these two operation modes, the levels of energy consumption are different, with the RF
module consuming the most in the suspended state and the display and graphical processor being the most
energy demanding pieces in idle mode. Average power consumption figures (excluding the backlight) for
three different smartphones have been focused on extensively in [89]. It was shown that when localization
services are active and running on background, GPS radio is active and contributes to overall consumption,
increasing it. If one considers real time for services such as cloud music streaming, several components will
always be active at the same time, raising the level of energy consumption.

Therefore, it is safe to state that smartphone energy consumption profile is heavily dependent on the type
of behavior of the subscriber, which implies certain working characteristics, ultimately depending on the types
of applications.

Besides application dependence, energy consumption also depends on the brightness level required by
the application itself and can increase power consumption 66 times more [89]. Power consumption models
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have been proposed for LTE and LTE-A, and it was shown that the downlink data rate (closely related to
applications and downlink streaming services) and uplink transmission power are the two most consuming
factors. It was also shown that LTE RF module’s power consumption varies according to operating bandwidth,
up to three times more when working on 15 MHz band compared to 10 MHz [90,91].

Interestingly enough, different smartphone vendors or different brands are also factors to account for, as
power requirements and consumption might differ relevantly. Even within the same vendor, different models
can have different consumption values. To demonstrate such behavior, we rely on Apple’s Environment
Reports (AER).

Apple considers a three-year life cycle for their iPhone devices. The results from several AERs, presented
on Table 2, show that, in terms of power consumption per year, the minimum value is about 3.6 kWh/year and
the maximum is 10.5 kWh/year, for the iPhone SE 32GB and iPhone X 256GB, respectively, according to the
2017 AER. In terms of equivalent carbon dioxide per year, a minimum of 1.8 kgCO2-e/year and a maximum of
5.3 kgCOr-e/year corresponds to the indicated power consumption. These values are close to results from other
studies, which estimate average values of 4.5 kWh/year and 2 kWh/year per smartphone [92,93]. Considering
the whole smartphone’s life cycle, the total equivalent carbon dioxide footprint ranges from 45 kgCOz-e/yr to
100 kgCOr-e/yr, though is typically 40 kgCOz-e/yr according to [94], which is the reference chosen in this work.

On the other hand, another distinguishing factor regarding energy consumption depends heavily on
usage patterns. Human usage habits will imply different power consumption patterns. With increasing
unbounded access to data and real time data sharing between humans themselves and machines (e.g.,, M2M
communications), energy hungry behavior will manifest itself through the usage of data and power
consumption hungry applications, especially multimedia communications and real time collaborative gaming
[12].

6.3. Overall Network Consumption

In order to provide a notion of the amount of COz2-e and the global CF that a mobile communications
network is estimated to have by 2020, according to [95] the overall CF will be 235 MtCO:-e, and it will be 290
MtCO:z-e by 2025. But, more than the value itself, it is relevant to understand the breakdown of such value. As
such, there are mainly six components in a cellular network that contribute to the total amount of CO2-e
produced per year: (i) mobile device manufacturing; (ii) mobile device operation; (iii) RAN sites’
manufacturing and construction; (iv) RAN sites” operation; (v) MNO activities; and (vi) datacenters and data
transport.

Most recently, the latest estimate of energy consumption of mobile networks circles around about 130
TWh/yr, representing a CF of 110 MtCO2-e/yr for edge RAN alone, added up by 90 MtCO2-e/yr from the mobile
edge (including manufacture and use), totaling 200 MtCO2-e/yr [96]. The results from [96] confirm, in a way,
the estimations from [95].

This work focuses solely on RAN and mobile computing edges. This means that from Table 1 only three
components will be considered, contributing to a total of 43% of whole COz-e produced in one year. This value
is obtained from summing the components related to RAN sites” operation (RSO) which results in 29%, plus
the RAN sites” manufacturing, corresponding to 4%; and finally, mobile device operation representing 10%,
as presented in Table 1.

Additionally, we assume that RAN specific RAN sites’ operation and RAN sites’ manufacturing can be
integrated into a single variable which reflects all RAN CF. All CF calculations can be expressed through the
following equations:

CFror = CFran + CForygr + CFypo [ MtCoze/yr]

where CFr4y represents the carbon footprint related to the RAN edge; CFyrygr represents the remaining CF
related to all other components; CFyp, represents the CF related to mobile device operation (see Table 1) and
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CFran = CFggo + CFgsy [ MtCoze/yr]

CForngr = CFppr + CFyo + CFypy [ MtCose/yr]

with CFx representing the carbon footprint related to component X, which can be extracted from Table 1.
In our case, we have considered an edge approach, and as such, we consider the following overall CF:

CFrgage = CFran = CFgso + CFrgy [ MtCose/yr]

CFygage = CFupo [ MtCoze/yr]

For the considerations and assumptions of this work, the total amount of CF that must be offset and
neutralized will be the sum of both edges we are focusing on

CFTEdges = CFREdge + CFMEdge [ Mtcoze/yl']

where CFrgq4es represents the total carbon footprint for both RAN edge (CFrgq4e) and mobile edge (CFygqge)-
From what is shown, it can be seen that to meet the objective of turning both edges carbon neutral,
successfully reducing and offsetting CF on both (CFregucedg dge and CFrequcedgy dge)’ the overall consumption

and CF must be reduced by 43% of the total estimated CF (CFr,¢4;) for 2020 and 2025 (Table 1). In this case we
have

CFTotalReduced = CFReduced_REdge + CFReduced_MEdge
{CFReducedREdge = Wrgage - CFrotar = 0.33 - 235 = 77.55 MtoC02e , for 2020
CFreducedpgage = Wridge * CFrotar = 0.33+290 = 94.70 MtoCO2e , for 2025
{CFReduced_REdge = Wygage * CFrotar = 0.10 - 235 = 23.5 MtoC02e , for 2020
CFreduced rEdge = Whgdge " CFrotar = 0.10 - 290 = 29.0 MtoCO2e , for 2025

where Wrpqge and wygqg. represent the weight or percentage of contribution for overall CF from RAN and
mobile edges, respectively.

Resuming, the total amount of CF that needs to be addressed in 2020 is a total of 101.05 MtCOz-e/yr and
124.7 MtCO2-e/yr by 2025, corresponding roughly to 43% of the overall CF (29% + 10% + 4%) for the
corresponding years.

As mentioned, the proposed model is a two tier one, meaning that EE and the carbon offset method in
conjunction need to be able to reduce and offset 43% of the overall considered CF. Nevertheless, these are
estimated world consumption values, in megatons, meaning that it is important to understand how the whole
offsetting process works and how much biotic sequestration it takes to offset the CF of individual elements,
such as a base station, a femtocell or an individual smartphone.

7. Carbon Sequestration Estimation

In this section we present the 2nd tier of the proposed method, which consists of CO2 sequestration and
storage in order to offset the RCF after applying the 1st tier EE, previously described.

As mentioned, biotic CSS is considered in this paper. Following our previous work [7], the CSS method
is the same in the form of tree planting. For simplicity of the model we do not consider climate changes; tree
species, age or size; growth rates; or soil type. As such, we base our proposed methodology on the official UK
program called UK Woodland Carbon Code, which is managed by the Scottish Forestry, a Scottish
Governmental Agency. This agency is responsible for forestry policy, support and regulation, on behalf of the
Forestry Commission in England, the Welsh Government and the Northern Ireland Forest Service [97]. Prior
to April 2019 the sequestering data and characteristics were different from the ones today and have been
enhanced. This presents us the opportunity to further enhance the model and contribute to the climate effort
of reducing GHG emissions or achieving carbon neutrality.
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Another different perspective from our previous work is that, considering the objective of the current
work and in particular the existence of the first tier of EE, instead of considering collective CSS, we will adopt
individual CSS. This means that, instead of assuming two different species as before for carbon offset
calculations, we consider only one tree species, the Fagus sylvatica, commonly known as beech (BE).
Nevertheless, in this section we compare it to conifer species (CON), to comprehensively clarify why BE was
chosen. Starting with Figure 1 it is shown that BE has overall more capacity for CSS than a CON over a period
of 5 years, as considered in [97]. Spacing and density will still remain the same, which are the two factors that
maximize CSS, according to the data from [97]. A second objective of this work is to understand individually,

the impact of a single BE tree over the course of a five-year lifecycle period.

Table 2. CF breakdown per apple smartphone.

o0
Production Customer Transport ,§ § ];llltgal '{;)::IL?;S::O;II? Total Customer Use Life ~ Total Customer Use
0, 0, o, =
[%] Use [%] [%] § = COnel 3Y [kg COz-el Cycle per Year [kgCO2-e] per Year [kWh]

iPhone X 64GB 30 17 By 79 13.43 4.48 8.9
iPhone X 256GB 93 15.81 5.27 10.5
iPhone SE 32GB 53 1 4 45 5.4 1.80 3.6
Phone SE 128GB 53 6.36 2.12 42
iPhone 7 32GB 56 10.08 3.36 6.7
iPhone 7 128GB 78 18 3 63 11.34 3.78 7.6
iPhone 7 256GB 75 13.5 4.50 9.0
Iphone Plus 7 32GB 67 12.06 4.02 8.0
Iphone Plus 7 128GB 78 18 3 1% 74 13.32 4.44 8.9
Iphone Plus 7 256GB 86 15.48 5.16 10.3
iPhone SE 32GB 82 14 3 75 10.5 3.50 7.0
iPhone 6s Plus 32GB 78 18 3 63 11.34 3.78 7.6
iPhone 6s Plus 128GB 70 12.6 4.20 8.4
iPhone 6s 32GB 80 16 3 54 8.64 2.88 5.8
iPhone 6s 128GB 61 9.76 3.25 6.5
iPhone 6 85 11 3 95 10.45 3.48 7.0
iPhone 6 Plus 81 14 4 110 15.4 5.13 10.3

Methodology and Assumptions

From the Woodland Carbon core initiative, one can extract data about estimated capacity of biotic
sequestration for certain types of trees from establishment to a total of 200 years. The reporting timespan is
divided into 5-year periods, with the aim of minimizing the yearly variation in growing conditions. This means
that uniform growth is considered per month, for one year. In the following we will focus solely on the first 5
years. Table 3 shows the assumptions based on the information obtained from [97]. Another assumption is
about the type of tree itself. We aim to extract the most CO2 out of atmosphere as possible, and in order to do
that we have considered broadleaf (BL) or hardwood, a type of trees that has a high capacity of photosynthesis
and, thus is able to sequester high amounts of CO:. Additionally, this species is the one that is most fit to
European regions, considering the climate [97]. Another option would be conifer, but their capacity of
retaining COz is lower when compared with BL. It can be seen from Figure 2 that in the first 5 years BL is able
to sequester more than CON; namely, an average of 133%/year over the course of the first five years. Especially
one year after establishment, one hectare of BE is able to sequester 167% more CO2 than the CON. The lookup
tables also consider tree thinning. In our case, we do not consider that, because according to the data, it is
performed after the first 5 years, while the focus of this work is the first five years [97].
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Figure 1. Total CO2 sequestration capacity in the first five-year period.

Nevertheless, the existing data also shows that the highest CSS capacity occurs while the trees are not yet
mature, up to 3540 years, and still, from a CO2 sequestration capacity perspective, BL is superior to CON over
that period, as shown in Figures 2—4, illustrating the thinning effect on CO2 sequestration, which basically does
not exist until right before a tree becomes mature, at around 25-30 years old [97]. As such, that effect is not
considered in this work.

Table 3. Individual sequestration and storage (CSS) model parameters.

Parameter Assumption
Type of Tree Broadleaf (BL)
Species Beech, (BE) Fagus sylvatica (BE)
Considered spacing (m) 12
Yeld Class 6
Thinned or non-thinned both
LifeCycle in Analysis First 5 years

Growth Rate Uniform during the lifecycle

Sequestration Capability Uniform during the lifecycle
Sequestation Quantity [tCOz-e] ~0.4/year

It can be seen from Figure 2 that in the first 5 years BL is able to sequester more than CON; namely, an
average of 133%/year over the course of the first five years. Especially one year after establishment, one hectare
of BE is able to sequester 167% more CO: than the CON. The lookup tables also consider tree thinning. In our
case, we do not consider that, because according to the data, it is performed after the first 5 years, while the
focus of this work is the first five years [97]. Nevertheless, the existing data also shows that the highest CSS
capacity occurs while the trees are not yet mature, up to 35—40 years, and still, from a CO2 sequestration
capacity perspective, BL is superior to CON over that period, as shown in Figures 2—4, illustrating the thinning
effect on CO:z sequestration, which basically does not exist until right before a tree becomes mature, at around
25-30 years old [97]. As such, that effect is not considered in this work.
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Figure 2. Per year sequestration capacity comparison between broadleaf (BL) and conifer species (CON) in the first 5
years.
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Figure 4. Cumulative carbon standing over time —CON.

With reference to the above, a comparison can now be performed between BE and CON in the first five
years, considering uniform growth rate and COz sequestration capacity during the first 5-year period. Table 4
presents the values that will be considered, from that assumption.

Table 4. Individual CSS model parameters.

Parameter Value
BE sequestration capacity [tCO2-e] per year ~0.4
CON sequestration capacity [tCOz-e] per year ~0.2
Area Considered 1 hectare
Tree Spacing 1.2m
Number of Trees per Hectare ~6700

From Table 4 one derives the information that will become the baseline for the study from now on:
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¢  BE will be considered solely because it is the species that can sequester most CO2 not only in the first five
years but also in long-term, as depicted in Figure 3;

e  Each hectare has approximately 6,700 trees considering a tree spacing of 1.2 m;

e  All the 6,700 BE trees have the ability to sequester 400,000 kgCO2-e/yr per hectare;

e  One single BE tree, considering the uniformity previously referred to, can sequester approximately 60
kgCOz-e/yr.

These are the fundamental parameters and corresponding values used from this point on. The next
section will discuss two types of results: understanding how many trees are needed to individually sequester
the CFs of a smartphone, a femtocell and a microcell; applying the methodology to a small example 5G NR
network in order to understand how both tiers will work.

8. Results and Discussion

As previously referred to, the focus here will be two-fold. First an analysis of the ability to offset
individual components will be shown. Secondly a small network simulation will be performed in order to
understand how to carbon offset the whole system, achieving carbon neutrality.

Arriving at this point it is important to understand that, as mentioned before, on average EE methods are
able to reduce 10% of overall energy consumption. Therefore, we assume a 10% overall reduction of CF due
to EE methods. In the third and last subsection an example of a network model is presented, where the two-
tier CF reduction methodology is applied, and results and discussion are presented.

8.1. Individual Analysis

We have considered the typical CF of a smartphone life cycle (which is 5 years, aligning with the 5 year
period of biotic sequestration that is being considered), which is very close to that we have observed on
average in Apple devices that were studied, as presented in Section 6.2 [94].

Table 5 presents a summary of the relevant parameters that were considered for this part of the analysis,
considering only RAN and mobile edges, as previously referred to.

Table 5. Average values of individual CFs.

Parameter Value
Smartphone device [95] 40 kg/0.040 ton
MacroCell [8] 2,531 kg/2.351 ton
FemtoCell [8] 15 kg/0.015 ton

The values for the CFs of both Femto and Macrocells were extracted from [7], assuming an uptime of 8765
h/year and a total power consumption in full load of Prgyre = 6 W and Pyycro = 1000 W, and considering the
annual CO2 mass equivalent per kWh in Europe ygy,ope = 288.74 g/kWh. Having characterized the level of CF
that each component represents, one can apply the EE and the CSS methods, knowing that

CFTotalReduced = CFReduced_EE + CFReduced_CSS s

where
{ CFReduced,EE = 0.10 - CFrotaireduced
CFreauceda_css = 0.90 * CFrotaireduced

which means that EE will be responsible for reducing 10% of overall CF for all components in both edges and
CSS will have to try to offset the RCF which is 90% of the whole CF of each element.
Table 6 shows the amount of CF that each tier should perform.
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Table 6. CF reduction per tier.
Total CF Reduction [CO2z-e/yr]

Component EE—Tierl _ CSS—Tier2
Smartphone device (Mobile) 4kg 36 kg
MacroCell (RAN Edge) ~253 kg ~2,278 kg
FemtoCell (RAN Edge) 1.5 kg 13.5 kg

As such, the values that CSS should reduce are the ones referring to Tier 2. Considering that a single
specimen of the considered trees is able to sequester and store approximately 60 kgCO:-e/year, some initial
conclusions can be drawn:

¢ One single BE tree can offset in one year an amount of CF equivalent to:

o  The yearly CF of four femtocells or;
o  The yearly CF of one smartphone.

o After 5 years that single BE tree is able to offset the equivalent to approximately 300 kgCO2-e during that
year, an amount equivalent to:

o  The yearly CF of 22 femtocells or;
o  The yearly CF of eight smartphones.

Figure 5 depicts how the CF sequestration and storage evolves for a single tree in the first five years. As
mentioned, it has a linear and uniform increase per year. Such a CSS increase allows one single tree to offset
the yearly CF from one to eight smartphones, or, equivalently, offset the yearly CF of 2-22 Femtocells. It also
shows that a single BE tree is not able to neutralize the CF of a single macrocell. At its peak in year 5, the CSS
of 299 kgCOz-e/year of a single BE tree represents only 13% of the whole CF that a macrocell represents.
Anyway, if one were to consider partial carbon neutralization, a single tree would partially neutralize 13% of
the macrocell’s CF. This is related only to the 2nd tier. If one considers the two tiers, EE plus CSS, that value
would increase to 23% (10% EE plus 13% CSS). At an average cost of $0.1 (0.09€) /tree, which includes
maintenance according to [98], offsetting 23% of a macrocell’s CF would have very low and negligible CAPEX
(without considering terrain costs, which we do not focus on in this work). Regarding the macrocells, the
question is how many trees would it take to totally offset a macrocells’ RCF and achieve carbon neutrality?
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Figure 5. Cumulative carbon standing over time —CON.
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If we increase the biotic RCF sequestration capacity by adding additional trees, it easy to see that to fully
offset a 5G NR macrocell and achieve carbon neutrality, 40 trees would be needed, as depicted in Figure 6. As
it can be seen, in order to completely compensate the CF of a macrocell right after being deployed, 40 trees
would have to be planted, and carbon neutrality for that macrocell would be achieved after one year.

Alternatively, those 40 trees could also be considered as the necessary amount to achieve neutrality of
175 femtocells or 66 smartphones. Most importantly, the cost to make a 5G NR macrocell carbon neutral would
be around $4.

Another interesting analysis that can be done is whether an MNO should expect to be carbon neutral
from the start or plan a program. Figure 7 shows the difference. As it can be seen, if an MNO plans to achieve
neutrality, for instance for 10 macrocell at year 0, the number of trees that would be needed is much higher
due to their lower CSS. On the other hand, if the MNO plans to achieve neutrality in 5 years when each tree
achieves a five times greater capacity for offsetting COz, then it would require less trees to be planted on year
0 and the CAPEX would be greatly reduced. For the extreme case of deploying a 1,000 macrocell network and
planning to achieve neutrality for all, the difference between doing it immediately (referred as greenfield in
Figure 7) or planning to achieve so in a five-year horizon represents one fifth of the cost.
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Figure 6. Number of trees required to archive carbon neutrality for each element.
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Figure 7. Capital expenditure (CAPEX) difference between 1st year offsetting and a 5 year program.

As such, proper planning for carbon neutrality makes sense, especially if one considers the lifetime of the
biotic elements and the fact that up to 35-40 years after initial establishment, this kind of tree continues to
increase its CO2 sequestration capacity.
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The MNO can perform its planning from a different perspective, without considering terrain costs,
maintenance and other operational aspects. It can develop a partnership with a city hall’s government in order
for them to plant and maintain the biotic mass within cities; existing terrains; or, e.g., alongside roads and
highways. This is an example of a shared business model, which can present very interesting results, and still
the MNO will be able to offset very relevantly its CF. Our model shows that, as an example, if one considers a
highway of 25 km, BE planting could occur alongside the highway itself and on the central part splitting the
lanes in both directions. This would represent, roughly, 75 km of BE planted at a spacing of 1.2 m, resulting in
a CSS capacity of 1.12 MtCO»-e/year or, in other words, the carbon neutrality for 540,000 smartphones. The
overall investment in biotic mass would be around 15,900€.

A second approach can be indirect, through the adoption of a carbon offset program. Carbon offset
programs are becoming more and more available, allowing companies to invest in biotic sequestration
indirectly. This method is not only the greenest but creates revenue for people involved in it by giving them
jobs. For the sake of this work, two simple examples are given from [99], where a donation program helps to
create an offset program.

One example is the donation of $100, roughly 90€, according to which the program will plant 1000
seedings which results in a capture capability of the equivalent to 40,000 kgCO2-e/year after 1 year. Such an
amount, considering the same type of tree, would be enough to achieve total neutrality for 17 5G NR
macrocells, 2,930 femtocells or 1,110 smartphones.

A second program consists of donating $640, roughly 576€, and the program will create a forest with 6,400
trees in order to offset the RCF. This value represents an amount of 256,000 kgCO:-e/year of carbon
sequestration, which can, after five years, represent 1.28 tCO2-e/year. These 6400 trees are roughly the same
number as on the Woodland Carbon Code Forestry program, referred in the previous sections, which can
sequester from 400,000 kgCO2-e/year on the first year to 1.8 tCOz-e/year in the 5th year after planting. This
represents the same to a hectare of 6700 BE separated 1.2 m apart. In this case the amount of sequestered CO2—
for the first year —would allow in bulk to offset and achieve carbon neutrality for 176 macrocells, roughly
29,269 femtocells and 11,100 smartphones, approximately.

If an MNO considers investing a whole hectare, for a 5-year CO: offset program starting with a CO2
sequestration capacity of 400,000 kgCO2-e/year on the first year and finishing 1.8 tCO2-e/year, the result would
be as depicted in Figure 8.

An MNO that invests in a hectare for instance, to achieve carbon neutrality after five years, in the first year will be
able to successfully achieve carbon neutrality for 176 of its macrocells, and in the 5th year, for 878 of its macrocells.

As an example, a small MNO that wishes to introduce femtocells to enhance the capacity of its already
EE optimized 5G NR network, can plan its femtocell deployment according to its capacity to achieve carbon
neutrality, deploying roughly 29,270 in the first year, and doubling up its capacity year after year until
reaching the 5th year, where a total of 146,344 femtocells would be deployed and still achieve carbon
neutrality.

Electronics 2020, 8, 464; doi:10.3390/electronics9030464 132 www.mdpi.com/journal/electronics



B% electronics

—&—Femto Macro —+— Devices
1,000,000
87,806 117,075 146,344
100,000 29,269 58,538 45
G’/?—' 55,556

. \ 44,404
33,333 ’
10,000 -I—/EZ'ZZZ

w
=
[}
c
]
Q.
€
o
(&)
K 11,111
B
b 1,000
5 = i o e
“é 100 o 351 527
] 176
o)
£
=4 10

1

Year 0-1 Year 1-2 Year 2-3 Year 3-4 Year 4-5

Figure 8. Number of edge components that can be offset per type in a 5-year CO2 offset program.

If we consider the life cycle of a whole cellular generation with the duration of 10 years, the same trees
can still be maintained because, as mentioned previously, the trees will still be increasing their CO2
sequestration capacity up until 30 years old. Figure 9 shows the increase in the number of different element
types that could be supported and still be carbon neutral after 10 years. It is important to note that those three
categories do not add up; i.e., on the 10th year the amount of CO: that can be sequestered is 4.5 tCO:z-e/year,
which is enough to achieve carbon neutrality for each one of the represented elements independently —either
macrocells, femtocells or devices —but not the sum of any of these components. If one wants to offset all three
components, one would have to, in theory, consider a program with a total of 13.5 tCO:z-e/year after the 10th
year, which would cost three times more; i.e.,, roughly 1,730 €. The mixture of a different number of
components will be presented in the next subsection, where a simulated scenario is considered.

8.2. 5G NR Deployment Scenario

Accelerated roll-out of 5G NR gives MNOs the opportunity to prevent escalating network energy
demand, as it is expected drive to an increase in CO2 emissions due to unprecedent larger traffic volumes.

By accelerating 5G NR deployments, but especially, preparing for B5G networks, MNOs can set and meet
targets from regulators regarding their total CO2 emissions. That is the main reason why this work focuses on
a two-tier mode is that it allows for a first step of energy reduction through network EE and secondly CO2
emission reduction. With this in mind, in this subsection we present a very simple model of a 5G NR network
and focus solely on the number of elements of both edges under analysis. As such, several assumptions are
made in order to simplify the system. It is not the aim of this work to fully depict a 5G NR or future network
architecture.

The first assumption is related to femtocells: we consider that less than 10 femtocells per cell is not
considered a 5G NR DenseNet deployment; at least 10 femtocells should be considered per cell. The system is
comprised by a logical hexagonal shaped cell with a gNB in the centre and several spread femtocells, as
previously referred to. The total number of cells is seven. Figure 10 is a snapshot of the scenario, where users
are considered to be mobile. This sets the baseline for users, considered to be randomly distributed along the
different cells. This perspective makes sense from the strict point of view of calculating CF. The whole system
is considered to have EE techniques deployed, which will bring down overall power consumption by 10%,
thereby reducing equally, the overall CF by 10%.
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Figure 10. Example system model.

For the sake of simplicity, we do not consider the existence of Wi-Fi access points which might also be

considered in a multi-RAT 5G NR deployment.

We define By, and By as the set of M macrocells and F femtocells within our proposed scenario,

respectively. Particularly, let us define b € B

By U By the index of a generic base station and also u € £, as

a generic user device belonging to the subscribers set L.

Considering the power consumption of all elements described in previous sections, which are present on

the RAT edge, the total CF is given by:
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CFREdge = Z CFy
beB
From the same perspective, the CF on the mobile edge is given by:

CFMEdge = Z CE,

u€eL
The total system CF is given, therefore, by:

CFSystem = CFREdge + CFMEdge = Z CF, + Z CE,

beB ueL
where we consider the amount of F = 20 femtocells per M = 7 macrocells. We also consider U = 14,000

subscribers in the system, performing high traffic demanding usage of their smartphone, with a mean value
of 2000 subscribers per cell.

For the considered system, the CF is evaluated as depicted in Figure 11. From Figure 11, the total CF of
the whole system can be obtained as

CFsystem = CFrpage + CFygage = 579841kg/Co2e/YT,
and the RCF after applying EE as the 1st tier is given by
RCFsystem = (1 —1gg) * RCFsygrem = 521857kg/Co2e/YT,
where 1 = 0.1 represents the reduction factor due to the application of EE technologies to the whole system.

560,000 = CF RAN 504,000
= CF DEV

CF [kg/.-e/Yr]

CF Total RCF (After EE)

Figure 11. Total CF for the system before and after energy efficiency (EE) 1st tier reduction.

The remaining CF must then be handled by the 2nd tier, which is assumed to be biotic CSS. It was
previously explained that a whole hectare of around 6,700 trees is able to offset 1.8 tCO2-e/year. At this point
two different scenarios may be addressed by the MNO: offset immediately all the CF of the system; or
progressively reduce it, in a 5-year time span, allowing the trees to increase their capacities and reach the
required value after 5 years.

To completely offset the current CF value of 521,857 kg/CO2-e/year, the whole CF consumption is 30%
above the CO:2 offset capacity of 6,700 tree in the first year. In order to completely offset that value, an
additional capacity of 122,000 kg/CO:-e/year is required. This represents the need for an additional 2,333 BE
trees, totaling 8,700 trees, with an added price of 183€. As such, the cost for becoming carbon neutral through
biotic CSS is 786€.

If the MNO decides to not offset completely in the first year and not invest in additional carbon
sequestration capacity (more trees), for example, due to possible high terrain costs which we do not consider
in the current work, it can simply wait for the overall capacity to surpass the system target CF, which will
occur later-on, assuming this remains constant. In that case, in the first year, 69.5% of the whole CF of both
edges is offset and the MNO can wait for trees to grow their storage capacity, as depicted in Figure 11.
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As it can be seen from Figure 12, shortly after the first year has passed, the amount of CSS capacity
surpasses the requirements for the system, and carbon neutrality is achieved after approximately 1.5 years
with an initial CAPEX of 603€, corresponding to one hectare of 6,700 BE trees. Nevertheless, it was considered

that the CF of the system remained constant during the 5 years. This might be a little unrealistic, as the number
of subscribers rises, and it might be necessary to deploy additional base stations.
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Figure 12. Evolution of CSS capacity for the first 5 years.

As it can be seen from Figure 13, if we consider 100% as being the total carbon offset capacity, any value
above that means that the scenario is over the maximum CSS capacity. For example, if one considers 10% of
CF rising every year, on the first year it is 44% above maximum CSS capacity (144%), but on the second year,
carbon neutrality is achieved because the maximum CSS capacity has increased due to trees increasing their
CSS capacity. In this case, the system overall CF represents only 72% of the overall CSS capacity. This means
that carbon neutrality has been achieved and there is still 28% carbon credit.

Even if the CF rises 50% or doubles each year, which is something hardly expected in future beyond 5G
networks, the increasing sequestration capacity would still be able to compensate and carbon neutrality would
be achieved on 2nd and 3rd years, respectively. Note that when we are considering an increase in CF, we
assume all components to increase equally in the whole network, as presented in Table 7.
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Figure 13. CSS demand considering system’s CF increase per year.
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Table 7. System residual CF (RCF), neutrality and system expansion.

System RCF Carbon Neutral? System Expansion Investment in Biotic CSS [€]
Macro: 7
Nominal RCF Yes (2nd year) Femto: 140 ~600
Subscribers: 12,000
Macro: 8
10% Increase in system RCF  Yes (2nd year) Femto: 154 0
Subscribers: 13,200
Macro: 9
30% Increase in system RCF  Yes (2nd year) Femto: 182 0
Subscribers: 12,000
Macro: 10
50% Increase in system RCF  Yes (2nd year) Femto: 210 0
Subscribers: 15,600
Macro: 14
100% Increase in RCF Yes (3rd year) Femto: 280 0
Subscribers: 36,000

What Table 7 shows is that even if the MNO decides to double the number of cells, from 7 to 14, and
doubles all components, both tiers will be able to compensate for that growth, and particularly, carbon
neutrality is still achievable after the 3rd year of operation, for both edges. In this case, the CAPEX remains
the same, approximately 600€, which is the initial investment in one hectare of BE separated 1.2 m apart. This
cost is negligible for any MNO, without considering the terrain costs, which can play a relevant role in the
whole cost structure. However, for the sake of simplicity and demonstrating the advantages of dual tiering for
achieving carbon neutrality, we do not consider terrain cost.

Finally, it is interesting to evaluate on the 5-year time span the maximum expansion that the network
system used as a reference would be able to achieve, while still being carbon neutral. It can be seen from Figure
14 that the maximum CF yearly growth that can be supported by the existing biotic CSS is 3.5 times, still with
9% of CO:x credit. If the chosen reference system is quadrupled, the existing biotic sequestration is not enough
anymore, carbon neutrality will not be achieved within the 5 years and a minimum of an additional 4% of CO2
offset is needed. This can be achieved by acquiring additional biotic capacity, or the MNO has the possibility
of choosing to increment the number of years to 6, still taking advantage of the fact that the existing biotic
capacity will grow for many years more, as previously explained. It is important to note that, although we
have mainly focused ourselves on the first five years, for simplicity and because it is the life cycle period
considered for smartphones, CSS capacity would still continue to grow for up to 30/35 years. This means that
there would be room to accommodate higher values of RCF as the years advance, still maintaining carbon
neutrality.
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Figure 14. Maximum growth percentage still maintaining carbon neutrality.

9. Conclusions

In this work we proposed a two-tier carbon neutrality method, focused on B5G networks, but that can
also be used in 5G NR networks, considering the expected surge in power consumption related to those
networks.

A CSS method was proposed which is very flexible; considers the usage of the most recent EE techniques
and those to come; and integrates them with biotic CSS methods. It was shown that for both network edges in
focus, mobile and RAN, carbon neutrality is achievable for each individual element or set of elements. Both
mobile and RAN edges were considered, and the corresponding carbon footprint was calculated in order to
evaluate the feasibility of offsetting it. It was shown that both edges are the most relevant in 5G and beyond
5G networks, and that achieving 100% of CO:2 offsetting is possible.

Furthermore, a simple system model was developed and adopted in order to present additional results
and analysis about the planning process. Overall, the proposed two-tier methodology contributes further to a
greener environment, with the second tier being based on proven natural processes, without any impact or
side effects onto nature and ecosystems, being capable to even achieve not only carbon neutrality but also
carbon credit, as shown in the considered scenarios, where it achieved values around 9% or above.

As expected, the results show that offsetting CO:2 and becoming carbon neutral can be a process which is
not that expensive for an MNO, but it is something that must be carefully prepared and planned upfront. For
the upcoming beyond 5G networks, this analysis is primordial and of utmost importance. EE has also come a
long way and additional factors may be used in B5G networks, such as the massive use of virtualization and
cloud, and edge computing, which are all factors that can help to reduce the overall CF of the systems to come.
As shown, it is possible to offload 521,857 kg/CO:z-e/yr with just under 800 euros, which, for the depicted
scenarios, represents a quick win for every mobile network operator.

It was also shown that, if an MNO does not desire to develop its own offset activities, there are carbon
offsetting programs implemented by third party companies that can be supported. In that case, the cost of
implementing a side program aiming to offset as much as possible the CF of MNO's operations is possible at
low cost, representing, in the presented scenarios, investments under 1,000 Euro per hectare of planted
ground.

Future work will focus on the other edges, and on other EE techniques that can be used for lowering even
more power consumption, and more complex B5G scenarios, where different RATs can be added and IoT
network layers, in order to evaluate the overall CF and neutral achievability. Additionally, we have not
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considered terrain costs, as they would create several degrees of uncertainty and did not contribute relevantly

to demonstrate the advantage of having a two-tier system. This is also part of the future work that will further
enhance the whole model.
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Chapter III — Conclusions

This chapter outlies the principal conclusions that can be drawn from the developed work.
Section 3.1 summarises the work and focuses on subjects for discussion. It also reinforces,
as underlined throughout this thesis document, on the alignment of all the research artefacts
in order to produce a coherent aggregated approach to optimization of mobile networks
from 4G to 5G and beyond, from a retro-compatibility perspective. In section 3.2 the
concluding remarks are presented, mainly focusing on the contributions of the different
components of the work, as seen previously, and how all of them are tightly coupled and
contribute globally to address the problems at hand. Section 3.3 presents the spectrum of

areas to explore and future work to be developed based on the work that was performed.

3.1. Summary and Discussion

The development of the current work followed a standard methodology, that is summarized
now. It consisted on 5 different main tasks which are depicted on figure 2. The first task
consisted in defining the goals, by clearly stating the research questions, as previously
enumerated. The research goals were defined after a thorough contextual and business
analysis and contextualization. In this case, as a baseline, 5G NR was the business in
question and the context that the work was developed on. To clarify, despite being referred
earlier, the research and business goals were, respectively, to: i) identify the best network
architecture based on 5G NR that would fit future networks; ii) optimize the overall
performance of the existing methods by proposing new ones based on EC, NFV and also
cloud environments, namely focusing on ANDSF and cloud assisted optimized traffic
steering and offloading; iii) considering the massive network, as well as device edges, to
develop a method in order for MNOs to become carbon neutral; iv) improve overall
planning, operation and network evolution processes, as well as optimizing subscribers’
quality of experience by focusing on their behaviour, evaluating how that would impact
the network and if such knowledge could be used to improve future networks. As a general
approach we considered as business opportunities all the advantages resulting from the

research questions, e.g., churn rate decrease, increased overall performance, higher quality
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of service, enabling new services and applications and ARPU increase.
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Figure 1 - Overall work methodology

With the research and business opportunities being defined, the second step on our
methodology was to perform a feasibility analysis per research opportunity. By taking into
consideration the state of the art for each of the research questions, each was identified as
a research opportunity and the result from this second phase was a set of approaches on
how to implement the research opportunities. From that point on, the third phase which
consisted of developing and evaluating was started. This third phase is the most important
phase because it is when solutions are developed and modelled to answer the research
questions and each of the solution evaluations takes place. Such results in solutions to
models and evaluation methods. Also, at this phase it was interesting to observe that some
of the models and approaches that were first defined had to be rea-analysed because new
opportunities resulted from this process without having properly been thought of before,
and had to been re-contextualized in both phase 1 and 2. Clearly, this made the whole
methodology more robust as a continuous feedback process was in place.

After having properly evaluated all of the proposed solutions, the fourth phase took place:
analysis. In this phase, the proposed approaches to solve the research questions were put to
test, evaluated and future work need was identified. The outcome is a set of results for each
of the research questions, which we have been presented throughout the document and

extensively on the produced articles, but also in Section 1.3, where all contributions were
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presented. These contributions come out of the model as research artefacts. Additionally,
to extract research artefacts, conclusions are also drawn on each one, and future work is
defined, as it is presented in Section 3.3. The future work activities will give birth to a
specific set of activities which will consist of specifying new goals, assess new contexts
and, naturally, feeding back that information into the first phase of the model again. In our
case, this fifth phase is what we consider to be the result of future work analysis and is out
of scope in this work, but part of the identified future work. Finally, after going through all
the four methodological phases, feedback is drawn on each of the research questions and
overall results are drawn.

During this work, several other aspects that the authors were not focusing on appeared
in the form of niche results, not being the main research questions themselves. We called
these opportunities, and some were addressed through the publication of specific articles,
resulting in collateral research artifacts that contributed to enrich the whole research and
work even more, e.g., using inter-RAT HO to address poor cell-edge performance in 5G
heterogeneous networks. All research artifact, directly resulting from answers to the main
research questions or as collateral but constructive opportunities have been properly
identified and discussed previously in Section 1.3.

Some of the procedures applied can be greatly enhanced through the identified future
work activities. Some methods can be enhanced, others can be widely explored, as new
grounds were set in this work.

The resulting methodology framework that was followed might also be improved,
especially if one considers the inclusion of advanced algorithmic analysis using data
science methodologies. Unfortunately, there was no access to proper datasets with the
needed volume of data in order to further explore those aspects in this work. Nevertheless,
that was not the main focus of the work.

The authors believe that the achieved results are consistent, the proposed methods are
adequate to mobile networks beyond 5G NR and also retro compatible with the 5G.
Additionally, results show that the research questions are very relevant and timely, as well
as the research artifacts that were produced support the quality of the whole work, not only
through the peer reviewing process, but also because some of those artifacts are proposed
for the first time and disruptive against the norm. Nevertheless, the aggregation of the work
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becomes clear if one thinks in the following order: future networks beyond 5G NR will
have increased densification on the RAN level, with highly heterogeneous networks and a
number of subscribers using services and applications which requires a large capacity and
generates unprecedent amounts of traffic unprecedently. In order to cope with such
challenges, optimization should occur on traffic steering and offloading levels, especially
at cell edges and for highly mobile users. Machine learning algorithms will help to perform
steering decision and data analytics supporting it, over cloud virtualized functions, which
are directly accessible through EC. Nevertheless, such networks will represent disruptive
paradigms when compared with former generations, meaning that the whole lifecycle must
be re-evaluated.

Subscriber behavior analytics will play an important role as subscriber behavior tends to
be more selfish, self-centered and user centric. This means that centricity will shift from
the CN — concentrated and monolithic — to the user itself, supported by a disaggregated and
distributed network function. As so, having the ability to characterize subscribers’
segments based on their behavior, the estimated impact that they will have on traffic
generation and capacity requirements, will shape new network planning processes,
operations, resource allocation and overall network deployment processes. Also, at this
point, machine learning (supervised or not) and artificial intelligent will have a primordial
role as game changers, towards the concept of self-optimizing intelligent networks. Most
important, by knowing the subscribers’ behavior, predictive analytics can leverage churn
and ARPU minimization and maximization, respectively, as well as evaluate the impact of
ceasing or introducing new features over MNOs’ subscribers base.

Finally, as this is a very important matter, greenhouse gas emissions will tend to rise,
despite the existence of more advanced energy efficient methods. The increase of
subscribers, data flows, radio heads, and other components might cast energy efficiency
method into the shadows, reducing its overall performance. To address that aspect, carbon
sequestration methods will be of utmost importance, and must be performed without
additional technology. As so, biotic sequestration as proposed, was shown to be a good and
not expensive method to balance the overall carbon footprint, in order to achieve carbon
neutrality.

All of these aspects were covered in the current thesis, and are tightly coupled, in order
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to enhance and optimize future networks beyond 5G NR, still maintaining compatibility
with 5G NR. Most importantly, the developed methods were researched and evaluated in
order to be improved in the future, meaning that the majority are future proof and can be

rapidly adopted in the forthcoming generations.

3.2. Final Remarks

The developed work showed that by starting and focusing in the network itself, using 5G
NR as a basis but aiming to post 5G NR future networks, advanced functions like EC, SDN,
NFV and also machine learning and artificial intelligence are the way forward. With such
methodologies enabled by the proposed methods in this thesis, it will be possible to
enhance even further mechanisms like inter-RAT steering and traffic offloading. It was
shown that dense and heterogeneous networks are the best solution, not only to cope with
the massive capacity increase that is expected, but also from a cost reduction perspective
and also carbon footprint reduction. In this special aspect, which had not been thoroughly
addressed yet in what concerns non-technological carbon sequestration and offset, the
proposed methodology can be put into practice nowadays already, enabling total carbon
offsetting. Further developments over the proposed methods will enable future mobile
networks to have greener operation and, with advanced energy efficiency methods in place,
extend the carbon offset condition for longer periods of time, thus making MNOs carbon
neutral for longer.

Another aspect that was focused in this thesis was EC and network function
virtualization, towards the extensive usage of cloud environments. The proposed methods,
once again, were developed with 5G NR as a working baseline, but aiming for future
networks. In that aspect, the expected massive communications and data transfers will
make current centralized cloud architectures insufficient. As so, NFV was studied, with an
example of virtualizing the ANDSF function, showing that for future networks only
distributed cloud environments will be able to sustain the challenges of networks beyond
5G NR. Advanced steering processes were proposed already with that aspect into
consideration, and the results showed the increased performance and reduced cost, but
mainly, showed that it is possible to prepare that path and be retro-compatible with 5G NR

simultaneously, improving and enhancing 5G networks.
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Finally, it was shown that, as never before, it is important for such advanced networks to
take into consideration the behaviour of subscribers. Each subscriber is becoming a traffic
generator, instead of solely being a traffic consumer. This paradigm change is of utmost
importance, as, disrupting with former approaches, uplink capacity begins to be as
important as downlink capacity or even more, especially on younger segments of
subscribers, as it was shown by the results of the developed work. Youngsters are avid data
uploaders, sometimes in real-time and this should be accounted for, from network planning,
capacity, operation and evolution perspectives. Such kind of analysis can only be enabled
by a concept that has been introduced a couple of years ago which is known as the know
your customer (KYC). The work proposed two techniques to leverage such analysis: first
an impact model that enables evaluating the impact that a certain subscriber segment has
on the traffic capacity of a cellular network. A second work extended the first one and
showed that by using advanced clustering, a data science technique, additional information
could be extracted from existing one, showing that in fact, there might be user segments
that might be being overlooked and to which classical MNOs’ processes do not adhere to.
It was, therefore, shown that user behaviour is of utmost importance and will constitute one
of the main parameters for the success of any future MNO beyond 5G NR, while it might
also be applied to existing cellular generations.

The current thesis approach was based on a multi-disciplinary problem approach,
resulting in an aggregated whole, with very positive feedback from the whole scientific
community, both in journals as well as in conferences.

To notice that two articles were successfully published in two journals and two others
are under revision in two other journals by the time this document has been submitted.
Seven additional articles were published and presented in international conferences. We
believe that aspect, alongside with the different conference articles that were produced are
a reliable indicator of the quality of the work produced, evidencing our discoveries. In
particular, we would like to point out the carbon neutrality solutions, as well as the
subscriber behaviour modelling techniques, further enhanced with advanced clustering.
Additionally, as it is discussed in the following section, the work was done with the
perspective of further enhancing its different components through future work, which the
authors aim to address rapidly. We feel that we should stress that our approaches were
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properly supported by results. Despite the problem formulations and solutions of this work
being developed with post-5G NR future networks in mind, all of the proposed techniques
can be applied to existing real-world 4G or 5G NR deployments and, therefore, have the

potential to benefit the MNO’s business models and subscribers today.

3.3. Future Work

During the course of developing the current work, several additional optimization ideas
appeared. Some of which diverged from the core of the current work. Nevertheless, the
focus was on the contributions that were made and the main aspects that this work focused
on. The fact that some of the aspects were introduced in this work means that future
research and further exploration can be achieved. Although the future work has been
partially discussed in the produced research articles, some structuring and improved clarity
can be discussed in this section.

Following the different aspects that were focused on in this work, the aim is to further
study them, especially in networks beyond 5G NR which was the baseline considered in
this work. Focusing on network architecture and 5G NR and beyond networks’
enhancements, future work can focus on deepening the concept of EC. According to ETSI,
mobile EC provides an IT service environment and cloud computing capabilities at the
edge of the mobile network, within the RAN, in close proximity to mobile subscribers.
IEEE defines EC as a concept that will place applications, data and processing at logical
extremes — edges — of a network, instead of centralizing them. In this work, EC was
considered as part of the proposed contributions/novelties of some of the research articles.
Future work will focus on the advantages of this kind of technology and further integrate
it according to resource management and greener operations.

This was precisely the concept that was followed in this work and needs to be further
developed, especially how this concept and the usage of NFV and cloud environments can
be further deployed, in order to enable applications that require intensive computation
resources and low latency to become even more optimized. As referred, and briefly
addressed in this work, in this particular context, adding mechanisms like supervised or
non-supervised learning and artificial intelligence the strategy is looking forward:

traditional cloud architectures will not suffice and mobile EC with distributed edged cloud
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access will be extremely required.

Such will also apply on further work regarding the steering and HOs processes between
RATSs. This subject has not seen much attention like in the past, and we truly believe that
the way forward is through the usage of novel advanced analytics techniques and real time
processing of data. The aim in this specific question is to understand, in the context of
future networks beyond 5G NR, how can artificial intelligence and machine learning enable
more optimized analysis, decisions and traffic steering of offloading processes and
strategies. Further work can focus on applying such mechanisms as well as data mining to
uncover eventual variables that might relevantly contribute to steering decisions in
massively dense and heterogeneous networks, for which less is known today. Such future
work will require very specific datasets in order to develop advanced algorithms. We feel
that with the technological integration and also heterogeneity of 5G NR edge components,
it will be easier than what it is today to find the proper dataset.

In a nutshell, regarding the whole architectural part, further work will focus on proposing
enhanced architectures and a framework that can contribute to prioritize resources,
planning, investments and costs, while overall uncovering additional variables to optimize
networks and further understanding subscribers’ behaviour to improve overall quality of
experience.

Now focusing exactly on the subscriber’s behaviour, we have shown in this work that
there is still much to be developed. In this case, just by applying an advanced clustering,
results showed that there were significant advantages in applying such techniques. Future
work can focus, for sure, on gathering several datasets, with actual data and high volume
of observations, such future work could enable evaluating how other mechanisms like
artificial intelligence can be used and applied to the knowledge of subscribers’ behaviour,
translating such knowledge into optimized business models and, tightly coupled with
network function which are progressively software-defined and virtualized, allow for auto-
tune of the whole network in order to support subscriber-centric perspectives, optimizing
the network as a whole, but also the overall quality of experience of subscribers. Also, the
aim of this future work is to generalize even more the underlying concepts and conclusions,
paving the way to network intelligence driven decisions.

Similarly important but increasingly decisional, carbon footprint offset will play a major
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role not only in future beyond 5G networks, but also on existing ones. This is one of the
subjects which was focused and where there is large room for additional research, either
on the carbon offset process itself but also on additional energy efficiency techniques. The
way the current work was structured, not only had retro compatibility as a concern, but also
future applicability of the developed work. Such methodology resulted in this work to
become a baseline for future developments in some of the focused subjects. Especially, we
foresee that in subject areas like energy efficiency combined with CF reduction, behaviour
analytics and resource management, by applying techniques like advanced analytics and
visualization, machine learning and artificial intelligence, such would for sure enable a
more optimized, dynamic and intelligent network, tightly coupled with NFV as well as EC
as referred before. As so, future work on this subject will for sure be developed around
artificial intelligence and machine learning.

As an example, the authors are finalizing a book chapter focused on those aspects, intitled
“Applications of Artificial Intelligence for 5G Advanced Resource Management”, with the
aim of identifying areas where Al and ML can be used to ever further optimize and enhance

post 5G NR networks of the future.
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